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Abstract

Dry etching techniques are widely used in the semiconduc-
tor industry for producing fine structures in integrated
circuits. Reactive ion etching using RF plasmas is
particularly useful. The understanding of the fundamental
chemical and physical phenomena of these plasmas has become
vital both for their application and development.

It has been known for many years that the conventional
Langmuir probe can provide a simple and easy probing method
for plasma diagnostics, but its application for RF plasmas
has been restricted. In the current work the reason for this
is analysed and previous work in this field is also reviewed.
To overcome the difficulties arising from the RF plasma a
compensating probe is proposed and investigated. It is shown
that the proposed technique can provide not only improved
measurements of floating potential and plasma potential but
also reliable mean energy and energy distribution data
deduced from the second differential of the characteristics.
These observations have been confirmed by a number of other
investigations since the present work was begun. The current
work also shows the limitations of the present probe theory,
e.g. the deduced particle densities do not always obey the
neutral requirement of plasma, and the probe measurements can

therefore only give estimates of particle densities.

Apart from the Langmuir probe, there are a number of
other techniques available for plasma diagnostics. Among them
study of the optical emission spectrum is the most
attractive. It causes essentially no interference with the
plasma and the spectral wavelengths can be directly
connected with the atomic analysis. In the present work
emission spectrum investigations have been carried out in a
number of pure gas discharges, such as in argon, oxygen and

nitrogen. The results have provided data to compare with the



probe measurements. The intensity change at particular
wavelengths was found to be sensitive to the plasma
characteristics. The phenomena can be used as a method of
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Chapter 1

Introduction
Generally speaking, as far as size is concerned machines
may be classified into two general types - those with

dimensions determined by their function and those whose size
is limited only by economic reasons. For instance, the
dimensions of a car are determined by the size of the human
body and the goods to be carried, but the physical size of
the motor that drives the car or the size of the controlling
mechanism and electrical system are arbitrary and unrelated
to the size of the car. In another words, the weight, power
consumption, and manufacturing cost are the main factors

which determine its design and production.

Increasing the funections and speed of electronic
equipment and reducing manufacturing costs have supplied the
driving forces towards making ever-smaller devices. In fact,
the evolution of electronic technology over the past decade
has been so rapid that it is sometimes called a second
industrial revolution. What previously required a flip-flop
circuit wusing two vacuum tubes with large dimensions and a
cost measured in pounds has now been replaced with a small
dimension of a few microns and a cost measured in
millipennies. The manufacture of large-scale integrated
circuits has as its primary goal the lowest possible cost per
electronic function performed. The main features of the
fabrication processes adopted by the microelectronics
industry can be best understood in terms of this goal.

One of the key economies in the manufacture of
microelectronic circuits is the simultaneous fabrication of

nundreds of circuits side by side on a single wafer. An even
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greater scale of mass production is attained in several
stages of manufacture by processing as many as a few hundred
watfers together in a batch process, hence the cost of labour
and equipment is shared by thousands of circuits, making
possible the extremely low per-circuit cost that is
characteristic of microelectronics [1].

The economic pressure for lower cost and lower power
consumption, and the functional need for higher operational
speed have led to ever larger scales of integration and ever
smaller size of circuit elements. To satisfy these demands,
instead of the conventional manufacturing techniques, a
completely new fabricating technology known as
microfabrication -has been developed in the semiconductor

industry.

One of the most successful techniques involved in
microfabrication 1is the pattern transfer process by which a
microscopic pattern 1is transferred from a photomask to a
material layer in an actual circuit. The main steps of the
development of a pattern on a silicon dioxide layer on the
surface of a silicon wafer are as follows [2]: (1) The
oxidized wafer 1is first coated with a layer of a light-
sensitive material called photoresist, (2) Telien it 'is
exposed to ultraviolet light through the photomask, (3) the
exposure renders the photoresist insoluble in a developer
solution, hence a pattern of the photoresist is left where
the mask 1is opaque, (4) the next step is etching which
selectively attacks the silicon dioxide, leaving the
photoresist pattern and the silicon substrate unaffected, (5)
in the final step the photoresist pattern is removed by means
of another chemical treatment. In practice, etching is a
crucial step to determine the quality of the pattern transfer
and eventually the results of mass production. At small and
middle scale integrative ranges, the etching of coarse
geometry patterns into the underlying films could tolerate
some degree of undercutting beyond the mask edge without

seriously compromising the structure, however, as the lateral
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dimensions of the device reduce, the thickness of these films
does not scale down proportionally because of dielectric
strength and parasitic capacitance considerations in the case
of dielectric films and current carrying requirements in the
case of conductors.

