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ABSTRACT
MACROSCOPIC PROPERTIES

OF A MULTIPOLAR ELECTRON CYCLOTRON RESONANCE
MICROWAVE-CAVITY PLASMA SOURCE FOR ANISOTROPIC SILICON ETCHING

By

Jeffrey Alan Hopwood

Although electron cyclotron resonance (ECR) plasmas have been
studied extensively in the context of nuclear fusion, many aspects of
plasma-reactor design, discharge physics, and plasma processing physics
in ECR plasmas which are specifically engineered for plasma-aided
manufac;uring are not well understood. This work experimentally
investigates the discharge characteristics and develops a process for
the anisotropic etching of silicon using a novel microwave-cavity ECR
plasma-disk reactor (MPDR).

This dissertation begins with an experimental investigation of the
interaction of 2.45 GHz microwave radiation within the microwave cavity
with the discharge. Electric fleld strengths within the cavity
typically range from 7 kV/m to 22 kV/m and the E-field within the
discharge 1is estimated at 7 kV/m for a 0.9 mTorr, 20 sccm argon
discharge absorbing 260 W of microwave power. The plasma diffuses into
a downstream processing chamber where the ion density and the electron
and ion energy distribution functions have been measured. Peak 1ion
densities in the processing region are 6x1011 cm-3 in a 0.9 mTorr, 20
sccm argon, 260 watt discharge. The alignment of the ECR magnetic

field and the cavity mode is an important factor in low power discharge

stability. The spatial distribution of ions in the system shows that
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the MPDR discharge region is a free-fall diffusion dominated discharge
and the processing region is an ambipolar diffusion dominated
discharge. Electron energy distribution functions (EEDFs) measured in
the processing zone show no signs of potentially-damaging, high energy

electron populations. In argon the EEDFs are nearly Maxwellian.

Unusual EEDF shapes in SF_ plasmas are attributed to inelastic electron

6

collisions rather than ECR energy transfer processes. The spectrum of
ion energies impinging on a conducting substrate in the processing
chamber shows a divergent ion flux emerges from the discharge. The

average energy of the lons varies from 15-35 eV. Actinometry reveals a

uniform distribution of radical fluorine and an Ar' density of 1.2x1012

cm-3 in the ECR reglons. Anisotropic plasma etching of silicon in

SF6+Ar is demonstrated at rates of 0.3 um/minute.
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Chapter 1

Introduction

1.1 Motivation for ECR Plasma Research

Low pressure gas discharges sustained by microwave radiation
through electron cyclotron resonance (ECR) offer distinct performance
advantages over competing radlo-frequency (RF) and direct current (DC)
plasmas. Among these advantages are higher densities of 1ions,
electrons, and free radicals at lbwer pressures, electrodeless
operation suitable for long-term service in corrosive gases, and low,
controllable plasma potentials ensuring that ion-induced damage and
sputtered contamination are minimal [1]. The semiconductor industry
has identified ECR plasma technology as a potentially important tool
for fabricating higher speed, higher density integrated circuits and
devices. ECR and non-ECR plasma processing applications include plasma
deposition of thin films (2]-[4], growth of oxide layers [5], (6], and
etching (7]-[11]. The field of ECR plasmas, however, is dominated by
the Japanese. United States research and development of ECR plasma
technology and ECR plasma processes lags far behind the Japanese as

demonstrated by the leading paragraph from a 1987 news report:

ORANGEBURG, N.Y. - Materlals Research Corp. appears to have beaten
Lam Research Corp. ... iIn the race to bring home electron
cyclotron resonance technology ... which until last week was
completely controlled by Japanese suppliers [12].



At that time a novel approach to ECR plasma generation, the microwave
plasma disk reactor (MPDR), was being investigated by Dahimene [13] and
was subsequently patented in the U.S. [14]-{17]). This dissertation
builds upon the work of Asmussen and Dahimene [18] by experimentally
characterizing the MPDR. The initial steps of this research sought to
bring this ECR plasma technology to maturity by investigation of the
MPDR plasma physics, and by development of a plasma process for
anisotropic etching of silicon. Parallel investigations of the MPDR
plasma also include broad-beam ion source development [13], [18]-[20]

and plasma oxidation of silicon and III-V semiconductors [S], [6].

1.2 Research Goals

The goal of this research is to develop a physical understanding
of the MPDR plasma source through experimental investigation of the
microwave electric fields within the MPDR and the macroscopic
properties of the plasma generated by the MPDR over a broad range of
operating conditions. Then, using this understanding of the MPDR,
research will proceed to develop a plasma process for anisotropic,
submicron etching of silicon.

Experimental conditions of the MPDR plasma system are first

identified as

microwave input power

the MPDR resonant cavity electromagnetic mode
the ECR magnetic field geometry

working gas composition and flow rate
discharge pressure and vacuum pumping speed
operation with and without a grid

cukwLwN=



3

The microwave electric field strength and geometry, 1ion density,
electron energy distribution function, plasma potential, ion energy
spectrum, and relative free radical concentrations are then
experimentally determined as functions of some or all of conditions 1-6
above. In this way one may understand and model the plasma to engineer
an optimized plasma processing system.

It is finally the goal of this research to combine the
experimental results which characterize the MPDR with previous
experimental and theoretical etching models found in the literature to
develop a silicon etching process. This etching process should be
optimized for etch rate and uniformity, be capable of defining
submicron features in silicon, possesé controllable anisotropy, and
produce minimal silicon lattice damage.

The characterization of the MPDR plasma should lead to a better
understanding of the plasma physics and plasma engineering of this
plasma applicator. The general nature of the plasma characterization
presented in this work is intended to aid in the commercial application
of the MPDR plasma generator, not only as an etching tool, but for all

plasma processing.

1.3 Dissertation Outline

This dissertation is divided into three subjects: literature
review, MPDR plasma characterization, and plasma etching of silicon.
Chapter 2 1is a two-part review of pertinent literature. The first
section describes and compares the current state-of-the-art in ECR

plasma sources. The second segment of the literature review discusses
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various models for anisotropic silicon etching. Chapter 3 describes
the MPDR plasma processing system used in this research. The
electromagnetic cavity modes and microwave electric field strengths
within the resonant cavity structure of the MPDR are determined in
Chapter 4. The MPDR plasma is characterized in terms of ion densities,
electron energy distribution functions and plasma potentials, ion
energy spectra, and 1light emission spectra in Chapters 5-8,
respectively. An ambipolar diffusion model for the spatial
distribution of 1ions in the region downstream from the MPDR is
presented and compared with experimental measurements. Chapter 9
describes the development and performance of the MPDR as an etching
tool. Etching results are discussed in ferms of existing models and an
estimate of the minimum ion energy required to induce etching of an
unsaturated, fluorinated silicon surface 1is presented. Chapter 10
concludes this work with a summary of important results and suggestions
for future research.

This work was performed under the guldance of Dr. J. Asmussen,
Professor and Acting Chairperson of the Department of Electrical
Engineering, Michigan State University. The research 1in this
dissertation has been published in part in refereed scientific journals
[21)-[25), presented at international conferences [26]-[34], and has

generated a U.S. patent application [35].



Chapter 2

ECR Microwave Plasma Sources and Plasma Etching: A Review

2.1 Introduction

In the late 1970’s the virtues of microwave excited plasmas for
plasma processing applications first appear in the literature [1].
Prior to that time plasma processing research had focused on radio
frequency (RF) driven discharges. The high ion and electron densities
at low pressures, moderate electroﬁ temperatures, and small,
controllable plasma sheath potentials exhibited in 1low pressure
microwave discharges attracted attention from the plasma processing
community as a possible solution to the short-falls of RF plasma
processing. Problems encountered with RF plasmas include a low degree
of lonization, ion induced damage from large plasma sheath potentials,
and contamination from ion sputtering of the plasma reactor. In
addition, a semiconductor industry trend away from batch processing
toward single wafer processing provided impetus for faster processing
rates. High concentrations of reactive species reported in microwave
plasmas and the prospect of damage-free, low contamination processing
began to turn the‘tide in plasma processing away from RF plasmas and
toward microwave plasmas.

The dramatically increasing density of semiconductor devices which

may be fabricated on a single integrated circuit [36] has been driven



in part by improved etching technology. Etching of geometric patterns
in integrated circuit (IC) materials was initially performed by
liquid-phase chemical reaction. Surface wettability and ©bubble
formation plagued the wet etching technique and limited feature sizes
to greater than 3 pum. Liquid wastes from etching are also dangerous
and expensive to dispose [37]. Finally, wet etching is typically an
isotropic process, i.e. etching in the direction parallel to the wafer
surface occurs at the same rate as vertical etching into the wafer.
Etching masks must be designed larger than the final feature dimension
to compensate for this isotropic undercutting of the mask. The end
result 1s a decrease in the packing density of devices on the IC.

The problems associated with wet etéhlng were in large part solved
by the discovery of plasma etching. Low pressure (<1 Torr) plasmas
consisting of free radicals and ions were capable of consistently
covering the wafer surface without wetting problems or bubble
formation. Relatively small amounts of gaseous products can be more
easily disposed. Perhaps most significant was the development of
anisotropic etching methods which could etch submicron features
vertically into the wafer surface with little or no mask undercutting.
Although a clear improvement over wet etching methods, plasma etching
presented new problems of uniformity, slow etch rate (low throughput),
and ion induced damage. The issue of wafer damage is essentially a
trade-off between low-damage plasma etching by neutral plasma specles
(which is isotropic in nature), and anisotropic, ion-dominated etching
in which the atoms of the etched surface are displaced by energetic ion
impact. In the latter case contaminates may also become incorporated

in the wafer from ion sputtering of reactor and mask materials.
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Microwave excited blasmas. and particularly electron cyclotron
resonance (ECR) microwave plasmas, were demonstrated by Suzuki, et al.,
[38] to anisotropically etch silicon with ion energies of only 20 eV.
Typically, anisotropic etching by RF parallel plate systems required
200-1200 eV ion energies to etch with usable rates. It was speculated
that this significant reduction in ion energy would alleviate damage
due to plasma etching. In addition, the high degree of ionization and
large density of free radicals generated in ECR plasmas gave favorable
etch rates even while operating at low pressures. Initlally Japan, and
eventually Europe and the United States, began to aggressively
investigate ECR plasma etching as a low-damage, high rate, single wafer
anisotropic etching process.

In this chapter the three dominant ECR plasma technologies are
reviewed and compared. The first reactor concept is the ECR processing
system developed in Japan by Nippon Telephone and Telegraph (NTT)
commonly known as a divergent field ECR reactor. More recently a
multipolar magnetic chamber with transmission-line microwave feeds
adjacent to the ECR-strength magnetic fields has been developed in
France and is known as distributed ECR (DECR). Finally previous work
on the microwave plasma disk reactor (MPDR), which is the focus of this
thesis, is reviewed.

The chapter concludes with a review of plasma etching mechanisms.
While certainly not well understood, a significant body of information
on the physics and chemistry of plasma etching of silicon now exists.

Particular emphasis is placed on etching of silicon using CF +02 and

4

SF6+Ar as reactive working gases since these are the gas mixtures used

in the experimental investigation described in this thesis.



2.2 Comparison of ECR Plasma Sources

ECR plasma reactors may be classified into two groups based on the
geometry of the magnetic field. The first reactor class has large
solenoidal magnetic colls which produce 1longitudinal ECR-strength
B-fields in the discharge chamber. The B-field lines are either
allowed to diverge and create a VB induced plasma beam, or the field
lines are forced to converge creating a magnetic bottle to confine
charged species in the discharge. The recent literature contains
several examples of this class of reactor and 1interesting
characterization of the plasma produced with the solenoidal magnetic
field configuration [38]-[44]. The second class of ECR reactor makes
use of a multipolar magnetic field typically created by strong
permanent magnets surrounding the plasma. The resulting magnetic cusps
in this geometry not only produce ECR zones within the plasma but help
confine electrons in the discharge region. Two different examples of
multipolar ECR reactors will be discussed. The DECR [45]-[46]) design
focuses microwave power near the ECR regions by tubular transmission
lines immersed in the discharge. The MPDR [13]-(35] design uses a
single-mode microwave cavity to control and concentrate microwave
electric flelds in the ECR 2zones of the plasma. At the time of
publication, yet another ECR plasma source has appeared [8]. In this
reactor microwaves are coupled to a 9 in. diam. permanent magnet ECR

discharge by a conical horn antenna.



2.2.1 Divergent Field ECR Plasma Sources

Although many variations of the divergent field ECR plasma source
exist, the discussion presented here will attempt to describe a generic
reactor which incorporates the predominant features of this class of
plasma source.

Figure 2.1 shows a cross section of a typical divergent field ECR
reactor. The feature which separates this reactor from multipolar
plasma sources 1is the solenoidal magnetic coils which surround the
plasma chamber. The tubular conductors of the coils support currents
on the order of 100 amperes in order to produce the required ECR
magnetic flields (875 Gauss at 2.45 GH?). Water flowing through the
center of the conductors transports ohmic-loss heat from the solenoids.
In systems with more than one solenoidal coil, the currents in each
coil may be varlied separately to control the shape of the magnetic
flelds in the discharge and processing chambers. In reactors similar
to Figure 2.1 the magnetic field becomes weaker and begins to diverge
away from the central axis above and below the plasma chamber. The
resulting gradient of the magnetic field gives rise to a VB induced
drift of charged particles. The force on a charged particle is given
by [47]

F = -uv|B (2.1)

where p is the magnetic moment due to the gyration of the particle in
the B-field. Electrons and ions will be accelerated from the discharge

chamber into the processing chamber by this grad-B force. A drift
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Figure 2.1 A Generic Divergent Field ECR Plasma Source
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velocity of charged particles which is induced by magnetic field

gradients is given by [48]

1 v2
v, o= —— B x v|B]) (2.2)

2B W
c

where v is the particle velocity perpendicular to B and W, is the
cyclotron frequency. The drift velocity in Eqn. (2.2) plays only a
minor role [relative to the V|§| force in Eqn. (2.1)] in the divergent
field plasma since B is nearly parallel to V|§|.

Two notable varlations on this magnetic field geometry exist. In
the first, a third solenoidal coil is positioned downstream from the
plasma around the sample holder [44]. This third coil can be used to
cause the magnetic field lines to converge thus creating a magnetic
bottle which confines particles in the processing chamber. Since
charged particles follow magnetic flield lines as they diffuse, the
third coil may also help to keep the ion velocitles perpendicular to
the substrate surface. In another design a water-cooled permanent
magnet has been placed beneath the sample holder thus causing an
increase in the magnetic field strength near the sample and confining
charged particles [38].

Microwave power (2.45 GHz or 915 MHz) is coupled into the plasma
through a rectangular or circular waveguide. The wall of the waveguide
typically hosts three stub tuners which, when properly adjusted, allow
the impedance of the microwave source to be matched with the impedance

of the discharge. Some caution must be used with stub tuning since a
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high standing wave ratio may exist between the tuning devices and the
plasma. Large surface currents and electric fields may cause extreme
heating or electrical breakdown in the waveguide or tuners.

The plasma chamber 1is separated from the final section of
waveguide by a dielectric window constructed from quartz or alumina.
The window provides a vacuum seal between atmosphere and the low
pressure discharge while permitting microwaves to pass into and excite

the plasma.
2.2.2 The Distributed ECR Plasma Source

Starting from the concept of | magnetic multipolar plasQa
confinement [49], a novel ECR plasma applicator was developed
[11], [45], [46] which deposits microwave energy in the 875 Gauss ECR
regions adjacent to the magnetic confinement cusps. The microwaves are
distributed to the magnetic cusps via cylindrical transmission-line
applicators extending into the discharge from coaxial lines (see Figure
2.2). Hence the name: distributed ECR (DECR).

A cylindrical chamber 1is surrounded by rectangular permanent
magnets which run along the length of the cylinder as shoﬁn in Figure
2.2. The magnetic field is approximately 1000 G near the face of each
magnet and decreases to several gauss 10 cm away giving rise to a
strong B-field gradient. Charged particles are then forced toward the
center of the discharge by the VB force (Eqn. 2.1) rather than
recombining on the walls of the chamber. In this manner a uniform,

large volume plasma is maintained in the center of the discharge.






13

I

N

CROSS SECTION A-A

The Distributed ECR Plasma Source

Figure 2.2



14

Microwave power (typ. 2.45 GHz) is introduced into the chamber by
coaxial transmission lines. The outer conductor of the transmission
line is terminated on the chamber wall and the inner conductor is fed
into the chamber along a tubular conductor. A two-conductor
transmission line to guide microwave radiation is formed between the
chamber wall and the tubular applicator. The tubular applicators are
positioned within the discharge adjacent to each pole-face of the
magnets. In this way microwave power is transmitted down the length of
the cylindrical discharge chamber and is concentrated primarily in the
regions next to the magnetic pole faces where the B-field strength 1is
875 G and ECR plasma heating occurs.

The magnetic poles alternate in poiarity around the circumference
of the chamber giving rise to magnetic field lobes within the plasma.
Charged particles generated from energetic electron impact near the ECR
regions are trapped by the magnetic fields and form plasma lobes around
the periphery of the chamber. Neutral radicals, excited species,
electrons, and ions then diffuse into the central region of the chamber
forming a quiescent, field-free plasma. Substrates as large as 150 mm
(6 inches) in diameter may be uniformly processed in the central

diffusion plasma.
2.2.3 Microwave Plasma Disk Reactor

The microwave plasma disk reactor (MPDR) [13]-({35] is similar to
the DECR plasma applicator described previously in that the discharge
chamber is surrounded by a multipolar magnet configuration. Rather

than using discrete wave applicators for each magnetic cusp, the MPDR
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utilizes a single-mode electromagnetic cavity. The electric field
distribution within the discharge can then be controlled by selecting
the appropriate resonant mode of the cavity such that the microwave
energy is concentrated near the ECR zones (see Chapter 4).

A complete description of the MPDR is given in Chapter 3 of this
work, and the reader 1is referred to Figures 3.1 and 3.2 for cross
sectional views of the MPDR in the following discussion.

Power 1is introduced into the MPDR cavity through a single 7/8"
coaxial line. The ilnner conductor of this line extends into the cavity
to form a short monopole antenna. The length of this antenna is
adjustable so that the input impedance of the antenna may be matched to
the impedance of the microwave source for a wide range of plasma
parameters. The inside height of the cavity is also adjustable. This
allows selection of a particular electromagnetic cavity mode and
provides a second degree of freedom to allow matching of source and
load impedances. These two adjustments are sufficient to enable
microwave power to be coupled into the plasma without reflection.
Unlike the stub tuners used by other reactors, the MPDR is internally
tuned. In this way large standing wave ratlios are avoided in the
microwave power feed.

A cylindrical bell jar in the lower end of the cavity contains the
plasma. Gas 1s introduced into the plasma chamber by a series of
pin-holes located around the circumference of the plasma chamber
adjacent to the ECR-strength magnetic fields. In this way gas 1is
forced to flow through the ECR zones upon entering the chamber.

The plasma generated in the discharge chamber under most operating

conditions has an electron density greater than the critical density
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(7x1010 cn™3

at 2.45 GHz), therefore the microwave radiation inside the
cavity cannot propagate through the plasma and into the the processing
chamber. The dense plasma effectively acts as the lower conducting
surface of the cavity.

Charged particles, free radicals, and excited species from the
discharge chamber diffuse and drift into the downstream processing
region. When the MPDR is operated properly the processing chamber is
essentially free from microwave fields due to the dense plasma in the
discharge chamber. In addition, iron magnet keepers surround the lower
and outer surfaces of the ECR magnets and reduce the magnetic fields in
the processing region to a few gauss. Samples are processed several

centimeters below the discharge chamber in the field-free processing

chamber in a quiescent, low pressure diffusion plasma.
2.2.4 A Performance Comparison of ECR Plasma Sources

The task of comparing a diverse collection of plasma sources
requires the development of figures of merit. Important factors in
plasma source performance should include peak ion density, uniformity,
size of the processing area, and energy efficliency. The divergent
field ECR sources, the DECR, and the MPDR will be contrasted and
compared for overall performance based on data available 1in the

literature.
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2.2.4.1 Ion Density and Uniformity

The production of reactive species in the plasma is certainly an
important consideration for comparing plasma sources. In general,
measurement of neutral free radical concentrations is quite difficult
and costly. On the other hand, ion density and electron density
measurements can be made quite simply using double and single Langmuir
probes [50]-([52], respectively. For the 1low pressure, diffusion
dominated plasmas under investigation, charge neutrality generally
holds and the density of electrons and 1ions are nearly equal.
Comparisons of electron and ion densities can therefore be made
interchangeably. |

It is important to compare densities among various reactors under
similar conditions. Argon feed gas is inexpensive and produces ions of
only one mass. It is commonly used as a diagnostic gas in plasma
reactors in spite of having limited use alone in actual processes. For
this reason argon gas will be used as a standard of comparison
throughout this chapter. The wide range of operating pressures of ECR
microwave plasma sources makes comparison somewhat difficult. Typical
plasma processes fall between 10 and 1072 Torr. Where possible a
standard pressure of 10-3 Torr will be used for comparison.

In Table 2.1 several ECR sources are compared in terms of ion
density and uniformity. Since gas flow rates vary widely or are simply
not reported, this comparison is made without regard to flow. The gas
flow rate used during the experiment may, however, have a significant
effect on ilon density. Except where indicated the data refers to

plasma conditions in the processing region. Discharge zone densities
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tend to be larger, but are not available for plasma processing and,
therefore, are of secondary importance.
The divergent field ECR sources typically produce ion densities in

11 -3
m

the range of 6-7x10"" c in the upstream, discharge zone. Downstream

densities, however, decrease to as little as 4x1010 cm—3. This may be
an indication of poor plasma transport between the region of plasma
excitation and the processing chamber. Particularly in the reactor
used by Gorbatkin [39], the discharge is created at a relatively long
distance from the processing chamber. It is speculated that lons and
electrons are lost to the reactor walls as they are transported from
their creation point. In contrast, the reactor used by Forster [44] is
able to maintain an ion density of 5x1011 cm-3 in the processing
region. In this work a third solenoidal magnet is used in the
downstream region to create a converging magnetic field or magnetic
bottle to contalin charged particles.

The boundaries between the discharge zone and the processing
chamber are less distinct in the DECR and MPDR designs. The close
proximity of the two regions and multipolar magnetic confinement
ensures that relatively few charged species will be lost to diffusion
processes. Hence the processing chamber lon densities are somewhat
higher, ranging from 1-6x1011 cm-s.

The second column from the right in Table 2.1 indicates the
diameter of the discharge chamber. The last column shows the percent
variation of plasma density over an area of the specified diameter. The
DECR plasma exhibits excellent uniformity over a 15 cm diameter (6

inch) surface due to the multipolar confinement scheme employed to

prevent electron-ion recombination at the vessel walls. Forster [44]
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Table 2.1 Comparison of ECR Plasma Sources

Reference Type? Gas/Pressure Ni/Power Diam. Uniformity

(em™3W) (cm) % - diam.

Gorbatk1n39 DIVG argon/ 4x1010/ 14 cm 10% - 8 cmt
1 mTorr 1100 W

Lee40 DIVG argon/ 5x1010/ 25 20% - 10 cm
1 mTorr 200 W

Ono’! DIVG chlorine/ 3xi0ll/ 15 - -
1 mTorr 200 W

suzuki>® 42 prve argon/ 7x10 :} 6.6 - -
1 mTorr 180 W

Popov *3 DIVG nitrogen/ 6x1011‘ - - - -
0.6 mTorr 1000 W

44 11 .

Forster DIVG argon/ 3x10" "/ - - <5% - 16 cm
1 mTorr 1300 W

Burke > DECR argon/ ax10'%, - - - -
0.75 mTorr 600 W

Burke46 DECR argon 3x1011 - - 14 - 1S cm

(?) 600 W

Asmussen23 MPDR argon/ lxloli/ 20 - -

1 mTorr 630 W
22 11 .

Hopwood MPDR argon/ 6.3x10" "/ 9 S%4 - 5 cm
0.9 mTorr 250 W

"l'ype refers to divergent fleld (DIVG), distributed ECR (DECR), and

microwave plasma disk reactor (MPDR).

t

Measured in the discharge area rather than the processing area and |is
not necessarily avajilable for plasma processing purposes.
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was able to achieve good uniformity over a 16 cm diameter by carefully
adjusting the solenoidal naénetic fields in the processing chamber.
Finally, an unpublished [53] source has shown that a 25 cm diam. MPDR
is capable of 5% uniformity over 15 cm diameter surfaces while

maintaining densities of 3.5x1011 cm-3 using 1450 watts.

2.2.4.2 Efficiency

A fair comparison of efficiency among the different reactors is
extraordinarily difficult. In this section a method of rating the
efficlency of ECR plasma sources in terms of the usable (i.e. uniform)
ion current per watt of microwave powef is proposed. This figure of
merit will be referred to as watts per uniform beam ampere (WUBA).

The ion current density which is available for plasma processing
of a surface can be determined from the ion density and the electron
temperature ([51].

172

J, =0.6¢e n, (kTe/mi) (2.3)

i

where e is the particle charge, n, is the ion density, k is Boltzmann's

i
constant, Te is the electron temperature, and m, is the ion mass. For
practical purposes only that component of the ion current density which
i1s at least 5% uniform is usable in plasma processing. One then
defines an area of uniformity, Au’ over which the lon flux is at least

S%4 uniform. Finally, given the input microwave power, pin’ one defines

the figure of merit for efficiency as



WUBA = P n / AJ (2.4)

Table 2.2 shows the pertinent data and the resulting efficiencies
for examples in each category of reactor. The divergent field results
are somewhat misleading since power estimated at a minimum of 1.5 kW is
dissipated in the solenoidal magnet coils but is not included as part

of the total input power.

