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Summary

Molecular beam mass spectrometry has been used to
study the reactive gas plasmas used in semiconductor
integrated circuit manufacture. Details of the design
parameters, theory of molecular beam sampling and the
fabrication of a molecular beam sampling system are
given. The system was built, tested and used to sample
various reactive gas plasmas during etching and in the
absence of a wafer.

Silicon and to a much lesser extent silicon dioxide
wafers have been etched 1in a variety of chlorine
containing plasmas such as CCly,, C€Cl4/02, CCli/Ar and
CFCl3. Some other plasmas have also been studied in the
absence of a silicon wafer. Polymer formation was found
to be a major problem in the present reactor probably due
to low gas flow rates. Polymer formation was
particularly marked in CClg/0p plasmas. Aluminium,
etched from the r.f. electrodes, was also incorporated
into these conductive polymer films.

Preliminary results with this system have shown that
molecular beam mass spectrometry can be successfully used
to sample these plasmas. The results also show that
CFCl3 and CCly/Ar plasmas are suitable etchants for
silicon.

A detailed survey of the literature on plasma etching
and plasma polymer formation is also presented.

Key words:- Etching; Mass Spectrometry; Molecular beam;

Plasma; Semiconductor.
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1 INTRODUCTION

Integrated circuit manufacture is mainly concerned
with making transistors and diodes, and to a lesser
extent resistors and capacitors, on the surfaces of flat,
thin silicon wafers. This 1is referred to as silicon

planar technology.

Silicon wafers, suitable for this manufacturing
technique, are produced from large single crystals of
silicon which have been drawn or pulled from very high
purity molten silicon. These single crystals are further
zone refined and thin silicon wafers are sliced from the
single crystal along a crystal plane. The wafers are
polished and tested for flatness and on these very flat
wafers are constructed the various small device features

which make up the components of an integrated circuit.

Silicon planar technology involves the successive
growth or deposition of films of silicon dioxide,
definition with a photoresist pattern, etching and
impurity diffusion using the oxide pattern as a diffusion
mask. Fig. 1, shows a typical sequence for producing
bipolar devices on a silicon substrate. Bipolar devices
have both majority and minority charge carriers ie:
electrons and "holes" or positive charges and therefore
has both. p- and n- type silicon semiconductor. A wafer
normally has several hundred integrated circuits defined

on its surface each with several thousand transistors
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similar to that in Fig. 1. Having produced the devices
on the silicon wafer a layer of metallization is
deposited on the wafer, defined with patterned
photoresist and etched to 1leave a number of metal
connecting rails. These metal rails connect up the
various transistors and diodes to give different circuit
functions. In the case of digital electronics transistors
are connected up to give gates which have specific logic

functions.

Following metallization a phosphosilicate glass or
silicon nitride passivation layer is deposited on the
wafer to protect the circuits from moisture and other
contamination. Further photoresist patterning and
etching is done to open up bonding pads where electrical
connections can be made with the metallization layer.
The Dbonding pads are relatively larger areas of
metallization near the edge of an integrated circuit to
which small wires may be bonded or electric probes
connected. Each integrated circuit on the wafer is
multiprobe tested to make sure the <circuit works
correctly and within specification. The wafer is diced
up along the <crystal planes to give the individual
integrated circuits or ‘'chips" of silicon, each chip
having a complete integrated circuit etched on its

surface.

The integrated circuits are packaged into either

ceramic, or cans (hermetically sealed in dry nitrogen) or



Figl@). Detail of a 741 i.c.(x10).
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encapsulated in plastic. The integrated circuits are
bonded to the package using either a gold-silicon
eutectic mixture at 380°C or an epoxy resin. The
circuits are wired to the external pins of the device
package with ~2x10-3 inch thick aluminium or gold wire.
Bonding of the thin wire to the bonding pads exposed
earlier is done by either thermocompression or ultrasonic
bonding or ball bonding. The packages are then sealed
and the devices tested. The packaged integrated circuits
now look identical to devices available from electronic

components suppliers.

The processes used in integrated circuits manufacture
are reviewed in more detail elsewhere C1n2.3.8): The
process of most importance to this work is etching of thé
various semiconductor materials and in particular etching
of silicon. Etching of semiconductor materials can be
done in two ways:

i) with wet chemical etchants and

- ii) with dry (plasma) gaseous etchants.

1.1.1. Wet Chemical Etching

The most important manufacturing processes for
bipolar transistors are photoresist patterning and oxide
etching. The etching of oxide layers involves the use of
buffered . HF acid baths.. For M.0.S. field effect
transistors, Fig.2, silicon and aluminium etching is

-

important and requires similar caustic conditions for
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etching to take place. Wet chemical etching of
semiconductor materials requires high purity reagents
which are rapidly used (to avoid cross contamination from

one batch of wafers to another) and high purity deionised

water for washing between processes. This is both
expensive and dangerous. The handling of extremely
caustic, corrosive fluids requires care, special

protective clothing and fume extraction cupboards.
Table: 1, shows the range of wet chemical etchants
needed to carry out the production of an integrated
circuit and is compared with materials required for dry

or plasma etching.



Table:

1 Wet and Dry Chemical Etchants for Semiconductor

Materials.
Material |Wet Etchants|Dry (Plasma) Etchants Ref
Si0 Buffered HF [CF4; CF4/02; CHF3/Ar; 18,5,
CoFg; CFCly; C3Fg. 112,113

Si HF/HNO3/H20 |CF4/02; CClg; Clp; CHF3; |18,5,
mixture CFCl3; SFg. 148

SI3Ng Phosphoric |CF4. 18,5,
acid @170°C

Al Acetic/ CCls; Clop/Ar., 5,201 .
orthophos 176.
phoric acid
@ 55-60°C

Phospho- |HF or NH4F |CF4 9,19,

silicate

glass

Photo- H2S04/H202 |Air or 0 18,

resist or HNOj3

Au HNO3/HC1 CClaF2; C2ClaFy. 5,115,
mixture

Cr HC1 Clp/02 50:50 mixture. 180

It is clear from table: 1, that materials used for

wet etching are corrosive and difficult to handle whereas

the dry etchants are either gases or are low boiling

point liquids with high vapour pressures. Consequently

dry (plasma) etchants are easier to handle, can be

produced in high purity and are easily obtainable - being
used in other applications as refrigerants and solvents.

There are other problems with wet etchants such as:-

5



(i) Wetability

The inability of wet chemical etchants to "wet" the
wafer, despite the addition of various surfactants to
reduce surface tension, is a problem where small device
features are concerned. The surface tension of the
liquid tends to bridge over small features defined in the
photoresist causing non-uniformity of etch across the

wafer.

(ii) Bubble Formation

Bubbles can also bridge over small features causing
non-uniformity and a need for excessive over-etch times
which can produce undercutting in other areas of the

wafer,

i34 Photoresist Lift-0ff

The photoresist may lift off where etchant solutions
have penetrated underneath the photoresist or where

vigorous  agitation has dislodged poorly attached

photoresist.

(iv) Poor Size Resolution

This . is due to a combination of the other problems

which make it impossible to wet etch device features

smaller than a few micrometers in size.



The use of gaseous etchants in plasmas promises to
overcome all these problems and allow very small device

features to be etched (less than lum).

1.1.2. FEteh Parameters

The parameters to be optimised for any etching
process used in the fabrication of integrated circuits

dare: =

(i) Selectivity

It is necessary to have etchants which are highly
selective and therefore have high etch rate ratios for
different materials. Etch: rate ratios are normally
quoted for particular materials on certain substrates eg:

Si02:S1 - silicon dioxide on silicon substrate.

£i1) Photoresist Undercutting

This is undesirable because of the reduction in size
of the unetched areas left on the wafer. Under some
circumstances photoresist patterns can be made larger to
compensate for this pattern size 1loss but normally
photoresist patterns are made the same size as the device
features and anisotropic etching is used. Fig:3 shows

photoresist undercut during etching.
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G % Edge Profiles

Edge profiles of etched features should, ideally, be
vertical without photoresist undercutting, and is
referred to as anisotropic etching. The degree to which
anistropic etching is obtained can be measured by looking

at the slope of the edge profiles of etched features.

(iv) End Points

The end point of an etching process is when a layer
of material on a substrate has been completely etched
through to the substrate and any further etching will
only lead to photoresist undercutting and substrate
etching. Highly selective etchants have clearly defined
end points, however it is desirable to be able to detect

end points and therefore prevent over etching.

(v) Photoresist Degradation

During etching the photoresist material (usually a
cross-linked polymer) should not prematurely degrade,
lift off, shrink or be removed in any way otherwise
etching will take place 1in areas where etching is
undesirable. Photoresist should be inert in the etching
medium or sufficiently resistant to allow normal etching

to take place.



(vi) Surface Texture

The surface revealed by an etching process should
ideally be smooth, flat and even. 1In particular where a
polished substrate 1is revealed by etching the surface
should be smooth. Sometimes etched surfaces are rough
and uneven because of surface contamination by dust

particles.

(vii) Uniformity

Uniform etching across a wafer is desirable to
prevent over-etching and undercutting in some areas and
other areas being under etched and. not cleared.
Non-uniformity can be sometimes observed as '"bulleye"
effects where the centre of the wafer clears either first

or last.

1.1.3. The Plasma Discharge

The plasmas of interest in the etching of
semiconductor materials are generally characterised by
pressures of 0.1-1.0 torr, mean electron energies of 1 -
10eV and gas temperatures < 300°C. The plasma discharge
is usually obtained by exciting the gas with r.f. power
at 13.56MHz coupled capacitively or inductively to the
gas. Capacitively coupled r.f. power can be via internal
electrodes or external electrodes. Unlike some processes

(reactive ion etching and sputtering) there is no bias



potential applied and the pressure is sufficiently high
that negligible sputtering occurs. Plasma etching is
strictly a chemical process where the plasma generates
reactive species which react chemically with the material
being etched to form a volatile compound or species that

can be swept away by the gas flow.

The plasma discharge is initiated by free electrons
in the gas accelerating in the applied electric field to
sufficiently high energies to cause electron-impact
ionisation of the gas. This process produces more free
electrons which are also accelerated in the applied r.f.
electric field and cause further electron impact
ionisation. This avalanche effect eventually reaches a
steady state equilibrium where the rate of loss of free
electrons by recombination is balanced by the rate of
production ot free electrons by electron impact

ionisation. (appendix D).

Electrons, ions (positive and negative) and neutral
species (atoms, radicals and molecules) are present in
the discharge. However, the plasma remains electrically
neutral because of the almost equal numbers of electrons
and positive ions, there are generally fewer negative
ions present (34). Electronically excited species
produce optical emission in the ultra violet and visible
regions of the spectrum which is characteristic of the
glow discharge gas composition. The most important

property of a plasma discharge for etching is the

10



formation of reactive species in the gas phase which can
react with any suitable material placed in the plasma and

etch it by the formation of volatile etch products.

Fig:4. shows some typical plasmas characterised by
tneir electron energy, density and mean free path, the
plasmas of interest to this work are known as glow
discharges. The factors affecting the properties of

plasmas are as follows:-

(1) Nature of the gas.
(ii) excitation power.
(iii) . excitation frequency. .
(iv) gas flow rate.

(v) pumping speed.

(vi) pressure.

(vii) geometrical factors.

(viii) surface effects.

These factors affect gas density, electron density,
the energy distribution of electrons, residence times and
temperature. Surface effects can arise from interactions
with any surface in contact with the plasma such as

electrodes, reactor material and the wafers to be etched

(21).

The etcn rates in a plasma depend, in a complicated
way, on the etch gas composition, the rate of generation

of etching species and their rate of arrival at the

11
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workpiece, the size and

spacing of the wafer 1load, the

rates of volatilization and removal of reaction products,

the temperature of the material and its composition. It

is difficult to generalize about absolute etch rates and

compare results from one sytem to another because of

these factors. Poulsen (5) has suggested that etch rates

depend largely on the reactor design.

The advantages and disadvantages of plasma etching

are shown in table:2.

Table:2. Advantages and Disadvantages of Plasma etching.

Advantages Disadvantages

(i)avoids use of expensive
polluting chemicals and
solvents,

(ii)fast inexpensive
processes,

(iii) simplifies processes
and production lines,

(iv)improves yield because
it is clean and requires
little wafer handling,

(v)improves pattern
resolution and tolerances,

(vi)easier automation.

(i)etching equipment is
expensive and compicated,

(ii)etching processes are
not well understood.

12



e T Early Applications of Plasmas

The use of discharges in molecular oxygen to remove
carbon and carbonaceous material from various surfaces
and materials was carried out in the sixties (22,23).
The discharge produced oxygen atoms which reacted
vigorously with these materials producing carbon monoxide
as the primary product and later carbon dioxide by
reaction with another oxygen atom. This method was used
to clean cérbonaceous contamination from samples before
S.E.M., and later to clean '"used" chromium masks and
microcimuits (5). In the early seventies oxygen plasmas
were used to remove polymeric photoresist materials from

wafers.

Plasma cleaning using CF; gas for - difficult
contamination led to plasma etching and later became a
standard production process. However, plasma etching was
not really wunderstood and several papers appeared
observing the effects of various parameter changes such a
flow rate, temparature of wafers, gas pressure, and r.f.
power (11,15). Many systems were studied with various
types of reactor geometry, the two main types of reactor
were (a) barrel and (b) diode. However, these were not
the only reactor systems to be made, many hybrid
varieties based on bell jars, sputter etchers and
combinations of barrel and. diode reactors were reported
(2,0,10,15). Table:3., shows the main differences

a

between barrel and diode type plasma reactors.
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Table:3. Barrel and Diode

Plasma Reactors

Barrel Plasma Reactors

Diode Plasma Reactors

(i)Usually based on long
tubular design similar to
diffusion furna ces,

(ii)external or internal
electrodes:-

(a)external electrodes
could be either plates
arranged longitudinally or
as bands around the
circumference,

(b)internal electrodes
usually flat plates on
which waters could be
placed or wafers held
vertically in a quartz rack

(iii)tubular r.f. shielas
or cages sometimes used to
limit the discharge region
-wafers placed in the
regionof no discharge

in racks,

(iv)Plasma could be
inductively coupled with
barrel reactor inside a
large coil,

(v)internal electrodes
could be heated or cooled
in some instances,

(vi)gas flow
longitudinal.

is usually

(i)Normally are large with
two flat internal electrodes
on which wafers could be
placed,

(ii)wafers could be placed
directly on electrode or on
top of insulator such as
quartz or P.T.F.E.,

(iii)gas admitted via a
"shower" like top electrode
or admitted radially (usually
towards the centre),

(iv)rotating electrodes
easily arranged to give
uniform exposure to the
plasma.

(v)electrodes could be heated
or cooled and r.f. power
could be applied to either
electrode whilst grounding
the other.

(vi)electrodes could be d.c.
grounded or biased.

(vii)no external electrodes,
not inductively coupled and
usually free from r.f.shields
or cages inside the discharge
zone.
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Plasma etching became very popular after 1975 and
many materials were etched wusing various gases and gas
mixtures (5). However, poor selectivity was encountered
and addition of small amounts of other gases to CF4 was
suggested to overcome this problem (112,113). This
raised many suggestions for the control of selectivity
during etching and many questions about the chemistry of

etching in plasmas.
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1.2 Plasma Chemistry - Previous Studies

Initially, this project was intended to study the
chemistry of fluorine - containing gas plasmas. However,
during the course of assembly of the mass spectrometer
system many workers were expressing a need for a more
selective plasma etching method for polycrystalline
silicon than the hignhly reactive fluorine - containing
gas plasmas. Polycrystalline silicon was becoming an
important substitute for aluminium in the gate
metallization layer in M.0.S. devices and was also
finding applications in other areas of integrated ciruit
manufacture (111). Additions of other gases such as
hydrogen and oxygen to fluorine - containing gas plasmas
were reported in an attempt to produce suitable etch rate
ratios between silicon and oxide (112). To some extent
the selective etching of silicon over oxide was achieved
but was insuffient for routine production. Subsequently
other gaseous materials were experimented with in order
to etch selectively silicon and polycrystalline silicon

in the presence of silicon oxide and nitride.

It was known that aluminium had been successfully
etched in a carbon tetrachloride plasma (5) and also that
the chlorides of silicon were wvolatile. Layers of
cnromium and oxide (Crg03) were being routinely etched on
glass substrates in plasmas of 50:50 chlorine and oxygen
(3% Interest in chlorinated gas plasmas, particularly

-

CCly, was aroused and this appeared to be a fruitful area
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to explore. There was comparatively little work
published on these chlorinated gas plasmas and the
mechanism of etching was not understood. Therefore, this
work was mainly concerned with etching silicon in carbon
tetrachloride gas plasmas. A review of the literature
for both the fluorinated and chlorinated gas plasmas used

in etching and polymerisation studies is presented.

1.2.1 Fluorine Containing Gas Plasmas

A detailed discussiog of the major papers on fluorine
.i,gppmanhl

containing plasmasptine main conclusions are summarised in

section l1.2.8. Table:4 provides a guide to the literature

on plasma etching in general.

1.2.2 Selective Etching of Silicon and Silicon Dioxide

Some of the earliest work of Heinecke . (112,113)
pointed out that etchants such as CF4 were particularly
unfavourable for window etching into Si0Op films on
silicon subtrates because of the relative etch rates of
these two materials. The etching of Si09 films is
particularly important for defining the dopant diffusion
mask in bipolar d€vices and the gate insulation in M.O.S.
devices. It 1is, therefore, important to be able to
selectively -etch the SiOy film without etching the
underlying silicon substrate. Heinecke put forward a
simple approach to this problem suggesting the

suppression of silicon etching as a way of controlling
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the relative etch rates of silicon dioxide (112).
Heinecke suggested additions of Hy to CF4 to make the
discharge fluorine-deficient (112) and later (113) the
addition of oxygen to enhance the fluorine atom
concentration in the discharge. Heinecke showed that in
fluorine~deficient discharges the etch rate of silicon
was lower than in pure CF4, the Si0Op etch rate being
unaffected. Similarly in CF4/02 discharges the etch rate

of silicon was higner than in pure CFy.

After these early studies by Heinecke many workers
(18,19,43,114-128) adopted the use of plasma etching in
various forms for both research and routine production of
integrated circuits. One use of plasmas was in reactive
ion etching (R.I.E.) as described by Schwartz etal
(L14). The only real difference between this method and
the wusual plasma etching process was the pressure at
which the plasma was maintained. R.I.E. was reported to
cover the pressure range 10-140mtorr whereas plasma
etching is normally carried out at pressures in the range
0.1-1.5 torr. Anisotropic etching is often reported for
R.I.E. and 1is largely attributed to the incidence of
ions, accelerated in the r;f. field, on the wafer. The
lower pressure range of the plasma in R.I.E. would allow
tnis sort of sputtering effect to take place because the
mean free path of species in the gas phase would be
longer (5.7 x 10-3 - 4.0. x 10-%m) compared to normal
plasma etching (5.7 x 104 - 3.8 x 10-9m).

18



Bondur (18) has reviewed dry process technology
(R.I.E.) pointing out that the use of reactive gas
plasmas has led to etch rates which are 10 times greater
than could be achieved with sputter etching with argon
ions. Bondur has also suggested that CF4 gas breaks down
to form large amounts of CF3t ions ( in agreement with
Heinecke) and these ions may be responsible for etching

in the reactive ion etcher.

1.2.3. Etch Rates and the Influence of Parameters on

Selectivity

Schwartz etal (l114) have used CF4 to etch both
silicon and silicon dioxide patterned witn AZ1350J
photoresist. The etch rates of Si0O; and photoresist were
reported to be similar wunder certain conditions. At
40.08MHz with less tham 25% of the quartz (Si0y) base
plate covered with wafers the etch rate ratios between
Si02 and photoresist was 4:1 at best. Etch rate ratios
between Si and SiO varied with the R.I.E. parameters but
the best reported results were 3:1. at 13.56Miz.
Photoresist degradation problems are common in CFy

plasmas.

The addition of oxygen to CF4 has been thoroughly
investigated by Jinno (19) etching doped silicate glass
films wused as dielectric materials, passivation layers
and diffusion sources. Etching was compared with normal

wet chemical processes. The etching characteristics with
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gas plasma processes were reported to be less dependent
upon the dopant and its concentrations. The results
showed a minimum in etch rate for both phosphosilicate
glass and arsenosilicate glass films at a Q value of 0.5
where (Q=q07/qCF4 volume ratio. Above Q=1.0 these
silicate glass films showed an increase in etch rate. No

explanation was given for this behaviour.

Etch rate ratios of 10:1 for Si0Op compared to Si were
also reported for CHF3 at 1lOmtorr and 30mtorr pressures
CRL2) Etch rates were compared, for CHF3 and CFy,
against argon gas. Etch rates in the reactive gases were
generally higher than those in argon. Several effects
were reported and were thought to be due to ion
bombardment caused by the -300 to -600V d.c. bias which

occurred across the electrodes at 13.56MHz.

The effect of mask material and oxygen additions on a
CF4 plasma have been investigated by Schwartz etal
(119). The position of tne wafer was also investigated
at various pressures and r.f. powers (13.56MHz only).
The addition of oxygen to a CF4 plasma was reported to be
able to compensate for a fully 1loaded <cathode.

Undercutting of the mask was reported in this case.

Silicon and Si0O have been etched in CF4 plasmas with
additions of Op,H2,N7,H20 and CpF4 (43). The concepts of
flurine-to-carbon ratio (F/C) and oxygen-to-carbon ratio

(0/C) were discussed. The etch rate ratio of Si0Op to Si
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increased as the F/C ratio was decreased (for instance by
addition of CyF4 to CF4 plasmas). The maximum etch rate
for Si was shown to be at a point where the plasma gas
consisted of 60% CF4 and 40% Oy. In mixtures of CpF4/07
the maximum etch rate for Si was shown to be at a 50%
mixture of the two gases. For Si0 the maximum etch rate
was shown to be at ~w40% Hy added to a CF4 plasma. The
silicon at this point did not etch but was reported to
have a polymeric material deposited on its surface, hence

producing high etch rate ratios for Si0; to Si.

Polycrystalline silicon films have been etchned in
several gas mixtures in plasmas and edge profiles and
linewidtn losses have been compared (121). C9oFg/Cly
mixtures were reported to be superior for etching very
fine features with 1little or no linewidth losses (no
undercutting) compared to the isotropic etches of CF4/07
and 1:1 C2Fs/CF3Cl which have linewidth losses of upto
twice "the thickness of polycrystalline silicon film

etched.

Accelerated etch rates for polycrystalline silicon in
a CF4/5%07 plasma have been reported where NaOH and KOH
residues from positive photoresist developer have been

left on the surface of the wafer (122).

Loading and flow rate effects have been investigated
and reported by several workers (119,120,143-147) and
various models have been proposed to explain these

etching effects.



Mauer etal (120) have suggested that with increasing
area of silicon being etched in a plasma the etch rate
falls away asymptotically towards a base level of etching
which is produced by physical sputtering alone. With the
increase in area of silicon wunder identical plasma
conditions it could be expected that there would be fewer
cnemically reactive etching species per unit area of
silicon available and hnence the etch rate would
decrease. However, the normal physical sputtering could
be expected to continue regardless of area of silicon

present in tne plasma.

Reactant supply in reactive ion etching has been
investigated and related to the total dissociation of CFy
gas as a function of input power (13.56MHz) and pressure
in a diode system (146). A kinetic reaction model was
described and compared with experimental results of etch
rates of Si0yp as a function of input power. Mauer and
Logan suggested that this model should be able to predict
reactant supply over a broader range of pressures with

the inclusion of recombination mechanisms.

A simple model has been produced to explain the
observed dependence of plasma etcn rates on the flow rate
of etchant gas (145). Chapman and Minkiewicz suggested
that the dependence of etch rate on gas flow rate in the
low flow. regime was due to. inadequate supply of reactant
species. However, at high flow rates etch rates were

thought to be dependent on the probability that active
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species are pumped away before they have a chance to
react. Some experimental results were presented showing
maxima in both flow rate and pressure curves plotted
against etch rate of Si0p. These etch rate results were
obtained with additions of various quantities of oxygen

to a CFy4 plasma.

1.2.4. Special Technigques Used to Study Fluorine

Containing Plasmas

A substantial amount of work has been reported where
special techniques such as emission spectroscopy (78,
128, 136, {7(i)), maess spectrometry (128,130, 132, 133,
35), Auger Spectroscopy (129) and scanning electron
microscopy have been applied to the study of plasma

etching.

X-2:0 Emission Spectroscopy.

Harshbarger etal (78) were among the first to show
that fluorine atoms are present in a discharge of CF4 by
observing the optical emission from excited fluorine
atoms. They also showed that emission from fluorine
atoms in the CF4 plasma increased with the addition of
oxygen, reaching a maximum at 10-15% of oxygen. The
silicon etch rate was reported to reach a maximum at ~ 8%
of oxygen added to the CF4 plasma. Water vapour was
reported to quench, almost completely, the emission from

a CF4/0p plasma. The addition of a plain silicon wafer

to the CF4/8%02 discharge was reported to reduce
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considerably the emission from fluorine atoms. They
concluded form this that fluorine atoms were the probable

etching species for silicon.

Below 20% of added oxygen to CF4 plasmas, the O atom
emission was of 1low intensity and Harshbarger etal
suggested that the 0 atoms produced in the discharge were
consumed in the production of CO, carbon monoxide. The
emission intensity of CO also showed a maximum between 10
and 15% of 0y added to the CF4 discharge. Above 20% of
added oxygen the 0 atom emission intensity increased
rapidly slowing down at higher oxygen partial pressures.
It is well known that 0 atom production proceeds more
etficiently in dischargeswhere 079 is a minority species
and this could explain the —results presented by
Harsnbarger etal.

Coburn an; Winters have also studied the additions of
oxygen to CF4; and reported a maximum in the fluorine atom
emission intensity at ~25% 0 added to the CFy4
discharge. Silicon etch rates snowed a maximum between

15 and 20% of 0y added to tne CF4 discnarge (138).

The emission spectra of CF4/0; plasmas have been
studied by Agostino etal (137) during Si and SiOp etching
as a function of feed gas composition. Additions of
small amounts of nitrogen and argon gases were reported
to permit tne determination of the effect of oxygen

additions on the electron densities for a wide range of
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electron energies. Relative concentration profiles of
F,0,C0 and COy; were reported to be determined with this
technique as a function of feed gas composition. The
important role played by fluorine atoms as the active
etchant for both Si and Si0Oy was reported to be
confirmed. The results of etch rates of Si and Si0Oy and
the relative fluorine atom concentration plotted against
feed gas composition are in agreement with Harshbarger
etal (78). Similarly the CO0,C03,0 and F concentrations
plotted against feed gas composition also agree with
Harshbarger etal. Furthermore the rapid reduction in CF
and CF, emission intensities on addition of oxygen to the
feed gas also agree§ with results presented by Flamm
(136). Emission intensities for C0,C07 and F atoms reach
a maximum between 10U and 20% of added oxygen to a CF4/07
discharge and are almost identical in profile to the

results presented by Harshbarger etal.

The emission spectra of CF3Cl, CF3Br and CpFg as a
function of residence time, oxygen additions, power and
pressure have been studied by Flamm (136). Flamm has
concluded from this work that the broad continuum
spectrum centred at /Vo6l4nm originates from a common
excited species produced by electron impact dissociation
of tne halocarbon feea gas. Flamm has suggested that
this species is an excited state of the CF3 radical which
unaergoes a transition to a repulsive state to yield CF»
and F. This is consistent with the spectral evidence and

explains the presence of CFy and unsaturated fluorocarbons
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in these discharges. Although Flamm could not completely
exclude the possibility that the continuum was due to an
excited state of CFp. Flamm also pointed out that the

reaction:-

e + CyFg—> Cyfg™ —CF4 + CFy
is tnermodynamically more favourable than
e + CoFg——>CF3 + CF3

and could in itself account for CFj production.

The conversion of CF4 (in CF4/02 discharges) into
stable products (CO, COy, COF; and SiF4) and the
concentration of free fluorine atoms in the plasma was
measured using several techniques (128). Mogab etal
reported  that ' the etch rates for 51 _.and - §5i0)y,
concentration of fluorine atoms and the intensity of
emission from electronically excited fluorine atoms (3sZP
- 3p2p° transition at 703.7nom) each exhibit a maximum
value as a function of feed gas compostion. These
respective maxima occur at distinct oxygen
concentrations. The maximum fluorine atom concentration
occurred at an oxygen content of ~23%. Tne maximum
silicon etch rate occurred at a concentration of 16.3% 0y
in CFy4 plasma. Absolute concentrations of fluorine atoms
were obtained by titration with Cly. The maximum CFy
conversion was reported to be at about the same oxygen
content  that produces maximum fluorine atom
concentration, ~23%02. A quantitaive model which takes

oxygen adsorption into account was reported to relate the
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etch rate to the fluorine atom concentration.

