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Abstract:

Plasma immersion ion implantation was performed with an insulator as the work

piece.  Carbon dioxide was implanted into soda-lime glass, with pulse voltages of 25kV, and

an implanted dose of 6x1016 ions/cm2.  Charge build-up due to the incident ion current leading

to arcing across the surface of the glass was prevented by means of a 10 nm layer of

aluminum over the surface of the implanted glass.  Due to operating conditions of low plasma

power and low chamber pressure, an unintended layer of SiO2 was deposited on the surface.

Optical as well as morphological changes in the glass were identified using optical

microscopy, ellipsometry, AFM, and SEM.  Using masks, circular areas as small as 50 µm in

diameter were defined and successfully modified.  Optical changes include a dramatic drop in

the index of refraction of light at incident wavelengths greater than 600 nm.
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Chapter 1

Introduction

1.1 Description of Ion Implantation

Ion implantation is an important surface modification process in which ions are buried

just below the surface of a target object.  It was originally developed as a means of doping

semiconductors for use in integrated circuits.  Since then, it has been shown that ion

implantation of industrial metals and alloys can improve many of their surface properties.

Some examples where implantation has proven beneficial are in improving friction

characteristics, increasing corrosion and wear resistance, and making a surface harder.

Ion implantation can be contrasted against more conventional surface modification and

coating technologies in that it does not add a layer of material on top of the treated object.

Because implantation instead imbeds a graded distribution of material into the object, the

material has a much greater adhesion to the object; it is less likely to delaminate.  In addition,

implantation does not require high processing temperatures, which could damage some more

sensitive objects.

1.2 Plasma Immersion Ion Implantation

In Plasma Immersion Implantation (PIII), as distinguished from Beam Ion

Implantation, the object to be implanted (work piece) is surrounded by a plasma.  A large

negative electrical pulse is applied to the work piece to accelerate positive ions from the

plasma into just below the surface of the work piece.  The energy per ion ranges from 10 to
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100 keV, over which range of energies the average depth of implantation is typically a few

tenths of a micron beneath the surface.  Theoretically, these positive ions will strike all parts

of the target at a normal incidence (perpendicular to the surface), which is the optimal angle

for accurately controlling the implantation.

There are several advantages to using the plasma immersion technique.  Irregularly

shaped objects can be implanted with ease because they are immersed in the plasma, so the

ions are pulled in uniformly over the surface.  Uniformity can be ensured by surrounding the

sample with a uniform plasma.  In addition, whole work piece is implanted at once.  As a

result, large objects can be reliably done in a reasonably short time; a thin beam of ions does

not need to trace back and forth across the surface.  Similarly, no manipulation of the object is

necessary during the implantation; for example, the work piece does not need to be turned

around in order to focus the beam on the backside.  Finally, the plasma immersion technique

tends to be more efficient because it has high "throw," that is, very little of the energy is

dissipated elsewhere.  All of the ion’s energy is directed radially towards the work piece to be

implanted.
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Figure 1.1 Different types of ion implantation. a) Work piece in a vacuum
chamber under beam ion implantation. b) Work piece being implanted by PIII.
[1]



8

Chapter 2

Previous Work

2.1 Implanting Conductors

Beam ion implantation was first developed for the doping of semiconducting

materials.  Similarly, PIII has also proved useful in semiconductor doping.  As mentioned

above, it offers many advantages over the traditional beam method because of its high dose

rate, low energies, large implant areas, and lack of charging problems [2, 3].  In addition,

because the implantation can be done at relatively low temperatures, it has the advantage of

reducing diffusion after implantation, as well as expending a minimum of the thermal budget

of the processed piece.

In addition to semiconductor doping, ion implantation has been shown to improve the

surface properties of other materials.  Improvements tend to be particularly effective because

they are imbedded into the surface, and so do not wear or delaminate easily.  Although

nitrogen is most commonly implanted, a wide range of species has been implanted into an

even wider range of target materials in order to examine how surface properties change.

Nitrogen is so common because it is easy to make stable nitrides that improve many desirable

material surface characteristics.  For example, nitrogen implantation has been shown [5, 6] to

improve the usable lifetime of orthopedic alloys and Co/WC drill bits by at least a factor of

two.  Analysis suggests that the performance improvement is due primarily to nitride

formation at or near the surface [5].
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PIII is more effective than standard beam ion implantation in improving surface

characteristics of materials because, in theory, the whole work piece may be uniformly

implanted at once, eliminating the need for line of sight access to the target.  Many

experiments with PIII systems have been conducted to confirm or improve these assertions

about the geometry of implantation.  High frequency, low-voltage pulse modulators have

been developed to enhance implant uniformity and to increase the thickness of the modified

layer [7].  Non-standard target geometries are also being tried, to confirm that irregular shapes

or the insides of cavities can be implanted uniformly [8, 9, 10].  Other experiments [11] have

increased implantation depth by combining a high pulse rate, voltage and current density to

cause heating of the work piece, resulting in increased thermal diffusion of the implanted ions.

This effort has yielded implanted nitrogen diffusion to depths greater than 1 µm.

A final method of surface modification has been developed with PIII, though it does

not necessarily involve complete implantation, as such.  Diamond-like carbon (DLC) films are

chemically inert and extremely hard, with a very low coefficient of friction.  They have great

promise as protective coatings against scratching and abrasion [12].  To deposit a film on the

target, very low pulse voltages are used to deposit carbon ions on the surface of the target

that than to implant them.  As the pulse voltage increases, however, the mode of surface

modification goes from deposition to a mixture of deposition and implantation to pure

implantation, each of which has differing effects on the surface of the material.
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2.2 Implanting Insulators

Until now, PIII experiments have involved metallic or semi-conductor targets because

these materials are best suited to carry the biasing pulse.  An exciting next step has been taken

by the William and Mary Group to implant insulting materials, such as glass.  However, in

preliminary work they found that the glass surface tended to charge and to arc prohibitively.

In this thesis, I have proposed to coat the glass with an extremely thin layer (about 10 nm) of

a conductor, such as aluminum, intended to serve as a conductive path to bleed the charge

away between implant pulses.  This layer would ensure the insulator surface that is exposed

to the plasma returns to the neutral initial condition after every pulse, rather than remaining

charged and producing the damaging electrical arcs encountered previous attempts.

Since there will be an extra layer between the plasma and the surface of the target,

there will be a reduction in the depth of implantation achievable into the target material.  This

effect can be made slight if the conductive layer is kept thin enough so as to allow incident

ions to pass through with enough energy to implant into the surface of the material.  In

addition, the conductive layer will be sputtered away by the incident ions over the course of

the implantation, reducing even further the detrimental effect it has on implantation depth.

Care must be taken to ensure that it remains thick enough to provide ample conductive paths

to ground, in order to carry away any accumulating charge.
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Chapter 3

Theory

3.1 Implantation Process

As mentioned above, in PIII processing, the workpiece is submerged in a plasma of

the species to be implanted.  Typically the plasma is weakly ionized (less than 5%) [18].