Conventional wet-chemical or solution etching, which is
often known as wet etching, has been widely used in the
semiconductor industry for etching of amorphous and
polycrystalline materials, because of its high productivity
and high etching selectivity between the exposed film and
underlying layers. However, in most circumstances wet etching
processes present several problems [3]:

i Photoresists often lose their adhesion to underlying
film when exposed tu hot acids. The situation could be even
worse when the dimensions of the circuit elements are
reduced.

2. As etching proceeds downward through a wafer layer,
it also proceeds laterally because of its essentially
isotropic characteristics, thereby undercutting the
photoresist film and broadening lines. The minimum dimension
of the device is restricted by the isotropic phenomena.

3. As the dimensions are reduced, wet etching becomes
more difficult because the surface tension of the solutions
tends to cause the liquid to bridge the space between two
strips of photoresist, thereby precluding etching of the
underlyﬁng film.

4, Usually, no on-line etching end-point detecting
technique is available, most wet etching processes utilize a
predetermined etching rate and estimate of the film thickness

to calculate a minimum etching time.

Because of these difficulties in delineating high
resolution patterns by wet etching techniques, they are

[£1)
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rapidly being replaced by another etching method called "dry
etching” utilises a glow discharge of reactive gases to
produce the film removal. Dry etching systems generally offer
the following advantages:

1. As etching is carried out at quite low gas pressures
and utilizes a pure discharge gas, the sources of heavy
metal and sodium contamination commonly found in solution are
eliminated.

2. Its anisotropic characteristics result in a very high
ratio of vertical to lateral etching rates, and very steep
edge profiles are achievable for inter-connection layers.

3. The etching process can be monitored by controlling
the flow rate of reactive gases and plasma parameters, thus
good etching rate control is available.

4. Detection of the end of etching is possible.

Plasma etching, 1i.e. dry etching, has been used in the
semiconductor industry since the late 1960s when rudimentary
processes were introduced for removing photoresist from
silicon wafers using an oxygen plasma. The widespread use of
plasma for semiconductor applications stemmed from work
carried out by Heinecke at STL, Harlow in 1972 [4], in which
fluorocarbon gases were used to generate highly reactive
atoms and radicals. These species were shown to be capable
of etching most of the materials of interest in
microfabrication, and the relative etching rate could be
controlled by manipulation of the concentration of these
species. From these beginnings the plasma etching technique
has been rapidly developed during the last two decades to
become the fastest growing sector of the semiconductor
industry.

Almost all dry etching processes use a low pressure gas
in the form of a plasma to provide the etchant species [5,8].
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Free electrons within an etching chamber are accelerated by
an applled electric field until they gain sufficient energy
to excite some of the parent gas molecules into highly
reactive states by collisional processes. The resulting glow
discharge contains significant numbers of free radicals, ions
and other excited species. The excited species are such a
highly chemically reactive environment that the etching
reactions at exposed surfaces can occur at rates which would
only be achieved thermally at temperatures in excess of 1000°
C. In general, both chemical and physical phenomena are
involved in plasma etching processes.

Although the engineering aspects of plasma etching have
achieved a huge . success, the fundamental physical and
chemical properties of this plasma are still not well
understood. The lacui of explanation of the processes taking
place in the bulk of the plasma and at surfaces in contact
with it leads to a practical problem in scaling up and

optimizing processes for production.