Table 2.2 Watts per Uniform Beam Ampere in ECR Sources

Source Type n (cm-3

) ) T, (eV) P (W) A, (cn®)  WUBA (W/A)

in

39 10

DIVG ax10 4.0 1100 177 est. 5300
prvgi4 ax10!? 7.0 1300 201 560
DIVG'  with DC magnet power: >1500 est. 1160
pECR1® ax10!! 2.1 600 177 525
MPDR% 6x10'? 7.0 250 20 520
MPDR>> 3.5x1011 5.0 1450 177 690

2.3 Plasma Etching of Silicon

Plasma etching of silicon has found many applications in the
fabrication of integrated circuits. In addition to the advantage of

etching smaller feature sizes as discussed in the introduction to this
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chapter, plasma etching is also capable of creating high aspect ratio
trenches in silicon. Trench technology is currently used for isolation
of high-performance transistors on integrated circuits, fabrication of
high-power transistors, and trench metal-oxide-semiconductor (MOS)
capacitors [54]. An example of the topology of a trench capacitor is
compared to a conventional planar capacitor in Figure 2.3. Each
capacitor geometry is fabricated by growth or deposition of an oxide
insulating layer on silicon. The sllicon substrate acts as one of the
plates of the capacitor. A metal or poly-silicon layer is deposited
over the oxide thus forming the second capacitor plate. A deep trench
is first etched in the silicon substrate prior to oxidation in the case
of the trench capacitor. The trench caéacitor uses less silicon wafer
area to achleve the same capacitance as the planar capacitor by
utilizing the side walls of the trench. In the field of dynamic
memories (DRAMs) where millions of capacitors must be fabricated on a
single wafer dle, the compactness of trench capacitor technology is
critical.

Using trench etching as motivation, several plasma etching goals
may be identified. Clearly a high degree of anisotropy is required to
achieve narrow, deep trenches. A high rate of etching is useful
since trenches may be on the order of several microns in depth. It is
also critical that the etch rate be uniform across the entire wafer
since device performance must be uniform from die to die on the wafer.
Finally, the etching process must not induce significant damage to the
silicon substrate. Lattice dislocations, impurities, and an increased
density of surface states will increase leakage currents and decrease

breakdown voltages of MOS capacitors fabricated in the trench.
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In an effort to understand, control, and optimize anisotropy, etch
rate, and damage, several etching models have been proposed in the
literature. The following sections will review models for plasma
etching of silicon using CF4 + 02 and SF6 + Ar gas mixtures.

2.3.1 Reaction of Fluorine Radicals with Silicon

Studies of silicon etching have demonstrated that fluorine
radicals spontaneously etch silicon [55], [S6]. Two proposed models
[S7] of the fluorine etching mechanism will be reviewed. Silicon atoms
at a <100>-surface possess two dangling bonds. In a fluorine
environment these bonds are filled by flﬁorine atoms which impinge upon
the silicon surface with thermal energies. The first model
hypothesizes that successive fluorine atoms are adsorbed at the silicon

surface until SiF, is liberated as a gaseous product:

4
Si + F(g) — SiF(ads) (2.5)
SiF(ads) + F(g) — Sin(ads) (2.6)
SiF, + F(g) — SiF,(ads) (2.7)
SiF3 + F(g) — SiF4(g) (2.8)

The other model proposes that reactions (2.5), (2.6), and possibly

(2.7) occur, but the formation of SiF, is dominated by associative

4

desorption in any of the three reactions below:
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Sin(ads) + Sle(ads) — SIF4(g) + Si (2.9)
SiFZ(ads) + SiFa(ads) - SiF4(g) + SiF(ads) (2.10)
SIF3(ads) + SiF3(ads) - SIF4(8) + SiFZ(ads) (2.11)

Pelletier [57] argues that demonstrations of spontaneous etching using
Xer (and Clz) indicate that assoclative desorption is responsible for
spontaneous etching. The fluorine radical etch rate of silicon, R(Si)’
has been experimentally determined to be temperature dependent [56]

= 2.9120.02x10" 12 ng 1172 E /KT g min, (2.12)

Risi)

where np is the density of fluorine radicals, T is the temperature, and
Et is the etching activation energy (0.108+0.005 eV). Finally, Vasile
and Stevie [55] have detected SiF2 and SlF4 in the effluent of fluorine

radical etched silicon, thus supporting the etching models above.
2.3.2 The Role of Ion Bombardment in Anisotropy

Plasma etching is frequently anisotropic in nature and the simple
model described in section 2.3.1 does not account for this. Fluorine
radicals exhibit random thermal motion and are capable of spontaneous
silicon etching both laterally and vertically. The key to
understanding anisotropic plasma etching 1is modeling the role of 1lons
in the plasma-surface interaction.

A space charge layer known as the plasma sheath forms at all
plasma-surface boundaries. The sheath is produced as high mobility

electrons from the plasma diffuse to surfaces more quickly than the
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more massive, larger positive ions. The resulting charge imbalance
between the surface and the plasma produces the space charge electric
field or plasma sheath. Assuming that the sheath is much thicker than
the roughness of the surface, the sheath electric field will be
everywhere perpendicular to the surface. Hence, lons which approach
the surface will be attracted and accelerated through the sheath and
perpendicularly strike the surface.

If the lon-induced etch rate is much larger than the spontaneous
fluorine radical etch rate and the 1ion flux is not divergent,
anisotropic etch will predominate. Suzuki, et al. [38], offer a simple
model to describe the conditions required for a non-divergent ion flux.
It must first be assumed that the lons Vin the plasma have only random
thermal energies which are much less than the energy gained from
traversing the plasma sheath. At sufficiently low pressures and high
ion densities the mean free path of the lons is considerably greater
than the sheath width and ions will be accelerated by the sheath into
the etching surface without collisions as shown in Figure 2.4. On the
other hand, at high plasma pressures the mean free path of the ion may
become less than the sheath width. Under these conditions the ions
will suffer collisions in the sheath. The lon velocities will become
randomized and undercutting of the etching mask occurs. Anisotropic
etching at higher pressures 1is still achievable by externally
increasing the electric field in the plasma sheath until ion collisions
in the sheath have little affect in randomizing ion velocities. This

is the technique used in anisotropic reactive ion etching (RIE) in
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Low Pressure High Pressure

Figure 2.4 Simple Model of Anisotropic Etching [38]
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parallel-plate RF (13.56 MHz) etchers [58]-[60]. Increased 1ion
energles, however, result iIn increased substrate damage and, therefore,

should be avolded if possible.
2.3.2.1 Ion Induced Etching

Given that an energetic 1ion flux strikes the etched surface
perpendicularly, we must now describe the physical mechanism(s)
responsible for the accelerated etching of ion bombarded surfaces. It
has been determined [61],[62] that etch rates are higher on ion
bombarded surfaces in the presence of etching radicals than the sum of
the separate etch rates of pure ion- bombardment (sputtering) and
chemical radical etching. This class of mechanisms is often referred
to as ion induced etching. Clearly the etching reactions of Eqns.
(2.5)-(2.11) could proceed at an increased rate with physical ion

impact replacing the chemical reaction which liberates SiF It has

4
also been proposed (see Figure 2.5a, after Ref. [63]) that 1ions
bombarding the surface create damage sites in the lattice which allow
fluorine radicals to penetrate the surface beyond the first monolayer,
thereby weakening silicon bonding sites and enhancing the etch rate.
Finally, 1lons (X+) striking the surface may directly dissociate

molecular radicals and release etching reactants [37]; for example,

CF,(surface) + xS CF, + F(surface) + xt (2.13)
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The mechanism responsible for 1ion 1induced etching 1is not
universally agreed upon. There is also one more model to describe

anisotropy.
2.3.2.2 Sidewall Passivation

Although 1lons have been proved to enhance etch rates, a second
model for anisotropy is also well accepted (see Figure 2.5b). Inert
products from the discharge are believed to form on all surfaces during
etching with certain gases. In particular, carbon containing etching
gases, such as CF4. form carbon polymer films which prevent etching
species from reaching the silicon surfaée [63],[64]. 1Ion bombardment
of the surface 1s required to clear the surface so that etching may
proceed. The horizontal surfaces are continuously cleaned by 1ions
during the etching process, but the sidewalls of the etched profile are
not subject to 1lon bombardment. Etching 1s predominantly vertical
since the sidewalls cannot be spontaneously etched by plasma radicals

as shown in Figure 2.5b (after Ref. [63]).

2.3.3 Cl"4 + 02 Etching Chemistry

The addition of oxygen to CF, discharges enhances the silicon etch

4

rate [64]. At approximately 20%-02 in CF4 the etch rate of silicon

reaches a maximum and then declines for higher 02 concentrations. Two

models have been proposed to describe this behavior.
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The first model attributes the enhanced silicon etch rate to
plasma chemistry. Oxygen radicals or molecules in the discharge are

believed to either

1. react with CFx (x = 1,2,3) radicals in the discharge to

liberate additional fluorine, or

2. react with CFx radicals in the discharge to block the

recombination of fluorine atoms.

Both titration and emission spectroscopy have demonstrated that the
fluorine atom concentration does indeed reach its maximum with the
addition of approximately 20% oxygen [65]. At higher concentrations of
oxygen the fluorine density is reduced by simple dilution. The
enhanced fluorine concentration in the discharge is then responsible
for the observed improvement in etch rates (Eqn. 2.12).

A competing theory attributes the increase in CF4 etch rates with
oxygen additions to surface reactions. It is proposed that the carbon
containing polymer fllms which passivate the silicon surface are
removed by chemical reactions which oxygen [64], [66]. Mass
spectroscopy has verified the exlistence of volatile carbon-containing
molecules such as CO, CO,, and COF

2 2
indicating that oxygen does indeed react with carbon in the process.

in the effluent of etching plasmas

Since the protective layer of carbon is continuously removed by oxygen,
etch rates are enhanced in the presence of oxygen until dilution

significantly reduces the fluorine density.
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2.3.4 An SF6 Etching Model
Several 1investigators [11], [22], [24],([67]-[69] have observed

purely anisotropic etching in SF_-based discharges at low pressures.

6
This 1is surprising since significant quantities of radical fluorine
atoms are known to exist in SF6 discharges and no inert species are
observed to passivate the sidewalls of etched features. Conventional
thought would conclude that under these conditions fluorine radicals
would spontaneously etch the sidewalls.

Mahi, et al. [11], have monitored both the ion flux (via substrate
current)and relative fluorine flux (by actinometry) to the surface of
the silicon wafer during etching. In this work they discovered that
purely anisotropic (no sidewall) etching occurs above a critical ratio
of lon flux to fluorine atomic flux. This critical ratio required for
anisotropic etching was also observed to increase as the energy of the
ion flux was decreased.

Continuing with this work, Petit and Pelletier [57],[69] have
proposed an SF6-SI anisotropic etching mechanism. In their model it is
assumed that lateral repulsive forces prevent adsorbed fluorine atoms

from occupying nearest neighbor positions. The reaction responsible

for the spontaneous etching of silicon is
Sin(ads) + Sin(ads) — SiF4(g) + Si (2.9)
but, reaction (2.9) is possible only between Sin adspecies in nearest

neighbor positions. When the fluorine neutral flux to the silicon is

low, fluorine surface coverage is also low and SiF2 adspecies will not
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occupy nhearest-neighbor positions. Ion bombardment of the lateral
surfaces is then responsible for destroying the no-nearest-neighbor
order of adsorbed fluorine atoms. Thus, under ion bombardment,
reaction (2.9) may proceed. On the sidewalls of the etched features no

lon bombardment occurs and, therefore, etching is purely anisotropic.
2.4 Concluding Remarks

In this chapter some figures of merit for ECR plasma sources have
been proposed. These figures of merit were then used to compare the
three major types of ECR plasma sources: divergent field ECR, DECR, and
MPDR. The research presented in the rémainder of this thesis aims to
improve upon the state-of-the-art in ECR plasmas through experimental

characterization and engineering of the MPDR plasma source.



Chapter 3
The Multipolar Electron Cyclotron Resonance Microwave-Cavity

Plasma Processing System

3.1 Introduction

A device which generates a disk-shaped, gaseous plasma within a
tuned microwave cavity was first described by Root [70]. This concept
was modified for stable, efficient operation at low gas pressures (less
than 10 mTorr) by Dahimene [13],[18] by incorporating rare earth
magnets which act to confine the plasma within the chamber and allow
direct energy transfer to the electron gas via electron cyclotron
resonance (ECR) [71])-[73]. Herein 1is described a plasma generation
device which 1is an extension of Dahimene’s work. The so-called
Microwave Plasma Disk Reactor (MPDR) has been incorporated into a
simple plasma processing system including vacuum, gas handling, and

microwave subsystems which are also discussed.

3.2 The ECR Plasma Source

The MPDR consists of three basic components: the microwave cavity,

the discharge chamber, and the ECR baseplate (see Figures 3.1 and 3.2).

The microwave cavity focuses 1intense microwave energy onto the

34
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discharge chamber. The baseplate supplies the working gases into the
discharge chamber and also contains the magnets which generate the ECR

magnetic field within the discharge region.

3.2.1 Electron Cyclotron Resonance

A free electron in the presence of an alternating electric field
will oscillate in the direction of the electric field vector at the
frequency of the E-field. Although the instantaneous electron energy
changes in response to the applied electric field, the time-average
electron energy remains constant; hence no time-average power is
coupled from the electric field to the electron. In a plasma, however,
there exist a large ensemble of electrons as well as heavy particles
(ions and neutrals). At sufficiently high gas pressures the electrons
will collide with the heavy particles in the plasma and attain
velocitlies perpendicular to the electric field direction. This "Joule
heating" allows power from the alternating E-field to be transferred to
the electron gas of the plasma. This process is most efficient when

the electron effective collision frequency, v is equal to the

eff’
E-field frequency, w [72]. Typically this occurs for gas pressures on
the order of 1 Torr for 2.45 GHz microwave electric fields. For many
plasma applications it 1is desirable to produce discharges of
considerably lower pressure. At low pressure, however, the effective
collision frequency is too low to sustain a stable discharge with

modest E-fleld strengths. An attractive solution to this problem is

electron cyclotron resonance plasma heating.
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In the presence of a magnetic field, a charged particle will

oscillate in a circular path with frequency W,
w, = qB/m (3.1)

where q 1is the charge of the particle, B 1is the magnitude of the
magnetic field, and m is the particle mass. If a sinusoidally varying
electric fleld which is perpendicular to the B-field is applied at the
frequency of the particle’s oscillation, a resonance condition will
exist. Under these circumstances, the charged particle orbit will
become spiral-like; each successive orbit will have a larger orbital
radius while the orbital frequency rémains fixed at W, In this
fashion large amounts of energy may be transferred from the electric
field to the charged particle in the absence of collisions by electron
cyclotron resonance. In low pressure plasmas (< 100 mTorr) the mean
free path of electrons 1s long and the electron collision frequency is
low making Joule heating of the discharge difficult but providing an
excellent environment for ECR heating.

The FCC designated microwave heating frequency of 2.45 GHz is used
throughout this work. At thlis frequency the necessary magnetic field

strength for ECR plasma heating is

B = m w/e = 875 Gauss (3.2)
ce e
Rare earth magnetics which surround this discharge provide a B-field
which penetrates the discharge region and produce 875 G fields around

the perimeter as described in section 3.2.3.
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3.2.2 The Microwave Cavity

A tunable microwave cavity (Figure 3.1) 1is wused to match
impedances between the ©plasma and microwave power source.
Additionally, the cavity acts to focus and intensify specific microwave
field geometries in the discharge region. The body of the cavity (12)
consists of a 17.8 cm diameter brass cylinder. The upper end of the
cylinder is terminated by a movable plate or sliding short (30). In
the lower end of this resonant structure resides the discharge chamber
(33) and base plate (21). Microwaves are introduced into this volume
via a short antenna (32) which emerges.from the center conductor of a
7/8 inch diameter, rigid coaxial transmission line. The length of the
antenna, Lp. inside the cavity 1s adjustable to allow impedance
matching between the microwave power source and the cavity. In
addition to this tuning parameter, the length of the cavity, Ls’ may be
varied by moving the sliding short. Using these two degrees of freedom
it is possible to match the impedance of the cavity/plasma system to
the 50Q microwave feed. A discussion of the various electromagnetic

modes produced in the cavity can be found in Chapter 4.
3.2.3 The Multipolar ECR Magnetic Field

As mentioned previously, at 2.45 GHz the required magnetic field
strength for ECR plasma heating is 875 gauss. In the MPDR this
magnetic fleld is generated by compact neodymium-iron-boron magnets

(22) within the reactor’s baseplate. Figure 3.2 shows a cross section



Figure
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of the baseplate with eight magnets surrounding the discharge region
(29). Also used in this work is a six magnet configuration. Each cusp
of this magnetic field consists of two 2.54 x 2.54 x 1.27 cm magnets
with a combined pole face strength of approximately 3000 gauss. The
magnets are arranged in the baseplate such that alternating north and
south poles face toward the discharge. Sketched into Figure 3.2 is a
qualitative 875 gauss ECR surface (27) which represents the region
where ECR heating of the plasma occurs. The magnets rest on an iron
ring (24) which acts to short-out the magnetic fields in the downstream
processing region. A polygon-shaped iron retainer (gg) also surrounds
the outer perimeter of the magnets and helps to intensify the B-fields
toward the discharge region. Gauss méter measurements indicate that
the 875 gauss ECR region exists about 1 cm from the discharge chamber

walls in the 8-pole configuration.
3.2.4 Baseplate Description

Besides the ECR magnets, the baseplate (Figures 3.1 and 3.2)
consists of a discharge chamber, working gas inlets, and water cooling.
The plasma is contained in the central region of the baseplate under a
fused quartz chamber (33) which is vacuum sealed to the baseplate by a
flat silicone gasket. The quartz chamber is held in place by the
.pressure differential between the evacuated plasma region and the
atmospheric pressure of the microwave cavity region. The height of the
discharge region measured from the bottom of the baseplate to the upper
surface of the quartz chamber is 6 cm. The chamber’s inner diameter is

9 cnm.
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Pre-mixed gas from the gas handling system (sect. 3.3) enters the
discharge chamber through 8 pin holes (28) located in the inner surface
of the baseplate. Gas is distributed to each of these inlets from a
common gas channel (26) which is machined around the inner region of
the baseplate.

Since the rare-earth magnets used to generate the ECR magnetic
field are sensitive to high temperatures (i.e., they have a low Curie
temperature), water cooling of the magnets is accomplished through a
circumferential channel (2S) surrounding the magnets. Water flow rates
of approximately 1 liter/minute are sufficlent to protect the magnets
from the heat of the plasma. |

A perforated stainless steel plate (34) with 40% transparency has
been affixed to the baseplate at the downstream end of the discharge
chamber (29) in some experiments. Since the discharge chamber radius
is greater than the cut-off radius of a 2.45 GHz circular waveguide, it
is possible for microwaves to propagate through the discharge region
into the processing chamber (13). If a plasma above the 2.45 GHz

0 cm-3) occupies the discharge region the

critical density (74] (7x101
microwaves will be contained within the cavity. During plasma
ignition, however, considerable leakage 1is detected unless this

microwave confinement grid is used.
3.2.5 The Processing Chamber
Although plasma processing may be accomplished in the discharge

region, the region below the position of the microwave confinement grid

(d>0) will be referred to as the processing chamber (13). This region
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has the advantage of being free from the microwave electromagnetic
fields and static magnetic filelds which permeate the discharge chamber.

The plasma processing chamber is simply a 21h x 18d inch pyrex
cylinder (37) which is capped by a 1.125 inch thick stainless steel
plate (35) with a 7 inch diameter vacuum port for the MPDR. The
downstream end of the chamber is also terminated by a stainless steel
plate (36) which hosts a 10 inch diam. inlet to the diffusion pump.

The chamber 1is serviced by a rotary/longitudinal mechanical
feed-through (39) which supports Langmuir probes (38) and other
diagnostic equipment. An eight-conductor electrical feedthrough |is
also used with the chamber (not shown). Also situated in the chamber
is a 2 inch diameter aluminum substréte holder (40) which can be
electrically biased (41) and manually positioned.

A cylindrical coordinate system will be used throughout this work
in which d will represent the distance below the microwave confinement
grid (34), ¢ is the angle relative to the microwave input antenna (32),
and r is the radial distance from the axis of the discharge and

processing chambers.
3.3 Vacuum and Gas Handling Apparatus

In this section the gas flow in and out of the discharge and
processing chambers 1is described. Figure 3.3 gives a schematic
representation of the experiment.

Up to three different working gases may be mixed by a 3-channel
(Tylan FC-280) mass flow controller (10). The flow controllers have

maximum operating flows of 10, 20, and 50 sccm, respectively and a
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minimum flow of approximafely 4% of their full scale flows. The
outputs of the mass flow controllers are mixed together into a single
gas line (11) which feeds the MPDR baseplate.

Pressure measurement within the vacuum system 1is accomplished
through four vacuum gauges. Pressure in the processing chamber 1is
measured with a capacitance manometer (1). The MKS-390HA absolute
capacitance manometer and MKS-270B signal conditioner can accurately
determine pressures from 1 Torr to 1x10'5 Torr. A minlature ionization
pressure gauge (2) is located in the inlet to the diffusion pump. This
instrument is able to measure pressures from 10_2 to 10-8 Torr. Due to
its close proximity to the diffusion pump, pressures measured by the
ionization gauge do not accurately feflect the processing chamber
pressure with a gas flow present. In addition, the lonization gauge is
sensitive to gas type making calibration in non-nitrogen environments
questionable. The system also hosts two thermal couple vacuum gauges.
The first (3) is located near the inlet to the diffusion pump. The
second (4) is between the diffusion pump and the mechanical pump. Each
measures pressure in the range of 5 Torr to 10-2 Torr.

The chamber is pumped by a 2500 liter/sec oil diffusion pump (6).
The diffusion pump is filled with Krytox hydrocarbon-free oil which is
suitable for safely pumping oxygen and other reactive gases. To
minimize the bacf;treaming of oil from the diffusion pump to the
chamber, a freon-cooled baffle (5) is installed between the diffusion
pump and the chamber. While greatly reducing contaminates in the
processing chamber, the baffle also reduces the inlet pumping speed of
the system to 960 liter/sec. Pumping speed can be adjusted manually by

throttling a high vacuum gate valve (7) located between the baffle and
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the chamber. Independent control of pressure and gas flow is achieved
in this manner. A 33 m3/hr mechanical pump (8), also filled with
Krytox oil, is used to evacuate the chamber from atmospheric pressure
to approximately 100 mTorr where the diffusion pump can operate. The
mechanical pump is then switched over to service the diffusion pump

output.

3.4 Microwave Apparatus

Microwave power 1is supplied to the plasma from a 2.45 GHz
magnetron (Figure 3.4). The MicroNow 420B1 precision microwave power
supply (14) produces stable, well-filtered power from 50 to S00 watts.
The output of the microwave source is attached to a 300 watt, coaxial
3-port circulator (15). The circulator protects the magnetron from
reflected microwaves by directing radiation traveling toward the
microwave source into a 5S00 watt capacity, 50Q dummy-load (16).
Incident and reflected power levels are sampled by a 500 watt, 20 dB
dual directional coupler (17). The forward and reflected power samples
are further diminished by 20 dB attenuators (18) before being measured
by Hewlett-Packard HP435A microwave power meters (19).

The power measurement in this system was calibrated by determining
the attenuation of each component in the system. Due to losses in the
coaxial transmission line (20) between the microwave equipment and the
cavity input, 18% of the avallable power is dissipated as heat in this
cable. The power limitations and power losses of the above components
limited the wusable output power to between 50 and 300 watts.

Experimental powers reported in later chapters are determined by
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Figure 3.4 The Microwave Power Source, Circuit, and Cavity
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subtracting the microwave power reflected from the cavity from the
incident power. Thus "power" always refers to the microwave power

absorbed by the cavity.

3.5 Concluding Remarks

The basic MPDR plasma processing system has been described in this

chapter. Specific experimental detalls have been distributed to the

chapters which address each measurement or process.



Chapter 4

Microwave Electric Fields in the MPDR

4.1 Introduction

Although the electromagnetic modes of a perfect cylindrical cavity
are well known [75],([76], the introduction of a plasma into the cavity
volume can significantly alter the field geometry. In this chapter an
experimental study of the microwave fields within the MPDR cavity is
made while a plasma is sustained. Both the geometric pattern of the
fields and the actual amplitude of the radial component of the electric
field are determined.

Empty cavity (i.e., no plasma present) measurements of cavity
modes have been previously reported. Determination of physical cavity
dimensions for 2.45 GHz resonance by microwave absorption for MPDR
cavities has been reported by Dahimene [13] and Frasch [77]. In
addition, Frasch [77] has measured the relative magnitude of the
electric field about the walls of the empty cavity using the same
technique described in section 4.2.

