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(Abstract)

The interphase region at modified polymer surfaces or at polymer\metal interfaces
may be critical in determining the strength and durability in adhesive applications.
Methods to investigate these regions are limited however and this research has
focused on the use of infrared reflection absorption spectroscopy IRRAS) and x-ray
photoelectron spectroscopy (XPS) to investigate the molecular structure of both
modified and unmodified thin films. The optical constants of polyphenylene sulfide
(PPS) were determined and exact optical theory was utilized to simulate spectra for
a variety of reflectance techniques. This method was also utilized to confirm the
ordered state of thin spin coated PPS films.

The surface modification of polystyrene, polyphenylene sulfide, and poly(arylene
ether) phosphine oxides was also examined by these techniques and optical theory
used to optimize experimental conditions. Results after plasma treatment indicated
a very thin modified surface layer ( < 10 nm) where the thickness and specific surface
chemistry depended on the polymer and plasma gas used. The interaction of an epoxy
resin with a surface modified PPS film showed that while most of the modified surface
layer is removed after this treatment, a remaining amount can serve to cross-link a
thin adsorbed epoxy film. Results for the oxygen plasma treatment of poly(arylene
ether) phosphine oxides showed the formation of a surface phosphate layer that

inhibited further plasma etching. The kinetics of formation and the particular



chemistry involved were examined in detail.

A new technique, variable temperature reflection absorption spectroscopy (VIRAS)
was developed as a method to investigate the reorganization of thin PPS films on a
variety of substrates. Both the erystallization and melting temperatures could be
determined for quenched coatings on a variety of substrates. While degradation under
vacuum was not observed on chromium and aluminum surfaces, PPS films on copper
surfaces showed a loss in crystallizability, and did not return to the original ordered
state after exposure to temperatures near 300°C. Loss of cuprous oxide was also
observed, and chain scission mechanisms were postulated. Additional measurements
on thin sputtered cuprous oxide films showed less degradation for the same
temperature treatments, emphasizing the role of the underlying metal in the
degradation process. Spin coated films of polyetherimide were shown to be oriented
after spin coating, and the relaxation to a more random state could also be observed
by the VTRAS technique.

Degradation of PPS films in air was examined and the diffusion of copper species
into the bulk of the film with the formation of copper carboxylates was observed. The
use of the VTRAS technique in air also was useful in determining the temperature
needed for the onset of degradation. Bonded PPS/ copper laminates were investigated
and results showed that the particular surface chemistry was crucial in determining
the peel strength observed. After a simple thermal oxidation pretreatment for copper
foil, an increase in the peel strength of almost one order of magnitude was observed
over non-oxidized foils. Chemical oxidation with alkaline persulfate solutions resulted
in a needle-like surface oxide morphology, and bond strengths were also increased by
this pretreatment method. Failure surface analysis and model interaction studies with
PPS tetramer showed that the formation of excess cuprous sulfide at the interface was
the most probable cause of poor adhesion in these systems. Foil pretreatment by
thermal oxidation gave the highest peel strength, and also exhibited the lowest

amount of interfacial cuprous sulfide.



Hold on to the rope

for the eagle leads the way
and my canoe goes faster .-
I weep with joy over the sea.

Julie Watson
Kiriwina, Papua New Guinea
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polysulfone.

Figure 2.68 XPS analysis of the P2p photopeak for BP-PEPO as a function of oxygen

plasma treatment time shown for (a) 0 (b) 0.08 (c) 0.17 (d) 0.33, (e) 1 (f) 5 and (g) 10
minutes. All spectra have been normalized to the Cls line intensity.

Figure 2.69 XPS analysis of the O1s line shape for BP-PEPO as a function of oxygen
plasma exposure time shown for (a) 0, (b) 10 minutes and (c) a polyphosphoric
standard. All spectra have been normalized to identical intensities for comparison.

Figure 2.70 XPS analysis of the relative changes in peak area for the curve fit spectra
in the P2p photopeak for BP-PEPO as a function of oxygen plasma exposure time.

Figure 2.71 XPS analysis of the Cls lineshape for both polysulfone and BP-PEPO as
a function of oxygen plasma exposure time. For BP-PEPO (upper figure), times of (a)
0.08 (b) 0.17 (¢) 0.33 (d) 1 (e) 5 and (f) 10 minutes are shown, while for polysulfone
(lower figure) times are shown for (a) 0.17 (b) 1 (¢) 5 and (d) 7.5 minutes.

Figure 2.72 XPS analysis of (M), the C-O / C-H ratio from the curve fit Cls photopeak
of BP-PEPO as a function of oxygen plasma exposure time and (a), the C, / C-H ratio
for the same analysis. C, represents the remainder of oxidized carbon species that
could not be accounted for by C-O functionality in the curve fit Cls spectra.

Figure 2.73 Theoretically expected elemental ratios for a polyphosphate structure as
a function of i, the degree of polymerization, and X, the average number of carbon
atoms per pendant group.



Figure 2.74 TRRAS analysis of 70-90 nm spin coated films of polysulfone and Bis-A-
PEPO on ferrotype substrates.