The implantation process starts with a high voltage pulse of the workpiece (typically 15-100

kV), which causes it to be negatively biased.  This sudden negative biasing produces a

negative electric field, which has two effects.  First, electrons in the immediate vicinity of the

target are accelerated away by the sudden introduction of the negative field.  Next, as

electrons leave the area, revealed positive ions begin to feel the effects of the field and are

accelerated towards the workpiece.

As the incident ions impact the workpiece, their positive charge begins to cancel the

negatively charged pulse.  In between voltage pulses, since the charge on the target has been

neutralized by incident ions, the plasma restores due to thermal motion and gas flow.  The

process is repeated with every pulse.

3.2 Sheath Effects

The electron repulsion and ion acceleration mentioned in the first part of this chapter

can be thought of as a two-step process.  The electrons respond in a time on the order of the

inverse electron plasma frequency (ωe
-1, ~1 µs, typically), which is far less than the inverse
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ion frequency (ωi
-1, ~1 ms) and so have usually left the area well before the ions begin

accelerating.  The ions are exposed rapidly compared to their ability to move, so when they

first begin accelerating, they can be thought of as distributed uniformly through the plasma.

This uniform distribution is known as the ion matrix sheath [13].  The initial sheath thickness

increases with negative pulse voltage V, and decreases with increased plasma density n, where

V and n are related by:

nq

V
S

i

o
02ε= (3.1)

where qi is the charge on the ion (1.6x10-19 C), and ε0 is the permetivity of free space

(8.85x10-12 C2/Nm2).  Typically V is on the order 10 kV, while n is of 109 ions/cm3.

Equation 3.1 only applies to the initial ion matrix sheath, during a time at the

beginning of each pulse that is longer than the electron response time, but shorter than the ion

response time [13].  As more ions implant, ions in the region around the object are depleted,

the electrons are no longer shielded from the negative electric field, and so recede further from

the work piece, deeper into the plasma, exposing more ions at the far edge of the sheath.  As

the sheath around the target grows, the capacitively charged workpiece voltage is reduced by

the accumulating charge of the incident ions [14].

3.3 Implantation Depth and Density

The two main factors in implantation are the total number of ions implanted (fluence)

and the depth of implantation (profile).  One advantage of PIII is that these two factors can

be controlled independently.  The depth of implantation, or profile, is dependent on the
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species implanted, the structure of the target material, and the energy of the incident ions,

which itself is dependent on the voltage of the pulses.  The greater the magnitude of the

pulse, the more energy ions have when they strike the work piece, and the further they

implant [14].  As mentioned above, the depth of implantation is a graded distribution in the

surface, and is typically modeled by computer programs such as Profile Code or TRIM [15].

An example of a calculation done with Profile Code can be seen in section 4.7.

The fluence, or the number of ions implanted per area, φ (atoms/cm2), depends on of

the pulse width, ω (s), the pulse repetition rate, f (s-1), the average atoms per ion, n, the ion

current, Ii (A), the total run time, t (s), and the surface area of target, A (cm2).  These are

related by:

qA

tfnI iω
φ = (3.2)

Where q in this case is the charge on the proton (1.6 x 10 -19 C).  ω, f and t are determined by

the settings on the apparatus used.  Typically, ω in on the order of 10 µs, f is of the order

100 Hz, and t is of the order 104 s.  The area, A, must be measured from the geometry of the

work piece, while n and Ii must be calculated for each species and target used.  The average

atoms per ion, n, depends on the ion ratios in the plasma being used.

The other variable in the delivered dose equation that is a direct experimental

parameter is Ii, the ion current, or the number of ions going into the target at any one time.

There is difficulty determining this.  What can be measured, using a current monitor at the

secondary transformers, is the total current, It.  It consists of the ion current, Ii, which is the
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parameter of interest, the emitted electron current, Ie, which is the number of electrons leaving

the work piece, and the displacement current, Id, which is due to charging effects, sheath

capacitance and circuit loading effects [14].  Id has been measured by pulsing the workpiece

without a plasma in the chamber.  Thus, the currents relate as:

I I I It i e d= + + (3.3)

The net current into the workpiece, In, is then:

I I I I I In t d i e i= − = + = +( )1 γ (3.4)

γ is the secondary electron emission coefficient, the average number of electrons emitted from

the workpiece per incident ion.  γ has been shown [16] to be approximately linearly

dependent on ion velocity, so γ for any given voltage can be extrapolated:

20
20

p
Vp

V
γγ = (3.5)

where Vp is the pulse voltage in kV, γVp is the secondary electron emission coefficient at that

voltage, and γ is an experimentally determined value of γ for a pulse voltage of 20kV.  In the

case of oxygen incident on aluminum, γ20= 1.32.

From the Equation 3.3, the ion current Ii, needed for the delivered dose calculation

(Equation 3.2) can be expressed as:

I
I I

i
t d=

−
+1 γ (3.6)

Substituting this into Equation 3.2 results in:
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( )φ

ω
γ

=
−

+
fnt I I

qA
t d

1
(3.7)

When designing an experiment, the time of implantation necessary to obtain a particular dose

is often desired.  For that purpose, Equation 3.7 can be expressed as:

( )
( )t

qA

fn I It d

=
+
−

φ γ
ω

1
(3.8)

3.4 RC circuit and Internal resistance of Thin Films

At this point the role of the conductive film on the surface of the implanted target

need to be clarified.  It does not carry a significant portion of the biasing pulse used to pull

ions out of the plasma.  This is essential, because the internal resistance of thin films tends to

be many orders of magnitude greater than the resistance of the material in bulk.  As a result,

the internal resistance of the thin conductive layer will prevent any significant amount of

current to be transmitted along it in the short time that any single biasing pulse will last.

Therefore, we need to arrive at some way of understanding how ions can be pulled out of the

plasma into the insulating material without employing the thin conductive layer to carry the

biasing pulse.

As discussed in 3.2, the implantation pulse creates an ion matrix sheath around the

work piece.  As a result of the ion matrix sheath, a simplified model of the work piece can be

thought of much as a capacitor.  Thus, if the glass to be implanted is in good metallic contact

with baseplate (see figure 4.1), then the glass can be thought of as a dielectric in a parallel

plate capacitor.  One plate of the ÒcapacitorÓ is the baseplate, the other plate is the edge of
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the ion-matrix sheath in contact with the glass.  The simple RC circuit diagram in figure 3.1

represents this.

In implantation, if the capacitor becomes fully charged, the charge on the side of the

glass facing the ion-matrix sheath will equal the voltage on the baseplate.  Thus the full

implantation bias will be applied to the target.

Figure 3.1: RC circuit diagram of the implantation, where the work piece is
treated as a dielectric in a parallel plate capacitor.

It must be ensured that the length of the biasing pulse is long enough so that the

ÒcapacitorÓ becomes fully charged.

The capacitance of a parallel plate capacitor with a dielectric depends on κ, the

dielectric constant, A, the area of the two plates, and d, the separation between the plates.

They relate by:

d

A
C 0κε= (3.9)

Where, ε0 is the permetivity of free space (8.85 x 10-12 C2/N m2).
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The time constant, τ, of a RC circuit is:

CR=τ (3.10)

Where R=Rplasma in this case.  τ is the amount of time it takes the capacitor to charge

to 1/e of its total

The final charge on the capacitor is:

VCQ f = (3.11)

The charge on the capacitor as a function of time can be expressed as:

( ) √
↵
��

�
−=√

↵
��

�
−=

−−
RC

tt

f eCVeQtQ 11 τ (3.12)

Thus, if the implantation pulse is long enough to charge the capacitor to a significant

percentage of its final charge, then the potential on both sides of the capacitor will be

approximately equal, meaning that implantation will proceed unimpeded.

