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Polymer samples of polytetrafluoroethylene (PTFE) and a PTFE-glass weave (RF-

35P) are exposed to low pressure, non-equilibrium glow discharge plasmas for

enhanced wettability as measured by static contact angles. Plasma treatments are

performed in two parallel plate RF plasma systems, a downstream microwave plasma

and a barrel etcher using feed gases composed of H2, N2, Ar, He, and 02. Surface

analysis of the topography and chemical composition of treated samples is performed

by atomic force microscopy (AFM), attenuated total reflection infrared (ATR-IR)

spectroscopy, x-ray photoelectron spectroscopy (XPS) and time-of-flight secondary

ion mass spectroscopy (ToP SIMS). Optical emission spectroscopy is used to correlate

wettability to reactive species in the plasma, and plasma parameters to species

emission.

In the parallel plate plasma systems, the contact angle can change from

approximately 95° to 5° with treatment while treatments in the downstream and barrel

etcher systems do not result in a contact angle change. The difference in plasma

performance is attributed to ion bombardment. Plasmas composed of 20 to 80% H2 in

(H2 + N2) give the best wettability improvement. Plasma exposure significantly

reduces the surface fluorine content followed by incorporation of nitrogen, oxygen and
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hydrogen, apparently as amino, hydroxyl and carbonyl functional groups with

evidence of an amide. The incorporation of oxygen likely originates through peroxy

radicals subsequent to plasma exposure. It is proposed that using a higher applied

power creates a more reactive surface. A larger percentage of H2 in the plasma tends

to passivate the surface, leading to a smaller wettability improvement which is

correlated to the atomic hydrogen concentration in the plasma. The addition of He or

Ar into the H2/N2 plasma tends to dilute or weaken the plasma effect on wettability.

To a much greater extent, the addition of oxygen also decreases the wettability. This

latter effect is attributed to etching reactions which result in a more hydrophobic

surface. An etch rate of approximately 0.2 p.mlmin is observed, and this is the first

report of PTFE etching with 02/H2/N2. The distance between the parallel plate

electrodes (gap) is a significant factor for the wettability of treated polymers, while

power, pressure and flow rate are not. The optimal storage conditions to retain the

wettability of H2/N2 plasma-treated RF-35P are low pressure and low temperature.

The following model of PTFE surface modification is proposed. Ion bombardment

creates reactive sites that initiate surface reactions. Reactive species from the H2/N2

plasma modify the surface through incorporation of amino, hydroxyl and carbonyl

surface groups. These new groups increase the polymer wettability. Atomic hydrogen

in the mixture is required to improve the wettability, but too high ofa concentration

will passivate the surface and lessen the wettability improvement. Ifoxygen is present,

the modified surface is etched away leaving a refreshed, more hydrophobic surface.
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PLASMA-INDUCED MODIFICATION OF FILMS CONTAINING
POLYTETRAFLUOROETHYLENE (PTFE)

CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

With the advance of integrated circuit (IC) technology, comes new engineering

requirements. In 1965 Gordon E. Moore (the co-founder of Intel) observed and

predicted that the density of components on a chip exponentially increases with time,

nearly doubling every 18 months. This prediction has been relatively consistent and

unexpectedly became a benchmark for the volatile industry. An increase in component

density translates into smaller dimensions, which affects the circuit speed. Increasing

the speed in the microprocessor is one of the major focuses of current research and is

the motivation for this study.

The relationship between the circuit delay and the critical dimension for IC

manufacturing is shown in Figure 1.1. The total delay is the sum of the gate and

interconnects contributions. In earlier generations of integrated circuits, the limiting

factor to circuit speed was the gate delay, as the interconnect delay could be neglected.

The source of the interconnect delay comes from the resistance of the metal lines and

the capacitance of the dielectric, and can be thought of as analogous to the RC delay in

a simple ac circuit. In the past, the metal lines connecting the components to the

outside world were primariiy composed of aluminum with silicon dioxide as the

dielectric. With these materials the delay is related to the resistivity (or conductivity)
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of Al and the capacitance (or dielectric constant) of Si02. The interconnect delay

becomes the limiting factor below critical dimensions around 250 nm. To decrease the

interconnect delay, the resistance of the metal lines and the dielectric constant (K) of

the insulator needs to be lowered. Copper has replaced aluminum as the predominant

conductor, lowering the resistance by a factor of two. New low-K materials (K-j 2.0),

usually polymers, are being sought to replace silicon dioxide (K 4.0) as the

interconnect dielectric. As Figure 1.1 illustrates with the Cu/low-K configuration, the

interconnect delay beëomes important below the 150 nm node. While the model

presented in Figure 1.1 should only be regarded qualitatively, it illustrates the

important electrical properties needed in future generation integrated circuits. As of

2004, processors are fabricated with critical dimensions of 130 and 90 nm with 65 nm

coming in the near future indicating that the speed is limited by the dielectric constant.

The focus of this study involves the plasma processing of low-K dielectric materials,

specifically fluoropolymers.
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Figure 1.1 Contributions to RC delay from interconnects and gates.
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Fluoropolymers, such as polytetrafluoroethylene (PTFE) have many excellent

properties. In most environments they are chemically inert and have low dielectric

constants (K-2. 1). These properties make PTFE an ideal dielectric material for the IC

and printed circuit board (PCB) industries. However, poor adhesion to metals,

specifically copper, limits its application. Delamination is a direct result, increasing

yield loss and reliability concerns. A typical example ofpoor adhesion causing an

open circuit on a PCB is shown in Figure 1.2. In addition to their use in electronic

materials processing, these polymers are also of increasing importance in biological

applications, where interaction with tissue is of critical importance. One problem is

that an unmodified PTFE surface is rejected by some living tissues. Surface

modification is needed without altering the bulk properties.

Figure 1.2 Delamination (Voiding) of Cu in via on a PCB. Courtesy of Atotec Co.

Without any treatment, the surface of PTFE is hydrophobic and copper adhesion is

poor. To improve their surface properties, several types of surface treatments have
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been applied to fluoropolymers. Chemical reduction using the corrosive mixture of

sodium naphthalene causes defluorination, partial oxidation and unsaturation of

surfaces a few hundred nanometers deep (Matienzo et al. 1994). Other techniques

include exposure to plasmas, particle beams, ultraviolet and x-ray radiation. These

techniques, usually affect a much thinner surface region in the range of a few hundred

angstroms. A variety of different plasma gas mixtures are commonly used to modify

the surface of PTFE and other fluoropolymers. Among the most common are H2, N2,

NH3, 02, Ar and He, in varying combinations.

PTFE is typically treated with plasma composed of H2 and N2 usually requiring

about 20 minutes (Fierro and Getti, 2003). For optimum results, copper deposition is

accomplished within 48 hours of plasma treatment. For PCB manufacturing woven

PTFE in a glass support matrix is the material of choice. These woven materials have

much higher mechanical strength than pure PTFE, but also have a higher dielectric

constant K, between 3 and 7.

There are several advantages of plasma treatment. Plasma processing is safe,

environmentally benign, and waste products are provided in low quantities. Materials

require minimal handling procedures with commodity gases, such as nitrogen and

hydrogen. The most common plasma system is the parallel plate reactor operating at

13.56 MHz with 10 to 600 W applied power and pressures near 500 mtorr. The

number of electrodes and their geometrical arrangement along with power source

frequency are the most common distinguishing features. (Chapter 2 contains more

detailed descriptions.)
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The objectives of this work can be summarized in the following four goals:

1. To gain a better understanding of the mechanisms involved in plasma

surface modification of PTFE

2. To identify the significant plasma variables

3. To characterize the surface modifications

4. To correlate reactive species to observed treatment effects

1.2 Plasma Physics

In general, a plasma is an ionized gas. The degree of ionization spans many orders

of magnitude from only partially ionized to fully ionized. The plasmas of interest in

this study are known as non-equilibrium glow discharge plasmas where the charged

particle density is on the order of one to a few hundred parts-per-million (ppm). The

charged particles primarily consist of positive ions and an approximately equal

number of free electrons. Due to the low concentrations of charged species, the plasma

contains mostly neutral molecules and atoms including stable species, reactive radicals

and metastables. A metastable is a species in an electronically excited energy state.

The extra energy contained in the metastable may then be available for reaction. When

an electronically excited particle relaxes to a lower energy state, it can emit

electromagnetic (em) radiation which is the most commonly known characteristic of a

plasma.

What makes plasma useful is that external energy can be coupled to the plasma

species via an electric circuit rather than through high temperature. The mechanisms



of energy input to the plasma are diverse, but can be understood in a simplified

manner. When a gas is placed in an electric field and becomes ionized, charged

particles in the gas will accelerate and gain kinetic energy. The amount of energy

gained by a given particle is inversely proportional to its mass. Since ions have on the

order of 50,000 times more mass than electrons, the energy of the electric field is

coupled almost exclusively to the electrons. Not all of the electrons have the same

kinetic energy; rather there is a distribution of speeds analogous to the Maxwellian

distribution of neutral gas particles in thermal equilibrium. Since these are non-

equilibrium plasmas, the electron energy distribution function (EEDF) can be

complicated and may not be Maxwellian. The average energy of electrons in a plasma

is commonly referred to as the "electron temperature". Typical electron temperatures

are approximately 2 eV (23,200 K) while ion temperatures are on the order of 0.043

eV (500 K).

The kinetic theory of gases forms a useful model for understanding some basic

plasma processes as well as their length and time scales. At any surface exposed to the

plasma, the impingement flux of electrons is much greater than the flux of positive

ions. Therefore any insulating substrate will charge negatively, resulting in a negative

potential with respect to the bulk plasma. The zone between the bulk (more positive)

potential and the floating (more negative) potential is called the sheath which is

usually seen as a dark region. Therefore, the electrical structure of the plasma can be

broken up into two main regions, the sheath where an electric field exists and the bulk

with no significant electric field. Positive ions are accelerated towards these "floating"
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surfaces. The kinetic energy gained from this acceleration depends on the collision

frequency and the electron temperature in the plasma bulk. Ions bombard insulating

surfaces with typical energies between 2 to 10 eV and much more energy for non-

insulating surfaces connected to the electrical power source. This ion bombardment

can physically alter the surface, making it more likely to be modified by a plasma

species or em radiation.

Energetic electrons transfer their energy by collisions with other particles. There

are two types of collisions, elastic and inelastic. An elastic collision occurs when the

kinetic energy of both particles is conserved. The inelastic collision is responsible for

the plasma's utility as a chemical reactor, and occurs when a portion of the electron's

kinetic energy is transferred to another form.

Many processes can result from the inelastic collision of electrons with neutrals. A

few important types of electron impact processes are illustrated below, using ground

state N2 as the neutral species. Analogous reactions with H2 and 02 occur in the gas

mixtures discussed in this thesis. Electron impact ionization is wriften as,

e+N2-3 N+2e 1.1

resulting in the creation of an ion and additional free electron. This process can only

occur when the electron energy is in excess of the ionization energy, above

approximately 16 eV for N2 (Freund, Wetzel and Shul, 1990). The electron impact

dissociation of N2,

e+N2>2N+e 1.2
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results in the formation of two reactive nitrogen atoms. The dissociation energy for N2

is less than the ionization energy at approximately 9.8 eV (McQuarrie and Simon

1999). Thus many more electrons in the plasma are available for dissociation reactions,

resulting in N concentrations significantly greater than N2.

The electron impact excitation reaction accompanied by em radiation is given by,

e + N2(i) N2(ii)+ e -> N2(iii)+ e + hv 1.3

where (i)-(iii) indicates electronic states of N2. A simplified representation of this

process is shown in Figure 1.3. Free electrons with energy in excess of an electronic

transition may cause an excitation as represented in the N2 transition from the state (i)

to (ii). For light emission, the excited electron of N2 in state (ii) relaxes to lower state

(iii) through a radiative process. Excited states of N2 have excitation threshold

energies from the 6 to 12 eV range, (Mason and Newell, 1991). For comparison,

photons in the visible range have energies between 1.8 and 4 eV, meaning that after

optical emission the particle may still contain a significant amount of energy. In

general for a diatomic molecule, the energy of dissociation is much smaller than that

of ionization, but comparable to excitation. Therefore from an energy perspective it is

reasonable to assume that there will be significantly more radicals and excited species

than ions in plasmas containing diatomic molecules.
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Figure 1.3 A simplified electronic energy diagram showing the result of an electron
impact excitation, state (i) to (ii), and em radiative emission, state (ii) to (iii)

In general, the reaction rate of a product P, such as N2 in Equation 1.1, can be

defined as:

R = kpNeNt 1.4

with Ne as the concentration of free electrons and N, as the concentration of ground-

state species i (N2). For low degrees of dissociation the N1 concentration is roughly

constant and the total reaction rate is proportional to the electron density. The

probability that an electron impact collision will result in a given process depends on

the energy of the electron. Therefore, the distribution of electron energies needs to be

included for the total rate of reaction. To account for the different electron energies,

the second order rate constant, k can be defined as:

= r/2rmcrp(s)f(e)ds 1.5
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where is the electron energy, ( s) is the reaction cross section, m is the electron

mass and f(s) is the EEDF. The cross section function is specific for a particular

reaction and is zero for electron energy less than the threshold energy. It is seen that

the EEDF and the cross sections for all the reactions will determine the extent of

processes that occur in a given plasma system.

1.3 Surface Analysis

The wettability of a solid surface can be defined as its affinity for fluid contact. It

is assumed that if the wettability of a polymer is enhanced, adhesion to a metal will

improve. The common measure of a polymer's wettability is the contact angle

between a polar liquid (typically H20) and the surface. The contact angle, 0, for two

different equal-sized drops is shown in Figure 1.4. Surface (A) is more wettable than

surface (B) due to its lower contact angle. The wettability of a surface is inversely

related to the contact angle. Since the adhesion between copper and a substrate is

difficult to measure the contact angle is used instead.

The equilibrium contact angle is a demonstration of an energy balance between

surface tension, gravity and adhesion. The surface tension of the liquid/air interface

tends to pull the drop into a sphere where the contact angle equals 180°, thereby

lowering the energy of the liquid/air interface. Conversely, gravity tends to lower the

contact angle by pulling the drop towards the surface, and adhesion tends to increase

the area of the liquid/solid interface. Since gravity and surface tension are constant, the

lower the adhesion, the larger the contact angle.
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Water Drops °A< °B

Surface A I Surface B

Figure 1.4 The contact angle of water on two surfaces. This condition is an indication
that surface A is more wettable (hydrophilic) than surface B

Several complimentary surface analysis techniques are used in this study. X-ray

photoelectron spectroscopy (XPS) has the ability to measure the surface composition

of specific elements, as well as provide evidence of its chemical environment. For

instance on PTFE one can differentiate between a backbone carbon (-CCF2C-) and a

terminal carbon (-CF3). Attenuated total reflection infrared spectroscopy (ATR-IR)

can also show the chemical environment of the surface. However, ATR-IR analyzes a

region much deeper than XPS, penetrating into the bulk. In contrast to XPS, this

analysis technique cannot give quantitative elemental analysis, but it can give

additional evidence as to the kinds of functional groups near the surface. Atomic force

microscopy (AFM) is used to study the topography of surfaces, and can give

properties such as surface roughness. The methods described above will be further

explained in Chapter 2.

1.4 Optical Emission Spectroscopy (OES)

Plasma diagnostics are used to analyze plasma properties of interest. If properties

such as electric field, potential or species concentration can be measured, the plasma
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can be more easily controlled and fundamental processes can be elucidated. Several

different methods are commonly used, each with its advantages and limitations. A

plasma sample may be removed from the plasma to measure a species' concentration

with techniques such as a mass spectrometry (MS), but the species concentration may

change between the extraction time and measurement time which could distort the

plasma conditions. The electron energy and density can be measured in situ witha

Langmuir probe. However, insertion of the probe can perturb the plasma conditions. A

diagnostic technique which does not change the plasma characteristics is termed

optical emission spectroscopy (OES). It is an in situ technique using em radiation,

(UV to IR) from inside the plasma as an analytical tool.

The underlying assumption of OES is that the emission intensity is a function of

the concentration of the light emitting species. Gottscho et al. (1984) concluded that

although the concentration is not generally proportional to the emission, it does give a

qualitative description consistent with many observations. A classic example shows

that the F concentration in the CF4102 plasma is well correlated (qualitatively) to the F

emission (Harshbarger et al. 1977). Downstream titration experiments were used to

quantitatively determine the proportionality constant between the F emission and

concentration (Mogab et al. 1978).

Actinometry allows emission intensities to more closely be related to

concentrations (Coburn and Chen 1980). In this technique, a small amount ofan inert

gas (the actinometer) is added to the plasma feed, and emission intensity ratios are

used to determine the density of a species relative to the actinometer concentration.
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The principal is to scale the emission intensities so that the ratio is independent of the

EEDF. The emission intensity ratio between species of interest (X) and the

actinometer (A) is given by:

=kL
J/f(s)cYx(e)de

1.6

'A NA

with (N) as number density, (I) as emission intensity and (k) as a proportionality

constant with subscript indicating the species, (the other symbols have been defined

previously).

To use actinometry quantitatively, three conditions must be satisfied. (1) The cross

sections of the actinometer and species of interest must be similar. (2) The excitation

energy of the two species must also be similar as shown in transition (i) to (ii) in

Figure 1.3. As shown from transition (ii) to (iii), the initial state cannot be determined

by the emission energy (wavelength). Therefore, the emission wavelength cannot be

used to ascertain whether or not condition (2) is satisfied. (3) The electronic excitation

must come from electron impact,

N(i) e-
> N(ii) * N(iii) + hv 1.7

and not electron impact dissociation,

N2 e- >N+N(i)-3N+N(ii)+hv 1.8

where ito iii are excited states. The emission Iinewidth is indicative of which process

is occurring (Ogawa et al. 1979). If these three requirements are satisfied, the intensity

ratios will be proportional to the concentration ratios, and independent of the EEDF.
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Even if these requirements are not satisfied exactly, actinometry can still give good

qualitative information about species densities, but the requirements should be verified

before quantitative conclusions about absolute concentrations are made.

1.5 Adhesion Measurements

The ultimate goal of surface treatments is to improve the adhesion of a metal to the

polymer surface. There are several methods for determining adhesion. This section

describes what tests are available and their application. While no adhesion

measurements were made in this study, such measurements will need to be

implemented as the project continues.