Figure 2.75 IRRAS difference spectrum of a five second and five minute oxygen
plasma treated polysulfone film. The reference was multiplied by a factor to account
for the amount of polymer removed.

Figure 2.76 TRRAS difference spectrum of a 15 second and five minute oxygen plasma
treated BP-PEPO film. The reference was multiplied by a factor to account for the
amount of polymer removed.
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Figure 3.1 Plot of peak intensity versus temperature for the 782 em™ C-H rocking
absorbance band of n-C,;H,, (32).

Figure 3.2 Plot of absorbance versus temperature for the polyimide 1780 ecm™ band.
The plot shows both experimental points and theoretical results based on equation [2]
(33).

Figure 3.3 Typical heating and cooling temperature profile for variable temperature
transmission experiments.

Figure 3.4 Schematic diagram of the experimental design used in all variable
temperature reflection absorption measurements.
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Figure 3.5 Schematic diagram of the sample holder for variable temperature RAS
measurements.

Figure 3.6 Typical heating temperature profile for variable temperature RAS
measurements.

Figure 3.7 Plot of the dependence of the peak intensity (-log (R/R)) on (a) the
substrate k value (k,), and (b) the substrate n value (n,). The hypothetical absorbance
band used were given values of 1.5 and 0.4 for n; and k; respectively, and a substrate
n value of 3.0 was used for plot (a) and a k value of 40 for plot (b). The frequency was
taken as 1740 em™.

Figure 3.8 Plot of the dependence of the peak intensity (-log (R/R)) on the film
refractive index. Substrate n and k values were taken as 3.0 and 40 and the other
parameters are given in Fig. 2.7.

Figure 3.9 Plot of the RAS absorbance band peak frequency as a function of (a) the
percent decrease in the initial k value for two peak widths, and (b) the percent
increase in peak width for two intial k values.

Figure 3.10 Differential scanning calorimetry trace for Ryton™ polyphenylene sulfide
taken at a ramp rate of 2.5°C / minute. Plots are shown for both (a) the first run of
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Figure 3.13 Relative peak intensity changes for the transmission analysis of an
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Figure 3.14 Relative peak area changes for the transmission analysis of an
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Figure 3.15 Absolute peak intensity changes for the variable temperature RAS
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Figure 3.16 Absolute peak frequency shifts for the variable temperature RAS analysis
of a 60-70 nm PPS film on a chromium substrate showing plots for bands at (a) 814 -
820 cm™, (b) 1474 em™, (c) 1011 em™, and (d) 1574 cm™.

Figure 3.17 Plot of the absolute peak frequency shifts for both variable temperature
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Figure 3.18 Plot of the absolute peak frequency shifts for both variable temperature
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transmission and RAS analysis. All band intensities have normalized to the peak
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1474 cm’, (c¢) 1011 em™, and (d) 1574 em™.

Figure 3.20 VTRAS analysis of the absolute peak intensity and position for the 814 -
820 em™ C-H out-of-plane band for both first and second scans for a 60-70 nm PPS

film on a chromium substrate.
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the 814 - 820 cm™ absorbance band of PPS on a chromium substrate.
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(b) 1474 em™, (¢) 1011 em’, and (d) 1574 cm™.

Figure 3.26 VTRAS analysis of the absolute peak intensity and position for the 814 -
820 cm™ C-H out-of-plane band for both the first and second scans of a 60-70 nm PPS

film on oxidized aluminum.

Figure 3.27 RAS spectrum of a 60-70 nm PPS film on a pre-oxidized vapor deposited
copper substrate.



Figure 3.28 XPS analysis of a preoxidized vapor deposited copper substrate.

Figure 3.29 VTRAS analysis of the absolute (a) peak intensity and (b) peak position
of the 814 - 820 cm™ absorbance band for both first and second scans in the analysis
of a 60-70 nm PPS film on copper.

Figure 3.30 VTRAS analysis of the absolute peak area of the 650 cm™ absorbance
band for both the first and second scans in the analysis of a 60 - 70 nm film on copper.

Figure 3.31 VTRAS analysis of the relative peak area changes for the 814 - 820 em™
absorbance band of a 60-70 nm PPS film on a copper substrate showing plots of both
the first and second runs for films quenched from 320 - 340°C, and for a sample
quenched after heating to 350 - 370°C.

Figure 3.32 RAS difference spectrum for the analysis of 60 - 70 nm PPS films on
copper. Shown are spectra for (a) the difference between the spectrum after the first
scan and the intial spectrum, and (b) the difference between the spectrum after the
second scan and the spectrum after the first scan.

Figure 3.33 VTRAS analysis of the absolute (a) peak intensity and (b) peak position
of the 814 - 820 em™ absorbance band for both first and second scans in the analysis
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Figure 3.37 XPS analysis of the (a) Cu2p 3/2 photopeak and the (b) Cu (LVV)
photopeak for the analysis of methanol cleaned copper foil as a function of
temperature under argon. Shown are 30 minute heat treatments at (A) room
temperature, (B) 120°C, (C) 220°C, and (D) 320°C.