This emphasizes the role of the conducting thin film in implantation.  It is purely to

neutralize the extra positive charge produced by the incident ion current, Ii, rather than

carrying any significant amount of the implantation charge.  If it did carry the implantation

charge, by OhmÕs law, any amount of internal resistance of the film would reduce the

potential by 1/Rfilm, significantly impeding the effectiveness of the implantation.
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Chapter 4

Experimental Design

4.1 Apparatus

The William and Mary Plasma Immersion Ion Implantation system at the Applied

Research Center consists of a large cylindrical implantation chamber, a vacuum pump system,

a planar coil inductively coupled RF plasma source, and a pulse-forming network.  Many

aspects of this system, shown in figure 4.1 [18], have been previously described [17, 18].

Figure 4. 1: A schematic of the William and Mary PIII implantation chamber

The chamber is cylindrical, 61 cm in diameter, by 51 cm high [18].  A 57 cm in

diameter, 2.54 cm thick quartz window seals the top of the chamber.  In addition to

supporting the RF antenna coils, the window acts as the dielectric material for RF coupling to
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ignite a plasma within the chamber [17].  Gas flows in through mass controllers.  The plasma

is ignited in the top portion of the chamber and allowed to drift down to the work piece,

which rests on the base plate, in the middle of the chamber.  This ensures the plasma

uniformity needed to uniformly implant the surface of the work piece.

The planar coil inductively coupled RF plasma source provides 600 W of incident

power, with 20-30 W reflected back by the plasma.  Extremely late in this research program,

we discovered that the condition of low power and low power density and low pressure was

contributing to a significant amount of ÒcapacitiveÓ coupling capable of yielding significant

sputtering of the quartz window.  Under these conditions, SiO2 (glass) is being continuously

deposited on the sample at a low rate (0.001-0.05 nm/s) as the CO2 implantation is occurring.

We will have more to say about the consequences of this later.

The pulse-forming network (PFN) provides the biasing pulses to the work piece.

Initially, it produces a maximum current of 300 A at 10 kV, which is sent through a 10:1 step

up transformer, resulting in a peak voltage of 100 kV and 30 A.  The high voltage pulse train

cycles at 200 kHz.  Pulses are square, 10 _s long, with < 1 _s rise and fall time, and < 10%

ripple.

In the course of this research, system performance improvements have been made in

both the pump system and the pulse-forming network.  In the pump system, which consists

of a turbo pump backed by a rough pump, the turbo pump was upgraded to a larger model.

This improvement allows higher vacuums, on the order of 10-7 torr, to be attained in shorter

time.  Even though the operating pressure for implantation is only 8x10-4 torr, the ability to

pump down to 10-7 torr is useful for cleaning work pieces in preparation for implantation.
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Changes to the PFN have consisted of replacing the thyratron, the thyratron driver,

the power supply and the reset circuit with more powerful versions, capable of creating

stronger pulses.  Even though they were not used in the current set of experiments, these

improvements allow 100 kV pulses at 200 Hz to be obtained, rather than the previous limit

of 50 kV pulses at approximately 100 Hz.  In order to support these improvements, the PFN

was also rewired from single phase to 3-phase power, with the appropriate interlocks and

safeties added.

4.2 Experimental Target

To obtain the insulating material used as targets in the experiment, 7.62 cm x 2.54 cm

(3Óx1Ó) glass laboratory slides, each sputter coated with a uniform 10 nm layer of aluminum

were purchased from a vendor.  The glass slide was made of common soda-lime glass.

4.3 Aluminum Coating

The conductive layer put on top of the glass was chosen to be aluminum, as opposed

to gold, silver or copper, for four reasons.  First, it is easy and inexpensive to plate onto

glass.  Second, it can be removed using hydrochloric acid, to examine the unimplanted glass as

easily as the implanted glass.  Third, it has a low Z (atomic number), and so can easily be

implanted through without impeding the energy of the incident ions.  Finally, aluminum is a

good electric conductor, which allows it to efficiently carry away the charge build up during

implantation.
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Using aluminum does present problems, however.  Aluminum does not bond to glass

well, and so the layer can be very easy to damage or rub away.  Second, a non-conducting

aluminum oxide layer naturally forms on top of all aluminum exposed to the oxygen in air.

This oxide layer can range from 2 nm to 4 nm into the surface of the aluminum [19].  This

reduces the conductivity of the aluminum coat, impeding its effectiveness in PIII.

Regardless of the degree of oxidation, 10 nm was chosen for the thickness of the

aluminum coating because it was certain to be thin enough so as to not impede implantation.

Initial modeling using Profile Code, discussed in section 4.7, show that even with low

energies, the 10 nm layer could be implanted through without impeding implantation.  It was

not as certain from the initial modeling that thicker layers would be as easily penetrated.

Now that the 10 nm layer has proved to not hinder implantation, 20 nm or 30 nm of

aluminum may be attempted, allowing for even greater implantation densities and energies to

be achieved.

4.5 Slide Holder

Only the top of the slide is coated with a conductive layer, not the sides or bottom.

Thus, the slide cannot simply be placed like a conductive sample on the implantation base

plate for two reasons.  First, the conductive aluminum coat will not have a path to ground

along which to bleed away the accumulating charge.  Second, the uncoated bottom and sides

of the glass slide will charge excessively, causing damaging arcs.

To solve this sample mounting problem, a slide holder was designed and built.  It

consisted of two halves, each 10 cm square, and approximately 2 cm thick, made of stainless
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steel.  The halves were secured together by 4 stainless steel bolts at each corner.  The lower

half had two depressions, 7.62 cm long by 2.54 cm wide, made to a uniform depth of .5 mm.

The goal was to fit the edges of the slides as closely as possible, so as to minimize any

charging that occurs on the edge by conducting it away, while still allowing the surface of the

slide to protrude above the rest of the bottom half.  The upper half had two 5.08 cm long by

1.9 cm wide holes cut into it, positioned in the center of the depressions in the lower half.

The goal was that when the slides were in the holder, they would be held firmly in place by

the upper half, while still exposing aluminum surface to the plasma for implantation.

In addition to carrying the current to the top of the slide, holding the slide in place,

and preventing charging along the side edges, the slide holder performs one other useful

function.  The bolts can be tightened so as to apply a moderate amount of pressure to the top

of the slide.  This pressure breaks the aluminum oxidation layer that naturally forms on the

aluminum, allowing for a conductive path to form.

4.6 Masking

When doing these PIII studies a mask partially covers the work-piece being

implanted.  This is done for a number of reasons.  First, by causing a contrast between

implanted and unimplanted areas on the same sample, the effects of the implantation can be

discovered easily.  Secondly, masking defines patterns on the surface, testing the level of

detail that is possible in implantation.