Adhesion measurement has been a disputed subject for many years. The main

reason is that the term adhesion refers to the strength of the bond between two

dissimilar surfaces which is a combination of many different components, such as

chemical attraction (or repulsion) and mechanical interlocking. In the following test

methods, practical adhesion is measured as opposed to the truly sought after parameter,

fundamental adhesion, which is the actual strength of the interfacial bond. Practical

adhesion is a function of the fundamental adhesion and all the other factors involved

in the stress of the material under the test conditions. As a result, many different tests

are available for the various interfaces. They are also case specific, depending upon

the application of the coating. Below is a list and brief description of the different tests

available for the case of a hard coating on a soft substrate such as copper on PTFE.
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1.5.1 Peel tests

Two types of peel tests are described. The first method is generally referred to as

the "Scotch tape" test. This method is primarily used to classify the adhesion as being

strong or weak. No analytical correlation has been found between the results of this

test and practical or fundamental adhesion. This test can be quantified in the following

way. The film of material on the sample is cleaned and a grid is cut into the film,

making an array of tiny squares. A piece of Scotch tape is securely attached to the grid

and then pulled. The results can be quantified by how many squares remain on the

sample. This test is subject to an uncertainty related to how it is performed specifically

by the speed of the pull and the pressure applied to secure the tape.

The second test is called the "peel" test which is widely used. This test involves

separating a film of material, usually a metal film on a polymer substrate. A tensile

test instrument is used to peel the film normal to the substrate with constant velocity

while measuring the force per unit width of the strip. A thin strip of material in the

peel test configuration is shown in Figure 1.5. Consistent sample preparation is critical.

The thickness of the film, method of attachment and cleaning of the substrate are some

of the more important parameters. One result of the peel test ofcopper on a plasma-

treated fluoropolymer gave a result of 71 5g!cm while the peel strength of untreated

samples is usually near 1 glcm (Fierro, 2004). In addition to the force measurements,

the adhesion failure mechanism can be examined through scanning electron

microscopy (SEM) or another technique.
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Figure 1.5 The peel test configuration. The strip of material is pulled away from the
substrate at a constant rate with the resulting force being measured.

Theoretic models for the peel test show that for this to be a valid adhesion

measurement, the "thin" film must be quite thick (>1cm). Despite this constraint, it is

widely used to test thin films in the range of a few microns, with several hundred

microns of copper deposited on top, in order to get a good grip and for strength while

pulling. This test involves simple, low-cost sample preparation and can be applied to

semi-brittle and ductile thin films.

1.5.2 Stretch defonnation test

Instead of measuring the force required to separate the interface as in other tests,

the stretch deformation adhesion test determines the energy required to stretch the

structure to a complete delamination of the film by measuring the force and elongation

simultaneously. The polymer is clamped at two ends, with the thin film of interest on

top. Using a stepping motor and a piezoelectric transducer, the force is measured and

plotted verses the elongation (L-L0)1L0 where L is the length of the polymer at a

specific time and L0 is its initial length. It is also necessary to perform the same

measurements on a bare piece of polymer to calculate the adhesion. In order to gain
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quantitative information about the adhesion, optical microscopy needs to be performed

in situ to determine the beginning and end of delamination. The adhesion strengthy is

calculated by the following equation:

1

y = I [F(i) F()]d 1.9
b0 m

with b0 as the initial width of the strip, 7j and 772 are the elongation points where

delamination begins and ends, respectively. F is the force on the sample to be tested

and F is the force of the bare polymer (without the film).

1.5.3 Magnetic adhesion test

The magnetic adhesion test specifically tests the adhesion of a thin line of metal

(m range) on an insulating substrate that is patterned and deposited as shown in

Figure 1.6. A large magnetic field (several Tesla) is pulsed normal to the direction of

the wire during a large current pulse (several Amps). The resulting force is in the

direction out of the page, as illustrated. The duration of the pulse is in the milliseconds

so the temperature increase of the wire is negligible. The stress required to rip the

metal away from the substrate is calculated with the following equation:

lB
Stress =

w
1.10

with las the current, B as the magnetic field strength and w is the width of the metal

line.
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Figure 1.6 Magnetic adhesion sample configuration. A large magnetic field (several
Tesla) is pulsed normal to the direction of the wire at the precise moment that of a
large current (several Amps) pulse.

1.5.4 Scratch tests

There are many different kinds of scratch tests available to test adhesion strength.

All these methods involve dragging a diamond stylus across a surface under a steadily

increasing load until a failure event occurs. The load at this failure event is called the

critical normal load, and is the value measured and reported.

This test is typically used for films of 0.1 20 tm thickness. It is most effectively

performed on hard films on hard substrates such as nitride on steel. In cases like

copper on PTFE, the test is performed but with much more uncertainty due to the

strain of the materials. The major drawback to this sort of test is that there are a large

number of failure events, each of which has its own particular mechanism, therefore

poor reproducibility is common. The sought after failure event is the delamination of

the film from the substrate. Another problem with this test is that the measurement is

more indicative of the mechanical integrity of the material than of adhesion.
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The procedure for this test starts with a cleaning of the thin film, which could

become quite involved if its surface roughness is on the order of its thickness, in

which case it will have to be cleaned and smoothed. The stylus is pressed on the

sample and the load stress is steadily increased at a constant speed, until a failure

event occurs. Optical microscopic examination is performed afterwards to determine

where the critical load took place and its origin.

Both microscratch and peel adhesion tests have been shown to give similar results,

indicating that they can be used independently to measure adhesion with the scratch

test easier to implement (Shi et aL 1994). The nanoscratch test is differentiated from

the microscratch test by size, and requires a smaller diamond stylus.

In summary, the peel test is the most commonly used adhesion test for metal on a

polymer, and gives reliable results. Scratch tests are becoming more popular and are

slightly easier to implement. When adhesion measurements are made in future work, it

is recommended that the peel test be used.

1.6 Plasma Surface Interactions

Energy from the plasma may be transferred to a solid surface in a number of

different ways to affect a change in its chemical structure. Polymers strongly absorb

UV radiation produced by plasmas. Photons with wavelengths less than 358 and 248

mn have enough energy to break the C-C (3.5 eV) and C-F (5.0 eV) bonds

respectively in PTFE. When these bonds are broken, dangling bonds are formed.

Visible and IR radiation are absorbed as well, but result in thermal energy which is



dissipated through the bulk polymer. In addition, ion bombardment can deliver kinetic

energy to surfaces. For conducting surfaces, ions can arrive at energies with hundreds

of eV. These energetic ions can cause sputtering and heating of the surfaces as well as

secondary electron emission. When metastables arrive at surfaces, they can release

energy through various processes, such as the breaking of chemical bonds and

dissipation of heat. The energy available from a metastable state is typically greater

than the polymer bond strengths.

Plasma induced surface modification can lead to crosslinking, where two or more

separate polymer chains are joined by a C-C linkage. Crosslinking can be initiated by

UV radiation, a plasma radical or CASiNG (Crosslinking by Activated Species of

Inert Gases). In CASING a metastable noble gas breaks the C-F surface bond,

illustrated by,

X*+RFR.JF+X 1.11

where X* represents any metastable species (ion or neutral). The newly formed

polymer dangling bond, R' . , may react with its neighbor chain, R2, to form a higher

molecular weight species,

R'.+F+R2F-R1R2+F2 1.12

Matienzo et al. (1994) reported that the abstraction of fluorine from the surface in

He plasma was significantly diminished in the absence of the plasma's UV radiation.

It has been suggested that CASING occurs closer to the surface and UV radiation

penetrates deeper (Hudis, 1974). The reaction mechanism involving dangling bonds is

supported by spin resonance and molecular weight measurements using He and H2
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bombardment of polyethylene and PTFE samples (Schonhorn and Hansen, 1967). It

was also found that the crosslinked layer gets deeper with increased processing time

and is mechanically stronger than an untreated surface. In addition to crosslinking, a

metastable surface reaction can also result in unsaturation and conjugation. This has

been confirmed with polyethylene, but not PTFE because of its low solubility and

reactivity. If hydrogen is present, both of the following reactions can account for the

observed unsaturation.

R'CFCF2R2 +FR1CF=CFR2 +F2 1.13

R' CFCF2R2 + H -* R'CF = CFR2 + HF 1.14

In contrast to crosslinking, scission is the process where the molecular weight

decreases which can also be caused by an activated species,

X*+R'R2 -* R1 .+R2 .+X 1.15

Most results report of increasing molecular weight so reactions such as reaction 1.15

are most likely followed by crosslinking again if they occur (Momose et al. 1992).

Oxygen incorporation into polymer surfaces has been found to occur for samples

treated with plasmas containing oxygen, as well as those without oxygen. After PTFE

samples were treated with an Ar plasma and exposed to the atmosphere, two types of

peroxy radicals were identified (Momose et al. 1992).. It was suggested that molecular

oxygen is incorporated into the surface by two alternate pathways,
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hv + X *

(cFc--c) (crF_cF)_+F 1.16

02 0-0.
1.16a

-(ci, CFCF2)-

02

(ci)ciocr 1.16b

where X* is a metastable species. Crosslinking peroxy radicals in Equation 1.1 6a, do

not break the carbon backbone structure, but instead it may result in crosslinking.

Alternately, chain-scission radicals break the carbon backbone (Equation 1.1 6b). The

chain scission peroxy radicals were predominantly found closer to the bulk material

while the main chain peroxy radicals remained nearer the surface. Several other

studies also suggest that surface oxygen incorporation results from exposure to oxygen

after various plasma treatments (Shi et al. 1994; Golub etal. 1991; Heitz etal. 1996).

In studies of the aging of polypropylene (UV exposure), XPS data suggest that the

predominant functional groups resulting from surface peroxy groups are hydroxyl and

carbonyl groups (Rjeb et al. 2004). Some common oxygen reactions with hydrocarbon

polymers might be applicable to fluoropolymers such as,

R00. H 'ROOH 1.17

2ROOH*R=0+H20+R00. 1.18

R. ° >R0. H ROH 1.19
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Plasmas containing a combination of H2, N2 and NH3 have been found to

incorporate nitrogen, such as amino groups onto the surface of polymers which lead to

an enhancement of wettability. Favia et al. (1996) have shown that the surface

wettability enhancement of simple hydrocarbon polymers (like polyethylene) in

plasmas of H2 and NH3 is significantly correlated to the NH radical. They also

suggested that atomic hydrogen in the mixture tended to reduce all nitrogen

functionalities to NH2 groups. Therefore, NH and NH2 surface reactions should be

considered when treating polymers with plasmas containing hydrogen and nitrogen.

Amino group attachment is proposed to be a single step process,

R.+NH*RNH 1.20

with an x value of either 1 or 2 (Hudis, 1974). The substrate temperature has been

found to have the greatest effect on amine surface density. However it was observed

that neither pressure nor power have a significant effect.

In the study of an inductively coupled NH3 plasma using laser induced

fluorescence (LIF) measurements, it was shown that surfaces of PTFE and polyimide

(PT) have similar surface mechanisms involving NH and NH2 radicals (Steen et al.

2002). The scatter coefficients of NH and NH2 are defined as:

LeavingScatter coefficients 1.21
# Xpiiivrng

where X is a species from the plasma either arriving at the surface or leaving it. They

are plotted versus applied power for different sets of conditions in Figure 1.7. For the

PTFE surface, NH2 is generated on the surface at all power settings which increases as
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power is increased. The NH radical is generated on the surface when the power is less

than about 150 W. At 75 W, the amount of NH leaving the surface is nearly twice the

amount of approaching indicating a large surface production. With powers greater

than 150 W the surface consumes the NH radical. The data for the P1 substrate shows

the importance of ions in the beam on the scatter of NH. Without ion bombardment

the surface production stays constant as power is varied, but with ion bombardment

the scatter of NH decreases as power is increased. It was concluded that ion

bombardment is a significant factor for the interaction between the NH and NH2

radicals and polymer surface and possibly to other interactions as well.
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Figure 1.7 NH and NH2 scatter coefficients versus power. All PTFE data includes the
presence of ions. Data taken from Steen, Kull and Fisher (2002) Table I and Figure 4.
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The surface production of NH and NH2 can occur due to ion bombardment (or

sputtering),

I(g)+NH(ads)-NH(g) x=1-3 1.22

surface neutralization,

NH+(g)+* -+NH(ads)--*NH(g) x=1-4 1.23

and neutralization-dissociation,

NHX (g) +2* NH1 (ads) + H(ads) NH1 (g) + H(ads) x =1-4 1.24

where t is a positive ion and the asterisk represents an active site on the surface. Two

types of processes can be used to further explain the mechanism of NH surface

interaction, an Eley-Rideal type process where the gas phase species has not yet come

to equilibrium with the surface,

NH(g) + H(ads) -* NH2 (g) + * 1.25

with * as a surface site, and a Langmuir-Hinshelwood type process where both

reactants have adsorbed on the surface prior to reaction,

* +NH(g) ± H(ads) -± NH(ads) + H(ads) - NH2 (g) +2* 1.26

Besides amino group incorporation, other forms of nitrogen have been found in the

+ + + +surface of PTFE. Taylor (1978) has shown that high energy N2 and N (0 and NO

also) beams are neutralized 5 - 6 A away from reaching the surface through a process

known as resonance neutralization,

X + -3 X 1.27
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where X is any ion. It was suggested that N radicals were responsible for cyanide

surface groups. Mute! (2000) found significant incorporation of nitrogen and oxygen

groups in polypropylene after N2 plasma treatment with an in situ XPS surface

analysis, i.e. no 02 exposure prior to XPS analysis. It was suggested that the oxygen

came through desorption from the reactor walls. The main functional groups included

(-CO-NH2), (-0-00), (NH), (-NH2) and (-OH).

1.7 Treatment Effects on Adhesion and Wettability

Various plasma treatment techniques have been studied to help determine their

effect on adhesion. Fierro (2004), showed that the H2/N2 plasma treatment of a

fluoropolymer enhanced wettability and adhesion strength more than either He or pure

N2. However there was a high variability in the adhesion test results. It has been

shown that Ar sputtering of PTFE prior to Cu evaporation, increased adhesion by 50

times (Chang etal. 1987). After sputtering and exposure to air, no further

enhancement of adhesion was observed possibly indicating that the adhesion is not

significantly affected by any post oxidation of the surface after the ion bombardment.

Schonhorn and Hansen (1967) reported a five fold increase in the epoxyfPTFE

adhesion after an hour of treating PTFE with activated He and attributed it to CASING.

It has been suggested that the most effective functional groups at increasing

wettability are oxygen groups, followed by nitrogen groups (Hudis, 1974). Functional

groups attached to some polymer surfaces have been reported as being 1014_ 1015cm2,

almost as large as the monomer density. After UV exposure of PTFE in an NH3
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atmosphere, the contact angle was observed to decrease for pressures between 0.8 and

10 torr (Heitz et al. 1996). The minimum contact angles were observed at pressures of

approximately 8 ton and could be changed by adjusting the sample distance from the

lamp source. By plotting the contact angle versus the atomic 0/F surface density ratio,

Matienzo et al. (1994) found a general trend that the contact angle decreased as the

0/F ratio increased. In one case, the contact angle changed from 120° to 25° when the

0/F ratio changed from 0 to 0.7, respectively.

The relationship between wettability and metal adhesion is not well established.

For example, crosslinking has not been shown to affect the wettability of

fluoropolymers, but it does have an effect on adhesive bonding (Schonhom and

Hansen, 1967). Shi et al. (1994) studied the adhesion and wettability effects on

fluoropolymers (including PTFE) from several different plasma treatments. By using

the scratch test, the following feed gases increased the copper/fluoropolymer adhesion

in the following order, N2> 02> (N2 + H2) > (02 + H2) > H2. The wettability

improvement did not follow the same order, instead it was found that the plasma

composed of H2/N2 incorporated the most nitrogen and oxygen, and gave the best

wettability improvement. The nitrogen incorporation was found to be almost six times

greater than when pure N2 was used. The H2 plasma was the most efficient at

removing surface fluorine. The 02 plasma was the poorest enhancer ofwettability and

yet resulted in stronger adhesion which was attributed to the Cu-0 bond.

In plasmas containing hydrogen and nitrogen, several species have been shown to

be important for polymer surface treatments. Molecular beam studies of a nitrogen
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plasma give evidence for the N2 ion to be responsible for cyanide-type compounds, in

PTFE (Taylor et al. 1978). In low frequency (40kHz), capacitively coupled nitrogen

plasmas, the N ion is contended to be important in the treatment of poly(ethylene

teraphthalate) by amine and amide incorporation (Conti et al. 2001). The synthesis of

nitride films in a nitrogen, high pressure (30 300 torr) arc plasma, are attributed to

neutral atomic nitrogen (Xu et al. 1997). The mixing of hydrogen in with the H2/N2

mixture is used to control nitrogen species' concentrations (Hirohata et al. 2001).

Some species emission lines are determined valid for actinometry in the

characterization of the 112/N2 plasma. It has been verified that the N2 (380. 5nm)

emission line can be used for ground-state energy measurements which makes it a

candidate for actinometry, and as an indicator of metastable concentration

(Harshbarger and Porter, 1981). With pressure between 0.2 to 7.5 mtorr, the emission

from N2 (380 .5nm) and N2 (391.4 tim) was correlated to the electron temperature

(Crolly and Oechsner, 2001). Thomaz etal. (1999) verified the use of actinometry in

the determinations of N (744.2 tim) and H (656.23 tim) with Ar (750.4 tim) as the

actinometer in the N2/H2 dc glow discharge. The method is shown to be valid for

compositions with as much as 20% H2 for the H determination and across all

composition ranges for N. They also concluded that the addition of 5% Ar did not

disturb the discharge properties.

A few studies correlate plasma parameters and species emission for plasmas

composed of H2, N2, 02 and NH3. In the NH3 plasma it was found that the

concentration of NH2 in the discharge quickly reached a maximum then fell rapidly as
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a function of power, but that the NH radical increases rapidly and levels off at higher

powers (Steen et al. 2002; Mccurdy et al. 1999). This was verified through MS

measurements. It was suggested that at higher powers, larger molecules are

preferentially fragmented into smaller ones such as NH4 to NH. In addition, the

fraction of H2 has been seen to affect the atomic hydrogen emission (Schaffnit et al.