1.2.6 Mass Spectrometry

Mass spectrometry is the principal tool used in the
present study. Chapter 2. therefore contains a detailed
discussion of the application of mass spectrometry to

plasma studies.

The plasma oxidation of CF4 in a tubular-alumina fast
tlow reactor has been studied by mass spectrometry
(130). "These studies were done as a function of reactor
pressure (0.15 - 0.6 torr), flow rate (2 - 80 cm3 min 'l)
and oxygen concentration in the feed gas. Results were
reported for discharges investigated both in the presence

and abs ence of single crystal silicon.

The only products reported from a CF4 plasma were F,
Fp and C2Fg and in the presence of silicon the products
were SiF4, CpFg and small amounts of atomic fluorine.
The products reported from CF4/07 plasmas were F, Fo,
COFp, COp and CO and in the presence of silicon the
products . Wete SiFs, P, Fa2, E0F9, €07  and " CO. The
conversion of CF4 to products was reported to increase
monotonically with residence time in the discharge and
the oxygen concentralion in the feed gas. No direct
evidence - for CF3 radicals - was reported, their presence

being inferred from the product C)Fg.
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The insertion of a piece of 304 stainless steel in
the CF4 plasma produced an increase in C3Fg and a
decrease in Fj species. Smolinsky and Flamm suggested
that the stainless steel reacts with fluorine atoms and
might explain why other workers (127) did not detect

fluorine species effusing from a stainless steel reactor.

Smolinsky and Flamm reported that both Si and 0
shifted the product distribution in CF4 plasmas. Silicon
was reported to react with the fluorine atoms to form
SiF4 with concomitant suppression of F and enhancement
of CyFg formation. With the addition of oxygen the
concentration of fluorine atoms and moleules increased
many fold, CyFgs vanished and new products of COFp, COp

and CO were formed.

A mechanistic model for fluorocarbon plasmas has been
suggested by Truesdale etal (132). In particular the
effect of added acetylene on the r.f. discharge chemistry
of C)Fp. Appearence potential studies of the CFy* ion
from C3Fg gas, plasma and discharges in C)Fg/CgHp
mixtures were reported to show that CFy was formed in the
discnarge in CyFg but only in small amounts. However,
the addition of CpHy to the CpFg discharge was reported
to markedly enhance the concentration of CFy as shown by
the persistence of the CF2™ ion almost to the published

value oflll.?ev.
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Difluorocarbene, CFy was detected from all plasmas
which, unager their experimental conditions, etched Si0Op
faster than Si. These included discharges in CHF3,
CiF3/CyFg, C3Fp/Hp and CF4/Hy. 1In contrast no CFy was
reported to be detected by this method from plasmas which
etched SiOyp slower tham Si. These plasmas included
discharges in CF4 and CF3Cl1. Also Truesdale etal
reported that if a Si0)p wafer was placed in the discharge
zone CF; was no longer detected from CyFg or C2Fg/CoHp
discharges. This suggested that the presence of low
valent CFy species such as CFy may play an active role in
etching SiOp. Although they pointed out that it was not
clear if CF; was consumed througn etching reactions or
scavenged from the product stream by products of the
etching process. They also suggested that additional
work is needed to elucidate the precise role of CFy, CFj3

and other fluorocarbon radicals in Si0y etching.

A novel cryopumped beam mass spectrometer has been
described by Visser (133) and discharges in CF4 with Si0
and Aly03 targets have been observed. Visser has
compared his data with Coburn's (138). Discharge
transients at switch-on and switch-off were observed for
fluorine at m/e 19 in a CF4 gas using various electron
energies in the ionisation source of the mass
spectrometer. The SiF3%* signal was also monitored from
discharge ignition whilst etching Si0Oy in a CF4 plasma.
Visser concluded that the etching of silica proceeds

inversely to the free fluorinme signal intensity. This
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confirms that in the initial stage of the discharge the
silica surface is protected by a sorbed layer, which must

be removed in order to achieve steady state etching

conditions.

1.2.7 Other Techniques

The role of chemisorption in plasma etching has been
reported by Winters (129) with a wide range of gaseous
materials. Winters has shown the sticking probabilities
(ie: the probability for dissociative chemisorption plus
the probability for non-dissociative chemisorption where
E> 20K cal mol-l [83.7k Jmol-l]) for CF4, CHF3 and CF3Cl
on polycrystalline Si,  SiOj, Si3N4 and Si are less than
10-7. The sticking probabilities for CF3Cly and CCly are
detected on some of the sufaces but are still less than
10-6. Electron collisions with non - dissociating
adasorbed molecules (E < 20k cal mol-l ) were shown to
result in the rapid build up of adsorbed carbon and
chlorine which then remained on the surface
indefinitely. Winters also reported that CFy, radicals

have sticking probabilities between 0.08 and 0.75 on

clean silicon.

Similarly CF3 radicals formed by CF4 colliding with
the electron beam were allowed into contact with the
substrate surface and the sticking probability determined
as before. Winters concluded that the dissociative

chemisorption of stable gases is probably not important
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in plasma etching while radiation - induced -
dissociative chemisorption and chemisorption of CFy
radicals were expected to play an important role in

plasma etching.

The reaction of fluorine atoms with Si0y has been
studied by Flamm etal (l31) ana the downstream fluorine
atom concentration was measured by gas phase titration
using Cly. Flamm etal concluded tnat fluorine atoms etch
Si0 with a probability, Ef = (0.01626+ 0.0015) exp
(-0.163eV/kT) in the absence of a plasma. They report
that this expression is consistent with the rates and
activation energies reported for in situ etching of Si09
in fluorine atom - containing plasmas at 0.05-0.3 torr.
Consequently, the fluorine atom solid reaction alone can
account for these previous data. They concluded that ion
or electron bombardment may not play an important role in
the etching of Si0p by fluorine atom-containing plasmas
in the few tenths torr pressure range. However, the
possibility of enhanced reaction rates due to "higher"
energy ion and/or electron bombardment could not be ruled
Gut. Coburn and Winters, however, have reviewed the
mechanisms of etching using several techniques (138) and
reported that electron and ion bombardment enhanced thne

etcn rates for Si and Si0Oy in CF4 and CF4/07 discharges.
Furthermore Coburn etal (40) have reported studies of
the surface chemistry and etching behaviour of silicon

and oxidized silicon bombarded with a CF3* ion beam
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(50-4000eV) using Auger electron spectroscopy and a
quartz-crystal microbalance fig:5. They concluded tnat
the etcn rate of Si due to CF3* ion bombardment can be
accounted for by physical sputtering alone. Also the
deposition and removal of carbon at the etched surface
may be one of the most important phenomena affecting the

operation of plasma etching systems.

Coburn etal also suggested that ion bombardment of
the etched surface enchances the reaction rate of tne
neutral etching species which were thought to be most
probably fluorine atoms and CF3 radicals. Tney showed
that carbon aeposition will occur when the surface to be
etcned is subjected ¢to ion bombardment and carbon
depositions can be expected in a reactive sputter -
etcning system when carbon-containing molecular gases
such as CF4,C3Fg,CCly etc, are used. In addition even
when a surface is at ground potential or at a floating
potential in a glow discnarge, the fact that the plasma
potential is usually some 10-50V positive with respect to
the most positive major electrode in contact with the
plasma causes these surfaces to be subjected to
low-energy ion bombardment. Ions with energies in this
range can still be dissociated upon impact with a surface
and consequently carbon deposition can be expected to

occur.

Oxygen in the 1lattice of oxidized silicon was

reporced to effectively limit the build up of carbon and
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can be used as tne basis for a mechanism of selective
etching. Coburn etal also reported that if a composite
surface of Si and Si0y is subjected to low-energy CF3*
ion bombardment, carbon will accumulate on the silicon
surface but not on the Si0y surface to any appreciable
extent. Therefore the etch rate of Si will be reduced
substantially whereas the etch rate of 8iOp will be
unaffected resulting in an increase in the Si03/Si etch

rate ratio.

Further studies by Coburn and Winters (204)
investigated the extent to which gas-surface chemical
reactions can be enhanced by ~“energetic radiation
(primarily ions and electrons) incident on the surface.
In particular tney have studied the reactions of Si, §i0jp
and Si3N4 with XeFy, Fp and Clp where volatile reaction
products are formed;fig:5(a). These results showed that
ion bombardment is very important 1in the gas-surface
chemistry of plasma etching. Similar ion-enhanced
chemistry was reported for Fp on Si, F3 on C, Cly on Si
and Oy on C which were reported to behave in a similar
way to Cly on Si (their fig:3 in fig:5(a)). The large
transient immediately following the introduction of Clj
was reported to be due to adsorption of chlorine on Si.
Tne rate of chlorine adsorption overwhelms the etching
process for a short period causing the Si sample to gain
mass (negative etcn rate for 220<t<260sec). The steady
state etch rate has been increased by a factor of almost

4 by the introduction of Cl;. In the absence of the ion
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beam the etch rate was reported to be zero since Cljp
alone aoes not etch Si at a detectaple rate (<@.l§min‘l)
under these conditions ( w~ 7.5 x 10-® torr to 7.5 x

10-4torr).

Coburn and Winters also used Fo on Al (their fig:4,
in fig:5(a).) to show the effects of an involatile
product, AlFj3. Wnen the Fy 1is injected onto the Al
surface auring Art ion bombardment the sputter-etch rate
decreased by a factor of 2.A similar result was reported

using 02 on Si.

The effects of electron assisted gas-surface
chemistry were also shown by Coburn and Winters (their
figs: 5 and 6 in fig; 5(b)) using 1500eV electrons and
XeFy on Si3N4 and Si03. It was reported that XeF; does
not chemically attack 5i0Oy, Si3N4 or SiC in the absence
of radiation and nor does electron radiation by itself
produce etching. However, with electron bombardment in
the presence of XeFp, all these materials were reported
to be etched at appreciable rates and etching occurred
only in the region of the sample which was subjected to

the electron bombardment.

1.2.8. Summary of Fluorine Containing Plasmas

Fluorine containing gases, particularly CF4, can etch
both Si and §Si0p. However, additions of 03,H7,CgHy or

the use of P.T.F.E. or carbon platforms can consideraply
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modify the etching characteristics of the plasma.

The mechanisms of etching in CF4 plasmas rely on an
ion-assisted process for Si0Oy and a free radical process
for Si althougn neither mechanism is fully understood.
The role of carbon in both suppressing Si etcning and
enhancing Si0y etching is still not clear. Alchough
almost certainly F atoms etch both Si and Si0Op ‘and CFxt
ions etcn Si0p whereas carbon accumulates on Si

preventing etching.

Selectivity is still rather poor for Si and SiOy
despite the large amount of work done in this area. One
reason for this is that F atoms are produced in all the
fluorcarbon gases even in tne presence of scavengers like
dp and CyHp. However, etch rates have improved with the
understanding of 1loading, flow rate and temperature

effects.

Chemisorption of stable gases is probably not
lmportant in plasma etching. However, chemisorption of
CFy radicals formed by the discnarge in the gas phase
plays an important role in plasma etching and may be
ennanced by radiation from the plasma. It has been
snown that etching behaviour depends to some extent upon
the incidence of energetic radiation (mainly ions and
electrons) on the surface_ in the presence of etchant
molecules. This has led to the use of d.c. biasing,
reactive ion etchers and ion sources in the hope of

obtaining anisotropic etcning and enhanced etch rates.



1.3 Chlorine Containing Gas Plasmas

As can be seen from table:4 there is considerably
more work available on the etching of films of aluminium
and its oxide in chlorine containing plasmas than there
is on etching silicon. Tne literature available on
aluminium etcning will not be reviewed here but there are

nevertheless some papers which are of special interest

(101,176,77(ix),141(vi) and 198).

l.3:1 Silicon Lktching

Silicon and polycrystalline silicon have been etcned
in a variety of chlorine containing plasmas (12,117,109,
121,177). Chlorine, Cly plasmas have been reported to
produce highly anistropic etching of silicon (12).
However, after etching in chlorine the etched surfaces
were rTeported to have a black appearance which was
initially thought to be due to deposition of a material
of wunknown composition. Auger analysis revealed the
presence of silicon only. This effect could be reliably
reproduced if the silicon wafer was first briefly
subjected to a CHF3 plasma. Etching was reported to be
carried out for up to am nour in Cly at 0.5wem=2. S.E.M.
examination showed that the etched surface consisted of
very closely spaced silicon '"bristles" with diameters
between 100 and 200nm with spacing of the same order.
These silicon bristles were reported to be between 1 and

2um in length. Such a surface is an ideal absorber for



solar thermal applications. Reflectivities of the
surface in the visible up to the band gap of silicon were
reported to be less than 0.l1% and began to rise at 1l.2um
and reaching 707% at 1.5um. Shorter etch times of 20

minutes in Cl; produced reflectivities as low as 0.2Z%.

Anisotropic plasma etching has also been reported by
Mogab and Levinstein using some mixtures of fluorinated
and chlorinated hydrocarbons or partially chlorinated
tluorocarbons (177). This work suggested that the
etching species for silicon was chlorine atoms. The
effect of doping on etch rates was also reported.
Selective plasma etching of phospnorus and arsenic doped
polycrystalline silicon relative to S5i0p was reported for
mixtures of C2Fg and Cly inm a parallel plate reactor,
the primary etching product was SiCly. A Differential in
etch rate between, n-, p- type or undoped polycrystalline
silicon was observed and thought to be related to the
need for electron transfer to adsorbed chlorine at the
silicon surface in order for chemisorption to take
place. This mechanism has also been suggested by
Scowartz and Schaible (77(xi)) to explain some of the
unusual temperature and pressure effects they nhave

observed.

Schwartz and Schaible (109) have used both CCly/Ar
and Clp/Ar plasmas to etch silicon using masks of SiOjp,
Al703 and MgO. They have studied etch rates as a function

of r.f. power, freqency, reactant concentration, flow rate
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and pressure. The addition of CCl; to Cly/Ar plasmas or
heat sinking the wafers to the water cooled electrode
reduced lateral etching. Surface effects similar to
those found by Lehman and Widmer were reported and they
were not consistently reproducible. A '"polymer" like
film near the CCly inlet on the silicon wafer was also
noted. In Cly plasmas they reported that the silicon
surface sometimes blackened and it was not uniform in
intensity but most pronounced near the chlorine gas
inlet. Auger analysis was reported to show silicon and a
high oxygen content. The surface was easily damaged and

almost wiped clean with a swab.

Schwartz and Schaible also reported a separate
phenomenon independent of background water or batch size
giving rise to rough surfaces similar to Lehman and
Widmer. Groove formation near the unetched features was
reported and thought to be due to sputtering by CCl*jy
ions. The groove diminished 1in size with increasing
pressure, i.e: shorter mean free path of species. Both
etch rate and groove formation were reported to be
insensitive to substitution of helium for argon and they
suzgested that Cl*¥y and CCl*3 ions were the predominant
sputtering species at lOmtorr pressure. Unfortunately
Schwartz and Schaible did not give the etch rates for

silicon in these plasmas.

The effect of frequency on chlorinated gas plasmas

o

has been studied by some workers i) (i) " 178
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178, 1ali(vidd)). Tne difference in the chemical
composition of the discharge in CCl4 at low and high
frequency r.f. power has been studied by Bruce (7?(xiiﬂ
using a mass spectrometer sampling gas via a pinhole in
the base plate of a stainless steel reactor chamber. The
range of frequencies used was Z20kHz to 27.5MHz and both
aluminium and silicon etch rates were observed as a
function of frequency. Mass spectral measurements were
made of both neutral and charged species representative
of gas striking the wafer as a function of frequency.
Etch rates for silicon were reported to be ~15008 min-1

at best and for aluminium NZOOOE min-1.

Bruce noted that 1in pure CCly the stainless steel
electrodes became coated with a polymer film which had an
increasing deposition rate with increasing frequency.
The increase in abundance of CyCly at higher frequencies
suggested that CyCly was a polymer precursor. The etch
rate of silicon at higher frequencies was reported to be
lower and was suggested to be due to either polymer
formation on the surface or lower ion energies at the
silicon surface. The higher etch rate of aluminium could
not be explained at the higher frequencies but Cl{ ions
were more abundant at higher frequencies and these may

nave been a predominant factor in aluminium etching.

Discnarges in Cly gas etching silicon at r.f.
frequencies from 15kHz to 27MHz with the same sampling

system as previously described (77 (xii))have Been
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investigated by Bruce and Reinberg (178). Electrical
characteristics and ion energies were also investigated
under indentical conditions as a function of excitation
frequency. As the excitation frequency was increased the
silicon etch rate was reported to decrease and also the
ion energy decreased. The operating voltage amplitude
was shown to have a maximum which corresponded to the
maximum etch rate for silicon at 0.5MHz. Silicon
etching was anisotropic at both high and low frequencies
and Bruce and Reinberg concluded that the etching process
appeared to be a '"bombardment" induced process with

negligible cnemical contribution.

Similarly the effects of frequency on voltage-current
characteristics, emission spectra, etching and the energy
distribution "~ of ions across the sheath of chlorine
plasmas at 0.3 torr have been observed by Flamm etal
(141(viii)). They reported that with increasing
frequency an increase in the potential across the sheath
region and an increase in the energies of ions bombarding
the electrodes was observed. Helium and argon additions
were made to determine relative chlorine species
concentrations from their excited state emission
intensities. Various reactors were used in this study
ranging from 2cm to 2Ucm internal diameter. In one
reactor, ions could be extracted through pinholes into a
differentially pumped high vacuum chamber. Retarding
grids and an in-line mass spectrometer were used to

detect ions and measure their energies. Dye laser
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fluorescence and optical emission were also used on

separate reactors.

Emission spectra and mass spectral analysis of ions
extracted from the sheath region showed shifts in the
ratio of Cﬂg to Cl* signals as excitation frequency is
lowered. Flamm etal reported anisotropic etching of
silicon at 1low frequencies and isotropic etching at
nigher frequencies. This was explained by an increase in
ion bombardment energies at the lower frequencies despite
having earlier shown that the sheath region potential
increases and tnerefore the energy of ions bombarding the

surface increased with increasing frequency.

1.3.2. Carbon Tetrachloride - Other studies

Several other studies related to carbon tetrachloride

gas plasmas nave been made (182,187,56,170,49).

The ionisation potentials of both CCly3 and CF3
radicals and the bond dissociation energies in several
cnloro-fluoro-metnanes have been measured by mass

spectrometry (56).

Tne effect of wavelength on the gas-phase photolysis
of carbon tetrachloride has been observed by Davis etal
(182). Tney showed that there was a clear trend towards
increasing molecular fragmentation with increasing photon

energy. A detailed mechanism was described based dpon
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scavenging by bromine and oxygen added to the carbon
tetrachloride and analysis of the product yield by gas
chromatography. Davis etal pointed out that it has been
known for many years that phosgene is formed when CClj
radicals are generated in the presence of oxygen.
Steacie (185) gives a discussion of possible mechanisms

involved.

The gas-phase radiolysis and fast flow microwave
aischarge studies of CF4-CCly mixtures have also been
reported (184,170). The reaction of fluorine atoms with
CCly wusing molecular beam analysis has been studied by

Kolb and Kaufman (49).
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Table: 4 Guide to the Literature on Plasma Eifching

Materials (s) |Gas(es) Comments Reference

Etched

Various Various Review paper by Poulsen, R.G. 5

Yarious Various Etching Sympsium 1976 Reinburg A.R. Review. 15

Various Ar,CF4,CHF 5 Profile Control; comparison of sputtering 117

and Plasmas.

51,510 SFg/Ng; CHF3; Clg Rough surface on Si with Cl;, plasma. 12

Various Ar/Q; Introductory paper on dry etching techs. "

Yarious = | =mm——- Review of Vacuum processes. 9

Si, Si0p Ar/Fo; XeFgp; Plasma Etching=A Discussion of Mechanisms. I
CF4/02; CHFj.

Var lous Various 14

sl, S10y, CFq, CFg/07; Dry process ftechnology (R«l.E). 18

SI3N4, CC|2F2;

AZ1350J others

Silicate CF4 Doped silicate glass films, 19

glass

Si0p, SizNg CFy; CoFgs CsFa End point determination. 26

Various CF4; BCl3; others End point determination and gas analysis. 27

Cu 0/Ar ;Ne Glow discharge mass spectrometry. 33

si cFs* lon surface interactions. 40

Si, Si0y CF4/Hy; various Etching and Polymerization studies. 43
others

§i0y, Si CF4; CsFg; CHF3 Heinecke - bell Jar system. 12

Si0p, SI CF4/0, Heinecke - bell jar system. 13

5i0y, Si, CFq Reactive ion etching; Photoresist 114

AZ 1350 J degradation. 40.68 MHz and 13.56 MHz

5105 Dry HF Dryox process; 150 = 190°C; 0.1 =30 torr. 115,116

Si; Si0; CFg; CF4/CoHy Used teflon and carbon substrate or mixed 118,123

CoHoe
Si; Si0p CFyq Mask material effects, pressure and power 119,120
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Table: 4 Guide to the Literature on Plasma Efching contd.

Materials (s) |Gas(es) Comments Reference
Etched
Poly Si CoFg/Clg; CF4/05; Polycrystalline silicon etched, compared 121
CoFg/CF3ClI linewidth losses.
Poly Si CF4/5%0; NaOH and KOH residues, accelerated etch 122
§102;Si CFq/Hp; CFy Reactive on etching. 124
PMMA . AZB50B
§1;S102;Si3 CFy4 Diocde system parameters, power, pressure 125
Ng;AZI350J loading effect.
Poly Si CFy4 Phosphorus doped Polycrystalline Si 126
si, S0, CFy "Pseudo - black box" approach. 127
St, Si0p CF4/09 Effect of oxygen additions. 128
Poly Si, Si, |CF4, CFsH; CFsCl; Determined sticking probabilities for these 129
Si3Ng, Si0p CF2C15;CCly gases on various materials.No efching done.
Si; Stainless |CF4/05 Plasma oxidation of CF4 studied. 130
steel Addition of Stainless Steel to discharge
increased CoFg-.

§i0y Fatoms Flow Tube and mass spectrometer. 131
§i0y, Si CoFg/CoHp Also CHF3/CoFg; CoFg/Hy and CF4/Hp. 132
Si0z, Al03 CFy4 Cryopumped Mass Spectrometer. 133
SizNg CF4/02 Emission spec. shows F Atoms. 18
Si, Si0y, CF4/07 Emission specs. 137

e CF3CFCls; Cl; CFsBr; |Emission spec. 136

Cofe

Si He/F5;CF4/02; SFg/ Emission Spec. luminescence 77(1)

07;CF3CI/07;
SIF4/02-

on downsteam Si surface.
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Table: 4 Guide to the Literature on Plasma Etching contd.

Materials (s) |Gas(es) Comments Reference

Etched

Si, Si0p CF4/07;F7 Review; effect of 0, additions. 138
e SiBry Emission from SiBr. 142

Si CF4/05 Loading, temperature effects end point det. 143

GaAs. CCly; CClFp; CFye Using 90 Mole® Ar diluent. 141C1)

Si CFy Loading effect; model. 120

Si0p CFy4 Reactant supply; loading effect. 146

S0, CF4/0, Flow rate effects; model. 145

Si, Si0y CF4/0, Flow rate effects. 147

Si SF6 Selective etch for Si. 148

Si, Si0y SF6/0, Composition studies at 27MHz;45W Itorr 149

(Si: Si0y; 40:1)

— SFg/02;SFg Kinetic and spectroscopic analysis. 141Cii)
Si;S5107; SFgs CzFg; CoFg Saddle- field sources; also Ar,CF, gases. 150
SizNg
Si0z; Si SiF4;CoFg lon beam;angular depence of 77(i 1)

sputtering yield.
Si SiFy4; CFy Correlation of emission spectra suggest FrAGAND]
main etch product SiF;. Also CF4/07
Si02;Si3Ny SiF4/03; compared. Poly Si;Si also compared. 77(iv)
Compared to CF4/0,;investigated role of
Si CF4/C0y COz in plasma. also NF3/Ar;Photoresist T7(vi)
S1;AZ1350H NF 5;NF3/0, etched; ratio Si: Resist, 3.5:l. T7(v)
Si Fo/Ny or 0y Oxygen quenches Fluorine emission. 141Cii1)
Si;5105; XeFo;Fo lon Surface, gas surface radiation 204
Sizhy induced etching.
Si3510, CBrfsz Also poly Si and Mo etched relative to Si05. 152
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Table: 4 Guide to the Literature on Plasma Etching contd.

Materials (s) |Gas(es) Comments Reference

Etched

Si; Si0p CBrFsz Polymerization, n-doped Si etches faster 153
than Si. Bromine monolayer under Polymer.

Si; Resist CF4/NO NO is preferable to 0y in 141Civ)
improving selectivity.

Ti-Pd-Av CBrfs; CCIFs CBrf3-He-0, mixtures; CCIFz~-He optimum 154
63% CBrfFs,25% He and 12805. Emission
Spectrocopy of plasmas.

LiNoOs;Cr CHF 5;CF4; Ar Photoresist Az|350J; reactive 156
ion beam etching.

Al;Al/4% Cu; CCl4;Clp;Brp; Reactive ion etching of aluminium 174

Al/4% Cu/Si HCl; HBr, and alloys.

Al703;51 Ar/Cl5;BCls Ar/CCl4 High rates of etch ; R.l.E. ; Mg0O mask. 175

Al;Al 505 CCl4;CCl4/0, Effluent compostion monitored; 101
various electrodes.

Al;Al 505 BCls; CCls; Compared etching; high reflected powers 176
for CCl4 plasmas.

Al;Si;510; CCly; BClx Others PCl3;BBr3;BCl3;B8r3 etfc: T7(vi i)
CCl4 residues.

Al; Poly Si CCl 4;CFy 4 cycle process-CF, descumming T7(viil)
and oxide removal.

Al CCly; Influence of humidity on etch T7(ix)
reproducibility.

Al CCly CF4 photoresist pretreatment, photoresist 141(v)
also etches.

Al CCly Polymer formation; Quartz 141(vi)
microbalance used.

Si;Poly Si CoFg/Clo; Effect of doping on Si etch rate. 177

CoFg/CF=Cl; Ar/Cl, Interesting discussion and review.

Si; Special CCl 4/Ae or He Nt layer laterally etched; CCl4/Cl; does 109

Structure. Cly/Ar not latterally etch N* layer. Rough
surfaces after etching.

Si Ar/Clo, Small percentages of Cl, in Argon model led T7(xi)

around diode etcher. Flow rate and loading.
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Table: 4 Guide to the Literature on Plasma Efching conid.

Materials (s) |Gas(es) Comments Reference
Etched
Si; Al CCly Frequency effects;mass Spectra;polymer and TT(xii)
AlCls.Effect of power at different
frequencies.
Al; Al-2% Si |CCly; Double beam and point detector Broad band T7(xiii)
CCl and OH emission obscured atomic Al.
513 Cly Anisotropic etching at low and high 178
frequencies;maximum etch rate @ 0.5Mhz.
Si;in P; Cly Emission infensity of CI;CI* and CI* 141(vii)
GaAs against frequency and etch rates
for Si vs freguency.
Cr implanted |CCl4/Air Also Art fon implanted films used. Etch 179
with Sb*, As* rates unaffected by Art but reduced
by As* and sb*.
Cr;Cro0s CCl4 + Additions; Varied ratio of added gasss; He; Ar; 0p; 180
Cly + additions. No+02. W, Fe and Cu Impurities
accumulate on the wafer surface.
Au;Pt; others |CCIFs; Gold or Platinum redeposits on Photoresist 15
Au; others  |C,CloF, Review ! 5
Ta;Cr Various Review 9
GaAs Various Sixteen different reagents investigated. 181
Si;Poly CCl4;SiCly Aluminbdm etched in SiCl4 compared to CCl 4. 198
Si;Al CCl, leaves a film of polymer.
GaAs;GaSb; Ho Emission-U.V. of Hydrogen plasmas.Power 199
In P;Siz= and pressure effects; etch rates Si 250-500
N4 and oxides A® min~l. 30:1 etch rate ratio for Si:Si0,.
Poly Si NF3;CCI4 Etch rates measured as a function of wafer 209
area and power density.
Al SiCly Anisotropic etchantl sputter etched. 210
Si0p;Si CHF 3 Pressure-to-flow rate ratio P/F 211

investigated; 500-2500W;5-45 Sccm and
pressures 45-95m torr.
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Table: 4 Guide to the Literature on Plasma Etching contd.

Materials (s) |Gas(es) Comments Reference

Etched

Si; Cly Profile control with d.c. bias. 212

Si0;Si CF4:CoFg; Selective for oxide over Si In 213

CsFg fon beam etching.