Knowledge of the electric field properties within the cavity is
important in the design of the ECR magnetic field. As described in
section 3.2.1, the ECR condition requires that the electric field have
components which are perpendicular to the static magnetic field. Armed
with the measured electric fleld patterns, an optimal ECR B-field

geometry can be determined. The effects of cavity mode and B-field
48
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geometry on plasma ion density and discharge stability are discussed in

Chapter S.
4.2 Microwave Electric Field Measurement Technique

The basic method for electric field measurement involves placing a
short antenna (i.e., the antenna length is much 1less than the
wavelength of the radiation being measured, L<<A) into the microwave
field and sampling a small fraction of its energy. The necessity of
not perturbing the fleld as it is measured dictates that measurements
may only be made at the conducting walls of the cavity since inserting
an antenna into the central region of the cavity could potentially
short-out many cavity modes. Ports (2 mm diameter) for these
measurements were constructed in the wall of the cavity as shown 1in
Figure 4.1a. Two vertical lines of holes spaced 1 cm apart were
drilled at ¢ = 90° and 120° such that the z-dependence of the field
could be determined. A circumferential ring of ports 4.4 cm above the
bottom of the cavity was used to determine the ¢-dependence of the
electric field (Figure 4.1b). These ports were drilled every 7.5°
around the cavity except for Iinterruptions near the microwave input
probe (¢ = 0°) and the observation window (¢ = 180°).

Two different antenna geometries were used in this work (Figure
4.1b). The first was constructed from a 50Q rigid microcoaxial
transmission line. This 2 mm o.d. coax was trimmed such that a 3 mm
long segment of the inner conductor extended beyond the end of the

outer conductor. This short monopole antenna was then inserted into



SO

Figure 4. 1a Experimental Measurement of Radial E-Field
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the electric field sampling ports in the wall of the cavity such that
the center conductor protruded into the cavity 3 mm. The microwave
power sampled from this antenna was measured by a Hewlett-Packard
HP435A microwave power meter. The relative strength of the radial

component of the microwave electric field can then be determined from

Er VvV P (4.1)

a

where Er is the radial component of the electric field and Pa is the
measured microwave power from the antenna.

The second antenna design was used for absolute measurement of the
radial electric field strength. The en& of a 2 mm o.d. 50Q rigid coax
was very carefully cut such that the inner and outer conductors were
flush. It is important not to the deform the coax when cutting it
since this adversely affects the accuracy of the measurements. Cutting
the coax using a sharp knife while it rotates in a lathe works well.
The coax is inserted into a cavity port so that its end is flush with
the inner wall of the cavity. The coax is then soldered in place. The
microwave power sampled from this probe can be used to determine the

strength of the radial E-field (78]

E = (eX ma’w) ' /2p (4.2)
r or Z
(o]

where €, is the permittivity of free space, Kr is 3.846, a 1is the
radius of the inner conductor of the coax, w 1is the microwave

frequency, P is the sampled power, and Zo is the coax impedance (50Q).
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4.3 Identification of the Cavity Electromagnetic Modes

The electromagnetic modes of the plasma 1loaded cavity are
identiflied by measuring the relative field strength of the electric
field using Eqn. (3.1). For all of these measurements the discharge
conditions were 20 sccm argon, 0.9 mTorr chamber pressure, and 260
watts microwave power. A plot of the microwave power sampled by the
short antenna for an operating cavity length, LS, of 7.4 cm is shown in
Figure 4.2a for the ¢-dependence and 4.2b for the z-dependence.
Similarly, the ¢- and z-dependencies of the fields produced within the
cavity for Ls = 15.3, 8.0, and 8.4 cm are shown in Figures 4.3a-5b,
respectively. Probe lengths, Lp' ére approximately 1.5-2.0 cm
depending on power, pressure, and gas type. These modes of operation
represent the four cavity tunings with the lowest minimum reflected
power (i.e., the best impedance match between the microwave source and
the plasma).

The modes which exist in the cavity can be deduced from the field
patterns in Figures 4.2-5 by comparison with the analytic expression
for the radial component of the electric field for transverse electric

(TE) modes in a cylindrical cavity [75]

n x;xp r
Er(r.¢.z) = EoTJn[

2 ][bcos(n¢) + csin(ng)] sin(qnz/Ls) (4.3)

where n, p, and q are the eigenvalues which identify the mode, (r,¢,z)
are the cylindrical spatial coordinates with ¢=0 arbitrarily assigned

to the angle at which the microwave input probe enters the cavity, a is
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the cavity radius and Ls is the cavity height. The coefficient x;p
represents the pth zero of dJn(r)/dr. The azimuthal orientation of the
field is determined by the constants b and c.

In Figures 4.2a and 4.3a the solid line represents the normalized
theoretical values of |Er|2 for the TEZlq mode and TE31q mode
respectively. The experimental z-dependence of Er shown in Figures 4.2b
and 4.3b indicates that g=1, thus the TEZ11 and TE311 modes are
identified as the dominant EM modes. The ¢-alignment of these modes is
determined by the microwave input probe in both cases and implies c=0
in Eqn. (4.3). Figures 4.4a-b and 4.5a-b show two cavity modes which
are the superposition of modes with eigenvalues n=1,2. The solid line
was generated by a least squares fit éf linear combinations of TEn11
modes (n=0,1,2). The n=1 contribution is evidenced in the two large
lobes of strong radial electric field, and the n=2 component 1is
inferred from the small increases in E-field between the n=1 lobes.
Such hybrid modes are not possible in an empty, single-mode,

cylindrical cavity but can exist here due to the perturbation of the

cavity by the plasma and discharge chamber.
4.4 The Strength of the Cavity Electric Field

The magnitude of Er (Figure 4.6) was measured using a micro-coax
transmission line inserted so that it was flush with the cavity wall.
The probe position was 4.4 cm above the cavity baseplate at 90° from

the microwave input probe. All data were measured in the TEZ11 mode
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with an octapole ECR magnetic field and the cavity was slightly
adjusted (< 1 mm) between each data point to maintain minimal reflected
power.

The 1lower curve in Figure 4.6 shows a linear dependence of
electric field strength in the cavity with microwave input power at a
constant pressure (0.9 mTorr) and gas flow (20 sccm, argon). The upper
curve shows the fleld strength as a function of pressure for a constant
input power of 260 watts. In this case, the field strength adjusts
independently of the microwave input power to maintain a discharge
under varying plasma conditions (e.g., discharge pressure). The
variation of field strength may be initiated by a decrease in ion
density as pressure decreases (below 4'mTorr). This will reduce the
“plasma load" in the cavity. Reduction in plasma energy absorption is
accompanied by an increase in cavity quality factor [79], Q, and a
corresponding increase in the electric field strength within the
cavity. The stronger electric field will tend, in turn, to maintain
the plasma. One may make a similar argument to explain the observed
increase in field strength for pressures above 7 mTorr. Here, however,
plasma energy absorption decreases due to less effective ECR heating
[44], [72] (reduced mean free path of electrons at higher pressure).

Field strengths measured at the cavity wall 120° from the input
probe and 4.4 cm above the bottom of the cavity in the TE311 mode are
approximately 2.5 times greater than those measured at the same height,

90° from the input probe in the TE mode under identical pressure,

211
gas flow and power (see, for instance, Figures 4.2 and 4.3). If Eqn.
(4.3) is used to calculate the electric field strength near an ECR zone

in the discharge based on the measured electric field at the wall for
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each mode, one finds that the electric fields in the active plasma
region (ECR zones) are roughly equal for both ’I‘E211 and TE311 modes
(see Table 4.1). The actual field strength at an ECR zone will be
lower than listed in Table 4.1 due to attenuation by the discharge.
Since the plasma ion density is nearly equal for each mode (Chapter S),
the flields from both modes will be equally attenuated and the

comparison presented 1s valid. Here again one observes that the cavity

electric field adjusts as necessary to maintain the plasma.

Table 4.1 Comparison of Er(r.¢.z) in TE211 and TE311 Modes

Mode Power Er(8.9cm,0°,4.4cm) Er(4.0cm,0°,1cm)
at wall ECR zone

TE211 260 W 18.9 kV/m 7.3 kV/m

TE311 260 W 46.3 kV/m 6.9 kV/m

4.5 Concluding Remarks

Several electromagnetic cavity modes have been identified by
experimental measurement in the preceding sections. In the following
chapter the plasma density for the various modes will be investigated,
and it will be shown that plasma stability is dependent on the design
of ECR regions which coincide with the electromagnetic mode. The
electric field strengths measured here are useful data for future

computer simulations of multipolar ECR plasma heating. Finally, it has
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been demonstrated that the electric field within the cavity is
increased or decreased by the resonant structure, independently of the
microwave input power, so as to maintain a discharge under varying

plasma conditions.



Chapter S

Double Langmuir Probe Measurements of Ion Density

5.1 Introduction

One of the most popular and durable plasma diagnostic techniques
is the measurement of positive ion density using a double Langmuir
probe. Although this technique has several short-comings, it provides
a good estimate of both ion density and electron temperature. Unlike
most plasma diagnostic techniques, the double Langmuir probe
measurement requires no expensive, specialized equipment. Hence, the
technique provides a satisfactory figure of merit for comparison of
various discharges due to its easy accessibility to virtually all
laboratories.

Often a single Langmuir probe 1is used to measure electron
temperature and electron density. The double Langmuir probe offers two
principal advantages over the single probe. First, the double probe
current is limited to the ion saturation current which is considerably
lower than the electron saturation current that single probes must
collect. Single probes are thus plagued by heating or even melting
problems due to the large electron currents encountered in dense

plasmas. Second, the double probe provides a complete electrical
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circuit with the plasma. In contrast, the single probe requires a
large, grounded conducting surface to contact the plasma and act as the
second electrode.

In this chapter the double Langmuir probe technique is used to
determine the ion density generated by the electron cyclotron resonant
microwave plasma disk reactor (MPDR). The theoretical aspects of the
method are discussed as well as the pitfalls of the technique. The
experimental description of this work shows an automated data
acquistion system designed to quickly measure the Langmuir probe
current-voltage relationship and reduce this raw data to determine the
ion density and electron temperature. The results of the study of ion
density are presented next. The ion dehsity is measured as a function
of time to determine the "warm-up" period for this reactor. In
addition, the ion density is measured as a function of these discharge
parameters: gas pressure, gas flow, gas type (argon, oxygen, SF6).
microwave input power, electromagnetic cavity mode, and ECR magnetic
field geometry.

Double Langmuir probes also provide spatially resolved ion density
data. The probe used in this work was mounted on a mechanical vacuum
feedthrough such that the spatial distribution of 1ions could be
determined by moving the probe. Radial and axial ion density profiles
were measured in an argon discharge. These ion distributions are
compared to a theoretical model for the ion density based on ambipolar
diffusion theory. A generalized model is presented for cylindrically

symmetric, end-fed plasma chambers.
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5.2 Double Langmuir Probe Theory

The double Langmulr probe was first used by Johnson and Malter
[S2] in 1950. The double Langmuir probe [50]-[52] (see Figure 5.1)
consists of two small conducting electrodes which are placed directly
in the discharge being measured. A voltage is applied between the two
conductors using an electrically floating (ungrounded) DC voltage
supply. The resulting current is measured as a function of this
voltage. The electron temperature and ion density may then be
determined from the current-voltage relationship.

A typical double Langmuir probe I-V curve is shown in Figure 5.2.
Assume that the two electrodes are ciose enough together such the
plasma floating potential is essentially equal at both surfaces but
that the electrodes are more than several Debye lengths apart such that
the plasma sheaths of each probe do not interact. With no potential
difference applied between the electrodes, the potential of both
electrodes is equal to the plasma floating potential. Under these
conditions each probe collects equal numbers of electrons and ions and
no net current flows between the probes. When a small potential
difference is applied between the two electrodes, the more negative
surface begins to repel electrons. Hence a net current flows between
the two probe surfaces with the more positive electrode collecting more
electrons. As the potential difference between the electrodes is
increased the negative electrode will eventually collect a current
equal to the 1ion saturation current, Is' since all electrons are
repelled. The curve 1s symmetric with respect to voltage when the

electrodes are of equal area.
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Figure 5.1 Double Langmuir Probe and Circuit

Inset: The Origin of the Effective Probe Area
Due to the Plasma Sheath
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Figure 5.2 Typical I-V Curve of a Double Langmuir Probe
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The electron temperature of the plasma can be determined from the
double Langmuir probe I-V characteristic 1if it is assumed that the
electron energy distribution function is Maxwellian. Consider the
circuit in Figure 5.1. The current leaving one electrode must equal

the current entering the other
i, = -1 (5.1)

Expressing each electrode current in terms of its electron and ion

component,
i - i =1 -1 (5.2)

one may write an expression for the total ion or electron current, Ip,

collected by the probe,
I =1, +1,_=1_+1 (5.3)

Since the probe electrodes are floating, both surfaces are always
collecting the 1ion saturation current, independent of the voltage
applied. Therefore the total ion current (Ip) collected is equal to

the difference of the two ion saturation currents,
I =1 -1 (5.4)

Here we use the Maxwellian electron energy assumption to express the

electron currents in terms of the probe potentials,
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e(-eVI/kTe) + 1

= e(-eVZ/kTe)
P el e2 01 02

(5.5)

, are the potentials of the two electrodes, I01 and 102

are the electron currents when the probe potentials are zero, and Te is

where V1 and V

the electron temperature. As stated earlier, we have assumed that the
plasma potentials do not vary significantly between the two electrodes
of the probe. It is then possible to write the voltage applied to the
probe, V, as

v=V, -V (5.6)

Equation (5.5) then becomes

I Iog
L= =8 exp (-eV/KT) + 1 (5.7)
Teo Toz

Finally, taking the natural log of (5.7)

I eV I
1n[L-1]=-—+1n[°1] (5.8)
Ie2 kTe I02

From (5.8) it is possible to determine the electron temperature from
the slope of the line In (Ip/IeZ-l) vs. -eV/kTe.
Once the electron temperature has been determined, it is possible

to calculate the ‘ion density in the plasma from the ion saturation
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current. Following the development of Chen [51], the ion density is

related to the ion saturation current by

172

kTe
Isz0.6 nieAp [Ti (5.9)

where n, is the ion density, e is the electronic charge, Ap is the

effective probe area, and m, is the lon mass. The effective probe area
represents the increased ion collection area of the probe due to the

plasma sheath (see Figure 5.1).
5.3 Possible Sources of Error in Langmuir Probes

While the simplicity of the double Langmuir probe makes it useful
as a good universal figure of merit for plasmas, there are several
assumptions implicit in the method which may affect its accuracy. Some
of these problems include non-Maxwellian electron energy distributions,
secondary emission of electrons from the probe, perturbation of the
plasma by the probe, estimation of the effective probe area, and
orbital motion limited current.

As stated 1in section 5.2, the determination of the electron
temperature of the plasma by double Langmuir probe requires one to
assume a Maxwellian electron energy distribution. Physically, the
probe method samples the high energy electrons present in the plasma
and produces an electron temperature based on a Maxwellian distribution
extrapolated from these electrons. If the high energy part of the

electron energy spectrum is enhanced (e.g., by ECR) or depleted (e.g.,
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by 1inelastic collisions), the resulting electron temperature as
measured by the probe will be lnaccurate. Measurements of the electron
energy distribution function (EEDF) indicate that the difference
between the average electron energy calculated from the EEDF and the
electron temperature as measured by a double Langmuir probe differ by
as much as 15% in argon (see Chapter 6). EEDFs in SF6 discharges,
however, are very non-Maxwellian and would be expected to deviate
considerably more than 15%.

Ions striking the surface of the probe will induce the emission of
secondary electrons. These electrons will create an additional
current which is indistiguishable from the ion saturation current. An
estimate of the error caused by secoﬁdary electron emission may be
determined by finding the secondary electron yield for the probe
material when bombarded by the primary ionic species of the plasma.

Langmuir probes are somewhat invasive in that they provide a
recombination site for electrons and ions in the plasma volume as well
as acting as a source of free electrons. To reduce the effect of the
plasma perturbation by the probe, the probe should be made as small as
possible. There is a limit to the size of the probe, however, as
discussed next.

When the probe, or any object, is submersed in the plasma a sheath
region forms around the probe which is on the order of a Debye length,

Aq

>
]

69 T /n meters (5.10)
e e
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Te is in K and n, is n-3. The Debye length is the distance over which
a charge pertubation is shielded by the plasma. When a very small
non-planar probe is inserted into the plasma, the effective area of the
probe may be considerably larger than the physical dimensions of the
probe due to the surrounding plasma sheath (Figure 5.1). To minimize
this effect it is best to make the probe large compared to the sheath
width so that the effective probe area (Ap) may be accurately
determined. Unfortunately, this design requirement is in contradiction
with the desire to minimally perturb the plasma and some compromise
must be determined.

Finally, care must be taken with small, non-planar probes that the
saturation currents are not orbital ﬁotion limited (OML) [80]. In
general this occurs for probe radil less than one plasma Debye length.
For OML current Eqn. (5.9) is not valid and erroneous ion densities

will result from its use.
S.4 Experimental Determination of Ion Density
S5.4.1 Probe Design

The first step in the design of the Langmuir probe is the
determination of the electron Debye length from Eqn. (5.10). Using an
ion density of 1x1011 cm-s and an electron temperature of 6 eV, the
Debye length is estimated at SOum. To avoid OML effects and minimize
the error due to plasma sheaths, the radius of the probe must be much

greater than a Debye length. In this work two double Langmuir probes

were constructed. Probe 1 consisted of two cylindrical tungsten rods
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sealed iIn a pyrex tube. The exposed tungsten ends were covered with
evaporated aluminum approximately S00 nm thick in anticipation of use
in fluorine environments. Tungsten is quickly etched by fluorine but
aluminum is essentially inert. The exposed cylindrical tips of probe 1
were 0.37 mm in diameter and 3.2 mm long. Probe 2 was constructed from
1 mm diameter uncoated tunsten rods with a 7.8 mm length exposed to the
plasma. After compensation for the effective probe area (section
5.4.4) both probes gave ion densities which were consistent with each

other within the experimental accuracy of the method.
5.4.2 Mechanical Manipulation of the Probe

The probe could be manipulated within the plasma chamber using a
rotory/longitudinal vacuum feedthrough. As shown in Figure 3.1, the
feedthrough was installed in the bottom of the processing chamber. The
distance of the probe below the plasma, d, could be changed simply by
using the longitudinal motion of the feedthrough. Radially resolved
data was collected by mounting the probe on a 11.7 cm long arm such
that the probe passed through the center of the plasma on a circular
path. The position of the probe, r, relative to the center of the

plasma was determined by the rotation angle of the feedthrough, 6,

r = +16.55 /1 - cos 6 cm (5.11)

where r>0 represents positions nearer the microwave input probe and

values of r<0 are assigned to positions away from the probe. All
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spatially resolved probe data taken within the plasma chamber were

measured with this method.

5.4.3 Data Acquistion of the Probe I-V Characteristic

The extraction of ion density and electron temperature from the
double Langmuir probe requires knowledge of the current passing through
the probe as a function of the voltage applied between the two
electrodes. In general approx. SO I-V data pairs are required for an
accurate determination of the these plasma parameters. While it 1is
possible to record this data by hand, a computer controlled data
acquistion can quickly take the data and perform the required data
reduction outlined in section 5.2. The data acquistion circuit used in
this work is shown in Figure S.3.

Since the double Langmuir probe must float with respect to ground,
data acquisition of the probe takes special effort in isolating the
sampling circuit from electrical grounding. In order to eliminate
electrical ground paths, a Metrabyte DAS-8 analog-to-digital converter
was 1solated from the Langmuir probe circuit by a Metrabyte I1S0-4
isolation amplifier. The 1SO-4 allows voltages to be differentially
amplified with 3500 volts of electrical isolation. In Figure 5.3 the
voltage supplied to the probe 1is calibrated through a multiturn
potentiometer, isolated through the ISO-4 channel with zero gain, and
sent to the DAS-8 a/d converter. The probe current is sampled from the
voltage drop across the current-sampling variable resistors. The ISO-4
gain is set to 50 such that the maximum allowed voltage drop across the

current sampling resistor is 100 mV. The difference between the
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Figure 5.3 Data Acquisition Circuit for the Double Langmuir Probe
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sampled voltage and the actual probe voltage is therefore always less
than 100 mV, which introduces negligible error. The ammeter and
voltmeter shown in Figure 5.3 are used for the initial software
callbration of the data acquisition system. The voltage from the
floating DC supply is manually swept while the computer takes samples
at preset voltage intervals (typically 1-2 volts). Since the probe
current can be quite noisy, each data point 1s sampled 100 times and

averaged to obtain a reliable I-V trace.

5.4.4 Reduction of the Probe I-V Characteristic

Once the raw I-V data has been captured from the probe, the data
must be reduced to yield the electron temperature and ion density. In
this section a novel technique for consistently determining these
parameters is introduced.

From Eqn. (5.8) the electron temperature may be determined from
-1) vs. Va. The Langmuir probe data

2
will produce a straight line provided that the data points used all lie

the slope of a plot of ln(Ip/Ie

between the positive and negative ion saturation currents. Typically
the ion saturation currents are estimated by drawing three tangent
lines to the I-V data. Two tangent 1lines coincide with the ion
saturation regions of the probe characteristic and the third passes
through the data near the origin. The intersection of these tangent
lines 1s often used as the ion saturation current. An improved method
for the experimental determination of the ion saturation current is now
proposed. For this method, two ion saturation currents are chosen as

outlined above. A plot of the data between these saturation currents
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is then generated using Eqn. (5.8). If this plot is linear then it is
assumed that the initial guess of the ion saturation currents was too
low. Conversely, if this plot shows non-linear behavior near the
extrema of the data, the initial guess of the lon saturation currents
was too large. Using this algorithm the 1lon saturation current 1is
iteratively determined. One word of cautlon is due: for substantially
non-Maxwellian electron distributions, Eqn. (5.8) will never produce a
linear plot and the validity of the Langmuir probe technique 1is
questionable.

Once the ion saturation currents have been determined as discussed
above, Eqn. (5.9) is used to determine the ion density. The effective
probe area 1is estimated in this work- by including a sheath region
surrounding the probe which is two Debye lengths wide. Since the Debye
length is a function of ion density (assuming a charge neutral plasma,

n =n

e 1), and the ion density depends on the effective probe area (and

therefore on Debye length), it is necessary to self-consistently solve
for both Debye length and ion density. Here an iterative technique is
used wherein the ion density is first calculated assuming Ad = 0. Then
this ion density 1s used to find a first estimate of the Debye length.
This Debye length is used to compute an estimate of the effective probe
area. At this point the cycle is repeated by determining the ion
density again. This iteration 1is repeated until the ion density is

unchanged from one cycle to the next.
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5.5 Experimental Ion Densitles

Following the procedures above the ion densities in the processing
chamber of the multipolar ECR microwave plasma source were determined.
Unless otherwise noted the TEZ11 cavity mode with an octapole magnetic

field was used and all measurements were made with the microwave

confinement grid (piece (34) of Figure 3.1) removed.
S5.5.1 Transient Response

Initial experiments hinted that the ion density was somewhat
variable as a function of time. In an effort to quantify the time
dependence and identify the source of this variation, the ion density of an
argon discharge was measured vs. time. Experimental conditions were
chosen to represent typical operating values: 260 watts of absorbed
microwave power, 20 sccm gas flow, 0.9 mTorr chamber pressure. The
microwave confinement grid was not used and the Langmuir probe was
positioned at r=0 and d=0. In Figure 5.4 the resulting time dependence
of ion density is shown. At t=0 the discharge was initliated and the
measured ion density was near 5x1011 cm—3. The ilon density then was
observed to increase for the following 20 minutes until reaching a
steady state value of 6.3x1011 cm-3. The electron temperature
decreases from 70 600 K at t=2 minutes to 66 000 K at t=32 minutes.

The exponential-like increase of ion density with a time constant
on the order of 10 minutes suggests that the observed variation 1s due

to thermal effects. When the discharge 1is initiated the plasma

confinement surfaces are cooled at or below room temperature by the
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water channels in the baseplate. Energy from the discharge must then
be deposited on the walls 1in greater amounts until an equilibrium
between plasma temperature (neutrals and 1ions) and the discharge
containment vessel 1is reached. During this warm-up period the
available input energy is constant. It is therefore proposed that the
fraction of the energy available for ionization is reduced by enhanced
thermal losses during the first 20 minutes of operation. From a
practical viewpoint it should be noted that a 20 minute warm-up period
is necessary before critical plasma dliagnostics are performed. This

practice was observed throughout this work except when plasma etching.

5.5.2 Gas Pressure and Gas Flow Rate

Ion densities were measured as a function of pressure and flow
rate. Pumping speed, gas flow rate and chamber pressure are
interrelated in a vacuum system as suggested by the upper curve in
Figure S.S. From this curve the relationship between flow rate and
chamber pressure can be deduced for argon gas. The diffusion pump
speed was maximum for this set of data. The microwave power absorbed
for the measurements taken in Figure 5.5 was 260 watts and the Langmuir
probe was positioned at r=0 and d=0. As the argon pressure and gas
flow are increased, one observes a corresponding 1increase 1in 1ion
density due largely to an increase in the availability of neutral
particles and a corresponding increase in ionization frequency. Also
at higher pressures the loss of lons and electrons by recombination at
the chamber walls is reduced [13]. This is due to decreased diffusion

coefficients.
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The lower set of data in Figure 5.5 is the measured ion density of
an oxygen discharge. The oxygen mass flow controller available for
this experiment was limited to a maximum flow rate of 10 sccm. To
achieve pressures high enough to sustain a discharge the high vacuum
gate valve between the diffusion pump and the processing chamber was
partially closed. The throttling of the gate valve effectively reduces
the pumping speed of the diffusion pump allowing higher operating
pressures for low gas flow rates. The oxygen ion density was observed
to increase slowly as pressure is increased. The error bars in Figure
5.5 represent the uncertainty in the oxygen ion mass to be used in Eqn.
(5.9). The lower limit was calculated assuming that 0" was the only
positive lon speclies in the discharge, énd the upper limit assumes only

+

O2 exists in the plasma.

