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ABSTRACT

A new helicon source has been developed for plasma processing applications.
The source is a modification of the traditional cylindrical helicon source design to
rectangular geometry. In order to accomplish this, the antenna used for
launching helicon waves is stretched in the direction perpendicular to the static
magnetic field lines. This source was coupled to a long rectangular slab
chamber which is used for the actual material processing. A static magnetic field
of 200 Gauss peak strength, pointing out from the source into the diffusion
region, was applied to facilitate helicon wave propagation. 13.56 MHz rf power
was used to excite the magnetized plasma along the slab, and a rectangular

diffusion chamber was attached to the side of the new source.

Langmuir probes were used extensively to characterize the plasma produced in
the new chamber. Careful attention was given to rf and other perturbing effects
on Langmuir probe traces. Probes were constructed to minimize perturbing

effects, and measurements of electron energy distribution functions, plasma and

floating potentials, and density are presented for a variety of conditions. The

vii







extended source is shown to produce large regions of 102 cm= density plasma

in argon under some weak magnetic field conditions.

Magnetic induction probes were used to examine the structure of waves in the
extended chamber. A 10 x 10 x 50 cm source, with an appropriate antenna is
shown to excite waves of 12 cm wavelength for certain magnetic field
configurations. The theory of wave propagation along magnetic field lines in
rectangular geometry is presented here for the first time. Favorable comparisons
between the theoretical model and experimental results indicate that the model

may be of use for designing improved extended sources.

This work shows that an extended helicon source can be used to generate large
areas of uniform plasma in chambers of relatively small volume. Scaling of the
slab source in either cylindrical ring- or rectangular-type chambers should have
little effect on the physics of the source operation. Application of this technology
may include areas outside of microelectronics processing, such as hardening
layers for large objects, or plasma source ion implantation. Also included is a
brief discussion of the work necessary to improve the applicability of this

prototype tool for those plasma processing applications.
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1. INTRODUCTION

The exacting fabrication processes used in the semiconductor and display
manufacturing industries are driving the search for improved performance in
plasma etch and deposition tools. Performance features necessary to fulfil future
manufacturing needs have been identified by the Semiconductor Industry Asso-

ciation (SIA) and are summarized with the following list':

* cost effectiveness

* manufacturability of 0.10 um device feature sizes

* ability to process wafers as large as 400 mm

* maintenance of minimal particle counts (< 0.002 particles cm2 for
particles with diameters no more than 0.02 pum)

* high uniformity

* absolute process stability.

Cost effectiveness in the microelectronics market of today further requires
plasma tools capable of high throughput, and hence high etch or deposition
rates. But high etch rates and small feature size are opposing requirements.
Processing must be done at low pressure and low plasma potential to ensure
successful formation of small geometries and control over ion bombarding ener-
gies, yet must be performed in an environment containing a high density of
charged particles and appropriate reactive species. In an effort to address such
problems, plasma processing tool manufacturers have shifted emphasis from
efforts to improve traditional parallel plate tools to implementation of less-
traditional (and perhaps more exotic) types of plasma sources. The past five

years have seen several commercial inductive sources introduced to the market,







including inductively coupled plasma (ICP), transformer coupled plasma (TCP),
and radio frequency inductive (RFI). Electron cyclotron resonance (ECR) and

helicon sources have also been introduced to the manufacturing community.

Conventional parallel plate reactors typically operate in the 10 mTorr to 50 Torr
pressure regime, and achieve plasma densities of ~10°-10'° cm2. Electron
energy distribution functions can usually be described as Maxwellian, with ~5 eV
mean electron energies®. Voltages of 1000V peak to peak or higher are applied
to the wafer electrode at a frequency in the radio wave spectrum (RF). Power is
capacitively coupled to the plasma through the wafer electrode. Electron mobility
in plasmas is much larger than ion mobility, and in the process of losing elec-
trons to walls or other conducting boundaries, the plasma develops a positive
bias with respect to its surroundings. In addition, power is often coupled to the
substrate through a series capacitor, requiring that the integrated ion and elec-
tron currents to the substrate must balance. A greater average voltage
differential between the plasma and substrate is created in this arrangement.
This average bias voltage appearing on the electrode can be as high as -500 V
with respect to the chamber walls (ground). Higher processing rates are
achieved by using higher powers, which result in higher bias potentials. lons dif-
fusing across the sheath to the substrate arrive with higher energies, and can
cause device damage. As geometries get smaller, this effect becomes more

important.

The “next-generation” sources are typically designed to operate in the 1 to 50
mTorr pressure regime, with increased plasma densities in the range 101-1013

cm?. Increased plasma density offers the capability to etch or deposit at higher
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rates. Low pressure, low temperature discharges derive their usefulness from
two primary features: (1) power is deposited using an external antenna coupled
across a dielectric window, and (2) substrate bias and plasma production are
decoupled. Mean electron energies are usually in the 2-10 eV range (which is
comparable to those found in parallel plate discharges), but plasma to substrate
potentials can be as low as the plasma potential (< 30 V), which minimizes
damage to devices being processed. Decoupling the source and biasing sup-
plies allows independent control over power deposited in the plasma and bias
voltage between the plasma and the substrate. Higher density also means

higher processing rates.

ECR, helicon and inductive sources each offer advantages over existing parallel
plate tools, but-deciding which source is the ideal tool for microelectronics
manufacturing in the near term is more difficult. Each of these high density
sources remain the subject of ongoing research. Each offers both unique
advantages and unique problems to the manufacturing community. One area
which previously has not been explored in depth is scaleability. As microelec-
tronics manufacturing moves to larger substrates (as has slowly happened over
the past 10 years), and as similar manufacturing techniques are applied to areas
as diverse as flat-paneled displays, tool coatings, and ceramics, the need for
very large area processing tools becomes more pressing. This dissertation
focuses on creating a new large area source, based on existing helicon work, as
a possible tool for processing very large substrates. Ideally, the new machine
would have the same high density, low pressure operation characteristics as the
ICP, ECR, and helicon sources discussed previously, but would also produce

suitable processing plasmas over five to ten times the present area. Developing







such a tool is not simply a matter of scaling up an existing design. Rather, this
task involves careful study of the present understanding of source operation and
performance, and then adaptation of that knowledge to form a theoretical basis

for the new design.

Boswell et al. have already successfully demonstrated the operation of a large
argon helicon source called WOMBAT?. This being the only one of the three
new sources built on such a large scale, and given helicon excitation has also
been used on large scale fusion experiments, the new tool developed in this
study was conceived to be based on the same excitation process. Existing heli-
con plasma processing designs have all been based in cylindrical geometry.
Fusion experiments were done in toroidal geometry, which can also be modeled
as a modified cylinder. Figure 1-1 shows a typical helicon source.* The usable
processing area of the tool in Figure 1-1 would be ~190 cm2, or about enough to
process a 6” wafer. The new source was conceived to process substrates with
an order of magnitude larger area. Rather than just a scaled version of the old
source, the new source was conceived as a stretched out version of an existing
design, as pictured in Figure 1-2. Helicon waves would have to be excited along
a distributed length without cylindrical symmetry. Waves would propagate out

from that slab source to feed a volume which no longer has cylindrical symmetry.

The new source would, of course, have to be able to produce high density
plasmas at low pressure to be competitive with the sources now being brought to

market. Accordingly, the goals for this project were as follows:







1. build an extended helicon source prototype suitable for testing a

variety of antennas and RF power feeds,

2. determine by theory and experiment the nature of helicon wave

propagation and antenna interaction in the extended source, and

3. develop suitable diagnostic tools to evaluate plasma character-

istics, and hence source performance.

Figure 1-1. Conventional Helicon Source Used for Plasma Processing
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Figure 1-2. Proposed Extended Helicon Source
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Given that the above goals could be accomplished, a set of measurement goals
were also prepared to evaluate the industrial viability of the new tool. Specific

measurements were outlined and are summarized as follows:

1. evaluate the production of plasma outside the source. A target
density in argon of 1 x 10'2 cm™ measured 5 cm outside of the

source opening was chosen,

2. measure uniformity along the length of the source. It was
desirable to have <10% variation in density over 40 cm (measured

5 cm outside the source opening),







3. evaluate performance at several pressures. ldeally, the tool

should be able to operate between 1 and 50 mTorr, and

4. address operability of source in a processing gas (CF,) by try-

ing to achieve 3 x 10" cm™ density in CF,.

It was felt that achieving success in each of these goals would validate the
applicability of this tool to plasma processing. In addition, success would justify
further investigations of uses for this tool in semiconductor manufacturing. Given
that the above objectives have been satisfied, a final goal of this project was to
outline the scope of further research needed to bring this source prototype to a
stage of development such that a commercial assessment can be made. The
next chapter commences with a reexamination of the relevant physics of helicon

waves in plasmas to better understand the performance abilities of the new sys-

tem.







2. HELICON PLASMA SOURCES: THEORY AND PRACTICE

2.1 HELICON WAVES

Helicon waves were first investigated experimentally in solid state materials in
the early 1960's.5 Although the basic theory of these waves in solids was
developed before 1970,% it was not until 1970 that the first gas plasma source
predominantly excited by helicon waves was described by Boswell.” Since that
time, they have been applied in gas laser media, gas lenses for high energy par-
ticle beams, and in plasma reactors designed for materials processing.
Necessary for the understanding of the behavior of helicon sources is an under-

standing of what helicon waves are, and the conditions necessary for their

propagation.

Helicon waves belong to the family of whistler waves, which are right-hand-
circularly-polarized waves traveling along magnetic field lines in an ionized gas.
The name "whistler" arises from the whistles heard on atmospheric monitoring
equipment from time to time. They have been associated with the presence of
thunderstorms. Lightening from these storms emits a broadband spectrum of
radiation, some of which propagates to the ionosphere. The dielectric constant
for whistler waves traveling along magnetic field lines in ionized gas is frequency
dependent, with high frequencies traveling faster than low frequencies. A detec-
tor located some distance from the source will receive the higher frequency
radiation first, and low frequencies later.? Two properties of the helicon wave
that distinguish it from classical whistlers are (a) they are of lower frequency, and
hence the motion of the guiding center of the electrons is sufficient to describe
electron transport and (b) they are bounded waves.5 (a) implies that Larmor

gyrations around magnetic field lines are not important, but that the ExB drift is







the dominant factor for electron transport. In infinite geometry, helicon waves
are right-hand-circularly-polarized (RHCP). It is evident that the medium in which
they are observed must be birefringent; that the dispersion relations for right- and
left- hand polarizations must be different. Just from this simple clarification of the
naming convention, at least two requirements for the propagation of helicon
waves are evident: (1) a static magnetic field must be present, and (2) the

medium where the wave is found must be birefringent.

A derivation by Chen® shows that any magnetized plasma has a different dis-
persion relation for right- and left- hand waves traveling along field lines in a
cylindrically bounded plasma. (A more general derivation for waves traveling at
any angle with the field lines can be found in Swanson?, but the simple treatment

by Chen will be sufficient for this review). The linearized Maxwell equations are

given by:
oB
VxE = - —
xE Y (1)
VxB = pugJj (2)
By
= i 3
E=j xqeno 3)

where n, and B, are the equilibrium density and magnetic field, and n, B, E, and j
the perturbed density, magnetic field, electric field, and current, respectively.
Using these equations implies that all of the current is carried by the guiding
center motion of the electrons, which further implies that (a) the frequency o is

much higher than the lower hybrid frequency, so ion motion can be neglected,







(b) w<<w,, the electron cyclotron frequency, so that electron motion around the
field lines can be neglected, and (c) the resistivity is zero. Equation (2) also
assumes the displacement current is negligible. Equations (1)-(3) also imply the

following:

V-B =0 (4)
V-j =0 (5)
EXBO
0

A general perturbation of the form exp i(m@ + kz - wt) is assumed. Equations (1)

and (3) then give

Gorg ] A7)

ioB =VxE =Vx = qerig = geng

which from (2) gives

OHogeng
kB,

JB =VxB (8)

The quantity in parenthesis in (8) will subsequentiy be referred to as o, and tak-

ing the curl of both sides of (8) yields the wave equation
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V2B +a2B =0 (9)

Note that substituting (9) into (2) gives

a
. e .I
e (10)

which shows that the current is parallel to the perturbed magnetic field. Render-

ing equation (9) in cylindrical coordinates, and solving for B, yields®

(11)

2
5 z 1 aBZ ”12
e 24 1R =0
622 +r or +(G ’2}32

This is Bessel's equation, and the finite solution at r=0 is

1

Cllta- By s kil ke~ (12)

B, = -2( oa2-F)

B =

where C is a constant. Solutions for B, and B, can be found by solving the

appropriate portions of (9), and they are given by:

1

By=-05C( a2-k%) k) o1+ (—k) J, ) sin( mB+kz—ax) (13)

B,=05C( a2-k?)

B -

((a+k) J, _+(a=k) J,, . ) cos( mO+kz—ox) (14)
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where the arguments of the Bessel functions are the same as in (12). Chen

states that j=0 at an insulating boundarys, so from (10), B=0. For a cylindrical
insulating chamber of radius a, B,(a)=0 yields the following two dispersion rela-

tions corresponding to the two fundamental modes (m=0,1) pictured in Figure

2-1.

> e

n 0:;1( 3':3 )2 R~ m=0 (15)

B, qe“(}a(m ma]

ng 383

m=1 16
k3832 e

where c is the speed of light, o, is the cyclotron frequency (98/m), and «, is the

plasma frequency given by:

where g, is the permittivity of free space.

Figure 2-1. m=0 and m=1 Radial Modes in Bz and B
m=0 m=1
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Figures 2-2 and 2-3 show the r and 6 dependence of the electric field with z

position for the m=0 and the m=1 modes, respectivelys. Notice that the m=1
mode has a field pattern that does not change with position, but simply rotates as

z changes to keep 6+kz a constant.

Landau damping is thought to be one of the dominant ways that a wave traveling
along magnetic field lines transfers its energy to electrons in the plasma®. Even
in the absence of collisions, electrons traveling close to the phase velocity of the
wave interact with the local electric field of the wave. The wave increases the
velocity of electrons traveling slightly slower than its phase velocity and slows

down the population of electrons moving slightly faster. Since there is almost

Figure 2-2. 3-D Structure of m=0 mode

Electric filed line patterns for the m=0 mode. (a) 3-D representation;
(b) crossections at (K /) ctn(kz-wt)=1/3 (left) and (k /&) ctn(kz-wt)=1/3 (right).
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Figure 2-3. 3-D Structure of m=1 mode

Electric filed line patterns for the m=1 mode. (a) 3-D representation; (b) detailed
pattern for k/oc =1/3. Line spacing is indicative of field strength only at y=0.

always a larger number of electrons with a velocity slightly slower than the wave

than slightly faster, the wave loses energy in the process.

Sample density calculations are provided in Table 1 for several magnetic field
values for the m=0 mode, assuming A,=16cm, and a=6cm. Note that the density
calculated from the dispersion relation for these cases is significantly higher than

is normally observed in parallel plate discharges.

Table 1. Sample Density Calculations.

Magnetic Field Value (Gauss) Density (cm-3)
25 7.5 x 101
100 3.0 x 102
200 6.0 x 102
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2.2 CHAMBER DESIGN

The helical wave field developed by helicon waves in large geometries make
cylindrical chambers an obvious choice for helicon wave experiments. Chen and
Boswell perform most of their high magnetic field experiments on long cylindrical
glass tubes, as shown in Figure 2-4, surrounded by regularly spaced magnetic
field coils concentric with the tube.'®'" The solenoid coils produce a static mag-
netic field from 100 to 1500 Gauss (parallel to the long axis of the tube). The
dispersion relations for cylindrical finite geometry derived by Chen® and shown
here allow propagation of both left- and right- hand polarizations.’® This result is
quite different from the infinite geometry case, where the left-hand wave does not
propagate.'? These small diameter tube, high static field experiments are used
to study fundamental plasma phenomena, including fully ionized gas behavior,

laser, and helicon wave experiments.

In addition to the small diameter tube used for high magnetic field experiments,
Boswell also has a larger reactor designed as a semiconductor manufacturing
tool. Several variants on this design exist, some of which are being marketed.