$i0; CFy Kaufman lon source and current probe; 214
reactive ion etching.

Poly Si1;S8i0, |[CF4/Hp Computer confrolled reactive ion etching. 205

Poly Si CCl 4/04 Emission spec and efch rates 0-60% 05. 206

Mo;Si;S10, CCI4/02 Mass spec and etch rates 0-100% 05 232

Poly Si Fa S«1.M.5S studies on F, adsorbed 207
layers on Poly Si.

Al;5105;5i C4Fg;SICly R-1.E. microwave electron cyclotron 233

resonance discharge ion source.
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1.4 Polymer Formation

Polymer formation in both fluorine and chlorine
containing plasmas is dealt with in this section under
separate neadings. Table:5 is a zuide to the literature

on Polymer formation in plasmas used in plasma etching.

l.4.1 Fluorine Containing Plasmas

Recently work on plasma polymerization has become
more widespread (188-196, 102, 153, 129, 138). Plasma
polymerization of fluorine-containing gases in the
etching process is an intolerable nuisance during
semiconductor integrated ciruit manufacture. Layers of
polymer obscure the silicon surface preventing etching
and hence produce inferior devices. Many workers have
attempted to identify and understand the particular

plasma conditions in which plasma polymerization takes

place.

Coburn and Winters (138) bhave tried to identify the
boundary between polymerizing and etching conditions by
considering the fluorine-to-carbon (F/C) ratio of the
chemically reactive species and the bias applied to a
surface in the discharge. The F/C ratio can be varied by
using fluorine ageficient gases or their mixtures with
other fluorine containing gases or modified by the
addition .of oxygen, hydrogén, or CpHp which result in

fluorine or carbon being converted into relatively
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unreactive species which cannot participate in etcning or
polymerizing chemistry. For example Coburn and Winters
give the F/C ratio of the active species generated by

dissociation of CF4 as 4.

Coburn and Winters suggest that as an etching
fluorocarbon plasma is made more and more fluorine
deficient, a point will be reached where polymerization
starts to dominate over etching. The position on the F/C
axis where this occurs 1is, they suggest, dependant on
many of the parameters of the plasma system. On this
basis they point out that polymerization will occur on Si
more readily than on §Si0. Coburn and Winters also give
some interesting discussions of the possible mechanisms
of polymerization and etching in fluorine containing

plasmas.

Similarly Coburn and Kay (43) have examined the
benaviour of a variety of gases and gas mixtures and have
concluded that low F/C ratios are likely to give rise to
polymerization more readily than gases with higher F/C
ratios. However, they point out that some polymerizing
gases can be made to etch silicon when bombarded with

energetic ions.

Coburn and Kay have also discussed the idea of the
oxygen-to-carbon (0/C) ratio for several oxygen
containing gases and have reported that gases with 0/C

ratios of 1 give rise to fast etch rates for silicon.
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They have concluded that unsaturated monomers inevitably
lead to polymerization upon exposure to a glow discharge
but can be converted to etching discharges by the

addition of oxygen.

Flamm etal (153) have reported that etching and film
formation in CF3Br plasmas exhibit a number of unusual
phenomena. Under certain conditions both Si and Si0y can
be concurrently etched, while in other circumstances only
Si0 is etched and Si is coated with a uniform,
crosslinked fluorocarbon film. The fluorocarbon polymer
was reported to overlay a monolayer of bromine at the
silicon interface, but negligible bromine is incorporated
into the fluorocarbon film. In order to account for this
they suggested tnat CFyBr incident on the surface may
dissociatively chemisorb by the thermodynamically
favourable reaction:-

CFyBr + Si (surf) ——> CFy + Br-Si (surf).

and if the flux of unsaturated radicals is not sufficient
to terminate (CFg)n at short chain lengths an involatile
polymeric film can form. Several other mechanisms were
suggested and Rutherford backscattering was wused to
elucidate the nature of the polymer film deposited on the

Si surface.

Truesdale and coworkers (132) have reported large
quantities of polymeric material with composition (CF)n
formed in the discharge zonme of a CyFg/CpHy plasma. They

have also used a chemical model for fluorocarbon plasmas
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to explain the formation of polymeric material in the

discharge.

Kay etal (189) have presented mass spectrometric
studies, sampling neutral and ionic species, of both
polymerizing and etching fluorocarbons in
glow-discharges. Polymer deposition rates were studied
for C2F4,C)Fg,Ctp/10% Hy and CyFsH as a function of flow
rate. They reported that the intensity of highly
unsaturated species is a reliable indicator of the
deposition rate of polymer film as determined by a quartz
crystal microbalance. 1In addition, they report that the
carbon-to-fluorine ratio of these species in a CjyFy
discharge is close to one and this was approximately the
carbon-to-fluorine ratio of polymer films deposited in
the discharge region. The nature and amount of polymer
reported deposited adjacent to the r.f. electrode (where
the surface was at a large negative potential) differed
markedly from the nature and amount of polymer deposited
on floating or grounded surfaces. In the case of
unsaturated monomers the depostion rate was reported to

be substantially greater near the r.f. electrode.

Kay etal reported that the intensity of.Cze species
in the mass spectrometer correlated with the polymer
deposition rate suggesting that these species are
involved in the polymerization process.

Vasile and Smolinsky (38) have studied the chemistry

of the r.f. discharge of CyF4 by mass spectrometry. They
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reported that the CpF4 discharge chemistry is dominated
by the production of neutral gas phase species and
polymeric deposits on the electrodes and wall of tne
discharge vessel. Ionic species  observed in the
discharge were reported to be characteristic of electron
impact ionization of CpF4 and the neutral products were
reported to be CpFg,C3Fg,C3Fg, and C4Fg. In contrast to
discharges in hydrocarbons they report that ion-molecule
reactions are not a dominant feature of the CjFy
discharge. Appearance potential measurements were
reported to give direct evidence of the effusion of CFjp
radicals from the discharge but not for CF or CFj3

radicals.

Before making tneir mass spedrometric observations
Vasile and Smolinsky coated all the inside surfaces of
the reactor with a plasma-polymerized tetrafluoroethylene
film to avoid any possible complications in the observed
spectra due to the interaction of the zlass walls with
fluorine containing species. Vasile and Smolinsky also
report that the literature on the photolysis of C9F4 can
explain the presence of all the C3 and C4 molecules found

in the discharge.

Kay and Dilks (102) bhave presented a critical review
of plasma polymerization of fluorocarbons in an r.f.
capacitively coupled diode system. The formation of metal

containing fluoropolymers by simultaneous plasma etching
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and polymerization in the same system was discussed in
detail. Tne polymer deposition rate, at the grounded
electrode, was reported to be strongly dependent on the
excitation electtode material as well as the F/C
stoichiometry of the 1injected fluorocarbon. The metal
content of ¢the films could be varied by addition of
oxygen and hydrogen to the plasma. E.S.C.A. spectra of
the films formed with Cu,Mo and Ge cathodes in C3Fg
plasmas at Z0W and l5mtorr were presented. Consideration
of the signal intensities allowed Kay and Dilks to
estimate the quantity of metal incorporated into the
tilms, 19% molybdenum and 14% copper. Germanium was
only incorporated into the polymer film at high r.f.
power levels (lOOW) and the metal was then homogeneously

dispersed throughout tne film.

Further work by Kay etal (191) has explored the
etfects of adding Hyz or 03 on tane metal containing
fluoro-polymer films produced by simultaneous plasma
etcning and polymerization. They reported that the
likely precursors to plasma polymerization have been
identified for the CpF4/02 and C3Fg/0p systems studied.
The primary precursors to polymerization of films
incorporating molybdenum were reported to be of the
general form (CF2)n, n= 1,2,3,4 and their relative
concentrations were dependant upon the oxygen partial

pressure.
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The fluorine and metal content of the polymer was
reported to be decreased when hydrogen was added to the
plasma. Kay etal concluded that the use of additive
gases provides a convenient method to continuously vary
the metal content of the films formed by simultaneous

plasma etching and polymerization.

1.4.2. Chlorine Containing Plasmas

Several workers have reported the deposition of
polymer-like films on wafers, electrodes, walls and
surfaces near the gas inlet in chlorine containing gas

plasmas and particularly in carbon tetrachloride plasmas.

Tokunaga and Hess (101,176) reported that stainless
steel electrodes were particularly susceptible to polymer
formation when using a CCl; plasma at 0.75 torr (100Pa).
They investigated tne films proddced using Auger electron
spectroscopy and reported that the films were mainly C-Cl
polymer films. By collecting the effluent gases from the
discharge in CCly and analysing them by gas
chromatography they were able to show that the CpCly in
the effluent increased by a factor of 10 compared to the
same conditions with aluminium electrodes. Tokunaga etal
suggested that CyCly was a polymer precursor and also
pointed out tnat iron and nickel are both Fischer-Tropsch
catalysts and are used. to generate long chain
nydrocarbons (C5-C3(p) from CO and Hyp. Such a mecnanism

could be operative on stainless steel electrodes when
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cnlorocarbon species are present thereby generating

polymer-type films.

Bruce (77(xii)) has reported that the deposition rate
of polymer from a CCly discharge increases with
increasing pals frequency. From mass spectral
measurements Bruce has suggested that C2Cly was a polymer
precursor, the abundance of CyCly increases with

increasing r.f. frequency.

Curtis and Brunner (l4l(vii)) have used an
oscillating quartz microbalance coated with aluminium
films to study the initial stages of etching of aluminium
in CCly plasmas. They found that the delay time bDetween
plasma ignition and the onset of etching depended upon
reactor cleanliness. During this induction period they
reported a polymeric film was first deposited on the
aluminium and then removed again as etching began.
Induction periods of upto 24 minutes were reported before
aluminium etching began, this was confirmed by the
appearance of the optical emission band at 216.4 nm due
to AlCl after 24 minutes. Auger analysis clearly showed
that the weight increase during the induction period was
caused by the deposition of a polymeric material which
contained about 50% carbon. These results also showed
that even auring etching it is possible that polymeric

material is being deposited on the aluminium surface.



In a tnoroughly clean reactor etcning was reported to
bezin almost at once with an initially lower etch rate
which could in part have been due to oxide removal. The
etch rate in this case stabilized at 2700Amin-1 which was
similar to the etcn rate (2100§min‘l) obtained after the

24 minute induction period.

Curtis and Brunner also reported that r.f. (13.56MHz)
powers below 0.2Wem~2 caused the gquartz crystal to
continuously increase in weight linearly for periods upto
1.75 nours with no sign of etching taking place. The use
of higner powers of 1l.5Wcm~2 resulted in very short
inauction periods of about | minute and weignt increases
of 1less than 100A equivalent aluminium thickness (the
microbalance was reported ¢to be calibrated in R of
aluminium). By varying tnhe r.f. power during a run an
increase or decrease in the sample weight could be
obtained. These results indicated that a power density
of 0.3Wem~2 was somewhere near to a critical value for
their apparatus. This was supported by their report that
induction periods at this power level were of variable

length.

51



Table:5 Guide to the literature on Polymer formation in Plasmas

Gas(es) Comments Reference
Various Conference abstracts and papers on Plasma 188
Polymerization and deposition.
CF4/0, Auger electron spectroscopy. 138
Various Defined region of changover from etching to polymer. 43
CBrFs Bromine monolayer then fluorocarbon polymer film. 153
Various Sticking Probabilities of gases and effect of ions. 129
CoFg/CoHy Polymeric material (CF),; model of discharge. 132
CoF 4;0thers Low electron energy mass spectra. Polymer 189
deposition versus flow rate.
CzFy; others Metal Contalning polymers; Cu;Mo;Ge;E.S.C.A. 102
Propylene Polymer deposited on both glass and Aluiminium. 190
CF4/Hp or 03 Metal containing fluoropolymer films; E«S.C.A. 191
T«F«E. P.T.F.E« and Carbon deposition; Review. 6
Ethylene @ 60Hz; 10kHz; 13.56MHz. Polymer deposited on Electrodes. 192
CsFg Metal containing fluoropolymers; (CF2)n, n=1,2,3,4,5. 193
Background gas |SIC formation on Si with Ar* ion etching; Auger. 194
CoF4;C3Fg;C4Fg |Emmission spectra suggest CFy radicals responsible. 195
Various Symposium or "Plasma Polymerization" 196
CCl4;CCl 470, Polymer formation on stainless steel electrodes worse than
BCl3; CCly aluminium electrodes. Effluent monitored. 101/176
CCl 4/ Ar Rough surfaces and Polymer. 109
Various CoFgs CaCly; CBraClp; CHCls; PHs; CHF3 all 181
Polymerize trying to etch GaAs.
Benzene Microwave and radiofrequency plasmas comparative study. 144
Organic vapours [Double probes in glow-discharge polymerization studies. S6
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2. TECHNIQUES FOR STUDING PLASMAS

The techniques for studying plasmas can be divided
into direct and indirect techniques. The direct
techniques sample material directly from the plasma
unchanged and indirect techniques depend upon some effect
of the plasma, such as optical emission or electrical
properties, which is related in some way to the

composition of the plasma.

253 Mass Spectrometry - General Discussion

Mass spectrometry is, in principle, the most useful
analytical technique available for directly sampling the
species present 1in a plasma discharge. The mass
spectrometer may be attached to a plasma discharge system
in different ways: e.g.
a) downstream mass spectrometry of effluent gases from a

discharge;

b) directly sampling from the plasma (i)ions - both

positive and negative; and (ii)neutral species -

molecules, atoms and radicals.

The first method (a) is an indirect method which can

be used for process control and end point determinations.

2000 L Appearance Potentials

Although mass spectrometry allows unambiguous
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indentification of ions (within the limit of finite m/e
resolution), identification of the neutral parent of each
ion requires considerable care. Atoms and free radicals
are usually identified by the method of appearance -
potential discrimination. That is the formation of ions
with energy lower than that needed to produce the atomic
or free radical ion by any fragmentation process. For

example, if the products of the discharge:-

Hl r.F disenares S H. + H. (“I"HQ_) (L)

are sampled into a mass spectrometer ion source, then the
ion current observed at m/e A, where A represents the
molecular weight of species A, will consist of
contributions from both the atom, A and the molecule,
Ag. The possible electron impact processes in the ion
source are:-

(i) Ionisation

H'-f-ef—) H+ +9\E;E:>I(H.) (2)
Binec—a, #l¢; BT (3)

(ii) Dissociativekioqisation

Aobre—sA+A+2e; E3>I(H) + D(A -A) (4)
(iii) Ion - pair piPduction

H,_ +e—-—>ﬂ +A+e 5 E}_) I (H)+ D(Pf—n)- EH(A) (5)

EA(A) = electron affinity of A
I1(A) = ionisation potential of atom A
D(A-A)= bond dissociation energy of A-A

Ex = electron energy.
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If the electron energy is set lower than E3 or Eg4,
but greater than Ej}, then the only contribution to the
ion current at m/e A should be from A atoms. Process (3)
does not contribute at all to the ion current at m/e A.
Similar considerations are made for the detection of

radicals.

As the bond dissociation energy of the molecule
increases, it becomes easier to differentiate between the
two contributing ion currents to m/e A. Foner (57) has
shown a theoretical appearance potential plot of ion
current, for At from A, and At from Ay by dissociative
ionisation, as a function of electron energy. (Foner's
Fig.3. p393). The ion current, or log ion current, plots
are linear and parallel at low electron energy, within a
few electron volts of the appearance potential of A% and

separated by D(A-A) the bond dissociation energy.

As the energy of thermally produced electrons is not
monochromatic but has a Boltzmann distribution the
ionisation plots do not intersect the electron energy
axis at the ionisation potential but tail off
asymptotically. Therefore to obtain the appearance or
ionisation potential of a species A, it is necessary to
refer to a standard (Ar, Kr etc.) and use one of the
normal techniques such as semilog matching (71) or
extrapolated voltage difference (70). These methods are

reviewed elsewhere (57,69).
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2.1.2 Downstream Mass Spectrometry

In this method the mass spectrometer is connected
some way downstream from the plasma reactor onto the
vacuum pumping system. Hence, any material sampled by
the mass spectrometer is recombined effluent gases from
the plasma reactor which have undergone many wall
collisions and are therefore the final reaction products

from the discharge. (24,25).

Flamm (24) has pointed out that analysis of products
downstream from a fluorocarbon plasma is difficult at the
high ionisation energies (% 70eV) normally used in mass
spectrometry. This is due to fragmentation of the gas
molecules caused by the energetic electrons in the mass
spectrometer 1ion source. These fragment ions are not
uniquely characteristic of the parent molecules. Hence,
Flamm has shown that low energy electrons of 18-25eV
(usually 20eV) range will yield large parent ion peaks
relative to secondary fragments for a variety of
halocarbons. This is a well known phenomenon but
involves reduced sensitivity at low electron energies due
to a decrease in the ionisation cross-sections with a

decrease in electron energy.

Suggestions for overcoming sensitivity problems
include higher emission currents, higher potentials on
electron photomultipliers, slower mass scan rates (higher

integration time) and longer amplifier time constants.
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The wusual method 1is to increase potentials on the

photomultiplier to obtain sufficient gain in sensitivity.

Effluent gases can be sampled using leak valves,
capillary tubes or small orifices which have small 'dead
volumes" to give better response times. It is important
to be able to maintain the normal working pressure of the
mass spectrometer (10-® torr) under operating conditions
in the ‘reactor (9K 0.5 (EOorr): This can usually be
achieved and some systems are capable of sampling from

atmospheric pressures.

Even with low-energy electron-impact ionisation Flamm
observed that some fragments seen in the mass spectrum
were not assignable to a particular parent molecule. In
addition, chlorinated species adsorbed on the stainless
steel surfaces and gave an interfering background

spectrum.
Downstream mass spectrometry can be used as a process
controller giving end point indications in some etching

processes (25).

2:1.3 Direct Sampling from the Plasma

Both neutrals and ionic species are normally sampled
from the plasma into the mass spectrometer ion source via
some form of beam system. Many methods have been used

but the main difference between sampling ions and neutral

56



species is that ions require an electrostatic focussing
lens system whereas neutrals are only collimated by

several apertures into the mass spectrometer.

A beam of species from the plasma can be formed by
consecutive orifices, slits, crossed slits and nozzles.
In the case of neutral species tnese apertures are kept
as close together as possible to reduce wall losses and
give large concentrations of species in the beam. 1In the
case of ions a lens system is normally placed between
the apertures to focus ions onto the second orifice for

collimation into the mass spectrometer.

(a) Ions

Ions are thought to be important in anistropic
etching. Positive ions have consequently been studied by
several workers (29-32). Few workers have considered
negative 1ions 1in etching plasma discharges. However,
some work has been done on the production of negative -
ion - rich plasmas as possible sources of negative ion

beams (34,37).

Sampling ions from plasmas is usually via an orifice
into an ion lens system. Energy analysers have been used

by Coburn and Kay (32) to observe the energies of ions

under various conditions in the plasma. The effects of
r.f. power modulation and confining the plasma with
biased electrodes have been studied. In these ‘'studies

the plasma was sampled through an orifice in the
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substrate electrode of a diode glow-discharge sputtering
system. This allowed direct sampling of ions incident on
the substrate electrode into the quadrupole mass filter.
Coburn and Kay were also able to determine the plasma

potential with their system.

Other workers have sampled ionic species from the
pulk plasma and from fast flow tubes (28-31). Vasile and
Smolinsky (31) have sampled both ions and neutral species
from discharges in tetrafluoroethylene and methane. When
sampling neutrals the ion focussing lenses were used to
prevent all ions from the discharge reaching the mass
filter. This was done by grounding some lenses and
applying + 200V to the first lens. They obtained
electron impact ionisation spectra at 20eV with and

without a discharge present in the reactor.

(b) Neutral Species

Atoms, molecules and free radicals are normally
sampled as a molecular beam formed by a differentially
pumped nozzle beam system. The nozzles are usually small
orifices or pinholes mounted in such a way as to produce
a direct molecular beam into the mass spectrometer ion
source. This type of system has been used to sample
species from discharges, flow tubes, shock waves and

flames (44-64).
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Ideally, atoms and radicals should not undergo any
collisions with the walls or other gas molecules during
transit from the reaction zone to the point of ionisation
in the mass spectrometer ion source. The species sampled
should be a representative sample of the plasma or
reaction mixture. In general it has been found
sufficient to use several small differentially pumped,
planar orifices to collimate the molecular beam (63).
However, with this method there is some probability that
some effusing molecules which have undergone collisions
with the walls of the collimating chambers can reach the
mass spectrometer. Background gases from the molecular
beam can reach tne mass spectrometer after many wall
collisions in the mass spectrometer chamber. The use of
modulated molecular beams wusing a beam chopper may
overcome this in some circumstances by correcting the
intensity of the spectrum obtained for any contribution
from the background gases. A disadvantage of beam
choppers is that the distance between the mass
spectrometer and the reaction chamber 1is longer and
therefore the molecular beam more diffuse than the
molecular beam normally sampled from an unmodulated beam

system.

The size of the orifice or aperture from the reactor
depends upon the pressure of the reactants being
sampled. In general the orifice diameter, D, must be
less than the mean free path,).. for pure molecular flow

but can be operated at higher pressures (57) with a
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maximum at D/A70.

Supersonic molecular beams can be generated using
nozzles and skimmers. The reaction mixture or plasma
expands out of the first sampling cone at supersonic
velocities in the forward direction. The skimmer then
selects tne central portion of this beam which is allowed
to pass into the ion source of the mass spectrometer.
Because of the high degree of collimation and supersonic
velocity of the beam, collisions between species in the
gas phase and the wall are insignificant. This type of
sampling is referred to as '"collision free". Supersonic
beams increase the sensitivity but produce problems of
unrepsentative sampling and formation of shock waves in
front and behind the nozzle and skimmers. This is

particularly marked at high mach numbers (»5); (60,74).

2eokoh tlolecular Beam Sampling of Neutral Species

For the efficient transfer of reactive species of the
plasma discharge to the mass spectrometer ion source,
there must be a minimum of gas phase and wall
collisions. Foner (57) has shown a three stage molecular
beam system and assumed molecular flow conditions
everywhere in the sampling system,lFig.6. The molecular
densities (molecules cm-3) Pl, P2 and p3 in the three

sections of the apparatus due to the incoming gas and pg,
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the beam density in the ion source were, with a few minor
approximations, expressed in terms of the denisity py on

the hign-pressure side of the first orifice as:-

/01 = fofls:? eqn (1)

= PeARS (g I il
Gt St e o

/Oa:z. Le Hl’%azl _flz;Q' / vV | } I *]
B S5 (RS, TS, AT e

PB'—_- /f{fﬁ‘l"z (5— araal- /:uaaztvm) eqn (4)

w

P8 = f A, (2- oty A‘gﬂx’“) ean  (5)

where VvV is the molecular velocity of the gas in cm 5-1

A is the area of tne pinhole in cm?

w

is the pumping speed in cm3 5-1

p is the gas density in molecules cm=3

According to Watson (54) the beam density for a two

ASystem is given in equation (5) and py can be rewritten

as:-
o ¥ pe A A, ¥ 5
- filla Jo LRI -, 2 eqn ()
/Ol sz /}'I-—Tr';_l S). a
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and similarly p3 can be expressed as:-

/03 sl Ha\/ + Do Hs : As N eqn (7)
/AJﬁl;l Sa

Equation (6) is obtained by substituting for p, from
equation (1) in the first part of the expanded equation
(2) and equation (7) is obtained by substituting Py into

equation (3) using the expanded equation (2) for Pj.

The beam density pp 1is due to species which have
suffered no wall collisions, whereas the background Pj
(P2 for a two-stage system) is from species which have
effused from tne first stages and have undergone many
wall collisions. In order to sample species directly the
parameter whicn must be maximised is PB/Pj (Pp/Py for a
two-stage system) i.e.: the beam density relative to the
effusive background. This is the effective signal-to-
noise ratio for the sampling system. The ratio of beam
density to background density for a three-stage system

is:- -}

L8 —_ s Iﬂﬂ('\_f bl

= e <+ eqn (8)
/03 Tl'ﬂa'\ifr.él JFS:-. A‘S! 'ITP',"‘) '11'\"-,_"

and for a two-stage system is:- |

'/03 = S:z. s Y S ! eqn (9)
Fr W BN LS, IR

Watson has discussed the beam-to-background ratios
for his particular system and has also shown that a
three-stage system has a much lower effusive background
gas density in tne mass spectrometer than a two-stage

system.
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2.1.5. A Simple Method for a Two-Stage Beam System

This method was first presented by Fite (65) for beam
density and background pressure calculations for a two

stage modulated beam mass spectrometer.

In the two-stage system fig:7. gas flows effusively
from the source into the first of two differentially
pumped vacuum chambers. The pressure in the first
chamber is maintained sufficiently low so that molecules
from the source will cross the chamber without suffering
gas phase collisions. A portion of the direct stream of
gas from the source passes through an aperture in a
partition separating the two chambers and forming a
collimated molecular beam that crosses the second
chamber. The total gas flow from the source is given by

the eftfusive flow expression fer an orifice as:-

Ns= HSCAS eqn (1)
4

wnere Ng = gas flow through the aperture in molecules s-1

Nng = gas number density in molecules cm-3
Ag = area of the source aperture in cm?
¢ = mean thermal velocity in cm s-1

Equation (1), while applying strictly only in the
case of effusive flow from sources working at extremely
low pressure, is a reliable approximation for sources

working at pressures upto several tens of torr.
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The gas flow Ns has to be removed by the pump
evacuating the first chamber, neglecting losses into the
second chamber, by conservation of mass:-

Ns = n1S; eqn (2)
where nj = gas number density in the first chamber

S1

pumping speed of the first chamber pump system.

Combining equations (1) and (2) gives:-

nAg = 4n,S, eqn (3)

It is necessary to keep nj sufficiently small so that
a molecule from the source will cross the first chamber
with a low probability of colliding with another molecule
in the gas phase. That is, the mean free path,k , must
be very much greater than L, the distance between the
apertures. In general. this condition is met if nj \< 4x
1012 molecules cm-3, corresponding to a pressure in the

first chamber of 10-%4 torr. (Appendix C).

Gas flow in the beam between the chambers can be

considered: -

n, =nA eqn (4)
AT L*

where np = number density in the beam in molecules cm~3

L = tne distance in the c¢m from the source

aperture.

The "current", Ip in a beam of cross sectional area

A(cm2) is related to the beam numoer density, np by



I, =n oA eqn (5)
Combining equations (4) and (5) gives:-
i =nSA c A eqn (6)

atr 12
which relates the beam current in molecules s-l and cross

sectional area A to the number density in the source.
The total current entering the second chamber can be
found by applying equation (6) to the beam passing
through the aperture of area Aj; located between the

vacuum chambers i.e: by setting A = A] and L = L] giving:-

I,=n_ A& oAk eqn (7)
g mEs
The beam-to-background ratio may now be obtained. It
is of interest to consider the ion current arising from
the beam on passing through the ion source of the mass
spectrometer, compared to background signals originating
from molecules from all other sources. The number
density, np, in the beam at the position of an ion source
located a distance Ly from the beam source is given from
equation (4) and is:-
n . =un A eqn (8)

2

477 1,

Background gas densities arise from two sources.
Firstly the beam terminates in the second chamber by
striking the wall, and molecules in the beam become
background gas in the second chamber until they are
pumped away. The number density increase, np, can be

calculated from tne current in the beam, Iy, from:-
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Ih = n2 S3 eqn (9)
where S) = the pumping speed of the second chamber pump
system. Therefore, from equations (7) and (9) we obtain:-

STl B s e BT eqn (10)

b 5.8 1
ST s,

The second source of background gas in the second
chamber arises from the general gas flow between the
first chamber, operating at a number density of nj} = 4 x
1012 polecules cm‘3, and the second chamber through the

aperture separating the two chambers. Using equation (1)

ana assuming effusive flow gives:-

N, =n, c A, eqn (11)
4
where Ny = flow through the aperture or effusion rate in

molecules s-1 and applying equation (9) gives, (putting

I, = N2 in equation (9)):-

eqn (12)
4 s,
where n'p is the value for the second source of

background gas in the second chamber in molecules cm-3.

Fite has claimed that this contribution to the
background gas density in tne second chamber is an order
of magnitude less than the contribution due the
termination of the beam in the second chamber and to a
good  approximation can be neglected under certain
geometrical conditions. Comparing equations (8) and ilO)

gives: -
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22 L, 5, eqn (13)
S

where np/ny is the beam-to-background ratio. Fite has
quoted values for np/np2l>, below this value the mass
spectrometer is sampling large background gas densities

and few reactive species.