Figure 3.38 RAS spectrum of a thin spin coated film of polyetherimide on a ’brite dip’
(See chapter 2, section 2.2.1.2) acid cleaned copper foil substrate.

xxi



Figure 3.39 RAS difference spectrum comparing a polyetherimide thin film taken
after the first temperature scan and the original spectrum after drying.

Figure 3.40 VTRAS analysis of the absolute peak intensity of the 1738 em™ carbonyl
absorbance band for both the first and second scans in the analysis of a thin
polyetherimide film on copper foil.

Figure 3.41 VTRAS analysis of the absolute peak intensity for the 1363 em™ C-N
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polyetherimide film on copper foil.

Table 3.1 Infrared absorbance band assignments for Ultem™ polyetherimide.
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Figure 4.1 XPS analysis of the Cu 2p photopeak for copper metal and cupric and
cuprous copper oxides (13).Figure 3.8 Plot of the dependence of the peak intensity (-
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Figure 4.4 Proposed mechanism for the copper catalyzed degradation of polyethylene
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Figure 4.10 XPS analysis of the (a) C 1s and O 1s photopeak, and (b) Zn 2p and S 2p
photopeak intensities at different aging times on zinc foil at 210°C in air.



Figure 4.11 Ex-situ IRRAS analysis of PPS aging (1% spin coated) on a copper foil
substrate after 15 minutes at 210°C.

Figure 4.12 In-situ VTRAS analysis of a 2% (wt/wt) spin coated PPS film on copper
foil in air. Spectra are shown at (a) room temperature, (b) 204°C, and (c) 221°C for a
5°C / min temperature ramp rate.

Figure 4.13 In-situ VTRAS analysis of a 2% (wt/wt) spin coated PPS film on copper
foil in air in the 1300 - 1700 em™ spectral region. Spectra are shown at (a) room
temperature, (b) 204°C, and (c) 221°C for a 5°C / min temperature ramp rate.

Figure 4.14 VTRAS analysis of the integrated peak areas versus temperature for the
(a) 620 - 650 cm™, and (b) 1012 cm™ absorbance bands. Plot (b) was multiplied by a
factor of 17.0 for scaling purposes.

Figure 4.15 VTRAS analysis of a 1% (wt/wt) spin coated PPS film on a ferrotype
substrate with spectra shown for (a) room temperature, (b) 194°C, and (c) 218°C. Also
shown is the analysis for a 2% (wt/wt) spin coated PPS film on a sputtered cuprous
oxide film for (a) room temperature, (b) 201°C, and (c) 223°C. A ramp rate of 5°C / min
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Figure 4.16 VTRAS analysis of a 2% (wt/wt) spin coated PPS film on an aluminum
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(d) 282°.
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washed, (b) nitric acid treated, and (c) ’brite dip’ treated copper foil.

Figure 4.18 XPS analysis of the Cu 2p and Cu(LVV) spectral lines for (a) brite dip’
treated, and (b) thermally oxidized copper foil.
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Figure 4.20 SEM analysis of copper foil surfaces for (a) brite dip’treated, and (b)
thermally oxidized samples.

Figure 4.21 SEM analysis of a chemically oxidized copper foil sample.
Figure 4.22 XPS analysis of the Cu 2p and Cu(LLVV) lines for failure surfaces of PPS

bonded to methanol degreased copper foil showing (a) the foil surface before bonding,
(b) the foil failure surface, and (¢) the adhesive failure surface.
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Chapter 1: Introduction

Due in part to the explosive growth in the electronics industry in the last two
decades, there has followed an increase in research efforts focusing on the analysis of '
thin polymeric films. These have been shown to offer a number of advantages over
inorganic coatings when incorporated into electronic devices. Further interest in thin
films also comes from applications in the coatings industry, new applications for non-
linear optics systems, and thin films can also serve as model systems to evaluate
interactions across interfaces in adhesion applications.

While films and coatings play a major role in many industries, literature data on
the characterization of extremely thin polymer films is lacking. The unique nature
of polymers having both temperature and time dependent properties is well known for
bulk polymer materials, and many characterization techniques are available including
differential scanning calorimetry, and measurements that involve the external
application of mechanical or electrical oscillations. Few techniques are available,
however, to characterize the dynamic nature of thin films on surfaces. Polymer
orientation and relaxation phenomena for thin films might be expected to be quite
different than the bulk due to surface effects, and thus play a critical role in
determining the overall film properties. These considerations, then, lead to a number
of questions that must be addressed both theoretically and experimentally in the
characterization of thin films: (I) What are the factors important in polymer
organization of solid surfaces and can orientation be induced by the method of
preparation? (2) What role does the surface play in altering polymer molecular
motions at the surface as a function of temperature for both ecrystalline and
amorphous polymers? (3) What are the degradation processes that occur in various
environments and how does this affect the overall film properties?