A number of effects determining the properties of the
plasma, such as the geometrical configuration of etcher, the
components gases and their flow rates, exciting power supply
and so on, can significantly influence the etching
performance. In principle, it should be possible to transfer
a properly characterized process from one set of equipment to
another, even of a different type, by keeping the same plasma
conditions. An appropriate plasma diagnostic technique is
therefore essential. It is also important to characterize
the dry etching process being exercised, for example, on a
silicon fabrication line so that any change in its
performance can be investigated and controlled. In addition,
the damage due to a dry etching process can not be neglected
in most circumstances, and to analyse and avoid this damage,
a clear understanding of the plasma etching mechanism

involved 1is necessary.

The subject of plasma diagnostics has been investigated
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for a century and the fundamental theory has been established
since the work of Langmuir with an electrostatiec probe in the
182Us. In recent years as the development of dry etching
technigues in semiconductor industry has proceeded, the
research tendency has moved towards RF discharge fields,
especially in plasma etching applications. Experimentally,
the Langmuir probe is an extremely simple device, however,
the theory of such probes is complicated. ‘The reason comes
from the fact that the plasma conditions near the surface of
the probe are different from those in the bulk of the plasma.
A particular layer called a sheath always exists between the
probe and plasma, and the properties of the probe are
largely affected by the sheath [(7]. To understand the
behaviour of the particles in the sheath range presents a
quite difficult problem. A number of investigations and
theories have been reported, but not all of them can provide
a precise and self consistent explanation of the experimental
results. The present work is to investigate plasma diagnostic
techniques in RF discharges and in particular to compare
experimental results obtained using a Langmuir probe to the
probe theory. Optical measurements and other plasma
diagnostic methods are also discussed in an attempt to obtain
a relatively clear picture of the usefulness of the plasma

diagnostic techniques.

The contents of this thesis are arranged as follows: A
brief review of previous work and theories of both Langmuir
probe and other diagnostic techniques are presented in
chapter 2. The further problems emerging from the RF
discharge are discussed in chapter 3. As a main concern of
the investigation is RF plasma diagnostic technology, the
method employed in the present work is described in detail in
chapter 4. The experiments carried out on commercially
available etching equipment, chapter S describes the
automatic data acquisition and processing system designed and
built in the present work. The results of the investigations
and explanations by related theory are discussed in chapter
6. Finally, as a supplement to the Langmuir probe diagnostic
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technigque the optical emission spectroscopy diagnostic
methods, experiment results, and conclusions are presented in

the last two chapters.
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Chapter 2

Review of Previous Studies

Engineers or experimentalists working with ordinary gases
have few problems in determining the physical properties and
state of the gas. A wide range of equipment is available to
measure the temperature, the pressure, the stream velocity
and even the chemical composition of the gas to high
accuracy. Plasmas represent a different situation, every
measurement 1is a problem. The reason for this state of
affairs is that the determination of the physical
characteristics of plasmas does not reduce to a simple
measurement, in most situations an idealized model has to be
utilized, with a number of restrictions [1%3]. A typical
example of the problems encountered in such cases is provided
by the Langmuir probe which is superficially a simple piece
of equipment. In this and the following two chapters the
applications of Langmuir probes in a range of plasnma
conditions are discussed theoretically.

2.1 Fundamental Theory of the Langmuir Probe

A superficial examination of the probe presents an
extremely simple device which can be used to deduce a number
of absolute values, such as the plasma potential, the
electron temperature, the plasma density and so on. A
slightly closer look at electrostatic plasma probes reveals a
quite different picture. The only probe characteristic that
can be reasonably understood is that corresponding to the
conventional Langmuir probe theory. The following sections
will be concerned with the theory involved in the electron
accelerating and the electron retarding regions, and the ion




Chapter 2

current collection region of the probe’s current-voltage
characteristic. The current discussions will begin with the
basic conceptions of the plasma parameters.

2.1.1 Basic Description of the Plasma Parameters

Plasma as a partially ionized gas consists of equal
number of positive and negative charges, mainly ions and
electrons, and a different number of neutral molecules. In
ordinary circumstances a plasma remains in electrical
equilibrium with respect to external conditions, so that the
electron density Ne and ion density Ni must be equal. Their
values are found to be much less than the density of neutral
particles, and are often known as the "plasma density". The
average speed of the electrons in the plasma is enormous
compared with those of the ions and neutral particles due to
the 1low mass of the electrons. As a result, an associated
"effective temperature" of the electrons, Te is higher than
the associated ion temperature, Ti which is normally Jjust
above ambient.