Masks served two further purposes in this experiment.  They carried the incident ion

current from the surface of the aluminum to the slide holder.  Secondly, by covering parts of
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the surface, they reduce the distance that the aluminum coat has to carry the accumulating

charge, thereby minimizing the time needed to reset the implanted region to neutral charge.

Thus, even though the masks do not help the ions implant into the surface, they do help to

neutralize the implanted region, allowing implantation to continue for multiple pulses.

The masks consisted of 200 µm thick stainless steel strips, 2 cm wide and

approximately 10 cm long.  Into the strips, whose pattern can be seen in figure 4.2, was

burned a further pattern of holes using a copper vapor laser from Siemen’s Company.  The

laser operated between 518-573 nm, had a power output of 20 W and a spot size 50 µm in

diameter.  Holes of varying diameter were made using a programmable trepanning head.

Four patterns were made.  The first was a single 75 µm hole made at a 45¡ angle from

the normal to the surface.  It was made in preparation for future experiments that would

simulate implantation of the sidewall of a vertical well.  The next three patterns were made to

test the detail that could be implanted.  Each pattern is a set of four holes made perpendicular

to the surface of the mask.  The first set is of four 50 µm holes, separated by 100 µm.  The

next is a set of four 100 µm holes separated by 200 µm.  This was done to see if the 50 µm

set was too fine to be implanted through.  The final set of four holes varies in size, one 50

µm, one 100 µm, one 200 µm and one 300 µm.  These holes were each separated by 300 µm.

Figure 4. 2: Example of the mask, actual size.  The patterned holes drilled are
in the center of the large circles, but are too small to see at this macroscopic
scale.
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The masks were mounted within the slide holder to allow a large area to be implanted,

to facilitate analysis by the ellipsometer later on (section 5.3).

Figure 4. 3:  Top-view of the slide holder, the mask, and the slide.  The holder
is crosshatched, the mask is dark gray, and the slide is light gray.  The light
gray area will be implanted.

4.7 Experiment Specifications--Computer modeling

An ion implantation modeling program, Profile Code, was used to determine the

maximum fluency attainable before the aluminum coat was sputtered away due to ion impact.

Implantations of carbon, oxygen and nitrogen were modeled, at energies of 10, 20, 25, 30, 50

and 100 keV, at a variety of different fluencies.  It was determined that for carbon dioxide, a

implantation fluency of approximately 2x1016 ions/cm2 was the maximum that the aluminum

coating could support and retain some degree of conductivity.
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Figure 4. 4: Example of a Profile Code implantation depth profile of carbon
dioxide implanted at an energy of 25 kV and a fluency of 2x1016 ions/cm2.  The
implantation was modeled as if the carbon and two oxygens of the CO2

molecule dissociated upon impact with the surface of the glass.  This is
reasonable, considering the energy of the implant (25 keV total per ion) is
much greater than the binding energy of the molecule (4 eV).  This model was
run for both oxygen at 4x1016 ions/cm2 and carbon at 2x1016 ions/cm2, resulting
in a total delivered fluency of 6x1016 ions/cm2.  The carbon is the lowest of the
graphs, the oxygen is the middle, and the dotted line is the sum of the two.
Note the 18� layer of aluminum that remains after the implant.

4.8 Experimental Procedure

Experiments consist of preparing the workpiece, setting the piece in the chamber,

sealing the chamber, pumping down, plasma ignition, pulsing, plasma extinguishing, venting

the system.

The work pieces, glass slides held in a slide holder and mask and coated with 10 nm of

aluminum in this case, are prepared by standard cleaning procedures to eliminate

contamination from oils and accumulated dust.  All surfaces except for the aluminum top of

the slide are wiped with 2-propanol and allowed to air-dry.
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Pump down of the entire chamber usually takes from 30 to 45 min.  This consists of

an initial pumping to 10-3 torr by the rough pump of the whole chamber.  Then the turbo

pump is started, and is allowed to take the entire chamber down to at least 10-7 torr.  Even

though the implantation pressure is only 8x10-4 torr, the system is pumped to 10-7 torr

because it serves to further clean the work piece and the inside of the chamber.  A cleaner

workpiece and chamber is less likely to arc.

Once the chamber has been pumped down, the working gas is introduced.  A needle

valve is used to balance the inflow of the gas with the outflow due to the pump, to arrive at a

chamber pressure of 8x10-4 torr.  Once this is achieved, the plasma can be ignited.

Radio frequency current is supplied by the power supply to the coil antenna resting

on the quartz window above the chamber.  The coils produce an electric field that is

transmitted through the window into the chamber below.  The species gas is ionized and a

plasma results.  The incident power used is approximately 600 W, with about 30 W reflected

back to the source.  There is no set value used for the incident power.  As high a value as

possible is set for the incident power, while keeping the reflected power below 30 W.  Once

the plasma has stabilized, a process that requires waiting a few minutes to ensure that the

reflected power is stable, implantation can begin.

In the past, the glass charging has caused excessive arcing.  The aluminum coat

reduces, but does not completely eliminate the problem.  Thus, when pulsing, rather than

preset a desired implantation voltage, the voltage is slowly raised until an arc appears.  The

voltage is then dropped a few kV and implantation proceeds at that level.  In each run, the

arcing appeared at 27 kV, meaning the implantation was conducted at 25 kV.
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As discussed in section 3.4, to ensure that the ion-matrix sheath on the surface of the

glass feels the total potential applied to the work piece, the pulse length must be two or three

times longer than the RC time constant, τ.  To determine this, we use equation 3.9 to find the

capacitance of the glass,

d

A
C 0κε=

where the dielectric constant of glass, κglass = 5.4.  The thickness of the glass, d=1 mm.  The

surface area of the glass, A =  (2.54cm) x (7.62cm) = 19.35 cm2 = .001935 m2.  Thus, the

capacitance is:
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Plugging this into equation 3.10 give the time constant, τ:

RC=τ

Where R is the resistance of plasma, Rplasma, and is the total resistance presented by the rest

of the implantation plasma.  It was measured by Venhaus [18] to be 100 Ω.  Thus:

( )( ) s911 1025.91025.9100 −− ↔=↔=τ

Since the time constant of the capacitor is so much smaller than the pulse length of 1.5x10-5 s,

we can be confident that the potential at the edge of the ion-matrix sheath is unimpeded by

the glass, and is in fact, effectively the full 25 kV applied to the system.

Before the slide holder, masks and slides are placed in side the chamber, resistances

between various points on the surface of the mask and the surface of the slide to the base of

the slide holder are compared.  This is done to check that the internal resistance of the
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aluminum coat is not so great as to prevent charge from bleeding away during the time when

the slide holder is not being pulsed by the implantation current.  At the point furthest from

the edge of the mask, where the mean free conductive path is greatest, the aluminum was

found to have a resistance of approximately 10 Ω.  This is compared to less than 0.1 Ω for

the mask to the base of the slide holder.  In order to compensate for this resistance

discrepancy of approximately 100:1, the pulse rate is set to a relatively low value of 60 Hz.

While this is far below the upgraded capabilities of the pulse-forming network, it ensures that

the accumulating charge on the surface of the glass has as much time as possible to dissipate,

even though the relatively high internal resistance of the aluminum coat hinders it.