In another application, polymer films are often modified by chemical or physical
means to alter only the surface region, leaving the bulk of the polymer unaltered.
This type of treatment has been shown to improve the adhesion to other materials in

many cases. The chemistry of this layer may be quite different than the bulk, but



while such a treatment can dramatically alter surface properties such as wettability,
characterization of the surface layer has been limited. Several important questions can
again be asked: (1) What are the functional groups present in the surface modified
layer, and what is the molecular mechanism behind the increased adhesive
performance often seen? (2) What is the depth of the modified layer, and can the
depth be changed by altering the experimental conditions? (3) How does the modified
layer change with time and environment?

Unfortunately, many of these fundamental questions have not be answered due
to the problem that both thin polymer films or modified surfaces layers represent only
a fraction of the material needed for analysis by conventional techniques.

This dissertation focuses on the use of relatively new methods to analyze both the
orientation in thin films and their dynamic behavior as a function of temperature on
solid surfaces. The use of optical theory has only recently been applied to polymer thin
film systems and Chapter 2 extensively uses these methods to characterize orientation
in thin polyphenylene sulfide films. Surface modification by plasma treatment is also
analyzed in Chapter 2 from both a theoretical and experimental perspective and the
infrared analysis reflection absorption spectroscopy represents some of the first data
available for plasma modification of thin films. In addition, the mechanism of the
interaction of a model adhesive with a plasma modified layer can also be determined
by this technique. Chapter 3 introduces a new technique, variable temperature
reflection absorption spectroscopy (VTRAS), in the analysis of thin film re-organization
on surfaces. This technique allows characterization of thermal transitions by
analyzing small frequency and intensity changes for various absorption bands. Also,
distinctions can be made in the specific interactions for a variety of substrates.
Chapter 4 includes a study of the degradation processes occurring in polyphenylene
sulfide / copper interphases to deduce the mechanisms involved. In-situ variable
temperature infrared refection absorption spectroscopy was utilized in this analysis.
Bonding studies of PPS and copper were also performed to determine the mechanisms
responsible for the poor adhesion usually seen for this system. Recommendations for

methods to improve adhesion are also put forth.



Chapter 2: Thin Film Characterization

2.1 LITERATURE REVIEW
2.1.1 Introduction

Infrared spectroscopy has been utilized for many decades to help understand the
bonding structure of molecules. In the analysis of polymers alone, IR spectroscopy has
been used to investigate polymer properties including conformation, crystallinity, and
crosslinking among others (1). The infrared absorption process is quantized with light
absorption giving rise to excitation of molecules to higher energy states. Absorption
at only certain frequencies can occur and the change in energy is related to frequency
of light by the well known equation: E=hv. Light absorption in the infrared spectral
region (2.5 - 15 micrometers) is associated with molecular vibrations, and for
absorption to occur, there must be an electrical dipole oscillating at the same
frequency as the incoming radiation. The alignment of the dipole derivative, or
transistion moment will determine the degree of energy transfer between the
oscillating dipole and the standing electric field from the incident infrared light.

The most widely used infrared method is transmission spectroscopy where the

intensity of the transmitted light (I) is related to the incident light by the equation:

R i
where v is the frequency in wavenumbers (cm™), d is the thickness in centimeters and
k is an extinction coefficient which measures the extent of absorption. To better
understand this term, the attenuation of the wave amplitude for one vacuum
wavelength is defined as e®™ (2). Often, the terms 4nvk are combined to give an
absorption coefficient B with units of reciprocal centimeters (cm™). This equation can
also be rearranged to yield the more commonly found form of the Beer-Lambert

equation as:
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where p represents another version of the extinction coefficient, c is the concentration,
and | the cell path length.

For absorption to occur, there must be coupling between a particular absorbing
group and the standing electric field. Having an absorbing group first implies that
there is a non-zero transition dipole moment. Parallel alignment of this transition
moment with the infrared electric field vector results in maximum coupling, and
therefore maximum absorbance, while perpendicular alignment of the two gives no
energy absorption. The absorbance seen experimentally then depends, for a given
mass, on the alignment of the transition moment and the direction of the electric field
vector. For transmission through a film, the electric field vector is parallel to the
surface of the film, and can only interact with absorbing groups having a component
of the dipole transition moment parallel to the surface. Experimentally, when coupled
with polarized infrared light, this means that one examines transition moments in the
x and y directions (in the plane of the substrate), and this forms the basis for
measurements of dichroic ratios, used for many years to analyze orientation in
polymer films (1). In order to obtain information in the z direction (perpendicular to
the substrate plane), the sample must be tilted. Fina and Koenig have discussed both
the practical and theoretical aspects of such an analysis to fully characterize three
dimensional orientation in polymer films (3).

The interpretation of transmission spectra is relatively straightforward,
correlating experimentally determined band frequencies to the molecular "groups" they
represent (4). Quantification is also simple, following the Beer-Lambert law in the
linear range of the detector used. In addition to standard transmission
measurements, there are a number of commonly used ’surface’ infrared techniques
including reflection absorption spectroscopy (RAS), attenuated total reflectance
spectroscopy (ATR), diffuse reflectance spectroscopy (DRIFT), as well as the more
recent developments of surface electromagnetic wave spectroscopy (SEWS), and metal
overlayer ATR (5). For these reflectance techniques, the interpretation of band shapes

and intensities can be more difficult and require an understanding of reflection optics.