However, Fite is optimistic in assuming that n'z is
much less than ny and usually n'yg and ny have comparable
values. Therefore:-

n, c A1 n_ &gc A

ng(tot) = ny + n, = + L

Do 2
452 41TL1 S

eqn (14)
2

where n# (TOT) is the total background gas density in the
second chamber, is more reasonable and should be used to
calculate beam-to-background ratios in equation (13)

instead of nj.

2v2 Emmission Spectroscopy

Molecules may undergo inelastic collisions with
electrons in a plasma which leave the molecule in one of
many excited states. Electronically excited states give
rise to optical emission, which is characteristic of the
species, when relaxing back to the normal ground state
electronic structure. By studying the emission spectra
from plasmas the various electronically excited species

present in the discharge can be identified.
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AN Excitation

Electronically excited states can be formed directly
by electron impact. When the corresponding radiative
transition is allowed the excitation cross-section rises
to a broad maximum and slowly decreases at higher
energies, whereas for forbidden radiative transi tions
the cross-section is often sharply peaked at the
corresponding energy and falls off rapidly at higher
energies. Peak cross-sections are often in the 10-17 to

10-18 cm? molecule range.

Appreciable vibrational excitation can also occur in
plasmas and effective vibrational temperatures may be
established which are between Te:, the electron
temparature and Tg, the gas temp@rature. Electron impact
excitation of vibrational energy is a highly specific
process and depends wupon the exist@nce of virtual
negative ion states which decay into wvibrationally
excited ground-state molecules. Vibration-translation
collisional energy exchanges are inefficient for strongly
bound homonuclear diatomic molecules allowing high Tyip
to be established. The high vibrational temparature
Tyip, of Nz in plasmas and glow discharges is likely to
be responsible for much of its electronic excitation.
This 1is explained if Tyjg approaches Te the internal
equilibration of vibrational states will produce
appreciable concentrations of molecules with 5-8eV of

vibrational energy and electionically excited molecules
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by the reverse process of the very fast quenching

reactions of A3 state of Ny by N-atoms (76).

Emission spectra of atoms or free radicals cannot
give quantitative measurement of concentrations of ground
states because the number of electronically excited
states is not directly related to the number of ground
state species. The relative number of ground state and
excited species depends upon the plasma conditions and is
not easily determined. However, in plasmas where
electron energies are high enough to cause excitation,
spectra may not only cons titute reliable evidence for
the presence of radicals and atoms but can also be used
for determining relative concentrations of ground state
species. The main problem with emission spectroscopy is
that information is only obtained about species which are
in electronically excited states and emit radiation at

suitable wavelengths (23,78-81)

2ok Gas Rotational Temperatures

Porter and Harshpbarger (79) have shown that molecular
gas temperatures in an r.f. discharge of nitrogen gas can
be determined using the unresolved rotational structure
of the emission spectrum. Rotational excitation energies
are small, and the collisional exchange of translation
and rotational energy is so rapid that rotational states
are unlikely to be substantially out of kinetic

temperature equilibrium. For this reason gas rotational
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temperatures are approximately the same as the gas
temperature in the discharge.

Porter and Harshbarger calculated the gas rotational
temperature of nitrogen gas with substantial error limits
but nevertheless were able to show that the gas was hot.
Reported activation energies of the order of 0.5 - 2.5eV
should therefore, be interpreted with consideration that
the gas phase reactants are not and their temperature

depends upon the discharge parameters.

2.3 Other Technigues

2.3.1. Absorption Spectrometry

Optical absorption with continuum sources has been
used in flash photolysis experiments and to some extent
in discharge flow systems. Kinetic studies have been
done for ClO, BrO, NCly and N3 radicals. However, many
molecular radicals have low absorption cross-sections and
require long path lengths with multiple traversals across
flow tubes. Alignment problems and spatial resolution,
and therefore time resolution in kinetic studies, along
tne flow tube become unacceptable after 10 traversals in

the ultraviolet region (64).

The continuum source of radiation is not suitable for
most non-metallic atoms which absorb in the vacuum
ultraviolet. Resonance line sources have greatly
improved the sensitivity of optical absorption, by the
close matching between the source line profile and “the

absorption line profile. Provision may be made for
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compensating for any emitted radiation from the atoms at
the same frequency as that being used. This can be done
by modulating the radiation (with a chopper or modulating
power supply) from the source and using a phase sensitive
detector amplifying tne output of the photomultiplier at
the modulation frequency. Radiation emitted from the
excited states does not produce a signal under these

conditions and only an absorption signal is observed.

Atomic resonance radiation can be produced by a
microwave discharge in a trace of the parent molecule
- mixed with inert gas. Lamps powered by electrodeless
discharges are less intense than those produced by
arc-glow discharge but give few excited ions. Their ease
of operation and low continuum emission are advantages in
kinetic studies with resonance absorption. Resonance
absorption nas mainly involved atoms but can in principle
be applied to monitoring molecular radicals. However,
the low line strengths for resonance absorption by most
molecules, and the difficulty in finding convenient light
sources, except for a few cases such as OH, CN and NH,
have caused problems. Tuneable dye lasers in the vacuum
ultraviolet are likely to help in providing new sources

of resonance radiation.

Z.3.2 Langmuir Probes

Small electric probes can be placed in stationary or

flowing discharges. These probes are normally small
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metallic electrodes immersed in a plasma and generally
connected across a potential source to a reference
electrode. The current flowing to a probe is measured as
a tunction of applied potential difference. The
resulting relation between tne probe current and the
probe voltage is called the '"characteristic". From this
characteristic the electron temperature, electron
density, plasma density (+ve ion density) and plasma
floating potential can be derived in principle for
simple, well-behaved plasmas. Characteristics of special
probe arrangements may give additional information on
oscillations, flow, drift and diffusion processes in the
plasma. Probe measurments can be made over about seven
orders of magnitude of pressure from 10-2 torr to 102
torr, and more than eight orders of magnitude in charge

carrier concentration above 100 cam=3.

However, probe measurements are subject to many
serious restrictions. Compared to many other diagnostic
techniques probes are distinguished by the possibility of
direct local measurement of plasma parameters. This
advantage is connected to their main problems and
restrictions. The insertion of a probe into a plasma
under investigation involves disturbing the plasma with a
new "wall" in addition to the existing boundaries. In
the probe environment, the plasma parameters may deviate
seriously from those in the absence of the probe.
Another problem is that a probe can only be used for

simple systems with any rteliability. This means tnat
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ideal conditions for probes are in non-reactive,
monoatomic gases with high mobility. The use of probes
in reactive plasmas can lead to the formation of
insulating polymer layers deposited on tne probe or

alternatively the probe and holder may be etched (84-89).

Altnough probes were used for investigation of gas
discnarges at the turn of the century, it was not until
the early twenties when Langmuir ana co-workers made
probes a useful means of plasma diagnostics. To perform
probe measurements in low pressure discharges using
simple theory, some conditions or restrictions must
apply:-

(a) electron and ion densities must be equal,

(b) the probe radius must be smaller than the mean free
path of electrons and ions,

(c) electron temperature must be greater than ion
temperature (non-isothermal plasmas),

(d) probe radius must pe greater than the Debye length,

(e) tnere must be a maxwellian velocity distribution of

electrons.

The wuse of double probe techniques has allowed
investigation of plasmas in which a reference potential
in the form ofenelectrode 1is absent or where space
potential 1is not defined. For example high frequency

discharggs, afterglows and the upper atmosphere (31,90).
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Measurements can be made of other electric properties
and potentials of a system. For instance wall and probe
potentials, specimen support potentials, induced d.c. bias
on electrodes and the effects of grounded mesh shields can

pe measured (91-9Y6).

2o Electron Spin Resonance

Many chemical species contain an odd number of
electrons with the consequence that the effects of
electron spin are not cancelled out by the pairing of
electrons. These species are paramagnetic. Examples
include organic free radicals, some transition-metal ions,
and the molecules {0y and NO. Some species have two
unpaired electrons and are paramagnetic even though they
have an even number of electrons. These are triplet
states; for example 0; molecules have triplet states as
their ground state, and many organic molecules may be
excited into the triplet state by irradiation. For
organic free radicals there is normally only one unpaired
electron which has only two electron spin energy levels.
The unpaired electron may be excited into the upper energy

level by absorption of radiation of a suitable frequency

while a magnetic field 1is applied. The frequency of
radiation normally used is in the microwave region. The
signal intensity observed is proportional to the

population of the upper and lower states, the upper states

are less populated tnan the lower states. It is possible

to detect as little as 10U-1l pgole ‘of paramagnetic species,
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making electron spin resonance a very sensitive

analytical technique.

The use of electron spin resonance for the detection
of atoms and radicals in the gas phase has been reviewed
by Westernberg (97) and more recently by Clynne and Nip
(64). Fast flow tubes have been used with an electron
spin resonance cavity downstream from the reaction zone.
Absolute concentrations of species may be calculated if a
calibration gas has been used under identical cavity
conditions. Absolute concentrations of several transient
-species can be followed in the same experiment and has
been useful in kinetic studies of reactions with complex

stoichiometries (64, 98-100).

However, the use of gas phase electron spin resonance
in the study of plasmas is largely limited by the fact
that the resonance cavity is positioned downstream from
the discharge. Under these circumstances only long lived
species will be detected after wundergoing many wall
collisions. The electron spin spectra obtained in this
way may not show any of the reactive species which are
present in the discharge but only secondary products from

recombination or fragmentation.

2.4 Associated Techniques

In this section other wuseful techniques will be
briefly discussed which give complementary information to

the analytical tecaniques discussed earlier. These
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techniques are mainly related to wafer etching and

surface analysis.

A & Effluent Collection

This technique can be used to determine the final
products of a plasma discharge. It is only useful for
volatile products which can be condensed on a suitable
cold trap. Tokunaga and Hess (1l01l) have wused this
technique to look at effluent gas compositions from
carbon tetrachloride plasmas etching aluminium. The
effects of various electrode material were studied and
the effluent gases, analysed by gas chromatography, were

found to vary substantially with different electrode

materials.
Effluents can also be analysed by infrared absorption
spectrophotometry using gas cells with sodium chloride

windows.

21852 Scanning Electron Microscopy

Scanning electron microscopy can be used to observe
the highly magnified etched surfaces of the silicon
wafers. Surface morphology and etch profiles can be
observed by arranging for the sample to be rotated in the
electron. beam so that the beam strikes the surface at
suitable angles. At moderate angles of 42° surface

roughness and other features like stacks, lumps or debris
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can be easily seen. At higher angles 85° undercutting,
edge profiles and etch depths can be seen. The scanning
electron microscope with its high magnification allows
surface details to be observed which cannot be seen in

any other way.

Lotk Optical Microscopy

The use of an interference microscope allows
measurements of etch depths (and etch rates and ratios)
of features etched on the wafer surface. This
non-destructive technique 1is useful for obtaining etch
rate information quickly. Refractive index measurments
can. also be made on thin films, for instance oxide on

silicon.

2.4.4 Talystep and Alphastep

These techniques can also provide information about
etch depths and therefore etch rates. These instruments
use a tiny counterbalanced stylus which is dragged across
the etched wafer. The stylus follows the contours on the
surface of the wafer and records the small changes in
height on the chart. These techniques are less accurate
than other methods but provide quick checks for etch

rates.
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2.4.5 Surface Techniques

Surface techniques are useful for analysing residues
or '"polymers" deposited on the surfaces of the etched
wafer from various processes. These techniques include
Auger, E.S5.C.A, Sl oM B0 and electron probe
microanalysis. The scanning electron microscope can also
be wused in conjunction with the Kevex X-ray analyser.
The latter three methods (S.I1.M.S., E.P.M.A. and X-ray
analysis) provide information about the types of material
present on the surface e.g: Carbon, silicon, aluminium,
chlorine etc. However, they do not give any information
about the structure of any material on the surface.
Auger, E.S5.C.A. (and Photoelectron spectroscopy) give
mucn more information about the presence of different
bonds. It is, therefore, possible to analyse the surface
material and deduce some kind of structure for the
material. This 1is of particular interest where films
have been deposited on wafers and electrodes from plasmas

(202, 103).
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34 APPARATUS AND EXPERIMENTAL PROCEDURE

A system for sampling reactive gas plasmas into a
mass spectrometer has been designed and built at the
University of Aston in Birmingham in the department of
Chemistry. (see fig. &). The system consists of a
number of high vacuum chambers connected together via a
pinhole or molecular beam interface with differential
pumping. The mass spectrometer 1is contained in a high
vacuum chamber and receives a continuous flow of material
from the plasma reactor via the molecular beam
interface. The plasma  reactor has two internal
electrodes - across which an r.f. field is applied to
various gases entering from the gas control system. The
plasma reactor also has a glass vacuum line, with traps,
to exhaust gases and ©provide sufficient background
vacuum. A capacitance manometer (BARATRON gauge) is
connected to the reactor and can be used in conjunction
with the gas controller to maintain constant pressure

control in the reactor; Fig. 9.

<5 e The Vacuum System

The mass spectrometer chamber consists of a large (16
hour) liquid nitrogen trap, a water cooled Edwards type
EO4 (4 inch) polyphenyl ether oil diffusion pump backed
by an Edwards ED200 two-stage rtotary pump. There is
also an alumina foreline trap between the rotary pump and

"

the diffusion pump.
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The intermediate or pinhole interface chamber was
almost identical to the mass spectrometer chamber except
that an Edwards ES200 single stage rotary pump was used
as the backing pump. The pinholes were mounted as an
assembly ontop of the liquid nitrogen trap. (See section
3.1.4). Where possible copper gaskets or gold seals were
used for the high vacuum chambers, however the pinholes
were mounted using viton 'O' rings which limited baking

of the system to ~ 150°C.

In operation, this system typically reached pressures
of 1x10-8 torr in the mass spectrometer and 1x10-7 torr
in the intermediate or interface chamber with a plasma

reactor pressure<10-3 corr.

€858 Gas Handling and Pressure Measurement

Normally standard B.0.C. or . Air Products gas
cylinders were used with pressure metering valve heads.
Tne cylinders were connected to the gas handling system
by flexible 1/4 inch nylon and stainless steel tubing.
It was possible to evacuate this tubing using a rotary
punp and a ball valve connected to a T-piece connector.
Where possible Swagelok gas fittings have been used and
an attempt has been made to standardize on this type of

fitting.

The gas handling was performed by three separate

linear mass flowmeters (Tylon type) and automatic control
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valves. The valves were controlled by the M.K.S. type
254 Gas controller which also senses and controls a
pressure measuring capacitance manometer (110). The
controller could be set to maintain flow ratios between
the three inlet gases and control the overall pressure in
the reactor. The instrument displayed both pressure in
torr and flow rates in standard cubic centimeters per
minute (sccm) on aigital display units. The instrument
operated as a feedback system when switched to AUTO and
controlled the flows via the ratio controls to maintain a
set pressure. When switched to MANUAL the flow rates of
gas were controlled and the pressure determined by the

pump speed.

The system had a 20sccm flow meter and valve and a
50sccm flow meter and valve. There was also a special
10sccm capillary flow device with a differential pressure
Baratron across the constriction to measure the pressure

drop and hence tne flow rate for low flow rates.

Pressure measurements on the other chambers were made
with Pirani gauges and ion gauges which were standard
V.G. components supplied with Pirani - ion gauge
controllers. 1Two controllers and two of each gauge were
used, one for tne mass spectrometer chamber and one for

the intermediate chamber.



3.4:3 The Plasma Reactor and Glass Vacuum Line

The plasma reactor Figs. 10 and 11, consists of two
large diameter concentric glass tubes joined near the gas
inlet and outlet. Gas entering the reactor flowed down
the longer central tube into a region of discharge
between two parallel aluminium plate electrodes 4.5cm
apart. These electrodes were supported on glass rods
fused to the inside of the glass central tube. The gas
and any reactive species formed in the discharge region
then flowed over the first flat pinhole mounted on the
inside of the top hat assembly (see section 3.1.4) and
down the outer annulus to tne outlet where it was pumped

away into tne glass vacuum line.

Tne first flat pinhole was 1l.5cm from the end of the
central glass tube and the two electrodes, which were
pushed to the end of the tube. The electrodes dimensions
were: -

Top electrode 4.6cm wide by 12.6cm long and 3mm in

thickness,

Bottom electrode 5.9cm wide by 12.6cm long and 3mm in

thickness.

The electrodes were arranged longitudinally down the
central tube and were prevented from being accidentally
shorted to the pinhole by small glass stops on the ends
of the glass rod supports. Connections were made to the

electrodes with l6s.w.g. stainless steel wire to studs in
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the electrodes from an electrical feedthrough glass blown
into the reactor near the door. The lower electrode was
normally grounded and the top electrode was connected to
the 13.56M8z | ©.f. supply which was capable of

delivering ~150W of r.f. power.

Tne glass reactor was built on an FCl00 flange with a
glass to metal seal. The electrical feedthrough was an
FC34 rotatable flange with glass-to-metal seal. Both of

these flanges were sealed with copper gaskets.

The reactor door was made from aluminium plate and is
demountable using a viton 'O' ring sealed onto a Q.V.F.
glass flange. A tufnol collar was made to fit the fibre
compression ring on the Q.V.F. flange and the door was
secured in position with three pieces of studding in the
tufnol collar, washers and wing nuts. The viton 'O' ring
was seated in a groove in the aluminium door and
compressed onto the ground glass flange. The seal was
leak tested with helium using the mass spectrometer and

no leak was detected.

The aluminium door also has a quartz glass window
made from a standard 7.5cm optical flat and sealed in
place with a viton 'O' ring. This provides a 4cm
diameter window for viewing the plasma and using the

optical emission spectrophotometer.
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Tne reactor was also connected by glass-to-metal
seals to tne Baratron capacitance manometer and by two
flexible bellows type glass-to-metal seals to the gas

control equipment and the glass vacuum pumping line.

The volume of the plasma reactor was estimated to be
about 3.0 litres. Tnis was found by using Boyles' Law in

a convenient form, i.e:

P1 Vi =Py V3 (L)

where P) and P) are pressures (in mm Hg) and V; and Vy
are volumes at the respective pressures (in cm3). The
pressures were measured on the mercury manometer on the
glass vacuum line. A known calibrated volume was
availaole and this was attached to the glass vacuum line
using the Bl0O quickfit socket. This volume was used to
calibrate tne volume of the main glass vacuum line and
this was used to obtain the volume of the reactor. This
was done by rearranging the above equation and
substituting for the two pressure measurements. The
calculation of the reactor volume was subject to some
error due to the pumping of some gas through the
pinhole. The manometer mercury levels were falling
during the readings and a slightly lower pressure was
recorded than would have been the case in a static
measurement. This meant that volume calculations gave

larger values for the reactor volume than it really was.
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From the volume of the reactor, gas flow rate,

pressure and residence times of gas can be calculated:-

T=Va VP (2)
F P1Fi

where T is the residence time, V is the reactor volume, F

is the flow rate, Pj; is the gas pressure at the flow

meter (760 torr), Fj is the flow rate at pressure Py and

Py is the reactor pressure.

F, in the first part of equation (2), is calculated
from the gas flow rate at at mospheric pressure, measured
by the flow meters, by using a similar equation to

equation (1) and substituting F] and Fp for V] and V3.

Table: 6 Residence times

F @ 760torr | Pressure, P, |F @ P torr |Treactor Tplasma
in reactor

(sccm) (torr) (sccm) (sec) (sec)
D 0x 7600 24.0 3.8
40.0 1.0 30400 6.0 0.9

The reactor volume was 3.0 litres and the plasma
volume was approximately 500cm3 ie: the volume of the
inner tube containing the electrodes. Treactor and
Tplasma are tne residence times of the gas in the reactor

and plasma discharge volumes respectively. F @ 760 torr
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and F @ P torr are the flow rates of gas at atmospheric

(inlet) pressure and the corresponding reactor pressure.

The glass vacuum line consisted of two mercury
diffusion pumps, two backing rotary pumps, two demountable
vacuum traps, a ''Vacustat" type Mcileod gauge and a
mercury manometer. An air inlet valve and a Bl0 cone and
greased tap were also provided. Young's greaseless taps
were used where possible. The demountable traps were
normally cooled in 1liquid nitrogen and any condensed
material was disposed of in a fume cupboarﬁ by allowing

the trap to warm up overnight.

3 The Molecular Beam Interface

This is a differentially pumped molecular beam
sampling system and is based on several previous designs
(54, 57-60, 65, 73, 74). 1In general it has been usual to
produce nozzles for sampling species from flames, flow
tubes, shock waves and plasmas. The use of nozzles
overcomes difficulties of 'dead" spaces or boundary layers
of gas molecules near the orifice at higher pressures ie:
where the mean free path,)\ is less thanm D, the diameter
of the orifice. Foner and Hudson have shown that maximum
beam intensity occurs at a pressure where D/A\=«70. This
shows that the attainable beam intensity was about 1000
times higher than for pure molecular flow through the
orifice ‘(lU&). However, due to difficulties in making

nozzles reliably in weasily handled materials it * was
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decided to make flat stainless steel pinholes initially.
Two flat pinholes were simply made by drilling out and
carefully skimming down two discs of stainless steel. The
important criteria for these pinholes was to approximate
them to an erifice where 1/a—>0, and where 1 1is the
length of the tube and a, the radius of the tube.
Therefore the thickness of stainless steel near the
pinholes had to be as small as possible but within

reasonable engineering limits.

a) The First Pinhole

This pinhole, which samples species directly from the
plasma reactor, was constructed from a 3mm thick, 3.3cm
diameter disc of stainless steel plate. The pinhole
dimensions are shown in Fig:12. The pinhole has been
carefully angled at the rear to try to minimise the number
of collisions between molecules flowing through it. This
pinhole was mounted on the inside of the 'top hat" using
4BA stainless steel bolts and a viton 'O' ring seal Figs.
13-16. The "top hat" consists of an FCl00 flange with a
piece of 9cm diameter stainless steel tube welded to it
and a collar welded inside the top of the stainless steel
tube. This '"top hat'" arrangement was found to be
approximately lmm out of true when placed in a lathe chuck
and rotated. This problem was overcome by positioning the
top plate of the '"top hat" slightly to one side so that
tne pinnole became more centrally placed. There was also

some movement available for positioning the pinhole plate
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3mm
l—a -
! et
||
b
Flat pinhole Top hat pinhole

(@ 140 +0.02mm  (a) 1-08 +0.02mm
(b) 1.00 + 0-02mm  (b) 0.51 +0-02mm
(c) 0.572 +0.00lmm  (c) 0-508 +0.001mm

(@ and(b) were measured using a
travelling microscope.

(c) was measured using a micrometer.

Fig.12" Pinhole dimensions,
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on to the top plate. The bolt holes were all blind tapped
into the stainless steel to prevent unwanted leaks from

the separate chambers.

b) The Second Pinhole

This pinhole plate was made in exactly the same way as
the first pinhole but was mounted on a flat stainless
steel FC100 blank flange Figs. 17 and 18. On the 'front'
side a viton 'O' ring sealed the pinhole to the flange
secured with blind tapped 4BA stainless steel bolts. The
reverse side of the flange was tapered away from the
pinhole to minimise molecular collisions with the metal
surfaces, Fig: 18. The thicknessesof the skimmed-down
sections of both pinholes were measured using a micrometer

and a 0.762cm slug. (see fig. 12).

c) Pinhole Alignment and Performance

The pinholes were aligned wusing a photographic
method. Fig: 19. This method used a diffuse light source
shone down the pinhole assembly onto a piece of
photographic paper positioned on the FC 64 flange on the
mass spectrometer housing. The paper was developed and
fixed in the usual way. A travelling microscope was,6 then
used to find tne position of the dark spot on the paper
aue to light passing through the pinhole assembly. The
best positioning obtainable with the limited movement of

the stainless steel pinhole discs was calculated to be
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0.5mm off centre at the mass spectrometer source. This
was acceptable because the mass spectrometer source inlet

was Smm in diameter and has a wide acceptance angle of 60°.

The pinhole sizes were experimented with initially but
the final system employed pinholes of 0.5mm and lmm in
diameter for the first and second pinholes respectively.
This system was finally aligned and tested with argon gas
and performance curves were obtained with the reactor
sealed off at a suitably nigh pressure. The pump speed of
the system was obtained by observing the rate of change of
pressure with time in the sealed ‘off reactor (Appendix C).
A plot ot 1ln (Py/P) against time produced an almost linear
curve Fig:20. The deviation from the expected linear plot
may be explained by tne wide pressure range taken, 5torr
to 0.05 torr, affecting the performance of the pinhole.
At the higher pressures effusive flow conditions may be
enhanced by viscous flow through tne orifice and at lower
pressures effusive flow maybe more predominant. A
polynominal was fitted to the original Pressure against

time plot using a computer programme.
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Table:7. Pinhole effusion rate

Reactor Pressure (torr) Time (secs) 1n (Po/P)
5.00 0 0.000
4.00 7 0.223
3.00 63 0.511
2.00 117 0.916
1.50 159 1.204
1.20 191 1.427
1.00 220 1.609
0.90 237 Y.713
0.80 259 1.832
0.70 279 1.966
0.60 306 2120
0.50 338 2.303
0.40 379 2.525
0.30 434 2.813
0235 470 2.996
0.20 516 3.219
0.15 576 3.507
0.10 606 3.912
0.09 690 4.017
0.08 717 44135
0.07 749 4.269
0.06 786 4.423
0.05 832 4.605
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a2 The Detection System - Mass Spectrometer

The mass spectrometer was a V.G. QX2001 quadrupole
mass filter with a single filament source. The mass
filter was linear in mass up to 200 a.m.u. and had a
facility for low-electron-energy studies. A special
attenuator interface was made to provide an output to an

X - Y plotter. (Appendix B).

When using the low-electron-energy facility it was
found necessary to use emission currents of about 0.2mA.
This reduced the possibility of burning the filament out
and also reduced tne flicker of signal current due to
current limiting of the filament current. However, below
10eV the current limit for the filament operated and gave
an oscillating signal current. This was due to two
ciruits in the controller trying to maintain normal
operating conditions in the mass spectrometer source.
Tne emission curreat control circuit was ¢trying ¢to
maintain the emission current at the set value and the
tilament current limit was preventing overloaaing of the
filament by cutting off the filament current above a
certain value (& 4pMps). At higher emission currents the
current limit operated at higher electron energies and

interfered with appearance potential measurements.

The filament in the mass spectrometer was replaced
toree times during the course of this work. It was found
that if care was taken to position the filament the

intensity of the spectrum was affected from one filament
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to the next to within ~5%. This was not surprising as
the emission current was controlled by the mass
spectrometer controller in a feedback system and was
inaependent of filament quality up to the point where the
current limit operated or the filament failed. Therefore
there was no apparent ageing effect on any of the
spectra. However, when a filament was removed and
examined it showea signs of degradation presumably due to
attack by the reactive species from the plasma. The
tilaments used were standard tungsten filaments as

supplied by Vacuum Generators.

3.1:6 Emission Spectroscopy System

A facility for emission spectroscopy was constructed
with a quartz (initially pyrex) barrel reactor with a
50mm optically flat quartz window. The vacuum system
consisted of a mercury diffusion pump, a single stage
backing rotary pump, a mercury manometer and a 'Vacustat"
type Mc leod gauge. Two glass traps, one of which was
demountable, were on the downstream side of the reactor
and also a Bl0 cone and tap was provided to allow the
vacuum line to be wusea for handling materials and
extracting effluent gases for analysis. Gaseous
materials were metered into the system via needle valves,

ball valves and rotameter flow meters Fig:2l.

Tne spectroscopic equipment, Fig:

g:22, consisted of an

optical bench with two quartz lenses and a beam chopper;
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a holographic grating monochromator with variable inlet
anda outlet slit widths; a monochromator controller and a
lock-in phase sensitive amplifier. A EMI extended S5
type pnotomultiplier was attached to the outlet slit on
the monochromator and supplied with a wvariable high
voltage supply from the phase sensitive detector (P.S.D.)

and output module.

The spectroscopic equipment was supplied by Bentham
Instruments and the resolution was claimed to be 1A°
under ideal conditions. The sodium d-lines could easily
be distinguished. The equipment required a small event
marker pen interface 1in order to drive the Bryans

Soutnern 28000 chart recorder, (Appendix A).

3.2, Experimental Procedures

3.2.1 Mass Spectrometry

Mass spectra of wvarious gaseous reactants were
obtained at a pressure of 0.l0 torr in tne plasma reactor
with electron energies of 70eV amd 20eV. Gaseous
reactants were admitted into the reactor 'via the
automatic valves and flow meters on the gas controller
system. However, special arrangements for the solid
C2Cle were made. These included subliming the solid in
the vacuum line to remove impurities. For this purpose a
small flask (300cm3) was attached to the Bl0 socket and
the CyClgy was repeatedly sublimed and the line

evacuated. The CyClg was admitted into the reactor by
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steady evaporation whilst heating the flask and a steady
pressure of vapour maintained. This was only possible

because the C2Clg nas a hign vapour pressure at rtoom

temperatures.