In addition, there is also a considerable imbalance in
electron and ion flux. If a small electrically isolated
substrate is immersed into the plasma then, on the one hand,
the substrate immediately starts to build a negative charge
and negative potential with respect to the plasma, on the
other hand, since the substrate charges negatively, electrons
are repelled and ions are attracted, the electron flux
decreases, but the substrate continues to charge
negatively until the electron flux is just enough to balance
the ion flux. The isolated substrate will acquire a net
positive charge around it and plasmas are disturbed in this
region which is often called the plasma sheath.

Moreover, as a result of the high collision rate and
energy exchange, the plasma is virtually electric field free,
and therefore is equipotential. This potential is known as
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the "plasma potential"” or "space potential”, Vp. Similarly,
we can also associate a "floating potential”, Ve with the
isolated substrate, these two potentials actually determine
the potential difference of the sheath. The plasma potential
is found to be not only positive with respect to the floating
object but also positive with respect to almost everything
around it. The rapid motion of the electrons relative to the
ions means that electrons can easily move away from the
plasma, but in doing so they leave the plasma more positive
which hinders the escape of the negative electrons and makes
the process self limiting.

The distance in a plasma over which significant
deviations from gharge neutrality occur is called the Debye
length Ap. From theory it can be expressed as [3]

k Ta €
ZD = _— (21)
Ne e®

where k is Boltzmann's constant, e is the electron charge,
and € 1is the dielectric constant of free space. The Debye
length defines the size of the primary sheath region
surrounding a probe immersed in it. Hence, before discussing
the behavior of an electrostatic probe in a plasma it is
necessary to define a region for consideration. This is done
by comparing the size of the probe, rp, with the mean free
path of the charged particles in the plasma, 1 and the Debye
length, Ap - Figure 2.1 illustrates the various probe
operating regions in terms of the ratios of these
characteristic lengths [4]. If the Debye length is
significantly smaller than the mean free path, particles
crossing the sheath will suffer no collisions, this kind of
sheath is often called a "collisionless sheath". If the
Debye length is considerably larger than the mean free path,
the particles will suffer several collisions as they cross
the sheath, and the sheath is known as a ‘"collisional
sheath".

10
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1<Ap

Continuum
(=10Torr)

p/1

Thin "&

Sheath .~

Conventional Langmuir Probe
(=0.1Torr)

B/ Ap

Limited

Y

— e e ———

Figure 2.1 Probe operation regimes in terms of probe
size, rp, mean free path, 1, and Debye length, Ap.
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Similarly, if the size of the probe is smaller than the
Debye length then the sheath is thick compared to the probe,
but if the size of the probe is larger than the sheath, then
the sheath is thin.

In plasma etching systems, the gas pressure 1is often
lower or of the order of ten milli-torr, hence the mean free
path 1is large compared with the probe size, giving a
collisionless system characteristic of conventional probe
theory. In the high pressure situation the sheath is thick in
comparison with the mean free path, and the motion of the
charged particles is described by the collision dominated
processes of diffusion and mobility. In our present work
this situation wiil not be considered as it seldom oceurs in
plasma etching procedures.

Figure 2.2 shows a typical current-voltage curve of =
Langmuir probe. In practice, this curve is often divided into
three main regions: the electron saturation region, the
retarding region and the ion saturation region. When the
potential applied to the probe V is greater than the plasma
potential Vp, electrons from the plasma are attracted to the
probe and positive ions repelled. Almost all electrons can
arrive at the probe surface, so the probe current is mainly
composed of electron current I=I., and this portion of the
curve is called the electron saturation region. However, when
a large negative potential is applied to the probe, ions are
attracted and electrons repelled, hence I=Ii, this is the ion
saturation region. Between the above regions there is an
intermediate retarding region where the probe potential V is
less than Vp, so that I=Ii+I. i.e. ions are attracted to the
probe but electrons can also reach the probe due to their
random velocities. This is called the retarding region. As
will be discussed in the following sections, many plasma
parameters of great interest in characterizing etching
plasmas can be derived from the probe current-voltage
characteristics in these three regions.