Boswell's basic configuration is shown in Figure 2-5.4

Figure 2-4. High Static Field Helicon Source
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Figure 2-5. Boswell's Helicon Source for Plasma Processing
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The semiconductor processing source shown in Figure 2-5 operates with a much
lower static magnetic field than is used in the machine in Figure 2-4. Field val-
ues typically range from 50 to 100 Gauss. Note that the wafer processing region
is separate from the source, complete with its own solenoid field coil. This con-
figuration allows the source field strength to be markedly different from that of the
chamber. The field in the source can be optimized for efficient antenna coupling,
while the wafer is processed in a low field region optimized for uniform process-
ing conditions. Source densities of 3 x 10" cm=2 in SF,, and up to 5 x 102 cm-3 in
Argon are attainable. This particular tool uses the 13.56 MHz industrial fre-

quency and a Boswell type antenna (to be discussed in the next section).
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2.3 ANTENNA CONSIDERATIONS

The discussion so far has centered on wave propagation and basic chamber
design. The dispersion relation indicates that in a plasma with an appropriate
density and static field, a helicon wave can be created merely by introducing a
perturbation at the proper frequency. A simple rf current carrying wire located
either in or near the plasma would suffice. That is not to say that such a wire
would efficiently couple power into the plasma via helicon waves. In fact, the
design of appropriate exciting antennas continues to be a relevant research

problem.

There are presently three common types of antennae used in cylindrical and
toroidal helicon excitation: the Nagoya type lll, the Boswell, and the Shoji (or
helical) type." Each of these is pictured in Figure 2-6. The Nagoya type lIl
antenna was used on the Nagoya bumpy torus research reactor in Nagoya,
Japan. Excitation fields from this antenna excite waves with a mixture of right-
and left-hand components. Downstream from the antenna, left- or right-hand
helical wave structure, or mixtures of both, can be observed depending on
operation characteristics.” Densities achieved with the Nogoya type antenna in

Chen's reactor are almost identical to those achieved using the Boswell antenna.

The Boswell antenna, as pictured in Chen's paper, also excites both right- and
left-handed waves equally, and is very similar to the Nagoya type Ill. However,
there are several variants of the Boswell type that preferentially excite either of
the two polarizations depending on the design. The variant actually used by

Boswell, et al."" is pictured in Figure 2-6(d). Both the Boswell and Nagoya type
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lll designs have been used to excite plasmas (some of which are fully ionized)

with densities of 2.5 x 10'3cm using high static magnetic fields. 1.1

The Shoji antenna, shown in Figure 2-6(c) differs from the Boswell and Nagoya
lll antennas because it is designed to couple directly to the left- or right-hand
wave, depending on the antenna helicity. In finite geometry, both polarizations
can satisfy the dispersion relation, so one would expect both Shoji antenna ori-
entations to perform in a similar manner. Surprisingly, that is not the case. Chen
performed experiments with both left- and right-helicity antennas, and found that
only the right-handed antenna was able to produce measurable waves in the
plasma column. Densities observed for the right-handed case were as high as
achieved using either the Boswell or the Nagoya types (up to 10'* cm-) at the

sacrifice of some stability.

Figure 2-6. Helicon Antenna Types
A. Nagoya Type Il
B. Modified Boswell
C. Shoji (helical)
D. Unmodified Boswell







Electrodeless plasmas excited via helicon waves are so markedly different from
those used in parallel plate reactors that one might expect that the tuning net-
works used to achieve antenna resonance would also be different. They are not.
Boswell and Shoji both use a conventional Pi network, where the antenna func-
tions as the inductor between the capacitors.'®!" A less expensive, and no less
elegant method is used by Chen, where a system of rigid coaxial cables with

tunable stubs is used to tune the antenna circuit for resonance.°

In general, there are several requirements which must be met for the design of

helicon sources.

1. If the -antenna is to be located external to the plasma, the
chamber must be constructed of a material that is transparent to
the oscillating fields of the driving antenna. Quartz, or other glass
materials are appropriate materials, as they are clean and relatively
inexpensive. Ceramics provide better resistance to heat cycling

stresses and chemical attack and possess superior sirength.

2. If the antenna is to be located internal to the plasma (as is the
case in most fusion applications), the reactor can be made of any
material, and is usually constructed of metal. The antenna, how-
ever, must be robust enough to withstand plasma bombardment
and eddy currents induced in the wall of the chamber can present a

significant power loss problem.
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3. Care must be used when constructing an antenna to match the
source geometry. Usually they should be built to couple to a par-

ticular mode of the reactor vessel.

4. Solenoidal field coils usually provide the static magnetic field
needed for helicon wave propagation. They must be designed to
allow RF connections to the antenna, and to provide a variety of

magnetic field conditions.

Helicon sources have been constructed for a variety of applications. There are
small diameter tubes (approximately 4 cm) used to study helicon waves in high
field conditions, intermediate sized reactors for wafer processing, and large
chambers (approximately 50-200 cm in diameter) used for fusion and other
applications. All reactors in the literature are built with cylindrical or toroidal
symmetry, but there is nothing inherent in the behavior of these waves to prevent
their use in other geometries. They have demonstrated operation in a variety of

gasses whose electrical characteristics vary markedly.

2.4 DIAGNOSTIC TECHNIQUES COMMONLY USED IN HELICON DIS-
CHARGES

Electrodeless discharges for use in plasma processing differ significantly from
their parallel plate counterparts. Densities can easily exceed 100 times that of
parallel plate tools, and a magnetic field is always present. Therefore, some
changes in the standard diagnostic tools are required, and some specialized
probes are needed. Discussed here are two principal diagnostic probes: the

Langmuir probe, the B-dot probe, the ion energy analyzer, and a microwave
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interferometer. A brief discussion of the problems associated with each is also

included.

2.4.1 Langmuir Probes

Langmuir probes have been used to study plasmas since the early part of the
20" century. In their simplest form, they are metal wires immersed in the
plasma. The wire voltage is swept from a large negative potential, where all of
the collected current comes from impinging ions, to a positive potential above the
plasma potential, where all of the current is due to electrons. Contained in this
trace is information about electron and ion density, electron energy distribution
function (EEDF), and plasma and floating potentials. It is a powerful, yet simple
tool, but requires some careful analysis to obtain credible values for plasma
parameters. The simple probe described above works very well in DC dis-
charges, but it needs to be modified before it can be used in plasmas where time
dependent fields are present. in capacitive discharges, like RF parallel plate
systems, it is necessary to construct the probe in such a way as to minimize
probe to plasma capacitance effects.’® Capacitance effects are smaller in heli-
con discharges, because the densities are sufficiently high enough to shield the
bulk of the discharge from external fields. However, the helicon waves them-
selves introduce RF fluctuations in the plasma. Also, large RF fields may be
found in the region of the plasma close to the antenna. It is just as important to
consider high frequency effects on Langmuir probe measurements in helicon
discharges as in parallel plate types. The use of inductive filters built into probe
tips in addition to external filtering and careful termination is common, but mea-

surements taken with uncalibrated Langmuir probes should be regarded as only

approximate.' In addition, because the electron density can be as much as 10







cm in reasonable magnetic fields, and because a significant fraction of elec-
trons present have energies greater than 10 eV, sputtering of or deposition on

the probe surface can produce inconsistent results.

A further requirement for the use of Langmuir probes to obtain accurate informa-
tion about EEDF's is that the current-voltage trace be resolved very accurately.
Most magnetized plasmas exhibit more complicated EEDF's than non-
magnetized varieties. Usually this distribution can be interpreted as a
bi-Maxwellian' or as a Maxwellian with a non-thermal tail.'" 8-bit resolution (the
standard for most digitizing oscilloscopes) is not sulfficient to resolve some of
these tails. A detailed discussion of trace analysis techniques used in the

development of the new source is included with the experimental data.

Langmuir probe measurements are effected by RF in the plasma, are subject to
errors in interpretation of the probe trace, and can perturb plasma conditions in
the region of interest. In fact, the larger the probe, the stronger the perturbing
effect. Miller, et al.’® have shown that even probes with areas as small as 10
mm? introduce systematic errors when used to measure the density in an argon
capacitively coupled discharge. Density measurements with a Langmuir probe
were consistently lower than the line-integrated value obtained using a micro-
wave interferometer. Therefore, careful attention was given to designing the
probes used in this work to be as small as possible, yet still provide a reasonable
signal. Sources of error, both in probe design and in trace analysis will be dis-

cussed in detail in this work.







2.4.2 B-dot Probes

The B-dot probe was designed to measure time varying magnetic fields within a
plasma or other medium. It consists of a small wire loop which is insulated from,
but immersed in the plasma. Oscillating magnetic fields in the plasma induce
currents in the loop, which are proportional to the time derivative of the flux
passing through loop. One would expect all three spacial components of the
wave structure to exist in the plasma, and probes can be designed to look at all
three 'simultaneously, as is shown in Figure 2-7.'7 If the probes also have the
ability to move around in the chamber, and the plasma conditions are reproduc-
ible, then a map of the wave structure in the entire chamber can be constructed.

It is also possible to quantify the performance of the antenna in use.®

Figure 2-7. B-dot probe for 3-axis
measurements
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High frequency effects must also be considered in the design of B-dot probes, as
was the case with Langmuir probes. The sensing loops and the lengths of wire
needed to connect them to external instrumentation create a significant induc-
tance, especially when large loops, or large numbers of loops, are used. As
such, a small Helmholtz coil and a signal generator should be used to calibrate
the probe for frequency response and sensitivity. This technique was used
extensively during the development of the new source, and a detailed discussion

of the probes used is included with the experimental data.

Other plasma diagnostic tools which have been used on helicon tools include ion
energy diagnostics'®2°, microwave interferometers, and various type of optical
diagnostics. As they were not used for this work, descriptions are not included

here. The discussion now turns to properties of helicon discharges as measured

by these devices.

2.5 CHARACTERISTICS OF HELICON DISCHARGES

The helicon source has been recognized as having distinct advantages over
existing plasma processing equipment both in efficiency and density almost
since the first chamber was constructed in 1970.7 The efficient coupling created
a natural curiosity as to the mechanism. Measurement of the EEDF seems to
address the issue, but does not completely agree with the theory. lt is important
to note that a complete answer does not exist for this problem, rather it is still the

focus of current research.

The helicon wave energy is thought to couple to electrons in the plasma via

Landau damping. Collisional heating transfers energy to the bulk electrons,
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while collisionless heating selectively accelerates a group of electrons to ener-
gies much exceeding those found in the bulk. Chen' calculated that an electron
which gets accelerated by collisionless Landau damping in an m=1 mode would
have between 50-100 eV of energy if n, =5 x 102 cm*® and B,=1000 G. in a
similar geometry, but under different conditions, observation of non-thermal tails
in the EEDF have been observed by Zhu and Boswell''. Figure 2-8 shows the
electron energy distribution function observed in an Argon plasma with 800
Gauss of static field. There is an increased population of electrons at 45 eV.
Although the peaked shape of the distribution at 45 eV indicates that simple

Landau damping does not adequately describe the measurement, the observa-

Figure 2-8. EEDF's in a Highly
Magnetized Helicon Discharge
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tion of warm electrons of approximately the expected energy lends credibility to
the argument. Although there is still contention, Landau damping is the most
likely explanation for the way energy is deposited into a helicon plasma, and
readily explains observed efficiencies as high as 40%. Since the first ionization
potential of Argon is 15.76 V, it is very easy to see why a helicon wave excited
plasma is so efficient. If a two-temperature Maxwellian distribution is assumed,
with 1% 18 eV electrons in a 2 eV bulk, the number of electrons with energies
higher than 15.57 eV is 100 times that of a 2 eV single-temperature Maxwellian
distribution. Multi-peaked EEDF's are known to be found in other types of mag-

netized plasmas, as well'2,

Charles® has performed experiments using ion energy diagnostics on the
Boswell etching reactor. Using a stalk mounted ion energy analyzer, she mea-
sured the ion energy distribution functions shown in Figure 2-9. Note that the
ions in this distribution function have rather high energies. This is because ions

are collected after falling through the sheath around the stalk. lons which

Figure 2-9. Sample lon Energy Distribution
Function in Helicon Etch Reactor

1.2

vp
Ve Kvd) ¥ didvd

K
= 08 } o
.-}
E
e
Q
E o6}
=
a
o
3 04}
[ =
=

02 t

"/ Vp(O)
0.0 p
0 10 20 30 <0 50

Discriminator potential Vd (volt)







undergo no collisions in the sheath arrive with energies close to the plasma
potential. Those with energies at the plasma potential are representative of local
plasma conditions. Some ions can be collected whose energies are larger than
the local plasma potential, and are representative of regions in the vicinity of the
probe where the local potential may be slightly higher than the plasma potential.
To determine the true IEDF in the bulk region, an additional measurement of the

plasma potential, referenced to the energy analyzer ground, is needed.

Properties such as EEDF, IEDF and density affect the etch rate, anisotropy, and
other parameters relevant to plasma processing in a complicated manner.
Although helicon sources have been applied to plasma processing relatively
recently, there have been a few preliminary experiments showing the capability
of this source to perform industrial processes. The high magnetic field reactors,
where much of the antenna and wave experiments were performed, would not
be very useful for microelectronics applications, and the high electron energies
observed would increase damage. (Etching or deposition would occur at huge
rates, but device quality would be low). A compromise is found at lower mag-
netic fields, where electron and ion energy distribution functions and plasma
potential are more suitable for sensitive devices, and densities are still 10-100
times that found in conventional paraliel plate reactors with equivalent power
input. Etch rates on silicon are 1.2 km/min at 3 mTorr and 0.2 kM/min for conditions
optimized for SiO, etching.?' Figure 2-10 is an electron micrograph from the
same paper showing a 1 um feature etched in the helicon reactor. Selectivity
ratios of Si to SiO, of 100 or more have been achieved.?? The plasma uniformity
in these conditions was better than 10% over a 15 cm diameter region. Recent

experiments have shown that this uniform region can be extended to 30 cm but
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Figure 2-10. Anisotropic Etch Profile of a
1 micron Feature. Etched in Boswell Etch Reactor

no etching studies have
been performed in that

system.23

Damage concerns have
been addressed by
Tsukada, et al.2¢ on 6"
wafers processed in an
oxygen plasma generated

by a helicon source. It is

shown that damage in heli-

con reactors is actually less than that observed in conventional parallel plate,
ECR, or RFI systems, especially at higher powers. This effect is attributed to the
lower plasma potential found in helicon discharges, which enables better control
of the bias potential of the wafer being etched. The authors recommend helicon

reactors for use in sub-half-micron MOSLSI processing.

The use of helicon sources in plasma processing is still novel, and more work
needs to be performed before use in industrial processes. However, the high
etch rates observed in the few processes where helicon sources have been tried,
and the low damage incurred show them to be a viable option for the next gen-

eration of plasma processing tools.







2.6 OTHER APPLICATIONS OF HELICON WAVE EXCITATION

Although some of the applications of helicon wave enhanced discharges have
already been discussed, a more general overview is necessary to show the
possible applications of this science. The high density sources (shown earlier in
Figure 2-4) used to study helicon wave production and propagation are directly
applicable to the high energy laser field. Two other applications which have not

been covered in depth are fusion devices and large area (or volume) devices.

Loewenhart, et al.?® has used a helicon wave excitation scheme to pump power
into SHEILA, a helical axis stellerator (heliac) fusion research reactor. The
antenna, a modified Boswell type, "produce[d] plasma remarkably efficiently". A
larger version of SHEILA, called H-1 (for Heliac-1) is presently undergoing
start-up tests, and helicon waves will be used as part of the excitation scheme on
this reactor, as well. It should be noted that even in the complicated twisted tor-
oidal geometry of the heliac, Landau damping is thought to be the dominant

energy deposition mechanism, particularly at higher powers.

A large, 1 m diameter vacuum vessel, 1.6 m long called WOMBAT (Waves On
Magnetized Beams And Turbulence) has also been constructed for fundamental
helicon wave studies.® A large helicon source (0.2 m diameter, 0.5 m long),
equipped with a modified Boswell antenna, is attached to one end of the vacuum
vessel, and a magnetic field is provided by two independent solenoids. Densities
of up to 1.5 x 10'2 cm™ have been achieved using this chamber. Its size makes it
an ideal candidate for a variety of experimental diagnostics, and it is currently

being used to study 3-D helicon wave structure in various operating modes.







2.7 WAVES PARALLEL TO B, IN RECTANGULAR GEOMETRY
The dispersion relation derived for helicon waves in cylindrical geometry is not
necessarily accurate for the source proposed for this project. As such, a reex-
amination of the relevant equations is in order. The linearized Maxwell equations
(1)-(4) are used along with equations (5) and (6), and a perturbation of the form
exp i(nx + my + kz - wt) is assumed. The analysis then proceeds as for deriving
equation (9), the wave equation. The vector relation in (9) is then solved by
examining each component, and relevant boundary conditions. X(X,y,z),
Y(x,y,z), and Z(x,y,z) are introduced as general solutions of the wave equation in

X, ¥, and z, respectively. Using (8) and (9) the following relations are obtained:

Z=Azexp(i(kz+mx+ny —wt))

Y.=Ay exp(i( kz +mx+ny —ot+¢y) ) (18)
X=Axexp(i( kz +mx+ny — ot +¢x) )

where A, A,, ¢,, and ¢, are functions of k, m, n and A, given by







It is evident from (20) that the solutions in (18) describe elliptically polarized
waves, which is only circularly polarized when ™/n+"/m="/2, and k=a.. Further,
given that m, n, and o can change with position since the density, wall materials
and static field can change with position, the relative phase between the X and Y

solutions may not be constant throughout the chamber.