All the other materials used were highly volatile and
could be admitted into the reactor in the normal way

througn the flow meters.

The appearance potential or ionisation potential of a
species was determined by measuring the ion current at
the m/e value of the species as a function of electron
energy. Argon gas was used as the reference material.
The intensity of the fragment species and argon were
adjusted to be equal at 50eV and a plot of ion current
against electron energy was obtained, using the Bryans
21000 series X-Y plotter and interface, for both the
species and the argon. A voltage scale was recorded
using a Philips digital voltmeter and the pulse marker on
the interface unit (see appendix B). The voltage
readings obtained were not absolute values and the
voltage scale was calibrated against the argon which has

an accurately known ionisation potential.

As the energy of thermally produced electrons is not
monochromatic but has a Boltzmann distribution the
ionisation potential plots do not intersect the electron
enerzy axis at the ionisation potential but tail off

asymptotically. Therefore, to obtain the appearance or
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ionisation potential of a species it is necessary to
refer to a standard such as argon (or Kryton, etc) and
use oné;the usual techniques for calculating, matching or
extrapolating the ionisation potential curves. The
tecnni ques available are semilog matching (71); critical
slope (72); extfapolated voltage difference (70); or
vanishing current, all of which have been discussed by
several workers (57,69). Another method recommended by
Lossing et al (71) which involves a 1% level semilog

matching of the plots has also been used.

llass spectra were obtained from various plasmas with
a (type 1lu0) plain silicon wafer placed on the bottom
grounded electrode. The species in the plasma could be
monitored singly by setting the mass spectrometer on a
particular m/e value. The intensity of the particular
peak could be monitored with additions of various other
gases or changes in parameters such as pressure or r.f.

power.

ol ol Silicon Wafer Etching

(a) Opening the Reactor

Due to the pinhole molecular beam sampling system
being designed to operate to pressures of 0.1 to 1 torr
in the reactor, opening the reactor to air produced a
considerable pressure rise in tne intermediate region and
the mass spectrometer. The intermediate region diffusion

puump nas to be switcned off and nhelium gas was vented
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into the reactor via the air inlet valve on the glass

vacuum line.

The reactor door could be removed once the reactor
achieved atmospheric pressure with the vented helium gas
and wafers could be placed into or removed from the

reactor,

(b) Wafer Preparation

Prior to placing plain wafers into the reactor
cleaning with suitable solvents (acetone, carbon
tetrachloride) was necessary to remove any contamination

from the surface of the wafer.

Wafer preparation prior to etching in the plasma
reactor involved a plasma '"cleaning" stage for plain
wafers only. 1Initially plain wafer 'cleaning'" was done
in an oxygen plasma at 0.25 torr. However, after some
preliminary results a 50:50 mixture of argon and oxygen
at 0.10torr was shown to remove hydrocarbon residues
faster and etching could be started after only 10 minutes

"cleaning".

Experiments in which this '"cleaning" pre-treatment
was omitted resulted in either no etching or there was a
long induction period before etching occurred. In some

cases a film was deposited on the wafer without any

etcning taking place.
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(c) Photoresist Patterning

The photoresist used was AZ1350J (a positive resist)

and was patterned in the following way:-

i) ten drops of 10% H.M.D.S. (hexadimethylsilazane) in
carbon tetrachloride were spun onto the clean 2 inch
wafers at a voltage setting of 80 on the spinner for 15
seconds;

ii) 30 seconds were allowed for the solvent to evaporate;

iii) 13 drops of photoresist were placed in the centre of
tne wafers and spun for 30 seconds at voltage
setting 80;

iv) the wafers were baked at 90°C for 5 minutes;

v) tne mask aligner (Cobilt type mask aligner) with 20
units (45 seconds) onthe exposure timer, was used to
expose the wafers through an N10 ALB mask to a U.V.
light source;

vi) the pattern was developed in a 50:50 solution of
water and Shipley M312 amine alkaline developer at
20°C + 1° for40 seconds;

vii) tne wafers were washed thoroughly in running

deionised water and baked for 10 minutes at Y90°c.

(d) Etcoing

The ,patterned silicon wafers were etched for 15
minutes in various plasmas at either 0.1 torr or 0.15

torr and at various r.f. powers.
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(e) Pootoresist Stripping

After etching the photoresist was stripped in situ
using an oxygen plasma at 0.25 torr pressure and with
100w of r.f. power for 20 minutes. It has been found
that pnotoresist removal rates are high at this higher
pressure and flow rate, (105-108). 1In some instances the
mass spectrometer was used to monitor the stripping of

the photoresist.

3.2.3. Infrared Spectrophotometry

a) ' Gas Phase

Samples of some effluent gases trapped on the liquid
nitrogen trap were taken by allowing the trap to warm up
and allowing the gases to evaporate and expand into a
previously evacuated infrared gas cell. The cell had
sodium chloride windows and could be placed in the beam

of a transmission infrared spectrophotometer.

(b) Thin solid Films

Some weak infrared spectra were obtained using a
special total internal reflectance (T.I1.R.) attachment
with a crystal of thallium iodide. The samples of wafer
were placed against the crystal mounted in a stainless
steel holder. The mirrors were aligned and the
reflectance attachment placed in the beam of a

Perkin-Elmer 457 infrared grating spectrophotometer where
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the mirrors were finally set for maximum signal strengtn

from the transmittea infrared radiation.

323 A Scanning Electron HMicroscopy

Samples of etched semiconductor materials of about
lem? were prepared by scoring the backs of the wafers
with a diamond scriber and breaking the wafer over a
ruler. The samples cut from the wafer in this way were
mounted onto standard sample holders with double sided

adnesive tape.

A layer of gold was deposited onto the samples to
increase the conductivity and prevent charging of the
surface during examination in the electron beam. The
gold was deposited in a bell jar vacuum system using a
gold electrode 1lcm above the samples with a d.c.

discharge in argon at 200mtorr for 3 minutes.

The samples were examined under a Stereoscan electron
microscope and photographs were obtained at 42° and 85°

angles.

3.3 Chemical Preparation

3.3.1. Selids

Only Cy3Clg required purification in the vacuum line

by repeated sublimation under vacuum in a flask attached
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to the Bl0 socket. The CyCly, was easily sublimed using a
hot air blower and leaving some surfaces at room
temperature on which the C9Clg crystallized, this removed

any air trapped 1in tne sample.

3322 Liquids

A study by gas chromatography of the available grades
ot carbon tetrachloride showed that "Spec. Pure" grade
material has some impurities, mainly CHCl3y, of 0.5
molar%. Analar grade carbon tetrachloride, after drying
over annydrous sodium sulpnate overnight, was shown to
nave 0.U8 molar’% impurity of CHCly and was therefore
used in the mass spectrometric work. The CpClg was also
dried and analysed similarly and no impurities were

detected.

The CFCl3 was taken to be as specified on a new
bottle (99.9% pure) but was dried in the same way with
anhydrous sodium sulphate. No attempt was made to

analyse tne SiCly due to its very reactive nature.
All tne liquids were degased before use using the

rough vacuum line and liquid nitrogen to repeatedly

freeze and thaw the liquids under vacuum.
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J.3:3 Gases

All bottled gases were analysed using the mass
spectrometer and one bottle of argon which was almost
empty showed water background higher than normal and was
exchanged. Tne use of molecular sieve drying tubes in
the inlet lines was explored but appeared to make no
difference to water background in the mass spectrometer.
All the other bottled gases were used as supplied by

B.0.C.
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4. RESULTS

4.1 Background Conditions in the Mass Spectrometer.

Background pressures of ~1x10-8torr and 1x10-’torr
were routinely obtained in the mass spectrometer and
intermediate region respectively after pumping down and
baking the system for & nours at «~ 120°C. Baking the
system was very important for the removal of adsorbed
water vapour and nydrocarbon material from the rotary and

oil diffusion pumps.

After the system had been in use for some time and
bhad been exposed to carbon tetrachloride plasmas the
background spectra showed hign levels of chlorine and
hydrogen chloride. Baking the system for upto 8 hours
reduced tne levels of these background gases but did not
restore the original background levels prior to exposure

to carbon tetrachloride plasmas.

Tne glass plasma reactor became coated with brown and
white deposits after exposure to a few discharges in
carbon tetrachloride. These deposits were thought to be
mainly C3Clg and were expected to contribute to the
background spectra even when the system had been
thorougnly baked. Unfortunately the plasma reactor could
not be reliably baked at ~ 120° like the rest of tae
system. When this was attempted the quartz glass window

in the aluminium door shattered resulting in immediate
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shut-down of the apparatus. Further attempts at baking
the glass plasma reactor were abandoned in view of the
possibility of damage to the numerous glass-to-metal and
glass-to-glass seals in the reactor. Also the inner tube
of thne glass reactor, where the electrodes were mounted,
would not have been raised to a sufficiently high

temperature by heating the reactor externally.

Plasma cleaning was investigotedas an alternative to
simply baking the reactor because the discharge region
was the least accessible and yet required some means of
reducing the background contribution from adsorbed gases
in this region. A discnarge in 0.25torr of oxygen at
100W(F) and a flow rate of 4.58scem for 30 minutes
reduced the hydrocarbon background to very low levels.
However, background water vapour was unaffected and
chlorine and HCl were reduced slightly. A discharge in a
50% mixture of argon and oxygen at the same pressure and
power for 10 minutes reduced the entire background levels
considerably and was found to be the best mixture.
Prolonged treatment with tnis plasma wupto 60 minutes
showed little improve ment after 10 minutes and in some
cases tne background spectra began to show increases in
intensity. This was probably due to heating of the
reactor by the ©plasma causing further desorption of

adsorbed gases.

The baratron capacitance pressure gauge attached to

the reactor showed some wunusual features during this
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work. After initially zeroing the gauge in a clean high
vacuum with full 1liquid nitrogem traps, background
pressure readings were takemn as a matter of course
throughout tnese experiments. Tnese readings showed that
after a few discharges in carbon tetrachloride the system
showed some reluctance to pump down below 0.03torr and
residual pressures of &~ 0.0ltorr were obtained even after
punping the system down overnight or over-weekends. Also
filling the liquid nitrogen traps on the intermediate and
mass spectrometer chambers resulted in rapid reductions
in the reactor pressure even when the 1liquid nitrogen

traps were quite full (more than half full).

These residual pressures in the Treactor were
consistent with the slow desorption of some species from
the reactor walls. The species involved are probably HCL
and cnlorine which show increases in the background mass
spectra after discharges in CClg and other chlorine
containing gases. As noted by Flamm (24) chlorine has a
strong affinity for stainless steel and has been
difficult to pump away and instead slowly desorbs over

long periods of time.
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B2 Carbon Tetracnloride Plasmas.

4.2.1 Appearance Potentials

The reliable measurement of appearance potentials
allows tne detection of atoms and radicals to be made
from the discharge. The measurement of appearance
potentials was made using the electronic interface
(Appendix B) and the =x-y plotter. The interface also
allowed the wider range curves in fig:23, to be produced

using tne low electron facility on the mass spectrometer.

Appearence potential curves were recorded over the
wide range from 70eV to 1l0eV for the fragments normally
observed from CCl, gas at O.ltorr pressure, 100X gain and
with 1.75kVv  supplied to the photomultiplier. The
filament emmission current was Treduced (from 0.5mA
normally) to 0.2mA for this work to avoid over-driving
the tungsten filament at the low electron energies. All
the conditions for the wide range curves were the same
and the CCl3* ion was used to initially set-up the gain

and the electronic interface.

The appearence potentials of CClz*, c€Clp* and CCl*
ions were determined seperately from curves taken over
much shorter ranges (l0-25eV) wusing argon gas as the
standard. The appearence potentials were obtained from
semi-log plots (using the 1% method described by Lossing

etal (71)) and compared with the extrapolated voltage
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difference method. The results are compared witnh tne
National Bureau of Standards reference tables (13%) in

table 8.

TABLE: 8. Appearence potentials for CCl; fragment ions.

IN MASS | Natiaml Bureau of Sami log Plot | Extrapolated voltage
Standards. (eV) 1% method (eV) | difference (eV)
Clgt | W7 | 11.9+0./11.65+0.1 | 118 +0.2 12.0 +0.3
@lpt | 82 | 16.1+0.1/16.,5 +0.2 | 16.6 +0.2 16.4 +0.3
| 47 | 19.4+0.1/19.35+0.05 | 19.0 +0.2 20.1+0.3
crt 3 | 16.1+0.2 —_— e —

It was not possible to determine the appearence
potential for Cl* ions from the CCly, gas because of
excessive noise on the appearsace potential curve
obtained on the x-y plotter. The mass spectrometer gain
was increased to 1000 (maximum) and the photomultiplier
supplied with 1.9kV in order to obtain a measurable ion
current for Cl* ions. This resulted in excessive noise
which could not be eliminated with the mass spectrometer

controls.

Appearance potentials for fragments from the plasma
were unobtainable because of fadio-frequency
interference. The electron energy <calibration was
unstable, and could be offset by +0.4eV by r.f.
interference even when using low r.f. powers (~40W).
Screening the chart recorder, x-y plotter and plésma

reactor with eartned gauze and aluminium sheet failed to
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reduce the r.f. interference. Changing the sockets in
which the apparatus was plugged and checking for good
earth connections failed to reduce the r.f. interference.
At high r.f. powers the baseline of the oscilloscope was
also affected during normal mass spectrometric work at
7/0eV. The mass spectrometer could be used down to w~20eV
before the noise level became excessive. The baseline
fluctuations and noise level were sensitive to the tuning

of the r.f. matching network.

Despite several attempts at screening the r.f.
discnarge and trying to reduce the noise electronically
it was not possible to obtain appearence potentials for
the species in the discharge. It was also not possible
to show that atoms or radicals were being produced and
sampled into the mass spectrometer. It was necessary to
use indirect approaches in the interpretation of the mass
spectra in order to make some deductions concerning the

involvement of atoms and free radicals.

4,209 Carbon Tetrachloride Plasmas

The results presented in table:9 and plotted to the
same scale (for 70eV results) in fig:24 show marked
differences between carbon tetrachloride gas and plasma.
The results show that CpClgy* and C3Cly* ions are present
in the mas§ spectrometer which are undoubtedly due to gas
pnase recombination of CCly radicals. The CyClst and

some of the CyCli* ion intensties are due to CyClg formed
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TABLE 9 CCl, Gas and Plasma™ @ 70eV and 20eV
CCly GAS @ |CClg PLASMA @ | CCly GAS @ CCly PLASMA @
10N MASS
70eV INT(mm) | 70eV INT(mm) | 20eV INT(mm) | 20eV INT(mm)
ct 12 137 53 e -
Hp0" 18 70 138 35 56
cyt 24 20 27 - —
Np*;cot 28 17 24 5 5
ci* 35 505 352 5 10
HC1* 36 50 205 65 100
cop* 44 - 17 --- 3
ccit 47 525 243 5 3
ccrt 59 20 70 - 2
Alclt 62 -—- — o A
cocl* 63 -—- 7 - -—-
cip* 70 10 289 --- 63
ceipt 82 370 135 33 13
cyClt 94 - 132 -—- 27
+
AlCI, 97 - 4 -—- -
csclyt 106 - 5 --- -—-
cels* 17 1065 354 589 371
ccist 129 - 65 --- 21
cscist 141 -— 4 --- e
cClgt 164 = 55 -— 23
CyCls® 199 - 20 -— 17

*Plasma condllﬂons for table: 9, were:-

Q.10 torr; 50W(F), ~ IOW(R); Flow rates l«llscom r.f. off
and 0.9lscem r.f. on. Gain: X30.
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TABLE 10 CClg Gas and Plasma” @ 70eV and 20eV

CoClg GAS @  [CyClg PLASMA @ | C,Clg GAS @ | CoClg PLASMA @
ION MASS
706V INT(mm) | 70eV INT(mm) | 20eV INT(mm) | 20eV INT(mm)

c 12 45 21 I -

Ho0 18 29 8 2 -

Cy 24 50 4 -— |
No*;cot 28 8 162 - 36

c1t 35 301 143 2 8

HCI* 36 19 200 14 156

co,* 44 5 2 -— ---

ccit 47 351 45 - -—-
cclt 59 149 7 - |

ci* 70 20 1o 2 48
celpt 82 202 17 I 2
CoCl* 94 263 1 2 2
cclst 17 638 42 127 28
cCls* 129 75 B 3 =
CClyt 164 ] 3 12 |
C,Cl5* 199 9l 2 34 -—-

*Plasma conditions for table: 10, were:-

0.10 torr; CsClg gas maintained by heating glass bulb containing C,Clg

cystals on the vacuum |ine.

SOW(F) ~BW(R) @ |3.56MHz.

Note: the plasma results were not for a flowing plasma as is usual because of
method of Introduction of gas.
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TABLE Il CCly Gas and Plasma’ @ 70 and 20eV
CxCly GAS @  |CoCly PLASMA @ | CyCly GAS @ | C,Cl, PLASMA @
ION MASS
70V INT(mm) | 70eV INT(mm) [ 20eV INT(mm) | 20eV INT(mm)

c* 12 72 1o 2 -—-
Hy0* 18 31 50 | -

c,t 24 89 60 - [
Np*;cot 28 9 870 - 2

cit 35 254 950 2 6

HCl* 36 53 1170 4 103

co,* 44 3 10 === s

cer* 47 360 350 - 2
cclt 59 198 190 -—— 2

cip* 70 9 965 ! 37
ccipt 82 90 125 2 2
cyClpt 94 297 325 I3 10
ccig* 17 5 390 I 28
CClst 129 352 150 56 7
CoCl,* 164 281 10 58 8
CyClgt 199 - 10 - I

*Plasma conditions for table: ||, were:-

0.10 torr; CCly gas;

Flow rates:

0.68sccm (r.f. off)
O.46sccm (r.f. on)

50W(F) ~~ BW(R) €@ |3.56MHz.
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in the discharge and fragmenting in the mass spectrometer
ion source. Some of the C3Cly* ion intensity is expected

to be due to CyCly formed in the discharge.

The amounts of CpCly and CyClgy formed in the
discharge in CCl; were determined by obtaining mass
spectra of tnese two materials opoth from the gas and
discnarge. The mass spectra of CyClg and C2Cly gas and
plasma are shown in tables:10 and 1l. From these tables
tne amount of CyClg in the CCly plasma was estimated to
be ~17% and the amount of C3Clg in the CCly plasma is
estimated to be w~11%. The contribution from C3Cly
species to CyCliy* or CyCls* ion intensities was ignored
because they were very small and no ions could be

detected for C3Cly* ions above C3Cl3t at 141 a.m.u.

A typical discharge in CCly gas at ~100W(F) is shown
in the photograph, fig:25, taken through the quartz glass
window. The discharge at this power is a bright

blue-white colour.

4.2.3 Effect of Power on CCl, Plasmas

The effect of r.f. power on the ion currents for
species in tne CCly plasma are shown in table:12, and for
CClz*, CClp* and Cly* ions in fig:26. There are clearly
two regions of discharge which can also be observed from
the characteristic emission from the plasma. At low

powers (X50W(F)) the discharge has a dull turquoise
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TABLE 12 Effect of r.f. power on CCl, plasmas” @ 70eV.

CCly Plasmas (intensities (mm))
ION MASS CCly GAS
70V INT(mm) | 4OW(F) 50W(F ) 1 0OW(F)
ct 12 159 17 90 78
Hyo* 18 54 66 66 72
¢yt 24 - 12 21 18
Nyt cot 28 21 78 105 186
cit 35 630 648 594 558
Hel ¥ 36 162 486 549 672
co,* 44 - 12 9 12
ccit 47 576 480 363 276
celt 59 30 54 60 48
cocl* 63 - 12 18 18
cly* 70 21 243 420 429
cel ot 82 375 324 222 162
cclt 94 --- 75 14 108
Alci* 97 - —= 4 5
cel5* 17 1053 876 588 414
cyel st 129 - 36 57 42
CsCls™ 141 - 9 12 8
CoClg* 164 - 28 44 25
CClst 199 - 1 7 2
Flow rates (sccm) 0.87 0.71 0.65 0.59
*Plasma conditions were:=
0410 torr CCly gas; 40W(F) M6W(R); 5OW(F) o~ BW(R)

| OOW(F ) ~20W(R)
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colour and is confined between the electrodes. At higher
powers  (Q50W(F)) the discharge 1is a very bright
white-blue colour and the discharge extends above and
below the electrodes. There is also a region of abrupt

change-over Detween these two types of discharge.

Tone CCly plasma gives high reflected powers of
betweea 15 and 30% of the forward powers applied to the
discnarge. In general the greater tne applied r.f. power
the larger the proportion of the power is reflected.
However, it was not always possible to tune the reflected
power to the same value for plasmas at the same
pressure. The additions of other gases such as 02, Ar or
Hp to the CCly discharge reduced the reflected power from

these plasmas.

4.2.4 The Effect of Additives on CCl, Plasmas.

The effect of additions of Uy, N70, Hp and Ar to CCly
plasmas are shown in tables: 13-20 and figs:27-30. The
addition of oxygen to CClg plasma monitoring CClg* and
CpCl3z*t ions from CyCly species in the plasma have also
been studied and the results are shown in tables: 15-17,

and figs:27 and Z8.
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TABLE I3 CCl4/0, Gases and Plasma® at 70eV and 20eV.
foN MASS 70eV 70eV 70eV 70eV 20eV 20eV
CCl4/23% | CCl4/23% | CC1,4/50% | CCl4/50% | CClg/50% | CCl4/508
05+GAS 0p.Plasma |07.GAS 05.Plasma |07.GAS 0p+Plasma
ct 12 84 53 70 36 -— -
ot 16 33 15 75 20 - 12
Hy0* 18 84 105 5 27 - -
c,* 24 = 6 I I - -—
co* 28 45 387 65 667 28 228
0,* 32 246 16 615 28 291 13
ci* 35 330 244 260 185 6 43
HCI* 36 135 319 20 356 12 216
co,* 44 15 30 | 25 I 10
cci* 47 318 135 273 19 3 16
celt 59 18 18 19 I - ---
Alct* 62 -— I = | -— |
coct* 63 - 7 -—- 14 -— 4
cit 70 12 213 16 229 I 170
cclyt 82 219 90 200 18 s 36
c,cl 5t %4 -—— 37 - 10 - 23
AlCl 97 -— 5 -—- 2 - 10
cocl* 98 g - ~ 2 i 5
ccl 5+ 17 588 210 598 187 331 196
C,Cl3* 129 mer 10 ek 9 = ¥
CsCls* 141 - | - - -—- -
CoCl4* 164 e 6 e I - I
cclgt 199 - I - 4 - 4
*Plasma conditions for table: |3 were:-
Pressure: 0.10 forr total.
Flow rates:- 233 Op; O.l6sccm Oy, 0.57scem CCly (r«f off)
0.13scem 0y, 0.42scem CCly (r.f on)
50% Op; 0.52sccm Op, 0.52scem CCly (r.f off)
; 0.48sccm 05, 0.4Bsccm CCly (r.f on)
Power: 13.56MHz; 100W(F), “3W(R). Gain: 30. 5

N.B. reflected power is lower because of the high oxygen content of the plasma.
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Table: 15

and 50MW.

Addition of Oxygen to CCl, Plasmas" Monitoring ('22(“3+ fons at 129 amu

Flow Rates(sccm) Total Flow Plasma Composition CZCI3+lon intensity (mm)

CCl 4 07 Rate (sccm) #CCl 4 %02 X100 GAIN
0.72 —r 0.72 100 = 85
0.40 0.0l 0.41 97 3 41
0.41 0.02 0.43 96 B 38
0.40 0.02 0.42 95 5 35
0.36 0.04 0.40 90 10 29
0.35 0.04 0.39 89 I 25
0.32 0.05 0.37 87 13 23
0.32 0.06 0.38 85 15 2|
0.31 0.06 0.37 84 16 19
0.29 0.07 0.36 8l 19 16
0.28 0.08 0.36 78 22 14

*Plasma conditions for table: 15, were:=

Pressure:

Power: 50W(F), ~7W(R)

0.10 torr total.

Flow rate: 0.88sccm r.f. off.

Electron energy:

70eV; Gain:

100
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Table: 16

and |00W.

Addition of Oxygen to CCl4 Plasmas™ Monitoring C,Cls* ions at 129 amu

Flow Rates(sccm) Total Flow Plasma Composition CZCI3+lon intensity (mm)

CCly 0, Rate (sccm) #CCl 4 %0, X100 GAIN
0.63 o 0.63 100 = 42
0.50 0.0l 0.51 98 2 26
0.50 0.02 0.52 96 4 26
0.48 0.03 0.51 94 6 22
0.48 0.05 0.53 91 9 19
0.47 0.05 0.52 90 10 24
0.47 0.08 0.55 86 14 18
0.48 0.10 0.58 83 17 16
0.47 0.1l 0.58 81 19 16
0.46 0.13 0.59 78 22 15
0.45 0.15 0.60 75 5 15

*Plasma conditions for table: 16, were:-

Pressure:

Power:

Flow Rate of CCl4 with r.f. off was 0.82 scem.

0.10 torr total.

13.56MHz; |00W(F),~ 20W(R)

Electron energy:

70eV;

Gain: 100

17
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Table: 17

and 50MW.

Addition of Oxygen to CCl, Plasmas’ Monitoring 626|4+ ions at 166 amu

Flow Rates(sccm) Total Flow Plasma Composition CZCI4+Ion intensity (mm)

CCly 02 Rate (scem) [ #CCly %05 X100 GAIN
0.66 - - 100 - 8l
0.57 0.02 0.59 97 3 40
0.56 0.03 0.59 95 5 42
0.55 0.03 0.58 94 6 L
0.52 0.04 0.56 93 7 47
0.47 0.05 0.52 90 10 45
0.53 0.08 0.61 87 13 36
0.52 0.10 0.62 84 16 35
0.33 0.07 0.40 85 17 29
0.50 0.13 0.63 79 21 34
0.48 0.15 0.64 75 25 33

*Plasma conditions for table: 17, were:i-

Pressure:

Power:

Flow Rate of CCly with r.f. off was 0.82 sccme.

13.56MHz;

Electron energy:

50W(

70eV;

0.10 forr tfotal.

F), o TW(R)

Gain: 100

I8
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Table:18 Additions of NyO to CCly Plasmas” @ 70eV and 50W.

ION MASS | 100% CCl4 | 100% CCly 338 NpO | 33% NyO | 308 N0 | 23% NyO

GAS (mm) Plasmatmm) | inCCly | inCCly | IncCCly | inCCly

GAS Plasma Plasma Plasma
ct 12 138 90 120 52 48 48
N* 14 -— - 54 52 66 66
o* 16 - - 24 23 39 24
Hy0* 18 21 66 24 52 60 60
ALt 27 - --- -—- 14 9 6
Ny *;cot 28 27 105 93 882 1134 1140
No* 30 — -— 156 14 15 12
ot 32 -—- --- 3 3 3 3
ci* 35 588 594 477 345 315 315
HCIL* 36 9 549 i 447 568 588
coy*; N0t 44 24 9 498 95 108 108
cci 47 516 363 468 16 12 12
ccrt 59 24 60 21 95 33 31
AlCct* 62 -— --- -—- 4 12 H
coct* 63 —- 18 - 8 15 12
cly* 70 15 420 12 486 498 528
cclyt 82 345 222 285 5 9 9
cclyt 94 -— 114 -— 10 | =
coct ,* 98 - —— - 4 - —
AlCI,* 97 - 4 - 2 i S
ccls* 17 1014 568 825 24 9 9
cel st 129 --- 57 -—- I I [
CsCls* 141 - 12 e -— o |
CCl gt 164 -—- 44 -—- - I I
CClst 199 - 7 - - e -

*olasma Conditions for table: 18, were:-

Pressure: 0.10

Flow rates:
100% CCl4 : 0.79scem (raf. off)
100% CCly : 0.65scem (r«f. on)
33% N,0/CCly =
33% Np0/CCly :
30% No0/CCl4 :
23% Ny0/CCly :

Power:

Electron

1 3+56MHz

energy:

torr total.

0.54scem CCly; 0.28scem NpO rof. off
0+22scem CCly; Osllscem NpO ref. on
0+21scem CCly; 0.06scem NoO ref. on
0.15sccm CCly; 0.04scecm NpO r.f« on
; SOW(F),n~ BW(R).