5.5.3 Microwave Power Absorption

The microwave power absorbed by the cavity and plasma was varied
from 50 W to 260 W while sustaining a 20 sccm argon plasma at 0.9
mTorr. The family of curves shown in Figure 5.6 displays the measured
ion densities for various cavity lengths and numbers of ECR magnets.
In this section we will be concerned with the TEZ11 mode using eight
(8) magnets represented in the figure by the open circles (o).

At the minimum stable output power of the microwave source (S50W)
the plasma density measured at r=0 and d=0 is 1.8x1011 cm_3. Ion
density increases rapidly with 1increasing power from 50 to

approximately 100 W. Above 100 W the 1lon density is observed to

increase more slowly with increasing power. This slower increase of
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ion density at higher power levels as been observed elsewhere [39], [44]

and may be caused by neutral species depletion. At 6x1011 cm_3,

however, the plasma is only 5-10% ionized (p 0.9 mTorr, Tg =
300-500K). An alternative explanation follows. Due to long range
Coulomb forces, the 1ion-electron collision cross section |is
significantly larger than the electron-neutral collision cross section.
It is therefore suggested that ion-electron collisions may begin to
dominate over neuiral-electron collisions in the discharge for even
moderate degrees of 1ionization. The 1increased electron collision
frequency impedes the ECR heating of the plasma. This mechanism, as

well as an increase in diffusion losses, may explain ion density

saturation observed above several percent ionization.
S.5.4 Cavity Mode and B-field Geometry

As discussed in Chapter 3, the position of the sliding short in

the cavity determines the geometry of the electromagnetic fields within

i
the cavity. The electric flield has been measured under discharge

conditions and several cavity modes have been identified (see Chapter

4). Figure 5.6 shows the ion density vs. power for the TE211 and TE311

modes. The electric field lines which exist in the cavity cross
section for each of these modes are shown in Figure 5.7. Note that the

TEZII

the TE311 mode exhibits six lobes. Since it is beneficial to place

ECR-strength magnetic fields in the region of high E-field intensity,

mode is characterized by four lobes of intense electric field and

each of these modes of operation may be somewhat optimized by a

different magnetic' field geometry. For the TE311 mode six alternating
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pole magnets were placed éround the discharge region such that the
magnetic cusps assoclated with this hexapole field align with the
microwave electric field. Likewise, the 'I‘EZZ11 electric fleld geome.try
suggests the use of a four- or eight-cusp magnetic field. The octapole
configuration was chosen since a quadrapole geometry may leave the
magnets too widely spaced for effective multipolar plasma confinement.
ECR plasma excitation requires that the static magnetic field have a
component perpendicular to the microwave electric field. The magnets
were therefore oriented as shown in Figure 5.8 such that electric and
magnetic fields cross nearly perpendicularly.

Referring back to Figure 5.6 one sees that the ion density is only
slightly affected by choice of mode or‘ magnetic field geometry. The
significant difference in performance between the various
configurations shown is plasma stability at low microwave powers. Each
curve in Figure 5.6 was taken beginning at 260 watts. The power was
then reduced while continually tuning the cavity until the plasma
extinguished. Although this technique of determining plasma stability
is slightly dependent on the operator’s skill, a qualitative
determination of plasma stability for the various modes can be made.
Clearly the most stable configuration is the octapole magnetic field in
the TE mode. Plasmas could be sustained at 0.9 mTorr argon with

211
less than 60 watts of power. The TE mode with a hexapole field

311
shows slightly less stability. Under the same discharge conditions the
plasma required approximately 100 watts of microwave power. Both of
these configurations represent an alignment between the ECR magnetic
field and the electric field. The performance difference may be

attributed to 1less effective charged particle confinement by the
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hexapole field. The remaining two curves represent ion densities
measured with an intentional mismatch between electric and magnetic
fields. The TEZ11 mode operated with six magnets and the TESll mode
operated with eight magnets cannot possibly be aligned such that each
high intensity electric fleld lobe coincides with a magnetic field
cusp. The result is that each configuration requires at least 150 W to
sustain a plasma which required only 50 watts using an aligned field
geometry. The thoughtful design of the magnetic field geometry for a
given electromagnetic cavity mode can clearly enhance the low power

performance of these plasma sources. Further improvements may be made

by careful modeling of ECR heating in the discharge zone.
5.6 The Spatial Distribution of Ions

Double Langmuir probe measurements of lon density are made in the
downstream processing chamber using two operating configurations. The
first scheme uses a stainless steel grid with 40% transparency to
separate the upstream discharge-generation volume from the downstream
processing chamber (i.e., d=0). The purpose of the grid is to confine
microwave radiation in the cavity and discharge 2zone. The second
configuration ope;ates with the microwave confinement grid removed.
This allows microwaves to radlate from the cavity when no plasma is
present. Once a discharge is initiated, however, and the electron

-3), the microwave

density is above the critical density (7x1010 cm
radliation cannot propagate through the discharge region 1into the

processing chamber.
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S5.6.1 Processing Chamber Ion Density with the Grid

The spatial distribution of argon ions 1in the downstream
processing chamber is shown in Figure 5.9. Radial measurements were
taken at d = 7, 32, and 52 mm below the confinement grid.
Discharge conditions were 20 sccm argon (0.9 mTorr) and 250 watts
of microwave power.

The peak density is nearly constant at 3x1010 cm-3 at 7 mm below
the grid indicating that the ion density within the discharge chamber
is highly uniform. This observation is consistent with a free-fall
[20], [81] diffusion dominated discharge within the discharge chamber.
Ions and electrons within a fTee-fall.diffusion dominated discharge
exhibit a uniform density central region with rapid density decay near
the vessel walls [81]. The plasma conditions required for free-fall
diffusion to dominate the charge distribution within the plasma are
essentially that the mean free path of the charge carriers be longer
than the characteristic diffusion length of the containment vessel.
Mahoney [20] and Dahimene [13] have observed free-fall diffusion

characteristics in Te vs. CPA plots [82] in similar discharges. The

characteristic diffusion length, A, for a cylindrical discharge is

EEED e

where r 1s the discharge radius and L is the discharge length. For r =

given by

4.5 cm and L = 6 cm, the characteristic diffusion length |is
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A = 1.33 cm. The mean free path for argon ions at 1 mTorr |is
approximately 5 cm [38]. Clearly free-fall diffusion conditions are
met within the discharge zone of this plasma for pressures less than a
few millitorr.

As one Iinvestigates the ion density further downstream in the
larger diameter (and, hence, longer diffusion length) processing
chamber, the 1ion densities begin to exhibit Bessel-function-like
shapes. This is an indicatlion that free-fall diffusion conditions no
longer exist in the processing chamber and the spatial distribution of
ions obeys ambipolar diffusion principles. As the name implies,
ambipolar diffusion 1s characterized by lons and electrons diffusing at
the same rate. The species are preventéd from diffusing independently
of one another by Coulomb attraction. This occurs when the charge
densities are relatively large such that the mean separation between
positive lons and electrons is small. Unlike free-fall diffusion,
however, the mean free path of the 1ions 1is now less than the
characteristic diffusion length of the plasma containment vessel. In
the processing region r = 23 cm and L = 53 cm. This gives A = 8.3 cm
which is 1.6 times larger than the mean free path of the argon ion at 1
mTorr. In section 5.6.3 an ambipolar diffusion model will be applied
to the processing region.

Using the double Langmuir probe with an evaporated aluminum
protective coating the ion densities were measured in a typical silicon
etching environment. The input power used in measuring the data
presented in Figure 5.10 was 260 watts with a gas mixture of 16 sccm

argon and 4 sccm SF The resulting chamber pressure is 0.95 mTorr.

6
The densities reported in Figure 5.10 are only estimates since the
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actual ion mass for this gas mixture is unknown. Since the discharge
is primarily argon, the ion mass used in Eqn. (5.9) was 40 a.m.u.
(i.e., the mass of Ar*). In spite of this approximation, the spatial
variation of ion densities for the etching gas mixture is nearly the
same as for pure argon and the above discussion of diffusion models

applies.

§.6.2 Processing Chamber Ion Densities without the Grid

In this section the ion densities were again measured spatially in
an argon discharge. This time, however, the microwave confinement grid
was removed such that charged and excitéd species could freely diffuse
from the discharge region into the processing chamber. The absence of
the grid allows microwave radiation to propagate into the processing
chamber when no plasma is present in the discharge chamber. Hence, for
safety reasons, it 1is imperative that the discharge be initiated
quickly once microwave power is applied to the cavity. In addition, it
is important to monitor microwave radiation levels in the laboratory
during operation of the source to ensure that no wave propagation
occurs through the plasma (e.g., magnetized plasma waves) [73].

Radial ion densities measured in a 0.9 mTorr, 20 sccm argon
discharge are plotted in Figure 5.11. Microwave power absorbed was 260
watts. The upper curve in the figure represents the ion density at
d=0, that 1s at the plane of the removed microwave confinement grid.
Note that the density over a S cm central region is quite uniform at
6x1011 cn-3. This high degree of uniformity indicates that free-fall

diffusion of charged particles continues to dominate the discharge
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region even with the grid removed. Further downstream in the
processing chamber the 1ion density distributions become more
Bessel-function-shaped implying ambipolar diffusion.

The ion density as a function of distance downstream from the
discharge region 1s plotted in Figure S5.12. The density decreases
exponentially from 6x1011 cm-3 at d=0 mm. The exponential decrease in
density is an expected effect from the ambipolar diffusion of charged
particles (see Eqn. 5.25). Plasma processes which are dependent on ion
flux will be expected to have the fastest processing rates near d=0.

The most dramatic change observed when the microwave confinement
grid is removed is a 17-fold increase in ion density. Referring back

to Figure 5.10, one sees the central ion density at d=7 mm is 3x1010

cn-3. With the grid removed the ion density at d = 10 mm 1is

approximately leo11 cm-3 at the center of the discharge. This result
shows that the microwave confinement grid acts as an electron-ion
recombination site. Processes which require large ion fluxes should
benefit from the removal of this grid while processes sensitive to ion

bombardment can be protected by the grid. The etching of silicon with

and without the grid in place is discussed in Chapter 9.
5.6.3 An Ambipolar Diffusion Model

The distribution of charged specles below the disk-shaped plasma
generated by the microwave plasma disk reactor (MPDR) can be determined

from the solution of the ambipolar diffusion equation [83]:

Davzn(r,¢.z) + vin(r.¢.z) =0 (5.13)
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where Da is the ambipolar diffusion coefficient, vy is the lonization
frequency and n(r,¢,z) is the lon density. Equation 5.13 assumes that
the pressure is less than approx. 100 mTorr such that electrons and
ions cannot recombine in the plasma except at the walls of contaiment
vessel. Recombination 1is forbidden in the volume of the plasma at
these low pressures due to the extremely low probability of three-body
collisions which are required for electron-ion recombination. In
addition, electron attachment processes are neglected in Eqn. S5.13.
This assumption is appropriate for noble gas plasmas such as argon
where the valence shells of the atoms are completely filled.

Using a standard separation of varibles technique, the density,

n(r,¢,z), may be written as a product of solutions in the form
n(r,¢,z) = R(r)o(¢)z(z). (5.14)

The cylindrical symmetry of the reactor suggests that solutions may be
axially symmetric. With this assumption we may immediately write ®(¢)
= C, a constant. Applying the separated form of the solution to the
ambipolar diffusion equation ylelds two ordinary differential equations

(ODEs) for R(r) and 2(z), respectively.

1
—_— -] = - __; (5.15)
rR ér ar A
r
2
192z 1 (5.16)
2 822 A2
b4

where
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(5.17)

|
N N
>|..a
N

The general solution for the first ODE above is a linear combination of
a zero order Bessel function of the first kind and a zero order Bessel
function of the second kind. Since we seek the solution in the region
where r = 0, Bessel functions of the second kind do not provide
physical solutions. (YO(O) diverges to negative infinity.) The
processing chamber of radius a acts as a sink for electron-ion
recombination and suggests boundary conditions such that the electron

and lon density are zero at its surface:

a
R(a) = Jo[ —R; ] = 0 (5.18)

This is satisfied when Ar is chosen such that

A = — (5.19)

Here Xon signifies the nth root of the zero order Bessel function of

the first kind, and {n | ne1,23...}). The second ODE has solutions

of the form

z z
2(z) =Aexp | - — + Bexp | — (5.20)
Az Az
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It can be argued that the coefficient B must be zero since the solution
must remain finite as z becomes large. The solution may now be written

as a product of the two separated solutions above.

xonr Y 4
n_ ,(r,z) = Z A Jo[ —5—] exp[- — ] (5.21)
’ Z
n=1

The final boundary condition is imposed by the presence of the plasma
at the z = 0 plane of the bell jar. At very low pressures, the plasma
diffusion process in the MPDR is free-fall dominated (Langmuir-Tonks).
The electron and ion densitles in this type of discharge may be
characterized by nearly uniform distributions throughout the plasma
volume with a rapid decay of density near the containment vessel walls.
With this in mind, the boundary condition at the z=0 plane |is

approximated as

No rsb»o
(5.22)

n ,(r,0) =
e 1 { 0 r>»>

where b is the plasma disk radius. Although this may seem to be an
oversimplification, experimental measurements in the preceding sections
have verified its validity. Additionally, the diffusion equation may
be solved for any axially symmetric, plece-wise constant boundary
condition at the z = 0 plane by superimposing solutions of this kind
for varying radii, b, and peak densities. Continuing with the
solution, we wish to obtain the coefficients, An' from this last
boundary condition. If both sides of Eqn. (5.21) are multiplied by

rJo(xomr/a) and integrated from zero to a, we obtain
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r] rdr (5.23)

xom = xon xom
No JO[ 2 r] rdr = 2: An Jo[ 2 r] Jo[ 2
0 n=1

The right hand side above is non-zero only if n = m since the Bessel
functions are orthogonal. Using a table of integrals both integrals

may be solved in closed form giving

ab X
N | — |52
o[xo.J 1[ ab]
A =
m 2

a 2
z [ J1 (xon)]

(5.24)

Consolidating all of the above information, the solution can be

written as

x
© J _O_I'l_
2b 1 1| a Xont
ne’i(r.z) = No[;—] E: = Jo[ 2 ] exp [ -kzz] (5.25)
on 2
n=1 J7(x_ )
1 “on

where

k = /[ "on]2 [ Yy ] (5.26)
z _ony
a D
a
The ambipolar diffusion solution developed above is now applied to
the MPDR processing chamber. We take the outer radius, b, to be the
radius of the vacuum port in the stalnless steel top-plate (Figure 3.1,

pilece (35)) of the processing chamber (a = 8.9 cm). The diameter of

the discharge, b, 1s estimated to be slightly less than the radius of
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the quartz plasma chamber to compensate for regions of low density
found near the walls. For this calculation b=3.5-4.0 cm produced
results which agreed best with experimentally measured densities.

The eigenvalue kz requires knowledge of the ionization frequency,

14 and the ambipolar diffusion coefficient. The ionization frequency

19
may be calculated from

v, = ne<cArv> (5.27)

where Car is the ionization cross section ([84] for argon and v is the
electron velocity. The expectation value notation, <-:-->, denotes
normalized integration over a Maxwellian electron energy distribution

function, f(E),

<> = I ®f (E) dE / I £(E) dE (5.28)

Using a plecewise-linear approximation for Cprr Yy caN be easily
determined from [13]
bom e 02 (1 e e /2T exploe AT) (5.29)
17— e e 1755 e’ EXPITE /K e :
e

where L is the electron mass, n, is the electron density, €, is the

i
threshold ionization energy of argon (15.7 eV), and a, is the slope of
the ionization cross section of argon above €, (1.15x10"17 eV-cm-z).

At a pressure of 1 mTorr with an electron temperature, Te' of 45 000 K,

v, 1s approximately 15000 s-l. The diffusion coefficient may be

1
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determined from the argon ion mobility, Hy» by the Einstein relation,
D, = u,(kT/q). Using u (760 Torr) = 1.6 cm?/volt-sec [85], the
ambipolar diffusion coefficlent at 1 mTorr is 5x10° cm®/sec. It is now
possible to observe that at pressures on the order of 1 mTorr (or less)
the ratio of vi/Da is always much less than (xon/a)2 and hence kz may

be approximated as
k_ =% x /a (5.30)
z on

Equation 5.25 was used to compute the ion density as a function of
r and z within the processing chamber. The summation was truncated
after n=50. Figure 5.13 displays tﬁe results of the calculation
plotted with the experimental data from Figure 5.9. The constant No
was chosen such that the data point at d=32 mm, r=0 mm fit experimental
data. Reasonably close agreement between the ambipolar model and
experimental results were obtained indicating that the discharge 1is
indeed dominated by ambipolar diffusion in the downstream processing
chamber. In particular, the model shows a fairly uniform central
region with rapid density decay near the edges of the plasma source
near d=0 mm. Downstream the plasma becomes less uniform and less dense
as specles diffuse away from the center toward the chamber walls. At
large distances from the discharge region, however, the plasma again
becomes more uniform but considerably less dense.

These results suggest two different plasma processing geometries
which posess uniform ion densities. One method suitable for small area
substrates (less than 2 inches in diameter) is to place the sample

within 10 mm of the discharge region. The high lon densities near the
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source should provide high process rates. If larger samples are to be
processed uniformly the sample should be moved to a distance greater
than 60 mm. Processes dependent on ilon interaction will proceed less
rapidly in this configuration, but larger substrates may be treated
uniformly at an appropriate downstream distance. As an example,
silicon etching results of 76 mm (3 inch) wafers are discussed in
Chapter 9.

The lon uniformity in the processing chamber is clearly dependent
on diffusion processes. By controlling diffusion in the chamber the
ion density may be engineered for improved uniformity. For example,
multipolar magnetic confinement [49] in the processing chamber may be
employed to reduce radial diffusion los‘ses thus increasing density and
improving uniformity.

Finally it should be noted that all of these measurements were
made without a wafer in the processing chamber. The presence of a
wafer will change the boundary conditions and reduce the diffusion
length, A, in the processing chamber. Since the diffusion length is
shortened by introducing a wafer into the chamber, particle diffusion
characteristics may exhibit behavior more 1like free-fall dominated
discharges. Plasma characteristics should, therefore, be more uniform

under actual processing conditions.



Chapter 6
Electron Energy Distribution Functions and Plasma Potential:

The Single Langmuir Probe

6.1 Introduction

In ECR plasmas electromagnetic energy is coupled directly to the
electron gas. Individual electrons gain energy from the microwave
field until they either drift out of the region of ECR excitation or
collide with another plasma constituent! Since the collision processes
are random in nature, the electrons in the plasma will not be
monoenergetic. Rather, they will exhibit a distribution of energies
which depends on both the energy gain mechanisms (ECR and Joule
heating) as well as the energy loss mechanisms (nearly elastic and
inelastic collisions). In this chapter an experimental study of the
distribution of electron energies downstream from the MPDR-generated
plasma in the processing chamber is presented.

A better understanding of the physical and chemical kinetics of
these discharges and a survey for potentially damaging high energy
electrons motivates this study. Reaction rates for many plasma
processes can be determined using published reaction cross sections in
conjunction with the electron energy distribution function (EEDF).
Ionization, excitation, dissociation, and attachment rates calculated

from experimental EEDFs can lead to valuable insights about discharge

109
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physics. Plasma processes are often sensitive to damage induced by the
plasma. One form of damage which occurs in plasma processes is caused
by high energy electron bombardment. By examining the EEDF, one may

ascertain the potential for energetic electron damage.
6.2 Measurement of the EEDF: Theory and Experiment

The electron energy distribution function of a plasma may be
determined by immersing a single Langmuir probe in the discharge. The
current-voltage relatlionship of the probe yields both the plasma

potential and the EEDF.
6.2.1 Theory of Measurement

Dryvesteyn [86], [87] showed in 1930 that the second derivative of
the current (Ip) with respect to voltage (Vp) of any non-concave

Langmuir probe is proportional to the EEDF, f(E),

f(E) o vV -V p (6.1)

where E = Vs - Vp, the plasma potential, Vs. minus the probe voltage,
Vp, relative to ground. The plasma potential 1is taken to be the
voltage at which the second derivative of the I-V characteristic is
maximum [88], [89]. All EEDFs reported in this work have been

normalized such that
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(- ]
J f(E) dE = 1. (6.2)
(o]

The average electron energy was calculated from the EEDF by

<E> = [ E f(E) dE (6.3)
o]

6.2.2 Experimental Configuration

Figure 6.1 éhows the circuit wused for obtaining the
experimental second derivative requiredAfor evaluation of Eqn. (6.1).
A small 1 kHz sinusoidal voltage (=0.5 Volts RMS) is superimposed on
the DC probe voltage using an audio frequency transformer. A Princeton
Applied Research (PAR-128A) lock-in amplifier 61fferent1a11y measures
the voltage across a current-sampling resistor at twice the oscillator
frequency. The output of the lock-in amplifier is proportional to
dzlp/dvi at the applied DC potential [88]. The DC voltage drop across
the 100Q current-sampling resistor was always less than a few tenths of
a volt since the maximum probe current was 1less than a few
milliamperes. Time constants of 3 seconds were selected for the
internal filters in the lock-in amplifier to eliminate noise due to
transient plasma potential fluctuations thus providing more accurate
distribution function data for high energy electrons. These long
time-constants required a settling period of at 1least 10 seconds
between each data point; a single EEDF could be determined in

approximately 10 minutes using this method. The single probe was
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positioned vertically in the processing chamber (see Figure 3.1) such
that the electron collection cross-section normal to the plasma beam
(Chapter 7) is negligible. It was found to be necessary to sputter
clean the probe by applying a -60 volt bias after each EEDF was

measured to ensure accuracy and repeatability.
6.3 EEDF Results and Discussion

In an ECR discharge the power coupling mechanism between
microwaves and electrons in the plasma 1s considerably different than
that of non-ECR microwave plasmas. In the absence of collisions and
magnetic flelds, electrons are unable fo gain any time-average energy
from a time-varying electric fleld. Maximum power transfer occurs when
the electron-neutral collision frequency is equal to the electric field
frequency, w [72]. This maximum in the power transfer characteristic
occurs typically at gas pressures on the order of 1 Torr for w =
1.54x1010 rad/sec. (2.45 GHz) and 1is a principal reason for
difficulties involved in sustaining a low pressure microwave discharge.
In ECR plasmas, however, the electric field frequency is equal to the
electron-cyclotron frequency (v = eBce/me). The resonance of the
orbital motion of the electron with the sinusoidal electric field
allows power to be transferred directly from the microwave field to the
electron. If electron-neutral and electron-ion collisions are
infrequent (i.e., low pressures, typ. <70mTorr [40])), the electrons in
the plasma may gain considerable energy in the ECR regions of the

discharge. While this 1s beneficial for sustaining low pressure

discharges, a question arises about the existence of high energy



114

electrons in the plasma processing chamber and their effects on the
plasma process (e.g., damage). To this end and to help understand the
plasma chemistry, the electron energy distribution functions (EEDFs) of

multipolar ECR discharges in O,, Ar, and SF_, + Ar at various pressures,

6

powers, and positions were measured.

6.3.1 Comparison with Maxwellian and Druyvesteyn EEDFs

To a large extent plasma characterization, indeed all of double
Langmuir probe theory, assumes a Maxwellian distribution [90] of
electrons in the discharge. The Druyvesteyn distribution is another
theoretical, analytical distribution» function wused to describe
discharge physics [91]. The actual EEDFs generally do not follow
either of these theoretical models. As shown in Figure 6.2, the
experimental EEDF measured 8 cm below the discharge in a 0.9 mTorr
argon discharge at 120W lies between the Maxwellian and Druyvesteyn
EEDFs of the same average energy showing that there are fewer high
energy electrons in the discharge than predicted by a Maxwellian
distribution. Similarly shaped EEDFs have been measured in divergent
field ECR reactors [40] and non-ECR microwave plasmas [88]. The
absence of high energy electrons in the processing chamber due to the
ECR heating process 1s attributed to the locallization of ECR zones in
the discharge region. Electrons in the ECR zones may have energies in
excess of those measured downstream but have lost their energy due to

elastic or 1nelastic collisions in or near the ECR region prior to



115

0.16

— = — Druyvesteyn Distribution, <{E)=5.7eV
Maxwellian Distribution, <E)=5.7 eV

o 0 o Experimental, 0.9mtorr Ar, 120 Watts
<E) = 5.7 eV

0.12

0.04

0.00

15 20 25

10
Electron Energy (eV

Figure 6.2 Comparison of the Measured EEDF in Argon with Maxwellian
and Druyvesteyn Distributions



116

diffusing or drifting into the downstream processing chamber. In
addition, high energy electrons may be magnetically trapped in the

multiple magnetic cusps of the discharge chamber.
6.3.2 Pressure Dependence of the EEDF

The EEDF variations vs. pressure in a discharge consisting of 20
sccm of argon gas sustained by 260 watts are shown in Figure 6.3a. A
small high-energy tail 1in the distribution function appears at
pressures above S mTorr. It is believed that this tail is caused by
inelastic electron scattering phenomena rather than a direct result of
ECR heating. If the high-energy tail wére a direct result of ECR, one
would expect the tall to become more pronounced at lower pressures
(where collisions are less frequent) rather than disappearing as the
pressure is reduced as was observed in this discharge. Figure 6.3b
plots the plasma potential and average energy obtained from the
experiments of Figure 6.3a. At pressures below 3 mTorr the average
electron energy Iincreases raplidly with a corresponding increase in
plasma potential. An increase in electron energy with reduced pressure
is required to sustain the discharge by increasing the ionization
frequency as electron energy losses due to diffusion increase.