12
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|

Probe Current I
Electron Current
IZI'eo
! | . IK// |
Ion Saturation | Retarding [' Electron Saturation
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' |
: Plasma Potential
|
l :
Ion Current | I=0 | Probe Voltage V
} = K ——
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Figute 2.2 A typicl current-voltage Characteristic
drawn from a Langmuir probe.
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2.1.2 Electron Current Characteristics in the Accelerating
Region

An exact analysis of the problem of an electron
accelerating probe requires the solution of Poisson s
equation. At the present time this is extremely complicated
and unnecessary. In some physical situations, the probe
current can be found from the original theory of Langmuir in
his pioneering work in the 1820s [5]. Before proceeding with
the analysis the following assumptions are made:

1) The potential difference between the probe and the
plasma is entirely dropped across the probe sheath.

2) Gas pressures are sufficiently low, hence the move-
ment of the charged particles in the sheath is collision-

less.

3) The size of the probe is sufficiently small compared
with the size of the plasma so the presence of probe in the
plasma has no significant disturbance.

4) The length of the cylindrical probe is considerable
larger than the probe diameter, the terminal effect of the
probe can be neglected and also the effect of the space
charge surrounding the supports and lead wires to the probe
can be ignored.

5) Each charged particle hits the probe to be absorbed
and does not react with the probe material.

6) The plasma contains electrons and only one kind of
positive ion species, there are no negative ions existing in

the plasma.
When an electron enters the sheath and eventually impacts

the probe it is convenient to describe its movement by

considering the radial velocity component u, and the

14
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tangential velocity component v. Let ue and vs be the
velecity components at the sheath edge, up and vp be the
corresponding components at the probe surface, and rs and re
be the radius of the sheath edge and the probe respectively
as shown in figure 2.3. By applying the conservation laws of
energy and momentum to the electrons crossing the sheath
region we have:

1 1

— e (Ua® + var) — me (up® + vp?) - e(V-Vp) (2.2)
2 2

"

Me Vp TIp (i 5

Ma Va Trs

where V is the probe potential, and me the electron mass.
Then the radial and tangential velocity components of the
electron at the probe surface are

'e
Ve 5 ve ) (2.4)
T'p
rs 2e(V-Vp)
ug® = aa® - va® [( 2 - 1] + —4m8M — (2-5)
rp Me

A necessary condition for a particle to hit the probe is that
up>0. From equation 2.5 we have

rp® 2e(V-Vp)
0 < va® ¢ —— (ue® + —— ) (Z2.8)
rs‘—rp’ Me

This argument clearly holds for a cylindrical probe, it shows
that in order to reach the probe surface, an electron having
a radial velocity ues at the sheath edge must also have a
certain tangential velocity component ve.

15
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Figure 2.3 Velocity components of an electron crossing
the space charge sheath surrounding a cylindrical probe.
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Assuming the electron energy distribution function at the
sheath edge ra 1is f(us,vs), the current drawn by a
cylindrical probe is obviously the sheath area times the
integral of us*f(us,ve) taken over all us from 0 to o and

over ve from -vi to vai:

® Vi
Ta = An e Ne j J Us*f(Ua,Vs) dvedus <2-7)
0 -va
where
re® 2e(V-Vp)
vi = [ —m (us®* + —48M8M8 ) (2.8)
re®- rp? Me

Assuming that the electrons at the sheath edge possess a
Maxwellian velocity distribution in two dimensions:

Ma -me(us®*+ve®)
f(uas,va) = Ne |— exp{ 3 (2.9)
2rkTe 2k Ta

Inserting this into equation 2.7 for a cylindrical probe, the
result is as given by Langmuir and Mott-Smith [2,5]:

k Te s re® n
IJe = Ap e Ne [ (1 - erf( )
2mme re re?®-rp?
re? l'}
+ exp(g)¥erf(———)] (2.10)
rsz—rpz
where i .
0d
2
erf(x) = — |exp(-¥*) dy (231D
i1
X
B(V"Vp)
L ol W G2 12)
k Te