For finite solutions, (18) has solutions of sums of sine and cosine functions.
Before a particular solution can be obtained, conditions at the boundary of the
rectangulér source must be considered. Figure 2-11 schematically shows the
sort of conditions one might expect in rectangular geometry. The top and bottom
of the source in the y direction are dielectrics. Using the Chen boundary condi-
tion at the dielectric, the perturbed current, and thus the perturbed magnetic field
must go to 0. The condition in (a) would satisfy that boundary condition, and so
would (b). If external antenna elements had parallel currents as shown in the y
drawing, the field from those elements would induce an additional node at the

center, making the (b) condition more appropriate for that geometry. Therefore,

Figure 2-11. Boundary Conditions for Rectangular Source
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both sine and cosine variation in y are possible for (18), and n must be an integer

multiple of /L. The walls have very little effect in determining conditions in x.
Instead, the antenna plays a more important role. An antenna like the one pic-
tured in Figure 2-11 would create a node between each parallel current segment.
Solutions to (18) equation would then require that m have values of (2M-1)1/s,
where M is an integer. These two sets of boundary conditions place a constraint

on the wave number in the Z direction, given by the following
22 (MO 2 (@M-naY
== Wbl NE . (21)

where « is also a function of k, and N and M are positive integers. (21) is the

dispersion relation for waves traveling along magnetic field lines in rectangular

geometry.

2.8 FUTURE RESEARCH

Helicon sources are being used in research plasma tools from lasers to fusion to
plasma processing. They are remarkably efficient at producing plasma over a
wide range of magnetic fields and pressure conditions. Unexplored areas where
such sources may be useful include geometries which are not cylindrical, excita-
tion of lasing gases with helicon waves and solid state applications. Commercial
applications, even in the oldest research areas, are few, owing to the relatively
short period of time over which research has been performed. However, helicon
reactors may become the tool of choice for semiconductor manufacturing in the
next decade as damage becomes a greater concern in the move to smaller

device geometries. Helicon sources may also drive plasmas in commercial

fusion reactors when that technology is mature.







3. DESIGN OF THE LARGE AREA HELICON SOURCE

The construction of a new type of helicon source involved the selection of
extended source dimensions and materials, and design of an appropriate
antenna. The antenna had to uniformly excite plasma along the entire source
length and needed to be constructed simply to allow for any needed changes to
be made quickly. In addition, the source design needed to allow convenient
access for diagnostics. A large diffusion chamber was designed to attach to the
new source for study of plasma behavior out of the source and for future pro-
cessing work. Two major variants of the extended source were used: (1) a
simple linear tool with a helicon source extending the length of one or both
side(s), and (2) a cylindrical reactor with the plasma powered by an axial ring.
The “Ring Source”, not discussed in this dissertation, was developed subsequent
tb the simpler Iihear source. All of the experiments presented in this chapter

focus on efficiently powering a plasma over the length of the linear source.

The source built for the first phase is shown in Figure 3-1. A long rectangular
box (8.9 cm x 8.9 cm x 87 cm), which functions as the source, opens into a large
cylindrical vacuum vessel, which functions as the diffusion region. The back and
sides of the source are constructed of metal. The top and bottom are grooved
for o-rings to seal against a glass dielectric. The front of the source opens into
the diffusion chamber. To facilitate easy access for diagnostics, ports are placed
along the side, back, and top of the large cylindrical diffusion region. The moti-
vation for the two-section design is to generate a dense plasma in the source,

while independently controlling the bias on a substrate, located in the diffusion

region.







Figure 3-1. The First Extended Helicon Source
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Magnetic field coils were constructed to produce two markedly different types of
fields. The experiments presented in this chapter were performed with fields
designed to simulate the operation of the ring source, that is, a cusp field. Later

chapters cover operation with parallel field lines.

Langmuir probes were installed on the top, back, and side of the chamber to
allow monitoring of plasma conditions along three lines through the chamber.
Full current versus voltage scans were not done. Saturation current profiles from

the Langmuir robe were initially used as a quick method for comparing perfor-
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mance between various source and antenna configurations. Improved
measurements were used as they became available to further quantify source

performance, and eventually wave structure.

The linear source cross-section dimensions were chosen to be 8.9 cm x 8.9 cm.
These dimensions are significantly smaller than previous helicon sources used
for processing for the following reason. Using equation (21), and assuming a 40
Gauss parallel static magnetic field, a By, wavelength of 8 cm (1 wavelength
across the source), a By wavelength of 20 cm, and a parallel wavelength of 14
cm, the theoretical density needed to be on the dispersion surface for helicon
waves is 1.0 x 10'2.cm=. This density is sufficient for many processing applica-
tions. A simple increase in the static field, or a change in the mode structure in

the source could probably accommodate other processing conditions.

The work covered in this chapter focuses on source and antenna behavior.
Some results from measurements made in the diffusion chamber are shown as
related to antenna and source performance, but the majority of those measure-
ments are left for chapters 4 and 5. A variety of antennas were tried to
determine an optimum configuration. At low power, antennas couple power to
the plasma via capacitive coupling across the sheath. Coupling to the helicon
mode requires a change from capacitive to inductive coupling, and further
requires that conditions in the plasma will allow a wave to propagate. There are
several distinct regions of operation: capacitive mode, inductive modes where
the wave cannot propagate, and helicon modes. For an antenna to couple into a
helicon mode a change from capacitive to inductive mode would have to be

induced. This was the criteria used to judge antenna performance in this chap-
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ter. Tests were performed at several pressure and magnetic field settings.

Source aspect ratio was also examined to determine its effect on plasma
parameters. A source with a moveable back wall was used for this purpose. In
addition, a source constructed entirely of ceramic was used to examine back wall

material effects. Both of these studies are included in this chapter.

Construction details will be discussed only briefly as they relate to the extended
source design. The platform used for gas, vacuum, and gauge accessories dif-
fers little from those used on many other types of machines. The long period
spent working on details of tuning box and antenna connections, and other mat-
ters of assembly can adequately be summarized by the statement “make the
antenna to tuning box connections as short as possible”. Therefore, this review

begins with an antenna survey.

3.1 AN ANTENNA SURVEY

Early designs of the antenna and match box assembly placed the tuning box
some distance from the source, to keep the source area clear for easy access.
However, a significant voltage drop (more than 50%) was found between the
tuning box and the antenna regardless of what type of power feeders were used.
Circulating currents of more than 300 A (peak to peak) caused a significant por-
tion of the applied power to be lost in the weakly resistive copper conductor
between the tuning box and the antenna, which resulted in poor coupling
between the antenna and the plasma. Therefore the first improvement on the
linear source was to move the tuning box as close to the antenna as possible. A

modified IT network was used in all of the early work; a schematic of which is

36







Figure 3-2. Tuning Arrangement
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- Antenna ==

found in Figure 3-2.

When coupling changes from predominantly capacitive to inductive, there is a
sharp change in the antenna voltage as a function of power. As the power is
increased slowly up from 0 watts, the antenna voltage rises and the electric field
forms an oscilléting sheath in the weak plasma on the other side of the glass.
Electrons are excited in this coupling mode through stochastic heating. But as
the power is increased, the antenna current starts exciting a mirror current in the
plasma underneath the glass. When this current becomes large enough, power
is preferentially dumped into those electrons, and the antenna voltage drops
sharply as the current it carries produces plasma more efficiently. By observing
antenna voltage as the power is swept, the mode change can be observed. It
was assumed that if a transition to inductive mode were induced, then helicon
modes were also being excited. This assumption is not entirely true, and is
addressed later in this study. Two features of the transition to inductive mode

are?s:

1. as pressure increases, the power where the discontinuity is

observed becomes lower, and
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2. at low pressure, the transition is very sharp and discontinuous;

at high pressure, it is much smoother.

As an independent check of the above measurement, saturation current versus
applied power was also measured. A sharp change in the density as a function

of power should accompany a change in antenna coupling.

These experiments were carried out on a variety of antenna configurations,
which are pictured in Figure 3-3. The motivation for moving between various
antenna sets is explained in the discussion of experiments associated with each

antenna.

3.1.1 Large Single-Loop Antenna

The first antenna set installed was simply a pair of large loops that extended the
entire length of the source. The loops were electrically connected in parallel, and
were located on the top and bottom of the source. The antenna was not
designed to couple to any fundamental modes of the small source dimensions. It
was thought that a uniform magnetic field perturbation over the entire length
might be sufficient to excite those modes. Shown in Figure 3-4 and 3-5 are plots
of antenna voltage versus forward power at low and high pressure, respectively.
Measurements were taken with 5 A in the top static field coil, and -5 A in the bot-

tom coil to create a cusp in the center of the chamber.

Two permanent magnet plates were available for installation in the back of the

source. The two permanent magnet plates add 20 Gauss each in the source

and tend to make the magnetic field more uniform through the source region.







Figure 3-3. Progression through the Antenna Survey (Top View).
(Arrows indicate current direction when RF Voltage is Positive)
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Use of these plates had little effect on source operation. The electromagnets
were used with antidirectional current senses. They produce 50 Gauss in the
source when carrying 5 A each. Although a cusp field is desirable for this phase
of development (cylindrical ring source applications), a variety of field configura-
tions were tried. The square root type of behavior of antenna voltage versus
forward power in Figures 3-5 and 3-5 indicates that there is never a sharp
change in the plasma impedance. The coupling mode exhibited no sharp

changes over a wide variety of conditions. The coupling remained weak, and







Figure 3-4. Large Antenna. Peak to Peak Voltage vs Forward Power
1.2 mTorr Argon. 5 A Top, -5 A Bottom, w/Permanent Magnets.
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Figure 3-5. Large Antenna. Peak to Peak Voltage vs Forward Power
27 mTorr Argon. 5A Top, -5A Bottom, w/Permanent Magnets
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predominantly capacitive, which resulted in rather iow density plasmas. There-

fore, this antenna set was deemed unsatisfactory.
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3.1.2 Small Loops on Top and Bottom of Source Driven in Parallel

A small antenna of the modified Boswell type of design was investigated next.
The aim was to induce a mode change in a small portion of the source. An 8 cm
X 6 cm loop pair was fabricated and placed on the source. The same antenna
voltage studies were performed. Figure 3-6 shows that there is a distinct dis-
continuity at 600 Watts at a pressure of 1 mTorr. This transition was
accompanied by a significant increase in the plasma brightness, as well as in the
saturation current measured in the center, 5 cm outside of the source with a
Langmuir probe (see Figure 3-7). Mode shifts observed in other helicon sources
occur at lower power with higher pressures. Experiments were performed at
several pressures to see if this behavior was also observed in the new machine.
Graphs of antenna voltage versus forward power are shown for 3, 10, and 27

mTorr in Figures 3-8, 3-9, and 3-10, respectively. The corresponding density

Figure 3-6. Small Antenna. Peak to Peak Voltage vs Forward Power
1 mTorr Argon. 5A Top, 1A Bottom, no Permanent Magnets
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Figure 3-7. Small Antenna. Density vs Forward Power
1 mTorr Argon. 5A Top, 1A Bottom, no Permanent Magnets
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Figure 3-8. Small Antenna. Peak to Peak Voltage vs Forward Power
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scans are shown in Figures 3-11, 3-12, and 3-13, respectively. This being the

first antenna set to exhibit mode changes, a comprehensive examination of the
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Figure 3-9. Small Antenna. Peak to Peak Voltage vs Forward Power
10 mTorr Argon. 5A Top, 1A Bottom, no Permanent Magnets
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Figure 3-10. Small Antenna. Peak to Peak Voltage vs Forward Power
27 mTorr Argon. 5A Top, 1A Bottom, no Permanent Magnets
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data will be presented; subsequent antennas will be treated with brevity.

43







2.6°10"" o

Figure 3-11. Small Antenna. Density vs Forward Power

3 mTorr Argon. 5A Top, 1A Bottom, no Permanent Magnets
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Figure 3-12. Small Antenna. Density vs Forward Power

10 mTorr Argon. 5A Top, 1A Bottom, no Permanent Magnets
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Note in Figures 3-8, 3-9, and 3-10 that as the pressure is increased, the mode

shift occurs at lower powers and becomes smoother. This was the desired







Figure 3-13. Small Antenna. Density vs Forward Power
27 mTorr Argon. 5A Top, 1A Bottom, no Permanent Magnets
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behavior. Subsequent designs would be based on powering various configura-
tions of small antennas to attempt to generate plasma over the entire length of

the source.

The Langmuir probes used to measure ion saturation current (and eventually
electron temperature) were designed to move around the chamber. As the small
antenna set produced behavior indicative of the desired mode shift, plasma
conditions as a function of distance out of the source (Z direction) and position
along the length of the source were measured. Figures 3-14 and 3-15 show
variations in calculated density as a function of position in the chamber. Both
plots were taken at 28 mTorr, with 5 A in the top coil, and -4 A in the bottom coil.
The scan along the source in Figure 3-14 was performed with the probe centered
between the top and bottom of the source, located 5 cm out from the mouth of

the source. The small antenna pair generates a strongly center-peaked density







Figure 3-14. Small Antenna. Density vs Position Along the Source
28 mTorr Argon. 5A Top, -4A Bottom, no Permanent Magnets. 800 W
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Figure 3-15. Small Antenna. Density vs Z Position
28 mTorr Argon. 5A Top, -4A Bottom, no Permanent Magnets. 800 W
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profile, as one might expect. The Z scan in Figure 3-15 was again taken with the

probe centered between the top and bottom in Y, and centered between the two
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sides in X. The linear decrease in density with increasing Z led to a rather novel
double-source configuration, which will be discussed more fully later in this

chapter.

3.1.3 Four Small Loops. Powered in Parallel, Co-directional Currents.

The natural progression from the first successful small antenna set was to place
another set beside it. The method of powering the two pairs was not as clear.
The next four antenna configurations presented here focused on how to distrib-
ute power between the two pairs. The best method would balance the power
deposited in the plasma between all of the loops. The first attempt at powering
multiple antennas was to place them all in parallel, with current senses in the
same direction (Figure 3-3 [3]). Note that the region between the two loops on
the top of the glass looks like an antenna loop with only two sides. The signifi-

cance of this region became more apparent as development progressed.

A mode jump was easily obtained in this configuration, as is readily apparent in
Figure 3-16. However, the mode discontinuity occurred at different powers for
each antenna pair, resulting in jumps at 500 and 800W. This imbalance of
power is reflected in the density versus position at 17 mTorr along the source
shown in Figure 3-17. Density versus power scans at 3, 10, and 17 mTorr follow
in Figures 3-18, 3-19, and 3-20. All of the density versus power scans were per-
formed with no permanent magnets in place, with -5 A in the top coil, and -1 A in
the bottom coil. Note that this is a slightly different magnetic field than was used
in previous experiments. The choice of magnetic field was dictated by the den-
sity obtainable at the probe. Optimization was performed at the highest

attainable power for the density vs power scans, and at a single intermediate
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Figure 3-16. Small Co-directional Pairs. Density vs Power
1 mTorr Argon. -2.5A Top, -1A Bottom, no Permanent Magnets.
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Figure 3-17." Small Co-directional Pairs. Density vs Distance Along Source
17 mTorr Argon. OA Top, -1A Bottom, One Permanent Magnet Plate. 1200 W.
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power for the density profiles. Magnetic field configurations were adjusted to

obtain the highest saturation current to a probe centered in X and Y, located 5
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Figure 3-18. Small Co-directional Pairs. Density vs Power
3 mTorr Argon. -5A Top, -1A Bottom, no Permanent Magnets.
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Figure 3-19. Small Co-directional Pairs. Density vs Power
10 mTorr Argon. -5A Top, -1A Bottom, no Permanent Magnets.
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cm out from the source opening. The position scans in Figures 3-17 and 3-21

were made at 1000 Watts, at 17 mTorr, with O A in the top coil, -1 A in the bottom
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Figure 3-20. Small Co-directional Pairs. Density vs Power
17 mTorr Argon. -5A Top, -1A Bottom, no Permanent Magnets.