1998) as well as the N2 and N2 emissions (Hirohata et al. 2001). In the latter study,

Langmuir probe measurements showed that the electron temperature decreases as the

concentration of H2 increases, becoming fairly constant when the fraction of H2

exceed 20%. In this study, actinometry is used to determine the relationship between

the active plasma species densities and the plasma parameters such as power, pressure,

composition and reactor configuration.



CHAPTER 2
EXPERIMENTAL METHODS

The experimental methods and procedures are described in this chapter. The

primary substrate material is a PTFE weave, RF'-35P, obtained from Taconic Inc. It is

composed of pure PTFE on a glass fiber support. Also used as substrates are pure

PTFE, polystyrene and glass slides obtained from Am Plastics, Plaskolite and

Fisherbrand, respectively. All substrates are 1mm thick. High purity feed gases

include H2 (99.995%), N2 (99.998%), 02 (99.998%), a mixture of (70/30) N2/H2

(99.999%), He (99.997%) and Ar (99.999%). They were purchased from Air Products

and Chemicals, Inc.

The following sample pretreatment method is used. The PTFE (pure and RF-35P)

samples are prepared by cutting into 2.5 and 5 cm squares then cleaned by washing

with de-ionized (DI) water and methanol. The samples are then buffed with a lint free

cloth to enhance the smoothness of the surfaces1. The polystyrene and glass samples

are prepared in the same manner, but without the buffing procedure.

2.1 Plasma Systems

To better understand the processes involved, four plasma systems are compared in

this study. They consist of two parallel plate RF plasma reactors, one downstream

plasma reactor and one barrel etcher with Faraday cage. This section describes the

different plasma systems.

Recommended by Merix Corporation, Oregon
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2.1.1 Parallel plate plasma reactor I (PPI)

The first parallel plate plasma reactor is a System VII RIE BatchTop from Plasma-

Therm mc, herein designated as PPI. A diagram of the system is shown in Figure 2.1.

Appendix A, Figure Al presents a numerical fluid flow simulation of this reactor. The

system is primarily designed for anisotropic etching processes and the deposition of

hard carbon films, one sample at a time. Control and monitoring of all system

parameters is accomplished by a computer interface.

Vacuum is achieved by a roughing pump, (Edwards 30 Two Stage) and a

turbomolecular pump (Leybold TurboVac 151C). A capacitance manometer is used to

measure the pressure. The ultimate pressure is below the detection limit of the

manometer, (less than 1 0 torr). The operating pressure is internally controlled by a

throttle valve.

The plasma is primarily confined to the space between two parallel electrodes,

15.2 cm in diameter. The gas delivery is typical ofmany parallel plate systems with

the gas introduced to the reactor through a showerhead of small holes in the upper

electrode. The gas flows down and around the lower electrode, is exhausted to a waste

gas treatment scrubber and then discarded to the atmosphere. The upper electrode is

held at ground potential while the lower electrode is connected to a 13.56 MHz RF

power supply (0 to 500 W) with an impedance matching network. The power supply

impedance is matched to the plasma reactor impedance for maximum power delivery.

Both stainless steel electrodes are fixed at a distance of 8.3 cm. The lower electrode is

water cooled to maintain a constant substrate temperature of 20 °C.
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Figure 2.1 Schematic of the plasma processing chamber of PPI. The gas is delivered
through a baffle in the top grounded electrode. Two proposed gas streamlines are
shown. The bottom electrode is connected to the RF generator.

The range of process parameters for the 4 reactor systems are summarized in Table

2.1. The table shows the ranges of the process variables studied, including the power,

pressure, total flow rate, time, substrate temperature, material type and electrode gap

spacing. It also shows the composition of the feed gases, including the fraction ofH2

in the N21H2 gas mixture as well as 02, Ar and He in the (70/30) N2/H2 gas mixture.

For PPI the power, pressure, flow and process time are varied from 4 to 300 W, 75

to 500 mtorr, 10 to 155 sccm and 1 to 30 mm, respectively. Molecular hydrogen in the

N2/H2 gas mixture, is varied from 0 to 100%. In addition, 02, Ar and He are mixed

with the N2/H2 (70/30) gas mixture.



The gas feeds can be controlled to within 0.3 sccm of the set point value. The

power can be maintained to within I W and the pressure to within lmtorr of their

respective set points. Typical steady-state compliance requires 3-6 seconds. At the

beginning of each run, the system is allowed to warm up for at least 10 mm. The

chamber is purged with nitrogen then processed with an oxygen plasma to remove

contaminants from the walls (5 mm, 200 W, 150 mtorr, 50 sccm). Three samples are

equally spaced about 2 cm from the center on the bottom electrode for each set of

conditions.

Between runs, the gases to be used are allowed to flow for at least 1 mm before

initiating the plasma. The purpose of this step is to allow enough time to purge any

residual species from prior processes. If the space between the plates is modeled as a

continuous stir tank reactor the residence time can be calculated as a function of the

flow rate, pressure, temperature and volume between the plates. The residence time for

typical process conditions is calculated to be around 0.14 seconds, therefore a purge of

60 seconds is considered sufficient.
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Table 2.1 Plasma reactor parameter ranges

Reactor PPI PPII DS BE
Power(W) 4-300 10-300 50,100,150 50,150,300
Pressure (mtorr) 75-500 100 - 800 500 500, 3200
Flow (seem) 10 - 155 2 - 100 50 20, 68
Time (mm) 1 -30 1-30 10 5,20
Temperature (°C) 20 20 20, 50, 100 20
Material Type PTFE, RF- PTFE, RF-35P, RF-35P RF-35P

35P PS, Glass
Electrode Gap (cm) 8.3 0.75, 1, 1.5, 2

Composition
H2 in N2/112 (%) 0 - 100 0 - 100 20 30
02 in 021N211H2 (%)' 0 - 100 0 - 100 2100 0
ArinArIN2III2(%)' 0-100 0-10 0 10,0
He in He/N2/112 (%)1 0 - 100 0 0 0

1 Mole ratio of H2/N2 is 30/70
2 The gas composition is 20% Ar 80% 02

2.1.2 Parallel plate plasma reactor II (PPII)

The second parallel plate plasma reactor is a LAM AutoEtch 590 plasma etcher,

herein designated at PPII. The system is primarily designed for anisotropic etching of

oxides on 100 mm Si wafers. It has an automated wafer transport system and can

process up to 20 samples consecutively. A computer interface controls the gas flow,

operating pressure, power, electrode spacing and movement of the wafers through the

system.

The plasma chamber is similar to PPI. A schematic diagram with entry and exit

loadlocks, is presented in Figure 2.2. The electrodes have a diameter of 17.8 cm,

which gives 37% more area than PPI. The lower electrode is coated with a film of

graphite. Externally controlled cooling water flows through the lower electrode,
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maintained at 20 °C. Unlike PPI, the bottom electrode of PPII is electrically grounded

with the RF power generator (ENI Power Systems Inc., model OEM 12) connected to

the top electrode. PPII also operates at a frequency of 13.56 MHz and is able to deliver

a maximum power of 1250 W.

Gas

I + V-.I ..

Entrance
I J

Exit

LoadLock - 4 - I Load Lock

17.8 cm

Figure 2.2 Cross section of the LAM 590 Plasma Etcher chamber. The gas flows
through the top electrode baffle, around the lower electrode and to exhaust. Two
stream lines show the gas path. The upper electrode is adjustable in the vertical
direction.

The main chamber is isolated from atmospheric gases through the use of loadlocks.

These are pumped down by a rotary vein pump (Leybold Trivac model D49OBCS).

The main chamber is pumped down by a roots blower stack (Leybold Ruvac SU250;

Leybold Trivac D49OBCS). The typical ultimate pressure achieved is 20 mtorr.

In addition to the process parameters available in PPI, the gap spacing can be

adjusted from 0.75 to 2.00 cm and is controlled to within 0.01 cm of the set point

value. The gas flow rates have a larger variation from the set point compared to PPI.



36

They can be controlled to within 1 sccm. The pressure and power control have the

same amount of control as PPI. The steady-state compliance is also the same.

A summary of the process variables in PPII is presented in Table 2.1. The power,

pressure, flow and process time are varied from 10 to 300 W, 100 to 800 mtorr, 2 to

100 sccm and 1 to 30 mlii, respectively. H2 in the N2/H2 gas mixture, is varied from 0

to 100%. In addition, 02 and Ar are added into the N21H2 (70/30) gas mixture and

varied from 0 to 100% and 0 to 10%, respectively.

The samples are placed into the entrance loadlock which is purged with N2 gas and

evacuated. The sample is then robotically transported to the chamber. Since the system

was designed to process 10 cm silicon wafers, a 10 cm diameter stainless steel sample

holder was made to hold the PTFE coupons. Samples are processed in the same

manner as with PPI. At all times the chamber is isolated from the atmosphere and the

chamber is purged for 1 mm, as in PPI.

2.1.3 Downstream plasma system (DS)

A diagram of the downstream plasma system and its auxiliary components is

shown in Figure 2.3 (Venkataramen, 2004). This reactor will herein be designated as

DS. It has been described in greater detail in a previous work, (Hsu et al, 1999).

All gases are premixed and introduced into one end of a quartz tube, (1.86 cm I.D,

2.54 cm 0.D, 35 cm length) which extends into the chamber. Power from the

generator, (ASTEX model S-l000i) operating at 2.45 GHz is transferred to the gas

through a coupler, 3.8 cm in width, surrounding the tube 10.2 cm from the chamber.



37

This is the region of the active plasma. The impedance matching network is manually

controlled by the use of 3 variable rods, extending into the waveguide, to minimize the

reflected power from the plasma. The plasma gas flows downstream to the reaction

chamber, housed in a 6-way stainless steel cube. The reflected power is minimized for

each process run, but is typically no lower than 60 W. The total net power is

calculated by subtracting the reflected power from the forward power and is controlled

to within 2 W.

MICROWAVE POWER SOURCE

LOAD LOCK
GATE VALVE

WATER IN WATER OUT

[1 QUARTZ I1JBE

SF6.

LOAD LOCK PUMP

jKLLIIIJ)
CAPACrFANCE
DIAPHRAGM
MADOMETER

CONTEO

SUBSTE.ATE

OTELE
PROCS
CHAMBER

GATE VA LYE

PUMP PACRAGE

Figure 2.3 Schematic of the Downstream Plasma Reactor taken from previous work,
(Venkataramen 2004). The distance between the sample and the end of the quartz tube
in the process chamber is 7.5 cm and approximately 30 cm from the end of the plasma.
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Samples are secured to a sample holder, transferred through the loadlock and

placed on a substrate heater located normal to the quartz tube. The chamber ispumped

down to an ultimate pressure of 30 mtorr and held for approximately 10 mm or until

the set temperature is reached. A controller achieves a temperature to within 3 °C of

the set point. A typical waiting time to reach a stable temperature of 100 °C is 25 mm.

A summary of the process variables in DS is presented in Table 2.1. The power

and temperature are varied from 50 to 150 W, and 20 to 100 °C, respectively. The

pressure, time and flow rate are held constant at 500 mtorr, 10 mm and 50 sccm,

respectively. The H2 mole fraction in the (N2 + H2) gas mixture is held constant at

20%. A mixture of (8 0/20) 02/Ar is also used.

2.1.4 Plasma barrel etcher with Faraday cage (BE)

A barrel etcher (BransonllPC, Reactor Center S2075) is designated as BE. The

reactor cross section is shown in Figure 2.4. A Faraday cage is housed inside a quartz

tube. An RF power generator (EN! model OEM 12) supplies up to 1250 W of power

to the chamber. Up to 3 gases can be introduced into the reactor through the top of the

chamber with the flow rate controlled by uncalibrated rotameters. The Faraday cage is

electrically isolated while the outer boundary is connected to the RF power source.

The samples are placed on top of a metal plate resting about 7.6 cm from the bottom

of the cage.

A summary of the process variables in BE is presented in Table 2.11. The power,

pressure, flow rate and process time are varied from 50 to 300 W, 500 to 3200 mtorr,
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20 to 68 sccm and 5 to 10 mm, respectively. The temperature is not controlled but

rises during the reaction. The H2/N2 mole ratio is held constant at 30170 while adding

10% Ar.

Gas inlet

/1

/

I

g I
I

I
I

-

:;

Gas outlet

Figure 2.4 The cross section of the BE system. The substrate rests 7.5 cm above the
Faraday cage on a perforated metal plate.

2.2 Characterization

The following methods are used to monitor plasma composition and to detect

treatment modifications to specific materials. The wettability of the treated substrates

is evaluated by static contact angle measurements using a goniometer. For

topographical surface mapping of RF-35P, atomic force microscopy (AFM) is

employed. Surface chemical and atomic characterization of PTFE and RF-35P is

performed by x-ray photoelectron spectroscopy (XPS), time of flight secondary ion
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mass spectrometry (T0F SIMS) and attenuated total reflection infrared (ATR-IR)

spectroscopy. Optical emission spectroscopy (OES) with actinometry is used to

monitor the plasma composition by tracking specific species' light emission.

2.2.1 Contact angle analysis

A goniometer, (Rame-Hart NRL Model 100-00) is used to measure the contact

angle between the surface of the substrate and a drop of liquid placed on that surface.

An illustration of the contact angle has been shown in Figure 1.5. An angle of zero

corresponds to total wetting of the surface. As the angle increases the wettability

decreases. Depending on the nature of the liquid, whether polar or nonpolar, surface

characteristics such as surface energy can be qualitatively determined.

To measure the wettability through contact angles, there are 3 common methods,

static (or sessile), receding and advancing contact angles. The latter two methods refer

to when the volume of the liquid drop is decreased or increased and the angle is taken

of the moving boundaries. Static contact angles refer to when a drop is placed on the

sample and the angle is taken of the stationary (sessile) drop.

Each method has its strengths and limitations. Good and van Oss (1992) suggest

that the advancing method is most precise because it has the smallest measurement

variation. The static contact angle measurement gives the most measurement variation

but requires the least amount of time to perform. In this study, the static contact angle

is used. It is advantageous because the treatment effects are transient and quick

measurements minimize information loss.
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Static contact angles are recorded for samples from each plasma treatment,

immediately after processing. The angle is determined within 1 mm of the plasma

process. A 2.0 mL micrometer syringe, (Gilmont Instruments Inc.) is held 3 mm above

the substrate's surface where one drop of DI water is placed. For each sample, 3-5

contact angles are recorded with the average contact angle presented.

2.2.2 AFM

The topography of selected RF-35P samples are analyzed by AFM. This technique

analyzes the force between a probe and the surface being imaged. This is

accomplished by placing a small probe on the end of a cantilever and measuring the

deflection of the cantilever by a laser. The laser is reflected off the opposite side of the

cantilever onto a photodetector. Piezoelectric ceramics are used to scan the probe over

the surface. Forces in the vertical direction can be mapped to the horizontal position

making a three-dimensional picture of the surface.

One major problem with using AFM on insulators is that their surfaces easily store

charge. Charging leads to repulsion of the AFM probe causing unstable readings. To

counteract these effects, a polonium ionizer from Duostat is aimed at the RF-35P

surfaces during scanning. Surface roughness (Ra) is calculated by,

Ra ==1L,-zl 2.1
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where n is the number of measurements, z1 is the height for measurement i and z is

the average height. The surface roughness gives the average distance of the peaks and

valleys to the center plane (z = z)

2.2.3 XPS

Samples of RF-3 5P and PTFE are taken directly after plasma processing, sealed in

Ar purged plastic bags and placed in an Ar purged Rubbermaid container. The

samples are then stored in a freezer until transport to XPS analysis. No more than 2

hours post processing time elapses before XPS analysis. The purpose of this method is

to minimize the exposure to the atmosphere.

In the XPS technique, a solid sample is irradiated by a beam of soft x-rays, leading

to the photoemission of core electrons. The energy of the emitted electrons is

characteristic of the element and the subshell from which the photoelectron originated.

The areas of the photoemission peaks are directly related to the concentrations of the

elements in the sample's surface (5-10 mu). Therefore, it is straightforward to

determine the relative elemental concentration ofmost elements except for He and H.

The detection limit is about 0.1-0.3 atomic percent.

In a high resolution spectra (low pass energy), the bonding environment can be

determined through shifts in the binding energy. For example, a carbon in F2 is

differentiated from a carbon in CF3. Through either Gaussian or Lorentzian peak

fitting, the relative abundance of each type of bond present is determined.
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The XPS spectra are acquired on a Kratos Hsi XPS instrument using the

monochromatized Al source, operating at 200 W. The vacuum in the main chamber is

maintained at no more than 7 x 1 08 torr during data acquisition. Spectra used to

determine atomic composition are acquired at 80 eV pass energy. High-resolution

spectra are acquired at 20 eV pass energy. Both pure PTFE and RF-35P samples are

irradiated with an electron flood gun, which compensates for charging effects.

2.2.4 ToF-SIMS

SIMS spectra are acquired on an ION-ToF TOF-SIMS IV instrument. ToF-SIMS

is a solid surface mass spectrometry method and can be used with depth profiling. A

pulsed energetic beam of primary ions, bunched 25kV Au, is directed at the surface,

initiating a series of "collision cascades" which result in the ejection of atoms and

molecules from the outermost 2 urn of a surface. A fraction of these ejected species

are charged, and their mass/charge ratio can be determined by measuring the time

needed to travel through an electrostatic field from the surface to the detector. The

transit time through the flight tube is a function of the mass/charge ratio. The

molecular species detected generally reflect the chemical functionalities which exist

on the surface.

The excellent sensitivity routinely available with SIMS makes it possible to detect

small amounts of impurities which are not detected in XPS spectra. Conversely, it is

difficult to quantify SIMS data, whereas relative composition is easily determined
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with XPS. Both PTFE and RF-35P samples are irradiated with an electron flood gun,

which compensates for charging effects.

2.2.5 ATR-IR

Infrared (IR) spectroscopy detects the vibration frequencies of chemical functional

groups in solids, liquids and gases. When infrared light interacts with matter, chemical

bonds will stretch, contract and bend. Chemical functional groups absorb infrared

radiation in a specific wavelength range based on the energetics of these motions. The

absorption wavelength is used to assist in identifring functional groups in a sample.

For the chemical analysis of solid (and liquid) surfaces, attenuated total reflection

infrared (ATR-IR) spectroscopy is commonly used. This method is especially useful

for materials like PTFE and other solids that are opaque. No surface preparation is

necessary.