17
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In practice, the determination of the radius of the
sheath re is extremely difficult. This is partly due to the
faet that a gradual transition must occur between the sheath
and the neutral plasma as shown in figure 2.4, there is no
clear edge of the sheath so the separation point of these two
regions i.e. res must be, to some extent, arbitrary. Lam [8]
has show that when the temperature ratio of ions and
electrons Ti/Te 1is very small and the probe 1is slightly
positive, the probe to sheath edge potential is effectively
the same as the probe to plasma potential, and the carrier
concentration and random thermal motion at the sheath edge
are effectively the same as in the body of the plasma. At
present however, of particular interest are two situations:
the space charge-limited region and orbital motion 1limited

region.
a) Thin sheath: Space charge limited current

In the case of ra/rp tending to unity the two
complementary error functions in equation 2.10 tend to zero,
and the expression for the electron current reduces to

k Te

le = As ¢ Noe | ——— (2.18)
2 T M

where As is the surface area of the sheath. The equation 2.13
shows that if the probe sheath is sufficiently thin all
electrons that enter the sheath will be absorbed by the
probe, the electron current is actually dominated by the

space charge in the sheath.
b) Thick sheath: Orbital motion limited current
In the thick sheath limited region the arguments of the

error function are relatively small, the error function for
small x is given by

18
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h Probe Voltage

e I's Distance r
Vp I

N - s
Transitional Quasi-Neutral Region

Positive Ion Sheath

Figure 2.4 Potential distribution in the
vicinity of a negative probe.
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erf(x) = — x (2.14)

so when rg/rp tends to infinity the equation 2.8 will change

le

k Te 2
Ap e No [— 4n + exp(n)erf(4/n)]

2mtme AT

]

2 ki Ee n
e N (1 + 1) (2.15)

T 2 Mme

This equation suggests that the slope of the electron
saturation current as well as its absolute magnitude may
reveal useful data, i.e.

2 kiTe e(V-Yp)
Ta® = f—— Rp & Na)® (1 + —m—) (2.186)
T 2 me k Te

Thus if the probe potential V is sufficiently 1large, there
should be a linear relationship between Ie®*and V, and the
gradient of the curve can be used to calculate the electron
density Ne.

dle® 2e3 Ap Ne

= ( ) (2.17)
dV Me 18

In addition, the intercept of the linear part of Ie®*versus V
at Tle=0, i.e. Vpo gives the value of the electron temperature
if the plasma potential is known:

k Te

= Vo - Vso (2.18)
e
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Chapter 2

In most plasmas used in today’'s etching systems, the
Debye length 1is so small and the probe radius is so large
that the above orbital motion limited theory of Langmuir
probes may be inappropriate, since the electron saturating
current may be dominated by the space charge limited current.
Moreover, in practice the electron saturation current can
seldom be used because the large currents involved seriously
affect the plasma being measured.

2.1.3 Probe Characteristic in the Electron Retarding Region

In the electron retarding region the probe collects both
ions and electrons. Fortunately, the ion current is much
smaller than the electron current as a result of the large
imbalance in mass. The probe then collects electrons moving
against a repelling field. This electron current to a
cylindrical probe can be deduced from the orbital theory
presented in section 2.1.2. In equation 2.8, when V<V the
smallest radial velocity component that an electron must have
at the sheath edge in order to reach the probe is

u1 =./-2e(V-Vp)/me (2.19)

so the limit of u= now iS‘J:26<V_Vp)/MQ instead of zero, The
electron current of the probe is then given by

W vi
Ia = Aas € Ne J j Lla*f(l.ls,Vs) dl.lnan (22[])

Ny =Vvi

By using the Maxwellian distribution in this region and
integrating the above equation gives the result

G(V—VP)
le = Ieo * exp(——) (2.21)
k Te
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