We now have enough information to determine the length of time that will be spent

implanting.  As suggested by figure 4.4, beyond an implanted dose of 6 x 1016 ions/cm2, the

coating becomes too thin to support a current, preventing any further implantation into the

glass.  Thus, 6x1016 ions/cm2 was the target dose.  The run duration needed to obtain this

dose is calculated using equation 3.8:

( )
( )t

qA

fn I It d

=
+
−

φ γ
ω

1

For a 25 kV implantation, the secondary electron coefficient, γ25 = 1.47, (equation

3.6).  The total surface area of the slide holder with slides is 250 cm2.  The pulse width, w =

15x10-6 s.  The pulse repetition rate, f = 60 s-1.  The average number of atoms per ion for

carbon dioxide is nco2 = 3.  The displacement current Id, was negligible.  The total target

current, It, was measured using the current monitor: It = 0.3 A.  Thus the duration needed to

achieve the desired dosage at 25 kV was calculated as:
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After the appropriate amount of time, the pulse train is stopped and the plasma is

quenched.  The sample and chamber is still quite hot from interacting with a plasma for such

an extended period of time.  Thus, rather than venting the chamber to atmospheric pressure,

which could cause thermal shock damage to both the chamber and the sample, the chamber is

vented with nitrogen to a pressure of 1 torr, and allowed to cool over night.
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Chapter 5

Results

5.1 Macroscopic Features

Exposed samples were cut using a diamond scribe into five pieces, each containing one

of the five circular areas of the masks.  The samples were then examined using optical

microscopy, ellipsometry, atomic force microscopy (AFM) and secondary electron

microscopy (SEM).  Shortly before the termination of this research effort a new instrument

(DEK-TAK) capable of performing profilometry to a high vertical resolution over large areas

was installed in our laboratory.  It was through the use of this instrument that the 200 nm

SiO2 deposition was confirmed.

Macroscopically, the slides had some obvious features.  The aluminum layer, which

appears opaque on the unexposed slides, had been removed or modified, rendering it

Òtransparent.Ó  The exposure yielded a slight brown tint to the area, when light was shined

directly through the back of the slide.  As the slide was tilted from side-to-side, however, a

blue tint overcame the brown.

To provide evidence that the modified surface was not a loosely aggregated

carbonaceous layer deposited on the surface, attempts were made to damage (scratch) or

remove the modified layer.  If this could be done, then any modifications resulting from the

exposure would have reflected such a ÒsootyÓ carbon deposition.  Attempts at removing the

layer included rubbing it with pencil eraser, scratching it with a razor blade, and washing it

with both propanol, and soap and water.  None of these resulted in obvious removal of the
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modification to the glass, suggesting that there is not an deposited (loose) overlay and that the

optical changes observed have resulted either from implantation for from co-deposition of an

ÒimplantedÓ layer whose hardness and other mechanical properties were Òglass-like.Ó

5.2 Optical Microscopy

The implanted areas were specifically examined under the optical microscope to look

for evidence of signs of arc damage and to look for resulting changes in the optical properties

of the glass.  No arc damage was detected on the implanted areas of any of the glass slides,

even at magnifications up to 600x.  This lack of arc damage on any of the samples, which

usually appears as burned holes or feathery streaks across the surface of the glass, indicates

that charging effects were not a problem.  This is evidence that the layer of aluminum

successfully bled away the excess charge resulting from incident ions.

The optical microscope also offers some insight into the change in the optical

properties of the glass.  The change of color, from the clear of standard soda-lime glass to

light blue, is the most obvious effect of the implant (see figure 5.1) creating a thin film that

produces the optical properties observed.  These properties will be studied in greater detail in

the ellipsometry section, 5.3.  The fact that this color change was seen under the 50 µm

masked hole suggests that the modified features can be made by masking of at least down to

diameters of 50µm.
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Figure 5. 1: The four circles are the implanted areas, which appear blue,
examined under 60x magnification.  The aluminum layer appears shiny gray.
The largest of the implanted areas is 300µm in diameter, the smallest is 50µm
in diameter, and the other two are 100 and 200µm, respectively. Note the
evidence of surface modification in the 50µm hole.  Note as well the blackened
(damaged) areas around each of the circular implanted regions.

The darkened features at the edge of the circular exposed areas are likely due to a

combination of several effects.  First, if the stainless steel mask were to lift up off of the

surface of the slide due to warping brought on by thermal expansion, then both the

implantation plasma and the depositing SiO2 would could have access to a greater area of slide

surface.  The simultaneous deposition of SiO2 containing excess oxygen and carbon, combined

with coating due to fast ion bombardment, leads to a large step-edge that may appear dark.

This edge damage extending under the mask might also be increased by electric fields

associated with the slide holder that have not been modeled.  If the mask lifts sufficiently far

off of the slide, there may be field lines that extend underneath the mask, guiding ions there,

leading to more accumulation on the surface further underneath than might otherwise be
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expected.  The nature of this ÒtransitionÓ area at the edge of the exposed region will be further

examined in section 5.4.

Another unexpected feature was the level of damage to the aluminum hidden under the

mask, further than 500µm from the edge of an implanted area.

Figure 5. 2: An unimplanted region of glass, still covered by the 100� of
aluminum, examined at 60x magnification.  The damage appears as the swath
of dark areas and craters in surface.

This damaged is most likely due to flaws in the aluminum, promoting an arc to the

underside of the mask.  Since the aluminum was held in such loose contact to the surface of

the glass, arcs might create holes, causing the visible damage.  It did not appear to have

detrimental effects on the ability of the aluminum to carry away the charge, however.

5.3 Ellipsometry

Ellipsometry is a surface and thin film measurement technique that uses polarized

light.  A beam of light of known polarization is reflected off of the surface of the sample and
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collected by a photodetector.  The phase change as a result of interaction with the surface is

measured and expressed in terms of Psi (Ψ) and Delta (∆).  These values relate to the Fresnel

reflection coefficients Rp and Rs for p- and s- polarized light, respectively.

Because ellipsometry measures the ratio of two values it can be highly accurate and very

reproducible.  Because the ratio is a complex number, it also has phase information (∆), which

makes the measurement very sensitive.  Ellipsometry works best for film characterization

when the film thickness is not much smaller or larger than the wavelength of light used for

measurement.  It is difficult to use a probe of wavelength 500 nm (or so) to characterize a 0.5

nm or a 10000 nm thick film, whereas films of 5 nm to 1000 nm are much simpler to

characterize.  As a result, ellipsometry is an ideal tool for characterizing the thin films that

have been produced in this research.

Ellipsometry can determine the film thickness, index of refraction, n, coefficient of

extinction, k, and many physical quantities of the film(s) that affect the optical constants.  To

determine these many different parameters, the ellipsometer does not measure the sample

parameter of interest.  Rather, it instead measures Ψ and ∆ as a function of the parameters of

interest.  It is then necessary to solve the inverse problem of modeling the measured data to

estimate values of the sample parameters which yield data predicted from the model which

best matches the measured data.  A computer run regression analysis is generally used to

tackle this ÒfittingÓ problem.  The Mean-squared Error (MSE) between the projected data

and the experimental data determines the ÒgoodnessÓ of a modelÕs fit; a lower MSE reflects a

( )
s

pi

r

r
e =?Ψ ∆tan
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closer fit.   The results of this data acquisition, modeling and fitting procedure will be

presented here.