A schematic of the AIR-JR process is shown in Figure 2.5. The surface is pressed

into contact with the top surface ofa crystal. The JR beam enters the crystal reflecting

multiple times off the sample. The R beam penetrates into the sample a finite distance

with each reflection. At the output end of the crystal, the beam is directed back into

the normal beam path of the spectrometer, which is then analyzed in the FTIR method.

The absorption depth into the sample is characteristic of the wavelength, angle and

material. Jn the JR region, the absorption depth is on the order of its wavelength (-4

pm).
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IR Incident Sample
IR Final

Figure 2.5 Sample under multiple internal reflections with incident IR radiation. The
sample is in direct contact with the ZnSe crystal.

A Thermo Nicolet Nexus(r) 470 Fourier Transfer Infrared (FTIR) spectrometer

with a Golden Gate single reflection heatable diamond (ATR) accessory is used to

collect the spectra. Custom software is used to average 32 successive scans for each

spectrum, perform automatic baseline correct and correct for the sampling depth

change with wavelength.

2.2.6 OES

The electromagnetic radiation emitted from the plasma glow is detected by an

optical emission system. The light is channeled through an optical fiber probe placed

normal to the window viewing the plasma glow. The probe is placed at a fixed

position for PPI and PPII approximately 1 cm above the lower electrode. For the DS

system, the probe is placed normal to the tube on the downstream exit of the plasma.

Light collected from the optical fiber is analyzed with a 27.5 cm spectrograph

(EG&PARC model 1235). The spectrum is collected by an array of512x512 pixels in

a CCD detector (EG&G Model 15300C/CUV). Liquid nitrogen is used to maintain the

temperature in the CCD at -140 °C. The CCD detector records the spectra then

transfers it to a controller board (EG&G Instruments OMA4 Model 1564) on a

computer for data acquisition.
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The number of times the detector is exposed and the duration for each exposure is

controlled by the operator. Most measurements in this study use a value of 50

exposures at 0.5 seconds each. This setting may be adjusted depending upon the

intensity of light from the plasma, but is held constant for a specific set of

measurements. Actinometry requires that the intensity for each individual peak be

divided by the intensity of a noble gas (or an inert gas) of fixed concentration in the

plasma. Unless noted otherwise, argon is used at 6% concentration. The spectrograph

is calibrated by a standard mercury argon light source for wavelengths from 300 nm to

900 nm. The highest resolution grating of 2400 g/mm with a resolution of 0.05 nm is

used for all measurements.

In addition to the surface modification, OES was used to characterize the plasmas

used in previous etching studies in this lab. Table 2.2 shows the parameter ranges for

the OES study of the NF3/O2IAr and SF6/02/Ar polymer etching plasmas. For the SF6

system, the pressure and power are held at a constant 800 mtorr and 100 W,

respectively. The optical fiber probe is held at the plasma exit. The total flow rate of

SF6 is set at 50, 100, 200 and 384 sccm and the relative concentration of SF6 is varied

from 0 to 14%. For the NF3 system: the pressure is set at 500, 800 and 1100 mtorr; the

power is set at 50, 100 and 200 W; the flow is set at 50, 100 and 200 sccm. In addition

to the plasma exit (0 cm), downstream distances of 3.8 and 6.4 cm are used. The

relative concentration of NF3 is varied from 0 to 30%. For both systems, the cooling

water from the chiller is set to 18 °C. The results are reported in the appendix.
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Table 2.2 Operational parameters for the OES study of NF3/02/Ar and SF6/O2IAr
Plasmas.

SF6 NF3

Pressure (mtorr) 800 500, 800, 1100
Power(W) 100 50,100,200
Flow (sccm) 50, 100, 200, 384 50, 100, 200
%(inmixture) 0-14 0-30
Distance1 (cm) 0.0 0.0, 3.8, 6.4
The OES probe is placed at this distance, downstream from the plasma cavity
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CHAPTER 3
RESULTS AND DISCUSSION

This chapter presents the experimental results from this study. The two main

objectives are: (1) to better understand the mechanisms and processes in plasma-

induced modifications; (2) to obtain the optimal plasma conditions to achieve the

maximum wettability change in the surface of the fluoropolymers. Different plasma

treatments are used to modify the surface of PTFE and RF-35P. For comparison, the

treatment of glass and polystyrene is also included. Of particular focus in this work

has been the H2/N2 gas mixture using the parallel plate plasma configuration. The

effects of adding 02, He and Ar, gases have also been studied.

3.1 Contact Angle - Measurement System Analysis

In Figure 3.1, three different measurements of the contact angle are plotted versus

time. The drops are placed on different locations of an unprocessed RF-3 5P sample.

The contact angles are measured for either 1 drop of DI water (run 1) or 2 drops (runs

2, 3). Over time the liquid-solid interface equilibrates which causes a decreased

contact angle. The data show that the contact angle decreases by less than 10 per

minute. Thus to minimize the variability, measurements are taken as fast as possible

after the drop has been applied. Since the contact angle measurement can be taken in

less than one minute, it is concluded that the different times required to measure the

contact angle is not a maj or source of variation or error.
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Figure 3.1 The contact angle is plotted versus the time after placing DI water drops on
a RF-35P sample. The contact angle is recorded for 1 drop placed on the sample, (run
1) and 2 drops, (runs 2 and 3, different locations). The lines are linear regression fits.

Unlike time of measurement, the location of the drop on the sample can be a

significant source of variation for untreated and treated samples. Table 3.1 shows

results for contact angles that are taken in the middle, sides and corners of an untreated

sample. This result is typical of the samples in this study; the contact angle tends to be

lower in the middle than at the corners. ANOVA and Fisher's least significant

difference (LSD) test are used at 95% confidence to detennine the regions that have

significant differences in contact angles from the norm. It is found that the contact

angles in the corners and middle are significantly different. The other two differences,

corners versus sides and sides versus middle, are within the measurement variation. To

avoid the variability from processing significantly different areas, contact angle data

are taken in the middle of each sample.
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Table 3.1 Contact angles were taken in the middle, edge and corners ofan
unprocessed RF-35P sample. Between 6-8 measurements were taken in eacharea.

ANOVA of Contact Angle Position

Source Sum of Squares Df Mean
Between groups 143.25 2 71.62
Within groups 310.55 18 17.25

Total 453.80 20

Fisher's Least Significant Difference Test

uare F-Ratio P-Value
4.15 0.0329

Contrast Difference ± Limits
Corners - Middle -6.8' 4.97
Corners - Sides -2.7 4.36
Middle - Sides 4.1 4.97

1 A statistically significant difference, at 95% confidence.

Next, the variability of the contact angle within a sample is compared to the

variability between samples. For unprocessed samples the average contact angle is

90.8° with an average standard deviation of 4.7°. For processed samples the average

standard deviation within a sample drops to 2.6°. For these calculations, the contact

angle is measured in three to six places on each of 105 samples. One possible test to

determine if the treatment had any effect is to see if the average contact angle of a

sample is less than 81.4°, which is two standard deviations below the mean of the

unprocessed samples.

In this study, contact angles are the primary measurement of wettability. It is

observed that for samples of the RF-35P and PTFE processed in DS and BE and also

unprocessed samples, the drops easily slide off the samples without a trace of water



51

remaining. However, after any plasma treatment in PPI and PPII, surfaces retain

significant water trails. The retained water remains even when the contact angles

appear to be unaffected by the plasma process. This evidence suggests that a high

contact angle does not necessarily imply a nil treatment effect. Therefore, effects other

than contact angle changes must be important.

All contact angle data collected are labeled chronologically by run number which

corresponds to the time and date the data was taken. Figure 3.2 shows a plot of the

contact angle verses run number for samples treated with H2/N2 in PPI. The runs span

the values of power, flow rate and pressure listed in Table 2.1. For an unknown reason,

PPI starts to behave differently after run 40. Runs before 40 are labeled region I, while

those taken after run 40 are labeled region II. The contact angles in region II are

generally higher than in region I.

In PPI, 14 treatments were applied with identical conditions (region II) at a power

of 100 W, pressure of 150 mtorr, 50 sccm flow and a process time of 5 minute. The

average contact angle is 69.2° with a standard deviation of 11.70, indicating that the

treatment is not very reproducible. Therefore caution should be used when analyzing

data from region II. All data presented for PPI will be from region I unless otherwise

stated.
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Figure 3.2 A plot of contact angle verses run number for PPI. H2 and N2 mole
fractions are between 0.2 and 0.8, process time is between 3 and 30 minutes. Powers,
flow rates and pressures span the values listed in Table 2.1. Only runs with no 02, Ar
or He are included.

3.2 Factors Affecting Wettability

For each of the four plasma systems, the effect of plasma parameters on wettability

was studied. The following parameters available for adjustment are common to all

four systems: power (W), processing time (mm), gas flow rate (sccm), pressure

(mtorr) and gas composition. In PPII the electrode gap spacing can also be adjusted.

Unless otherwise noted, the gap spacing for PPII is set at 2 cm. The substrate

temperature is expected to be a significant factor for the plasma treatment effects.

However, for both parallel plate reactors, the substrate temperature was kept at 20°C

and could not be changed. In the BE reactor, the temperature is not controlled, and
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therefore increases over the time of the experiment. Only in the DS reactor can the

substrate temperature be set by the operator.

3.2.1 Ion bombardment

The contact angle measurements for samples of RF-35P processed in the BE and

DS reactors are shown in Figure 3.3. The parameters span the values listed in Table

2.1. The plot shows the difference between the treated contact angle and the average

initial contact angle, with dashed lines indicating ±2 untreated standard deviations.

Neither data set shows any significant wettability increase. In the DS reactor, the

substrate was heated to 20, 50 and 100 °C during the treatment. The temperature has

been shown to enhance the surface wettability by increasing the depth of functional

group incorporation (Hudis, 1974). Not only is the contact angle unaffected on

samples treated in both of these reactors (regardless of a temperature change) but also

the water drops slide off the samples cleanly without water trails, as they do on

untreated samples. Even when the contact angles appear to be unaffected, the surfaces

of processed polymers in the parallel plate reactors become modified while those in

the DS and BE reactors show no indication of being modified. Clearly there is a major

difference in behavior between the two sets of reactors.
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Figure 3.3 Contact angle change for samples of RF-35P processed in the DS reactor
(open circles) and the Barrel Etcher (closed circles). The dashed lines represent two
standard deviations from the average of the untreated samples. Error bars indicate
standard deviation.

In both the BE and DS reactors, ions do not impinge on the sample. In the BE, the

Faraday cage traps the ions preventing them from transporting to the sample area and

in the DS reactor, the ions recombine before they reach the sample. Conversely, ion

bombardment is present in the parallel plate reactors. Since the samples processed

with ion bombardment produce a more wettable surface and those without ion

bombardment do not, it is concluded that ion bombardment plays an important role in

changing wettability. This conclusion is consistent with the literature. It has been

reported that ion bombardment affects the surface chemistry of PTFE. In an

experiment with NH3 plasma it has been reported that ion bombardment significantly

increases the surface production of the NH2 and NH radicals on PTFE and other
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polymers (Steen, 2002; MeCurdy, 1999). There is also evidence suggesting that ion

bombardment has a physical effect on polymer surfaces. In a study of the copper

adhesion to PTFE, it was found that a presputtering of 500 eV AI prior to Cu

evaporation dramatically increased the adhesion (Chang, 1987). Only a few seconds of

sputtering was required for a significant increase. These two studies suggest that ions

may affect both the chemistry and physical condition of the surface. From the contact

angle data alone it is unclear which of these effects is more important.

In the parallel plate systems of this study it has been found that plasma composed

of H2/N2 increase the weftability of PTFE and RF-35P. On the other hand, treatments

in DS and BE reactors under similar process conditions do not show any significant

wettability increase. From these observations it is concluded that ion bombardment is

necessary to modify the polymer surfaces and increase wettability. However, it is also

possible that reactive neutral species are not arriving at the surfaces due to various

plasma reactions.

3.2.2 Gas composition

The effect of the relative concentration of H2 and N2 is studied in PPI and PPII.

Figure 3.4 shows the contact angle change versus hydrogen mole fraction (x142) with

processing conditions of 5 mm, 50 sccm flow, 100 W and 150 mtorr in PPI, and 500

mtorr in PPII. The behavior in these systems is noticeably different. Plasmas with pure

N2 feed in reactor PPI increase the contact angle by 15°, making them more

hydrophobic. No increase in weftability is detected until xH2 exceeds 0.1; however
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between 0.3 and 1.0, the contact angle change is not effected by the changing

composition. In contrast, the H21N2 plasma of PPII causes a more wettable surface

across the whole composition range except for pure H2, where both plasma reactors

appear to have the same effect. For xH2 less than 1.0, the magnitude of the contact

angle change for both reactors is significantly different. The contact angle change

from PPII is nearly four times as large as from PPI. The difference in operating

pressure of the two systems might be the cause of the different contact angle changes.

(The effect of pressure will be explored in a later section). Since a H2/N2 feed ratio of

30/70 is representative of constant the composition range for both systems. This valUe

will be used elsewhere in this study unless otherwise noted.
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Figure 3.4 Contact angle change versus xH2. Process conditions are 5 mm, 50 sccm
flow, 100 W and (150 mtorr for PPI, 500 mtorr for PPII). Error bars represent 95%
confidence intervals for multiple samples. (Data from PPI are taken from region II in
Figure 3.2.)
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The effect on wettability by introducing a noble gas (Ar or He) into the H2/N2 feed

stream is investigated in PPI. Figure 3.5 shows a plot of the contact angle change

versus noble gas mole fraction with process conditions of 25 W, 150 mtorr, 50 seem

and 5 minutes. The mole fraction of each noble gas is adjusted from 0 to 1 while the

flow ratio of H21N2 is kept at 30/70. The figure shows that the addition of either Ar or

He to the gas mixture tends to decrease the effect on the contact angle change. This is

possibly a dilution effect where the noble gas replaces active species such as NH and

NH2 generated by the H2/N2 plasma. For mole fraction less than 50%, it is seen that

the addition of He has a greater dampening effect than Ar. For pure Ar, the contact

angle is not significantly different than untreated samples, while it is slightly lowered

for samples treated with pure He.

Crosslinking by activated species of inert gases (CASiNG; discussed in Chapter 1)

has been shown to occur in fluoropolymer surfaces exposed to He and Ar plasmas.

Schonhorn and Hansen (1967) showed that a He plasma caused an increase in the

bondability to PTFE and an increase in the polymer molecular weight at the surface

(crosslinking) with a concurrent loss of fluorine atoms. Momose et al. (1992)

suggested that UV radiation from an Ar plasma results in heavily crosslinked PTFE

surfaces; however in that case crosslinking did not penetrate into the bulk. It is

suggested that the reason helium and argon containing plasmas show a limited

increase in wettability is because of crosslinking which does not increase the

wettability of the surface. Even though the contact angle is unaffected, the drops stick

to the surface and are not easily removed, leaving a residual trail of water which is
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most likely a result of ion bombardment. Samples in DS and BE are also exposed to

light from the plasma and treatments in these systems are not seen to increase the

wettability. In both cases, the samples are within line of site of the plasma radiation.

This also suggests that exposure to UV radiation alone does not significantly increase

wettability or cause the surface to retain water.
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Figure 3.5 Contact angle change versus mole fraction noble gas with process
conditions of 25 W, 150 mtorr, 50 sccm and 5 minutes in PPI. Error bars indicate the
data range from 3-4 measurements.

The effect of02 addition is discussed next. The contact angle change versus

oxygen mole fraction (x02) in the 02/112/N2 mixture is shown in Figure 3.6. The

operating conditions are 150 mtorr, 100 W, 50 seem and 5 minutes process time.

These data show that for x02 greater than 0.1, there is no plasma effect on contact

angle in both plasma systems. Without oxygen (for the conditions specified), it is seen

that treatments in PPI are less effective than PPII at decreasing the contact angle. This



result is consistent with that shown in Figure 3.4. For both reactors, the addition of

even small amounts of 02 causes the treatment to be less effective. In PPI, 02

concentrations greater than 2.5% show no change from untreated samples while

greater than 5% in PPII also does not result in a contact angle change. It is unclear if

the treatments in the two systems are affected differently by the presence of 02

because the contact angles at 0% 02 are significantly different. However, even when

there is no increase in wettability, the water drops adhere and do not roll off as on

untreated samples.
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Figure 3.6 Contact angle change versus XO2 in 02/H2/N2 with process conditions of
150 mtorr, 100 W, 50 sccm and 5 minutes process time.

Shi et al. (1994) reported that contact angles significantly decrease with H2/N2

treatments, while 02 treatments cause no contact angle change. They also reported that

02 plasma treatments are ineffective at causing oxygen incorporation into PTFE

surfaces while H2/N2 treatments result in significant incorporation ofnitrogen and
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oxygen. In contrast, H2/N2 treatments were less effective than 02 at enhancing

adhesion strength. In this study it was shown that samples treated with added 02,

resulted in a wettability change less than what was found by using only H2/N2. Since

the presence of oxygen nullified any wettability change with less than 10% oxygen in

the feed stream the effect of oxygen cannot be explained by dilution.

Two mechanisms are offered for the oxygen effect on the plasma treatment. The

first is that a particular species in the 021N2/H2 plasma etches away any modified

surface exposing bare PTFE. This could be verified through an etch rate experiment.

The second is that plasma reactions eliminate a species responsible for the surface

modification. To verify this mechanism, actinometry could be used to track changes in

plasma species concentrations as x02 is varied. A combination of the two mechanisms

may also result in the observed behavior.

To test the first mechanism, etch experiments were performed. It is well-known

that fluoropolymers are etch-resistant to pure 02 (Shi. 1994). As measured by mass

difference there was no observable etch rate with an 02/Ar (80/20) plasma treatment

operating at 500 mtorr and.150 W for 20 minutes in PPII and DS. In contrast, an etch

rate is observed for a PTFE sample treated in PPI with 10% 02 and 90% H2/N2. The

sample was treated for 20 minutes at 50 sccm, 300 mtorr and 100 W. The sample had

a mass loss of(5.9 ± 0.2) mg and an area of 6.58 cm2. Assuming a density of 2.15

g/cm3 the etch rate is calculated to be (0.21 ± 0.01) pm/mm. This result gives evidence

that the modified surface is significantly removed by the etch process. Other polymers

are reported as having approximately the same etch rate. In the etching study of
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polyphenylene oxide (PPO), the maximum etch rate reported was 0.7 and 3.3 Wmin

for SF6!02 and NF3/02, respectively. No accounts of PTFE etching with 02/H2/N2

have been reported in the literature. In the section on plasma diagnostics, the second

mechanism will be discussed.