2. 8~10M

2.6710""

I Sk 0 B 1 Prrr R B R , ............................ i I W, W S Iy /

2.2*10"

lII_I._I_lJ.l

2.0"10"

ll!l.ll]l]l!ll
*

1.8*1 OH..E S D L e e e e e T e e e , itesebarssekanEy "

: 4l
1.8‘10”—:---- ‘ ____________________ A T L S SR ’.(., ..............................

b3

Ll

Calculated Density (cm'3)

1 _0-10”_: e UORE R e e B e T e P I e B v P TR e s Y s
» : ;

3.0'10'0—‘: ........... SRR AR NI e fannsan W.‘. ............... . \ ................................. . ............................... %

6.0.1 0!0 v R N Sl e

4.0"10"

20-1019__',00" SRR AR AN YA Vel s e s mam AP L r e pmm A an b ey A Pk eyt A e AR BT Rt v i 1 A D Rk e ey bbb e

lllllllll

0.0%10° F—vr—v—v—r—tf—r—v——r—f—————f—— v
500 1000 1500 2000 250¢C

Forward Power (W)

o

e T T e e S L M R e e e e e e T R T e e T e T L S T T Ty iy

- Figure 3-21. .Small Co-directional Pairs. Density vs Distance out from Source
17 mTorr Argon. OA Top, -1A Bottom, One Permanent Magnet. 1200 W.
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coil, and one 20 G permanent magnetic field plate installed. The scan of density

versus Z position in Figure 3-21 was made along a center line out from the
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source, where the density was not a maximum. This antenna set clearly pro-
duced plasma over a substantial fraction of the source length (although not
uniformly, as was shown in Figure 3-17). The next section describes the same

antenna set, with current senses changed.

3.1.4 Four Small Loops. Two Loops on the Top, and Two on the Bottom of
the Source. All Four Loops in Parallel, Opposite Current Senses

Figure 3-22 contains a plot of measured density versus power for this antenna
configuration. The same mode changes that were observed with the previous
co-directional set are observed here. Given that these two cases have such

similar geometries, it is not surprising that the behaviors are similar. However,
the density scan along the source shown in Figure 3-23 shows a more marked

separation of the regions excited by each of the antenna pairs. The separation

Figure 3-22. Small Anti-directional Pairs. Density vs Forward Power
17.5 mTorr Argon. 5A Top, -3A Bottom, No Permanent Magnets.
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Figure 3-23. Small Anti-directional Pairs. Density vs Distance Along Source
17 mTorr Argon. 5A Top, -3A Bottom, Both Permanent Magnets. 1200 W
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. Figure 3-24. Small Anti-directional Pairs. Density vs Distance out from Source
17 mTorr Argon. 5A Top, -3A Bottom, Both Permanent Magnets. 1200 W
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may be caused by the effect of having two co-directional current loops in close

proximity to one another, as was mentioned in the previous section. The “virtual
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loop” formed by the opposing current segments of the pairs in close proximity
couples enough power into the gas underneath to cause a significant smoothing
effect. This effect is apparent in the density differences at 0 cm seen between
Figures 3-23 and 3-17. Note that the peak density for this case was substantiaily
higher than for previous cases, and that the profile in the Z direction remained
close to linear (Figure 3-24). The reason for the increased density remains

unclear.

3.1.5 Two Small Current Pairs in Series. Same Current Sense.

Both of the previous antenna sets exhibited imbalances in the plasma density
underneath the separated antenna pairs. Both sets were being driven in parallel,
hence the current carried in one set could bé quite different from that carried in
the other. Different currents could arise from different antenna distance from the
plasma, or slightly different loop areas. In an effort to address this problem, two
of the parallel connections were changed to series. The loop pairs on either end
of the source were connected in series with each other by joining them at the

back of the source, as is shown in arrangement 5A in Figure 3-3.

Signs of hot spots in the tuning box led to a redesign of the box and its copper
components. Ideally, all components of the tuning box, power connections and
antennas should be free of any resistance. Unfortunately, there are always small
resistances in the materials (copper) which make up the components, and in
particular, in the connections made between components. Even small resis-
tances from slightly oxidized parts become power sinks in the presence of the
large circulating currents found in the tuning circuit. A major refit of all of the

components was performed at this time, with a substantial improvement in power
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Figure 3-25. Small Pairs in Series (A). Density vs Position along Source
50 mTorr Argon. 5A Top, -1A Bottom, No Permanent Magnets. 1500 W
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coupling and a reduction of heat dissipation in the tuning box. Connections
between the tuning capacitors were replaced, with particular attention being
given to making current paths shorter and wider. Contacts between capacitor
and conducting elements were changed from single-screw type connections to
large-area plates with multiple bolt attachments. Figure 3-25 illustrates the
marked improvement in source performance after the refit. Plasmas at 50 mTorr

prior to the refit were approximately one-half as dense.

Densities of up to 8 x 10" cm were observed with this set, which made it the
most promising of the set. Coupling to the plasma was still nonuniform, as is
evidenced in Figure 3-25. The strong central peak indicates that the center

anti-parallel segments of the antenna set did contribute to excitation in the
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plasma, in a manner similar to Figure 3-17. Because this configuration produced
more dense plasmas, a further modification (shown in Figure 3-3 [5B]) was made
by making the series connection between the antenna pairs part of the antenna
itself. Version 5B gave the most dense plasma over the largest area, and led to
the antenna choice used for the rest of the project. It will be discussed in detail

in subsequent sections.

3.2 THE SERPENTINE ANTENNA AND OTHER SOURCE CONFIGURATIONS
The small looped antennas driven in series showed considerable promise for use
in the large area tool. Plasma was generated over the entire source length, and
each antenna pair appeared to be able to induce a mode change (albeit, rather
independently of each other). Using what was known about the fundamental
mode structure‘of the source, and the small antenna experiments, a new
antenna was proposed. The antenna was made of individual semicircles

designed to excite the fundamental modes in X and Y. The series of semicircles

Figure 3-26. Serpentine Antenna on Source
Top View

Diffusion Region

Source







joined together were dubbed “the serpentine antenna”. Figure 3-26 shows a
schematic of the serpentine antenna as it appeared mounted on the source. The
antenna was constructed of 1 cm wide copper strap formed into 8 cm radius
loops. Experiments were performed with a serpentine installed on the top and
the bottom of the source. A typical plot of density variation versus position along
the source powered with this antenna is shown in Figure 3-27. Note that the
density profile is quite uniform over 33 cm. That is not to imply that the desired
large area uniformity was present, as the density again dropped off considerably
as the probe was moved out from the source (Figure 3-28). If this device were
going to be used in a manufacturing environment in its present configuration,
clearly the wafer could not be processed parallel to the Z axis. A wafer could,

however, be processed perpendicular to the Z axis because the density variation

Figure 3-27. Serpentine Antenna. Density versus Position along the Source
7.05 mTorr Argon. 5 A Top Coil, -1.5 A Bottom Coil. 2000 W
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3-28. Serpentine Antenna. Density versus Distance out from Source
7.05 mTorr Argon. 5 A Top Coil, -1.5 A Bottom Coil. 2000 W
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Figure 3-29. Serpentine Antenna. Density versus Height
7.05 mTorr Argon. 5 A Top Coil, -1.5 A Bottom Coil. 2000 W
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with height in the chamber is minimal (see Figure 3-29). The serpentine

antenna was used throughout the rest of the linear tool characterization.
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In the following set of experiments, the scans with the serpentine antennas
located on the top and bottom of the source in 3-27, 3-28, and 3-29 were used

as a base line, and measurements were made in the following 4 arrangements:

1. glass dielectrics on the top and bottom, but only the top antenna

segment installed,

2. top antenna segment installed, bottom glass dielectric replaced

with an aluminum plate,

3. an all ceramic source (one and two antenna segment experi-

ments repeated), and

4. using a source with a moveable aluminum back wall to change

the aspect ratio. Three wall positions were used.

The remarkable feature of each of the new arrangements was the similarity they
had to the original profiles. The material composition of the source and the par-
allel wave number (which is limited by the position of the back wall) seemed to
have very little to do with the source performance, at least in terms of density
profiles. Individual results for all four of the experiments will not be exhaustively
reproduced here, but rather a sample of five different profiles is presented to
show the similarities. Figure 3-30 shows the variation of density with position
along the source powered by a single-sided serpentine antenna, with a dielectric

in place on the bottom. The very similar plot shown in Figure 3-31 is the same







antenna configuration, with the bottom dielectric replaced by the conducting
aluminum plate. Finally, Figure 3-32 shows the same general behavior for the all
ceramic source (except for a small increase in density, which may be attributed
to the use of antenna segments on both the top and bottom of the source). All of

the scans along the chamber length were taken at a distance of 5 cm out from

the mouth of the source, as before.

The density profile as a function of distance out from the source was not effected
by whether the source was composed of dielectric or conducting material, but
had a slight dependence on whether the source was powered by an antenna pair
(top and bottom), or a single-sided antenna. Density profiles in Z for single-sided
sets in Figure 3-28 tended not to be as flat as when powered with an antenna
pair. Rather, the profile appeared to have an inverse dependence on distance

out from the source as is evidenced in Figure 3-33. Note that the probe used in

Figure 3-30. 'Single Serpentine Antenna. Density versus Distance
away from Center. 7.12 mTorr Argon. 5 A Top Coil, -1.5 A Bottom Coil.
2000 W, Glass Source Bottom
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Figure 3-31. Single Serpentine Antenna. Density versus Distance
away from Center. 7.12 mTorr Argon. 5 A Top Coil, -1.5 A Bottom Coil.
2000 W, Aluminum Source Bottom
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Figure 3-32. Double Serpentine Antenna. Density versus Distance
away from Center. 7 mTorr Argon. 5 A Top Coil, -1.5 A Bottom Caoil.
2000 W, All Ceramic Source

450E+11
A00E+11 o ™
AS0E+11 4 =

3.00E+11 4 » -

2.50E+11 4 o »

Density (em-3)

2.00E+11 + - -

150E+11 +

1.00E+11 +

S5.00E+10 +

0.00E +00

l l l |

-40 -30 -20 -10 20 30 40

0 10
Distance from Cenler (cm)

m

previous measurements of saturation current has been replaced with a longer

probe, with an inductive filter constructed into the tip (whose purpose will
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become apparent in the next chapter). Although it was able to extend into the
source (hence the negative positions in Figure 3-33), it was not able to cover the
same distance in the diffusion chamber. Whether the inverse distance depen-
dence of the density is important is unclear at this time, particuiarly given that
profile will look different if this source (or antenna) is ever used in a cylindrical

ring source.

For the two source experiments, the diffusion chamber was replaced by a
chamber which could have sources mounted on both sides, diametrically
opposed to each other. That is, it could be configured with one source facing
another source mounted on the opposite side. The second source was fitted

- with a moveable back wall, designed to examine aspect ratio effects. Shown in
Figure 3-34 are density profiles as a function of Z position for three different

aspect ratios. Scans were made with the source 12 cm, 8 cm, and 6 cm (recall

Figure 3-33. Single Serpentine Antenna. Density versus Distance
out from Source. 7.12 mTorr Argon. 5 A Top Coil, -1.5 A Bottom Coil.
2000 W, Glass Source Bottom
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Figure 3-34. Aspect Ratio Changes. Density versus Distance
out from Source. 10 mTorr Argon. 4.2 A Top Coil, -1.4 A Bottom Caoil.
1500 W
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that the original source depth was 8cm). As is apparent, the profile in the

chamber is little effected.

The idea for adding a second source on the opposite side of the machine arose
from the observation of a linear decrease in density with increasing Z observed
in Figures 3-15, 3-21, 3-24, and 3-28. |f two sources could operate opposite
each other, and produce this same flat behavior, the addition of the individual
profiles of the two sources should be a flat density profile in Z. Figure 3-35 illus-
trates the profile that would be obtained if the radial profile from Figure 3-15 is
used for each source. A flat profile in both Z and X would certainly make this
source attractive as a processing tool. The prediction of a linear profile hinges
on two assumptions: (1) the sources do not influence each other, and (2) the

power coupled into the plasma is balanced between each of the sources.
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Figure 3-35. Ideal Two Source Behavior. Density versus Z Position
10 mTorr Argon. -4 A Top Coil, 5 A Bottom Coil.
2200 W Each Source
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Unfortunately, there was only a brief period of time during which to observe the
behavior of the dual source configuration, and many important questions remain
unanswered. Power was first divided between the two sources via a series of
feeders from a central tuning box. Previous experience about locating the tuning
box as close to the antenna as possible was set aside in favor of trying the most
economical route. If only one rf generator were used, the machine would cost
much less, and there would be easy phase control between sources. However,
the use of only one generator necessitates the use of long power feeders from
the tuning box to the chamber. The antenna current was so low using the long
feeders that a dense plasma was never generated. Most of the power was
resistively dissipated or radiated in the long feeders before ever reaching the

antenna.
Hence, the machine was reconfigured with two separate matchboxes, and two
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Figure 3-36. Actual Two Source Behavior. Density versus Z Position
10 mTorr Argon. 4.2 A Top Coil, -1.4 A Bottom Coil.
1.5 KW Each Source
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RF power supplies, which were not phase referenced. Only a couple of profile
scans were done, with little to no optimization. Although remarkable densities
were not achieved, the question of source interaction was addressed. A plot of
the density profiles for each source operating independently, as well as together
is contained in Figure 3-36. Each source was configured with top and bottom
serpentines for a total of four antenna segments. Included in the plot is the
addition of the two scans with the sources operating independently. If the
sources were operating independently, then the density profile with both sources
powered should look similar to sum of the individual profiles. It does, and inde-

pendent operation was confirmed.
In retrospect, any worries that waves launched from one source would interact
with the other source in cusp geometry were unfounded. A helicon wave can not

propagate from a region of higher magnetic field through a region where the
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absolute value of the field strength drops to 5 Gauss, because this point corre-
sponds to the electron cyclotron resonance frequency of 13.56 MHz. Wave
energy would be completely absorbed before this region by electrons spiralling
around field lines. Measurements presented in the next chapter vividly iliustrate
the wave absorption. Waves generated in one source had no way of ever

reaching the other source.

3.2.1 Pressure Effects

Figure 3-37 shows the dependence on pressure of the density as calculated from
the ion saturation current at two different points in the chamber. the chamber
was configured with a single source, which was fitted with a serpentine segment
on the top and bottom. The higher densities are measured 5 cm outside the
source. The second measurement point is 15 cm out from the source, in the

center of the chamber. The density was a maximum at a somewhat higher

Figure 3-37. Calculated Density versus Pressure
4.2 A Top Coil, -1.4 A Bottom Coil. 1.5 KW
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pressure (45 mTorr) just outside the source, and at ~ mTorr in the center of the
chamber. This behavior is typical of source-diffusion chamber interaction, and is

largely due to increasing collisional effects at higher pressures.

3.3 SUMMARY OF ANTENNA EXPERIMENTS
The purpose of these experiments was to determine the best antenna configura-
tion for powering an extended source. A significant number of experiments
requiring substantial modification of the source and antenna components of the
new extended machine were performed in the space of a single year. The linear
source demonstrated an ability to produce relatively dense plasmas over an
extended length. Even so, the densities obtained up until this point were a factor
| of 5 lésé thah tlhat regularly achieved in argon in cylindrical helicon machines.
Mode changes 'had been observed in the source, but it was not possible to
determine if the antenna was coupling to a helicon mode, or even exciting a
helicon wave in the plasma. Source material effects were investigated fairly
completely, with the conclusion that the materials that make up the source have
relatively little effect on the densities achievable. Antenna shape, and power

connections play more important roles in how well power is coupled into the

plasma.

The linear source, with the serpentine antenna, was shown to be able to produce
plasma along its entire length, but very little was known about how it was pro-
duced. A fuller understanding of source behavior was needed, with the eventual
goal to improve the applicability of the source for manufacturing processes. In
order to better achieve this goal, emphasis was turned toward the development

of appropriate diagnostics to probe the operation characteristics of the new
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source. In particular, Langmuir and B-dot probes were constructed, and the role
of the static magnetic field reexamined. Problems that needed to be addressed

could be summarized as follows:

1. plasma produced in the source does not seem to diffuse into the

chamber, and

2. whether the high density mode(s) of the source were inductive
or helicon was not known. A way to distinguish between the two

was needed.