Figures 6.4a and 6.4b show the EEDF and plasma potential in a 10
sccm oxygen discharge using 260 watts of microwave power. Here the
high energy talil which was observed in the higher pressure argon
plasmas is not observed. There is, however, additional fine-structure
in the EEDF which requires further study. Similar to argon plasmas,

average electron energles rapidly increase with decreasing pressure.
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6.3.3 Spatial Variation of the EEDF

Figure 6.5a shows a family of EEDFs as a function of distance
downstream from the reactor. The EEDFs were measured along the central
axis of the processing chamber in a discharge using 20 sccm argon at
0.9 mTorr with 260 watts of microwave power. No high energy electrons
are detected at any distance below the discharge. Note, however, that
due to strong magnetic fields, it was not possible to measure EEDFs
directly in the ECR zones where high energy electrons are likely to be
generated. Average electron energies decrease as a function of
downstream distance as shown in Figure 6.5b. Since there |is
essentially no microwave radiation fo excite the plasma 1in the
downstream region, the average electron energy slowly decays away from
the reactor due to electron collision processes. Since these EEDFs
deviate from Maxwellian, it is interesting to compare the results of
double Langmuir probe electron temperature measurements from Chapter 5
with the computed average energy from the actual EEDF. Table 6.1 lists
the measured electron temperature expressed as nge and the average
electron energy, <E>e, computed from Eqn. (6.3) and the measured
distribution function. The two measurements agree within 15%, with
nge being consistently larger. Since the double Langmuir probe
technique extrapolates an entire Maxwellian distribution based on the
distribution of moderate-to-high energy electrons, the discrepancy may
be due to the non-Maxwellian EEDFs of these plasmas.

Perhaps most interesting 1is the plot of plasma potential vs.
downstream distance. The potential is observed to decrease 1linearly

with distance indicating the existence of a steady-state space-charge
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electric field of 132 volts/m which will accelerate ions into the
processing region (see also Chapter 7). EEDFs in oxygen show a similar
relaxation-like behavior downstream from the discharge (see Figure

6.6a). At 0.9 mTorr, 10 sccm O 260 watts, the average energy

2.
decreases from 11.7 eV at the reactor to 8.6 eV at d = 8 cm (see Figure
6.6b). Simultaneously the plasma potential decreases from 33.5v to

18.8v over the same region giving rise to an average electric field of

approximately 184 volts/m.

Table 6.1 Comparison of Electron Temperature from Double Langmuir
Probes and Average Electron Energy as Determined from the EEDF.

d 3 kT <E> A%
2 e e
2 cm 8.8 eV T7.65 eV 15%
3 8.4 7.35 14
4 7.8 7.31 7
S 7.4 7.06 S
6 7.5 6.80 10
7 6.9 6.42 7
8 7.2 6.60 9

Measurements of the radial varlation of the average electron
energy in a 20 sccm argon discharge (0.9 mTorr, 260 watts) are shown in
Figure 6.7. All measurements were made at d = 2 cm. The shape of the
distribution function 1s fairly constant across the entire aperture of
the plasma source with a decay in average energy near the edges of the
discharge region.

Finally the plasma potential was measured throughout the

processing chamber. Discharge conditions were 20 sccm argon, 0.9 mTorr
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chamber pressure, and 260 watts microwave input power. A map of the
potential within the processing chamber 1s 1important since the
potential variations within the plasma are a result of space charge
induced electric fields and these electric fields determine ion motion.
Figure 6.8 shows the plasma potential as a function of distance from
the center of the chamber at distances, d, of 1, 2, 4, and 6 cm below
the discharge. The plasma potential is observed to decrease away from
the center of the processing chamber and to decrease downstream from
the discharge region. This will result in the static electric field
lines which point downward and also diverge from the center of the
chamber. Ion trajectories will follow these E-field lines, and a
somewhat divergent 1ion flux should be expected (as verified 1in

Chapter 7).

6.3.4 The EEDF vs. Power

Measurement of the EEDF as a function of microwave power at a
constant flow (20 sccm) and pressure (0.9 mTorr) of argon shows almost
no dependence on power (Figure 6.9). In the range of 120 to 250 watts
all EEDFs appear nearly ldentical to that shown in Figure 6.2. The
average energy was observed to increase only 0.3 eV from 5.7 eV at 120
watts to 6.0 eV at 250 watts. This weak dependence of electron
temperature on input power has been predicted in an analysis by
Dahimene [*]. Essentially the electron temperature 1is dictated by
balancing the loss of charged particles by recombination at vessel
walls against the generation of electrons and ions in the plasma

(ionization frequency). Since the 1loss mechanisms are primarily
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dependent on vessel surface geometry and charge particle mobility
(i.e., gas type and pressure), the input power has only second order
effects on electron temperature. This 1is confirmed by these EEDF

measurements.
6.3.5 EEDFs in Etching Gas Mixtures

Anisotropic etching of silicon with low ion energy bombardment is
an attractive integrated circuit (IC) fabrication technique (Chapters 2

and 9). Microwave discharges of less than 1 mTorr CF4 with 0-30% 02

have been demonstrated to etch silicon with 1little or no lateral
etching with ion energies in the 20-60 eV range [25], [38], [64]. It has
been found more recently that dilute mixtures of SF6 in Ar yield higher

etch rates than CF4 based reactants under much the same reactor

conditions [32]. It has been observed that the etch rate and degree of

anisotropy depend on the concentration of SF6 in Ar. Higher ratios of

SF6 lead to faster etch rates but, unfortunately, at the expense of

somewhat more isotropic profiles. Figure 6.10a shows the evolution of

the EEDF as a function of the fraction of SF6 flow in a 1 mTorr Ar +

SF6 discharge at 260 watts with a constant total flow of 20 sccm. The
pure Ar discharge exhibits an EEDF which lies midway between a
Maxwellian and a Druyvesteyn distribution as shown in Figure 6.2. The
second EEDF in the family of curves of Figure 6.10a was taken with a
trace of SF6 added to the discharge. The SF6 flow here was below the
resolution of the flow meters used (<0.25 sccm) but shows the beginning
of the formation of a second electron population at =15 eV in the EEDF.

This group of electrons becomes considerably more pronounced at high
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SF6 flow fractions. The valley of this distribution 1llies at

approximately 12 eV suggesting that this phenomena is a result of a

strong resonance in the total electron scattering cross section of SF6

at 12 ev [92].

SF6 is known to be a highly electronegative gas. The plasma
potential decreases significantly as SF6 is added to the discharge (see
Figure 6.10b). The decreased plasma potential is 1llkely due to an
increase in the negative 1lon concentration as the SF6 fraction is
increased. In addition, since electrons are lost in the formation of
negative lons, it 1is necessary for the average electron energy to
increase with the concentration of SF6 in order to sustain the
discharge. As shown in Figure 6.10b, <E>e increases from 7.9 eV with

pure Ar to 10.8eV with 10% SF6 + 90% Ar (2 sccm SF_ + 18 sccm Ar).

6

Normally one would expect the plasma potential to Iincrease as the
electron energy increases, the opposite behavior 1s observed here,
however, due to the formation of negative lons.

The ionization frequencies of Ar and SF_, were numerically computed

6

from total ionization cross sections found in the literature [84] as

[ ]
v, = Neowv> = N I o) £(E) / %E 4  (6.4)
m
E1 e

where N is the neutral density, o¢(E) is the total ionization cross

section, f(E) is the measured EEDF, and E, is the threshold ionization

i
energy. Table 6.2 lists the lonization frequency for each subgas in the

SF6/Ar plasma as a function of SF6 flow. Note that the 1lonization
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frequency increases dramatically in both gases as electron-depleting

SF6 is added to the plasma again indicating the need for an increased

production of electrons to sustain the discharge.

Table 6.2 The Ionization Frequencies of Argon and SF6 Numerically
Computed from the Experimental EEDF.

Ar flow SF6 flow Pressure v, (Ar) vy (SF6)
20 sccm 0.0 sccm .87 mTorr 19360 s} --
19.5 0.5 .90 23740 240 s}
19 1.0 .915 44900 1300
18.5 1.5 .93 37120 1530
18 2.0 .944 52920 3650

6.4 Concluding Remarks

The distribution of electron energies has been determined in
argon, oxygen, and sulfur hexafluorlide plasmas generated by the MPDR
under a range of operating conditions. No evidence of high energy
electrons from the ECR zones of the discharge has been found in the
processing chamber indicating that plasma processing in the MPDR should
be relatively free from energetic electron-induced damage. In
addition, comparison of electron temperatures measured by double
Langmuir probes with actual average energies found that the assumption
of a Maxwellian EEDF produces a 15% error in the Langmuir technique.

As predicted by theory, microwave input power has little effect on the
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EEDF or average electron energy. Highly non-Maxwellian electron

distributions have been observed in SF, discharges. The wunusual

6
character of these EEDFs is attributed to a strong electron scattering

resonance [92] for the SF6 molecule which distributes electrons into

groups above and below 12 eV. Ionization rates are also observed to

increase as the concentration of SF, iIn argon is increased. The

6

elevated ionization rates are believed to be the result of electron

depletion by attachment to electronegative SF6 molecules and SF‘x

molecular fragments.



Chapter 7

The Distribution of Ion Energies

7.1 Introduction

Chapter 6 described the energetics of the MPDR plasma’s electron
gas. We now turn to an investigation of the energy distribution
functions of the ion gas. Since the prime motivation of this research
is the development of a plasma processing source, the study of 1ions
will focus on the 1lon energy 1mp1ngihg on a simulated processing
surface.

Depending on their energy range, ions may serve several purposes
in plasma surface processing. At the high-energy end of the spectrum
( >100 eV) ions will physically sputter the surface and remove material
(etch). In addition to this etching action the high energy ionic
species may also become implanted in the sputtered substrate. Both of
these result in considerable damage to the surface and near-surface
regions of the substrate. At the lower end of the ion energy spectrum,
the ion energy is typically below the sputter threshold of the material
(0-30 eV). In this case little or no physical etching of the surface
occurs. These ions can still act to catalyze surface reactions by
fragmenting adsorbed reactive species or creating local reaction sites
in the substrate by inducing minor damage (e.g., bond breaking). These
low energy ion effects are classified as chemical processes in contrast

to the physical, high energy ion processes. Herein we investigate the
137
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ion energies produced by the MPDR in order to assist 1in the
identification of ion induced etching reactions.

Charged particles impinging on a wafer in the multipolar ECR
discharge may gain energy significantly greater than the thermal energy

from

1. the plasma sheath potential which is equal to the plasma

potential minus the potential of the wafer,

2. spatial variations in the plasma potential throughout the
discharge as a result of the diffusion of charged species,

and

3. strong gradients in the static multipolar ECR magnetic

field, i.e., VB associated drifts [47], [48].

Items 2. and 3. above are coupled phenomena since certain VB induced
drifts produce space charge electric fields. With the assistance of
plasma potential data from Chapter 6, the various origins of lon energy
can be identified.

This chapter begins by describing the design of the gridded ion
energy analyzer and the method of experimental measurement. Ion energy
spectra are reported as a function of substrate bias voltage, substrate
position, gas composition, and microwave power. The chapter concludes
with a discussion of the relationships between plasma potential and ion

energles.
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7.2 Design of the Gridded Ion Energy Analyzer

Design and construction of an lon energy analyzer which could
determine the spectrum of ion energies impinging on a silicon substrate
under ECR plasma etching conditions was the first goal (see Figure
7.1). Since the silicon substrate is usually moderately doped, it is a
fair electrical conductor. The gridded analyzer, however, while acting
as an electrical conductor to simulate the silicon substrate, should be
resistant to etching. Consequently, the analyzer was constructed

primarily from stainless steel.

7.2.1 Sampling Aperture Design

A conducting stainless steel membrane (50 um thick) was chosen to
simulate the conduéting surface of the silicon wafer. In the center of
this membrane a small aperture was drilled using an electron beam
drill. This aperture allows lons which would normally strike the
surface to pass through into the analysis section (see Figure 7.1).
The aperture should be small enough so that it does not affect the
plasma sheath which forms on the outer surface of the analyzer but
large enough so that a usable ion current can be sampled through it.
The first criteria requires that the aperture have a radius which is on
the order of a Debye length or less. Assuming an electron and 1ion
density of 10'! cm™3 and an electron temperature of 70,000 K the Debye

length [Eqn. (5.10)] is 58 um.
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The minimum hole size attalinable with the electron beam drill was
SO um in radius. Fortulitously this 1s on the order of one Debye length
and still allows tens of nanoamperes of ion current to pass through (at

1011 ions per cms).

7.2.2 Grid Design

A two-grid analyzer similar to that used by Matsuoka and Ono (93]
was chosen as the basis for this design. Each grid was constructed
from 100 1lines/inch nickel mesh which was spot-welded onto a
ring-shaped aluminum frame. The grid nearest to the aperture (the
electron repulsion grid) was blased at 5 constant voltage of +40 volts
to repel all electrons which pass into the analyzer. A potential of 40
volts was chosen based on the electron energy distribution data in
Chapter 6 which indicates that there are very few electrons with
energies greater than 40 eV. The lower grid (the ion retardation grid)
was then biased negatively by a variable DC voltage supply such that
lons passing through this grid would be separated by energy. Those
ions with sufficient energy to surmount the potential of the second
grid are then collected by the ion collection plate situated in the
bottom of the analyzer. By observing the change in ion current
collected by the ion collection plate as a function ion retardation

potential, the ion energy spectrum can be determined.
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7.2.3 Theoretical Analysis of Operation

It is now necessary to obtain an expression for the ion energy
distribution function (IEDF) for the gridded analyzer described above.

The current of the ion collection plate, Ic’ may be written as
I, = <qv,n> (7.1)

where q is the ion charge, v, is the instantaneous ion velocity at the

i

collection plate, and n, is the 1ion density. The angled brackets

indicate an integration over all velocities and a sum over all charge
states. If we now assume that only singly charged species are present

in the discharge (an assumption which 1is supported by emission

spectroscopy, Chapter 8) the collected current is

-]
e I v N(E) dE (7.2)

Eir

—
(9}
"

where Eir = qVir, and V1

The IEDF is given by N(E), and it is assumed that N(E) is normalized

r is the potential of the ion retardation grid.

such that

-]
I N(E) dE = n
0]

i (7.3)
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The velocity of the ions should now be expressed in terms of the ion
energy outside the analyzer, E, and the energy galned within the

analyzer, ch. Here Vc is the potential of the ion collection plate.

v=/ 2[E—ch] (7.4)
m

i

Substituting Eqn. (7.4) into Eqn. (7.3) and differentiating with respect

to V one obtains

ir
a1 [ 2atv, - v ) 12
= -q - - N(qVir) (7.5)
dv i
ir
Setting E=qV solving for N(E), and grouping all constants,

ir’

dIc -1/72
N(E) « - — (V1r - vic) (7.6)

dvir

Hence, the IEDF can be determined from the derivative of the collected

ion current with respect to the ion retardation potential.
7.2.4 Limitations and Sources of Error

Perhaps the most important limitation of this instrument is its
inability to measure ion veloclities parallel with the plane of the
analyzer’s grids (the P-direction). The expression for the IEDF derived

above implicitly assumes that the lons are travelling perpendicular to
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the grids (the g-directlon). If a monoenergetic beam of lons were to
enter the gridded analyzer with diverging paths, the component of ion
velocity parallel to the grids would exhibit itself by a broadening of
the ion spectrum as determined by Eqn. (7.6). Hence, the spectrum of
ion energies may be somewhat 1inaccurate due to ?—directed ion
velocities. Although the analyzer measures only the 2-directed
component of the ion velocity, estimates of the 1lateral velocity
component can be made from the width of the 1on energy spectrum for
nearly monoenergetic ion fluxes.

A second possible source of error may be 1induced by the
ion-sampling aperture. For plasmas with high ion density or low
electron temperature, the Debye length may become somewhat less than
the aperture radius. In this case a deformation of the sheath formed
over the stainless steel membrane may induce lateral ion velocitlies to
charged particles as they pass through thé aperture. This would also
result in a broadened spectrum of 1lon energies as measured by the
analyzer. In light of these observations it should be noted that the
double gridded ion energy analyzer provides only an upper limit on the

width of the ion energy spectrum.
7.3 Experimental Measurement of the IEDF

In order to obtain an accurate ion energy distribution, the first
derivative in Eqn. (7.6) was measured by superimposing a small 40 Hz
sinusoidal voltage and the ion retardation potential as shown in Figure
7.1. The corresponding variation in the collected ion current was

sampled differentially by a Princeton Applied Research (PAR 128A)
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lock-in amplifier. The lock-in amp was configured to detect the
magnitude of the fundamental frequency which 1s proportional to the
first derivative in Eqn. (7.6). This can be seen by writing the Taylor
expansion of the ion collection current, Ic = F(Vir). where F is some

unknown, non-linear function. The ion retardation voltage is

vir = vir + € sin wt (7.7)

where € is a small voltage. Expanding IC about vir’

2 .
dF(v, ) dF(v, )
I =F(v, ) + —ir_ € sin wt + —ir 1 ezsinzwt + H.O.T. (7.8)
c ir VZ 2
dvir d ir

Note that the trigonometric identity, sinzwt = é - écosZut. applied to

Eqn. (7.8) leaves only one term with the fundamental frequency (w)

which is of the order of e3 or larger:

dF (v, )

ir € sin wt (7.9)

dV1r
Examination of Eqn. (7.9) leads one to the conclusion that the
magnitude of the fundamental frequency 1is proportional to dlc/dvir
evaluated at the lon retardation potential, vir’ provided € is small.
The DC component of the lon retardation potential and the output

of the lock-in amp were digitally sampled by a personal computer after

which N(E) was computed using Eqn. (7.6) and normalized such that
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00
J N(E) dE = 1. (7.10)
0
Finally,
(- )
<E> = IE N(E) dE (7.11)
0

was used to numerically compute the average ion energy.

7.4 The IEDF: Results and Discussion

Typically when etching conducting substrates in microwave plasmas
a small (<80v) DC electrical bias is applied to the wafer to enhance
the ion impingement energy. The energy analyzer described earlier was
designed to simulate a blased, conducting substrate surface placed in

the downstream processing region.

7.4.1 The Effect of Substrate Bias

Figure 7.2 shows the variation of the spectrum of ion energies as
a function of substrate blas. Plasma conditions during this experiment
were 16 sccm argon, 4 sccm SF6, 1 mTorr chamber pressure, and 260 watts
of microwave power. All data were taken with the analyzer positioned
at d=32 mm and centered in the processing chamber. Clearly the
average lon energy to a conducting substrate may be easily controlled

with this simple bias scheme. The spread of ion energies at higher
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biases may be attributed to a perturbation of the plasma potential by
the presence of the biased energy analyzer. The total ion energy
appears to consist of three components: the plasma potential, the
substrate potential, and a lateral velocity component which gives rise

to the finite width of the spectrum.
7.4.2 Spatial Dependence of IEDF

In Figure 7.3 the ilon energy spectrum to a grounded substrate for
two distances (d) below the discharge is shown. Discharge conditions
were 20 sccm argon, 0.9 mTorr chamber pressure, 260 watts of microwave
power. The full lwidth at half heightl (FWHH) of the distribution at
3cm is 8 eV whlch corresponds to approximately 4 eV average lateral
ion energy. This agrees well with observed etching profiles (see
Chapter 9). Gradients in the plasma potential are observed in the
lateral direction due to ion density decay (see section 6.3.3). These
changes in potential induce lateral ion velocities and contribute to
the FWHH of the spectrum. Measurements of the lon energy spectrum
further downstream at d=7 cm show that the average ion energy 1is
somewhat lower corresponding to a lower plasma sheath potential. The
FWHH 1s 12.5 eV indicating the presence of (approx.) 6 eV ions. Again
the 1ions are believed to be accelerated by radial and vertical changes
in the plasma potential between the reactor and the downstream plasma.
The spectrum becomes broadened downstream where the lons have been
accelerated by larger radial gradients in the plasma potential before

reaching the energy analyzer (see Figure 6.8). Other 1investigators
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have found the FWHHs of divergent field ECR systems (see Chapter 2)
range from 10-16 eV [93]. The MPDR system has a comparable, although

slightly more monoenergetic, ion energy spectrum.
7.4.3 Power Dependence of the IEDF

A family of curves representing the IEDF as a function of
microwave 1input power as measured in a 20 sccm, 0.9 mTorr argon
discharge is shown in Figure 7.4. The gridded analyzer was positioned
in the center of the processing chamber at d=7 cm and electrically
grounded. The shape of the IEDFs remain fairly constant as power is
increased but the average ion energy 1s>observed to increase as listed
in Table 7.1. This increase 1s due, at least in part, to the increase
in plasma potential observed as microwave power 1is increased (see

section 6.3.4).

Table 7.1 Average Ion Energy and FWHH of the IEDF vs. Power
Power (watts) <E> (eV) FWHH (eV)
120 19.7 10
160 24.3 12
190 31.0 11
210 32.5 10
255 36.1 12
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7.4.4 IEDFs in Etching Gases

Turning to a specific investigation of silicon etching, the ion
energies in plasmas consisting of dilute mixtures of SF6 in argon are
presented in Figure 7.5. Microwave power of 260 watts was used in this
experiment and the total flow of argon and SF6 was held constant at 20

sccm. From Fligure 7.5 one observes that dilute SF_/Ar plasmas exhibit

6
a considerably less energetic ion flux than pure argon discharges.
This 1is due to the introduction of electronegative species which
readily form negative ions (e.g., SF;). These negative lons are then
responsible for the observed reduction of the plasma potential. The
information in Figure 7.5 allows one t6 determine the spectrum of ion
energies to a biased silicon substrate under etching conditions as well

as the lateral components of 1lon velocities which, under the proper

circumstances, cause non-vertical etched wall profiles (see Chapter 9).

7.5 Concluding Remarks

The 1ion energy spectrum of the MPDR plasma source has been
determined in the downstream processing chamber region. The primary
source of energy for lions impinging on a grounded conducting substrate
appears to be the electrostatic sheath formed between the plasma bulk
and substrate. The energy distribution of stationary lons through such
a sheath should be monoenergetic. The observed broadening of the IEDF
implies that the lons possess thermal energy and/or drift velocities on

the order of several electron-volts in the MPDR plasma. Measurement of
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the temperature of surfaces‘exposed to the discharge indicates that the
neutral and ion gas energy is less than 5)(10-'2 eV (=200 C [94]). The
4-6 eV random or radial energlies detected by the gridded analyzer may
then be attributed to ion-collision phenomena and to drift velocities
induced by space charge electric fields. These electric fields have
two probable sources: variations in charge density as a result of
diffusion away from the central source region and VB related
charge-separation originating in the rapidly decaying ECR-strength
magnetic field regions [48]. Although the plasma potential which has
been measured in the processing chamber (Figure 6.8) supports this
conclusion, an investigation of the plasma potential in the discharge
chamber is still needed to fully undersfand the origins of ion energy.
The IEDFs dependence on plasma potential is clearly exhibited in
measurements of SF6/Ar discharges. The addition of SF6 to argon
decreases the plasma potential and average 1ion energy from
approximately 40 eV to 20 eV. This should prove to be beneficial in
reducing the contaminates in the plasma which originate from ion
sputtering of the discharge chamber wall and baseplate. Elimination of
sputtered contaminates 1s a critical factor in the development of
plasma processes for fabrication semiconductor devices since iron and
other unintentional impurities occuring in minute quantities may

severly degrade device performance [95], [96].



Chapter 8

Emission Spectroscopy and Actinometry

8.1 Introduction

Spectroscopic measurements of the number and wavelength of photons
emitted from a gaseous plasma may be used to identify speclies within
the discharge as well as to determine their relative concentrations.
The light emitted from the plasma originates from energetic, inelastic
collisions of electrons with neutrai atoms, molecules and ions.
Electrons with energies above some excitation threshold collide with
heavy particles in the plasma and transfer some of their energy to the
heavy particle by exciting an electron of the heavy particle into a
higher energy orbit. When this excited electron relaxes back to a
lower energy state, a photon is emitted carrying the excess energy.
The wavelength of this photon is unique to a specific transition of a
particular atom, ion, or molecule. The species responsible for emitted
photons of a specified wavelength can then be identified within the
discharge by using reference tables. Using a technique known as
actinometry, the relative variation of plasma species may be determined
by comparing the intensity of one of the species’ spectral lines
against an 1intentionally introduced, constant background species’

spectral line intensity.

155
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In this chapter the discharge chamber, rather than the processing
chamber, will be experimentally characterized wusing emission
spectroscopy. Identification of the plasma constituents in argon and
SF‘6 + Ar discharges will be made from the plasma spectrum between
350 nm and 750 nm. The variation in the relative fluorine radical
concentration as a function of SF‘6 flow fraction in an Ar plasma 1is
documented. Finally actinometry 1is used to determine the relative

spatial variations of both fluorine radicals and argon ions in the

discharge chamber.

8.2 Experimental Apparatus

The basic plasma system described in Chapter 3 is used in this

study. In addition the following optical equipment is employed.