In summary for the parallel plate systems, the composition of the plasma gas

mixture was a significant factor in the surface modifications. The contact angle change

was independent of 112 mole fractions between 0.2 and 0.8 in H27N2, and showed

different behavior in both PPI and PPII. The addition of noble gas is concluded to

dilute the H2/N2 plasma treatment effect on wettability. In plasma composed of

02/H2/N2, it is concluded that the effect of02 addition can be explained by etching

reactions.

3.2.3 Process time

The effect of processing time is discussed next. Figure 3.7 shows the contact angle

change versus processing time for settings of 50 sccm, 100 W and 100 mtorr using the

112/N2 plasma in PPIL A large contact angle change, (-65°) is observed with

processing times as short as 1 minute and reaches a steady-state value of -78° after

about 3 minutes.
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Figure 3.7 Contact angle change versus processing time in PPII for samples
processed with 50 sccm flow, 100 W, and 100 mtorr.

It requires less than a minute of plasma exposure to dramatically modifr the

surface. By assuming ideal gas behavior, the impingement flux ofa species can be

calculated with the following equation,

F.
xNC, = ± /8kT/ 3.1

1 4kTV /flM1

20

where x1 is the mole fraction of species i, P is the system pressure, T is the temperature,

Mis the mass, C is the average speed, andNT is the total number density. If it is

assumed that an active species bombarding the surface causes a modification that

removes an area Sa from further reaction, then the time required to modify the entire

surface can be approximated by,



= 1/F1Sa
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Using Equation 3.2 for a metastable N2 with mole fraction (x1) of 100 ppm, an Sa value

of 9 A2, a pressure of 100 mtorr and temperature of 300 K, the time to cover a surface

is 42 ms (8.4 ms for 500 mtorr). This short time indicates thateven at small

concentrations, a surface can be covered with active species on the order of less than a

second.

Several studies found that processing time affects other plasma treatments

similarly. The sputtering of PTFE prior to copper evaporation dramatically increases

the adhesion and plateaus at times longer than about a minute (Chang. 1987). Nearly

identical results were found in an 02 plasma treatment ofa fluoropolymer prior to

copper deposition, where the adhesion strength increased fivefold after about 1 minute

(Shi. 1994). Results from the current work show that most of the wettability

enhancement occurs in the first few minutes of the treatment is consistent with

oxidative processes at the surface (Hudis 1974).

3.2.4 Electrode spacing (gap) and residence time

The effect of electrode spacing (gap) is reported in this section. Only in PPII can

this variable be adjusted. In PPI, the gap spacing is constant at 8.3 cm. The gap

spacing for PPII was varied between 0.75 and 2.00 cm with a default setting of 2.00

cm. The gap spacing effect is studied with a H2/N2 feed operating at 100 W, 50 sccm

and 300 mtorr. A plot of the contact angle versus gap spacing for both parallel plate

reactors is shown in Figure 3.8. The gap can be split into two regions: narrow gap



(0.75, 1.00) cm and wide gap (1.50, 2.00, 8.32) cm. For the narrow gap settings, the

polymer surfaces are significantly less wettable than those processed with the wide

gap settings. The gap spacing in PPI is much larger than the largest setting available

for PPII. Thus, an optimal gap spacing could exist somewhere between 2.00 cm and

8.3 cm.
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Figure 3.8 Contact angle change versus gap spacing for samples treated in PPII
(diamonds) and PPI (circle) processed at 300 mtorr, 100 W, 50 sccm and 30/70 H21N2.
Error bars are standard deviations from the mean. The two parallel lines separate
different gap scales.

The gap spacing affects several plasma characteristics, such as the residence time,

flow patterns and transport distance to the substrate for the reactive species. One way

to estimate the residence time is to divide the volume between the plates by the

volumetric flow rate. Equation 3.3 gives the residence time (R) in seconds
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gap(cm) * D (cm) * P(torr)
R(sec)=17 3.3

v(sccm) * T(K)

with the gap and plate diameter (Dr) measured in cm, the pressure (P) in ton, the

temperature (T) in K and the flow rate (v) in seem. The constant accounts for pressure

and temperature differences from the standard state as well as the unit conversions.

For processing conditions of 300 mtorr, 300 K and 50 seem, the residence time for PPI

(gap 8.3 cm) and PPII (gap = 2.00 cm) is 0.65 and 0.22 see, respectively. Decreasing

the gap will decrease the time available for the species to be generated and

subsequently react.

Equation 3.3 shows that the residence time is a function of the pressure,

temperature, flow rate, plate diameter and gap spacing. Therefore, it is possible that

the contact angle change is a strong function of residence time. The effect of

residence time is studied in both parallel plate reactors with flow rates between 2 and

100 seem, pressures between 100 and 800 mtorr, process time of 5 mm andgap

settings of 1.00, 2.00 and 8.3 cm using the H2/N2 feed gas. Figure 3.9 shows a plot of

contact angle change versus residence time. With samples treated at 50 W in PPII at

similar residence times, there is a clear difference in contact angles for the 1.00 and

2.00 gap settings. Likewise, samples treated in PPI with a gap of 8.3 cm appear to be

larger than those with similar power and residence time settings. In addition, if the

power and gap are held constant, residence times between 0.036 and 1.8 seconds do

not significantly affect the contact angle change. Therefore, it is concluded that the

gap spacing effect on wettability is not due to the residence time. It is suggested that



the large amount of scatter at a constant residence time is due to the differentpressure

and flow rate settings.
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Figure 3.9 Contact angle change versus residence time. Filled triangles correspond to
PPI (gap of 8.3 cm), and all others are from PPII. Samples are processed for 5 minutes.

3.2.5 Flow rate, pressure and power

The effect of flow rate, pressure and power is discussed in this section. Figure 3.10

shows a plot of the contact angle change versus flow rate for samples treated in PPII

for 5 minutes at 50 W, 100 mtorr, and 2.00 cm gap. The error bars represent the

average standard deviation of all the processed samples shown. The range of the

contact angle changes is small (-64° to -70°) for a wide flow rate range (3 sccm to 100

sccm). It is concluded that the flow rate is not a significant factor.
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Figure 3.10 Contact angle change versus flow rate for samples treated for 5 minutes in
PPII at 50 W, 100 mtorr and a gap setting of 2 cm. Error bars are the average standard
deviation of processed samples. The data are also shown in Figure 3.9

Since pressure affects the mean free path, density and the EEDF, it is expected that

the effect of power is a function of pressure. The effect of power and pressure in PPII

is studied next with samples treated for 5 minutes at 50 sccm (H2/N2) at various

pressures. Figure 3.11 shows contact angle versus power at 100 and 500 mtorr. At 100

mtorr the contact angle change remains fairly constant with changing power, and at

500 mtorr there is a small decrease for powers greater than 50 W. At pressures of 300

and 800 mtorr, the contact angle changes fall between those of 100 and 500 mtorr.

Since there is no contact angle change at a power of 0 W, it is assumed that the power

settings in this study are much greater than that required to saturate the surface with

reactive species for surface modifications. The relationship between power, pressure

and contact angle change is most likely obscured because of this condition.



68-20-
-30

ol00mtorr
S500mtorr

a)
-C

a)
C)

-50
-Co
a,

-60 ------------------------------------------------------------------------------------------------------------------------------

-901

0 20 40 60 80 100 120 140 160

Power (VV)

Figure 3.11 Contact angle change versus power for samples treated in PPII at 20 and
50 sccm and H2/N2 feed gas for 5 minutes. Error bars are the average standard
deviation of processed samples.

The Debye length is a critical dimension for a plasma and is calculated by,

3.4D
if e2N0

where is the permittivity of free space, e is the unit charge, Te is the electron

temperature in the bulk, k is Boltzman's constant and N0 is the ion density in the bulk.

The distance of the sheath region around a floating potential can be approximated by

five times the Debye length (van Roosmalen, Baggerman and Brader, 1991). Positive

ions are accelerated through the sheath region towards the floating substrate. Their

energy is dependent on how many collisions they experience before they reach the

substrate, and the electron temperature in the bulk. If the mean free path of an ion is



much larger than the sheath distance, it is likely that no energy will be lost on its way

to the substrate. The mean free path is given by,

3.5Pa

with a as the collision cross section, P as the pressure and T as the neutral gas

temperature. By assuming an N2 ion with mole fraction of 10 ppm, a collision cross

section of 28 A2 and average electron temperature in the bulk of 2 eV, the mean free

path and Debye length can be estimated. The values ofmean free path and sheath

thicknesses are summarized in Table 3.2. For a pressure of 100 and 500 mtorr, the

estimated sheath thickness (SD) is approximately 0.38 and 0.15 mm, respectively.

The mean free path is estimated to be approximately 3 times greater than the sheath

thickness at a pressure of 100 mtorr while only 40% greater at 500 mtorr. Since the

sheath distance and mean free path are on the same order of magnitude, there is a

significant probability that ions will lose some energy through collisions before they

reach the polymer surface, and that the probability increases as the pressure is

increased. However, the wettability results suggest that pressure does not have a

significant affect. It is suggested that perhaps only a minimum amount of ion

bombardment is required for the wettability enhancement, and that the pressures used

in this study do not significantly affect it.

Table 3.2 N2 ionic flux parameters assuming electron temperature of 2eV, cross
section of 28 A2 and Nj ion mole fraction of 10 ppm.

Pressure (mtorr) X (mm) 5?[) (mm) X/SXD

100 1.1 0.38 2.9
500 0.22 0.15 1.4
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3.2.6 Transient Wettability

It has been reported that the effect of plasma treatment of fluoropolymers is

temporary; the surface reverts back to its hydrophobic state with time (Favia. 1996).

However, little is known concerning what affects this phenomenon. To effectively use

plasmas to modify surfaces in manufacturing, it is necessary to know the duration and

extent of the modification. To study the transient effects, RF-35P samples were treated

in PPI at 150 mtorr, 25 W and 50 sccm H21N2 feed gas. Figure 3.12 shows the contact

angle versus time after treatment (storage duration) for two processing times, 3.5 and

30 mm. At the longer processing time, the initial contact angle just after processing is

lower by approximately 100. Over time the surface wettability decreases, approaching

a final steady-state contact angle of about 530 for both process times.

The contact angle data are fit to an exponential decay of the form,

yc/
_y

e
(t/r)

yrJ_yO 3.6

where Y is the contact angle (deg), t (mm) is the storage duration, Y and Y° are the

steady-state and initial contact angles, respectively. The time constant t, is found by a

least-squares minimization. The majority (8 6%) of the contact angle increase will

occur when the storage duration equals 2t. A large value oft is desired. The longer

process time results in a lifetime (t) of 354 nun which is about 27% longer than the

3.5 mm process lifetime. However both result in approximately the same steady-state



contact angle (Y° 54°). These results suggest that the processing time effects how

fast the surface reaches the equilibrium condition but not the final equilibrium state.

90

030 mm

80 -------- 3.5 mm -----------------------------------------------------------------------------------------------------------

70

U)

U,

D)

50

40

::

In

iT

71

0 200 400 600 800 1000 1200 1400 1600 1800

Storage Duration (mm)

Figure 3.12 Contact angle versus time after processing (storage duration) for 3.5 and
30 mm process times. RF-35P samples were treated in PPI at 150 mtorr, 25 W and 50
sccm H2/N2 feed gas. Error bars indicate the range of data.

To investigate the effects of temperature, one sample was processed at 3.5 minutes

then stored at 80°C between measurements. Since the contact angle is highly

dependent on the temperature, the sample was allowed cool to room temperature

(approximately 30 seconds) before measuring the contact angle. The data and trend

fits are shown in Figure 3.13. The 80°C data contains greater measurement variation

which could indicate that the samples needed longer cooling time before measuring

the contact angle. The time constant of the sample stored at a higher temperature



(t = 122 mm) is much faster than the room temperature samples ('r = 278, 354). In

addition, the steady-state contact angle was nearly 100 larger, indicating that the

surface returned closer to its untreated state.
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Figure 3.13 Contact angle versus time after processing (storage duration) for samples
held in air at 20°C and 80°C. RF-35P samples were treated in PPI at 150 mtorr, 25 W
and 50 seem H2/N2 feed gas for 3.5 minutes. Error bars indicate the range of data.

To study the effect of pressure, four samples were processed for 30 minutes and

stored at 20°C in nitrogen at approximately 1 mtorr to avoid contact with air. These

were compared to storage conditions of atmospheric pressure in air. Figure 3.14 shows

the contact angles versus storage duration for both cases. The samples stored at

atmospheric pressure demonstrate an exponential trend. On the other hand, the
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samples stored under low pressure exhibit linear behavior with a slope of 0.0048°/mm,

which is much slower than any of the other samples.
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Figure 3.14 Contact angle versus storage duration. Samples are processed at 150
mtorr, 25 W, 50 sccm (H2/N2) in PPI for 30 minutes then stored in air at 1 atm (o) and
approximately 1 mtorr (Lx) in nitrogen. Both are stored at 20°C.

At 1 mtorr there is still a significant impingement flux of N2 on the surface. Thus,

the relaxation process is likely due to a species not present such as oxygen or water in

air. One possibility is that larger contact angles occur over time due to attached

functional groups being replaced by crosslinking. It may be concluded that low

temperature and low pressure in an N2 ambient extend the effective lifetime of treated

RF-35P material. The latter is especially effective. Table 3.3 reports the parameter

values for all four storage conditions.
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Table 3.3 Transient wettability parameter values
Process Time Storage condition

(mm) Y (deg) r
35 20°C, 760 ton

54 278

30
200C,76Otorrl

53 354

3.5 80°C, 760 torr1 65 122
302 20°C, 0.001 ton3

'Air pressure
2

Data fit to a linear function with slope and intercept of 0.0048°/mm and 18°
respectively.

3N2 pressure

3.3 Optimum Operating Conditions

A summary of the important factors that affect weftability and optimum settings

for PPI and PPII is presented in this section. For the plasma systems in this study, the

factors having the greatest impact on the contact angle change are reactor type, gap

spacing and oxygen content. Other factors of secondary importance include hydrogen

mole fraction, noble gas mole fraction and process time. For the conditions in this

study, the pressure, applied power and flow rate have a negligible impact on the

wettability change.

Optimum process conditions are presented in Table 3.4. The optimum reactor is

PPII operating at 500 mtorr with process times greater than 5 minutes, 2 cm gap

spacing and 5 to 80% H2 in the H21N2 feed gas mixture with no other gas present. The

optimal operating conditions for PPI are similar, except that the hydrogen mole

fraction should be greater than 0.2. Pressures greater than 100 mtorr in PPII are
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slightly more effective at decreasing the contact angle. It is estimated that settings

which result in residence times greater than 0.036 seconds should be used.

Table 3.4 Optimun

Reactor
Power (W)
Pressure (mtorr)
Flow (sccm)
Time (mAn)

Electrode Gap (cm)

i Plasma Parameters

PPI PPII

- >100

>5 >5
NA 2

Composition

H2 in H2/N2 (%) 20-100 5-80
02 in02/N2/H2 (%) 0 0
ArinAr/N2/H2(%) 0 0
He in He/N2/H2 (%) 0 0

- no observable effect on wettability

The ultimate goal for plasma processing of fluoropolymers is to increase their

biocompatibility and adhesion while retaining their bulk properties. As mentioned

previously, an improvement in adhesion has not always been concurrent with a large

or measurable increase in wettability. Provided that the other factors are appropriately

chosen, any combination of power, pressure and flow rate settings, (within the ranges

of this study) is enough to significantly reduce the contact angle. Adhesion

measurements are necessary to verify that the contact angle changes are sufficient.
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3.4 Surface Analysis

3.4.1 AFM

Atomic force microscopy has the ability to show the topography of polymer

surfaces at nanometer resolution. To study the treatment effect on surface topography,

three different RF-35P samples were compared. The images are shown in Figure 3.15

for three samples treated in PPI: (a) an untreated sample; (b) plasma treatment in

100% Ar; (c) plasma treatment in H2/N2. Both samples (b) and (c) are processed at

100 W, 150 mtorr and 50 sccm. The average roughness (Ra) is a measure of the

average deviation of the surface height from the mean surface height (Equation 2.1).

The roughness of the image area of sample (a) is 266 mn. The roughness of samples

(b) and (c) has been reduced by a factor of four, to 61 and 77 nm, respectively.

However, this measurement does not give information about the uniformity of surface

features or their frequency. Therefore, caution should be employed when comparing

surfaces with only this measurement.

Both treated surfaces show significantly less roughness than the untreated surface

and yet have vastly different surface wettability. The small contact angle change for

Ar treated samples and their enhanced capability to retain surface water appear to be a

contradiction. The AFM images and surface roughness data may help elucidate this

phenomenon. The treated surfaces appears to have a greater frequency of hills and

valleys which might cause a higher surface area. When the water drop is then placed

on the sample, the increased contact area and mechanical barriers would prevent the
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drop from moving thereby holding the water more tightly. The Ar plasma could

roughen the surface without altering the surface chemistry, which would account for

the unaltered wettability.

Chang et al. (1987) found morphology changes in the surface of Teflon after

sputtering with 500 eV of Art. Conversely, after treating Teflon PFA (a copolymer of

Teflon) in a microwave plasma, Shi et al. (1994) found no evidence of morphological

changes in the samples. Both studies used SEM to study the surfaces. It is known that

PTFE has a high degree of crystallinity including amorphous regions as well.

Matienzo et al. (1994) suggested that the differences in sputtering rates for crystalline

and amorphous PTFE are the cause of morphology changes.