Focusing on external reflection, the early work of Francis and Ellison (6) and Greenler
(7) provided the first quantitative analysis of external reflectance for the infrared
analysis of thin films on metals and Greenler coined the phrase "reflection absorption
spectroscopy" to describe this technique. While several authors have discussed both
the theory and application of this technique (5,8-10), the fundamental principles will
be reviewed here.

For the reflection of light from a surface, the incident beam can be resolved
into its two components, one parallel to the plane of incidence (p polarization) and one
perpendicular to the plane of incidence (s polarization). For the reflection from a
metal, s polarization undergoes almost a 180° phase shift at all angles of incidence,
and this results in a standing electromagnetic field with a node at the surface. With
negligible electric field intensity at the surface, absorption will be extremely small
using this state of polarization. For p-polarization, however, the reflected beam
undergoes a shift of 0° to 180° depending on the angle of incidence. At grazing angles,
the incident and reflected light can combine constructively (~ 90° phase shift) to give
a standing elliptical electric field with a non-zero field intensity at the surface of the
metal. Figure 2.1 shows a schematic representation of this process for transmission,
and for both states of polarization in reflection. Increased sensitivity over an
equivalent transmission experiment is therefore possible, and a second feature is that
the field is anisotropic, with the major component of the electric field vector normal
to the surface.

Greenler also showed that an absorbance band intensity for a particular
polarization of the incident light can have a complicated dependence on the optical
properties of the film and substrate under study (7). While general predictions from
theory can aid in the experimental design for simple polymer/metal systems, the use
of exact optical theory is necessary to help predict the nature of experimental
reflection spectra, which often can appear quite different than those obtained in
transmission spectroscopy. Also, theory can aid in the comparison of spectra obtained

utilizing different reflection techniques (5).



Transmission Grazing Incidence Reflection

Figure 2.1 Two methods for obtaining ir spectra of thin films: arrows indicate
direction of the E field component. Both p polarization (lower figure), and s
polarization (upper figure) are shown for reflection. (9)



2.1.2 Fundamentals of Optical Theory

Figure 2.2 shows a schematic representation of the interaction of an infinite
propagating electromagnetic wave with a series of stratified isotropic layers. The
diagram represents a typical problem often found in adhesive applications for a
polymer coating on an oxide covered metal. In the simplest case, each layer is

assumed to be isotropic and described by a complex refractive index:

where n, is the refractive index, and k; is the attenuation coefficient. The refractive

index, A, can be cast in terms of the complex dielectric constant,8, as

g =(A)2=2¢ - i/ [4]
where

(5]

£I=I12-k2

and

(6]

e/ = 2nk

Using equations [5] and [6] and rearranging yields the following equations for n and

’

kintermsofe”and ¢”":

(7]
n-= \ %{\/8’2 + g + ¢}

[8]
k = \ %{Je” + g/ - ¢l

In Fig. 2, E;'/" represents the electric vector sum of all multi-reflected waves
traveling in the direction shown. The quantity E,/E,* represents the amplitude ratio

of the reflected vector to the incident vector, and is termed the reflectivity (¢), while

7



Air

Polymer

Metal E; n,- ik

Figure 2.2 Formulation of the problem of the interaction of light with a series of
stratified isotropic layers (11).



E'/E* répresents the same ratio for the transmitted vector and is termed the
transmissivity (t). Both # and t are complex quantities that can be defined for either
state of incident light polarization and contain both amplitude and phase information.
Since experimental infrared measurements are concerned with the measurement of
absolute power loss, the terms f and £ must be multiplied by the corresponding
complex conjugate terms #" and ¢t to yield either reflectance (R) or transmittance (T).

The method for evaluation of the reflectance and transmittance for the system
described in Fig. 1. involves solving Maxwell’s equations for the electric and magnetic
vectors in each layer and applying the appropriate boundary conditions across each
interface (2,12). A more thorough summary of Heaven’s treatment is given in
Appendix 2.1 (2). The outcome of these treatments leads to the well known Fresnel
relationships describing the reflectivity and transmissivity at a given interface for p

and s polarization:

ny,cos¢, - n,cosd, 2
2, =
nycos¢, + n,cosd,
P = n,cos¢, - n,cosd, [10]
°  n,cosd, + n,cosd,
£ = 2n,cosg, 111
P nycosd, + n,cosd,
[12]

2n,cosé,
n,cos¢, + n,cos¢,

The reflectance and transmittance are therefore defined as:



[13]
R=2°x £
and
n [14]
L€ x €]

T=_.
1,

In general, for Eqns. [9]-[12] n; will be replaced by f,, and ¢; can be found by Snells

law:

[15]

A 2
cosp, =, 1 - (nTo sing}
1

where ¢ is a complex quantity and no longer represents the simple angle of refraction.