8.2.1 Monochromator

The experimental set-up is shown in Figure 8.1 and includes a
1 meter, f/9, Spex, Inc. monochromator (not shown). The monochromator
was configured for measurement in the visible range with a
1200-1ines/mm diffraction grating blazed for peak response at A = 500
nm. The entrance and exit slits of the monochromator were generally
adjusted to 100um which is a compromise between spectral resolution
(narrow slits) and signal-to-noise ratio (wide slits). At slit-widths
of 100 um the approximate spectral resolution was 0.1 nm (full width at
half height, FWHH). Photons passing through the monochromator were

detected by an EMI, Inc. photomultiplier tube (PMT). The PMT was
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operated at the manufacturer’s specified voltage of -890 volts. An
integral cooling unit maintained a constant PMT temperature of -20C
during measurements. PMT current was measured by a Keithley digital

picoammeter.
8.2.2 Computer Control and Data Acquisition

A personal computer equipped with a Metrabyte DAS-8 data
acquisition board was used to control the spectrometer and read the
emission spectrum. A digital (0-5 volt) output from the DAS-8 board
drove the stepper-motor controller of the monochromator; each
high-to-low cycle advanced the diffraction grating an angle
corresponding to 0;002 nm in wavelength. Software simultaneously read
a voltage from the chart-recorder output of the Keithley picoammeter
after each step and created a file of the plasma spectrum (photon

emission vs. wavelength).
8.2.3 Spectral Intensity
The actual intensity of a spectral 1line was attained by

integrating the spectral line-shape sampled from the picoammeter, ipa,

with respect to the wavelength over wavelengths where ipa*o'

Intensity = I ipa da (8.1)



159

where A and A are the highest and 1lowest 1local values of
max min
wavelength about a spectral line where ipa is greater than zero. The

integration was performed numerically using the Simpson method [97].

8.2.4 Fiber Optic Bundle

A custom-made bundle of optical fibers was used to transmit light
from the MPDR discharge to the entrance slit of the monochromator. The
1 mm diameter bundle of fibers was constructed entirely from materials
with a 1low microwave 1loss tangent so that the bundle could be
positioned inside the cavity of the MPDR during operation. As shown in
Fig. 8.1, the fiber could be placed‘ adjacent to the top of the
discharge chamber through small holes drilled in the sliding short.
Holes were spaced 1 cm apart in a cross-like pattern.

The spectral range of the bundle extended from 190 nm in the UV to
the far infrared. 1In this system spectral response was limited to 350
nm to 1000 nm by the spectrometer and the PMT.

No speclial lenses were used at the entrance to the fiber optic
bundle to help collimate the sampled light. The bundle accepts light
from a cone-shaped volume with a half-angle of 15°.  The upper surface
of the quartz discharge chamber is 5 mm thick. Thus the spatial
resolution of light acceptance at the plasma boundary was approximately

2.5 mm and 2 cm inside the discharge the spatial resolution was 1 cm.
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8.3 Identification of Species

Sample spectra of discharges under typical plasma processing
conditions are presented below. Note that the amplitudes of the
spectra have not been corrected for the spectral response of the

optical fiber, monochromator, and PMT.

8.3.1 The Argon Spectrum

A segment of the emission spectrum for a 20 sccm argon plasma is
shown in Figure 8.2. The discharge pressure in the processing chamber
was 0.9 mTorr and the absorbed microwavé power was 260 watts. The data
shown was obtained with the fiber optic bundle positioned in the center
of the discharge chamber.

Identification of the species responsible for the lines labeled in
Figure 8.2 was made with the assistance of the CRC Handbook of Physics
and Chemistry [98]. The spectrum is dominated by emission lines from
neutral argon and singly ionized argon. Although many unidentified
lines are apparent in the spectrum, a careful examination shows that
none of these signals originates from doubly ionized argon (Ar*+L
Based on this observation it is reasonable to assume that few if any
higher lonization states are produced by the MPDR under these discharge
conditions.

The absence of doubly ionized species in the MPDR discharge under
plasma processing conditions 1is significant since the higher
charge-state (Z) 1ions will gain 2Z-times the energy as they drift

through the electrostatic field of the plasma sheath and gradients in
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the plasma potential (Chapter 6). These high energy ions may be
damaging to the processed substrate or they may sputter contaminants
from the vessel wall into the plasma. The spectrally observed absence
of high charge states 1s also supported by the lon energy spectra
reported in Chapter 7 where no secondary peaks of high energy 1ions

(i.e. high charge state ions) were observed in the range of 0-100 eV.

8.3.2 The Spectrum of SF6/Ar Etching Plasmas

6/Ar plasmas for SF6 concentrations of 5 to 35%

are displayed in Figure 8.3. The data were taken for a 20 sccm total

The spectra of SF

working gas flow and 260 watts of absorbed power. Here the optical
fiber was placed through an E-field sampling port (see Chapter 4), 4.4
cm above the baseplate. Due to the relatively large distance from the
end of the fiber to the plasma, these measurements represent an average
over the plasma volume rather than the spectra at a specific location
in the discharge.

The spectra are dominated by argon and fluorine radical emissions.
It is interesting to observe the 704 nm fluorine radical line as a
function of SF, flow fraction. In Figure 8.3 one can clearly see that

6

it increases substantially in intensity as the concentration of SF6 is

increased. Figure 8.4 plots the intensity of this line as a function
of SF6 flow fraction to demonstrate that there is, in fact, a linear
relationship. This hints that the 704 nm line is a good indicator of

radical fluorine concentration in the discharge.
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8.4 Actinometry

The data in Figure 8.4, while giving the trend of fluorine
concentrations, [F], in the discharge, actually may not represent the
true relative variation of [F] since the electron temperature and,
hence, the excitation frequency also changes as the SF6 flow fraction
is increased (see Chapter 6). To obtain a more accurate idea of the
concentrations of speclies within the plasma we will use a technique

known as actinometry [99],(100] to eliminate the spectral 1line

intensity’s dependence on electron temperature.
8.4.1 Theory of Actinometry

Development of the theory of actinometry begins by expressing the
intensity of an emission line in terms of 1its excitation collision
cross sectlion, oy’ and the electron energy distribution function
(EEDF), f(E). The intensity of a line is proportional to the number of
photons emitted per second at the wavelength of interest. If we assume
only a single de-excitation path exists for an excited electron, the

photon emission rate should be equal to the excitation frequency, v

ex

of the energy level being observed. Hence the intensity, Ix’ may be

written as

I «xv =N <vo > =N Ipv c f(E) dE (8.2)
X ex X ex x Jp ex

ex



|
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where v 1s the electron velocity, Nx is the density of the species of
interest, and Eex is the excitation threshold energy.

The method of actinometry involves adding a constant quantity of a
reference gas to the discharge. This reference gas is known as the
actinometer. The actinometer will also be excited by electron impact
and produce spectral emission lines. The intensity of these lines is

given by

I «xv =N <vo > =N I ve f(E) dE (8.3)
a a ea a ea

ea

where Ia is the intensity of a particular emission line from the
actinometer, Vea is the excitation frequency of that line, Na is the
density of actinometer species (which is constant), and Eea is the
excitation threshold energy of the actinometer emission line. Note
that the same EEDF is appears in both equations (8.2) and (8.3) at a
given point in the plasma. Finally (8.2) 1is divided by (8.3).
Assuming that the excitation threshold energies are nearly equal
(Eeszea) and the excitation cross sections are similar (@exzcea) for
both emission lines, the ratio of the intensities of the species of

interest and the actinometer 1is proportional to the relative

concentration of the species of interest, Nx'

N I £(E) ¢ v dE

X ex
Ix ex Nx

—_ (8.4)
= x o« N
I * N X
a N I f(E) ¢ v dE a
E e
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To ensure that Na remains as constant as possible it 1s best to use a
noble gas as the actinometer since there will be no dissociation.

In summary, the ratio of the emission intensities of a speclies of
unknown concentration to a constant, noble gas actinometer will be
proportional to the relative concentration of the former specles
provided that both emission lines are selected such that they possess

similar excitation threshold energies and excitation cross sections.

8.4.2 Possible Sources of Error in Actinometry

The method of actinometry must be applied cautiously -- there
exist many possibilities for error. First. one must be careful that
the actinometer is not being depleted by ionization. If experimental
conditions change in such a way that the degree of ionization in the
discharge 1increases or decreases significantly or measurements are
taken in regions of high and low lonization, the concentration of
neutral actinometer species may not be constant. The last
proportionality in Eqn. (8.4) would not hold and actinometric results
will be inaccurate.

Selection of emission lines with equivalent excitation cross
sections and nearly equal excitation thresholds may be difficult or
impossible due to the lack of information on specific excitation cross
sections for many elements. Usually one must rely on independent
confirmation of the validity of actinometry by other measurement
techniques such as titration, mass spectroscopy, or Langmuir probes.
The requirement for simlilar cross sections 1is not, however, as

stringent as it may first seem. Reference [99] states, "the influence
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of the cross section shape is not very significant even for differences
as large as for a square and a triangular shaped cross section at least
at higher (electron) energlies." Even the requirement for nearly equal
threshold energles can be relaxed for high electron energy plasmas.
Again from Ref. [99], “When the species have widely differing

thresholds, as for CCl (4.6 eV) and N, (11.3 eV), the ratio of the

2
excitation rate constants varies by orders of magnitude at 1low
(electron) energies, yet becomes almost constant at higher energies
where, again, use can be made of (actinometry)." Previously reported

average electron energies are relatively high in the MPDR and range

from 6 to 10 eV under typical plasma conditions.

8.5 Actinometry Results and Discussion

In this section the results of actinometric studies of the MPDR
source are discussed. Of particular interest is the concentration of
fluorine in etching discharges since fluorine is known to spontaneously
etch silicon (Chapter 2). An alternative measurement of argon ion
density is also introduced to be used in place of the double Langmuir
probe. This proves to be useful in making spatially resolved Ar+
measurements in the ECR regions of the discharge where strong, rapidly
varying magnetic flields make Langmuir probe measurements highly

susceptible to error.
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8.5.1 The Concentration of Fluorine vs. SF6 flow fraction

The experiments of section 8.3.2 were repeated using actinometry.
In addition to SF6 and argon, either 1 sccm of krypton or 1 sccm of
xenon was mixed into the discharge working gas as an actinometer. The
632 nm xenon line and the 557 nm krypton line were determined to be
good indicators of the background density of the actinometer. As seen
in Figure 8.5, the ratio of the intensity of these two lines remains

nearly constant as the SF, flow fraction is varied. In the literature

6
[11],[65] and section 8.3.2 the 704-nm fluorine line has been shown to
correlate well with the fluorine radical density. To obtain a more
accurate picture of the relative conceﬁtration fluorine in the SFG/Ar
discharge the ratio of the fluorine (704 nm) line to the Kr (557 nm)
line is plotted in Figure 8.5. It is interesting to compare the
results from Figures 8.4 and 8.5. The 704-nm fluorine line intensity
varies at nearly the same rate as the relative fluorine concentration
verifying that it is, indeed, a good indicator of fluorine density.
Had the actinometric results not agreed as well with Figure 8.4 one
would conclude that the 704 nm emission from fluorine was somewhat more
sensitive to variations 1in electron temperature in this operation
regime. If this were the case 1t would be important to use

actinometry, rather than 1line Iintensitles, to determine relative

fluorine concentrations.
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8.5.2 Spatial Distribution of Fluorine in the Discharge

The fiber bundle was scanned across the top of the discharge
chamber while a 4 sccm SF6. 16 sccm argon, 1 sccm Kr discharge was
sustained using 260 watts. The ratio of the 704 nm fluorine line to
the 557 nm Kr line is plotted in Figure 8.6 along directions parallel
and perpendicular to the axis of the microwave cavity’s input antenna.
The concentration of fluorine in the discharge chamber 1is surprisingly
uniform. A slight increase (approx. 10%) in the density of radical
fluorine, however, can be observed adjacent to the microwave input
antenna. This 1s likely caused by near-zone electric flields in the
vicinity of the antenna which locally eﬁhance the ECR excitation of the
plasma. The gas inlet manifold (Figure 3.2, pliece 26) enters the
baseplate in the perpendicular direction. Since the fluorine radical
concentration is uniform near the inlet it can be concluded that
either the working gas is being evenly distributed in the discharge
chamber by the gas inlet ring (Figure 3.2, pieces 26 and 28) or
the fluorine radical concentration ls.not strongly dependent on the local
supply of working gas.

Since the fluorine radicals are not charged, they diffuse very
rapidly throughout the discharge region producing uniform densities of
radicals throughout the discharge chamber. In a study of Ar+ in the
discharge that follows, it is shown that charged particle diffusion is
hindered by the ECR magnetic fields thus causing a non-uniform
distribution of Ar+. The measured uniformity also suggests that

fluorine may not be significantly lost to recombination at the vessel
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walls and/or the mean free path of fluorine radicals is much greater
than the discharge chamber dimensions since the density is not observed

to decrease near the walls.
8.5.3 The Spatial Distribution of Argon Ions

Although Langmuir probes have been used to determine the ion
density in the processing chamber of the MPDR system, probes are not
practical for use in the discharge chamber. Strong microwave flelds
exist in the upper regions of the discharge chamber which could be
scattered by the conductors of the probe. The size of the probe would
also perturb the thin ECR volumes \;vhere the plasma is primarily
excited. Finally the strong, highly non-uniform magnetic fields make
classical Langmuir probe measurements of questionable accuracy. To
solve these problems a non-invasive optical technique for measuring
argon lon density in ECR regions is developed below.

The basic principles of actinometry are applied here to argon
ions. Since argon is itself a noble gas, argon neutral emission lines
may be used as actinometer lines. An appropriate pair of argon neutral
and argon lon lines was determined by comparing the ratio of various
line intensities with Langmulr probe data. With the optical fiber
positioned at the top and center of the discharge vessel and a double
Langmuir probe placed directly below it at d=0, simultaneous density
measurements were made. McKillop, et al. [101] have reported that the
358.8 nm Ar' line (txp‘r9 o " 4s‘D?”2) [102] is a good indicator of
argon ion density. A conveniently close argon actinometer line was

found at 360.7 nm (6p[1/2]°-4s[3/2]2) (102]. The ratio of the
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intensities of these two lines is plotted in Figure 8.7 as a function
of input power in a 20 sccm argon (0.9 mTorr) discharge. For
comparison the Langmuir probe results are also provided. The close
agreement between the spectroscopic and probe techniques shows that
this ratio of lines (358.8 nm/360.7 nm) is appropriate for monitoring
relative varlations in Ar+ density. It should be noted that this
agreement may be largely fortultous due to the difference of the
excited state energies between the 3588A-Ar' 1line and 3607A-Ar line
which are 22.9 eV and 15.06 eV, respectively [102].

The Langmuir probe measurements reported above were possible since
the probe was positioned in the lower, central region of the discharge
chamber away from strong microwave aﬁd magnetic flields. The real
advantage of the spectroscopic technique 1is 1in 1its ablility to
investigate the ECR regions of the plasma. Figure 8.8 gives the
relative argon ion density across the discharge chamber in directions
both parallel and perpendicular to the microwave input antenna. The
densities are characterized by a relatively low density central region
and high density outer regions. These outer regions correspond to the
positions in the discharge chamber where ECR heating of the plasma
occurs (r = 3.5 cm). A rough estimate of the density in the ECR
regions can be made by noting that the ratio of densities in the ECR
zone to the central volume is approximately two. Based on Langmuir

probe measurements of 6x1011 cn-3 in the center of the discharge,

densities of about‘1.2x1012 cn-3 exist in the ECR zones.
Several observations may be made from Figure 8.8. First, strong
ECR magnetic flelds appear to inhibit radial diffusion of ions in the

discharge region. It 1is well known that the diffusion coefficient of
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charged specles is reduced in directions perpendicular to magnetic
field lines [103]. As shown in Figure 8.6, the spatial distribution of
neutrals 1s quite uniform since their diffusion 1is wunimpeded by
B-fields, but electrons and ions tend to be trapped in the region of
high magnetic field. This leads to the second observation. Since the
lons do not diffuse rapidly from their point of creation, the high
density of ions in the ECR regions demonstrates that the plasma is
being heated primarily by the ECR phenomenon, not by Joule heating
[(72]. Finally the 1ion density results imply that the multipolar
magnetic field not only produces ECR zones in the discharge but also
reduces electron-ion recombination by 1limiting the diffusion of
particles to the discharge chamber walis. As described in Chapter 5,
the dominant loss mechanism for electrons and 1lons 1is wall
recombination. The magnetic cusps of the multipolar B-field act to
limit charge particle access to the recombination sites on the radial

chamber walls.
8.6 Concluding Remarks

The study of the emission spectrum of the MPDR discharge has shown
that no evidence of multiply lonized species exist under normal
operating conditions (power < 300 watts, pressure = 1 mTorr). It is
beneficial to have only singly lonized species in a plasma process
since multiply charge particles will gain potentially damaging energles
as they pass through the plasma sheath and gradients in the plasma
potential. The relative concentrations of fluorine radicals both as a

function of SI-‘6 flow fraction and discharge chamber position have been



178

determined. This information will be applied to the etching of silicon
in Chapter 9. A small increase in the concentration of fluorine was
observed near the microwave input antenna and is believed to be due to
enhancement of ECR heating by near 2zone electromagnetic field around
the antenna.

A non-invasive, spectroscopic technique for measuring argon ion
densities 1in regions of strong magnetic and microwave fields was
developed. The ratio of the intensities of the 358.8 argon lon line to
the 360.7 argon neutral line was shown to closely follow the argon ion
density. Estimates based on this technique give a peak ion density in
the ECR regions of the discharge chamber of 1.2x1012 cm—3 in a 0.9

mTorr, 20 sccm argon discharge using only 260 watts of microwave power.



Chapter 9

Anisotropic Plasma Etching of Silicon

9.1 Introduction

Herein a prorcess for the anisotropic etching of silicon |is
developed using the MPDR. This work is motivated by a need in the
integrated circuit fabrication industry for an etching process which is
capable of defining submicron features in damage-sensitive substrate
materials.

Historically, integrated circuit (IC) geometries were etched in
wet processes [37]. These methods involved submersing the IC substrate
in solutions of aclids, bases, and buffers. Regions which were not
protected by masking materials from these wet etchants were chemically
removed from the substrate. In the late 1960’s plasma processes were
proposed to replace the wet chemistries. In these plasma techniques
the reactive ion chemistries produced in solutions were replaced by
reactive radicals and ions formed by energetic electron impact in the
plasma state. Two advantages were immediately apparent. First the
disposal of hazardous liquid waste could be eliminated thus reducing
production costs. In addition, surface coverage was not limited by
wettability or bubble formation at the substrate surface. In the case
of etching, wet methods were limited to approximately 3 um minimum line
wldih in order to obtain reasonable yields of functional devices. The

advent of plasma etching opened the possibility of micron- and

179
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submicron-size etched geometries. Early work in plasma etching was in
the moderate pressure regime (100 mTorr - 1 Torr). Under these
conditions processing plasmas are generally weakly ionized and the
plasma chemistry is dominated by neutral radicals. As with wet
etching, the neutral radicals etch in all directions with equal rates.
Hence etching masks were designed larger than the final desired
geometry since material would be etched laterally under the mask the
same distance as the vertical etched depth. Clearly this severely
limited the feature density on the surface of the IC.

Ion milling is an alternative process in which substrate material
is sputtered by high energy ions. Since the lons can be given directed
energy via electric fields, the etchiné of a substrate by ion milling
could proceed in the vertical direction with little or no removal of
substrate material beneath the etching mask. This is referred to as
anisotropic etching. A figure of merit is commonly used to describe

the etched profile. The degree of anisotropy, A, is defined as
A=1-us/d (9.1)

where u is the lateral mask undercutting distance and d is the vertical
etch depth (Figure 9.1). In the case of wet etching u = d, and the
degree of anisotropy is zero, i.e., isotropic etching. For ideal ion
milling the mask is not wundercut, u = 0, and A4 = 1 (perfect
anisotropy).

For small device geometry and high device density it is desirable
to etch with 4 = 1. Ion milling, however, has several limitations.

Since it 1s a strictly physical process, etch rates in ion milling are



181

BEFORE AFTER

Etched Depth, d

n-8i

— - Undercut, u

Anisotropy, A = 1 - (u/d)

Figure 9.1 Definition of the Degree of Anisotropy



182

proportional to the lon flux striking the etched surface. Practically
speaking this makes the process relatively slow when compared to
chemical processes. Additionally, high ion energies are required for
usable etch rates. These high energy 1ions, however, induce
considerable damage in the surface of the etched substrate. High
energy lons also sputter mask material and plasma chamber contaminates
onto the wafer surface.

The use of reactive ion etching (RIE) [S9] improved the etch rate
of lon-dominated etching processes by using chemically reactive 1ions
and neutrals from the discharge to enhance the etch rate. The problem
of substrate damage and contamination, however, persisted.

In the late 1970’s the Japanese reﬁorted a low pressure, microwave
plasma process which could anisotropically etch silicon with 1ion
energies less than 50 eV [38]. At pressures one-hundred times lower
than RIE, 1lons were believed to traverse the plasma sheath to the
substrate without suffering collisions. Hence a 1low energy,
non-divergent ion flux could catalyze etching reactions on the exposed,
lateral substrate surfaces only. In this work an novel microwave
plasma source (the MPDR) is applied to the task of low damage,
anisotropic etching of silicon with improved etch rates and uniformity.

An experimental 1investigation of the performance of the MPDR
plasma processing system will be detalled herein. Optimization of
silicon etch rate, anisotropy, and uniformity will be investigated by
searching the parameter space of the MPDR and by using the plasma
characteristics reported in Chapters 4-8. Varlious gas mixtures of CF

4

and O2 or SF6 diluted by argon are used to etch at pressures from 0.9

to 6 mTorr, substrate blasing from -10 to -75 volts, microwave powers
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of 150 to 250 watts, and at several distances below the discharge
region. Contamination of the silicon substrate is documented using
Auger electron spectroscopy (AES). Finally, Al-S1 Schottky barrier
diodes (SBD) were fabricated on etched silicon surfaces to evaluate

plasma induced damage.
9.2 Experimental Techniques

The methods used to prepare, etch, and evaluate silicon samples
are described below. Silicon samples used throughout this work are
n-type, <100>, 1.5 Q-cm wafers which are polished on one side except

for the Schottky barrier experiments which used p-type silicon.
9.2.1 Etch Sample Preparation

Initially the silicon wafers were cleaned in Dbolling
trichloroethylene (TCE), a degrease etch, a demetal etch, then rinsed
in methanol, acetone, and deionized water [104]. After a 525°C bakeout
to remove surface water, 150-250 nm of aluminum was evaporated on the
polished surface of the wafer in a low pressure (10-6 Torr), tungsten
filament evaporator. Waycoat HR 200 photoresist was then spun-on to
the aluminum. The photoresist (PR) was exposed to UV light through a
mask with 10 um minimum-feature size. After development of the
photoresist, the aluminum was wet etched and the PR was stripped
leaving a patterned aluminum mask on the wafer. This preparation
technique was used for all experiments which report etch depth and

anisotropy. The aluminum mask was found to be inert to radical
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fluorine etching and, therefore, provides a high degree of confidence
in quantifying mask undercut. In experiments where only etch depth is
measured (i.e. uniformity), HR 200 photoresist was applied directly to

the silicon surface, patterned, and used as the etching mask.
9.2.2 Etching Procedure

After masks have been fabricated on the wafers, the samples are
ready for plasma etching. Individual substrates are electrically
contacted to the processing chamber’s aluminum substrate holder (see
Figure 3.1) using either silver or graphite suspended in solution.
This step ensures that any electricalAbias applied to the substrate
holder is also applied to the wafer.

After allowing several minutes for the adhesive to dry, the
chamber is evacuated to a base pressure of at least 10-5 Torr (typ.
<Sx10"6 Torr). The chamber is flushed with etching gas, and the gate
valve 1s temporarily closed to increase the chamber pressure to
approximately SO mTorr such that a plasma may be easily started. After
microwave power is applied to the cavity and the discharge ignites, the
gate valve is immediately opened and the pressure drops to the desired
operating pressure. The high pressure transient during starting should
be kept as short as possible since different etching mechanisms
dominate at higher pressures. Typical high pressure transient times in
this work are 10-15 seconds. When etching with dilute mixtures of SF

6

in argon, it is possible to start the discharge on pure argon and add
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SF_ once the plasma pressure is lowered to its processing value. This

6
virtually eliminates any effects that the pressure transient has on
etching the silicon sample.

The bias is subsequently applied to the wafer and substrate
holder. The cavity is tuned for optimum absorbed power, and gas flow,
pressure, and microwave power are adjusted to the desired levels.
After the prescribed etching time, the etching 1is halted by
interrupting the microwave power. The chamber is isolated from the

pumping system and back-filled with dry N The N, is preferred over

2° 2

alr since back-filling with air contaminates the chamber with water
vapor which significantly increases pump-down times and may adversely
affect etching chemistry. The sample is removed from the chamber and
the whole system is evacuated again as soon as possible to minimize

contamination. Latex gloves are always used when working inside the

chamber to reduce contamination and for operator safety.

9.2.3 Evaluation of Etching

The degree of anisotropy and etch rate are determined by
examination with a scanning electron microscope (SEM). The etched
samples are scored with a diamond tipped pen and cleaved along a
crystalline plane. The wafer is then mounted perpendicularly on a thin
copper plate using silver epoxy with the newly exposed edge facing up.
In general the conductivity of the doped wafer with aluminum mask,

silver epoxy, and copper mount provide a sufficient current path to
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avold charging problems in the SEM. In some instances, however, it was
necessary to sputter coat the whole sample with a very thin layer of
gold.