- With these two problems in mind, efforts were focused on bu'ild'ing some new

probes.
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4. MEASUREMENTS IN CUSP FIELD GEOMETRY

The goal of the helicon source project was to develop a source that could pro-
cess large areas. Scaling a traditional source, like the Boswell source, would
make the pumping requirements prohibitive or substantially reduce throughput.
The pumping volume of a conventional source would scale with the 3/2 power of
the desired processing area. The ring source, and, to a lesser extent, the linear
source, could be enlarged by scaling with the desired processing area. Further,
both the linear and ring sources could be scaled up without changing the actual
source geometry. The dispersion relation would be the same in a large machine,
as in a small machine, as long as the c-sections had the same cross-sections. In
order to explore the viability of the extended source to create large areas of uni-

- form plasmas, the source was configured td ope'rate in two distinct magnetic field
configurations. This chapter focuses on the extended source as it might be
applied in a ring source. Therefore, measurements of plasma characteristics
and wave structure were performed on the linear tool with a cusp static magnetic
field geometry. The cusp field is the most likely geometry to be used in a ring

source.

With focus of experiments on the new source moving from source design to
source optimization, there was a recognized need for better diagnostics. There-
fore, discussion of the operation of the chamber with cusp field geometry starts
with a discussion of the probes used to characterize its behavior. The Langmuir
probes used for density profile information were only being used as saturation
current diagnostics. Density calculations from those probe traces involved two
assumptions: (1) electron energy distributions in the plasma can be described

by a 3 eV Maxwellian, and (2) the saturation current measured at a high negative







bias was the Bohm current (from which the density could be inferred). Neither of
these assumptions results in a gross error, but they ignore non-thermal distribu-
tions expected in the source region of high density plasmas (Sheriden, et al.'s).
In addition, properly analyzed Langmuir probe traces provide valuable informa-
tion about floating potential and plasma potential, as well as energy distribution
functions and density. Hence, improved Langmuir probe measurement and

analysis were given high priority.

Also of considerable interest was the choice of antenna for use in powering the
source. An extensive array of designs had already been evaluated. Although a
serpentine antenna pair produced a uniform plasma along the length of the
source, it was still unclear at this point whether the antenna was exciting helicon
waves in the discharge. In order to better evaluate antenna performance, and to
determine whether helicon waves existed in the plasma, development of B-dot
probes was imperative to measure time-dependent magnetic field in the plasma.
A single-loop antenna pair (located on the top and bottom of the source) was
installed to provide a simple benchmark for detaiied study of the serpentine

antenna developed in the last chapter.

The final element in the diagnostics focus was the measurement of the static
field configuration in the existing chamber. A system for calculating field strength
and geometry had been developed before experimental work began, but actual
measurements with the magnetic field coiis on the chamber had not been done.
Since the magnetic field has a direct relationship to helicon wave propagation,

measurements with a Hall effect probe were made.
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If all of the above diagnostics tools could be implemented on the linear source, a
better understanding of the operation of the extended helicon source would be

achieved. Specifically, the following issues could be addressed:

1. measured static magnetic field, wavelength, and density would provide
immediate comparison to the relevant theoretical predictions for a

helicon-excited source,

2. electron energy distribution and wavelength measurements could help
explain the source excitation mechanism, and the power deposition pat-

tern in the chamber,

3. B-dot probe measurements in the center of the source directly mea-
sure the field driven into the plasma by the antenna and better determine

optimal antenna shape, and

4. Langmuir probe traces provide information about plasma potential,
floating potential and electron energy distribution. All of these parameters

directly effect etching or deposition characteristics of a plasma tool.

An understanding of the physical processes occurring in the chamber would

provide ways to improve the applicability of the new source to industrial pro-

cesses.

4.1 LANGMUIR PROBE DEVELOPMENT
Rather than immediately disassemble the probes already in place on the

machine, a preliminary set of current versus bias voltage traces were taken, and
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Figure 4-1. Preliminary Electron ;]
Energy Measurements

={: 1.8 eV 3.5eV

the resulting curves analyzed to obtain a rough estimate of electron energy. Any
measurements taken with these probes are only regarded as approximate, as
the large body of data on probe measurements in magnetized plasmas was
being neglected. The experiments were performed merely to get a rough idea of
how careful subsequent measurements needed to be. Electron populations
were assumed to be Maxwellian, and the results are shown in Figure 4-1. These
results indicated that there appeared to be a significantly cooler electron popula-

tion in the diffusion region than in the source.

A review of the theory of probes in rf plasmas was performed to determine what
features were desirable to have in a Langmuir probe. At their simplest, Langmuir

probes are wires immersed in a volume of charged particles, and the flux to such

a wire is given by

F:Zjnjffffj(v) wdv  (22)

where T is the total flux, n, is the density of the j* charged species, f;is the veloc-
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ity distribution function for the j" species, and v, is the velocity normal to the
probe surface. The integral is over all of the allowed velocities in 3-D space.
One can treat the electron population as bi-Maxwellian, and simulate the
expected I(V) current to the probe as a function of the applied voltage. f(v) is

modeled as

Me

f(v) = (1-a) (—-——

E _meV'2
A KpTer | o T | | %5l (23)
2A1K T,

S0

where a is the ratio of electrons with a higher temperature, T,,, to the total popu-
lation. Kj is the Boltzman constant. When the probe is biased at V<V, the
plasma potential, then only electrons with sufficient energy to overcome the
sheath potential between the probe and plasma will be collected. That is, only
electrons that satisfy 1/2 m.v2 > q,(V,-V) will contribute to the probe current.
Substituting f(v) into the expression for I',, and integrating over the collecting

range, the following solution is obtained

4 A
1 1
= el ¥V —=¥p) s e ¥F-VFp)
ne| (1-a) Lple e Kplet +q K5ler 2.e KpTe f
e e e orV < Vp
p=f 2 ’
3 1 5]
KpTe1 ¥ (KpTy Y
1_
ne| (1-a) ( e ] +a e forV>V,
L oY y (24)

72







Figure 4-2. Schematic of First Langmuir Probe
Designed for Full I-V Characteristics
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The first probe built for these measurements is shown schematically in Figure
4-2. The bias supply was a programmable amplifier, which was driven by a small
signal generator at 100 Hz. The differential voltage measurement, which is pro-
portional to the current, made across the resistor is very susceptible to noise and
common mode gain. A custom circuit was designed and built to minimize noise.
The signal was relatively noise free at low sampling frequencies (a limitation of
the programmable amplifier), and had a linear response over more than 4
decades of voltage values. An rf choke, whose self-resonance was at 13.56
MHz, was constructed into the end of the probe to allow the tip to follow any
oscillations present in the plasma and to obtain only the DC component of the
probe signal. The oscilloscope used had only 8 bit resolution, and some of the
important features of helicon sources that were hoped to be observed were con-
tained in only the first few digitization levels. Therefore, a set of two traces for
each condition was taken in rapid succession. The first scan was performed at a
gain low enough to obtain the entire trace. The other was taken at 10-100 times
the gain to resolve the finer features of the trace. The lower resolution portions
of the whole trace were given no weight when combining the two traces, prefer-
ence being given to the high resolution trace. If the originai trace is mapped into
256 levels, and a second trace at the same resolution is taken over the region
comprising four of those levels, then the spacing between digitization points in

that section of the trace is equivalent to the spacing of the entire trace mapped
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onto 16384 levels. This is equivalent to 14 bits. Conservatively, the estimated

virtual resolution of the combined traces is 12 bits.

There are presently two widely accepted techniques used to analyze |-V traces.
The method used by Godyak et al.?72® starts by taking the second derivative of
the |-V trace, which removes any 0 and 1% order probe effects (and ideally
removes any ion current effects). The resulting curve crosses 0 at the plasma
potential, and the rest of the curve represents the velocity distribution function
around the plasma potential. Further, the integral of this curve from very low
bias voltage to the plasma potential enables one to calculate a corresponding
electron density. A sample velocity distribution function is presented in Figure
4-3. Unfortunately, numeric differentiation has a tendency to magnify any noise
present in the tabulated function. This effect becomes particularly troublesome
when the derivative changes substantially over the space of a few data points.
In order to minimize problems with differentiation, many data points were gath-
ered over the voltage sweep, such that changes in the trace from one voltage

point to another are gradual. Further efforts to minimize effects of noise during

Figure 4-3. Sample Velocity Distribution. Plasma
Potential = 19.5 V, Maxwellian Temperature = 2.7 eV
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data gathering and analysis include the use of multiple averages of the |-V
sweeps at a given position and use of a moving polynomial window technique to
obtain the derivative and second derivative. Still, there is room for systematic
error to creep in, and a discussion of some possible sources of that error and
their effects on measured plasma parameters is included with discussions of the

actual measurements.

Sheriden, et al.’s use a second way of looking at |-V characteristics which is
widely accepted, but is perhaps a bit more prone to systematic errors than the

previous method. Analysis of this type generally proceeds as foliows:

1. be certain that the negative bias portion of the |-V trace sweeps
to a sufficiently low value such that electron current is a negligible

fraction of the collected current,

2. fit a straight line to the lowest bias portion of the characteristic,
and subtract that current off. The resulting trace should closely
resemble what would have been gathered had the probe only been

able to gather electrons, and

3. examine the remaining trace to decide how best to describe the
gathered electron current. In low pressure magnetized plasmas,

single- and dual- temperature Maxwellian models are commonly

used.!5<%%

A rough indicator for the credibility of an |-V trace is the difference between float-

ing and plasma potentials. Both can be obtained using a simple analysis of the
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trace. The floating potential is the point at which the average ion and electron
currents balance, i.e. where the net current is zero. The plasma potential is the
point at which d/dv is @ maximum. For the purposes of this rough indicator, the
electron energy distribution is considered to be Maxwellian while ions are cold.
lon and electron densities are the same. lons entering the sheath region at the

edge of a plasma have the Bohm velocity of

4 )
R (25)

where m; is the ion mass. Therefore, the total flux of ions to the probe is given by

['=nug, where n; is the ion density. The electron current to a wall is given by?2

Vs
1 gqeﬂ T 26
re—zne( l'Ime )e ( )

where V; is the sheath potential, n, is the electron density, and m, is the electron
mass. Since integrated ion flux must balance the integrated electron flux for any

surface, the average Vs can be obtained by setting I'=I",. Doing so reveals the

following relation

L 27
85 5 ot o, (27)
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For argon, V.=4.7 T, with T, in eV. But the sheath potential V, is the difference
between the plasma potential V, and the ground reference V,. Measurements at
7 mTorr of argon give T.=2.2eV, V,=9.95V, and V=-0.65V. Hence, V; calculated
from equation 27 yields 10.34V, which is close to V,-V=10.6V. If the measured
value of V-V, differed substantially from 4.7 Te then the simple theory could not

be used and the effects of rf and magnetic field would have to be considered.

Systematic error in the analysis can be introduced in step 2, when the fitted ion
current is subtracted from the original trace. If the ion current is linear with probe
bias in this region, there is no problem. If, however, there are some second
order effects, then those would remain buried in the electron current. This same
problem is found in the afore mentioned 2™ derivative technique as well, and is
usually so small that it can be ignored. A more complete analysis will be

included in Chapter 5, where EEDF’s are obtained.

There are two other sources of error which should be mentioned, and they are
effects of rf ripples in the plasma, and magnetic field. Rf ripples of -1V peak to
peak have been measured in helicon reactors®!. Therefore, the actual current to
a probe at some set bias Vbias is the average of the currents to the probe as the
plasma potential fluctuates with respect to the probe. That is | cacues=<[Viias +

Vie(t)]>. Cui et al.®2 have shown that when

2K pTe

ripple < e (28)
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which is the case here, rf effects can be ignored when treating the electron
energy distribution as Maxwellian or bi-Maxwellian. A simulation of rf effects is

included in the discussion of EEDF measurements in Chapter 5.

The presence of a static magnetic field presents one other complication to the
-V measurements in the extended source, as has been shown in the general
treatment above. The effect of the magnetic field on derived properties of the
plasma are twofold®: (1) depression of V,,, and (2) a change in V, along the
magnetic field lines impinging on the probe surface. Both of these effects
present problems for large Langmuir probes®, since the probe gathers a signifi-
cant population of electrons. Field effects can be minimized by using probe tips
smaller that the electron mean free path (-3 cm). The use of small tips and
proper rf compensation has the further advantage of minimizing the perturbing

effects of Langmuir probe measurements®.

An interactive computer code was written to perform Langmuir probe analysis on
a variety of traces. A computer disk containing the source code and executables
(for OS/2) is included as an appendix to this work. The code is interactive to
allow analysis by both of the afere mentioned techniques, and to allow the user
to treat signals with varying degrees of noise, made on a wide variety of
machines. A full discussion of the techniques used in the code would be inap-
propriate here, as the majority of its functions are direct adaptations of code

found in Numerical Recipes in C*. The heart of the code (which does the non-

linear least squares) does deserve some attention, as it represents a significant
departure from the Levenburg-Marquardt routine presented in the book. Non-
linear-least-squares fitting involves minimizing the total deviation of a nonlinear

function of several modifiable variables with a set of empirical data points. In this
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case there are 3 variables given by a1, a2, and a3 in the following formula:

[+ al =)
Fala2ad)=Iy | (1-a2) d *' J+a2el @ (29)

where a1 is the bulk electron temperature in eV, a2 is the ratio of warm to cool
electrons, and a3 is the warm electron temperature in eV. |, is the current
measured at the plasma potential, and F(a1,a2,a3) is a shorted version of the |
current expression for a probe biased below the plasma potential and immersed
in a two temperature plasma. Note that a2 should range from 0 to 1, and that a1
and a3 should always be positive. The standard nonlinear routines have no way
to constrain the fitting parameters, and this particular function changes drastically
for small changes in the adjustable values. Further, one might want to try large
changes in one variable while letting the other variables change only slightly.
Application of unmodified nonlinear least squares techniques often resulted in
singular matrixes, or no convergence, unless the first guess for the fitting
parameters was remarkably accurate. In order to address the problem, the
definition of the fitting variables was changed. Each variable was redefined with

the following transformation:

(30)

. aN - aNm-n
aN = Arcsin

aN max —aNmm J

In the transformed state, all of the fitting parameters were on equal footing, with
each variable constrained to move about the -1 to +1 domain of the sine func-

tion. Desired small changes in one variable were obtained by adjusting the
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maximum and minimum allowed values. Also, the fitting parameter definition
was changed. Any calls to the nonlinear function routine returned the function
value and its derivatives according to the original definition, not the transformed
one. This was remedied by back shifting the fitting parameters to the untrans-
formed state just before the call to evaluate the function. The chain rule was
then used to properly evaluate the derivatives after the values are returned. The
use of this technique had the added advantage that if one value has wandered
close to the limit of its allowed range, changes are made to that value much
more slowly, allowing other fitting parameters to be varied. Convergence using
this transformation typically occurred in less that 1/3 the number of iterations
required in the untransformed state. Further, in conditions where convergence
using the prior definition had been unstable, fitting in the new coordinate space

was stable.

4.2 B-DOT PROBE DEVELOPMENT

The linear source geometry was chosen such that the induction current from the
antenna would excite helicon waves in the chamber, which would propagate
along the static magnetic field lines. A B-dot probe was designed to slide inside
a glass tube inserted from the far wall of the chamber to the back wall of the
source (along the entire Z axis). The circuit is shown in Figure 4-4. The solid
squares are Mini-Circuit’s phase detectors (RPD-1), and the solid triangles are
Mini-Circuit’s power splitters (LRPS-2-1). Considerable care was taken to
ensure proper termination and isolation from any external circuit. The probe was
checked for frequency response, and no appreciable attenuation was found up
to 60 MHz. The 5 small loops slide in the glass tube immersed in the plasma.
Current induced in the loops couples through a small transformer to the external

circuit. The external circuit compares B-dot signal amplitude to a reference rf
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Figure 4-4. Schematic of the 1-D B-Dot Probe
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signal from the power supply. Both amplitude (A) and phase () information are
contained in the two signals, and a simple mathematical transformation can eas-

ily separate them.

Ampzaudeocd( Bcos( ©®)) g ( Bsin( ®)) - (31)

(32)

Phase = A rctan
Bcos( ©®)

Bsin( ©) )
where B is the signal amplitude, and © is the phase of the signal with respect to
the reference rf signal. The amplitude of the trace is not equal to the actual coil
current, but is only proportional to it. The Mini-Circuit's phase detectors output a
signal which is defined by the product of the two signal amplitudes and the
cosine of the phase between them. If the rf reference signal amplitude is known,

then it is a simple matter to obtain the original B-dot signal amplitude from the

output of the measurement circuit.
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A tri-filar transformer winding was used to reduce pickup from electric field oscil-
lations in the plasma. When the probe is immersed in the plasma, not only is
current induced in the wire by changing magnetic flux through the loop, but cur-
rent due to capacitive coupling to small electric field fluctuations is also induced.
Fortunately, it is possible to separate the two effects. Current in the wire arising
from electric field pickup would travel in the same direction in both wires of the
twisted pair, whereas current induced from changing magnetic flux would be
traveling in opposite directions. Winding both leads from the twisted pair in
opposite directions around the ferrite results in a cancellation of the effects of
co-directional currents, and amplifies the anti-directional components by a factor
of 2. Further amplification can be obtained in the third winding of the ferrite, if
desired. Forthe purposes of this experiment, the factor of two ampilification was
sufficient. Another commonly used method of isolating the probe from electric
field effects is to use a piece of shielded coaxial cable for the probe. The ground
sheath of the coax is left nearly intact to shield the inner conductor from electric
field pickup. But a small break in the outer conductor prevents loop currents in
the shield section, such that the inner conductor picks up that signal. This style

B-dot probe was not used in the extended source experiments.