The above treatment gives the reflectance and transmittance across a single
interface. For the case of a film covered substrate, one must account for reflectance
and transmittance at each interface, multiple reflections through the film, and phase
shift corrections due to the film thickness. Accounting for these factors yields the

following equations for the single film model (2):

[16]
_ rlt-:‘”1 + rze""51
= e 4 r r o it
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[17]
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18,
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where r and t are the appropriate reflectivity and transmissivity coefficients. The
term 3, represents the phase change upon traversing the film thickness once and is
given by (2nd/Mf;cos¢ where d is the film thickness and A is the wavelength. For the

two film system shown in Fig. 2, the following more complex equations result:
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Analysis of the reflectance and transmittance in this form is cumbersome, and
Heavens (2) and Born and Wolf (12) have shown convenient matrix formulations to
calculate reflectance and transmittance for any number of layers. A description of

Heaven’s approach is given in Appendix 2.1.

2.1.2.1 Optical Constants of Polymers

To fully utilize exact optical theory to analyze the infrared spectra of polymers,
the complex refractive index, A, must be known in the spectral region of interest. The
optical constants of many inorganic materials including metals and semiconductors
have been compiled (13), and methods of optical constant determination evaluated
(14). Little data is available however for the optical properties of organic solids in the
infrared. Methods have been developed, however, to determine fi in the infrared
region for organic liquids using transmission techniques (15-18), and techniques based
on attenuated total reflectance (19-22).

Only recently has data been compiled for the optical constants of polymers in
the infrared. Ribbegard and Jones extended a method previously proposed for the
analysis of liquid films to examine the optical properties of thin free-standing
commercial polymer films (23). The technique involved calculation of n and k by
analyzing transmission measurements using an iterative process. The method
involved estimation of k from the transmission spectrum, determination of n through
a Kramers-Kronig transformation, calculation of a theoretical transmission spectrum
using exact optical theory, and refinement of k values until convergence occurred with

the original transmission spectrum. A detailed analysis of this procedure has been
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given (15-18,23). A similar iterative process has been used by Allara et al. to
determine optical parameters for polymethylmethacrylate (PMMA) in the carbonyl
region (24). Ishida also used this process to determine the optical constants of PMMA,
polyvinylchloride (PVC) and polystyrene (PS) (25). Graf et al. also have recently
developed the technique of infrared ellipsometry to measure directly the optical
constants of polymer films on substrates (26) and have extended its use to the analysis
of bulk samples by analyzing reflection near the Brewster angle (27). In a different
approach, Pacansky et al., used classical dispersion analysis to analyze the absorption
bands in polymer infrared spectra as a collection of damped oscillations with specified
peak positions, widths, and strengths (28,29). Knowing these specific parameters for
all absorbances, the complex dielectric constant could be calculated from the following

equations:

2 _ v 2 [20]

v
= Z‘“ v .2 J
€r T ot 2y 4TP5Yy (v2 - v2)% + y 2v2

y v [21]
= 2 J
€ 23:1 4“p.1v.1 (ij - v2)2 + szvz

where ¢, and ¢; are the real and imaginary parts of ¢, v; is the oscillator position, p;
is a measure of the oscillator strength, and y; is the full width at half height. The

term p; can be related to peak absorbance by:

[22]
Af ., To
72-! In( —T") dv

Py = 4niv 2

where (T /T) represents the reciprocal of the transmittance spectrum over the peak

from v, to v, fi is the mean refractive index, and h is the film thickness.
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In yet another approach, Mielczarski et al. used a classical oscillator fitting
routine combined with analysis at different angles of incidence and states of
polarization to obtain n and k (80). This method, also an iterative process, required

initial trial values of the polarizability parameters.

2.1.2.2 Refractive Index Effects

While infrared transmission spectroscopy is affected to only a small extent by
the refractive index of the material under study, absorbance bands in reflection
spectroscopy can be distorted by refractive index effects. With normal dispersion, the
refractive index will decrease with decreasing frequency (381). In the vicinity of an
absorption band, however, the refractive index goes through an anomalous dispersion
and an example of this is shown in Figure 2.3 for the n and k values of cuprous oxide
(Cu,0) for the absorption band at approximately 610 cm™. Greenler et al. showed in
an early theoretical treatment, that while refractive index effects only slightly distort
the transmission spectrum for the copper oxide absorbance band, the grazing angle
(87°) external reflection spectrum showed that the peak maximum was blue shifted
32 em™ (32). Calculations also predicted peak splitting for thicker films with one peak
maximum due to the maximum in the k spectrum and the other due to the minimum
found in the n spectrum. Experimental efforts to verify this band splitting, however,
were not successful. Boerio and Armogan did later experimentally verify band
splitting for thermally grown copper oxide layers (33). More recent work by Machefert
et al. has theoretically investigated the reflectance spectra of Cu,0 on copper and Cr,0,
on chromium as a function of thickness (34). Simulating reflectance spectra for Cu,0
as a function of thickness, multiple peak splitting was observed due to optical effects
for thicknesses ranging from 1-3u. Experimental verification of the predicted effects
was performed for copper oxide films formed at 300°C.