70eV; Gain 30.
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Table:19  Addition of Hydrogen to CCl, Plasmas"

ION MASS | 100% | 00% 15% Hy 15% H, 14% Hy 24% Hy 30% Hyp
CCly CCly 85% CCly | 85% CCly | 86% CCly | 76% CCly | 70% CClgy
GAS PLASMA GAS PLASMA PLASMA PLASMA PLASMA
(mm) (mm) (mm) (mm) (mm) (mm) (mm)

Ht | -—- --- 27 140 165 214 259
ct 12 157 - 144 72 56 52 49
Hpo* 18 22 66 24 30 34 34 37
ct 24 - -—- -— 17 19 y 15
Np*;cot 28 37 24 34 45 37 34 37
ct* 35 671 352 573 565 664 604 607
HCI* 36 157 205 180 114 1335 1432 1477
ccit 47 562 243 480 237 289 210 199
cctt 59 15 70 12 44 45 35 37
Alci* 62 = -—- - 5 4 7 7
cocl* 63 --- 7 - 7 7 4 7
ciy* 70 4 289 4 257 289 247 248
cctpt 82 352 135 30 125 127 12 139
cclyt 94 frer 130 -— 110 16 109 109
ceist 17 1000 550 852 320 356 300 262
cel st 129 -— 65 - 38 39 36 34
csClst 141 --- 4 -—- 4 -—- - 4
cClgt 164 -— 54 e 40 26 22 22
cClst 199 e 8 — 3 e 3 St

*Plasma Conditions for table:l9, were:-

Pressure: 0.10 torr total
Pover: 13.56MHz; SOW(F) ~BW(R)

Flow rates:-
1003 CCl,
15% Hp/CCly
158 Hy/CCl 4
14% Hz/CC|4
24% Ho/CCly
30% Hy/CCly

: 0u75scem (r.f.
! O.64scem CCly;
: 0.68sccm CCly;
: 0.70scem CCly;
: 0.65scem CCly;
: O.6lscem CCly;

Electron energy: 70eV; Gain:

off); 0.65scem (r.f. on)

O«llscem
0. 12scem
0.l 2scem
0.21scecm
0.26scem

30.

Hy (ref. off)
Hy (r«fs on)
Hy (r.f. on)
Hy (r«f. on)
Hy (r«f. on)
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Table:20. Addtion of Argon to CCly Plasma" at 70eV and |50W.
ION MASS 100§ CCl 4 100% CCl4 50% Ar in 50% Ar in
(amu) Gas (mm) Plasma (mm) CCl4 gas(mm) CCly Plasma (mm)

c* 12 120 60 80 36
Hpo* 18 45 70 75 85
ct 24 - 10 10 8
Al* 27 —— - --- 8
No*;cot 28 12 115 15 65
cit 35 450 315 320 198
HCIY 36 75 410 130 309
Art 40 -— -—= 585 570
co,* 44 5 10 15 15
ccit 47 465 220 315 129
c,clt 59 25 40 20 21
AlCI* 62 -—- - -— 2
cocl* 63 - - - 3
ciy* 70 15 190 12 151
cely* 82 335 125 235 80
c,Clyt 94 gisos 80 —= 48
CsClyt 106 — —- ——e 2
cclyt 17 900 335 650 214
cclst 129 -— 25 -— 9
CsCls* 141 - - - 2
Ccl 4t 164 - 20 - 6
cCclg* 199 - 10 -- -—-

*Plasma Conditions for table: 20, were:-

Pressure

Power:

.

0-
13

Flow rates:-

100% CCl4
100% CCl4

50% CCl4/Ar :
50% CCi4/Ar H

10 torr total
56MHz; I50W(F), ~40W(R)

0.72sccm (r.f. off)
O.64scem (r.f. on)

0.44sccm CCly; O.d44scem Ar (re.f. off)
0.44sccm CCly; O.44scem Ar (r.f. on)

Electron energy:- 70eV; Gain 30.

121



4.3 Other Gases

SiCly, and CFCl3 gases and plasmas were sampled into
the mass spectrometer and the results are shown in
tables: 21 and 22. The addition of oxygen to CFCljy
plasmas was also briefly investigated and the results are

presented in table:23.
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Table:2l. SiCl, Gas and Ptasma* at 70 and 20eV

ION MASS SiCl, Gas SiCly Plasma | SiCly Gas SiCl, Plasma
@ 70eV, @ 70eV, @ 20eV, @ 20eV,
(mm) (mm) (mm) {mm)
c* 12 2 I --- ---
H ot 18 6 12 - |
Np*;sit 28 171 194 | 2
SiHy* 32 12 18 -—- -
(o] B 35 298 348 5 I
HCI* 36 6 131 -— 20
co,* 44 I 2 e -
sici* 63 363 489 --- -
clyt 70 9 21 --- 3
sicl,* 98 86 88 - I
sicls* 133 451 654 140 16
siclg* 168 202 204 59 47

*Plasma conditions were:-
0.10 torr SiCly gas;  50W(F), ~MBW(R); 13.56MHz
Flow Rates: 0.93 scem (r.f. off)

0.79 scem (r.f. on)
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Table:22. CFCls Gas and Plasma  at 70 and 20eV.
ION MASS CFCl3 Gas CFCl3 Plasma | CFCl3 Gas CFCl3 Plasma @
@ 70eV, int | @ 70eV, int | @ 20eV, int | @ 20eV, int
(mm) (mm) (mm) (mm)
¢t 12 6l 23 ——- PrIe
Hp0* 18 1 14 --- |
Ft 19 18 I -— —
cyt 24 -— 8 -—- -—-
Not;cot 28 7 61 --- 3
cFt 31 175 92 l SR
3 2 35 283 275 I 10
HCI* 36 47 186 6 24
CoF* 43 | 3 - -—-
co,* a4 [ 4 S s
ol [ 47 160 88 Sy |
cFt 50 18 28 —— |
csFt 55 - 3 --- -
ccl* 59 | 12 --- ---
crFert 66 178 32 2 !
cFs* 69 -—- 66 it i
clpt 70 13 443 I 80
coFett 78 - 12 -—- |
cciyt 82 42 34 - [
cFocl1t 85 2 109 - 14
csFeit 90 s 2 -— -
c,Clpt 94 -—— 25 ——- 2
cFel ot 10l 769 168 207 33
csF,C1t 109 ——a 2 -—- 15
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Table:22. CFCly Gas and Plasma’ at 70 and 20eV.  contd.

10N MASS CFCl3 Gas CFCl 5 Plasma | CFCly Gas CFCl3 Plasma @
@ 70eV, int | @ 70eV, int | @ 20eV, int | @ 20eV, Int
(mm) (mm) (mm) (mm)
CoFCly* 13 — 7 s =)
cciz* 17 13 60 2 14
cClzt 129 - 8 -— I
CoFpC15* 132 --- 4 S |
CoF4C1™ 135 -—- 6 ——— [
coFClst 148 -- 6 e 2
CoFsCly* 151 -—- 6 -—- 2
CoClt 164 -—- 5 --- 2
CoF CI " 167 - 4 - 2
CsF Cls? 179 - =i -—— [
CoFClg* 183 -— 2 -—- 2

*Plasma conditions for table:22, were:-

0.10 torr CFClz gas; S50W(F) ~BW(R) @& [13.56MHz.

-

Flow rates:= 0O.74sccm (r.f. off)

0.6lscem (r.f. on)
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Table:23. Addition of Oxygen fo CFClxg Plasmas” at 50W and 20eV

ION MASS | CFCl3 | CFCl3 | CFClIs | CFCls | CFCIs | CFCls | CFCI3 | CFCl3 | CFCIy
70eV | 20eV 206V 118 0, |16% Oy |19% 0, |25% 0, |29% 0, |35% 0,
GAS GAS PLASMA |PLASMA |PLASMA [PLASMA |PLASMA [PLASMA [PLASMA

20eV | 20ev | 20eV | 20eV | 20eV | 20eV

i 12 90 | I - - --- -— --- -—-
H 0% 18 15 | | - - - - -—- -
Ft 19 - 1 | - - e --- -—- -
co*;nNy* 28 --- - 2 9 13 16 17 17 17
cF* 31 237 | | - I --- -—- ——- -—-
0" 32 - - - I I | I ! I
e 35 377 I 9 9 9 9 9 10 9
Hot* 36 47 6 12 13 14 15 15 15 14
co,* 44 ~—- -—- -— I ! | | | I
eIt 47 210 - I | 2 2 2 2 |
cFpt 50 15 - | I I [ [ | I
cFCIt 66 210 2 I | I | | | I
CFs* 69 s -— 6 6 6 6 7 6 6
cipt 70 8 I 52 64 68 71 71 73 71
cclyt 82 40 -— [ I I | I I |
cFctt 85 -— --- I3 10 9 9 8 7 5
celpt 94 -— -— | | | I | I -—
crFelp* 10l 747 215 29 17 16 15 12 1 7
ccls* "7 8 3 13 10 9 9 6 5 4
ccl5t 129 - e I [ | I = —— ——
CoFClst 148 -— - [ [ [ I - -— -
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Table:23. Addition of Oxygen to CFCls Plasmas® at 50W and 206V  contd.
ION MASS | CFCl3 | CFCI3 | CFCI3 | CFCl3 | CFCI3 | CFCI3 | CFCIs | CFCI5 | CFCIg
70eV | 20eV 208V |11% 0y [16% 07 |19% 0, [25% 0, [29% 0, |35% 0,
GAS GAS PLASMA [PLASMA [PLASMA [PLASMA [PLASMA [PLASMA |PLASMA
20eV 20eV 20eV 20eV 20eV 20eV
CoFsClot | 151 - - 2 | [ | - -—- ---
CClgt 164 -- --- 2 | I I I -—- -—
CFclst | 167 -- -—- | | [ -- -—- - -
CoFCl,* 183 - --- I [ | | I - ---
C,Clst 199 -—- - I -—- —- - --- -—- -—
*Plasma Conditions for Table:23 were:-
Pressure: 0.10 torr total
Power: GSOW(F), ~ BW(R) @& |3.56MHz
Flow Rates:-
100% CFClz rofs. off : 1.20 scem
100% CFCls rof. on : 0.90 sccm
I1% 07 in CFCl3 rof. on : 0.80 scem CFCls; 0.10 scem 05
162 Oy in CFCl3 ref. on : 0.73 sccm CFCl3; 0«14 sccm 05
194 0y in CFCI3 ref. on : 0.68 sccm CFCl3; 0.16 scem 0p
25% Oz In CFCl3 r«f. on : 0.59 scem CFCl3; 0.20 scem 0z
29% 07 in CFClz r.f. on : 0.54 sccm CFCl3; 0.22 scem 05
35% 0y in CFCl3 rof. on : 0.43 sccm CFCl3; 0423 scem )
Electron energies: 70eV and 20eV; Gain: 30.
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4.4 Etching and Etch Rates

Several conventional etching experiments were carried
out wusing CClg, CFCly and SiCly plasmas on photoresist
patterned wafers of silicon and silicon with 40008 of
Si0p deposited on the surface. Table:24, shows the etch
rate results for various plasmas of CCl; and CFClj.
Tnese results were obtained by etching the patterned
wafers for 15 minutes in the reactor used for the mass

spectrometric work.

The etcn rate for 0.l5torr CCly plasma on silicon at
100W(F) bhad to be obtained from S.E.M. photographs. The
usual method involving the optical microscope and
interference fringes was unsuitable because the profiles
of the etched features were sloping and the etched
surfaces were extremely rough fig:31. Figures 32-34,
show details of silicon features etched in 0.l5torr CFCljy
plasma. These scanning electron microscope photographs

were obtained from a Jeol type S.E.M.
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Table: 24. Efch Rates

Material Etchant Power (Watts) Pressure Flow rate Etch rate After Etch
(F) (R) (torr) (sccm) (K min=h resistance

()

Si CCly 50 B 0.10 0.78 126 6

Si CCly 50 8 0.15 1.20 17 20

Si CFCl 3 50 8 0.10 0.54 95 12

Si CFCl 3 50 8 0.15 |+49 217 8

510, CFCl 3 50 8 0.10 0.70 43 oo

Si CFCls 100 20 0.15 .66 398 10

Si CCly 100 20 0.15 1«18 1000" 10

*Measured fgom the S.E.M. photograph.
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Fig.31. Si etched in CCl




Fig.32. Si etched in CFCly plasma.
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Fig.33. Si etched in CFCl3 plasma.
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Fig.34. Si etched in CFCl3 plasma.
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4.5 Silicon Etching in CCl, Plasmas

The results of sampling plasmas etcning plain silicon
wafers at 50W and 100w of r.f. power are shown in tables:
25 and 26. The plasma ignition transients for Clj*t,
8iCls*, SiClg*, ccCly*, CaCIz* and CpClyt ions are shown
in figs: 35-4l1. These transients were observed to see if
any of tne ions showed similar transients or could in any
way be correl ated with the SiClg* and SiCli*t ion

transients.
The plasma conditions for Figs: 39-41, were:

Pressure: 0.10 torr CCly, gas
Power: D50W(F), ~8W(R) @ 13.56MHz.
Electron energy: 70eV; Gain: 30.

Flow rates:-

Fig: 39; 0.82scem €Cly (r.£. off) gClgt
0.64sccm CCly (r.f. on)

Fig: 40; 0.82scem CCly (r.f. off) i) g
0.66sccm CCly (r.r. on)

Fig: 41; 0.88sccm CCly (r.f. off) CaClat
0.73scem CCly (r.f. on)
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Table:25. Etching Silicon in CCl, Plasmas” at 50W and |0OW.

ION MASS CCly GAS | CCly PLASMA | CCly PLASMA on Si | CCl4 PLASMA on Si
70eV (mm) 70eV (mm) 50W at 50W; 70eV (mm) at |00W; 70eV (mm)

c* 12 120 90 69 62
H0* 18 75 66 85 88
ct 24 - 21 16 14
0 P} g 28 25 105 75 55
1t 35 470 594 369 360
He1* 36 100 550 360 348
co,* a4 10 9 18 19
cer* 47 480 363 270 258
cert 59 30 60 50 46
Alct* 62 - -— 2 4
sici* 63 - - 20 21
cipt 70 15 420 192 204
ceiyt 82 360 222 186 170
cyel 94;96; -— 14 100; 69; 96; 62;
sicly* 98;100;102 - - 19; 3; 1 ¥5; 532
csCl* 106 - 3 3 5
ccis* 17 1000 588 513 469
cclst 129; 131; -—- 57 45; 43; 355 5%
siclz* 133;135;137 ——- S 47; 30; 11 46; 35; 12
csCl* 141 - 12 3 5
CClgt 164; 166 - 44 33; 41; 24; 30;
srctf} 16851705172 - == 29; 35; 15 22; 29; 14
cocl 5t 199 - 7 3 2

The plasma conditons for table:25, were:-
Pressure: 0.10 torr CCl4; Gain: 30; Electron Energy: 70eV
Power: SOW(F), ~N8W(R) and |00W(F), ~ 20W(R)

Flow rates: r.f. off: |.|0scem CCl4 gas

r«f. on (no silicon present) |.00sccm CCl, gas.
r.f. on (with silicon) |.04scem CCly @ 50W(F)
r«f. on (with silicon) I.05sccm CCly € I00W(F)

N.B. Brackets show overlap of C,Cl,* and sicl,* ions.
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Table:26. Etching Silicon in CCl, Plasmas" at |00W.
ION MASS CCly GAS | CCl4 PLASMA | CCl,4 PLASMA on Si | CCl, PLASMA on Si
70eV(mm) | 70eV(mm) 70eV (mm) 20eV (mm)

et 12 1o 78 57 -
Hp0* 18 40 72 59 54
¢t 24 - 18 15 ---
co;*sit 28 30 186 295 48
cit 35 410 558 355 45
HCIY 36 90 672 550 429
co,* 44 10 12 20 8
cci* 47 430 276 191 36
cert 59 32 48 40 6
Alct* 62 -—- 18 4 -
sict* 63 -— -— 52 1
iyt 70 15 429 150 158
ceiyt 82 309 162 15 57
c,C15* 94;96; - 108 89; 57; 515333
siclp* 98;100; 102 - ——- 19; 8; 2 Fi:08; 0
CsClp* 106 - 2 4 =
ccl st 17 960 414 300 372
C,Clst 129; 131; --- 42 29; 28; 12:15;
sm;} 133;135;137 --- - 106; 96; 32 62; 54; 18
CsCls* 141 -—- 8 5 2
CoCly* 164; 166 — 33 223 2T; 15; 20;
srcu*} 16831703172 - -— 40; 38; 17 27; 26; 10
CClgt 199 == 4 2 2

Plasma conditions of table: 26, were:-

Pressure: 0.0 torr

Power: |OOW(F), ™~ 20W(R)

.16 sccm CCly rafe off.
0.78 scem CCly rof« one

Flow rates:

Electron energy: 70eV and 20eV; Gain 30.
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4.551 Silicon Etching in CCly - 09 Plasmas

The results of addition of oxygen to CCl, plasmas at
0.10 and 0.15 torr etching silicon monitoring SiCl3* ions
are shown 1in tables: 27 and 28, and fig: 42. Some
transients were also monitored by switching off the
oxygen supply at 0.l0torr fig: 43, and 0.15torr fig: 44.
Tne difference between 0.l5torr CClg plasmas and 0.lOtorr

CCly plasmas is also shown in Fig: 44.

ST Silicon Etching in CCly - Ar Plasmas

The results of addtion of argon to CCly plasmas at
0.10torr etching silicon and monitoring SiCl3t and SiClg™*
ions are shown in tables: 29 and 30, and Fig: 45. The
argon switch-off transients were monitored wusing the
SiCl3+ ion intensity, as bpefore, and are shown in figs:

46 and 47.
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Table:

27.

Monitoring SiCls* in CCl, = 0, plasmas™ at 0.10 torr.

FLOW RATES (scecm) TOTAL FLOW Plasma Composition SlCI3+ intensity at
CCly 0, Rate (scem) | % CCly b 0y 70eV; 30 GAIN
0.50 — 0.50 100 = 63
0.40 0.02 0.42 95 5 60
0.39 0.02 0.42 93 7 57
0.37 0.03 0.40 92 8 55
0.34 0.06 0.40 85 15 48
0.33 0.07 0.40 82 18 45
0.32 0.09 0«4l 78 22 38
0.32 0.10 0.42 76 24 36
0.31 0.12 0.43 72 28 33
0.30 0.13 0.43 70 30 29
0.27 0.14 0.41 66 34 20
0.26 0.15 0.4| 63 37 16

*Plasma conditions for table: 27, were:-

Pressure:

Power:

SOW(F), o~ BW(R)

Flow rate:

Electron energy: 70eV; Gain: 100;

0.86 sccm 100% CCly gas (r.f. off)
0.50 scem 1003 CCly gas (r.f. on)

0. 10 torr total

@ 13.56MHz

Mass: 135 (siClgh)
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Table: 28. Monitoring SiCls* in CCly = O, plasmas™ at 0.15 torr.
FLOW RATES (scem) TOTAL FLOW Plasma Composition SICI3+ intensity at
CCly 0y Rate (sccm) [ % CCly % 0, 70eV; 30 GAIN
¥|.57 -— 1.57 100 --- 2
s 0.12 1425 90 10 15
a1 0.23 1.34 83 17 26
1.07 0426 1433 80 20 38
1.0l 0.29 1.30 78 22 43
0.97 0.30 1+27 76 24 46
0.91 0.32 1423 74 26 46
0.84 0.34 1.18 71 29 44
0.75 0.38 I3 66 34 42
0.68 041 1.09 62 38 38
0.62 0.44 106 58 42 32
0.56 0.45 1.0l 55 45 23

*Plasma conditions for table: 28, were:-

Pressure:

0.15 torr total pressure.

#power : 50W(F), ~ |IW(R) others 50W(F), A/ 8W(R)

Flow rate:

1+80 scem CCly (100%) gas (r.f. off)
1+57 scem CCly (100%) gas (r.f. on)

Electron energy: 70eV; Gain: 100; Mass: 135 (siCls*)
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Table: 29. Addition of Argon to CCl, Plasma” Monitoring SiCls* ions.

FLOW RATES (sccm) TOTAL FLOW Plasma Composition SICI3+ Intensity at
CCly Ar Rate (sccm) [ % CCly % A 710eV; 100 GAIN
0.86 s 0.86 100 ——= 124
0.73 0.06 0.79 92 8 124
0.71 0.08 0.79 90 10 126
0.68 0.09 0.77 88 12 128
0.69 0.10 0.79 87 13 129
0.68 0. 11 0.79 86 14 131
0.65 0.13 0.78 83 17 1352
0.63 0.15 0.78 8l 19 133
0.62 0.17 0.79 78 22 133
0.60 0.19 0.79 76 24 132
0.58 0.20 0.78 74 26 131
0.57 0.22 0.79 72 28 135
0.56 0.25 0.79 71 29 133
0.53 0.24 0.77 69 3l 131
0.52 0.26 0.78 67 33 132
0.49 0.26 0.75 66 34 134
0.50 0.28 0.78 64 36 132
0.48 0.29 0.77 62 38 133
0.46 0.30 0.76 61 39 132
0.45 0.30 0.75 60 40 131
0.44 0.31 0.75 59 41 130
0.42 0.33 0.75 56 44 129
0.40 0.34 0.74 54 46 126
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Table: 29. Addition of Argon to CCl, Plasma’ Monitoring SiCI3+ ions. contd.

FLOW RATES (sccm) TOTAL FLOW Plasma Composition SICI3+ intensity at
CCly Ar Rate (sccm) | % CCly » Ar 70eV; 100 GAIN
0.39 0.36 0.75 52 48 125
0.38 0.38 0.76 50 50 124
0.36 0.39 0.75 48 52 122
0.35 0.41 0.76 46 54 119
0.34 0.41 0.75 45 55 119
0+33 0.43 0.76 43 57 17
0.31 0.43 0.74 42 58 115
0.29 0.46 0.75 39 6l I
0.28 0.47 0.75 37 63 105
0.26 0.48 0.74 35 65 99

Plasma conditions fo table:29, were:-
Pressure: 0.10 torr total.
Power: S0W(F), ~ 8W(R) 4 |13.56MHz.

Flow Rate: |.0lsccm CCly (100%) gas (r.f. off)
0.86sccm CCly (100%) gas (r.f. on)

Electron energy: 70eV; Gain: 100; Mass: 135 aemau.
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Table: 30.

Addition of Argon to CCl,4 Plasma’ Monitoring SiCls* ions.

FLOW RATES (sccm) TOTAL FLOW Plasma Composition SICI4+ Intensity at
CCly Ar Rate (sccm) | % CCly i Ar 70eV; 100 GAIN (mm)
0.92 ke 0.92 L2 e 110
0.77 0.06 0.83 93 7 103
0.73 0.10 0.83 12 102
0.71 0.12 0.83 14 100
0.70 0.14 0.84 83 17 98
0.67 0.16 0.83 8l 19 96
0.66 0.18 0.84 79 21 94
0.65 0.19 0.84 77 23 92
0.63 0.21 0.84 75 25 S0
0.62 0.22 0.84 74 26 89
0.61 0.23 0.84 73 27 87
0.59 0.24 0.83 71 29 86
0.57 0.25 0.82 70 30 84
0.56 0.28 0.84 67 33 79
0.54 0.30 0.84 64 36 77

Plasma conditions for table: 30, were:-

Pressure:

Power :

Flow rate:

0.92sccm

Electron energy:

50W(F), ~ BW(R)

1.0lscem

70eV;

0.10 torr totale.

@ |3.56MHz

100% CCl4 gas (r.f. off)

100 CCly gas (ref. on)

Gain: 100;

Mass: 172 (SicCl4z")
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4.6 Silicon Etching in CFCl3 Plasmas

The mass spectrometric results of etching plain
silicon wafers in 0.10torr CFCl3 plasmas are snhown in
table: 31. The overlap of silicon containing masses and

the normal fragments of CFCl3 plasma was observed.

139



Table: 3l. CFCls Plasmas” Etching Sillcon.
ION MASS CFCly CFCl3 on | CFCl5 on CFCl3 on CFCl5 on
Plasma @ Si; Plasma |Si; Plasma |Si; Plasma Si; Plasma
708V € 70eV @ 20eV 70eV; 20ev;
SOW (F) SOM (F ) SO (F) | OO (F) | OOW (F)
e 12 23 32 - 28 -
Hyot 18 14 52 - 88 -
F* 19 I 6 31 8 28
HF* 20 -—- 3 -— 5 -
¢t 24 8 7 - 8 -
co;*sit 28 61 68 13 109 17
cFt 31 92 12 2 86 2
Gi™ 35 275 275 40 280 38
Hel ¥ 36 186 300 240 300 250
CF* 43 4 5 - 6 -—
SiF*;coit 47; 49 88; 25 103; 30 2; === 9; 27 I; ===
cFt 50 28 35 4 35 4
CsF* 55 4 4 -—- 5 o
cclt 59 12 I3 - 5 -—
Alci* 62 --- 4 - 3 -—
siF *;creit | 66; 68 33; 13 48; 13 2; 1 8; 5 -
cFs* 69 66 8l 28 89 30
cipt 70 443 327 311 481 292
cFelt 78 13 15 4 16 3
SiFCI*;ccl* | 82; 84; 86 | 345 20; 4 | 36; 215 3 | 55 3; 2 30 4; 2; 1
SiFs*;crClt | 85; 87 109; 40 138; 41 58; 17 148; 37 49; 18
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Table: 31. CFClz Plasmas’ Efching Silicon. contd.
ION MASS CFCl 3 CFCl3 on | CFCIg on CFCl3 on CFCl3 on
Plasma @ Si; Plasma [Si; Plasma |Si; Plasma |[Si; Plasma
70eV @ 70eV & 20eV 70eV; 20ev;
SOW (F) SOW (F) 50W (F) 1 OOW(F) 1 QOW (F)
csFctt 90 2 3 =t 3 —e
coelpt 94 25 26 15 34 20
SIF,CI;*CFCI™ [ 10151035105 | 168;86;18 [193;120;20 | 128;78;8 140;87;14 | 98;54;8
CsFC1t 109 2 4 - 4 -
coFel ot 13 8 8 4 10 3
SiFCIg;*ccist [117;119;121 | 60;46;15 | 65;58;8 45;40;13 61;55;17 74;59;17
c,el 5t 129 8 8 5 9 3
CoF oC1 " 132 4 5 4 6 3
CoFact* 135 6 7 5 9 4
CoFCl 5% 148 7 9 8 10 8
CoFsClo* 151 7 9 5 7 4
el 4t 164 5 3 6 4 5
CoFCl 5* 167 4 8 5 8 4
CyFCl 5t 179 -— I 2 2 [
CoFCl 4t 183 2 5 5 4 5
*Plasma conditions for table: 31; were:-
Pressure: 0.10 forr CFClz gas
Flow rates: |.|10 scem CFCly (r«f. off)
0.90 scem CFCls (rofs on); SOW(F)a BW(R)

0.89 scem CFClg (r.f.

Gain: 30;

Electron energy:-

70eV

and 20eV.
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4.7 Silicon Etching in SiCl, Plasmas.

Initially these etching results looked promising and
a pattern was left on the photoresist patterned wafer
after etching and the usual oxygen plasma photoresist
stripping. The "etch rate'" could not be determined in
the wusual way with the optical microscope because the
surfaces (which were thought to have been etched) were
too rough and gave poor reflections. On closer
examination of these wafers it was noticed that the
pattern could be easily scratched off revealing the
polished wafer beneath. The material removed in this way
was red in colour and was without doubt the original
photoresist pattern which had somehow escaped the oxygen

plasma stripping.

At first tnis was thought to be due to insufficient
stripping times, although 15 minutes was sufficient for
other patterned wafers exposed to CCl; plasmas. The
exposure time to oxygen plasma was increased without
success. The photoresist surface had a dark blackish
appearence similar to etched silicon. Examination of a
sample with the S.E.M. showed the photoresist was
corrugated and lifted up from the wafer in places where
previously it had been a smooth pattern of photoresist
figs: 48 and 49. Removal of large areas of this pattern
showed the clean polished silicon beneath with no visible
shadow effects or rough surfaces suggesting the wafer had

not been etcned at all in the SiCly, plasma.
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Fig: 48, 1is xlk magnification and fig:49, is x5k
magnification. These pnotographs were obtained from a
Stereoscan scanning electron microscope, later

photographs were obtained using a Jeol type scanning

electron microscope.
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4.8 Polymer Formation and Structure

'Polymer' films were repeatedly deposited from the
CCly and CFCl3 plasmas onto silicon wafers and interfered
with the etching experiments. The films were found to be
conductive giving resistances of 10-20.- across a 2"
silicon wafer. Even etched wafers showed some
corductivity (see section 4.4). The films deposited from
CCly4 plasma onto the silicon were generally black and
showed striations in the direction of the gas flow across
the wafer. The films from CFCl3 plasmas were greyish in

colour and showed similar striations across the wafer.