4.3 SOURCE PERFORMANCE IN CUSP FIELD GEOMETRY

One of the intended purposes of the extended source was to excite a ring-fed
cylindrical source for processing disk substrates. Helicon waves propagate
along magnetic field lines, and so any helicon source must be designed with the
lines of force parallel to the intended direction of propagation. In the ring source,

the ideal field line orientation would resemble the spokes in a bicycle wheel.

Such an arrangement is not physically possible, but can be approximated using







a set of two coils forming a magnetic cusp. The cusp could be shaped even
more like spokes by the addition of several concentric magnetic loops on the top
(and mirrored on the bottom), but the simple two-loop arrangement was chosen

for the next set of source experiments in the interests of cost and simplicity.

A method was developed to calculate the static field in the cusp geometry. (A
fully functional code was already developed for the intended cylindrical geometry
by Nelson and Porteous®). Such a code was not available for the linear tool,
and so a simple analytic solution for the field strength along a center line through
a rectangular coil was used. Comparisons between Hall Effect probe measure-
ments and the code are shown in Figure 4-5. There is good agreement between
the predicted and measured values. The code was used to calculate field values

for other coil currents.

Figure 4-5. Static Magnetic Field Strength in the
Z direction versus Z Position
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Figure 4-6. Wave Structure in Cusp Field Geometry
2000 W, 3 mTorr of Argon, 5A Top Caoil, -1 A Bottom Coil
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The B-dot probe was first used to characterize wave structure with the static
magnetic field in this cusp arrangement (unchanged from the previous configu-
ration). Amplitude and phase measurements from the B-dot probe provided

information about wave structure as well as antenna performance.

Figure 4-6 shows the typical variation in wave structure as a function of position
in the chamber. The source extends from 0 cm to 10 cm on the plot, with the
rest of the chamber filling the remaining 10 to 46.5 cm distance. Note that
although there is extensive penetration by the antenna magnetic field in the
source (which excites the plasma), just 10 cm outside the source all -B excitation
is absorbed, and no excitation extends into the rest of the chamber. This behav-
ior appears odd until it is compared to the static field strength as a function of
position shown in Figure 4-5, where it is evident that the magnetic field drops to
the electron cyclotron resonance (ECR) point at the same position. In a cold
plasma, a RHCP wave cannot propagate past the ECR point (where the phase
velocity goes to 0)%. Notice also that the phase of the antenna perturbation

changes sign at 8.0 cm. This point is right between a curve of the top serpentine
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Figure 4-7. Theoretical Dispersion Surface for
Helicon Waves in Infinite Geometry, Expressed in
More Physical Terms of B, Density, and Wavelength
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that passes closest to the chamber wall, which is mirrored by the bottom serpen-
tine segment. This point forms a node, on either side of which the excited field
changes sign. The lowest order mode that would have a node at 8 cm and at
the back conducting wall of the source is a 16 cm wave. This is the first indica-
tion that the antenna in use could be launching helicon waves. Since the
wavelength excited, magnetic field present, and the plasma density in the source
all fit nicely on the theoretical dispersion surface shown in Figure 4-7, it is likely

that helicon waves are being excited.

Before making a definite assertion that the source is launching a helicon wave,
one should note the following. The magnetic field (and the dispersion relation)
changes markedly over lengths comparable to the wave field of the antenna.
Therefore, the wave structure in this region changes over such a short distance
that the k;, spectrum is severely distorted, and hence wave propagation effected.
It is evident that an increase in the static field strength and a smoother field

geometry could enhance formation of helicon waves in the source, enabling
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Figure 4-8. Amplitude of -B Field versus Position and Decreasing
Static Magnetic Field. 3 mTorr of Argon, 2000W
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propagation into the chamber, but a coherent wave structure is probably not

present in the cusp geometry.

The antenna appeared to be performing well. From Figure 4-6, there was sig-
nificant penetration of the antenna magnetic field into the middle of the source.
Whether source characteristics, in particular static field strength, ailowed opti-
mum penetration was still unclear. A variety of antenna shapes were described
in the previous chapter, but wili be addressed here once more. The variation of
the excited fields in the plasma versus static field strength is shown in Figure 4-8.
There was an increase in penetration as the field was increased, which indicates

that higher static fields would enhance antenna coupling.

Phase measurements are not included in Figure 4-8 (for clarity), but are included
in Figure 4-9. The sign change of the phase information of the excited field as it
passes through the source opening always occurs at 8.0 cm (or slightly lower as

the static field is decreased). This sign change is another indication that a B,
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Figure 4-9. Wave Structure versus Position for the 5 Conditions in Figure 4-8.
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wavelength of 16 cm is being excited. This value of 2, lends credence to the
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boundary conditions used in the theoretical treatment in chapter 2.

If a helicon source were only able to excite helicon waves at a particular wave-
length, it would not be very useful. Even with flexible density and magnetic field
characteristics, the source could cause some unwanted instability problems for
an industrial application. Also, the antenna would have to capacitively (or induc-
tively) couple to the plasma until the dispersion characteristics were favorable for
propagation. Mode shifts, where the density changes markedly as the power is
increased smoothly, were observed in prior work on the linear source, as well as
in other sources?. It was thought that a changing k, was responsible for the
mode shifts, but experimental evidence for this proposed mechanism was
scarce. Variation of parallel wavelength as a function of power was investigated
in the extended source, with the results displayed in Figure 4-10. At 100 W, the
B, wavelength is 12.5 cm. The dispersion relation predicts shorter wavelengths
with higher density. As more power is absorbed by the plasma in the source,
higher densities can be found near the source. As the power is increased, the
wavelength decreases; a 6 cm wavelength being observed at 1000 W. The
B-dot probe provided a view of the source that was unavailable in previous

experiments, and provided clues about source deficiencies and solutions.

The new Langmuir probe studies also offered novel insights into plasma charac-
teristics, and proved to be an invaluable too! for furthering understanding of
source behavior. The Langmuir probe analysis software had not yet been
refined enough to use the second derivative technique discussed eatlier, so the
technique of Sheriden et al.’> was followed. To be certain that some electron
current was not accidently subtracted off in the process of removing the ion cur-

rent, the probe voltage with respect to the chamber wall was swept from -100 V,
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Figure 4-10. Changes in wavelength as a function of
power applied
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where it is well into the ion saturation region, to above the plasma potential. All
of the current contribution comes from electrons at the most positive bias. A
sample current versus bias voltage trace is shown in Figure 4-11. Figure 4-12

contains a semi-log plot of the trace after the ion current has been removed,
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which should represent the electron current from the trace in Figure 4-11. Par-

ticulariy exciting was the apparent presence of a significant population of

electrons warmer than the bulk temperature. There are two distinct regions of

linear variation, indicative of two distinct populations of electrons. It is not suffi-

cient simply to apply a linear fit to the cool electron region, and hope the small
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fraction of warm electrons have little effect. Rather, the presence of only 1%
supra-thermal electrons at 18 eV can elevate the apparent temperature predicted
by a single Maxwellian fit by as much as 25%. A Bi-maxwellian fit was imple-
mented for our purposes, using the modified Levenberg-Marquardt3®
least-squares optimization technique discussed earlier. In Figure 4-12, warm
electrons contribute 1.6% of the electron current with an energy of 17.8 eV. Bulk
electrons have 2.03 eV. The floating and plasma potentials are 0.1 V and 10V,
respedtively. Using the above values for the electron energy distribution, and the
extrapolated ion current at the plasma potential, the ion density is 2x10'2 cm=3. A
plot of the Bi-maxwellian fit is also shown as the solid line in Figure 4-12; it
agrees remarkably well with the measured data over the fitting region from -35 V

to8 V.

The presence of supra-thermal electrons at these ratios increases the electron
population with sufficient energy to ionize argon by a factor of 10. Further inves-
tigation of electron energy distributions, including discussions of possible

sources of error, are included in the next chapter.

After the B-dot and Langmuir probes were completed, one more antenna
experiment was performed. Recall that the small antenna pair was used to
excite the plasma throughout this initial characterization segment. It was used in
the early stages of this phase because its antenna field structure was less com-
plicated than the serpentine antenna used at the end of the source development
period. However, the small antenna could only excite plasma in a small portion
of the source; hence, it was not an appropriate choice for the distributed source.

The serpentine antenna does excite a plasma in the entire volume, but whether
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Figure 4-13. Plasma Density versus Position for Serpentine and
Small Antenna Pairs. 2000 W, 3 mTorr Argon, Cusp Field
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or not it performed better than the small antenna was still unclear. A comparison

of the two antennas was done.

Figure 4-13 is a plot of ion density in the chamber (on a line in the Z direction out
from the source) for the two antenna sets under identical conditions. It is clear
that the serpentine antenna performs better than the small antenna even on a
line through the center of the chamber, where the small antenna performs best.
Because serpentine also fills the entire source length, as was shown in chapter

3, it was selected for use in the remainder of the experiments.

Measurements in cusp geometry revealed some unfortunate problems for the
cylindrical ring scurce. Density drops from the source to the chamber are a
direct result of the cusp geometry, which cools the plasma as it diverges, and
prevents helicon waves from propagating out into the chamber. A ring source
might be able to overcome these problems by exciting the plasma uniformly over

the entire periphery, but that will require more development on an actual ring

92







tool. A different approach to solving uniformity problems was chosen for the lin-

ear tool. The prior results indicated that the helicon waves could not travel into
the diffusion region in cusp field geometry. So, letting the data guide the design
efforts, it was proposed that a new set of field coils be made that would provide
parallel field lines throughout the chamber. Field shape could be varied as a
function of position to adjust for any nonuniformities. The results of that series of

experiments is the focus of the next chapter.
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5. MEASUREMENTS IN PARALLEL FIELD GEOMETRY

A static magnetic field along the Z direction is required for helicon waves to
propagate. The cusp field provided for experiments in the last chapter was
shown to be rather inappropriate for the slab source, even though it is probably
the appropriate static field for a cylindrical ring source. Knowing the limitations
the cusp geometry places on diffusion into the slab chamber, a change in the
magnétic field configuration was proposed to explore the potential of the existing
slab tool. The simplicity of the slab geometry made that source attractive from a
manufacturability point of view. Measurements presented in this chapter were

performed on the slab source configured with a new set of field coils.

Figure 5-1. Cross Section View
of New Magnetic Field Geometry
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Figure 5-2. Sample Magnetic Field Configurations for New Coils
(calculated)
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Rather than choosing a design which might not be optimum for use in a process-

ing environment, a flexible set of 4 solenoid coils was designed and implemented
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as shown in Figure 5-1. The existing coils (coils 2 and 3 in the figure) were
reoriented vertically, and two larger (600 turn) coils were added around the
source and at the back wall. The best results were obtained in subsequent
experiments by using the magnetic "mirror" and "beach" configurations. Figure
5-2 shows the value of the magnetic field in the Z direction for several operating
modes. Note in 5-2(C) that the new coil set could be used to emulate the cusp
geometry used in previous experiments. Figure 5-2(A) and 5-2(B) will be sub-

sequently referred to as the "mirror" and "beach" arrangements.

Removing the cusp in the center of the chamber removed the ECR cutoff point
and dramatically improved the performance of linear source. Figure 5-3 shows
the Z component of the wave structure as a function of Z position in the new
beach arrangement. Waves now appear throughout the chamber. Notice that
the amplitude trace doesn't quite fall to 0 anywhere in the chamber. This behav-
ior is indicative of a structure that has some travelling wave component and
some standing wave component. The wavelength again appears to be consis-
tent with helicon wave dispersion surface. Transitions between the top and
bottom of the phase plot are null transitions, because -Pi is the same phase as
+Pi. The fairly constant slope of the phase plot indicates traveling wave struc-
ture. Optimum densities at low pressures were obtained using the beach
arrangement, but the mirror arrangement was optimal for higher pressures.
Density measurements at 3 and 7 mTorr in the beach configuration, and at 20
mTorr in the mirror arrangement are shown in Figure 5-4. Recall that in cusp
geometry, density always dropped as a function of distance out of the source.
That behavior is no longer present. Instead, there is little variation in density as
a function of position for the 7 and 20 mTorr cases, and an increase in density

with distance for the 3 mTorr case. The antenna appears to be coupling more
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Figure 5-3. Wave Structure with New Field Coils (Beach Configuration)
2000 W, 3 mTorr of Argon.
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power into the bulk of the chamber, rather than losing most of it in the source.

As a result, density is noticeable higher everywhere in the chamber.

Another of the performance criteria for the linear source was its ability to gener-
ate a dense plasma uniformly over the length of an extended source.
Measurements of density versus X-position are shown in Figure 5-5. Measure-
ments were made at a 5 cm distance outside the source at the left edge of the

antenna (0 cm), the middle of the antenna (15 cm), and at the right side of the

Figure 5-4. Density vs Position (New Field)
2000 W, Argon.
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Figure 5-5. Density vs Position along Source
(X dimension) 3 mTorr of Argon, 2000W
Beach Field.
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antenna (30 cm). The plasma is + 15% uniform over a 30 cm distance, but
there is a troubling trend toward higher densities as the probe moves toward the
right of the antenna. Trends of this type could be caused by irregularities in the
antenna shape.' Perhaps one loop or side of the antenna was closer to the
source than the other, resulting in better coupling. If this were the cause, then
there should be some evidence of it in the B-dot probe measurements. A sub-
sequent reQiew of B-dot probe measurements taken across the source reveals
the nonuniform coupling of the antenna, and appears to indicate a faulty loop.
Figure 5-6 shows the amplitude and phase values of the excitation field just out-
side the source. The scan starts at the left side of the antenna (0 cm), moves
past the first loop at 9 cm, the second loop at 18 cm, and so on. There is an
amplitude peak at 3 cm corresponding to the side of the first loop closest to the
chamber, a sign change at 5 cm (apparent in the Pi phase shift), and another
peak associated with the segment of the first loop closest to the back wall. The
pattern repeats for the second loop up to 18 cm. But the back edge of the third
loop results in a much higher peak than the two previous loops, which results in

a density profile that shifts toward the right side of the source. The solution to
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Figure 5-6. Wave Structure across Source
3 mTorr of Argon, 2000 W, Mirror Field.
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this nonuniformity probably lies in the careful machining of an antenna to more
exact dimensions than the hand-bent model built for this experiment. Further
experiments revealed that the effect changed with pressure, which indicated this
problem was slightly more complex than was first thought. Another remarkable
feature about the plot shown in Figure 5-6 is the contribution of individual seg-
rﬁents of the anfenna. Wave excitation from each segment is visible
downstream, with seemingly very little cross-field contribution. Each component

appears to launch waves independent of the other elements.

A very brief measurement of density in an electronegative gas (CF,) was per-
formed. With only a minimal amount of optimization, a density of 2.52 x 10'* cm
was derived from a Langmuir probe trace (3 mTorr of CF,, 2000 W, Center of
Chamber). The total number of ions present in the system must be higher,
because a significant portion of the radicals present are negatively charged
species. Negative species are not collected during the portion of the I-V charac-
teristic when the probe is negatively biased, which is the section of the trace
used to calculate ion density. Accordingly, a more accurate statement is that a

positive ion density of 2.52 x 10'* cm was measured in CF,.
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In a further effort to understand the operation of the slab source, a larger third
chamber was built. It was not felt that building a source identical to the second
source would be most beneficial to the ongoing source development. Rather,
several design choices were made to allow this tool to have more room to per-
form large-substrate processing, and to explore a slightly higher range of
magnetic field values. The third machine is pictured in Figure 5-7. Note that
nearly all of the dimensions of the source have been scaled up, and that more
ports have been added for diagnostic access. The magnetic field coils, which
are not pictured in Figure 5-7, were designed to produce similar field shapes to
the coils used on machine 2, but at double the strength. The rational for this
increase is that once well above the ECR point, the density scales with the
magnetic field (from equation 15). Although the densities achieved in the
chamber were sufficiently high, it was thought that even higher density values
could be traded for uniformity. Photographs of the third machine are included as

Appendix II.