While Greenler et al. predicted that shifts and spectral distortions for
absorbance bands with small k values (<0.1) would be minimal (32), Allara et
al. showed that the carbonyl peak maximum for a reflection spectrum of

polymethylmethacrylate exhibited a 10 em™ blue shift when compared to transmission
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Wavenumbers (cm-1)

Figure 2.3 Optical constants for Cu,0. Both n and k spectra were calculated using
Egns. [21]-[27] and values of p;, y;, and v; from Ref. 34. Experimental data points
were taken from Ref. (42).
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(24). Nguyen et al. also investigated spectral distortions for reflectance spectra of
epoxy coatings on steel and found that distortions were larger at grazing angles and
increased thickness (35). While these studies have involved the analysis of absorbing
films on metal substrates, relatively little work has been performed to characterize
more infrared transparent materials where both states of incident light polarization
can be analyzed.

Wong and Yen, in the analysis of the reflectance spectra of Si0, films on silicon,
showed that while measurements taken with perpendicular polarized light generally
reflected the profile of k values for SiO,, the use of parallel polarized light yielded
severe peak shifts and distortions that were strongly dependent on the angle of
incidence (36). Calculations showed that these effects were associated with the
dispersion in refractive index values. Another interesting point was that unlike
spectra for films on metal substrates, spectra taken for films on silicon showed band
inversion, or increased reflectance through an absorbance band when compared to a
substrate without a film. This is a result of the low k value of the substrate, and

band inversion has also been shown by other authors (24,37).

2.1.3 Applications of Reflection Absorption Spectroscopy

With the advent of inexpensive FT-IR infrared spectrophotometers and
inexpensive attachments, a tremendous amount of research has been done in the past
decade to analyze thin coatings on metals. More recently, the interest has expanded
to include substrates that are relatively infrared transparent. A number of workers
have recently reviewed both the theoretical and experimental aspects of reflection
absorption spectroscopy (5,9,10). The technique has been applied to a variety of
experimental problems including thin film characterization, polymer/metal interfacial
characterization, orientation of molecules at surfaces, and adsorption of small

molecules.

2.1.3.1 Characterization of Polymer Surface Modification

Often in adhesion applications it is desirable to modify the surface of a polymer
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or other material to induce specific chemical or physical changes which enhance the
bond strength or durability. In the case of polymers, it is often necessary to modify
the surface without altering the bulk properties of the polymer. One method
commonly used to modify polymer surfaces is by using wet chemical techniques. Here,
modification is controlled by the specific chemistry involved, and depth of modification
can be controlled by a variety of experimental factors including time and temperature.
Whitesides et al. have analyzed the oxidation of polyethylene by chromic acid using
the techniques of contact angle titration and attenuated total reflectance (38).
McCarthy has used both contact angles, XPS, and ATR to analyze the surface
functionalization of fluorinated polymers prepared by a variety of synthetic routes
(39,40). The use of reflection absorption spectroscopy has been limited, but in a recent
work, Lee et al. used reflection absorption spectroscopy to study the modification of
polyimide surfaces by potassium and sodium hydroxide. Treatment resulted in a
polyamate surface layer that could be treated with acid to yield polyamic acid. By
using a calibration curve for peak absorbance versus thickness for the 1740 cm™band,
the thickness of the modified layer could be estimated (41).

A second commonly used method to increase adhesive strength is the surface
modification by low pressure gas plasma treatment. The advantage of such a
treatment is that the modification is usually restricted to the uppermost layers of the
substrate, thus not affecting the overall desirable bulk properties of the substrate
adherend. The energetic environment of the plasma creates surface free radicals that
can lead to the possible cleaning, ablation, cross-linking or chemical modification of
the substrate surface (43).

To analyze the chemical modification of polymer substrates, many studies have
used x-ray photoelectron spectroscopy (XPS), while comparatively few other
spectroscopic techniques have been utilized. These have included the use of secondary
ion mass spectrometry (SIMS) and neutron activation analysis (NAA) to study
nitrogen and ammonia plasma treatment of polystyrene and polycarbonate (44). The
use of infrared techniques has also proven useful in a limited number of studies.

Attenuated total reflectance has been used to study the ammonia plasma treatment
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of polytetrafluoroethylene (45) while reflection absorption spectroscopy has been used

to investigate the surface modification by various plasma gases on thin polymer films

(46,47).

2.1.3.1.1 Atomic Oxygen Degradation

It is well known that exposure of polymeric materials to the atomospheric
conditions found in low earth orbit (LEO) often results in unacceptable surface erosion
due to interaction with atomic oxygen. Due to the importance of polymer coatings on
the exterior of space structures (e.g. thermal blankets), there has been extensive
research to find polymeric materials that are resistant to atomic oxygen and remain
intact over the lifetime of the particular application. Studies have been performed
where the erosion rates have been measured for polymers exposed to LEO
environment (48). Often, however, exposure to a microwave or radio frequency
generated plasmas is used to monitor ablation rates of polymers (49,50). While
plasmas have a wide range of excited oxygen species and the flux and energy are
much different than that encountered in LEO, the method provides a good qualitative
evaluation of polymer stability in an aggressive oxygen environment.