Reflectance intrared spectra of these films were poor
and snowed only C-Cl and C-F bands. The bands were broad
and very weak. The silicon wafers are transparent to
infrared raadiation and it was therefore possible to
obtain some weak transmission spectra. The reverse side
of the silicon wafers was not highly polished and a great
deal of radiation was lost by scattering. However,
placing the rough side of the wafer near the detector
slit minimised these losses. Only very small broad
absorption bands at 1100-1200 cm~l and 700-800cm-l were
observed. These were thought to be due to C-F and C-Cl

bonds respectively.

Augert, G and SE.M. (with Kevex X-tay

rluorescence facilities) were more successful. Pig:- 50
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shows a wide range X.p.s. scan for minor elements on a
film produced from CCly-02 plasma on silicon. The
surface stoichiometry of tnis sample (assuming it to be a
homogeneous solid) was roughly Sijgg Alg Clp Cppg O not
determined but > 100. All the silicon within the
sampling depth (50-1008) being in an oxidised form
(presumably Si0j3). The carbon on this sample does not
appear to be graphitic (c.F. ref.217 and fig: 51) because
the Cls peak was shown to be symmetrical and there was no

sign of the graphite plasmon (217).

Tne films from CFCl3 and CCly; plasmas were shown to
pe almost identical. The spectra for CCly/07 plasma fig:

52, was typical of these films.

Auger analysis of films deposited from CClg/0p
plasmas onto silicon showed C,0,Cl, Al and Si figs: 53
(a)-(f). The amount of aluminium on the surface was
about 36% compared to the aluminium sample holder
signal. These spectra also suggested that the polymer
film was '#10003 thick and that the composition of the

film changes with the thickness of the film.

Work on CCly-0p plasmas 'etching' silicon showed that
the SiCl3* ion intensity would, on certain occasions,
suddenly fall at a particular oxygen content of the
plasma. The results of this work are shown in tables: 32

and 33, aund fig: 54.
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The S.E.M. photographs figs: 55-56 show the very
rough surfaces of the films deposited by CCly-0p plasmas
on silicon. The unusual "spikes'" of material were shown
to contain aluminium using the Kevex X-ray facility on

the S.E.M,. fig:57.

The Polymer would not deposit on a glass slide placed
in the discharge. A very thin oily yellow film was
produced which could not be analysed in detail. The film
did not appear to be the same as the material deposited

on the silicon wafers.
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Table:32. "Polymer" formation in CCl4=0, Plasma at 0.10 torr.

Flow Rates(sccm) Total Flow | Plasma Composition SICI3+ ion |02/CCI4
el 0, rate(scem) [ §CCl, | % O, intensity (mm) | Tocl,
at |35 amu

0.94 T 0.94 100 o 176 1.00
0.68 0.07 0.75 9l 9 168 0.95
0.65 0.09 0.74 88 12 160 0.9l
0.63 0. 10 0.73 86 14 159 0.90
0.62 0«11 0.73 85 15 157 0.89
0.6l 0.12 0.73 84 16 156 0.87
0.60 0.13 0.73 83 17 152 0.86
0.58 0.13 0.71 82 I8 144 0.82
0.58 0.14 0.72 8l 19 146 0.83
0.57 0.15 0.72 80 20 141 0.80
0.57 0.16 0.75 78 22 130 0.74
0.55 0.18 0.73 76 24 107 0.6l
0.53 0.19 0.72 74 26 49 0.28
0.49 0.23 0.72 68 32 16 0.09
0.46 0.25 0.71 65 35 9 0.05

*Plasma conditions for table: 32, were:-
Pressure: 0.10 torr total pressure.
Power: B50W(F), ~BW(R); @& |3.56MHz.
Flow rate: |.ldscem CCly (100%) rof. off

Electron energy: 70eV; Gain 100; Mass: 135 a.m.u.
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Table:33. "Polymer" formation in CCl4-0, Plasma® at 0.10 torr.

Flow Rates(sccm) Total Flow | Plasma Composition SICI3+ ion 'CCI4/02
cCl 4 05 rate(sccm) | $CCly | % 0y intensity (mm) | TCCly
100 Gain
0.88 i 0.88 100 o 175 1.00
0.60 0.07 0.67 90 10 167 0.95
0.60 0.09 0.69 87 13 155 0.88
063 0.10 0.73 86 14 149 0.85
0.64 0.11 0.75 85 15 137 0.78
0.65 0.12 0.77 84 16 122 0.70
0.63 0.13 0.76 83 ki 92 0.53
0.63 0.14 0.77 B2 18 60 0.34

*Plasma conditions for tbale: 33, were:-
Pressure: 0.10 torr total pressure.

Power: B50W(F), ~8W(R); |3.56MHz.

Flow rate: 1.05sccm CCly (100%) (ref. off)

Electron energy: 70eV¥; Gain: 100; Mass: |35.
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Fig.55. Si surface films (CCl,/O,).
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Fig.57 X-ray of surface film.
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4.9 Photoresist Stripping

After etching patterned wafers photoresist is usually
removed in an oxygen plasma. Some preliminary
experiments were carried out during photoresist
stripping; a typical mass spectrum is shown in table:34.
The intensity of the €Oyt 4fon at 44 a.m.u. was
negligible. The CO* ion at 28 a.m.u. was most suitable
for monitoring the photoresist stripping process. The

results of monitoring the CO* ion are shown in fig:58.

There is a background CO* ion intensity contributing
to the long tail of the curve in fig: 58. This is
probably due to carbonaceous material on the inside of
the reactor. Also some of the photoresist, particularly
on the edges of the silicon wafer, was difficult to
remove in the oxygen plasma. This material had the same
properties as over-baked photoresist which is hard and
brittle. There is no doubt that the wafers were warm to
the touch when removed from the reactor immediately after
photoresist stripping and this could have affected some

of the photoresist.
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Table: 34. Photoresist Stripping.

ION MASS 02 GAS 02 Plasma
@ 0.25 torr on Photoresist
gt 12 4 27
ot 16 150 120
Hy0t 18 15 o
Npt;cOt 28 30 225
0zt 32 1230 56
cit 35 20 L5
HCclt 36 30 40
cost 44 20 60

Plasma conditions were:-
Pressure: 0.25 torr 0j gas.
Power: D50W(F); ~2W(R)

Flow rate: 4.55sccm (r.f. off)
4.60sccm (r.f. on)

Electron energy: 70eV; Gain: 30;

1.5 um of photoresist AZ1350J on Silicon (not patterned)
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9% DISCUSSION

Sk Detection of Atoms and Free Radicals

As discussed in section 2.l1.1. atoms and free
radicals are usually identified by the method of
appearence potential discrimination. That is tne
formation of ions with energy lower than that needed to
produce the atomic or free radical ion by any
fragmentation process. For this reason it 1is necessary
to be able to record the ionisation efficiency curves of
any particular species reproducibly and to operate

reliably in the threshold region.

The appearence potentials of the normal fragments
from CCly gas were obtained with reasonable precision,
table: 8. However, appearance potentials for Cl*t ions
were difficult to obtain reliably because of tnhe large

noise levels.

In the case of a discharge in CCly the effects of
r.f. interference on the ionisation efficiency curves
made it impossible to determine appearance potentials
reliably. It was tnerefore not possible to use the
system to detect directly atoms and radicals in the
discharge. Even without r.f. interference it may still
be difficult to detect atoms and radicals in this sytem
(2L9-223). It was, therefore, necessary to use indirect
approaches in the interpretation of the mass spectra in
order to make some deductions concerning the involvement

of atoms and free radicals.

151



N2 Indirect Evidence for Atoms and Radicals

It is already well known that chlorine atoms are
responsible for etching silicon in chlorine, Cly, plasmas
(il ) 395,01 77 ;. 178 and Z1d). If, in this system,
gas phase recombination of chlorine atoms (with a
suitable thira body) is the main source of Cly in the
discharge the intensity of Cly* ions detected in the mass
spectrometer, particularly at 20eV, could be related to
tne chlorine atom concentration in the plasma and hence

the Si etch rate.

Cr+clr+M —km 3Cly +M

d [Cly] = km [M] [CY]2 -Rd =0 (1)
dt

where Rd is the rate of disappearence of Cly and assuming
Rd is proportional to the concentration of Clp (ie: Rd=kd

[Clz]) then:-

[CY] = kd - jCis) >l/2 (2)
\ kn [M]

1If kd is constant then knm, the third body
recombination constant, will depend upon the nature of
the third body, M. Values for km have been determined
for various molecules of differing sizes (229-231). The
values of km are not widely different for the various
third bodies which are similar in size to the species

found in the various discharges in this work.
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Similar arguments may be advanced for other radicals
eg: CClj3, provided suitably unambiguous ions may be found
for the monitoring process. The most likely process with
CCl3 radicals is reaction (1), in table:35, leading to
"nhot" C3Clg which may decompose unless stab ilised by
collision. At 0.1 torr the collision interval is 10-%s,
However, the lifetime of a hot molecule depends on the

unimolecular rate constant, kd.

A" kd > products

-d [A*] = kd [A¥] (3)
dt

Using simple R.R.K. theory we may estimate kd:-

kd =V E*g- €Q>S-l = \-,[ 1- gé,* s-1 (4)

where s 1is wusually about half the number of vibrational
modes =(3n-6)/2.
€* is the excess energy of the "hot" molecules.

ED is the activation energy for the decomposition.

Y may be assumed to be ~1013 g-1,

For the reaction:-
cCly + CCly3 ————> CaCL *¥
C2C16*¢ e e CypCly + Clp

E,*

s = 7-10, giving kd=101ls-1 and Yd=10-11ls,

]

300kJ mol-l and E€,=127 kJmol-l (see table: 35)
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Table: 35. Enthalpies of Reaction in CCl, Plasmas

REACTION Al (k J mo1-1)
(1) CCl3 + CCl3 + M ———> CyClg + M -300
(2) :0Cly +:CCly + M ——> CxCly + M -492
(3) CCl3 +3CCly + M ——> CaCl5 + M -285
(4) cyC15 ————> (014 + CT 74
(5) CaClg ——> CyC1y + Clp 127
(6) CClz +ClL +M —> CCly + M -308
(7) Cr'+Cl'+ M ———>Cly + M -243
(8) CCl + CpCly ——> C3Cly -79
(9) CI + CxCly + M ————> CpClg -4
(10) c,C1y —> CoC1p + Clp 127 (est)
(11) :cCly + CpCl5 ————> C3Cl7 -285
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If the lifetime of the hot molecules is very much
shorter than the collision interval, as in this case, the
molecule will dissociate before it 1is stabilised by
collision with another molecule. 1In this case the C3Clg
will dissociate into CyCl4 and Cly rapidly and this
process could be expected to contribute large amounts of
Cly to the Cly* ion intemsity. Some CCls*t was observed
in the mass spectrometer, altnough of low intensity, from

fragmentation of CyClg.

A similar source of Cl; may be from elimination of
Clz from "hot" CgCly 1inm reaction (10), table:35. IE
these precesses ((5) and (10)) occur then the suggestion
made earlier concerning the source of the high Clpt ion
intensities from chlorine atoms is an oversimplification

at best.
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D0 CCly, Plasmas

The mass spectra obtained from these discharges
showed that quantities of C3Clg and C2Cly were produced,
tables: 9 and 12. Large quantities of Cly were also
produced. On swit ching on a discharge in CCly there is
a large reduction in the intemsity of CClz*, CClp* and
cClt ions observed in the mass spectrometer, Fig:24.
There 1is also a large increase in the intensity of

CpCly*, Clp* and some C3CI§ ions.

The presence of C3Cly species is explained by
reactions (8) and (ll) in table: 35. The reduction in
the ion intensities of CCl3*, CClp* and CCl* ions is
thought to be due to fragmentation of the CCly gas and
the combination of these fragments to produce CyClg,
CyCly etc. in the dischnarge. The primary plasma

processes being:-

ccl, + e(plasma) —> cclsz+, cclp*, ccl*, ct, cl*
—3Gela~, ocly~, gk, cirl,

—> ccly, :cclp, ccl, ¢, cl

and the reactions of the radicals, which can combine, are
shown in table:35. The increase in Cly* ions is probably
mainly due to the elimination of Cly from C3Clg and C2Cly

as discussed earlier in section 5.2.
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The complexities of the CClg system are illustrated
in the changes in ion intensities observed on varying the
r.f. power levels, Fig: 26. The reduction in CCly ion
intensities and the increase in the Clp* ion intensity
are very pronounced at high r.f. powers. The CpCly ion
intensities are also decreased at higher r.f. powers.
There is a distinct change observed in the discharge at
about 50-60W of forward power applied to the plasma.
Below 50W(F) the discharge is a dark turquoise blue which
rapidly changes to a very bright white-blue discharge
above 50W(F). The change-over from one type of discharge
to another 1is very abrupt. A detailed explanation of

tnese changes cannot be successfully given at present.
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5.4 Effect of Additives on CCl, Plasmas.

5.4.1. Addition of Oxygen to CCl, Plasmas.

The possible additional reaction mechanism with added
oxygen is shown in table: 36. The discharge in oxygen is
complex but it is expected that oxygen atoms are the most

important species formed in the plasma from reaction (12).

The results, in tables: 13-17, showed that addition
of oxygen produced large quantities of CO, seen as COt
ions in the mass spectrometer. The CO2* ion intensity
was very small suggesting that COz is not significantly
formed in the plasma (reaction (33) in table:36). Large
intensities for Clz*t ions were observed, even at high
dilutions with oxygen, which are not substantially
different from the intensities in pure CCly plasmas. The
CClz*, cclz* and CCl*t ion intensities were reduced to a
greater extent than would be expected from simply

diluting the CCly plasma.

Only small quantities of COCly* and COCl*t ions were
observed in the mass spectrometer. If COCly is formed in
the plasma by reactions (13), (15), (17), (21) and (26)
it 1is not present in large quantities but quickly
dissociates into CO and Cl; by reaction (22). This is in
agreement with work done on the reaction of oxygen atoms
with CCly in a fast flow system (234). Standard mass

spectra tables (246, 247) show that COClt ions
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Table: 36. Additional Reactions with Oxygen in CCl, Plasmas.

REACTION Al (k J mo1~1)
(12) 0> + e (Plasma) ——> 20 + e 498
(13) 0+ CCly 3 00015 + 015 -365
(14) 0+ CCly =3 OC1% + €10 75
(15) 0O + CCl3 e——— GOUYS: o+ B -430
(16) 0"+ CCl3 ————> (15 + COCT -393
(17) O +a300la & M o COCLs> # M =712
(18) O + :0C1p ——d 00+ Cl» -599
(19) o+ ccl ———3% c0.4 €1 -636
(20) Oo+cCcl+H —— 010 + M -232
(21) 0 + 0C13 + ¥ —> COClp + C10 -165
(22) coClp —> C0 + C1p 113
(23) coc1p ————3 CHOL & 01 280
(24) coc1’ —> ¢0 + C1’ 75
(25)  c10" —> '+ 0 233
(26) 0o + :CCl1p —> (001> + O -213
(27) 0o + :CClp ———>' 0001 * 010 -65
(28) 0y + CC1% —> coci + €150 -67
(29) €150 e 1 DU R 173
(30) 0o + :CClp S 0 #2100 -273
(31) o0p + cor —> (0 + C10 -211
(32) 0p + CCT —> C0CL + 0 -54
(53) GO+ O+ N > oo+ N -532
(34} 05 +CL # H  =——=——9 (€105 ¥ N -18
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(63a.m.u.) are the most intense fragment ions from a
sample of COCl; in a mass spectrometer. The parent ion
at 98 a.m.u., COCly*, is very small compared to the

Thanfere, fecanes cf Tha very b intindilios of COC
intensity of COCl* ions.yfrom these CCl,/0; plasmas and
the large CO'* ion intensity the likely mechanism in these
plasmas is by the formation of "hot" COCly (from
reactions of 0 and O with CCly species; see table: 36)

which then rapidly dissociates into CO and Cl; by

reaction (22).

The addition of oxygen to CCly plasmas also reduces
the intensity of CyCly* ions, tables:15-17, in the mass
spectrometer. Tnis is probably due to the oxygen
reacting with the CCly radicals before they can combine
to form the CpCly species. Alternatively, though less
likely, tne oxygen atoms may be involved in reactions

with the C2Cly species, formed in the plasma, directly.

5.4.2. Addition of N90 to CCl, Plasmas

The additional processes to be considered here are
shown in table: 37; the reactions outlined earlier for

oxygen atoms may also be significant here.

The addition of NP0 to CCl; plasmas produces large
reductions in the intensities of CCly* ions in the mass
spectra. . These reductions are much greater than those
seen for additions of oxygen to CCly plasmas. Similarly,

the CyCly* ion intensities are considerably reduced. The
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intensity of CO* ions in the mass spectrometer is greatly
increased and much higher compared to similar
compositions of CCl,;/0p plasmas, tables: 13, 14 and 18.
This suggests tnat N9O is more efficient at oxidizing the
CCly fragments in the discharge. Oxygen atoms are easily
produced from N0 in the discharge from process (35). It
is thought that the relative ease of formation of oxygen
atoms from N720 compared to oxygen, 03, in process (12)
table:36, and their subsequent reaction with CCly
fragments could account for tne higher efficiency of N30
in oxidizing the CCly fragments (and hence reducing the

CCly* ion intensities).

Tne reaction of nitrogen atoms with CCly fragments
is not thought to be important in these plasmas. The
mecnanism of reaction of CCly and other chloromethanes
with nitrogen atoms 1is discussed in greater detail by

Sobering and Winkler (235).

N2O may also react with CCly radicals directly as
shown in Treactions (41)-(48) in table: 37. These
reactions would also result in large quantities of CO in

the plasma.

5.4.3. Addition of Hydrogen to CCly Plasmas

The .results show that very large quantities of HCLt
ions are observed in the mass spectrometer when hydrogen

is added to CCly plasma, table:19. The CCl3* ions show a
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Table:

37.

Additional Reactions with N»0 in CCl, Plasmas.

REACTION

(35) W50 + e(plasma) —>
(36) No0 + e(plasma) ——>
(37) N0 + e(plasma) ——>
(38) N50 + e(plasma) —>
(39) N'+ N+ H —
(40) O+0+ M _—
(41) cc13 + N0 ST
(42) cCl3 + Np0 el
(43) cClz + NpO e
(44) :CC1l, + Ny0 —_—
(45) :CCly + No0 _—_
(46) :CCly + W50 e
(47) cCI + N»0 T
(48) cCY + Ny0 e
(49) c1'+ N0 _
(50) cCl3.+ NO _
(51) ce1s + NO —

Np + O
NO + N
N+ 0O

2N+ 0

Np + M

0p + M

COCly + Np + CI
COCI" + Np + Clp

CO + Np + Clp + CI
COCly + Np

COC1 + Np + C1'

CO + Np + C1p
COCI + Np

CO + No + CT

Cl0" + Np

COCly + N'+ CT

COCI + N°+ Cl,

162

AH ( k Jmol~1)

168

481

631

13115

-945

-498

-263

=225

-150

-543

-263

-431

-544

-469

201

360 x



Table: 37. continued

REACTION AH ( k Jmol-1)
(52) :CCl, + NO S 00C15. %W -80
(53) :CCly + NO —— 00T + W'+ OF 291
(54) :CCl, + NO =y G0 o £ 53
(55) C1"+ NO ~——3 010 + N 399
(56) ccI + NO ——— O80T -78
(57) ccT + NO s———y 35 + N+ €T -5
(58) cCly + N° Se———ONCL + Cls +CY -100
(59) cC13 + §° ~——> CHC1 + €1 -408
(60) :cC1p + N’ ———) CNC1 + C1 -446
(61) oy & u° —> "+ 1 -326
(62) CN'+ CN'+ M e (CH ) A N -538
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decrease with the addition of hydrogen to these plasmas
and an increase in the intensity of CCl* ions. The
likely reactions are (64)-(66) in table: 38, producing
HCl1 and consuming the CCly species. The hydrogen gas may
also scavenge chlorine atoms in reaction (8l) producing

HC1.

5.4.4. Addition of Argon to CCly Plasmas.

The addition of argon does not appear to alter tne
basic distribution of ions in the mass spectra from CCly
gas and plasmas. The ions are present in the same ratio

as the 100% CCly plasma, table: 20.

The argon metastable can provide upto 1ll1l.6eV of
energy and is capable of ionising molecules with
ionisation potentials 1less than 11l.6eV (237, 238) or
dissociating molecules with bond dissociation energies

less than 1ll.6eV.

(82) Ar + e (plasma) 11.6eV ')Ar* + e
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Table: 38. Additional Reactions with Hydrogen in CCl, Plasmas.
REACTIONS AH (k Jmol-1)
(63) Hp + e(plasma) ——> 2H" 436
(64) cC1y + H ————3.001% + HO1 -124
(65) cClz + K s Sl ] o HO T -151
(66) :CCly + H —> CCI + HC1 -151
(67) ccl + H —> C(g) + HC1 10
(68) Cl +H + M —> HC1 + M -432
(69) €Clz + H'+ M  ~——> CHClz + X =389
(70) :CCly + H'+ H ———> CHClp + M -356
(71) CHClp + H+ M ——> CHpClp; + M -407
(72) ccl5 + Hp sy CHG e+ N 37
(73) CCl3 + Hp ~———— 3:CClp + HC1 + H° 285
(74) CClz + Hp S RN CCY #1200 134
(75) :CClp + Hp —> CHC1, + H' 80
(76) CHC1, + Hp ——> CHyClp + H' 29
(77) :CClp + Hp + M ———> CHpClp + M =327
(78) :CCl, + Hp ——> (01 + HC1 + ¥’ 285
(79) cCY + Hp —> C(g) + HC1 + H 446
(80) CHC1, + :Cl; ———> CHC1lp CC1) =317
(81) C1°+ Hp —> HC1l + H° 4
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5D Etching and Etch Rates

The results in table: 24, show that CCly plasmas at
50W and at 0.10 and 0.15 torr etch silicon at about the
same rate. At 100W and 0.l5torr the etch rate of silicon
in CCl4 plasmas is about 10 times that at 50W, however
undercutting, sloping edge profiles and very rough

surfaces are also produced, fig: 31.

CFCl3 plasmas at both 0.10 and 0.15torr give good
anisotropic etching, figs: 32-34. The etch rate of
silicon in CFCl3 plasma at 50W is about the same as that
of CCly. CFCl3y plasmas at 0.l0torr and 50W give etch
rate ratios for silicon to silicon dioxide of about 2:1.
This 1is not particularly good for selective etching of
oxide over silicon but may be useful for processes where

silicon, on a layer of oxide, requires etching.

At 100W and 0.l5torr the etch rate ratio of CCly to
CFCl3 plasmas etching silicon was about 2.5:1. compar ing
the square root of the Cly* ion intenmsity for CCly and
CFCl3 plasmas gave a ratio of 1:1.3 (see section Dl )
If chlorine atoms, seen as Clp* ions in the mass
spectrometer, were responsible for etching then etch rate
ratios for silicon in these plasmas would have been
expected to be the same ie: CClyg: CFCly; 1:1.3 for
silicon etching. However, the reverse of these etch rate
ratios was observed. The only explanation for this
behaviour was that some other species as well as chlor}ne

atoms were responsible for etching the silicon.
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5.6 Etching Silicon in CCl, Plasmas

It is known that chlorine atoms from Cl; plasmas are
able: to eteh silicen (77(ix), 175, 177, 178 "and 212).
The mass spectrometric studies of the CCly plasma in the
presence of silicon strongly suggest that CCl3 radicals
are also able to etch silicon. The results in table: 25,
snow that in the presence of a silicon wafer Clp*, CCl3t,
CClp* and CCl* ions are reduced by «~50%, 13%, 16%, and
26% rtespectively of their intensities in CClg plasmas
without a silicon wafer. The CoClst, CpCli*t and CpClzt
ions are also reduced by about 57%, 25% and 21%
respectively of their intensities in CCly plasmas. The
fact that CCl3* ions are only reduced by 13% is probably
because the main source of CClz*t ions is from CCly
molecules in the plasma and not CCl3 radicals. However,
if the mechanism mentioned earlier in table: 35, is
correct the large reduction in the CyCly* ions indicates
that CCly radicals are being consumed by some other
process such as etching the silicon. The possible

mecnanisms for etching are shown in table: 39.

The switch-on transients of various ions were studied
because of the slow rise in intensity of the SiClit ion
when the CCly discharge was switched on, fig: 35. There
was a strong possibility of being able to correlate this
witn the species which was responsible for etching
silicon. Several switch-on transients were recorded,

figs: 38-41, for varous ions in the mass spectrum of CCly
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Table:39. Etching Mechanisms in CCl, Plasmas.

+

(83) cC1y (g) + si ————) (Cly (ads)

(84) cc13 (g) + si ey 0015 (ads)

(85) xClp (g) + Si —> :CC1, (ads)

(86) cCCI (g) + si ——> CC1 (ads)

(87) cCI (g) + si —> (1 (ads)

(88) Clp (g) + si ———3 Clp (6da)

(89) cC1ly (ads) —2doms 3 (C1% (ads) + SiCl' (ads)
(90) cC13 (ads) ——> :CClp (ads) + SiC1" (ads)

(91) :CClp (ads) ———>  CC1 (ads) + siCl (ads)

(92) cc1’ (ads) ———> C (ads) + 8iCl (ads)
(93) cC1y (ads) ———> C (ads) + SiCly (ads)
(94) cc1y (ads) ——>  5iCCly (ads)

(95) C1, (ads) —>  8iC1 (ads) + C1'(ads)
(96) Cl, (ads) —> :SiCl, (ads)

(97) siCl; (ads) —_——  8iCl, (&)

(98) siCCYy (ads) ——>  siCCly (g)
(99) siCly (g) + Cl(g)* M ——> SiClg; (g) *+ M etc.
e——_ ST0Ls (2]
(100) siCly(g) + CCLy(g) + M —> SiClxsy (g) + CCly_3(g) + M etc.

——> 54C1; (g)
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plasmas etching silicon but none of these species could
be correlated with the SiCl3t or SiClyt switch-on

transients.

There are several possible explanations of the
switch-on transient studies, considering the possible
mechanisms in tables: 35 and 39. Tne slow rise in the
SiCly* ion intensity may be due to a surface desorption
effect or surface cleaning of the silicon wafer. The
SiCl3* transient may also be related to a surface heating
effect causing the desorption of species from the silicon
surface at a faster rate as the temperature of the wafer
rises. Alternatively the rise in temperature may give
faster reaction rates causing the silicon to be etched at
a faster rate. There is no doubt that the steady state
SiClx+.ion intensities in these CCly plasmas is a measure

of the etch rate of silicon.

If the CCl3 radicals are responsible for etching the
silicon and tne mecnanism of (Clp formation is by
elimination from "hot" C7Clg (reaction (5), table: 35,)
as discussed earlier tnhen the Cly* switch-on transient
mignt be expected to show some unusual features. For
example, if the slow rise in the SiCl3* ion intensity was
due to CClj radicals adsorbing onto the silicon then the
Clp* ion intensity would be expected to show a maximum
somewhere very close to the initial switch-on of the
plasma and then a reduction in intensity as more CClj

radicals become involved in etching. This does not
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occur, Fig: 38, and the Cly* ion intensity rises rapidly
to ~50% of the value for the pure CCly, plasma. The
explanation of this behaviour could be that CCl3 radicals
are rapidly adsorbed onto the silicon immediately the
plasma is switched-on and hence the Cly formation is much
reduced to begin with. The SiCly species simply desorb
as the wafer temperature rises giving the slow transient

in Fig: 35

It 1is also ©possible that carefully loading the
reactor with more silicon in steps, of say 1/, of a
wafer, and observing the spectra from each successive
increase in load may show a relationship between the
etchant species and the area of silicon. These kind of
loading effects are often reproduced for commercial
reactors, although there is no reason why this should not
be possible with the present system. The intensity of
the ions plotted against area of silicon etched may give
more information about tne etching processes involved.
Unfortunately it was not possible to do this in the time

available.

Bl Etcning Silicon in CCly-09 Plasmas

The effect of adding oxygen to CCly plasmas involves
competition between several possible processes:-
(a) Changes in the concentration of CCly and Cl radicals
and atoms 1in CCly plasma as discussed earlier in

section 5.4.1;
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(b) Surface cleaning of the silicon wafer;
(c) SiOp formation on the clean silicon surfaces;

(d) Reaction of 0y and O with SiCly species in the gas

phase.

Monitoring of SiClyt ion intensities is now not as
straight forward as in the previous section where the
steady state ion intensities were a reliable indication
of the silicon etch rate. The situation 1is further
complicated by the formation of "polymer" on the silicon

surface above certain percentages of oxygen added, Fig:54.