78

a. Untreated Ra = 266 nm

5pm

b.Ar Ra6lnm

c. Ra 77 urn

10pm

E
U

E
:L
LC)

a

E
N-

a

Figure 3.15 AFM images of RF-35P samples, corresponding to (a) untreated sample,
(b) sample treated with 100% Ar plasma, and (c) sample processed in H2/N2 plasma.
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3.4.2 ATR-IR

Under certain plasma conditions, the surface of the various substrate materials

(RF-35P, PTFE, PS and glass) treated in PPII have a noticeable color change. In

general, the change in color occurs at conditions ofpower greater than 75 W, pressure

greater than 100 mtorr and H2 mole fractions of 0 to 0.9 in the H2/N2 mixture. Ifany

oxygen is present in the feed gas mixture, no color change is observed. The surfaces

are characterized by employing ATR-IR spectroscopy and contact angle

measurements.

It is necessary to know if surface structures are being modified, or if a film of

material is being deposited through system contamination or a chemical vapor

deposition (CVD) process. Evidence suggests the former possibility. After the samples

have been treated under optimal conditions, the surfaces are very hydrophilie (their

contact angles are comparable to those of glass). After washing the films with DI

water, acetone and methanol, neither the intensities nor peak locations in the infrared

scans change, signifying that material is not removed by the liquids. However, the

possibility of a deposited film is not excluded. It is assumed that if a hydrophilic film

is deposited on the hydrophobic surface, poor adhesion may result.

Many JR spectra have been taken of plasma treated surfaces where a change in

surface color was apparent. Figure 3.16 shows the JR absorption spectrum of untreated

samples and samples processed with 0 and 24% H2 using N2fH2 feed gases at 150 W,

500 mtorr and 50 sccm for 5 minutes. In the 800 to 4000 cm_i range, untreated PTFE

samples and samples without discoloration, show two strong peaks at 1146 (1) and



1200 cm_i (2). New peaks appear in the other spectra, including overlapping semi-

sharp peaks at 1578 (3) and 1637 cm' (4), and broad peaks at 3200 (6) and 3344 cm

(7). The peak at 2370 cm' (5) is attributed to atmospheric CO2.
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Figure 3.16 Typical IR absorption spectra of a PTFE sample processed with 100% N2
(A) and a sample processed with 24%H2 and 76%N2 (B). An unprocessed (bare) PTFE
sample spectra is also shown. Processing parameters are 150 W, 500 mtorr and 50
sccm total flow for 5 mm.

By changing the H2 composition in the feed, it is clear that the absorbance

intensities of the new peaks are different. However it is possible that this effect is due

to the measurement process, such as the application pressure of the ATR crystal. To

investigate their dependence on H2 concentration, the absorbance ratios relative to the

1146 cm' band of PTFE are plotted versus XH2 in Figure 3.17. There appears to be a

maximum relative peak height for all three bands occurring near 24% H2. Throughout
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the whole composition range, the 1578 cm1 and 1637 cm_i data appear to follow the

same trend. Conversely, the 3344 cm1 band is more intense at xH2 around 0.3 and

approach the other two bands at high mole fractions. The 3344 cm1 peak intensity is

plotted because the band near 3200 cm' is less intense and harder to locate on some

samples. If a functional group absorbs at two different JR frequencies it is expected

that the two peak intensities will be proportional to each other (as the functional group

content increases). Therefore, the 1578 cm1 and 1637 cm1 bands most likely originate

from the same functional group, while the 3344 cm1 band contains a contribution

from a different functional group.
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Figure 3.17 Ratio of JR absorbance bands versus xH2.alb signifies the absorbance at
3344 cm4 divided by the absorbance at 1146 cm'. All data taken from RF-35P
samples processed with 150 W, 500 mtorr and 50 sccm total flow for 5 mm.
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Glass and polystyrene samples are also processed with the H2/N2 mixture and

analyzed by ATR-IR spectroscopy. It was found that treated glass does not exhibit

either the 1637 cm' or 1578 cm' bands. On treated and untreated glass samples, a

broad peak is centered between 3300 cm1 to 3550 cm'. This peak belongs to the OH

group attached to the surface of the glass which is responsible for the low contact

angle of glass (--1 8°). The absence of the two peaks on treated glass gives evidence

that the change in color is not due to a deposited material, but rather the surface

structure is being modified. Figure 3.18 shows the IR spectra of treated and untreated

polystyrene with superimposed spectrum of PTFE treated at 150 W, 500 mtorr and

24% H2 in H2/N2. These plasma-treated polystyrene samples exhibit the same

additional IR bands as the fluoropolymer samples. Both treated samples have very

similar IR spectra, indicating that the same functionalization is occurring on both

surfaces. Since carbon is present in both substrates, these results indicate that the

surface modification results from reaction between the C backbone and reactive

species formed in the plasma.

IR spectra alone cannot determine the specific functionalization, but do give

evidence as to which functional groups may be present and which are not. For a very

thin layer of modified material only the major peaks will be observed. A summary of

the possible IR band assignments with references is shown in Table 3.5.
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Figure 3.18 JR spectra of PS and PTFE. Samples are treated at 150 W, 500 mtorr and
24% H2 in H21N2 for 5 minutes. An untreated PS spectrum is also included.

CII bonds (sp3 or sp2) usually absorb strongly near 3000 cm'. Since this peak is

absent in the PTFE data, abstracted fluorine from the surface does not lead to a

measurable amount of H incorporation to the carbon backbone. There is a small peak

observed at 2184 cm1 which may be a triple bond that typically absorbs in the region

of 2000 to 2300 cm1, (Wade, 2002).

The bands near 3219 and 3344 cm' most likely originate from either an attached

hydroxyl group, an adsorbed water molecule or an NH group. It is also possible that

NH and OH groups are present in varying amounts. The OH stretch usually occurs at

higher wavenumbers of about 3600 cm1, and the amine stretch usually gives a broad

peak with a spike near 3300 cm1, but these locations are highly species-dependent.
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When the samples are exposed to a pure Ar plasma at 150 W, one additional broad

peak centered near 3600 cm1 is observed. This peak is likely from an OH stretch

indicating the 3300 cm' peak arises from another species, presumably NH. Momose

et al. (1992) found through ESR and XPS studies, that a significant amount of oxygen

was incorporated onto the surface upon post oxidation in air after PTFE was exposed

to an Ar plasma. They found surface oxygen in the form of peroxy radicals. These are

known to quickly convert to hydroxyl groups, possibly through water vapor in the air

(Rjeb. 2004).

Assignment of the bands at 1637 or 1578 cm1 is more ambiguous. Water

molecules adsorbed onto surfaces are known to be broadly centered at 1600 cm1, but

these peaks usually have many sharp spikes that are not apparent in this study (Heitz.

1996). Alternatively these peaks could indicate the presence of an amide with

absorptions of C0 at 1637 cm1 and NEI/CN at 1578cm1 (Chen, 2004). Another

possible assignment is to an N=O or C N bond which are known to occur in regions

of 1510 to 1560 cm', but both of these are less likely. The actual assignment could be

a combination of several groups. Nevertheless, the most likely surface aftached species

are the amino, carbonyl and hydroxyl groups (from adsorbed water or OH bonded to

the surface).
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Table 3.5 IR absorption bands and assignments

Band (cm) Reported (cm') Reference Assignment

3344 3367' Trenary, 2000 NH

3219 3100-3700 Wade, 2002 NH, OH stretch

2359 Wade, 2002 CO2 asymmetric stretch
2184 2000 - 2300 Wade, 2002 -CN, -CC (triple bonds)
1637 1640 Heitz, 1996 1120 deformation

1630-1650 Wade, 2002 Amide I (C0) in general
1628 2 Chen, 2004 C=O stretch (polyamide-6)

1578 1567' Trenary, 2000 NH2 scissors

1545 2 Chen 2004 NH bend (and CN stretch) (Amide
II, polyamide-6)

1510-1560 Wade,2002 NO
1200 CF2 asymmetrical stretching
1146 CF2 symmetrical stretching

C=N112 c2v symmetry shows three bands when adsorbed. Not observed is the CN
stretch at 1323 cm_i

2 Both of these bands appear together and are the most prominent peaks.

3.4.3 XPS

3.4.3.1 RF-35P treated in PPI

Three samples of RF-35P material, labeled control, N-modified and 0-modified

are analyzed by XPS. The control is untreated and both modified samples are treated

in PPI at 25 W, 150 mtorr and 50 sccm flow. The N-modified sample is treated with

the H2fN2 (30/70) plasma feed while the 0-modified sample is treated with a 90%

H2/N2 and 10% 02. Fluorine, carbon, oxygen, nitrogen, and chromium are detected on

all samples with the surface atomic compositions summarized in Table 3.6. The

presence of chromium on all three samples varies between 1.2 and 0.8%. It is assumed

to be in the weave matrix.
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A significant amount of oxygen and excess carbon was detected on all samples.

This is especially true for the control sample, where 8.8% oxygen was found. The

oxygen content decreased to 2.8% and 4.6% for the N-modified and 0-modified

samples respectively. The F/C ratio for each sample is well below the value of 2.0

expected for PTFE which may also be due to carbon from the area between the PTFE

weave. The F/C ratio on the 0-modified sample (F/C 1.70) is closest to what would

be expected for pure PTFE, but is lowest for the N-modified sample (F/C = 0.92). It is

not possible with XPS to determine directly how much of the carbon and oxygen

signal originated from the PTFE weave and how much from the interweave area, but

the latter is most likely. It may also be attributed to carbon and oxygen contamination

from the ambient and may be present on both the PTFE as well as in the interweave

area.

Table 3.6 Atomic composition from XPS analysis of RF-35P processed in PPI

F C 0 N Cr F/C 0/C N/C

Control RF-

35P 50 39.6 8.8 0.6 1.2 1.26 0.22 0.02

N-modified1 41.4 45 2.8 9.7 1.1 0.92 0.06 0.22

0-modified2 59.1 34.7 4.6 0.8 0.8 1.70 0.13 0.02

1. H2/N2 (3 0/70)
2. 10% 02, 90% (H21N2)

The amount of nitrogen detected on the samples is closer to what would be

expected. For the control and 0-modified samples, the nitrogen incorporation is nearly

identical at 0.6% and 0.8%, respectively. Similarly, the N/C ratio is 0.02 for both of
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these samples. As expected the N-modified sample contained the most nitrogen

incorporation at 9.7%.

High-resolution spectra are also taken to help determine the chemical environment

of the atomic species detected (except Cr). High resolution C is and F is spectra of the

control sample are presented in Figure 3.19 (a) and (b), respectively. The spectrum for

the Fis shows only one peak at a binding energy consistent with that expected for

fluorine in PTFE at 689.6 eV. Therefore any additional carbon and oxygen did not

bond with the fluorine enough to affect a measurable change in the chemical

environment. This is significant evidence that the excess carbon and oxygen is mainly

due to the interweave material of the control sample.

The high-resolution Cis spectrum has been fit with four peaks. The lowest-binding

energy peak comprises 19% of the total Cl s signal and is assumed to arise from

hydrocarbon bonds. Therefore, it is set to 285.0 eV binding energy (consistent with the

carbon backbone of hydrocarbons) and used to establish the binding energy scale. The

highest binding energy peak at 292.5 eV and 73% abundance is consistent with carbon

in (Beamson and Briggs, 1992). If 73% of the Cis signal originates from the CF2

content, a new F/C ratio can be calculated to be 1.73, which is close to the 0-modified

sample F/C value (1.70), but still far below 2.0 for pure PTFE. It is common for PTFE

samples to be contaminated with surface hydrocarbons having typical F/C values of

1.73 (Golub, 1991). The two intermediate peaks at 285.9 eV (7%) and 286.9eV (1%)

are at binding energies consistent with C0/CN functionalities (Shi, 1994). The high

resolution data for the three samples is summarized in Table 3.7.
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Figure 3.19 High resolution XPS scan of(a) Cis and (b) Fis for the control sample.



89

The high resolution Cl s and F is spectra of the 0-modified sample are presented in

Figure 3.20 (a) and (b) respectively. The C is high-resolution peak is somewhat similar

to that of the control, but with a characteristic plateau beginning at the hydrocarbon

peak and ending just before the CF2 peak. It is not possible to fit such a feature

uniquely, so three peaks of a reasonable width are used without giving special care to

the final binding energies of the two higher binding-energy peaks. In essence, it is not

possible to make a statement about which functionalities might have given rise to

these peaks other than to say that they are likely to be a mixture of carbon-oxygen-

fluorine species.

The 285.0 eV hydrocarbon peak for the 0-modified sample (4%), is much less

abundant than for the control sample (19%). It has been shown that in a sample treated

with 10% 02 in an H2/N2/02 mixture, etching of the surface occurs which might leave

a more PTFE-like surface. By using only the fraction of the Cis peak for F2 at 292.0

eV (8 8%), a new F/C ratio is calculated to be 1.94, much closer to the stoichiometric

value of PTFE. Etching is also consistent with the lower abundance of the

hydrocarbon peak in the 0-modified sample. Another interesting feature of this

sample is that the Fis signal splits into two peaks at 685.6 and 689.0 eV with 7 and

93% relative abundance, respectively. Golub et al. (1993) observed that after PTFE

exposure to an Ar plasma, a new peak appeared near 686.8 eV in the F1s spectrum.

They assigned to new peak to a (R2CECF2) functionality corresponding to a

crossiinked surface structure. The extra peak observed in this study is about 1.5 eV

lower than that quoted above, but is attributed to the same functionality. In that



example the peak represented only a fraction (2.4%) of the Fl s spectrum, therefore the

binding energy designation could hold significant uncertainty.

Both the Cis and Fis high-resolution spectra in the N-modified sample are shown

in Figure 3.21 (a) and (b), respectively. In the Cis spectrum, the F2 peak at 291.7 eV

appears at only 36% abundance compared to 73% in the control sample, indicating

significant surface modification. The hydrocarbon component is enhanced from 19%

in the control sample to 33%. The peak near 286.5 eV increased threefold, from 7 to

21% and is a mixture ofç-o and -N functionalities. Considering the amount of

nitrogen present, it is likely that the latter dominates. The peak at 288.3 eV is

consistent with the presence of a -F bond (Beamson and Briggs, 1992). It also

appears in significant proportions (11%), but is not found in either of the other two

samples.

The N-modified sample also has two peaks in the F is high-resolution scan. In

addition to the high binding energy peak of C, a second peak is present at about

685.3 eV at 33% abundance. It is also assumed to arise from crosslinking, as in the

case of the 0-modified sample. If this designation is correct, the treatment without

oxygen causes about four times as much crosslinking as with oxygen present. Such a

designation is consistent with the observation that 02 inclusion etches the polymer

while no oxygen leads to film growth.
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Figure 3.20 High resolution XPS scan of (a) C is and (b) F is for the 0-modified
sample.
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Figure 3.21 High resolution XPS scan of(a) Cis and (b) Fis for the N-modified
sample.



The high resolution N is scan was performed for the N-modified sample but not for

the 0-modified or control samples. The Nis high-resolution peak spectrum was fit to

two peaks, 400.3 eV (95%) and 403.6 eV (5%). The higher energy peak is consistent

with C-N functionality designated as either the CH2 or CIH species, although the

former is more likely since H2 has been shown to reduce most surface nitrogen groups

to NH2 (Favia, 1996). XPS analysis of a pure N2 treated sample might help to

confirm this. The smaller peak is roughly consistent with a charged nitrogen species

(Beamson and Briggs, 1992).

Several conclusions can be drawn from the XPS results of these three samples

processed in PPI. From the high resolution spectrum of N is it is apparent that there is

one major nitrogen species in the N-modified sample with only a small fraction of any

other. The major nitrogen species is most likely surface NI{2. Even though the 0-

modified sample is treated with 63% N2, it still shows no evidence of N incorporation.

An increasing N/C ratio has been correlated to a wettability increase (Favia, 1996)

therefore the low value for the 0-modified sample is consistent with the observation

that samples processed with 10% 02 show no wettability improvement. This also

favors the NH designation (as opposed to OH) for the JR absorption band in the 3100

to 3700 cm' range in the H2/N2 treated samples.

It is proposed that the two Fis peaks arise from the typical PTFE fluorine (Ce)

and the crosslinked species (R2CECF2). In the 0-modified sample, the crosslinked

species is 7% of the total fluorine signal (59%) making 4% whereas in the N-modified

sample the value increases threefold to nearly 14%. Therefore, it is concluded that the



presence of 02 in the plasma diminishes the amount of crosslinking as well as nitrogen

incorporation. A significant amount of oxygen and excess carbon was detected on all

samples (especially the control sample) which is assumed to mostly arise from the

weave material. Both treated samples contained less oxygen than the untreated sample,

with the 0-modified sample retaining the most. After accounting for thenon-

hydrocarbon Cis signal on the control sample, the F/C ratio (1.73) is lower than the

2.00 value expected for uncontaminated PTFE. Therefore, the possibility of

hydrocarbons contamination still exists. The 0-modified sample has a corrected F/C

ratio of (1.94) which matches the stoichiometric ratio to within measurement

uncertainty, supporting the conclusion that oxygen etches away any modified material.

Table 3.7 XPS High-
Cis

B.E. (\
Control 285.0

285.9
286.9
292.5

Resolution Peak Fit Results
Fis Nis

f) % B.E.(eV) % B.E.(eV) %
19 689.6 100 not measuredI
I

73

N-modified 285.0 33 685.3 33 400.3 95
286.5 21 688.7 67 403.6 5
288.3 11

291.7 36

0-modified 285.0 4 685.6 7 not measured
286.8 3 689.0 93
289.7 6
292.0 88
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3.4.3.2 PTFE treated in FF11

Three samples of PTFE material, labeled (a), (b) and (c) are exposed to a H2/N2

plasma in PPII at 500 mtorr and 50 seem for 5 minutes. Sample (a) is treated at 20 W

and 20% 112 while samples (b) and (c) are treated at 150 W, with 40 and 70% H2,

respectively. The samples were analyzed by XPS approximately 10 months after they

were processed. Carbon, fluorine, nitrogen and oxygen are detected on all samples

with the surface atomic compositions, in addition to the F/C, N/C and 0/C ratios

summarized in Table 3.8.

Table 3.8 XPS atomic composition of PTFE exposed to H2/N2 plasma in PPII.