SEM photographs of the edges of the wafer were used to measure the
etch depth and the lateral undercutting of the mask. The etch rate was
then computed by s$imply dividing the etch depth by the etch process
time. Anisotropy was calculated by Eqn. (9.1).

A second method used for measuring etched depth only involves
using an optical interferometer. After the etched sample has been
removed from the chamber, the etching mask 1s stripped leaving
patterned bare silicon. Using a Varian 989-4020 sodium vapor
interferometer, the interference frinées between the etched silicon
surface and the unetched (masked) surface can be counted [105]. The

etched depth, d, is calculated from
d = n\/2 (9.2)

where n is the number of fringes shifted from the etched to unetched
surface, and A is the wavelength of the sodium vapor lamp (589 nm).
Typically the etched profile is too steep to be able to track the
interference fringes. Short etching times are used such that the etch
depth 1s approximately 300 nm and only a one-fringe shift occurs. A
DEKTAK II (stylus) profile measurement was later made on samples
measured with this method to verify the etch depth. Etch rates across
a large sample (too big for an SEM) can be easily and inexpensively

determined by this technique.
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9.2.4 Schottky Barrier Fabrication and Evaluation

Schottky barrier diodes were fabricated on etched silicon surfaces
for a comparative study of damage induce by MPDR plasma etching.
Samples (p-type, <100>, 1 Q-cm) were prepared by cleaning in TCE,
demetal etch, degrease etch, methanol, acetone, DI. The wafers were
baked-out at 200 C to evaporate residual water. The unpolished backs
of the wafers were metallized by the evaporation of approximately 200
nm of aluminum. The aluminum on the back of the samples is intended to
serve as the common anode to the Al-Si Jjunction on the front of the
wafer and, therefore, must be annealed to form an ohmic contact. The

anneal was performed at 525 C for 15 minutes in N Four groups were

o
then formed: a control which was not plasma etched, and samples which
were plasma etched with blases of -30, -50, and -70 volts. Etching

conditions were 2 sccm SF 18 sccm Ar, 1 mTorr chamber pressure, 260

6’
watts of microwave power. Each sample was positioned at d=32 mm and
etched for 2 minutes.

After etching the blased samples were cut in half. One half was

cleaned in a solution of 105 ml NH,F and 15 ml HF for ten seconds,

4

rinsed in DI, and blown dry with N This step was intended to remove

>
native oxldes and surface contaminates from the etching process. After
a 135°C, 20 minute bake-out, both the cleaned and uncleaned samples
were placed in an aluminum evaporator beneath a shadow mask. Aluminum
dots (0.088 cm radius) evaporated on the front surface then served as

the cathodes of Schottky barriers. Figure 9.2 outlines the fabrication

sequence.



188

Figure 9.2 The Fabrication Sequence Used for Schottky Barrier
Diode Experiments
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Electrical contact to the diodes was made by probing the devices
with a wafer probing station. Each wafer was electrically connected to
an aluminum-coated glass slide by silver paint. The anode of the diode
was contacted through the aluminum on the glass. The cathode was
contacted by directly probing the aluminum dots on the wafer surface.
The I-V relations were measured using a Hewlett-Packard curve tracer.

Interpretation of the results is discussed in section 9.3.5.
9.3 Results and Discussion

The parameter space of microwave plasma etching is far too large
to investigate the full range of everyAexperimental variable. In the
following sections the effects of major experimental variables have
been studied in the hope of producing physical insights into etching
mechanisms. Rather than an exhaustive, brute-force search for optimal
etching conditions, a selective search based on previous experimental
results was conducted. The end result of this work is an etching
process with 0.3 um/minute etch rates, near-perfect anisotropy, and

uniformity of better than 5% over 76 mm wafers.

9.3.1 Etching with Cl-'4

Early experiments sought to reproduce the work of Suzuki, et al.
(38], using the MPDR. Several investigators had determined that a

etching gas mixture of approximately 80% CF, (Freon 14) and 20% O

4 2
produced optimum etch rates. Evidence indicated that this mixture

enhanced the fluorine concentration in the plasma since oxygen radicals
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quickly recombined with CF‘x fragments and blocked the recombination of

radical fluorine. Above 20% O however, the oxygen was found to

2’
reduce the fluorine concentration by simple dilution. Emission
spectroscopy and titration confirmed that fluorine concentration was
indeed maximum with 20% 02 in CF4 (see Chapter 2). Following these

findings, all MPDR etching in CF, was performed using 16 sccm CF4 (80%)

4

and 4 sccm O, (20%). In addition, the microwave containment grid was

2
in place throughout this early work.

9.3.1.1 The Effect of Microwave Power

Five silicon samples (area = 3 cmz) were etched at d = 32 mm at a
constant process chamber pressure of 0.9 mTorr and wafer bias of -30
volts; the microwave input power was varied from 150 to 250 watts. The
degree of anisotropy of the etched profiles obtained under these
conditions remained nearly constant at approximately 0.85. Figure 9.3
plots the etch rate as a function of microwave input power and shows
that the rate of silicon removal is highly dependent on power. The
etch rate increases linearly from 21 nm/min. at 150 watts to 44 nm/min
at 250 watts. This is an increase of over 100% in etch rate for a 67%
increase in power consumption. Ion density measurements in pure argon
have shown a more modest increase in ionization with power (Chapter 5).
It is therefore concluded that the rapid increase in etch rate with
power is due primarily to increased reactive radical production and to

a lesser extent by increased ionization. Although additional microwave
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power was not avallable for these experiments, the 1linear increase
observed in Figure 9.3 promises substantial etch rate increases at

higher power levels.
9.3.1.2 The Effect of Discharge Pressure

A CF4/02 discharge (80%/20%) at a constant total flow of 20 sccm
was varied in pressure from 0.9 mTorr to 6 mTorr by throttling the
high-vacuum gate-valve (Figure 3.3). Samples (3 sz) were again etched
at d=32 mm using 200 watts of microwave power. The etch rate as a
function of processing chamber pressure is shown in Figure 9.4. Etch
rates are fairly constant at approx. 40 nm/min. but decrease rapidly
below 2 mTorr and increase substantially above 5 mTorr. The higher
etch rates are, however, achieved at the cost of poor anisotropy. The
actual etched profiles are shown in Figures 9.5a-b. The first SEM
(Figure 9.5a) displays a typical etched profile observed at 6 mTorr.
Note that the silicon below the aluminum mask material is severely
undercut by etching. After 30 minutes of etching the vertical etch
depth was 1.8 um and the mask was undercut by 0.72 um giving A=0.6. At
1.8 mTorr the degree of anisotropy increases to 0.8 (not shown).
Finally, by reducing the pressure to 0.9 mTorr and increasing the wafer
bias to -50 volts, a degree of anisotropy better than 0.9 was obtained
(see Figure 9.5b). To achieve good anisotropy, however, the etch rate
was sacrificed from SO nm/min at 6 mTorr to 35 nm/min at 0.9 mTorr.

The 1increased undercutting of the mask observed at higher

pressures may be attributed to an increase in the uncharged, reactive

radical concentration. Since fluorine radicals are known to
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Figure 9.5 SEMs of Etched Silicon Profiles. (a) Isotropic Etching at
6 mTorr, (b) Anisotropic Etching at 0.9 mTorr. Microwave

Power: 200 W, Gases: 16 sccm CFA, 4 scem 02
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spontaneously etch silicon and cannot be directed to bombard the
surface perpendicularly by the plasma sheath’s electric field, it is
proposed that these radicals are responsible for the reduced degree of
anisotropy. In addition to this effect, Suzuki, et al. [38], have
proposed that at higher pressures the ions suffer collisions as they
traverse the plasma sheath. Thus the lon velocities become randomized
and the lons may catalyze reactions as they strike the side walls of

the etched profile as depicted in Figure 2.4.

9.3.1.3 The Role of Wafer Bias

As the wafer bias is increased, the energy with which ions strike
the silicon surface also increases (see, for example, Figure 7.2). A
study of the effect of ion impingement energy was made for discharge
conditions of 0.9 mTorr with input powers of 200 watts. The samples
were positioned at d=32 mm and blased from -10 to -50 volts. Figure
9.6 shows that the etch rate increases as the ion impingement energy
increases indicating that the ions play a role in catalyzing the
etching process. It is interesting to note that the ion current
collected by the wafer and substrate holder is saturated at
approximately 12 mA for bias voltages below -20 volts. It is then
possible to conclude that the increase in etch rate is primarily due to
increased ion energy rather than increased ion flux at the surface.

The degree of anisotropy under the same etching conditions as
shown in Figure 9.6 is displayed in Figure 9.7. Anisotropy approaches
0.9 as the bias approaches -50 volts. A sudden decrease in A is also

observed as the bias is increased above -20 volts. The measured
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floating potential of the plasma 1s approximately -15 volts. Hence
when the wafer is blased at -10 volts lons are beginning to be repelled
and an increased electron flux is being collected by the sample. The
ion flux is therefore being reduced, but the neutral reactive radical
flux is not affected. At blas voltages with magnitudes less than the
plasma potential the etching mechanisms become dominated by spontaneous
neutral etching and, therefore, become more isotropic.

9.3.2 Etching in Dilute Mixtures of SF, in Argon

6

Etching in carbon-based fluorine chemistries (i.e., fluorocarbon
feed gases) is generally accompanied By polymerization of the etched
surface. This 1s beneficial in obtaining anisotropic profiles since
the side-walls of the etched features may be protected from spontaneous
etching by these thin polymer films. The constant formation of the
films on the surface requires that they be continuously removed by ion
bombardment so that the silicon surface may be exposed to the etching
reactants. The formation and removal of polymers clearly slows the
rate of etching. To achieve higher etch rates, fluorine containing

gases which are not based on carbon (e.g., F,, XeF NF SF 6) have

2’ 2’ 3’

been used to etch silicon and 5102. In this section the plasma etching

of silicon using SF, diluted in argon is investigated.

6

9.3.2.1 A Comparison Between SF6 and CF4 Etching

The etching experiments of section 9.3.1.3 are repeated here using

SF, in place of CF

6 Since SF

4 6 is a highly electronegative gas, it was
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necessary to dilute the gas mixture with easily ionized argon and
increase the microwave power slightly to guarantee discharge stability.
The silicon etch rates obtained for a 4 sccm SF6, 16 sccm Ar, 0.9 mTorr
discharge using 260 watts are compared to the etch rates produced using
CF, in Figure 9.8. Etch rates are approximately five times faster in

4

SF6 than in CF4

flow rate (16 sccm-CF

in spite of a 75% reduction in the reactive feed gas

4 vs. 4 sccm-SF6). This increase in etch rate is

believed to be due in part to elimination of polymer formation on the

silicon surface during etching. Another benefit of SF,_ over CF4 is the

6

probable production of a higher concentration of radical fluorine which
would also enhance the etch rate. The increased etch rates obtained

with the use of SF, as the etching gas are also accompanied by a lower

6

degree of anisotropy. As seen in Figure 9.9, etching in the SF6-based
gas mixture requires a larger bias applied to the wafer to achieve the

same anlisotropy aé CF ,-based etching. The increased undercutting of

4
the etching mask is evidence of a higher spontaneous etch rate. This
suggests a higher concentration of atomic fluorine or less surface
passivation by polymer films. Although comparable anisotropies can be
achieved at higher blases, increased wafer damage from energetic ion
bombardment of the silicon may result. In general, however, the

five-fold increase in etch rates is well worth a slight decrease in

anisotropy.

9.3.2.2 SF6/Ar Mixing Ratio

An experiment to determine the optimum ratio of SF6 and Ar for the

etching of silicon is now discussed. Silicon samples were etched for
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30 minutes each in a 20 sccm total flow, 0.9 mTorr discharge sustained
by 260 watts of 2.45 GHz microwave power. The samples were positioned
at d=32 mm below the microwave confinement grid. The 1ion flux
impinging on the wafer and substrate holder was measured by a digital
ammeter connected 1n series with the -40 volt wafer bias. The
intensity of the 704-nm fluorine emission line was also monitored using
a optical fiber connected to a monochromator (see Chapter 8). Figure
9.10 plots the vertical and horizontal etch rates, the normalized
intensity of the fluorine emission, and the normalized ion flux to the

sample as a function of the flow fraction of SF_ in argon.

6

The vertical etch rate increases linearly with SF6 flow fraction.

Rates up to 400 nm/min for 8 sccm SF, + 12 sccm argon are posslble.

6
Unfortunately, the higher vertical etch rates are also accompanied by
increased mask undercutting as demonstrated by the enhanced horizontal
etch rate. The degree of anisotropy is degraded from A = 1 at S’/.-SF6

to A = 0.7 at 40%-SF_. Below 7 percent SF_ flow it is interesting to

6 6
note that essentlially no horizontal etching occurs. This behavior has
also been observed by Pomot et al. [68] in microwave, SFG/Ar plasma
etching (see Chapter 2). These investigators have proposed that below
a critical ratio of fluorine neutral flux to ion flux, no spontaneous
etching of silicon, and hence no mask undercutting, occurs. Pelletier
[S7] has expanded on these observations with a supporting theoretical
development of lon-enhanced, fluorine-based silicon etching. Here we
offer evidence supporting the conclusions of Pelletier and Pomot. The
concentration of fluorine (and, therefore, the random or thermal

fluorine flux to the wafer surface) is clearly increasing rapidly as

seen by the increased intensity of the 704 nm emission line. (Also, see
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Chapter 8 for an actinometric study of fluorine concentration.) At the
same time, however, the lon flux increases relatively slowly as shown
in Figure 9.10. The critical ratio of fluorine flux to ion flux is

reached near 7%-SF6 flow and lateral etching ceases.
9.3.2.3 The Role of Argon Partial Pressure

Silicon samples were etched with a constant 2 sccm flow of SF6 and
an argon flow which varied from 18 to 100 sccm to determine the role of
argon in the etching process. Experimental conditions were 260 watts
of microwave power, -40 volt substrate bias. Pressure ranged from 0.9
mTorr to S mTorr as the argon flow wés varied. Over this range of
pressures and argon flow rates the etch rate and degfee of anisotropy
were constant within the accuracy of the SEM measurements indicating
that, at least for pressures between 1 mTorr and S mTorr, the argon
background gas pressure does not significantly influence the etching

mechanisms.
9.3.2.4 Possible Sources of Anisotropy

In all of the previous experiments the wafer surface has been
horizontal relative to the MPDR baseplate. In this section the wafer
was tilted 60° from horizontal during etching to detect directed beams
of energetic particles.

A 3 cnz silicon sample was mounted at the central axis of the
discharge on the aluminum substrate holder with a 60° tilt and biased

at -35 volts in a 2 sccm-SF6/18 sccm-Ar, 0.9 mTorr, 260 watt discharge.
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The lower end of the silicon wafer was 32 mm below the microwave
confinement grid and the upper end was 14 mm below. The sample was
etched for 2 hr., removed, cleaved, and examined with a SEM (see Figﬁre
9.11). The side-walls of etched features which faced toward the
discharge during etching are severely undercut (R.H.S. of the profile
in Figure 9.11). In fact the degree of undercutting on these surfaces
is greater than would normally be expected for these plasma conditions.
On the other hand, the side-walls of etched features which faced away
from the discharge during etching (L.H.S. of the profile in Figure
9.11) are not undercut at all. The conclusion to be drawn here is that
there exlists an energetic particle flux from the discharge region which
enhances and/or induces silicon etching;

Measurements of the plasma potential in the processing chamber
(Chapter 6) and direct measurement of the ion energy distribution
function (Chapter 7) have shown that ions do, in fact, acquire energy
as they move from the discharge chamber through the processing chamber.
If ions had no significant velocity as they entered the plasma sheath
surrounding the silicon sample, they would be accelerated
perpendicularly to the silicon surface by the sheath’'s electric field
regardless of the angle of the sample. Under this 1initial
zero-velocity condition the etching profiles should have equal
anisotropies for all orientations. Ions which have lateral velocities
upon entering the plasma sheath will still be forced to impinge on the
silicon surface by the plasma sheath’s electric field, but these ions
will not strike the surface perpendicularly. Etching profiles similar

to that shown in Figure 9.11 would be expected.
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Figure 9.11 SEM of a Silicon Sample Etched while Tilted 60°
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The wunusual etching profiles of tilted samples may also be
explained by a flux of energetic photons originating in the discharge
region. Photons with energies of 3 eV have been detected (see Chapter
8) and the possibility for vacuum ultraviolet (VUV) photons ( >5 eV)
originating from the discharge exists. These high energy photons could
induce or enhance the etching of silicon by breaking bonds in the
silicon lattice or catalyzing surface reactions. The etched profiles
of side-walls facing away from the discharge region would be shaded
from these photons by the etched feature and, hence, would not be
etched as rapidly. Further investigation into the role of VUV in

etching reactions and etching damage is still needed.
9.3.2.5 Etching without the Microwave Confinement Grid

Etching of silicon with this reactor configuration has been
reported above with a perforated plate separating the discharge chamber
from the processing chamber. As has been noted, removal of the grid
considerably increases the processing chamber ion density (Chapter 6).
The etch rate, which depends on both ion density and reactive radical
density however, 1is approximately doubled by removal of the grid.
Small (3 cmz) silicon wafers were etched 32mm below the reactor with an
applied DC bias of -50v. The etch rate and degree of anisotropy are
plotted in Figure 9.12 as a function of the fractional flow on SF6 in
argon at a constant total flow of 20 sccm, chamber pressure of 0.9-1.0
mTorr, and 260 watts of microwave power. Vertical etch rate increases

rapidly with SF_ partial pressure but at the expense of non-vertical

6
etching profiles.
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A commonly observed [11] threshold characteristic 1in the

anisotropy occurs as the SF_, flow exceeds 15% of the total flow. At or

6
below 15‘/.-SF6 flow, the profiles are nearly perfectly anisotropic as
shown in Figure 9.13a. As the amount of SF6 in the discharge is

increased, the etched profile exhibits some mask undercutting as
pictured in Figure 9.13b. This threshold is nearly twice as high as
previously observed while etching with the microwave confinement grid
in place. As reported in section 9.3.2.2 the maximum SF6 flow fraction
for anisotropic etching with the grid in place was 8. The maximum
anisotropic etch rate is increased from 80 nm/min. to 300 nm/min by
removing the grid. The increased etch rate is due to an increase in
both the concentration of fluorine radiéals (higher partial pressure of
SF6) as well as a gigher ion density (removal of grid). The removal of
the grid allows the threshold SFG-flow fraction to be increased by
increasing the ion density in the process chamber. The additional ion
flux to the wafer surface then permits a higher neutral fluorine flux
while maintaining the proper ratio of ion flux to fluorine flux for
anisotropic etching as suggested by Ref. [11].

The observed mask undercut in Figure 9.13b is quantified in Figure
9.14. by defining the angle (8) of the etched profile with respect to a
perpendicular to the plane of the wafer. Above 15%-SF, the measured

6

undercut angle is approx. 15° and below the 15'/.-SF6 threshold @ & 0°.

To make a crude estimate of the lateral component of the ion energy
(El) we make use of the known plasma potential (VSQISV, from Chapter
6), the applied bias (Vbia
incidence (6=15°) to find that

ss-SOV), and the approximate angle of
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Ej E tan’0 & 5 eV (9.3)

where E, = q (Vs - vblas)' This energy 1is found to be consistent with
the spectrum of ion energies discussed in Chapter 7.
Since the 1ion flux does not become significantly more

monoenergetic as the SF, flow fraction is reduced below 15% (see Figure

6
7.5) the appearance of anisotropic etching at SF, flow fractions below

6
15% (3 sccm) must be related to alterations in the surface chemistry or
a change in the chemistry of the discharge. Pelletier [57] has
suggested that at low partial pressures of fluorine, no spontaneous
etching of silicon may occur in the absence of ion bombardment. This
is supported by both Figures 9.13a and 9.13b since the silicon which
lies directly under the mask at the slidewalls where it is exposed to
radical fluorine (but no ion bombardment) is unetched. However, it is

interesting to note that at low SF, partial pressure we have observed

6
anisotropic etching even in the presence of a somewhat divergent 1ion
flux where there is sidewall ion bombardment (Figure 9.13a). This

suggests that at 1low partial pressures of SF, not only 1is 1ion

6
bombardment necessary for etching, but there also exists an energy
threshold below which ions cannot induce etching of the fluorinated
silicon surface. Since the lateral energy of the 1ions 1is not

independently controllable in this reactor, we can only report that

this threshold is above 5 eV.
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9.3.3 Etching Uniformity

Since individual integrated circuits are duplicated many times
across the surface of the silicon wafer it is critical that any IC
fabrication process be uniform such that all circuits on the wafer
possess simlilar performance characteristics. Etching of silicon 1s no
exception. In this section the etching uniformity of the MPDR |is
documented and the plasma requirements for wuniform etching are

discussed.
9.3.3.1 Uniformity with the Microwave Confinement Grid

The uniformity of 76 mm (3 inch) diameter silicon wafers etched at
various distances below the microwave confinement grid is displayed in

Figure 9.15. The etching conditions were 4 sccm SF 16 sccm Ar, 1

6’
mTorr chamber pressure, -50 volt DC bias, and 260 of watts microwave
power. Data points were measured across the wafer from the edge
nearest to the microwave input antenna during etching (0 cm) to the
opposite edge (7.6 cm). At d=10 mm the wafers exhibit a wuniform
central region of about SO mm in diameter and a rapid decrease in etch
rate near the edges of the wafer. Further downstream at d=32 mm the
etch rate is highly non-uniform but uniformity improves somewhat at
d=52 mm.

It 1is 1interesting to compare the general shapes of etching
uniformity data in Figure 9.15 with the ion densities measured under

identical discharge conditions (Figure 5.10). The same uniform central

region is observed in the ion density at d=7 mm as was shown in the



214

200 - _ I I I T T
] - I
75 - =
/\1 5: I -
S -
€ 125 = -
c I -
~—’ 00'_‘ _ T
1003 T
_g 4{ "d=32 mm I
754 = — I =
- 50: -~ L . -
S %] d=52 mm
Ll 3
254
0'- Y 1 T T ] 1 '
0.0 2.0 4.0 6.0 8.0
Position on Wafer (cm)

Figure 9.15 Silicon Etching Uniformity in the Processing Chamber

(microwave confinement grid not removed)



215

etch rate at d=10 mm. The lon density also becomes highly non-uniform
at d=32 mm and more uniform again at d=52 mm. Qualitatively this
suggests that a strong relationship exists between ion density and etch
rate, particularly since the radical fluorine density was demonstrated
to be quite uniform over the 9 cm diameter discharge region in

Chapter 8.
9.3.3.2 Etch Rate vs. Ion Density

In an effort to quantify the dependence of etch rate on 1ion
density the central (r=0) etch rates and ion densities are plotted in
Figure 9.16 as a function of downstream distance, d. An exponential,

least squares fit of the data gives the etch rate, er, as

e, = 2. 56x10°+ exp(Ald)|A1= 0.0z (mM/min.) (9.4)
and the ion density, ni, as
n, = 5.33x10'% exp(A,d)|, __o opy (M ) (9.5)
>=0.
where d 1is the downstream distance in mm. Not only do the two

phenomena possess the same analytical dependence on position, but the

spatial decay factors, A, and A,, are equal within the accuracy of the
2

1
experiment. From this we conclude that the etch rate is directly
proportional to the ion flux striking the surface of the wafer given a

nearly constant flux of radical fluorine. Observing that the 1ion
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energy is too low to account for the measured etch rates by sputtering
alone, we conclude that chemical etching is being catalyzed by low

energy ion bombardment.
9.3.3.3 Uniformity with No Microwave Confinement Grid

In Figure 9.17 the etch rate uniformity of 3 in. silicon wafers
biased at -SOv in a 1 mTorr plasma consisting of 4 sccm SF6 and 16 sccm
Ar is shown. The microwave input power used was 260 watts. At 32 mm
below the discharge the wafer has been etched with poor uniformity due,
at least in part, to the non-uniform density of ions as reported in
Figure 5.11. Further away from the‘ reactor the concentrations of
etching species have become much more uniform due to diffusion. At
80 mm below the reactor one finds that the wafer has been etched

uniformly as measured across the wafer both collinearly

perpendicularly to the reactor’s microwave excitation antenna.
9.3.3.4 Summary of Etching Uniformity

In this section the dependence of etch rate on ion density has
been demonstrated. In order to achieve etching uniformity it 1is
necessary to produce a plasma which has both uniform neutral radical
fluorine density and uniform 1ion density. The former is easily
achlieved since the uncharged fluorine atoms diffuse freely and rapidly
throughout the plasma volume (see section 8.5.2). A constant density
of ions is a somewhat more difficult task due to the restricted

diffusion characteristics of charged particles in high density,



218

3005
T T
./5\2505 < 1T
E ] wny
3 = mm
2003 T Iz
£ ;
- .
S’ -
o 150°
..'_J -
0? 3 d=80 mm ﬂ: ﬁ
o 1003 HE‘EE Fegg BrH
o 3
-H -
Ll .
5()2
Oozolllll‘lllllllllllll'll'llll'l'll'lll‘ll
: 2.0 4.0 6.0 8.0

Position on Wafer (cm)

Figure 9.17 Silicon Etching Uniformity in the Processing Chamber
(microwave confinement grid removed)



219

magnetized plasmas. In this work 1t was necessary to position the
wafer 80 mm below the plasma generation 2zone to achieve acceptable
uniformity. Clearly etch rate was sacrificed in the 1interest of
uniformity. Future work should focus on improving the processing
chamber geometry and multipolar confinement of charged particles in the

processing chamber to improve the uniform etch rate.
9.3.4 Contamination: Auger Electron Spectroscopy Study

Contamination of the silicon surface during etching is a major
concern since impurity concentrations of some elements as low as one
part per billion can alter semiéonductor device performance.
Contamination can be classified into two broad categories: surface and
bulk contamination. Surface contamination, although unavoidable, is
generally not serious since the impurities can usually be removed.
Bulk contamination occurs when impurities are either energetically
implanted into the material or diffuse from the surface into the
substrate. This class of contamination is virtually impossible to
remove, and, at best, can sometimes be chemically passivated. In the
case of plasma etching, foreign elements originating from the etching
gas, mask material, and plasma reactor material be may deposited on the
wafer surface. Worse, 1f these elements become ionized by electron
impact in the plasma, impurities may be implanted into the bulk of the
wafer by energetic ion bombardment. We use a surface analysis
technique known as Auger Electron Spectroscopy (AES) to survey the

composition of the wafer surface after plasma etching in the MPDR.
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A clean, 76 mm diam. n-type silicon wafer was etched in a 4 sccm

SF 16 sccm Ar discharge for 30 minutes. A -50 volt wafer blas was

6
applied to the substrate holder which was positioned 32 mm below the
microwave containment grid. Chamber pressure was 1 mTorr and absorbed
microwave power was 260 watts. After etching the wafer was
(unavoidably) exposed to ambient atmosphere before being examined by
the AES. The derivative of the Auger electron energy spectrum of the
wafer surface without cleaning is shown in Figure 9.18a. Peaks in the

spectrum were identified and the relative concentrations of the surface

elements are

Table 9.1 Surface Composition after SF6 Etching
silicon . . . . . .80.3%
oxygen . .15.1
fluorine . . 0.5
sulfur . . 1.3
carbon . . 2.8

The fluorine and sulfur are adsorbed etching reactants which are to be
expected surface contaminates. The carbon is a ubliquitous contaminate
in the AES technique. Possible sources of carbon include atmospheric
exposure after etching or impurities from backstreaming vacuum pump oil
in the etching system. The large amount of oxygen on the surface is a
result of the growth of a native oxide on the exposed silicon surface
during atmospheric exposure. Silicon spontaneously oxidizes when
exposed to air forming an native oxide layer roughly 2 nm thick. The
AES peak at 78 eV 1dentifies Si which is bonded to oxygen and thus

confirms the existence of a native silicon oxide.
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Although the AES technique examines only the surface of the
sample, it is possible to probe into the wafer bulk by sputter etching
the silicon using an ion beam in situ. A 3 kV argon ion beam was used
to remove approximately 2-3 nm of the test sample’s surface. The AES
survey of the newly exposed surface (Figure 9.18b) demonstrates that
all of the impurities documented above reside in the 2 nm native oxide
surface. The only contaminate which 1s now measurable in the silicon
bulk 1is argon. Since this argon was not detected in the original
surface survey, it is reasonable to conclude that the argon atoms were
implanted during the sputtering process and not by plasma etching.