After examining the slides under the optical microscope, some of the samples were

examined by the ellipsometer for two purposes.  First, to quantify the optical changes

apparent under the optical microscope.  Second, to produce a depth profile to compare with

the Profile Code simulations.  Unfortunately, due to constraints of the spot size of the

ellipsometer, none of the finely masked areas could be examined.  Only the largest of the

exposed areas could accommodate the spot, the same areas that had the most SiO2 deposited.

As a result of this, only three slides were examined using ellipsometry.  One was an

unexposed slide against which the other two would be compared.  The other two were

exposed slides, and will be referred to as A and B, for convenience.

All of the following spectra were taken a minimum of three times, at angles of 60°,

65°, 70° and 75°, on separate days with fresh calibrations to ensure consistency and accuracy

of measurement.  In all cases, for all slides, the results for ∆ and ψ agreed to within 10%.  All

of the data presented here was reflected off of the sample at 75 degrees from the normal of

the surface of the sample.

The first slide examined was the unmodified slide coated with 10 nm of aluminum.  In

constructing the model, in addition to the aluminum, we were certain that a 3-4 nm layer of

aluminum oxide had formed over the surface due to its exposure to oxygen in the atmosphere

[19].  Thus, the unmodified slide was modeled as:
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0   slide 1 mm
1   al 7.1358 nm
2   al2o3 4.3369 nm

Figure 5. 3: Model of the unexposed slide coated with 10 nm of aluminum.  The
exact thickness of each layer was determined by a fit to the experimental data
presented in figure 5.4.  MSE to the data is 1.472

The data created from this model can be compared against the experimentally

generated data in figure 5.4.
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Figure 5. 4: Unexposed slide, experimental data and model fit data in terms of
the wavelength of the incident polarized light.  The model fit data derives from
the model presented in figure 5.3.  (a) Raw data directly from the ellipsometer,
in terms of Psi and Delta.  (b) Optical data, derived from the raw data using the
Fresnel equations, in terms of the index of refraction, n, and the coefficient of
extinction, k.
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The most obvious optical feature of the unmodified slide is the rising curve of the

coefficient of extinction, k, as a function of wavelength (figure 5.4).  This is suggestive that

the material being examined is opaque in the bulk, which agrees with macroscopically

observed features of the unmodified slide, that it is opaque.  While this is an unimpressive

result, it does lend credence to the data aquired using the ellipsometer.

Now that the relatively easy task of analyzing a sample of known properies is

complete, the more difficult application of ellipsometry to the unknown properties of the

modified slide can begin.  Both models of the modified slides A and B, were created with four

layers.  In the models, the base was composed of standard slide glass, 1mm thick, with

known optical properties, which were not allowed to vary during the regression analysis.  On

top of it was placed a second layer of slide glass, whose thickness and optical properties

were allowed to vary.  This is to approximate implantation of carbon dioxide into the glass.

The intial thickness of this layer was set at 30 nm to correspond with the Profile Code depth

profile presented in figure 4.4.  On top of the modified slide glass layer, a layer of SiO2 was

placed, whose thickness and optical constants were similarly allowed to vary during the

regression analysis.  This time it is to approximate carbon dioxide implantation to the

accumulating layer of SiO2.  The initial thickness of the modified SiO2 layer was set to 160

nm, and allowed to vary.  The final layer on top was a layer of SiO2 whose optical constants

were not allowed to vary, but whose thickness was.  This is due to the fact that the last few

nanometers of SiO2 will be implanted through, rather than in, and as such will remain
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relatively pure.  This ÒcappingÓ layer was given an initial thickness of 40 nm, in order to

arrive at a total SiO2 deposition of 200 nm.

Now that the principles used to construct the two following models have been

presented, the model arrived at for slide A is:

0   slide 1 mm
1   implanted slide region 29.962 nm
2   implanted sio2  region 150.08 nm
3   sio2 39.999 nm

Figure 5. 5: Model for modified Slide A.  The exact thickness of each layer was
determined by a fit to the experimental data presented in figure 5.6.  MSE to
the data is 0.742

Although all of the models presented are excellent fits to the experimental data, this is

by far the model with the closest fit to the experimental data, with an MSE of 0.742.
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(b) Wavelength in nm
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Figure 5. 6: Modified Slide A, experimental data and model fit data in terms of
the wavelength of the incident polarized light.  The model fit data derives from
the model presented in figure 5.5.  (a) Raw data directly from the ellipsometer,
in terms of Psi and Delta.  (b) Optical data, derived from the raw data using the
Fresnel equations, in terms of the index of refraction, n, and the coefficient of
extinction, k.

Using an initial model identical to the methods described for slide A, a model for slide

B was constructed:

0   slide 1 mm
1   implanted slide region 31.752 nm
2   implanted sio2 region 169.86 nm
3   sio2 46.393 nm

Figure 5. 7: Model for modified Slide B.  The exact thickness of each layer was
determined by a fit to the experimental data presented in figure 5.8.  MSE to
the data is 2.119

Note how in slide B the modified SiO2 layer is significantly thicker than the similar

layer in slide A.  This suggests that slide B was more directly under the sputter source than

slide A.
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Figure 5. 8: Modified Slide B, experimental data and model fit data in terms of
the wavelength of the incident polarized light.  The model fit data derives from
the model presented in figure 5.7.  (a) Raw data directly from the ellipsometer,
in terms of Psi and Delta.  (b) Optical data, derived from the raw data using the
Fresnel equations, in terms of the index of refraction, n, and the coefficient of
extinction, k.

Unfortunately, not enough time was available to compare the optical fitted data of the

individual modeled layers with standardized tables of optical properties, in order to determine

the composition of the layers.  In general, however, the decrease of the index of refraction

with increasing wavelength suggests that all the component materials are transparent in the

bulk.  This agrees well with the macroscopic observation that the exposed areas are more

translucent than the unexposed area.  In addition, the thicker layer of SiO2 modeled in slide B
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suggests that the drastic change in both n and k at 600 nm evidenced in figure 5.8b is due to

the extra deposition.  It is still uncertain why this is the case, but the drastic change in n and k

is suggestive of an optical resonance at that wavelength.  More will be said about the possible

application of this interesting feature in section 6.2.

Figures 5.9(a)-(c) are depth profiles of the optical properties of the implanted region,

generated using the models of figures 5.3, 5.5, and 5.7.  While a depth profile of this nature

offers little insight in to the composition of the material, it is a convenient was of illustrating

how the optical properties of the implanted glass changes as a function of depth, as well as

their relative thickness to each other.
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(c)
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Figure 5. 9: Depth profiles of the optical constants for light of 500 nm as a
function of depth from the unmodified region of the slide.  Note how for each of
the modified slides A and B, the first modified layer corresponds to an
approximate depth predicted by Profile Code (30-40 nm), while the next two
layers on top of it combine to total the 200 nm layer of SiO2 deposited by
sputtering.  (a) Unmodified aluminum coated glass. (b) Modified slide A. (c)
Modified slide B.
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Figure 5. 10: Summary table of the generated models, with n and k values for
each respective layer. (a) Unmodified slide.  (b) Slide A. (c) Slide B.
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As can be seen by this summary of the models and constants arrived at, the geometry

of the modified region is must be made very complex in order to fit the data.  This

complexity, with respect to the number and nature of the different films, suggests a highly

complex modification process that is indicative of ion implantation into a continuously

deposited layer of SiO2.