Figure 5-7. The Third Linear Source Chamber.
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The coils built for this project were designed around available power supplies,
with the two strong field coils on the ends formed into a racetrack shape 126.3
cm x 22.34 cm inner dimensions. 340 turns of number 8 square cross-section
layers were laid down with 17 turns per layer and a height of 20 layers. The coils
were wound into a pre-constructed copper shield to allow operation close to the
antenna with little RF interference. The field produced by a current of 20 A is
212 G in a direction perpendicular to the plane of the coil. Also constructed with
the same number of turns were two “shaping” coils to be placed lengthwise
around the chamber to enhance the solenoid type of behavior. For complete-
ness, these were also shielded from RF by a conducting copper case. The field
contribution of a single one of these coils carrying 10 A of current is 52.9 G.
(The currents given are the maximum available from their respective supplies).

A typical variation in field strength with Z position is shown in Figure 5-8.

Figure 5-8. Field Strength in the Z direction versus
Distance Away from Center. Coil Currents 7.0, 4.0,
3.0 and 0.0 A, and positions 67.3, 53.58, 16.9, -3.4 cm
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Before launching into a discussion of source characteristics, the diagnostics
should be revisited, as there were significant changes made to the Langmuir and
B-dot probes used on the third tool. Only minimal attention was given to RF
compensation on the Langmuir probes used on the second machine. A small
iInductor whose self-resonance was very close to the fundamental RF frequency
was constructed into the tip. However, since the plasma has a slight capaci-
tance with the inductor in the tip, its in-circuit resonant frequency is slightly
changed. RF effects were more carefully addressed on machine 3. The method
used in this segment of experiments followed the technique of Paranjpe et al.%,
with some slight modifications. The plasma capacitively interacts with the probe
tip. Because the sheath thickness changes with any change in bias between the
probe and the plasma, the capacitance between the probe tip and the plasma
also changes, and is a nonlinear effect. Rather than spend a considerable
amount of time building an active feedback amplifier system (as others have
done)*, a passive component approach was used. The probe tip was con-
structed into a piece of ceramic rod with a large copper slug built inside,
insulated from the plasma. The plasma also capacitively couples to the slug, but
because sheath thickness changes are negligible compared to the thickness of
the ceramic, a voltage independent capacitance to the plasma is obtained. The
key is to make the slug to plasma capacitance much larger than the tip to plasma
capacitance. See Figure 5-9 for a schematic representation of the probe circuit.
C,, and R, represent the tip to plasma capacitance and resistance, respectively,
and C, is the slug capacitance to the plasma through the ceramic casing. There
is also a probe to ground capacitance given by C,, and an inductance, L, asso-
ciated with the length of the probe. This is where the analysis used here differs
from that of Paranjpe. The length of the probes for the slab tool introduces a

significant inductance, which cannot be ignored. Finally, there are two adjust-
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Figure 5-9. Schematic Representation of Probe Circuit
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able L-C circuits to tune for resonance at the fundamental (13.56 MHz = 8.52 x
107 79sec), and at the first harmonic. This looks like a rather complicated circuit,
but it can be modeled analytically; R, can be estimated from a sample Langmuir
probe trace at ~500 Ohms, and C, was estimated by wrapping a piece of alumi-
num foil around the tip. The measured capacitance was less than 2 pF. The
slug was designed to provide a linear capacitance of 15 pF with the plasma.
Therefore, the capacitance of the tip-slug combination is given by C, + C, =2C..

The magnitude of the tip impedance is given by

R
2= et (33)

L+ w2C2R?

and the magnitude of the impedance of the rest of the probe circuit with a single
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L-C filter in place is

< 34
Zorone| 1-w2Ly1( Cyy+Cg) —wWALpCg( 1-w2L,Cg) Y

L, and C, were measured and found to be 1.9 uH and 65.4 pF, respectively.
Making the probe impedance 100 times that of the tip alone, using a 100 pF
value for C,,, the appropriate inductor was 0.123 uH. Following a similar analy-
sis for the first harmonic, values of 100 pF and 1.27 uH for C,, and L,
respectively, were found. Capacitors that were adjustable between 25 and 200
pF were chosen to account for any small effects which were not considered in
the analysis. Adjustment of the two tuning capacitors was performed while
watching the |-V trace on an oscilloscope, maximizing the potential where the

trace moves into the electron current gathering region.

Figure 5-10 shows a schematic of the circuit used to bias the probe and measure
the corresponding current. The Analog Devices AD202 Isolation Amplifier was
configured with a gain of 1, where the amplifier had the best frequency response.
The two current sense resistors provided sufficient gain. Of considerable impor-
tance is the use of a slow sweep time, and a sine wave driving input. Isolation
amplifiers with high common mode rejection, like the AD202, usually have very
poor high frequency performance. The AD202 cannot be used above 200 Hz
without introducing significant attenuation and phase shift. A triangle wave con-
tains several higher frequency components; in order to eliminate any problems
associated with them, it is essential that the bias voltage be driven in sine wave

fashion.
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Figure 5-10. Langmuir Probe Biasing Circuit
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A final measure taken to improve the accuracy of the density measurements
taken with the Langmuir probe was to make the collecting area of the probe tip
very small. Miller, et al.*' have shown that the use of large area probes results in
an underestimate of t-he actual plasma density as compared to a microwave

interferometer measurement. Accordingly, an area of 2.96 mm? was used.

Measurements with the new Langmuir probe, along with the improved analysis
techniques, yielded some surprising insights in to the performance of the
extended source. A typical density profile as function of distance out from the
source is shown in Figure 5-11. The density peaks outside the source, but the
density decreases more steeply with distance when compared with the second
machine. Also, the density is lower, which is probably due to the lower operating
power, and a higher chamber volume. (It was felt that operation at higher pow-
ers would present an implosion hazard on the new machine, because some

small pits in the glass were observed near the high voltage end of the antenna.

105







Figure 5-11. Density versus Distance out
from back of Source. 8 mTorr of Argon, 1250 W
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This danger would be minimized if the source dielectrics were replaced with
ceramic, as has been done on the second machine). The magnetic field used for
the 8 mTorr measurements in Argon is shown in Figure 5-12. Magnetic field
vélues were agéin chosen so as to maximize density at 40 cm out from the back
of the source. The same optimization technique was used in all subsequent
experiments. The decrease in density as a function of Z position was not sur-

prising, but the plasma potential (V,), floating potential (V,), and current

Figure 5-12. Bz Field Strength versus Distance out
from back of Source. 8 mTorr Ar Conditions
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Figure 5-14. Electron Temperature versus Distance
from back of Source. 8 mTorr Ar Conditions
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Figure 5-15. Percent of Total Electron Current due
to Warm Electrons versus Distance from
back of Source. 8 mTorr Ar Conditions
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tion current at very negative probe bias. If not performed properly, this technique
can cause some misinterpretation of the data, and lead to erroneous results.
Therefore, any results used from this technique were checked using the

Druyvesteyn second derivative routine.?® Very good agreement between the two

techniques was obtained.

Recently, Langmuir probe orbital-motion-limited (OML) theory has become
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popular.®® [t was not used here, because some of the assumptions needed to

satisfy the theory are rather difficult to obtain experimentally. They include:

1. a small probe and rare plasma, probe dimensions << the Debye
length (Ap),

2. no ion collisions in the probe sheath, A, << A (where A, is the
ion mean free path). Orbital motion is extremely sensitive to (and
destroyed by) ion collisions,

3. ions cold compared to electrons,

4. a Maxwellian EEDF, and

5. a one-dimensional cylindrical probe sheath. At high probe volt-
age, and low pressures, the sheath around a cylindrical tip looks

approximately spherical. (OML theory gives I[Vy.q] o< 1-V,.4l).

The accuracy of OML theory and the even more sophisticated Laframboise
theory*?, which accounts for probe sizes of the order of the Debye length, and
differing ion and electron temperatures, have been questioned in several recent
works*4445 g0 their use was shunned in favor of the simpler second derivative
(or Druyvesteyn) approach. The Druyvesteyn approach requires collisionless
electron motion around the probe, which implies that the probe dimensions and
Ao be much less than A, (the electron mean free path). The Debye length in the
linear tool is of the order of 1x10m for 3 eV electrons, and the electron-neutral
mean free path is about 3cm at 5 mTorr. The probe tip is 2.0mm long, with
0.39mm outer diameter, so probe dimensions are less than the electron mean
free path. Further, the area of plasma exposed to the tip can be approximated
by the area of the tip because the Debye length is so small compared to the

probe dimension. If the probe dimensions are not much less than A,, the plasma
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density around the probe is depleted, since electron diffusion from the nearby
plasma cannot compensate for electrons collected by the probe®. This leads to

a distortion of the low-energy part of the EEDF#.

The Langmuir probe used in these experiments was constructed so as to offer a
high impedance to RF, but because the current perceived to be due to warmer
electrons was only 1 to 2 percent of the total current, the effect of RF on probe
measurements needed to be considered. RF perturbations in helicon plasmas
are on the order of 1 V peak to peak*. Therefore, the actual bias of the probe
with respect to the plasma is the sum of the applied bias and the RF oscillations.
The first of these terms is part of the normal probe analysis, but the RF oscilla-
tions mean that the actual current measured on the probe is the average of the
currents collected while the plasma oscillates at some RF voltage with respect to
the probe. One can imagine an oscillation of the |-V characteristic along the bias
axis, as is pictured in Figure 5-16. To determine what effect this oscillation has
on the measured EEDF, a synthetic trace was used, assuming a 3eV Maxwellian
electron distribution, and a 10 V plasma potential. Current at any given bias was

considered to be the average of the currents if the bias were allowed to oscillate

Figure 5-16. RF Oscillations on an |-V trace
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Figure 5-17. Simulated Distortion of EEDF's by RF
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with 32 V peak to peak. Oscillations this large would almost never be observed

in a real system, but the analysis needs to be robust.

Shown in Figure 5-17 are the unperturbed and perturbed EEDF’s obtained from
the simulation. Note that there is considerable error introduced in the low energy
portion of the distribution below 6 eV. Higher energies are shifted up slightly
from their initial population. The slope is the same in both of the traces, and both
resemble 3 eV Maxwellian distributions. RF fluctuations present in the plasma
introduce another source of error in the low energy portion of the EEDF, but
leave the higher energy sections relatively intact. Similar analysis by other

authors®49 has shown the same effect.

Two other sources of systematic errors which need to be considered before
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presenting measured EEDF’s in the new chamber are low frequency noise
effects, and ion current effects. Godyaks® has shown that low frequency plasma
potential changes (usually due to RF power supply instabilities) can produce the
same low energy distortions in the EEDF as is caused by RF in the plasma.
Averaging over muitiple probe scans can be used to minimize this effect, but
because the fluctuations introduced are not truly random, this is only a partial
solution. Active feedback techniques can be employed where this is a significant
problem, but they were not necessary for the helicon source measurements.
Second, the validity of the calculated EEDF in the ion current collecting region
needs to be examined. It is assumed that for a large portion of the I-V trace, I,
(the second derivative of the ion current) << I, (the second derivative of the
electron current). It has been shown'¥5! that the dynamic range of an EEDF
measurement is limited by the ion current contribution which is of maximal influ-
ence for light gases and cases where the probe size is of the order of A,. Using
OML theory to obtain an estimate of the uncertainty limit for EEDF measurement
gives the approximate usable range as M/m,. For Argon, this is ~105. Therefore,
for a Maxwellian distribution, the maximum usable energy is 11T,. At 11 T,, the
measured EEDF may be overestimated slightly (by a factor of no more than 2)«.
With this dynamic range limitation in mind, and using averaging to minimize low

frequency perturbations, EEDF’s in the new chamber were obtained.

Figure 5-18 shows a sample EEDF taken just outside the source in Argon at 7
mTorr. Solid lines represent the fit made to the extracted electron current, and
the points represent the second derivative of the actual probe trace. Note that
the fit proves to be quite acceptable in the lower energy range, and although
there appears to be a little noise present in the lower part of the trace, a warmer

population of electrons can be found. The entire trace is contained within the 105
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Figure 5-18. EEDF for 8 mTorr of Argon, 2000 W, 15cm from Source Wall
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dynamic range limit set by the conservative method used above. Therefore it is
unlikely that the second portion of the bi-Maxwellian is an artifact of the ion cur-
rent. The fitted bi-Maxwellian temperatures were 2.0 eV and 18 eV, respectively,
with the 18 eV electrons contributing 1.6% to the total electron current. In the
low energy portion of the spectrum, note that there appears to be a bit of round-
ing in the O to 4 eV range. This is an artifact of taking the numerical second
derivative. Its shape can be widened or narrowed by changing the width of the
polynomial fitting window, or the order of polynomial used. A stiffer polynomial
technique was used to resolve the higher energy portion than was used to
examine the low energy portion, as is shown by the segment from 26 to 65 V in

Figure 5-18.
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The origin of the high energy tail is still unclear. Measurements of very similar
distributions in argon in a capacitively coupled plasma tool have been made by
Godyak, et al.®¥ They attribute the presence of the warm tail to stochastic heat-
ing in the sheath, energy transfer from strong electric fields near plasma
boundaries, and other mechanisms. It is entirely possible that capacitive cou-
pling of the antenna to the plasma in the extended helicon source could drive the
same mechanisms. Another possible explanation is the coupling of the helicon
wave into a select group of electrons via Landau damping. The wavelength of
perturbations in the static field along Z has been measured at ~<12 cm. The
phase velocity of that wave is given by «/k (or Af), where f is the frequency. For
f=13.56 MHz, the phase velocity is 1.63 x 10% ™/s. For electrons to be moving at
that speed, they must have an energy of 7.5 eV. There is certainly a population
of electrons with that energy present in the plasma, but typical tail temperatures
appear to be 18 eV. A further possible explanation is that there may be two dis-
tinct populations of electrons present on the machine: a low energy distribution
with velocities principally parallel to the static field lines, and a warmer population
with velocities perpendicular to field lines. High energy electrons whose velocity
vectors are oriented perpendicular to the field lines have a longer residence time

in the chamber than those with velocities parallel to field lines.

Unfortunately, the data do not clearly support any of these mechanisms over the
others. If the presence of warm electrons is solely a function of field strength,
then that trend should be evident in the data analysis. Shown in Figure 5-19 is
the percentage of electron current due to warm electrons as a function of static
field at various positions in the chamber. For all but the 2 mTorr pressure series,
there is a tendency to see higher current proportions from warm electrons at

higher field strengths. Even so, the field geometries are very similar for the three
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Figure 5-19. Current due to Warm Electrons
vs Static Field Strength. Argon, 1250 W
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sets which leaves room for doubt about the explanation. Probe traces taken with
the tip parallel and perpendicular to the field lines may produce different warm
électron currenf ratios at the same position in the chamber. At 20 mTorr in the
center of the chamber, a parallel measurement yields 1.0% warm electron cur-
rent. The perpendicular measurement yields 0.87%. This ~10% discrepancy is
not a convincing difference. At 8 mTorr, the difference is a bit higher: 0.76%
measured perpendicular to By, and 1.3% parallel. Still, the differences are not

strong enough to prove (or disprove) this theory.

If the heating mechanism were largely driven by capacitive effects, which result
in large fields in the source and near the plasma edges, there should be a
markedly larger population of warmer electrons in the source than in the rela-
tively isolated diffusion region in the center of the chamber due to the mean free
path of the electrons. Figure 5-20 shows that the opposite effect appears to be
the trend. Finally, that Landau damping is the predominant mechanism is also

not evident, as the warmer populations observed appear to have energies much
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Figure 5-20. Current due to Warm Electrons vs
Distance from Source Back Wall.
Argon, 1250 W, 8 mTorr
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larger than could be obtained via Landau damping in this machine (18 eV distri-
butions, compared to phase velocities that would interact with 7 eV electrons) .

Further work will be necessary to fully address this question.

Measurements along the source exhibited some asymmetry from one end to the
other. One explanation for this systematic behavior was that one antenna ele-
ment was coupling to the plasma differently, as appeared to be evident in one of
the B-dot probe scans. That the second source exhibited similar behavior with a
new antenna set, and at different pressures, suggests that another mechanism is
at work. Shown in Figure 5-21 is the density as a function of position along the
source for 8 and 20 mTorr. While the variation in density over 40 cm is
approximately +10% at 8 mTorr, variation of more than +25% is seen at 20

mTorr.