PTFE Samnle C F N 0 F/C N/C 0/C 'HJC

(a)20W,20%H2 51.4
(b) 150 W, 40%H2 64.2
(c) 150W, 70%H2 65.7
Assume each carbon is si

37.9 3.7 7.0 0.74 0.07 0.14 1.05
4.3 17.8 13.6 0.07 0.28 0.21 1.44
3.1 15.3 16.0 0.05 0.23 0.24 1.48

and bonded to two other carbon atoms

Sample (a) contains 37.9% fluorine while both sample (b) and (c) contain

significantly less, between 3 to 4%. Similarly, sample (a) contains the least amount of

both oxygen and nitrogen at 7 and 3.7%, respectively. For bothhigh power samples

(b,c), the oxygen and nitrogen incorporation is comparable, ranging between 13 and

18%. Sample (b) contains the most nitrogen at 17.8% with an oxygen content of

13.6% while sample (c) contains 15.3% nitrogen with 16.0% oxygen. It is clear that

the sample processed at low power (20 W) has a significantly different surface

composition than those processed at high power (150 W).



High resolution spectra of atomic carbon and fluorine are taken to help determine

their chemical environment, and are summarized in Table 3.9. The carbon

environment of the treated PTFE is similar to the N-modified sample of RF-35P. The

major peak in all three samples is the hydrocarbon peak centered at 285.0 eV at

approximately 50% suggesting that half of the carbon backbone is attached to

hydrogen. The highest binding energy peak at approximately 292.4 eV is attributed to

the CF2 unit of PTFE. Two other peaks are found. The peak at 288.4 eV is consistent

with C=O from either a O-=O or N-=O group although the latter is most likely

because the O-ç0 tends to be at a higher binding energy (Wang, 2003). Samples

(b,c) have the largest oxygen content and a large proportion of the Cl s signal arising

from the 288.4 eV peak while sample (a) contains the least oxygen content (7%) and

the smallest corresponding peak signal. The other peak at approximately 286.4 eV is

consistent with -NH2 and c-OH groups and is likely to have contributions from both

of these groups.

The fluorine peak at approximately 689.4 eV can be attributed to the C in PTFE,

and is the most intense peak on all three samples. Sample (a) contains the largest

amount of fluorine with only one chemical environment. The C peak drops to 85%

in sample (b) and 58% in sample (c) with the remaining fluorine signal detected at a

binding energy of approximately 688.0 and 687.5 eV, respectively. This other peak is

consistent with the C-CiE (Wilson, 2001).
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Table 3.9 High resolution peak fit results of PTFE processed in PPII
Cis Fis

BE (eV) %area BE (eV) %area

(a) 20 W, 20%H2 285.0 46 689.4 100
286.5 7
288.5 9
292.3 39

(b)150W,40%H2 285.0 43 688.0 15
286.4 25 689.5 85
288.3 22
292.5 2

(c)150W,70%H2 285.0 55 687.5 42
286.5 22 689.2 58
288.3 23
292.4 trace

The F/C ratio of unprocessed PTFE is theoretically 2. A decrease in this value

corresponds to fluorine being removed during processing. The F/C ratio reported in

Table 3.8 for sample (a) is 0.74. This value is comparable to values from 0.42 to 1.6

that have been reported in similar studies (Kim, 2000; Wilson, 2001; Inagaki, 1999;

Markkula, 2002). Clearly the F/C ratio will be affected by the feed gas mixture, the

degree on ion bombardment, and the plasma configuration. Conversely, the F/C ratio

for the high power samples (b) and (c) are 0.07 and 0.05, respectively, indicating

almost complete removal of surface fluorine.

Correspondingly, the N/C and 0/C ratios for samples (b,c), between 0.21 and 0.28,

are significantly larger than sample (a) [N/C = 0.07, 0/C 0.14]. One study of N2

plasma treated samples shows a comparable value of N/C at 0.2 (Wilson, 2001). In

contrast, NH3 plasma-treated samples were reported to have N/C values of 0.03.



Large 0/C ratios in PTFE have been reported for plasma treatment containingno 02,

with values as high as 0.49 (Kim, 2000). It is suggested that plasma-induced surface

radicals react with the atmosphere to incorporate oxygen via peroxy radicals. Indeed,

an in situ XPS measurement of NH3 plasma modified PTFE results in no measurable

oxygen content while subsequent exposure to air reslted in 0/C of 0.13 (Pringle, 1996).

Post-plasma oxidation is consistent with a modified PTFE surface witha

significant number of residual surface radicals. It is likely that some of the radicals

formed during processing are subsequently passivated by reactive species such as

atomic hydrogen from the plasma, which would explain the emergence of a

hydrocarbon peak at 285.0 eV peak in the Cis high resolution spectrum. The

incorporation of hydrogen is consistent with F/C ratios being generally lower for H2

or NH3 containing plasma treated samples as compared to those treated by N2 or other

non-H containing gases (Inagaki, 2002; Wilson, 2001). Hydrogen is not detected by

XPS. However, an upper limit for hydrogen concentration can be estimated if it is

assumed that each carbon is sp3 hybridized bonded to two carbon atoms and two non-

carbon atoms (H, F, N, 0). The HIC ratio estimated in this manner is reported in Table

3.8. It is observed that both the 0/C and H/C ratios for samples (b,c) are larger than (a),

indicating that the surface is more susceptible to both post-oxidation (less stable) and

plasma passivation with higher applied power.



3.4.4 ToF-SIMS

The three PTFE samples in the previous XPS analysis are also analyzed by SIMS

with both a negative and positive ion scan. The relative abundance of detected mass

signals is summarized in Table 3.10. SIMS is complimentary to XPS and gives

structural information of the top 4-5 atomic layers of the polymer surface. Information

concerning the first few layers can help in understanding interfacial mechanisms, and

the effects of the surface matrix may help explain the absolute peak intensities. Matrix

effects arise from differences between samples in the surface chemical and physical

environment, and they effect the absolute intensities of secondary ions detected by

SIMS.

XPS data shows that sample (a) is considerably different in surface composition

from samples (b,c). Sample (a) retains a substantial amount of fluorine with the least

amount of nitrogen and oxygen incorporation. The SIMS analysis shows a significant

number of fluorine containing species on all three samples, but the intensities tend to

be the greatest in sample (a), consistent with XPS data. These species include CF2,

CF3, F2 and CF; the positive scan tends to have more abundant CF2 and CF3 ion peaks

than in the negative scan. Although the XPS data show samples (b,c) as having a low

F content (<5%), a significant fluorine signal on the upper few monolayers is still

detected. The presence of fluorine on the outermost surface layers is significant

evidence that carbon is not being deposited from sputtering of the graphite electrode.

It also suggested that the larger fluorine content in sample (a) in the XPS analysis is

not due to penetration into the bulk, unmodified polymer.
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The mass peaks of CH3, CH2N, CFLN, C2H and CHN show that all three

plasma treatments cause a significant incorporation of hydrogen to the polymer

backbone which is consistent with the observations in the XPS data. Fluorine

containing species are known to have a high scattering cross-section (Briggs, 1989).

Secondary ion yields for hydrocarbons are substantially less than those for

fluorocarbons so a comparable hydrocarbon to fluorocarbon signal indicates a large

hydrocarbon content.

While sample (a) is unambiguously different from the other two, SIMS analysis

suggests that the modified surfaces of samples (b) and (c) are also different. The CN

signal of sample (b) at 4939 relative abundance is much larger than (c) at 1238. A

larger N content is expected since the feed gas N2/}12 ratio is greater for sample (b). A

similar trend is observed for the Off and CNO species signal intensities, the only

significant oxygen-containing species detected. As discussed above, oxygen

incorporation is likely to result from atmospheric exposure post-treatment. A lower

surface passivation by hydrogen would cause an increase in the number of dangling

bonds, leaving the surface more susceptible to post-oxidation. The OH peak of sample

(b) is significantly higher than sample (c), consistent with a lower passivation of the

surface due to a lower H2 fraction in the plasma gas. In contrast, the OH signal from

sample (a) is about twice that of sample (c), which appears to contradict the XPS

results concerning the oxygen content. This result might be explained by a common

matrix effect that the presence of fluorine decreases electron neutralization of positive
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secondary ions, thereby causing an increase in the secondary ion yields of all groups

on the surface (Leonard, 1999).

Table 3.10 Summary of SIMS data

'Positive Ion 'Negative Ion

(a) (b) (c) (a) (b) (c)
C 8723 5272 38938 C 1596 2027 1807
N 0.05 1.5 16 NH 1.1 216 33
NH 0.02 0.95 14 NH2 4 50 10
Cl3 101 177 370 OH 1824 4671 920
NH2 0.15 3 24 C2H 877 2368 548
NH3 0.16 10 10 CN 68 4939 1238
NH4 2 88 16 CHN 6 22 28
CH2N 4 143 313 CF 1779 379 1023
CH4N 4 214 79 F2 11805 1825 4278
CF2 1764 1307 1213 CNO 69 1801 750
CF3 19399 12037 4753 CF2 119 170 111

CF3 2128 735 549
Normalized to total ion count (=1 00000*Qeak area)/(total spectrum counts))

The abundance of NH (x 1-4) and OH groups is consistent with the c-NH2 and

c-OH assignments to the 286.4 eV peak of the Cis XPS data. The CNO peak in the

negative scan is consistent with the N-O assignment to the 288.3 eV peak. The high

resolution C is scan of samples (b) and (c) show an approximately equal amount of the

N-C=O contribution while the SIMS analysis shows the CNO peak of sample (1,) is

more than two times more abundant than sample (c). One possible explanation is that

the chemical environment of the CNO species is different in samples (b) and (c)

leading to different matrix effects. Indeed, as proposed above, the surface of sample

(b) is less stable containing more dangling bonds and less H passivation. The resulting
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matrix effect could lead to a much greater yield of the plasma produces species such as

CNO. In fact, this suggests an intriguing possibility the use of SIMS to characterize

the surface state of such plasma modified films.

The long duration between plasma exposure and surface analysis is a possible

cause of data misrepresentation. Therefore, more data are needed to further explore

these possibilities.

3.5 Plasma Diagnostics

The light emitted from the plasma was examined through optical emission

spectroscopy (OES). Actinometry is employed to relate the light intensity of the

various species to their relative concentrations. Because only PPI and PPII plasma

systems effectively decrease the wettability of the fluoropolymers, the data obtained

through OES is almost exclusively for these systems. For simplicity, the emission

intensity of a species will be designated in brackets with [Y] being the absolute

intensity of species Y emitting at a specific frequency, minus the background signal.

In addition, xY will refer to the mole fraction of Y in the feed excluding argon (Y =

H2, N2, 02).

Table 3.11 lists major species of interest and the corresponding emission

wavelengths that were monitored. The actinometer chosen in this study is Ar emitting

at 750.4 nm (Coburn and Chen, 1980; Thomaz, 1999). Argon emission is detected

with sufficient intensity even at very low concentrations (around 3%). In the H2/N2

plasma gas mixture, emissions from H, N, N, N2, and N2 are monitored. It has
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previously been suggested that ions are necessary for a wettability increase (Conti,

2001) while neutral radical species are responsible for heterogenous surface reactions.

Due to its ability to transfer stored energy to surfaces, the N2 emission is also

monitored (Tatarova, 1997). All of these species emissions are tracked as a function of

the plasma operating conditions to correlate relative number densities withtreatment

effects. Unless otherwise indicated, the emission wavelength ofa species will be the

value presented in Table 3.10. The flow and %Ar was kept constant at 50 sccm and

6%, respectively.

Table 3.11 Plasma Emission Sources
source (nm) Ref. PPI PPII

Ar 750.4 Cobum and Chen, 1980 + +
F 703.7 Gottscho, 1984; NIST o o
H 656.3 Thomaz, 1999; NIST + +
N 746.8 Conti, 2001; NIST - -

399.5 Xu, 1997; NIST + +
N2 337 Wang, 2003 + +
N2 380.5 Crolly, 2001 + +
N2 391.4 Xu, 1997; Crolly,2001 + +
NH 336 Wang, 2003 o o
NH2 661.9 Wang, 2003 o o
0 844.6 CoburnandChen, 1980 + -

+ strong signal observed under most conditions
- weak signal observed under most conditions
o no signal observed

3.5.1 NH

The NH radical signal is not observed in either of the parallel plate systems, but a

strong signal is detected in the DS system. The NH2 radical emission is not found in
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the DS, PPI or PPII systems. In addition, it was observed that with a fluoropolymer

present in the reaction chamber of PPI or PPII, the atomic F emission was not detected.

A typical emission spectrum from 330 to 344 nm from NH and N2 (337nm) in the

DS system is shown in Figure 3.22 (a). The operational parameters are 100 W, 300

mtorr with 20% H2 in H2/N2. The signals from NH and N2 are recorded and the ratio

[NH}/[N2fxN2 is plotted versus applied power in Figure 3.22 (b). Three different H2

fractions (10%, 20% and 60%) are shown at 500 mtorr, in addition to three different

pressures (300, 500 and 800 mtorr) at 20% H2. For both 10 and 20% H2, the intensity

ratios follow the same linear trend as power is increased and are independent of xH2

and pressure. For 60% H2, the NH signal is larger at all powers, and the ratio increases

nonlinearly with power.

It has been reported that NH radical is mostly responsible for the wettability

enhancement of polymers in ammonia plasmas (Favia, 1996). In a microwave

discharge (with ion bombardment) it has been reported that both the amino density on

the surface of polystyrene and the NIT emission intensity increased linearly with

applied power (Wang, 2003). It is proposed that ion bombardment is needed even in

the presence of NH, since samples treated in DS show no enhanced wettability.

However, it is possible that reactions before reaching the sample diminish the effective

NH concentration.
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Figure 3.22 The optical emission of N2 (337 nm) and NH (336 nm). a. Typical spectra
of the plasma in DS operating at 100 W, 300 mtorr with 20% H2 in H2/N2. b. The
[NH]/[N2] ratio is plotted versus applied power. The OES probe is placed at the exit of
the plasma glow.
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3.5.2 H andN

The effect of composition, gap, pressure and power on the H and N2 emission is

presented in this section. The typical emission spectrum of each species is shown in

Figure 3.23 with operating parameters of 100 W and 300 mtorr using H2/N2 in PPI.

The three plots are all on the same scale and correspond to the emission of: (a)N2, N2

and N; (b) H; (c) N and Ar. With the exception of the 751.5 nm peak which belongs

to Ar, all unassigned peaks seen in the spectra are assumed to belong to a nitrogen

containing species.

a. [N2, Nj, N]

N2 (391.4 nm)

370 378 380 382 384 386 388 390 392 394 396 398 400 402 404

Wavelength (nm)

Figure 3.23 Optical emission spectra of Nz, N2, N (a), H (b), N and Ar (c). The
H2/N2 plasma is operating at 100 W and 300 mtorr in PPI.
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Figure 3.23 (continued) Optical emission spectra of N2, N2, N (a), H (b), N and Ar
(c). The H2/N2 plasma is operating at 100 W and 300 mtorr in PPI.
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3.5.2.1 Composition and zap

The plasma composition and gap spacing were found to have a major impact on

the wettability of the fluoropolymers. To study the effect of these parameters on the H

and N2 species, their plasma emission at 150 mtorr and 100 W was monitored for

different gap and xH2 settings. Figure 3.24 shows (a) [H]/[Ar] and (b) [N2]/[Ar]

versus xH2. In Figure 3.24 (a) it is observed that the H emission increases with xH2 for

all gap settings. For PPI, the [H]/[Ar] values are significantly larger than those ofPPII

for all gap settings. The values for PPII at 2.0 and 1.5 cm are indistinguishable while

those at 1.0 cm are significantly larger. Similar trends in Figure 3.24 (b) show that

[N211[Ar} in PPI is much larger than those of PPII for all gap settings. A maximum

occurs at approximately 10% 142 in PPI. The data from gap settings of 1.5 and 2.0 cm

have a maximum at approximately 20 %H2, and appear to follow similar trends.

Alternatively, data from the 1.0 cm gap spacing follows a linear trend with a

decreasing slope.

These emission trends are similar to those seen in an electron cyclotron resonance

H21N2 plasma (Hirohata, 2001). They observe a maximum in N2 emission intensity at

30% H2, while the H emission intensity did not reach a maximum but instead

increased with hydrogen mole fraction. Through Langmuir probe measurements, the

electron temperature was found to be about 2.3 eV for pure N2, then dropping to about

1 eV at 20 %H2 where it remained nearly constant for greater H2 content. In contrast,

the electron density increased from about 0.8x107 cm3 (11 ppm) to 5.4x107 cm3 (75

ppm) from 0 to 66 %H2 at 37 mtorr.



In PPI the [H]/[Ar] emission intensity ratio is 0.3 even though no H2 is in the feed.

This signal could originate from water or other molecules desorbed from the reactor

walls. As shown in Figure 3.4, the plasma treatment with no H2 in the feed results in a

contact angle greater than its pretreated value. If water is desorbing from the walls, the

lower wettability of samples treated in PPI might be explained by the etching of

modified surface by an oxygen species, and could explain the higher average contact

angles from region II in Figure 3.2. An alternative explanation could be that there is

another species emission at the same wavelength, although at 0.05 rim resolution, this

explanation is unlikely.

The fluoropolymers processed at gap spacing of 1.5 and 2.0 cm in Figure 3.8 for

PPII result in similar contact angle changes (-60 to -80°) while a 1.0 cm gap results in

much smaller contact angle changes comparable to those in PPI (-10 to -20°). This

result correlates with data in Figure 3.23 where [H]f[Ar] and EN2]/[Ar] values are

almost identical for gap distances of 1.5 and 2.0 cm and higher for 1.0 cm. However, it

appears that those processes with low [H]I[Ar] and [N2 ]I[Ar] result in the largest

wettability changes. It is unclear what chemistry is associated with this observation.

However, since it was shown that ion bombardment is important, it can be speculated

the changes are related to H atom concentration. Perhaps excessive H scavenges an

active NH species, or blocks surface sites through competitive absorption.
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Figure 3.24 Emission versus xI{2 for (a) [H]/[Arj and (b) [N21]/[Ar]. Process
conditions are 150 mtorr and 100 W.
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It has been demonstrated that 02 in the feed results in etching of PTFE, but it is

still uncertain if 02 is preventing the formation ofany reactive species. The optical

emission of the H and N2 species might help to clarify this difficulty and elucidate

any link to the surface modifications. Figure 3.25 shows [H}/[Ar], [N2i/[Ar] and

[Oj/Ar] versus x02 from a 02/112/N2 plasma in PPI operating at 150 mtorr and 100 W.