5.4 Atomic Force Microscopy (AFM)

It was extremely difficult for me to examine the implanted area as a whole.  This is

because the maximum scanning area of the AFM is 50 µm by 30 µm.  Instead, the AFM was

used to look at the height drop across the transition from the unexposed region to the exposed

region in the 100 µm masked hole.  This not only provides confirmation at a very sensitive

scale that even finely masked features can be modified, but it also gives information about

how the deposition of SiO2 depends on the aspect ratio of the mask.

A clear outline of part of the edge of the 100µm exposed region can be seen in the

AFM graph of figure 5.11.  In an ideal situation, where the SiO2 deposition can be eliminated,

the aluminum layer should be almost completely sputtered away from the exposed area,

creating a height difference of approximately 9 nm between the exposed versus unexposed

area.  This is not the case, however; while the SiO2 deposition is drastically reduced by the

aspect ratio of the mask, it is not completely eliminated.  As a result, the 9 nm drop is not

observed here because it happens to be cancelled almost exactly by the SiO2 deposition.  This

will be discussed later in this section.  The raised outline of the exposed area can be explained

n=0.60   k=0
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by accumulated SiO2 on the walls of the mask which breaks off and remain on the surface of

the glass.  This too will be further discussed later in this section.

Figure 5. 11: AFM of the edge of the 100µm exposed area.  The transition zone
is the bumpy ridge outlining the partial circumference of a circle.  The color is
a false color supplied by the computer, and the z-axis is magnified by a factor of
100.

The image in figure 5.11 looks round, even though a round zone would normally not

appear so, due to the aspect ratios of the AFM (50µm x 30µm).  The relationship between

the displayed result and the scanned area is shown the following figure:

Figure 5. 12: Diagram of AFM scanning area relative to implanted area.
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Cross-sections were also constructed of the AFM examined areas.  Below is the same

region as in Figure 5.11.

Figure 5. 13: Cross-section of figure 5.11.  Each color graph of height vs.
distance corresponds to a color used in the over-head view.  Note how in every
instance the height of the exposed area is approximately that of the unexposed
area.  Note as well how the transition region around the exposed area is at lest
50 nm higher than either of the other two areas.

There are a number of important features of the cross-section that need to be

examined.  As mentioned in the beginning of this section, the 200 nm deposition of SiO2 is

negligible in the exposed area due to the high aspect ratio of the mask opening to the mask

depth.  Deposition of the SiO2 into trenches and other features is proportional to:

( )( )ΓSiO s2
1∪ − cos θ
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Where θs is the angle subtended by the trench opening [25]. See figure 5.14a.

(a)  (b)

Figure 5. 14: Examples of deposition into trenches. (a) The dashed lines show
the deposition on the walls and floor.  Note the angle θθθθs [25].  (b) SIMBAD
model of a feature with a aspect ratio of 2.0 deposited almost to the point of
aperture closure [28].  While the SiO2 deposition discussed here is not this
large an effect, the example is included to demonstrate how little material
would arrive on the bottom of the trench under even the most extreme of
circumstances.

For the 100µm in diameter hole, the depth of the mask is 200 µm, translating to an

aspect ration of 2.0.  The accumulation on the bottom would be the greatest in the center of

the hole, where θs is:

( )θs = − =( arctan .90 200
50 14 03o

On the floor of the trench deposited material can impinge from both the left and the right,

thus Γ is multiplied by an extra factor of two.  Therefore for Γ, we get:

( )( )Γbottom ∪ ↔ − =2 1 14 03 0 059cos . .o

Since the deposition in areas that were not masked was approximately 200 nm, we can

conclude that the most amount of SiO2 on the bottom of the hole is

Γbottom=200x0.059=11.9 nm.
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In summation, the aspect ratio of 2.0 is the reason that the SiO2 is not noticeable at

the bottom of the AFM examined holes.  Not only is the effect small, it actually cancels the

similarly sized 9 nm indentation made by the sputtered away aluminum.  As a result, the

height of the exposed area is within a few nanometers to the unexposed area.

To explain why the transition area between exposed and unexposed region is so high,

consider that SiO2 accumulates on the vertical inside walls of the mask (see figure 5.14b).

The SiO2 on the wall connects with SiO2 deposited on the surface of the slide.  As a result,

when the mask is removed, the accumulated SiO2 does not necessarily break off cleanly.  In

some places it will instead break off the wall of the mask, resulting in the Òmountain-likeÓ

formations surrounding the exposed area evident in figures 5.11 and 5.13.  Noting two other

features about the transition area evidenced in figure 5.13 further corroborates this conclusion.

The height of the transition area (~200 nm at its highest point) relative to the depth of the

mask (200 µm).  This results in a ratio of 1000:1, suggesting that only a very small amount of

the SiO2 available in the mask to break away actually does.  In addition, when comparing the

width of the raised areas (~1 µm) to their height (200 nm), it is evident that these features are

not spikes jutting off of the surface, but instead slight inclines which have been exaggerated

by the z-dimension magnification factor of 100 used to make them more visible.

5.5 Secondary Electron Microscopy (SEM)

It is difficult to perform SEM on an insulating material.  The same charging effects

that hinder implantation into insulators reappears in the SEM.  In this instance, however, the
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aluminum coat that remains over the unimplanted areas after implantation proves to be of

great use.  For a short while, it continues to prevent charging, even in the implanted areas,

where there is no coat.  In addition, the aluminum coat is so thin that the secondary electrons

pass through it unhindered.  Thus, the morphology of both the implanted and unimplanted

glass can be examined with ease.

The morphology of the areas that have been implanted bear a striking resemblance to

similarly implanted glass, created by Battaglin [20], using beam ion implantation.  Regardless

of the optical model used, the fact that the SEM micrographs look very similar is strong

evidence implantation of some sort has been achieved.

(a)   (b)   (c)

Figure 5. 15: SEM images of three implanted areas.  (a) An implantation of
argon into soda-lime glass, at a fluency of 7x1016 ions/cm2 with ion energy of
125 keV [20].  (b) An implanted area of carbon dioxide made at 25 keV, to a dose
of 6x1016 ions/cm2.  (c) Another implanted area of carbon dioxide made at 25
keV, to a dose of 6x1016 ions/cm2. Note the similarities in the morphology of (a)
to (b) and (c).  Each picture measures 10µm on a side.

Although the energy is far greater, and argon was used instead of carbon dioxide, the

energy density is approximately equal to what was achieved using PIII.  This can be seen by

comparing the profile code of the argon implantation (figure 5.16) with the carbon dioxide

profile code (figure 4.4).
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Figure 5. 16: Profile code of the implant of argon into glass, at fluency of 7x1016

ions/cm2 with energies of 125keV.