Improvements were also performed on the existing B-dot probe. Prior mea-
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Figure 5-21. Uniformity across the Source
Argon, 1250 W
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surements had been made only for B,. Hoping to obtain information on the 3-d
wave structure, a 3 channel probe was constructed using the same circuit com-
ponents as were used for the single channel model. The tip of the probe was
made with three loops of 5 turns each, each oriented perpendicular to the others.
Twisted pairs carried the three signals back to a central box where comparisons
were made to an R# reference. Connections were made from the box to a new
data acquisition system installed in the PC. The seven data channels, one for
position and two for each of the three loops (as before), were acquired and
saved to a text file for later analysis. Amplitude and phase information could be
determined individually for each of the three components of the wave, and a
composite wave reconstructed. Figure 5-22 shows a sample data set taken at 2
mTorr of Argon. The probe was scanned from the source out along Z, along a
center line through the chamber. The rotation of the wave is cbvious, and the
amplitude decreases slightly as the wave is absorbed with increasing distance
from the source. Note that the wave does not have a constant rotation sense,
but that it markedly changes rotation directions near 17.5 cm out of the source.

This non-constant rotation is predicted by the derivation in section 2G. For clar-
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Figure 5-22. 3-D Wave Amplitude vs Distance from Back Wall of Source
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ity, individual components of the wave as a function of distance out from the

source are shown in Figure 5-23.
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Figure 5-23. Measured Components of the Helicon Wave versus Z Position.
2 mTorr of Argon, 1250 W.
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. Figure 5-24. Measured Components of the Helicon Wave versus Z Position.

8 mTorr of Argon, 1250 W.
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Wave structure at 8 mTorr exhibited more pronounced damping, as is shown in

Figure 5-24. This damping is particularly evident in the perturbations in Z where
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Figure 5-25. Measured Components of the Helicon Wave versus Z Position.
20 mTorr of Argon, 1250 W.
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the amplitude félls to less than 10% of its original value 15 cm from the back wall
(Just 5 cm from the front edge of the antenna). Surprisingly, the 20 mTorr scan in
Figure 5-25 did not continue this trend, but instead damped more gradually, in a
manner similar to the 2 mTorr behavior. Both the RF compensated Langmuir
and the 3-d B-dot probes performed as desired in characterizing the new tool in

Argon.

The 3-D measurements of wave structure near the source show reasonable
agreement with the theory presented in section 2.7 for conditions of relatively low
gradient static field. Equation (21) predicts a wavelength in z of 11.8 cm for
L=0.1 m (a wavelength of 0.1 m in y), S=0.1 m (a wavelength of 0.2 m in x),
ne=1x10" m?, and B,=0.004 T, conditions comparable to those in Figures 5-23,
5-24, and 5-25. Observation of non-constant phase between the perpendicular

components of B is not inconsistant with the elliptically polarized waves shown to

120







be appropriate for finite rectangular geometry, where the phase difference
depends on static field, density and boundary conditions. Further, if equation
(18) is used with the measured magnetic field values in Figure 5-15, the structure
shown in Figure 5-26 is predicted. The predicted structure looks remarkably
similar to the measured wave structure as a function of z position shown in Fig-

ure 5-22. A reversal of rotation direction can even be found at z=30 cm.

Figure 5-26. Predicted 3-D Wave Structure in Rectangular Geometry
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The probes were also used to look at discharges in CF,, a gas more relevant for
plasma manufacturing applications. Densities using CF, were markedly lower
than in Argon, as was expected. At 1250 W forward power, and 5 mTorr, typical
densities were of the order of 7.3 x 10 cm with bulk temperatures of 2-5 eV.
Analyzing traces taken in CF, proved to be quite difficult. Whereas in Argon, the
ion saturation region was reasonably well defined, with a slope much less than
that of the electron gathering region, in CF,, this was not the case. lon saturation
regions of the trace tended to have a steeper slope than in Argon. Since the
technique used to evaluate densities is based on an extrapolation to the plasma
potential of a fit to the ion saturation current, large errors can result from small
changes in the slope. The presence of a significant slope on the ion side of the
trace can also lead to inaccuracies in the measurement of electron energies.
The 2 to 5 eV temperature given above is representative of some of the “best
curves” which were able to be obtained. “Best curves” refers to |-V characteris-
tics which appeared to have a well-defined exponential current region below the
plasma potential, which allowed standard analysis to take place. The density
value given above was obtained following the standard analysis on one of the
better characteristics. Because systematic errors can be introduced in the
analysis of |-V traces in electronegative gases, presented here are the unmodi-
fied saturation current measurements at several chamber positions for various
pressures. It should be noted that using the ion saturation current to calculate
density can result in large errors. Because the slope is significant in the ion
saturation region, a factor of 2 change in calculated density can be obtained just
by changing bias conditions by 10 V. Using the Bohm current approximation for
electropositive plasmas to calculate density significantly overestimates the actual

plasma density in this case. Therefore, this technique was not used for this

analysis.
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Figure 5-26 shows the variation in the ion saturation current as a function of dis-
tance out from the source for 5 and 20 mTorr of CF,. Behavior is similar to that
observed in previous experiments in the extended source; a very dense plasma
Is generated in the source, while much less diffuses into the chamber. Unifor-
mity both in the Z direction and aiong the source (as shown in Figure 5-27) is

good.

Figure 5-28 contains the corresponding B-dot probe scan for the 20 mTorr data
in Figure 5-27. It is obvious that there is very little wave structure in the cham-
ber, even though there seems to be sufficient field penetration within the source.
The wave cannot propagate into the chamber because the density of CF, is not
high enough to satisfy the dispersion relation, and there is no mechanism other

than diffusion which can transfer energy from the source to the chamber plasma.

Figure 5-27. lon Saturation Current vs Distance
out from Source. CF4, 1250 W
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Figure 5-28. lon Saturation Current vs Distance
from Center of Antenna. CF4, 1250 W
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Figure 5-29. Wave Components vs Distance out from Source.

19 mTorr CF4, 1250 W.
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The experimental evidence to date suggests that the extended source helicon

shows considerable promise as a large area processing tool. Large areas of
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dense, uniform plasma, suitable for processing 30 x 20 cm substrates, have
been produced in Argon in a variety of conditions. However, there are still some
technical problems, such as efficient plasma production in CF,, which must be

overcome before this tool can be applied to industrial processes.

The extended linear source design has been shown to achieve greater than
expected plasma densities (~4 x 10%2 cm=3) with ~14 % uniformity over 35 cm in
20 mTorr of Argon. Preliminary investigations with electronegative CF, gases
demonstrate that the tool is capable of producing sufficient densities at a sub-
strate surface (2.5 x 10''cm?) to be relevant for plasma processing of much
larger dimension substrates. Present high density source designs cannot meet
such criteria for large area processing. It has been shown that the serpentine
antenna design is the most appropriate configuration (of those tested) for
achieving this level of performance, and that two of the key performance control
variables are the chamber static magnetic field shape and strength. A flexible
set of field coils (a "chamber solenoid") has been designed which can be used to
even further optimize reactor performance, or tailor performance to specific pro-
cessing needs. The marked increase in plasma density with increased pressure
suggests that the tool may also have a more flexible operational parameter
space than current high density source tools, and that with further optimization,
such a reactor may provide lower operating costs for plasma processing. In
short, proof-of-principle for the extended source helicon design has been
achieved. Further, a modest understanding of the source physics was attained
in the process. Contained in Table 2 is a summary of the results obtained in the
linear helicon source. A further discussion of the extended source accomplish-
ments and shortcomings to date, as well as a discussion of possible

improvements and further research topics is presented in the next chapter.
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Table 2. Summary of Experiments and Theory.

Property Theory Experiment
Wavelength at 2 mTorr Argon, L=0.1 11.8 cm 12.0 cm
m, S=0.1 m, n,=1x10"® m3, and
B,=0.004 T
EEDF probably not bi-Maxwellian
Maxwellian
Wave Structure elliptically polar- elliptically polar-
ized waves, ized waves,

non-constant non-constant
phase between phase between

perpendicular perpendicular

components. components.

Electron Tail Temperature 7-8 eV (phase 18 eV
velocity)
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6. CONCLUSIONS

The work contained in this dissertation focused on three principle areas: (1)
constructing a helicon source and antenna that coupled power into a distributed
source and diffusion region, (2) developing appropriate diagnostics to quantify
source performance, and (3) comparing measured plasma parameters with the

appropriate theory.

Powering the extended “C-section” source required the right choice of antenna.
A small modified Boswell antenna was shown to exhibit a mode change with
increasing power. Through an iterative experimental program, that small
antenna led to the distributed serpentine antenna used in later experiments.
Uniform power deposition, as evidenced by uniform density over the source
length, was achieved with the serpentine antenna. Changes in aspect ratio had
little effect on the ability of the source to produce plasma. The choice of back
wall materials also had very little effect. Rather, the antenna shape played the
most important role. Only when the antenna coupled into fundamental modes of
the source, in a magnetic field geometry favorable for helicon wave propagation,
was a dense plasma achieved. The presence of helicon waves as measured by

B-dot probes was associated with higher and more uniform plasma densities.

A set of tools for evaluating source performance was constructed. Considerable
effort was placed on building Langmuir probes with RF compensation, and
developing a robust system for analyzing data from those probes. EEDF’s were
obtained that showed the presence of a small warm population of electrons
existing with a large, cool bulk distribution. Changes were made to existing non-

linear curve fitting techniques to facilitate stable data analysis, and a







bi-Maxwellian treatment described the observed distributions very well. Con-
struction of a B-dot probe allowed direct observation of the wave structure in the

chamber.

Modeling of a cylindrical ring source with the linear tool revealed some funda-
mental problems with powering a helicon source in cusped field geometry. If
wave propagation is the primary means of energy transport from the source to
the rest of the chamber, then the 4.8 G ECR cutoff for 13.56 MHz waves found in
any cusp geometry prevents energy transport past that point. It can be argued
that having an ECR point in the machine would ensure full absorption of the
energy of the waves. While this is true, the Larmor radius of a 3 eV electron in a
4.8 G field is 1.2 cm. Electrons heated by ECR absorption would be lost to the
walls after only.a few collisions. Therefore, a cusped field geometry is undesir-
able for wave propagation. Uniform density was achieved along the source
length in X, and in the vertical direction Y. Unfortunately, density as a function of

Z always decreased.

The use of a parallel field geometry with the linear tool greatly improved the
plasma density throughout the chamber. Waves were readily launched along
field lines. Two different sized sources were built. The smaller source produced
higher densities, but both were able to excite dense, uniform plasmas in argon.
Flat density profiles were obtained along the source in X, and out from the

source in Z.

Some rather surprising results were found when the dispersion relation for waves

traveling parallel to B, was derived. The unexpected result was that the wave
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structure in rectangular geometry is not strictly circularly polarized. Instead, the
wave numbers are different in the X and Y directions. The vector perpendicular
to B, described by (B, + B,) rotates first one way, and then the other, depending
on the starting phase difference between the X and Y components. Measure-

ments with the 3-D B-dot probe verified the predicted changes in rotation sense.

Measurements of A, compared well with those predicted by theory for similar

conditions.

Application of the source to CF, plasmas was not as successful as with argon.
Dense plasmas were generated in the source, but there was very little diffusion
into the chamber region. For the densities inferred from saturation currents to
the Langmuir probes, it was clear that the dispersion relation for helicon waves
was not satistied. The helicon wave could not propagate out of the source
because the density was so low in the chamber. Therefore, the only energy
transport to the plasma outside the source had to occur by diffusion, which

resulted in the dramatic drop in density with distance away from the source.

The first problem which needs to be addressed in any future experiments is how
to better couple power into CF,, or another electronegative gas. Source perfor-
mance in argon is acceptable because densities in the machine rise to a point
where the dispersion relation is satisfied, and waves propagate. The density in
CF, never gets that high, so any perturbations induced by the antenna are con-
tained within the source. Three possible solutions are the use of higher power,
use of a powered chuck, or the use of two independent sources in a parallel field.
Each of these solutions forces more power into the CF, plasma in order to raise

the plasma density. If the density could be raised sufficiently, then helicon







waves could contribute to the energy flow into the chamber.

The plasma and floating potentials drop substantially when moving from the
source to the chamber, which is indicative of a second problem in the linear tool.
The plasma has a poor ground reference in the source. Non-uniformities in the
plasma potential could cause damage or non-uniformity problems in a manufac-
turing system. One possible way to address this problem is to introduce a
biased chuck into the chamber. The large surface of a chuck or wafer would
help define V, over a large region of the plasma, and help to smooth out any

variations observed.

The performance goals for this prototype tool were all met or exceeded. Densi-
ties in excess of 1 x 10'2 cm™ were readily obtainable in argon, and generation of
plasma over the 40 cm source length was demonstrated. Plasmas were gener-
ated over pressures ranging from 0.5 mTorr up to 146 mTorr, with varying
degrees of uniformity. The source showed most uniform operation between 2

and 30 mTorr.

Moré important than the performance goals, though, was the proof of concept.
The intent of this work was to use what was known about existing helicon
sources to learn how to build a new source. The new source would not only be
able to process large area substrates, but would also be scalable. Applying the
new source to a new size would largely consist of building an appropriate pro-
cessing chamber. The physics of a 100 cm? processing tool would largely be the
same as a machine designed to process 5000 cm2. That source has been built.

Further, the successful prototype was evaluated within a strong experimental
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and theoretical framework, and has demonstrated an ability to generate large

area plasmas.
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APPENDIX |

Custom Source Code for Langmuir and B-dot Probe Analysis

Contained on the supplied disk is the source code and OS/2 executable for the
custom analysis software developed for this project. The code supplied is written
in C, and makes extensive use of the OS/2 presentation manager interface to
provide an intuitive user interface. Immediate graphical and statistical feedback
is shown on the screen for any fitting operation. Other tools include integration,
differentiation (polynomial interpolation and dy/dx methods), FFT and Inverse
FFT, and smoothing (via FFT window, spline fitting, or polynomial interpolation).
Support is included for Langmuir probe analysis using single- and dual-
temperature Maxwellians, and a second derivative routine is provided to allow
determination of arbitrary EEDF. The B-dot probe section allows conversion of

raw probe signal data to wave structure information.

The code contains a flexible parser, which can read most ASCI| data files without

modification. A small section of a sample data file is included here for reference.

Maximum Magnetic Field for the New Fieid Coils ) 4 .

Position (cm) Field Strength (Gauss) ~ —e—— > Lines that begin with text

-40.000000 163.244028 : :

-30.921799 163 928829 (instead of numbers) are ignored

-39.843597 164.614637

Pl Most common parsing characters, such as

Rows -39.687195 165.989037 .

-39.608993 166.677505 spaces, tabs, + signs, etc. can be used.

-39.530792 167.366734 i i

oyt e The data.must pe in column format with X

-39.374389 168.747216 values in the first column and Y values

~39.206188 169438334 jn subsequent columns. The current compilation
Colimns can read up to 8 columns with 4096 rows.
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The enclosed source code is copyright Rusty Jewett, 1995, but is freely distrib-
utable. If further copies are needed please contact Dr. Harold Anderson at the

University of New Mexico, Department of Chemical and Nuclear Engineering.

Albuquerque, New Mexico. 87131.
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APPENDIX Il

Photographs of the Linear Helicon Plasma Processing Tool

The linear tool was constructed on a rather generic pumping platform which
could accommodate a variety of chamber configurations. Although rather
peripheral to the focus of this project, the construction of the tool may be of
interest to other experimentalists, so a practical description is included here.
Much in the way of verbal description can be replaced by these five photo-

graphs.

Figure A-1 shows the tool fully assembled. The main rectangular processing
chamber rests on top of a welded steel frame, which encloses the majority of the
equipment necessary to provide vacuum and diagnostic access. The chamber is
pumped through a slit-type flange which also supports an Osaka Vacuum Mag-
netically Levitated Turbo-molecular Pump. Cooling for the magnets is provided
by the Neslab refrigeration unit in the left bottom of the frame, and RF power is

supplied by the 2.5 KW Solid State ENI supply.

Figure A-2 is a view of the top of the chamber which highlights the static mag-
netic field coils, which were described in the text. The flange in the top of the
chamber allows future access for 20 x 40 cm substrates. A side view of the

chamber is contained in Figure A-3, which again highlights the shape of the

static magnetic field coils.

Figures A-4 and A-5 show the chamber source with the RF shielding in place,
and removed (respectively). In A-5, the serpentine antenna is clearly visible as it
sits on the top and bottom source glass pieces. Note that the power distribution

feeds (which are attached to the antenna leads) are located close to the
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grounded rear conductor of the chamber. This arrangement helps to lower the
self-inductance of the power feed such that the antenna provides the dominant
inductance for the circuit. Transformation of the plasma-antenna load to the 50
ohm load required for the RF generator is performed by the Comdel Pi network

contained in the box attached to the bottom of the source case.
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Figure A-2
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Figure A-3
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Figure A-5
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