The wunusual results obtained monitoring SiCl3z* ions
at 135 a.m.u. (not 133 a.m.u. because of the substantial
contribution from CyCl3* ions at 129 a.m.u.; see appendix
E) showed that in general addition of oxygen to 0.10 torr
CCly plasmas reduced the intensity of these ions,
fizg:42. However, at O0.l5torr the results appeared to
show that the SiCl3* ion intensity was enhanced up to a
maximum at about 25% of oxygen added to the CCly plasma.
Switcning off the oxygen at higher percentages (fig: 43
and 44,) and continuing to monitor the SiCl3* ion
appeared to confirm that the SiCl3* ion intensity went
through a maximum as the oxygen pumped away. There is no
simple explanation for this behaviour available at

present.
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Table:

40.  Etching Mechanisms in CCl,-0» Plasmas.

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

0o (g) + Si ——> 0y (ads)
0°(g) + si ey 0 (84 2)
0" (ads) + CCly (ads) —> COCl, (ads) + Clp (ads)’] etc. see
02 (ads) + CCIs (ads) —> COClp (ads) + C10 (ads) | table 36
20" (ads) sy 5100 ( 8)
05 (ads) ——> 5i0s (s)
0" (ads) + C (ads) ——> CO (ads)

0p (ads) + C (ads) ——> C0 (ads) + 0 (ads)

COCly (ads) ——> C0 (ads) + 2C1" (ads)
CI (ads) ——d 5ifl (ads)

CO (ads) ——— L0 (&)

CI (ads) iy C1 L 8)

SiC1y, (ads) —> siCly ()

85iCly (g) + 0 ——> 8i05(4) * 0L (g)

5101;(g) + 0 —> 510 (g) + XC1 (g)
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Tne formation of Si03(s) may inhibit the etching
process for silicon reducing the intensity of SiCl3* ions
in the mass spectrometer. However, the oxygen may also
be useful for the removal of adsorbed carbon and possibly
enhancing the SiCly* ion intensity by cleaning the
silicon surface. The possible mechanisms for etching
CCly-07 plasmas are shown in table: 40.

-

Ve Etching Silicon in CCl,-Ar Plasmas

The results of monitoring SiCl3t ion in figs: 45, 46
and 47, show tnat upto 50% of argon may be added to the
CCly plasma  ennancing the SiClzt ion  intemsity.
Switcning off the argon at high argon percentages and
monitoring the SiClz* intensity snowed maxima in the
SiCl3* ion intensity as the argon pumped away. Since
there is no interference in tne SiCly species by
reactions with the argon (c.f. oxygen) the SiCly* ion
intensities are thought to be directly related to the

etcn rate of silicon.

Since addtion of argon has little effect on the ion
intensities in a CCly plasma (as discussed earlier in
section 5.4.4.), tne most likely influence on etching is
the energetic argon metastable which may be able to
provide additional energy to the adsorbed species on the

silicon .surface allowing etching reactions to occur
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easily and quickly. Argon ions may also be involved in
sputter etching tne silicon, however, this is unlikely at
0.1l0torr pressure because of the short mean free paths of
species in tne plasma resulting in relatively low ion

energies.
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5.7 Conclusions from CCly Plasma Etching

Pure CCly, plasmas have been shown to etch silicon at
relatively moderate rates and the SiCly* ion intensities
have been useful for monitoring the rate of etching.
Pure CCl, plasmas have been snown to be faster etchants
for silicon at higher r.f. powers. The etch rate ratio
of silicon for 100W: 50W plasmas 1is about 10:1 at
0.l5torr pressure. However, at high r.f. powers the
photoresist is unaercut and sloping edge profiles are

produced in pure CCly plasmas.

Addition of argon to CCl, plasmas appears to improve
the etching of silicon. This suggests that these CCly/Ar
plasmas are superior etchants for silicon than pure CCly

plasmas or CCly/0p plasmas.

Addition of oxygen to CCl; plasmas has a complex
effect on tne etching and the intensity of SiCly* ions is
not a reliable guide to the etch rate of silicon. A
numnber of proolems were encountered with these plasmas
but the main problem was the formation of "polymer" on

tnhe silicon surfaces (see section 5.8).
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5.8 Polymer Formation in CCl, Plasmas.

Tne conditions wunder which '"polymer" formation
occurred was wusually on a second run of an etching
experiment on the same wafer. This was particularly bad
for plasmas with oxygen added. Usually the plasma would
not etch the wafer after the plasma had been switched off
and the initial conditions reset and the plasma switched
on for the second run on the same wafer. Cleaning the
wafer in 0y or Ar/0Op plasmas failed to restore the normal
etching behaviour previously seen on a clean silicon
wafer. On several occasions polymer would form by simply
adding oxygen to the plasma. Monitoring the SiClz* ion
intensities and adding oxygen produced rapid irreversible
reductions in the SiCl3* ion intensity as shown in fig:
>4. Some of these experiments were carried out for over
and hour and this may have allowed the slow build up of
polymer on the wafer wnich may have eventually prevented

etching occurring.

Tne films deposited on the silicon from these plasmas
(and CFCly plasmas) were conductive and were shown to
contain various quantities of aluminium figs: 50 and 53.
the films were very dark black-blue in colour and
initially this was mistaken for graphitic carbon.
However, subsequent analysis showed that there was no
graphitic carbon present, although carbon was present in
the film, fig: 51. The films from both CClg; and CFClj

plasmas were shown to be identical and approximately
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1000A in tnickness. The surface of the films was
extremely rough and nad "spikes" of aluminium-containing
material which were somewhat different in nature to the
larger part of the film surface (figs: 55 and 56). The
polymer did not deposit on a glass slide placed in the

discharge alongside a silicon wafer.

There are two possible mechanisms of polymer
formation (a) homogeneous gas phase polymerization by
radicals or (b) polymer formation from adsorbed species

on the silicon surfaces.

Homogeneous gas phase polymerization mechanism:-
(116)  C€Cl3(g) +:CCLa(g) — c3Cl7 (8)
(1L7)  CCl3(g) + CCly (g) ———> ©3C17(g) ete.

This would eventually lead to large condensable
molecules which would be deposited on any surface in

contact with the plasma.

Polymer formation from adsorbed species on the
silicon:-
(118)  CCl3 (ads) + :CCly (ads) ———> CyCls(ads) etc.
(119) CCl3 (ads) + CpCly (ads) — > C3 Cl7(ads) etc.

This second mechanism requires the involvement of the

silicon surface which may also pbond with the film to help

produce involatile films.
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The gas-phase mechanism probably does not occur to
any appreciable extent because the same polymer material
does not deposit on every surface in the plasma. The
polymer was not deposited on a glass slide inserted into
the plasma. A soft, light-coloured film which was
deposited was completely unlike the film onm the silicon
wafer and was probably CpClg. The addition of oxygen and
its effect on this mechanism is not clear but the oxygen
would be expected to reduce the polymer formation by
reacting with the CCly species before large molecules

could be produced; see table: 36.

The mecnanism involving adsorbed species on the
silicon surface would account for the differences seen
with tne gzlass slide if the silicon itself was important
for this type of film. For this reason this mechanism,
involving adsorbed species on the silicon, is probably
more plausible. The effect of addition of oxygen on this
mechanism might be explained by the oxygen forming a
protective layer of oxide on the silicon; table: 4l.
Adsorbed species would find it difficult to etch this
film and consequently react with each other forming an
involatile film.

Another explanation for the formation of a conductive

film may pe that silicon carbide, which is . ‘@&
semiconductor material, is formed on the silicon
surface.. The presence of aluminium in tnis film may be

sufficient to act as a dopant making the silicon carbide

conductive.
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5l Other Gases

5.9.1. CFClz Plasmas

The discharges in CFCl3 gave rise to a wide range of
fragment ions seen in the mass spectrometer; table: 22.
There were many Cy and C3 species formed by combination
of species in the gas phase. The mechanism is expected
to be similar to that for CCl,; plasmas in table: 35. A
possible wmechanism is shown in table: 41, with the

primary plasma processes being:-

CFCla'+ e (plasma) —=> CPCly*, CFC1Tt, CFY, CClgt, CClapt,
geit, oLh, oF, k¥,
CBCiy-, CEGLS, CF~, GCly=, GCly~,
15 il e e (o
GECLY,(SCFCY CF, * CCla, 160, CoL,
o) WA o I o

5.9.2 Addition of Oxyzen to CFClg Plasmas.

The addition of oxygen to CFCl3 plasma reduces the
CoFyCly*t ion intensities in the mass spectrometer. The
CFCly* and CCl3* ion intensities are also reduced and the
Clz;* ion intensity is 1increased slightly with the
addition of oxygen. The COt ion intensity is increased
considerably but the CO7% ion intensity is only slightly
increased and again this suggests that CO is the main

product of the reaction of oxygen species with the
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Table: 41. Processes in CFClz Plasmas.
(120) CFC13 + CFCIp + M =————> CpFp Cly + M
(121) CPCly + CC13 + M ————> CoFCls + N
(122) CCl% + CClz + 4 ~ ————— (yClg + M
3 3 2Y45
(123) :CFCl + :CFCl + M =——— CFoCly + M
(124) :CPC1 + :CClp + M =—————> (5FClz + M
2 eFtls
(125) :CClp + :CClp + M =—————> (o01y + M
2 2 2C1g
(126) CFClp + :CFClL + ¥ ————> (pFyCl3 + M
(127) CFCl, + :CClp + M ———> (,FCly + M
2 2 2FC1y
(128) €613 + :CFCL + N ——> (C,F01y + X
(129) CCl3 + :CClp + M —————> C(Clg + M
3 2 P,
(130) CoFoCl3 ———> (,F5Cls + CL
2F2Cl3 2¥2C1p
(131) CoFsClz ———> (,FClz + T
22013 23043
(132) CpFC1y ————3 (3FCls + C1
(133) CoFCly —> (0l + F
(134) coC15 ———> (501 + C1
(135) CoFaCl 3= (pFClpy + Cl
272014 2F2Clp 2
(136) CoFC1y —  (oFClz + CIF
(137) CoFoCl —> C(xCly + F
2F2C14 2C1ly *+ F2
(138) C»FC1 —— (sFClz + Cl
2FCls5 2713 2
(139) CpFCls ——  (aCTy# OIR
(140) CpoFC1p s —— 15 2 v
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Table:

41. Continued.

(141)
(142)
(143)
(144)
(145)
(146)
(147)
(148)
(149)
(150)
(151)
(152)
(153)
(154)
(155)
(156)
(157)
(158)
(159)
(160)
(161)

(162)

CoFaC15
CoFaCly
CoFCl3
CoFClz
CoCly

CngClé

+
2
=
Q
—

CoFaCl3

+
(5
Q
—

na

-+
=

.
+
-

CzeClB

02F2cr3

+
Q
=,
+
-

CoFCly + :CFC1
CpFCly + :CClp
CoFCly + F'+ M
CpFCly + CI + M
CFCl> + F'+ M
CFCl; + CI + M
:CFC1l + F'+ M
CFoCL + F'+ M
CFCl3 + F'
CFoCly + F
CI'+ F'+ M
PP+

cr+Cl'+ M

2
(1Y)
(9]
=
(4]
+
=i
[A%]

e etd 001+ CTP
Trm——— Gl W 015
e GRSy 0T
o 0 0 1
> (sPiClz + X
—— CoFaCly + M
S 1 2
e A 0%
S CoWplle +. W
————> (oFClg + M
=———> CFClai+ N
e CHC1 5 4
— 0] UK
Pl OBaCN SN
s=——ar P00y O
s————— Pl » I
e .G N
—_— F, 4 N

—> Cly + N
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species present in the CFCl3 discharge. The Dbasic
processes with the addition of oxygen are not expected to

be different from the addition of oxygen to CCl; plasmas

(see table: 36.).

5.9.3 Etching Silicon in CFCl3 Plasmas

The mass spectrometric results in table: 31 do not
clearly show that silicon-containing species were present
in the discharge. The overlap of the silicon-containing
ions witn tne normal fragments from the CFCl3y plasma made
it difficult to determine whether etching was taking

place.

The absence of SiCl,y*™ ions in the spectra suggest
that either etching was not occurring (or was much
reduced) or that SiClgy was not an important product of
the etching process. However, by comparing the relative
intensities of the ions at 85 and 87 a.m.u. (SiF3* and
CF2Cl*) in the CFCl3 discharge with and without a silicon
wafer present it was possible that some SiF3* ions (at 85
a.m.u.) were present with a silicon wafer in the
discnarge. The Cl;* ion intensity was reduced by w~26%
in tne presence of a silicon wafer. The Ft ion intensity

was also reduced.
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5.9.4 gdtcning in SiCly, Plasmas

The wunusual results in figs: 48 and 49, obtained
attempting to etch patterned silicon in a SiClyg discharge
were thought to be due to the deposition of a silicon
ftilm on the photoresist. The chlorine from the SiCly
species might be expected to react with the carbon or
hydrogen in the photoresist forming volatile materials
and leaving the involatile silicon on the photoresist

surface. For example:-

(161) SiCly(g) + (C,H)y —> Si(s) + CCly(g); XHCL(g)

photoresist.

These results are in contrast to those of Sato and
Nakamura (198) where SiCl, plasmas were reported to etch
single crystal silicon at A415£ min-l, at ~0.06 torr

pressure.
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6. Conclusions

A molecular beam mass spectrometer system has been
designed, built and tested and used to study the reactive
gas plasmas used in semiconductor integrated circuit
manufacture. Some preliminary results have been obtained
from CCl; and CFCl3 plasmas etching silicon. These
results suggest that CCl3 radicals are  probably

responsible for etching silicon in CCly plasmas.

"Polymer" film formation was found to be a major
problem in the present reactor system, probably due to
the low gas flow rates through the reactor. '"Polymer"
film formation was particularly marked in CClz-03
plasmas. Aluminium, etcned from the r.f. electrodes, was

also incorporated into these conductive films.

CFCl3 plasmas, which have not been previously used to
etch semiconductor materials, have been shown to be an
anisotropic etchant for both silicon and silicon dioxide.
Tne etch rate ratio for Si:Si02 in CFCl3 plasmas was
about 2.5:1. However, more work is needed to reveal the
etching species and the major etch products from these

plasmas.
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A better design of reactor, capable of much higher
gas flow rates, and a larger capacity pumping system is
required. A throttle valve would then be required to
allow a range of pressure and flow rates to be obtained
in the reactor. New ways of eliminating r.f.
interference should be incorporated into any new reactor

design where possible.
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APPENDIX A - THE EVENT PEN INTERFACE

Owing to the incompatibility of the event marker pen
on the Bryans Southern 28000 chart recorder and the event
driver <circuitry 1in the Bentham Instruments SMD10S
monochromator controller, the circuit in FIG:59 was
designed and constructed on a small printed circuit
board. Tne SMDLOS output transistor provided insufficient
short circuit to drive the event solenoid in the chart
recorder. This solenoid required a short-circuit between
0. wolts and -I5 wvolts. Unfortunately, a residual
resistance of 3KL remained on the output transistor so
that the solenoid did not latch and the event pen

remained motionless.

The («circuit for the interface contains a dual
comparator, the CA3290, (of which only half is wused), a
small d.i.l. reed relay, and a l.e.d. which flashes with
the event pulses as the d.i.l. reed relay latches. The
circuit operates by detecting a negative pulse at pin 3
(non-inverting input) with respect to pin 2 (inverting
input) as the output transistor of the SMD10S switches
on. This results in the output (pin 1) of the comparator
going negative and allowing the l.e.d. and relay coil to
pass sufficient current to latch the reed relay. If the
event pen solenoid 1is connected ¢to the reed relay
terminals then it will be shorted, so operating the event
pen and placing a calibration mark on the chart paper.

When the transistor in the SMD10S switches off the 1Ma
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resistor resets the comparator by providing a positive
bias voltage to pin 3 compared to pin 2 and hence
switches the l.e.d. and reed relay off as the output (pin
1) goes positive. The circuit can easily be supplied

from a small 9 volt battery for six months of continuous

use.

I should like to thank Mr. J.R. Cotton for his help
in dgesigning this circuit and the loan of a good quality

CA3290 dual comparator.
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APPENDIX B - THE X-Y PLOTTER INTERFACE

In order to display appearence potential curves in
full and in detail an interface was required which could
accept signals of up to -70 volts and give an output of +
2.5 volts @ lma for the X axis drive.

The Y axis drive only required a pulse generator for
calibrating the X axis, as sufficient attenuation and
amplification were avai lable on the mass spectrometer
(V.G. model QX2001) output and the X-Y plotter inputs.
Also an on/off switch was fitted to the Y input to allow
the mass spectrometer to scan the spectrum without

interfering with the plotter.

The Bryans 21000 series X-Y plotter had semsitivities
of 1,10,100 mVem~l with a variable multiplication factor
of 0.4 to 4 times each switched range. The X-Y plotter
producéd plots on sheets of A4 size paper, normally A4
size graph paper with 1,5 and 10mm scales was used for
convenience.

The circuit of FIG:60 was designed using operational
amplifier techniques. The circuit is a simple attenuator
with switched ranges and a variable offset control
arranged to be + 20 volts on each range. The ranges
covered are 0 to -100, O to -50, 0 to -20 wvolts. These
ranges with offset and with attenuation and zeroing on
the X-Y plotter allow any part of the Appearence
potential curves to be reproduced.

I should like to thank Mr. J.R. Cotton for his

initial design ideas and helpful suggestions.

188



*0D]} 1ajUl

M-

I

ool

Nﬂ\\

19330d A~X 09°DI4

o)

>P+

.ia\:a \A

3
R
0

3

L4100 N
o.lll.l-ll.l

ALY

AET

M

WoT

o

_ YDV : o= & WOT
I.d.[d 2370y ey nu....a)ﬁ.w.n..? “ﬂ?_ _.:Q W
_ : ﬁ/_ : WS
= Sl xlﬁ\l “ JoNY Y W al
e iﬁm_ 135440 m\ﬁh
| %0l i
| Wl —uuv |
_Hm.w 4 i B.m_h
_ RS yo
\_\ AAAAN—
oLy

)

188(a)

LNgnNL X

O 4 O

of



Appendix C. Molecular Velocities, Mean free Paths,

Effusion Rates, Gas Densities and

Conductances.

(i) Gas Densities
P S 1) TR T 1 P molecules cm=3 (if P is torr)
' BT 760

AL _=3.22 x 1016 P molecules cm~3 (P is in torr)

where , = gas density in molecules cm-3
L = Avegadro's number
R = Gas constant and is 82.053 cm3 atm K-l mol-1
T = temperature
P = Pressure in torr
(ii) Molecular Velocity
C =1 B8R Lio = 2521 msrl
MTn m

where m = molecular mass

k = Boltzmann Constant

C (Ar) =399 ms~l T (dp) = 1782 ms-1

C (CF;) =269 ms~1 T (Np) = 476 ms-1

C (cCly) = 203 ms~l T (02) = 445 ms-l
at 300K.
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(iii) Mean Free Path

>\ = th' = 5.69 x 10-2/P m. (P is in torr)
Az 2P

where is 0~ = collision diameter 2 3.5 x 10-10 m at 300K

( note P is in torr = lmm Hg = 133.3 Nm~2)

o (Ar) = 3.96 x 10-10p

3.74 x 10-10p

o~ (N2)
3.57 x 10-10p

o (02)
o~ (Hp)

2.73 x 10-10pg at 300K

(iv) Effusion Rate

~ dN = Reff = . C As ng molecules s-1

dt

o 4
4

where - dN = Reff = effusion rate.
dt

=
Il

number of molecules in the source.

As = Area of pinhole (source)

Ng number density of molecules in the source.

(v) Pumping Speed of Pinhole System

Let N = total number of molecules in the reactor

volume, V, at pressure P, and temperature T then:-

N=1 PV eqn. A
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Let ng=number density of molecules in the source (reactor)

ng = N = L,P eqn. B
\% RT

and effusion rate is (in a sealed volume):-

- dN = 4 C As ng eqn. C
dt

Therefore from equation A and B, C becomes

- dP = TAs P equ. D
dt 4v

A plot of 1 dP against P should be linear with slope CAs
e - 4V

Rearrangement and integration of equation D gives.

j— dP =fEAs equ. E
P 4v
1n PP = cAs t equ. F
P 4y

A plot of 1n (P°/P) against t should be linear and

have a slope of TAs/4V. However, for the pinhole system
described in section 3.1.4 this plot was not linear but a
curve which over short ranges was approximately linear.
A polynominal was fitted to the curve using a computer
package program available on Aston University's I.C.L.
1904 computer. The same program was used on the pressure
against time plot and a polynominal fitted to this curve

also.
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(vi) Conductances

It was found instructive to consult several standard
texts and calculate the conductances of various parts of
the apparatus (239,240). In particular the conductance

for an annular space was useful.

=3 4 & | cm-3sec
Fe 8 V Tr(ag-ay?)(ap-al) [a898 [T
m A 273D
that is
Fc = 9700 1T'(al—a2)2(a2+a1) l. /2% cm3s-1
¢
where

V = average molecular velocity (see ©T, molecular
velocity , (ii» cm s-1

al= inside radius of inner tube in cm.

aj= inside radius of outer tube in cm.

€ = total length of annular space in cm.

This assumes negligible wall thickness for the inner
tube compared to aj. However, this can be corrected for
by using the outer radius. There are two annular spaces
in the system discussed in sections 3.1.3 and 3.1.4. The
space around the top hat assembly and the reactor flow

tube.
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(a) Annular Space between the top hat and housing.

a] = 4.5 cm (outer dimension, radius of top hat) aj= 5.0cm
£ = 13.0 cm. Therefore, Fc = 1.75 x 104 cm3 s-1 for air
at 298 k.

(b) Reactor Flow tube annular space, inside tube and side
tubes.
(i) annular space aj1=3.5cm, ay=4.25cm, €=29.5cm

Fi = 1.44 x 104 cm3 s-1

ol =692 % 10-5 scm-3
F1
(ii) For inside tube a=3.25cm f£=41.0cm f/a=12.6. K=0.176
K is obtained from Dushman's tables. For a tube:-
Fy) = KFe where Fo =36.66 a2 €s-1
Fy = 6.8 x 104 cm3 s-1

1 =1.47 x 10~ scm=3

F2

(iii) For the side tube a=1.27cm, €=30.0 cm (to vacHum

pumps)
£/, =24 x =0.1 Fe = 36.66a2 fs-1
F3 = KFe
F3 = 5.9 x 103 cm3 s-1
1 = 1.7 ¥ 10% sea™3
F3
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Hence,
1 = 1 + 1 + 1
FroTAL F1 F F3

FrotaL = 3.9 x 103 cm3 s-1
F1,2 = 1.2 x 104 cm3 -1

It is clear from these conductance calculations that
the connecting, 2.54cm (1") diameter, tube is the main
constriction to the flow of gas through the reactor

system,
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APPENDIX D MOTIONS OF ELECTRONS AND IONS IN GASES

(a) Collision Probabilities (see ref. 202)

The probability of Collision Pc is defined as the
fraction of particles seattered out of a collimated beam
per centimeter path per millimeter pressure at 0°C.
Similarly the 'probability" of any event occurring on
collision, such as excitation Px or ionisation Pi, is the
fraction of particles suffering that event per centimeter
path and millimeter pressures. The probability P is

related to the cross section q, by:-

P= I4q cm-1 (mm Hg)-1
760
where L is Loschmidt's number, or
P = 3.53574
where q is in square Angstrom units. The mean free path

{ is given by

and the mean free time T by

1 = v =5.,93107 x 107 u0.5 p, P sec-1

i 1

Here wu=mv2/2e is the energy in electron wvolts, and
Po=273.16p/T is the '"reduced" pressure in millimeters of
mercury (Torr). Po does not express a pressure, but a

concentration
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N = 3.5357 x 1016 p, molecules cm-3
v

Cross sections are sometimes given in units of
May2 = 0.87981 A2, and energies in Hartree units,
KZ = v/13.605.

If q(®) is the differential cross section for elastic

scattering into unit solid angle at an angle €& to the

incident direction,

qc =fq (®) 29T sin B do-

A more important quantity is the <cross section for

momentum transfer.
qm = fq(e) (l-cos ®) 27T sin € d&

In general, gm< qc; experimental values of Pc snould be

"corrected" to Pm in all gas discharge applications.

(p) Average Motions of Electrons and Ions

The drift velocity vd of a charged particle of mass m
and charge e in a gas of molecules of mass M, under an

electric field.g, is given by

I
o
(<3|

vd

M+ m CAf 497 v2 dv
Mm Av 3

where f(v) is the velocity - distribution function.
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For particles with a constant mean free time Tc¢ this
yields for all E/p,

—>
vd = M+ m eETc

Mm

If collisions are caused by a polarization force

Te = 1.8096 €, (Mm /at) L/9

eNg M+ m

where the polarizability o = (E—Bo)/ﬂg

For particles with a constant mean free path €e

(rigid spheres) there are two limiting forms:

1. Near thermal equilibrium,

.3 X
vd = 3ekfc (Tr __M+m =
Mm

8 2KT

0.8973 for m K M
KX = 40.9643 form = M

1 for HI:£> M

The mobility fj in a mixture of gases a,b;C,cvi.a is given

by Blanc's law

= 1 - 1o k s SR

/J ‘ /ﬁa Jfb /fc
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where Jas j—'b. fics o AES the mobilities in the pure
gases a,b,c,... at their partial pressures pg, Pb, Pcr+*-
provided the mobilities are sensibly independent of field

strength.

Because of charge transfer when moving in the parent
gas and clustering in the presence of an attaching gas,
ions may move considerably more slowly than indicated by

these equations.

In the case of a constant mean free time Tc, the
mobility 1 - S - 9 electric field. of «circular
frequency and in the presence of a magnetic field whose
component perpendicular to the electric field is By, is

given by

/.l = e/f/2m + e/2m i
Vc.-fj(w‘ + wb) Ne + ] T

where wb=B1 e/m is the cyclotron frequency.

The complex conductivity of a plasma is given by

O = n+3ﬁL+ B ni}L- + j WwE,

For a completely ionised plasma
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o —_1.1632m _4mey \2 [2kT \3/3
z 1n (q-1) e m
= 19 14T kr \ 3/7 mho m-1
z 1n (q-1) e

where q=121. n.)\DB, >\Dz=EokT/ne2 is the Debye length,

and nk.D2=3.134 x 104 Tm-l. Z is the charge on the ions.
If A\ is the mean fraction of the energy difference

which 1is transferred in a collision, the mean energy of

an electron or ion is given by

1 mv2 = 3 kT + eE?¥c vd

[y
o

For elastic collisions

A = _2Mm

(t4+m) 2
For the mean free time case

vd2 = M+ m A[1- 3kT
2M

I mv2

Mean energies are usually determined by the approximate
relation

D = m (¥2 - vd?)

/u. 3e

which is exact when the distribution function is

Maxwellian.

The diffusion coefficient is given by

D = fv £47TT v2. dv

3
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(c) Electron Loss Processes (203)

The most important loss of electrons from a discharge
is recombination of electrons and ions. Usually a gas
discharge contains molecular ions (even in the inert
gases, diatomic molecular ions exist stably), and the
reaction process is dissociative recombination.

e+ ABt —_kc y A+ B
The process is strictly two-body, since the two products
can conserve energy and momentum, and the rate of

electron density loss can be described by

dne = - 2 d ne n+
at

where &K d is the dissociative recombination coefficient,
values of which are typically of the order of 10-7 cm3
secl. Since the plasma is almost electrically neutral,

the electron and ion densities are almost equal, hence

dne = -xd ne?
dt

At number densities of the order of 1010cm-3, the
lifetime of an electron against recombination is about a
millisecond.

It is suggested that

dne = Ie - kc ne ny =0
dt
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at stationary state conditions, where Ie is the electron
current through the discharge and kc is the recombination

constant. Then, if ne=n+(as above)

ne =f le 1/2
kc

Values for kc may be available in the literature.
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Appendix E

Natural Abundances of Chlorine

Number of chlorine atoms

MASS 1 2 3 4 5
A 100.0 100.0 100.0 76.9 61.5
At 2 o 65.0 9.0 100.0 100.0
A+ 4 10.6 3.7 48.7 65.0
A+ 6 3.4 10 .5 21
A+ 8 0.9 3.4
A+ 10 0.2

This table is reproduced from table: A-2 in ref: 216.

202



APPENDIX F

Heats of Formation

Species Heat of formation k J mol-l
Cco -110.5
CO2 -393.5
HC1 -92.3
CCly -106.7
CoClg -141.4
CyCly -14.2
COCly -223
Ny O -81.5
CHCly -101.3
H 218
0 249.2
Cl 2.3
CClj 1955
CCly 239
cCl 398
CpClg 20
COoC1 -04
Clo 138
C3Cly -13.5
Cl0y 1033
Clj0 76.1
N 472.7
CN 423
CdCly 100.8
CFyCl -269
CFClg -96
CHC17CCl9 23
NO 90.4
CNC1 144.3
CHyCl»p -88
CH3C1 -82
CoN»p 308
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