The density of implanted argon ions at the surface of the argon-implanted sample is

approximately 0.5x1021 ions/cm3.  This is approximately 1/16 the density at the surface of

the carbon dioxide implant, 8x1021 ions/cm3.  The total energy density at the surface is almost

identical, which is what accounts for the similarity of the SEM images.  Thus, even though

the fluence of ions is different, the amount of energy at the top layer is very similar, to within

8%.

Multiplying the total number of ions at the surface, nsurface, by the energy of each

incident ion, Eion, will arrive at the surface energy density.

ionsurfaceon En ↔=argε
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Thus, for the argon,

( ) ( ) 25521
arg 1025.61025.1105.0 ↔=↔↔↔=onε

For carbon dioxide, the ions must be broken into their component parts, due to the

differing incident energy of oxygen versus carbon.

( ) ( )[ ] ( ) ( )[ ] 25321321 108.6109106107102
2

↔=↔↔↔+↔↔↔=coε

The similarities in energy density is suggestive that implantation has occurred.  In

addition, however, the effects of implantation become clear when the morphology of an

implanted region is compared with an unimplanted (figure 5.17).  Note the lack of surface

features that are present in the implanted images.

(a)     (b)

Figure 5. 17: SEM images of unimplanted areas.  Note the contrast in morphology
between these and the SEM images presented in figure 5.15.  Each picture measures
10µm on a side.

The undamaged morphology or the unimplanted areas, in contrast with the damaged

morphology of the implanted region, in combination with the implanted regionÕs similarity in

appearance and surface energy density to the argon beam implanted glass sample, is

suggestive that Òimplanted glassÓ is continuously being deposited.
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Chapter 6

Conclusion

6.1 Summary

The primary goal of this project was the to use PIII to modify the optical and

electrical properties of an insulating material.  This has been successful, and the modification

of optical properties warrants further investigation.  While modification has been

demonstrated and the optical properties have been changed, the late discovery of a co-

deposition during implantation has serious consequences for the future use of our apparatus

for this purpose.  Efforts to control which regime is employed, depositing or non-depositing,

will be required. For cases were Si-based optical materials are being studied, the co-deposition

may be useful and efforts to enhance it could be tried.  These might include small quantities of

gas additives (like CF4) designed to add a chemical component to the physical removal, low

pressure, low power, or an added bias source.  Thus, although from the standpoint of our

expected results for this thesis, this behavior was initially surprising, in the long run it points

the way for an even wider range of utility for the William and Mary apparatus.

6.2 Applications of this research

Possible applications for plasma modified insulators is extremely broad; industrial

applications of the specific findings of this research include:

Optical wave-guides/ optical delay lines: By SnellÕs law, total internal reflection can

be achieved at angles greater than θc, where sin(θc)=n2/n1, n, being the index of refraction.
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Thus, the dramatic shift in the index of refraction at approximately 600 nm (figure 5.8)

suggests that total internal reflection of light is possible within two regimes.  For low

wavelengths, the implanted layer could serve as the wave-path, contrasting the high n of the

implanted material with the relatively low n of the surrounding glass.  For wavelengths

slightly above 600nm, the glass could serve as the wave-path, reflecting off of the very low

index of refraction of the implanted layer at that wavelength.  If reliable total internal

reflection is achieved, an optical wave-guide could be made, much like a fiber optic cable.  It

would be more flexible in design than standard fiber optical cable because it could have the

planar geometries, in addition to those of a single line of light.

Similarly, with the high resolution attained by mask, to at least 50µm, swirling a thin

line of implanted material out from the center of a pane of glass to the edge could create an

optical delay line.  If done correctly, a small pane of glass could add hundreds of meters of

extra distance to the path a beam of light follows.  An ideal application would be in compact

optical switches, where space is at a premium.

A third feature of the wave-guide application is as a frequency selector.  By changing

the angle of incidence of incoming light the wavelength relative to the implanted layer could be

changed drastically.  Light of any frequency could be sent into the implanted zone.  If angled

correctly, the sudden drop in the index of refraction could disperse certain wavelengths by

not preventing them from internally reflecting back into the wave path.  Again, this is the sort

of multifunction, compact, solid-state device that might be useful in miniature optical

switches.
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Security/ID cards: The high resolution attainable by this technique comes in useful for

purposes of personal identification in high security situations.  At 50µm, a personÕs

fingerprint could easily be implanted into a piece of glass or clear plastic.  The fingerprint

could be quickly ÒreadÓ by a transmission beam of light diffracted through the fingerprint.

Each personÕs diffraction pattern would be unique, but more importantly, each card would be

unique.  While the outline on a 50µm scale would be legible, the actual damage caused by the

implant would be random.  Hence, the glass or plastic fingerprint would be very difficult to

replicate.  The problem would be made even more difficult since the fingerprint is actually

under the surface of the material, and as such protected from surface analysis.

Different implantation substrates: Other interesting applications would be to change

the substrate insulator.  Possibilities include other types of glasses, polymers, fiberglass,

ceramics, organic materials, rubber, and crystals such as mica, quartz, sapphire or diamond.

These are all materials for which the industrial effectiveness of implantation has largely been

ignored because of the difficulty associated with beam implantation methods.  With the

ability to perform PIII insulators, that barrier has been removed, and a whole range of

possibilities has opened.

6.3 Future Research

These are a few potential uses for this technology.  More uses will be arrived at with further

research. To this end, possible future goals of this project include:

Selection and Control of Modes of Operation: As mentioned in the conclusion, the

William and Mary system will have to be modified in order to enable researchers to choose
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between plasma generation via inductive coupling or via capacitive coupling.  Possible

modifications may include operating at higher power, the use of strong external magnetic

fields, Faraday shielding, or the substitution or addition of other plasma sources to reduce

window sputtering.

Modeling: Two modeling programs could be used to greatly aid this research.  The

first, TRIM code, could be used to track accurately the electric fields of the slide holder, to

observe any effects they have on the implantation.  The second, more important modeling

would employ the SIMBAD program to help predict the deposition of SiO2 as a function of

aperture aspect ratio.  Better understanding would aid in turning the SiO2 deposition from an

unexpected effect into a useful tool.

Obtaining a depth profile: An implantation using nitrogen would be of the most

immediate benefit, even though it has little or no expected effect on the optical properties of

glass.  This is because nitrogen is easy to depth profile using XPS or SIMS, providing

definitive evidence that implantation has occurred.

Exposing with different plasma species:  Hydrogen, oxygen, carbon monoxide,

methane, helium, nitrogen, and argon are all possible future species to implant.  Carbon

monoxide and methane would be interesting because of the possibility of growing a diamond-

like film under the surface of the glass.  In addition, helium, and argon are noble gases, and

thus little has been published about their effects in glass.

A thicker aluminum coat: Currently, the limiting factor of both the deposited dose and

the implantation depth is the thickness of the conductive coat.  100� is simply too thin and

fragile to withstand more stressful implantation.  A 200-500� coat of aluminum would
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reduce the effect of losing the upper most atomic layers to oxidation, withstand sputtering

due to implantation for longer, and support higher pulse voltages.  While some incident ions

would halt in the aluminum, rather than implant into the glass, the additional aluminum would

not be enough to significantly impede implantation.
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Chapter 7
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