AES and X-ray Photon Spectroscopy (XPS) of MPDR plasma-oxidized
silicon have shown considerable iron ﬁnd tin contamination from the
plasma reactor walls [106]. The absence of metal contamination 1in
etched samples should be viewed with some skepticism since the
sensitivity of AES is limited to impurity densities of 10:8-10!% cm™3.

However, the lower degree of metal contamination of etched samples may

be due to the following factors:

1. The plasma potential (and, hence, the energy of 1ions
bombarding the reactor walls) in SF6/Ar plasmas in the

MPDR 1is only 15 volts and is below the sputter threshold
of metals. This 1is much lower than the 20-35 volt
plasma potentials of pure oxygen plasmas used in silicon
oxidation.

2. Sulfur, fluorine, and SFx do not appear to react with

the stainless steel in the baseplate whereas oxygen
plasmas have been observed to oxidize the baseplate.
Metals may then be transported to the wafer surface in
the form of oxides. The sputter threshold of the
oxidized surface may be lower or the sputter yield of
the metal-oxide compound may also be increased.
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3. Finally, plasma etching may exhibit a lower
concentration of metal contaminates than plasma
oxidation simply because etching 1is a subtractive
process which continuously removes contaminates and

oxidation is an additive process in which contaminates
are continuously incorporated into the oxide.

Because the sensitivity of metal detection by AES is limited, it
is necessary to obtain further data on the contamination effects of
plasma etching. In the following section a comparative study of the
performance of Schottky barrier diodes fabricated on plasma-etched

silicon surfaces is presented.
9.3.5 Contamination and Damage: Schottky Barriers

Schottky barrier diodes (SBD) were fabricated on MPDR
plasma-etched silicon wafers as described in section 9.2.4. The
voltage-current relationship of the SBD is very sensitive to lattice
damage and surface contaminates of the silicon [107]. Although this
technique for assessing damage and contamination yields no quantitative
results, it can lead to insights into the severity as well as the

origin of damage and contamination.
9.3.5.1 SBD Performance Parameters

The I-V characteristics of the SBD can be interpreted to provide
several figures of merit by which diode performance (and, hence,
etching damage) can be compared. In general, the expression for the
current density through a SBD, J, as a function of applied voltage, V

may be written as [107]



224

J = J exp (qV/nkT) (9.6)

where Js is the saturation current density, q is the electron charge, n
is the diode ideality factor, k is Boltzmann’s constant, and T is the
diode temperature (in Kelvin). The saturation current density may be
expressed in terms of the Richardson’'s constant, A**= 120 A/cmzxz. and
the electrostatic barrier height between the metal and silicon, ¢Bp

J o= A" 12 exp( /KT) (9.7)

< -a%g,

The saturation current 1is determined experimentally by a
straight-line extrapolation of the a log-linear I-V curve to V=0. The
intersection of this extrapolation with the current-axis 1is the
saturation current, Is (see Figure 9.19). The saturation current

density 1s simply given by

Js = Is/Ad (9.8)

where A, is the area of the diode Jjunction. The ideality factor is

d

computed from
n = @/kT zros (9.9)
Finally the barrier height is computed from

by, = KT/q (A 1275 ) (9. 10)
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In addition to these figures of merit, reverse leakage current is also
reported. For the purposes of this paper, reverse leakage current lis
defined to be the current which flows through the diode when -1 volt is
applied to its terminals. Finally, the turn-on voltage is reported as

the forward voltage required to cause 10 pA of current to flow.
9.3.5.2 Evaluation of SBD Performance

The forward I-V characteristics of a control (unetched) SBD and
three SBDs which were etched at -70 volts and cleaned in a buffered
oxide etch are plotted in Figure 9.19. .The first deviation of the I-V
characteristic induced by plasma etching is the non-linear character of
these curves occurring above V=0.3 volts. This reduction of slope at
higher current levels indicates the existence of a 1large serles
resistance in the plasma-etched diodes. It may be speculated that this
series resistance is due to very thin films of surface contaminates
which are now trapped between the aluminum cathode and the silicon
surface. The existence of thin films of contaminants will be discussed
later with respect to the samples etched at -30 and -50 volts. The
various figures of merit for the diode performance were computed as
described in section 9.3.5.1 and are compared in Table 9.2 below.
Saturation currents of SBDs are increased by the plasma etching process.

The Dbarrier heights of the <control SBDs are higher than



227

Table 9.2 Schottky Barrier Diode Performance

Sample No. Plasma Etch JS(A/cmZ) ¢Bp (v) n

Co3 no 1.36x10°° 0.888 1.57
coa no 1.25x10"2 0.890 1.49
cos no 1.44x10"° 0.886 1.49
HO3 yes, -70V 2.30x10"° 0. 695 1.32
HO4 yes, -70V 1.19x107> 0.712 1.29
HOS yes, -70V 5.63x10°° 0.731 1.26

normal (0.58 volts), possibly due to a thin insulating native oxide at
the diode Junction. Etched SBDs, however, show degraded barrier
heights indicating damage or contamination. It is interesting to note
that the ideality factor of the plasma etched SBDs is actually closer
to ideal (i.e., n=1) for the plasma etched diodes than for the control
diodes. Note, however, that the calculation of n was based on only the
portion of the I-V characteristic where 0.08<V<0.20. In this region
the series resistance observed in Figure 9.19 does not yet
significantly alter the I-V curve.

In Figure 9.20 the complete I-V characteristic of a control SBD
(#C03) and a SBD fabricated on a -70 volt blas, plasma etched wafer

(#H0S) are compared. The turn-on voltage for the plasma etched diode
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is significantly lower than the unetched SBD (0.14 vs. 0.43 volts).
Also, the leakage current for the etched diode indicates etching damage
and/or contamination since the leakage is increased three
orders-of-magnitude by the plasma etching process (1.8 pA vs. 2.3 nA).

All diodes which were plasma etched at -30, -50, or -70 volts bias
but not cleaned with a buffered oxide etch prior to evaporation of the
aluminum dots exhibited open circuit behavior. The absence of current
is probably due to a native oxide layer which grew on the silicon
surface after plasma etching but prior to metallization. This oxide
layer prevents aluminum-silicon contact at the diode Jjunction. The
SBDs which were fabricated on -30 volt bias, plasma-etched substrates
and subsequently cleaned 1in buffered .oxide etch prior to aluminum
evaporation also behaved as open circuits. This implies that the oxide
etch was unable to remove the residual film on the wafer surface due to
plasma etching. AES results (section 9.3.4) indicate that the film is
an oxygen poor SiOx film with sulfur, fluorine, and carbon
contaminates. Apparently films with this chemical composition are
resistant to the oxide etch used.

Figure 9.21 shows the I-V characteristic of SBDs fabricated on -50
volt bias, plasma-etched silicon. The top-most curve is the control
SBD (#C03). The middle curve represents the performance of the -5S0
volts bilas SBD with a measurement voltage sweep rate of 0.04
volts/second. This is a highly distorted curve which, never-the-less,
exhibits diode-like characteristics. When the diode voltage is swept
more rapidly (0.60 volt/second), however, the I-V curve becomes nearly
linear. Also note that the diode current is actually negative for

positive applied voltages. This behavior is interpreted to be evidence
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that a leaky insulating layer exists between the aluminum cathode and
the silicon. When the voltage 1s swept rapidly, current is supplied to
charge the capaclitance created by this film. If swept slowly enough,
the capacitive currents leak away, providing more diode-like behavior.

Insight into the nature of the contamination films can be gained
by reviewing the performance of SBDs fabricated on -30, -50, and -70
volt biased substrates. At the highest bias voltage, -70 volts, the
effect of the films is simply an added series resistance. At -50 volts
the film severely restricts current flow, and at -30 volts the
contamination layer completely blocks current flow. The ability of the
buffered oxide etch to remove the film appears to be related to the
blas voltage used during plasma etchiné. At high biases (-70 V) the
film are removed by lon-sputtering and, hence, are thinner and easier
to remove after etching using the buffered oxide etch. At -50 volts
bias the films are ion-sputtered less by the plasma and cannot be
completely removed after etching. Finally, at -30 volts the film is
nearly unaffected by physical lon reactions and is not significantly
altered by oxide etching after plasma etching.

Surface contaminates from plasma etching have been shown to
significantly degrade Schottky barrier diode performance. In this
study an initial investigation was attempted to elucidate the possible
damage and contamination concerns associated with MPDR plasma etching.
Clearly much work is still required in this area, beginning with the
development of an effective cleaning technique to remove surface
residue. Once a clean silicon surface 1is achieved, further
investigation of SBDs fabricated on etched silicon should yield more

information about the damage induced by ECR plasma etching.
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9.4 Concluding Remarks

This chapter has described the experimental development of an ECR
microwave plasma process for the etching of silicon. Emphasis has been
placed on etch rate, anisotropy, uniformity, and contamination and
damage. The various external plasma parameters were varied to
investigate, understand, and optimize the silicon etching process.
Silicon etch rates of greater than 0.45 um/minute have been achieved.
A process for anisotropic etching of silicon with a DC bias of =50
volts has achieved etch rates of 0.3 um/minute. Finally etching
uniformity of 15% across 76 mm (3 inch) diameter wafers with etch rates
of 0.1 um/minute is possible by positioning the wafer 80 mm below the
MPDR discharge region.

The major short-coming of this etching system is size. The MPDR
under investigation produces a cylindrical discharge which is only 9 cm
in diameter. In an age when 150 mm (6 inch) diameter wafers are not
uncommon there is a clear need to obtain etching uniformity over larger
surfaces. Current investigations at Michigan State University are
developing a 19 cm diameter MPDR plasma source and designing magnetic
multipolar plasma confinement schemes for use in the processing
chamber. These innovative additions to the MPDR design should improve

both uniformity and processing rates for large (>150 mm) wafers.




Chapter 10

Summary of Results and Recommendations for Future Research

10.1 Summary of Significant Results

The experimental investigation of the multipolar electron
cyclotron resonant microwave plasma disk reactor (MPDR) presented in
this work provides a more complete understanding of the generation of
low pressure, high density discharges, the plasma physics and
macroscoplic characteristics of these diécharges, and the application of
these plasmas to anisotropic etching of silicon. Studies of the
microwave electromagnetic field which sustains the plasma have led to a
better understanding of the operation of the microwave cavity plasma
applicator and a U.S. patent application [35]. Knowledge of the
macroscopic plasma properties such as ion density, electron and ion
energy distribution functions, and relative neutral density allow for
the control and engineering of plasma processes as well as improvement
in discharge operation (e.g., uniformity, efficiency, ...). Finally
this work reports on the development of a process for fast, low lon
energy, anisotropic etching of silicon. Results from plasma
characterization, etching models from the scientific literature (see
Chapter 2), and experimental etching data were combined to synthesize
simple models for etching in the MPDR. These models not only explain

etching results but also suggest methods of improving the etching
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process. The final result of this work is a detailed knowledge of the
operation and characteristics of the MPDR-generated discharge and a

documented plasma process for anisotropic etching of silicon.
10.1.1 Characterization of Microwave Electric Fields

The interaction of microwave electromagnetic (EM) energy (2.45
GHz) with the discharge was reported in Chapter 4. The EM cavity modes
of the MPDR reactor were identified while sustaining a plasma (0.9
mTorr, 20 sccm Ar, 260 W) by measurement of the cavity length, LS, and
the radial component of the microwave electric fleld at the cavity
wall. TE211, TE311, and hybrid modes wﬁich are superpositions of TEn11
(n=0,1,2) modes were discovered to be the cavity modes which match
microwave power to the plasma with the least reflected power. The
absolute magnitude of the electric field within the cavity was
determined to fall between 7 kV/m and 23 kV/m, depending on plasma
conditions. The E-field strength within the plasma (at the above
conditions) near the ECR heating regions was estimated at 7 kV/m for
both TE and TE modes. This data should prove useful for

211 311
theoretical and computer models of ECR plasma heating.

10.1.2 Ion Density Measurements, Plasma Stability and Modeling

Double Langmuir probe measurements of the ion density in the MPDR
discharge in the downstream processing chamber give a peak ion density
of 6.3x1011 ions/cn3 (at 0.9 mTorr, 20 sccm argon, 260 watts microwave

power input) with no microwave confinement grid between the discharge



235

and processing zones (see Figure 3.1). This is an improvement by a
factor of 20 over the density of ions in the processing chamber with
the grid in place. The variation of ion density with pressure, flow
rate, power, and position in the discharge has also been recorded. An
ambipolar diffusion model for the spatial distribution of ions in the
MPDR processing chamber developed in Chapter S5 agrees well with the
experimental data. Finally, measurement of the ion density for several
variations of ECR magnetic fleld geometry and EM cavity mode indicate
that the processing chamber lon density generated by the MPDR is not a
strong function of EM cavity mode or the number of magnetic poles in
the discharge chamber. The plasma stability at low input power |is,
however, strongly dependent on carefullalignment of the multipolar ECR
magnetic field and electromagnetic field of the cavity mode. It was
determined that the most stable plasmas at low microwave powers are
sustalned by cavity modes in which the electric flelds are
perpendicular to the static ECR magnetic fields. The TE'211 mode used
in combination with an 8-pole magnetic field was determined to provide
the best stability of the geometries tested. A 0.9 mTorr, 20 sccm
argon plasma could be sustained with less than S50 watts of microwave
power with ion densities of 1.8x1011 cm_3 using this configuration.
The importance of efficiently creating a high density plasma with
minimal microwave input power should not be underestimated. Absorption
of unnecessarily large amounts of microwave power may cause excessive
gas heating, ultraviolet radiation, and generation of multiply charged

ions (which are all incompatible with plasma processing) in addition to

higher energy and equipment costs.
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10.1.3 Electron Energy Distribution Functions

In Chapter 6 a single Langmuir probe technique for determining the
electron energy distribution function (EEDF) was applied to the MPDR
processing chamber plasma. The EEDFs 1in argon discharges were
determined to fall between Maxwellian and Druyvesteyn distributions.
The electrons are, therefore, slightly less energetic than assumed in
plasma theories which use a Maxwellian distribution. EEDFs in oxygen
and SF6 + Ar discharges show highly non-Maxwellian behavior. In the
case of SF6 + Ar discharges, however, the unusual shape of the EEDF is
attributed to electron inelastic collision processes rather than ECR
plasma heating or electron-electron coliisions. The EEDF measurements
show that no high energy electrons from the ECR heating process (or
elsewhere) exist downstream in the processing chamber. This
observation 1is significant since high energy electrons 1in the

processing zone could potentially induce damage in the processed

substrate.

10.1.4 Ion Energy in the MPDR

A gridded ion energy analyzer was designed and used to determine
the energy spectrum of ions impinging on an electrically biased,
conducting substrate. Using this instrument it was determined that the
impingement energy could be easily controlled by DC biasing the
substrate. Three sources of the observed ion energy were identified:
the substrate blas, the change in potential between the plasma and

electrical ground (i.e., the plasma potential), and energy gained from
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VB forces or gradients in the (bulk) plasma potential (VVS). It was
also discovered that the introduction of electronegative plasma species
into the discharge greatly reduces the average ion energy by decreasing
the plasma potential. Since the etching gas SF6 is highly
electronegative, ions impinging on the MPDR reactor walls have energies
less than or equal to the sputter threshold of most materials (20 eV).

This should reduce the contamination in the discharge and on the etched

substrate due to sputtered MPDR reactor materials.
10.1.5 Emission Spectroscopy

Emission spectroscopy of the MPDR.discharge was used to identify
species and monitor relative concentrations of ions and neutrals. The
emission spectrum of 0.9 mTorr argon discharges (at 260 watts) reveals
no evidence of doubly ionized argon (ar'™). Doubly ionized species in
the discharge gain twice the energy while traversing the plasma sheath
and, hence, may unnecessarily ilncrease the damage and contamination of
the plasma process. A novel technique for the determination of
relative argon ion density by comparison of the intensities of the
358.8 nm argon ion emission line and the 360.7 nm argon neutral line
was introduced. The ratio of the intensities of these two emissions
from the discharge fairly accurately represents the relative argon ion
density. Using this technique, the argon ion density in the ECR zones
was determined to be approximately 1.2x1012 cm_a. In addition the
spatial variation of argon ions in the MPDR’'s discharge chamber was

documented. The spatial distribution of ions indicates that the plasma

is being heated primarily in the ECR regions and that Joule heating
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(non-ECR, collisional heating) plays a secondary role in plasma energy
absorption in the MPDR. Finally the spatial variation of fluorine
radicals was determined by the method of actinometry. Fluorine
concentration in SF6 + Ar discharges is quite uniform (<10%). A slight
increase in fluorine density near the microwave input probe indicates

that near-zone microwave fields from the probe may be enhancing plasma

generation in this region.
10.1.6 Silicon Etching, Contamination, and Damage

This work concludes with a study of fluorine-based plasma etching
of silicon. Both CF4- and SFG-based etching gases were investigated.

SF6 etching rates are from four to five times faster than CF, etching

4
rates with only a few percent loss in anisotropy. The best anisotropic
etching performance achieved in this work was a 300 nm/minute etch rate

at d=32 mm (see Figure 3.1) with 3 sccm SF 17 sccm Ar, 1 mTorr

6
chamber pressure, 260 watts of microwave power, and a -50 volt DC wafer
bias. The input power was limited by MPDR chamber design and the
microwave power source, but increased input powers should provide even
better etch rates. Uniformity of 5% over 76 mm diameter wafers was
achieved by positioning the wafers 80 mm below the MPDR. Perfectly
anisotropic etching of silicon was observed in the MPDR despite the
spatial divergence of the ion flux. This observation leads to a new
hypothesis that ions with energies below a critical threshold cannot
induce fluorine etching of silicon. The lower 1limit of this energy

threshold is estimated at 4-5 eV.
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Contamination in the form of thin, oxygen-deficient SiOx films at
the silicon surface due to plasma etching in SF6 + Ar gas mixtures and
subsequent atmospheric exposure is limited to the first 2 nm of the
exposed surface. The contamination layer also contains traces of
sulfur, fluorine, and carbon. No evidence of implanted or diffused
impurities in the wafer was found. The electrical performance of
Schottky barriers fabricated on the etched silicon surface, however,

was severely degraded by these surface contaminates.
10.2 Recommendations for Future Research

This research has examined a broaﬁ range of the aspects of the
operation and properties of the MPDR plasma source. In no way,
however, does this work claim to be complete. More detailed
investigations into the topics covered in this thesis as well as
theoretical modeling of the MPDR discharge region and development of
other plasma processes such as plasma-assisted deposition are still
needed to complete our understanding of this device. Recommendations

for future research follow.
10.2.1 Investigation of dimensionally scaled MPDRs

In addition to the 9 cm diameter discharge discussed in this work,
S cm [19],[20] and 19 cm (23] diameter discharge MPDRs have been
developed at Michigan State University. These reactors are spin-offs
of the 9 cm design and have yet to be thoroughly characterized. Using

this work as a guideline, the scaled versions of the MPDR need to be
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more thoroughly investlgafed. Of particular importance to silicon
etching 1s the 19 cm diameter plasma source. The 9 cm prototype source
is capable of uniform etching over a maximum diameter of 76 mm (3
inches). Since typical wafer diameters used in the production of
integrated circults are at least 150 mm in diameter, the success of the
MPDR concept in IC processing depends on uniform processing of larger

wafers, and hence, on the performance of the 19 cm source.
10.2.2 Modeling of the Discharge Chamber

Modeling of charged particle diffusion in the processing chamber
was discussed in this work (Chapter ‘5). Models of the discharge
chamber, however, should prove to be considerably more involved since
this chamber was shown to be dominated by free-fall (rather than
ambipolar) diffusion. In addition, the presence of strong, non-uniform
static magnetic flields and microwave fields will influence charged
particle diffusion, radical production, and 1ionization within the
discharge chamber. A successful model of diffusion within the
discharge chamber is important for the design of future MPDRs with

improved performance, efficiency, and purity.
10.2.3 Improved Design of the Processing Chamber

In the current plasma processing system plasma species freely
diffuse into a large bell jar where plasma processing occurs. The
diffusion processes typically result in non-uniform plasma

characteristics and divergent ion trajectories in the process chamber.
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In Figure 10.1a a qualitative plot of equipotential and constant
density contours demonstrates the plasma characteristics as determined
in this work. Future research should optimize the chamber design to
reduce the loss of charged particles and increase uniformity. This is
shown conceptually in Figure 10.1b where ion densities and plasma
potentials are uniform (in radial cross sections) and the ion flux is
non-divergent. Currently a multipolar magnetic confinement chamber 1s
being designed to surround the processing region and reduce radial
diffusion. The multipolar confinement scheme should improve the
uniformity and 1ion density within the process zone. A solenoidal
magnetic bottle 1in the processing chamber consisting of two
spaced-apart solenoidal magnet coils ﬁay also improve uniformity and

ion density in the processing chamber.
10.2.4 Further Work in Plasma Etching

Consliderable research in the area of MPDR plasma etching still
exists. First, a temperature-controlled substrate holder for the
etched sllicon wafers should be designed and 1installed in the
processing chamber. Using this new substrate holder the effects of
silicon substrate temperature on etching characteristics can be
studied.

In the current work a DC voltage blas was applied to the wafer to
control ion energy to the wafer’s surface. The etching performance of

the MPDR using a radio-frequency (RF), 13.56 MHz bias which is
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Figure 10.1 Qualitative Equipotential and Constant Density Contours
in the MPDR Processing Chamber (a) as determined in this work,
and (b) the future design goal.
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capacitively coupled to the substrate holder should be investigated.
With the RF bias insulating materials such as 5102 and Si3N4 can also
be etched.

The MPDR plasma source has been shown to be a strong source of
ultraviolet (UV) radiation in Chapter 8. The role that these high
energy photons [108] play in the etching of silicon may be significant
in terms of etch rate, anisotropy, and damage. By placing materials
which filter UV photons (e.g., quartz and pyrex) between the plasma
source and the silicon substrate the effects of the UV radiation may be
determined.

Finally the 1issue of damage and contamination needs to be
addressed more completely. Beginnihg where this work ends, a
non-damaging method for removal of the contamination layer deposited by
the plasma etching process should be developed. Then a thorough
electrical characterization (Schottky barrier diodes and
metal-oxide-semiconductor (MOS) capacitors) of the damage induced by

etching can be used to identify the sources of damage and minimize

their effects.
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