The nitrogen species emission ratios are normalized to xN2 and the 0 %02

composition to account for the increase of ion concentration from 02k. The oxygen

emission ratio is normalized the 20% 02 value. It is observed that as x02 increases,

there is an increase in the oxygen emission. Compared to the pure H2/N2 mixture there

is virtually no change in [H]/[Ar] between 0 and 20% 02, and at 8% 02, the N2

emission ratio is reduced by 12%. Plasmas with less than 3% 02 result in unwettable

surfaces. It appears the effect of 02 addition is affected by 0 atom concentration and

not by the H atom associated chemistry discussed with Figure 3.24.
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Figure 3.25 Effect of oxygen addition on the 02/H2/N2 plasma. The H, N2 and 0
emission versus x02 from a plasma operating at 100 W and 150 mtorr in PPI. The
species emission are relative to the composition indicated.

3.5.2.2 Power and pressure

To study the effects of pressure on the H and N2 species concentration, their

emission is monitored in a plasma at 100 W. Figure 3.26 (a) shows [H]/[Ar} versus

x112 and Figure 3.26 (b) shows [N2]/[ArJ. Plots in Figure 3.26 (a) show that for PPI

the [H]/[Ar} ratio is insensitive to pressure, and that the value is significantly larger in

PPI than PPII. Since the Ar concentration scales with pressure and the [H]/[Ar] ratio

stays constant, it can be assumed that the H concentration also scales with pressure in

PPI. The intensity ratio increases significantly for XH2 less than about 0.10 and

plateaus as the composition approaches pure hydrogen. For PPII, [H]/[Ar} increases



113

nearly linearly with xH2 at pressures of 150, 300 and 800 mtorr. For xH2 between 0.08

and 0.90, the 300 mtorr data are slightly greater than at 150 and 800 mtorr.

+Figure 3.26 (b) illustrates that the [N2 }/[Ar] values are higher in PPI than PPII for

each setting, and that the composition of the maximum shifts with pressure for PPII. In

PPI the maximum [N2]/[Ar] ratio is located near 10 %H2. An increase in pressure

from 150 to 300 mtorr causes a significant increase in emission ratios. For the same

pressures in PPII, the maximum is shifted to approximately 20 %}12 and the values are

smaller. At 800 mtorr, the maximum shifts to about 30 %H2. The values become larger

than those at 300 mtorr for H2 fractions greater than 10%. When the pressure is

increased from 150 to 300 mtorr at pure N2 in PPI, the [N2]/[Ar] value increases from

1.3 to 1.9, but in PPII it is insensitive to pressure.

To study the effects of power on the H and N2 relative species concentration, their

emission is monitored in a plasma at 150 mtorr. Figure 327 (a) shows [H]/[Ar] versus

xH2 for different levels of power, and Figure 3.27 (b) shows [N2]/[Ar]. In Figure 3.27

(a) the [H]/[Ar] ratio is shown to depend strongly on applied power for PPI. When the

power is changed from 25 to 100 W, the value increases approximately threefold. In

PPII the values at 50 and 100 W appear identical, while a slight increase is observed

for all compositions with the power is doubled to 200 W. Again it is observed that the

[H]/[Ar] values are higher in PPI.
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Figure 3.26 Emission versus xH2 for (a) [H]![Ar] and (b) [N2]/[Ar] at 100 W.

Figure 3.27 (b) shows the dependence of [N211[Ar] on applied power and feed

composition. For PPI the [N21/[Ar] values approach those of PPII when the power is

at 25W. For 100 W in PPI, the maximum value occurs at an xH2 value of
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approximately 0.1 and shifts to 0.3 at 25 W applied power. In PPII, the intensity ratios

change less dramatically, staying approximately the same for 50 and 100 W while

increasing slightly for 200 W. For 50 and 100 W the maximum occurs near an xH2

value of 0.3 then shifts to approximately 0.2 for 200 W. In PPI, it may be that the ion

density is roughly proportional to power, but not in PPII.
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Figure 3.27 Emission versus xH2 for (a) [Hj/[Ar] and (b) [N2]/[Ar] at 150 mtorr.
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3.5.3N,Nan4jji

This section presents the optical emission data from the F12/N2 plasma in PPI and

PPII of species N, N, and N2 using the Ar signal as the actinometer. Figure 3.28

shows a plot of the [X}/[Arl versus xH2 for species (X = N2, N and Ni). Operational

parameters are 100 W and 150 mtorr in PPII. There is some uncertainty as to the

location of the N peak since the spectrum has many peaks scattered around 746.8 nm.

Therefore, caution should be employed when analyzing N emission. These plots are

typical of both parallel plate reactors where the N2, N and N emission ratios are

nearly linear functions of xN2. A linear dependence is expected since a decrease in N2

concentration results in less nitrogen containing species available for excitation. With

hydrogen interaction, it is expected that the emission ratios will deviate from linearity.

On the other hand, deviations from linearity could also result from changes in the

electron energy distribution if the excitation cross sections of the nitrogen species are

different from that of Ar. Since no significant deviations from linearity are apparent, it

is likely that N and N are not influenced by the addition of H2.

More data is needed to make any conclusions concerning the correlation between

these species emission and observed wettability trends. The emission behavior of N2,

N and N with respect to 02 is almost identical to the behavior of the H emission,

indicating that these species concentrations are not significantly altered by the

presence of 02 (x02 0.2).
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Figure 3.28 [NI/EArl, [N4]/[Arl and [N2 I/[ArI emission ratios versus xH2 of a H2/N2
plasma operating at 100 W and 150 mtorr. The values are relative to 100% N2.
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

Samples of PTFE, RF-35P, glass and polystyrene have been exposedto plasma

composed of gas mixtures containing H2, N2, Ar, He, and 02 in varying proportions.

Four different plasma systems were used: two parallel plate RF plasmareactors, a

downstream microwave plasma reactor and a barrel etcher with Faraday cage. The

treated polymer surfaces were analyzed by goniometry (static watercontact angles),

ATR-IR spectroscopy, AFM, XPS and ToF SIMS. Optical emission spectroscopy with

actinometry is used to measure the relative concentrations of reactive species in the

plasma including: N2, N, N2, NH, N, H, 0 and Ar.

The following is a summary of conclusions for this study.

1. Plasma treatment in the parallel plate systems can significantly reduce the

contact angle of PTFE and RF-35P samples. At best, the contact angle can

change from approximately 95° to 5° with treatment. In contrast, treatments in

the downstream and barrel etcher systems do not result in a contact angle

change. Therefore, it is speculated that ion bombardment is necessary to

increase the wettability of the plasma treated fluoropolymers.

2. Plasmas composed of 20 to 80% H2 in H2/N2 with no other gases present give

the best wettability improvement. The addition of He or Ar into the H2/N2



119

plasma tends to dilute or weaken the plasma effect on wettability. To a much

greater extent, the addition of oxygen decreases the wettability.

3. Greater than 5% 02 in the 02/H2/N2 plasma feed will nullify the effect on

wettability of the PTFE and RF-35P samples. Etching reactions are determined

primarily responsible. An etch rate of 0.21 p.m/mm is observed which is similar

to other plasma etch rates of non-fluoropolymers. This is the first report of

PTFE etching with 02/H2/N2.

4. A surface film is observed after treating samples in PPII at 2.0 cm gap with

powers greater than 100 W. JR absorption peaks near 1600 cm1 and 3300 cm1

on the plasma-treated samples indicate surface incorporation of amino,

hydroxyl and carbonyl groups. The maximum relative intensity of these peaks

occurs near 20% H2 in the H2/N2 mixture. There is evidence from IR, XPS and

ToF-SIMS data that a carbonyl group is part of an amide.

5. Using H2/N2 results in significant surface incorporation of nitrogen, oxygen

and hydrogen as verified by XPS and ToF-SIMS. The oxygen content is

consistent with a post-plasma oxidation through peroxy radicals. Evidence

suggests that using a higher applied power tends to create a more reactive

surface, and a larger percentage of hydrogen in the plasma tends to passivate

the surface.

6. XPS data also indicate that plasma treated RF-35P using 10% 02 and 90%

H2/N2 (3 0/70) results in a surface that closely resembles pure PTFE with no

significant oxygen or nitrogen incorporation.



120

7. The gap spacing of the parallel plate electrodes has a significant effect on the

surface treatment with an optimal gap spacing of 2.0 cm.

8. Varying the pressure from 100 to 800 mtorr has an insignificant effect on the

wettability of treated samples. It was also observed that powers between 5 to

200 W and flow rates between 5 to 100 sccm have no observable effect.

9. The contact angle of the plasma-treated samples increases over time after

processing. To retain the enhanced wettability of H2/N2 plasma treated RF-35P,

the optimal storage conditions are approximately 1 mtorr nitrogen pressure and

low temperature. The lowest rate of contact angle increase observed was

0.0048°/mm over a 15 hour duration in low pressure nitrogen at room

temperature.

10. OES data indicate that a lower H concentration in the plasma leads to a larger

wettability improvement.

11. To help explain observations, the following conceptual model is proposed. Ion

bombardment creates reactive sites for initiation of surface modifications that

lead to improved wettability, and only a threshold ionic flux and bombardment

energy need be satisfied to facilitate a modification. Reactive species from the

H21N2 plasma modifSr the surface through processes such as crosslinking and

incorporation of amino, hydroxyl and carbonyl surface groups. Atomic

hydrogen in the mixture is required to improve the wettability but too high of a

H concentration will lessen it. If atomic oxygen is present, the modified

surface is etched away leaving a surface resembling pure PTFE with poor
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wettability. The effect of gap spacing on wettability is not due to the residence

time of reactive species. Instead, a change in the gap spacing may have a

significant impact on other plasma properties such as reactive species

concentrations or the EEDF.

4.2 Future Work and Recommendations

1. Since no reports are found of PTFE etching with the 02/H2/N2 plasma, more

study of this phenomenon is needed. Parameters that effect the etching of

PTFE, and the etching mechanism need to be determined. It is suggested that

the power, pressure, gap and feed gas mole fractions be varied to find the

optimal etching conditions, and help elucidate the etching mechanisms.

2. Several adhesion test methods were discussed in chapter one. It is necessary

to determine the correlation between the wettability and adhesion of treated

samples. Therefore it is suggested to perform the plasma treatments reported in

this work (in all four reactors) and test the adhesion between the sample and

deposited copper. This will help determine if an increase in wettability results

in an increased adhesion.

3. The pressure is found to significantly affect the transient wettability behavior

of treated samples. It is unclear if this effect is due to the absence ofoxygen or

the low pressure environment. It is suggested to use different storage

conditions to determine the role of oxygen, water vapor and pressure on the

transient behavior; air and pure 02, both at low pressure and 1 atm. It is
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possible that vacuum conditions are not required to keep the surface from

relaxing to a more hydrophobic state. The cause might be the absence of 02 or

water vapor, and not low pressure.

4. The substrate temperature was not varied except in the downstream reactor. It

is known that increasing the temperature of the polymer during processing will

increase the wettability (Hudis, 1974). Therefore, it is suggested to study the

effects of temperature on the plasma treatments.

5. The emission wavelength used in this study for atomic nitrogen was weak and

contained uncertainty as to its position. It is recommended to find a more

intense emission wavelength and correlate it to the wettability trends.
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Appendix A: Parallel Plate Flow Simulation

The gas flow between the parallel plate electrodes can be modeled by assuming an

incompressible, laminar flowwith axial symmetry. A surface plot of the gas velocity

versus position with streamlines are shown in Figure A. 1 for PPI and Figure A.2 for

PPII set to 2 cm gap spacing. The numerical simulations are performed by Femlab 3.1

by Comsol Inc.

The gas velocity changes with the position in the flow. For PPI at 500 mtorr and

100 sccm the gas velocity versus radius is shown in Figure A.3 for different distances

above the bottom plate. The flow is relative to 15.6 cm/s which is the velocity of the

gas entering PPI at the same conditions. This is the maximum velocity in PPI. The gas

velocity versus radius is shown in Figure A.4 for different distances above the bottom

plate at 500 mtorr and 100 sccm in PPII with gap set to 2.0 cm. The gas velocity

reaches over two times the value as that of PPI and the maximum velocity does not

occur at the gas entrance. Figure A.5 shows the gas velocity versus radius for PPII

with 1.0 cm gap at the same pressure and flow rate. The flow rate reaches almost five

times the value of PPI.

Figure A.6 shows the gas velocity at 4 cm above the bottom plate in PPI versus

radius for different levels of flow rate and pressure. Figure A.7 shows the gas velocity

in PPII at 5 mm above the bottom plate versus radius for different levels of flow rate,

pressure and gap spacing. The two conditions for each gap spacing is representative of

high velocity (100 mtorr, 100 sccm) and low velocity (800 mtorr, 10 sccm).
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Figure A.1 Surface plot of PPI gas velocity (cm/s) at 500 mtorr and 100 sccm versus
position (m). Streamlines are also shown.
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Figure A.2 Surface plot of gas velocity (cm/s) in PPII set to 2.0 cm at 500 mtorr and
100 sccm versus position (m). Streamlines are also shown.
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Figure A.3 Gas velocity of plasma gas at 500 mtorr and 100 sccm in PPI for distances
above the bottom plate.
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Figure A.4 Velocity of plasma gas at 500 mtorr and 100 sccm in PPII set to 2.0 cm
gap for distances above the bottom plate.
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Figure A.5, Velocity of plasma gas versus radius in PPI set to 1.0 cm gap at 500 mtorr
and 100 sccm for distances above the bottom plate.
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Figure A.7 Velocity of plasma gas at 5 mm above the bottom plate in PPII versus
radius for different levels of flow rate, pressure and gap spacing.
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Appendix B: OES Study of NF3/02 and SF6102

OES was used to characterize the plasmas used in previous etching studies in this

lab. Table 2.2 shows the parameter ranges for the OES study of the NF3/02/Ar and

SF6102/Ar polymer etching plasmas. For the SF6 system, the pressure and power are

held at a constant 800 mtorr and 100 W, respectively. The optical fiber probe is held at

the plasma exit. The total flow rate of SF6 is set at 50, 100, 200 and 384 sccm and the

mole fraction of SF6 is varied from 0 to 14%. For the NF3 system: the pressure is set at

500, 800 and 1100 mtorr; the power is set at 50, 100 and 200 W; the total flow rate is

set at 50, 100 and 200 sccm. In addition to placing the probe at the plasma exit (0 cm

downstream), 3.8 and 6.4 cm downstream distances are used. The mole fraction of

NF3 is varied from 0 to 30%.

For all the OES data presented, [S] equals the emission intensity of species S with

background subtracted. The emission wavelengths of 750.1, 844.7 and 703.7nm were

monitored for Ar, 0 and F, respectively. Unless otherwise noted, the optical emission

data corresponds to the optical fiber probe being placed at the exit (downstream) of the

plasma cavity.

These plasmas are used to etch polymers with a mechanism involving atomic

fluorine and oxygen in which they compete for surface sites to react with the polymer.

It was proposed that the gas-phase concentration ratio, F/0, determines the maximum

etch rate. Since by actinometry the emission ratio, [F]/[0], can be assumed

proportional to FlO, the [F]/[O], [F]/[Ar] and [O]/[Ar] are plotted versus concentration

in an attempt to correlate the emission to the etch reaction. It was reported that the
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maximum etch rate occurred near 7% NF3 and 1% SF6 in the NF3/02 and SF6/02

plasmas, respectively.

The effect of power is studied at 800 mtorr pressure and 100 sccm total flow rate.

The emission ratios of [O}/[Ar] and [F}/[Ar] are plotted versus %NF3 in Figure B.1

and Figure B.2, respectively. [F]I[O] is plotted versus %NF3 in Figure B.3.

Significant difference in [F]I[O] occur as the power is changed. The effect ofpressure

is studied at 100 W power and 50 sccm total flow rate. [O]/[Ar] and [F]/[Ar} are

plotted versus %NF3 in Figure B.4 and Figure B.5, respectively. [F}/[O] is plotted

versus %NF3 in Figure B.6.

The effect of flow rate is studied at 100 W power and 800 mtorr pressure. [OJ/[Ar]

and [F}I[Ar] are plotted versus %NF3 in Figure B.7 and Figure B.8, respectively.

[F}/[O} is plotted versus %NF3 in Figure B.9. [O}/[Ar} is plotted versus %NF3 in

Figure B. 10 for two flow rates and two measurement positions. Upstream indicates

that the optical fiber probe was placed before the gas entered the plasma cavity. When

the probe is placed at the downstream position, the emission ratios increase, indicative

of a plug-flow reactor which is how the system was modeled.

The SF6102 plasma is studied next. The effect of flow rate is studied at 100 W

power and 800 mtorr pressure. [O]/[Ar] and [F]/[Ar] are plotted versus %SF6 in Figure

B.1 1 and Figure B.12, respectively. [F]/[O} is plotted versus %SF6 in Figure B.13.
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Figure B.1 [O]/[Ar] versus %NF3 in NF3/02 for different levels of power at 800 mtorr
and 100 sccm.
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Figure B.2 [F]/[Ar] versus %NF3 in NF3/02 for different levels of power at 800 mtorr
and 100 seem.
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Figure B.3 [F]/[O] versus %NF3 in NF3/02 for different levels of power at 800 mtorr
and 100 sccm.
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Figure B.4 [O]/[Ar] versus %NF3 in NF3102 for different levels of pressure at 100 W
and 50 scem.



139

25

20

15

LL

10

5

0 U---- I I I

0.0% 2.0% 4.0% 6.0% 8.0% 10.0% 12.0% 14.0% 16.0% 18.0%

%NF3

Figure B.5 [F]/[Ar] versus %NF3 in NF3/02 for different levels of pressure at 100 W
and 50 sccm.
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Figure B.6 [F]I[O] versus %NF3 in NF3102 for different levels ofpressure at 100 W
and 50 sccm.
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Figure B.7 [O]/[Ar] versus %NF3 in NF3/02 for different levels of flow at 100 W and
800 mtorr.
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Figure B.8 [F]/[Ar} versus %NF3 in NF3102 for different levels of flow at 100 W and
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Figure B.9 [F}I[O] versus %NF3 in NF3/02 for different levels of flow at 100 W and
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and downstream) at 100 W and 800 mtorr.
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Figure B.1 1 [O]/[Ar] versus %SF6 in SF6!02 for different levels of flow at 100 W and
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Figure B.12 [F]/[Ar] versus %SF6 in SF6/02 for different levels of flow at 100 W and
800 mtorr.
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