Many studies have focused on the use of inorganic coatings that provide
protection to the underlying polymer (49,51). Concern exists, however, that pinholes
or cracks in such coatings would lead to localized erosion in the substrate polymer.
Clearly, one component polymer films which show atomic oxygen resistance as well
as superior mechanical properties would be desirable. To date, only silicone based
polymers seem to offer significant improvements in the resistance to atomic oxygen
degradation. This has been attributed to the formation of a non-volatile surface
silicate layer which protects the underlying polymer from further erosion (52). It has
been shown for polyimide-polydimethylsiloxane copolymer systems that the siloxane
segments segregate to the surface and are then transformed to a silicate like structure
upon exposure to atomic oxygen (53,54).

Little work has been performed to investigate the oxygen plasma treatment of

phosphorus containing polymers. A recent investigation of polyphosphazenes by x-ray
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photoelectron spectroscopy (XPS), however, did show a reduced etch rate when
exposed to atomic oxygen and oxygen plasmas (55). Results showed an enrichment
of both oxidized nitrogen and phosphorus surface species.

While several studies have deduced the mechanism of atomic oxygen resistance
for siloxane containing materials by XPS (53,54,56), little complementary infrared
data can be found due primarily to the limited amount of material in the thin surface
layer (52). Clearly, new infrared techniques are needed analyze the chemical changes

associated with exposure to LEO.

2.1.3.2 Interphase Characterization

Reflection absorption spectroscopy has been used extensively to help
understand the interaction of polymers with metal substrates. This is of great
importance in adhesively bonded systems where interfacial characteristics may be
critical in determining bond performance or bond durability.

Carter et al. investigated the interaction of a dicyandiamide cured epoxy with
zinc oxide and zinc metal (57). On curing, the reduction of the dicyandiamide by
metallic zine was implicated with no reaction occurring when the polymer was coated
with zinc oxide. Ishida analyzed the interaction of epoxy resin on acid cleaned copper
surfaces at a temperature of 150°C and found that a cured epoxy film of
approximately 20 nm remained on the surface after treatment (58). It was postulated
that such surface film formation could explain the increased shear strength of
epoxy/steel plate bonds where the steel had previously been heat treated in
uncatalyzed epoxy resin (69). In an analysis of modified polyethylenes, Ishida et al.
showed that for poly(ethylene- co-butylacrylate) films, a shifting of the carbonyl
absorbance maximum from 1735 em™ to 1727 cm™ was interpreted as an indication
of hydrogen bonding between the modifier and the aluminum surface (60). Boerio and
Ondrus, in analyzing the interphase of cured epoxy films on copper and aluminum,
determined that the anhydride curing agent reacted with copper substrates to etch the
surface oxide and form a carboxylate salt (61). Carboxylates were also detected on

aluminum surfaces, but no oxide etching occurred.
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While infrared reflection absorption has been used primarily to study systems
involving films or absorbed species on flat reflective substrates, recent efforts have
extended the analysis to samples of different geometries. Xue et al. obtained the
external reflectance spectra of iron and copper wires using diffuse reflectance optics
(62). They showed that the failure surface of steel cord in reinforced rubber could be
analyzed by this technique. Claybourn et al. using spectra reflectance with an
infrared microscope, analyzed several opaque polymer pellets using a near normal
incidence angle (63). Approximations of the n and k spectra were obtained from the
reflectance spectrum using a commercially available Kramers-Kroenig transform
based on an algorithm described by Harbecke (64). Analysis of hard opaque samples
can also be analyzed by reflection at the Brewsters’s angle to yield a spectrum more

indicative of the true k spectrum and free from refractive index effects (37,27).

2.1.3.3 Molecular Orientation

Due to the technological importance of thin films in the design of optical and
electronic devices, there is a tremendous interest in understanding the chemical and
physical aspects of thin ordered films (4). Due to the anisotropic nature of the electric
field vector upon reflection from a surface, RAS as well as other reflection techniques
(ATR, IR ellipsometry) have become important complementary techniques to more
classical techniques of x-ray or electron diffraction in the determination of molecular
order in thin films.

Given the highly ordered nature of Langmuir-Blodgett (LB) films and
spontaneously ordered monolayers, a number of studies have investigated the
orientation of such films against a variety of solid surfaces. Allara and Swalen used
RAS to help analyze LB films of cadmium arachidate on silver (65). By using
reflection spectroscopy, which is sensitive to dipole transition moments perpendicular
to the surface, and comparing these spectra with simulated spectra based on bulk data
using optical theory, it was concluded that the cadmium arachidate layers were
adsorbed at the surface via the carboxylate group, with aliphatic tails extending

almost perpendicular to the surface. This type of analysis was extended to deduce the
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orientation of spontaneously formed n-alkanoic acid monolayers on aluminum (66).
Rabolt et al. also studied cadmium arachidate LB films and determined the
orientation present by a combination of reflection absorption spectroscopy on silver
and transmission measurements of films deposited on silver bromide (67). In
transmission, the resulting electric field vector is parallel to the surface while RAS at
grazing angles generates an electric field vector perpendicular to the surface. By
combining these two techniques, both absorbances with dipole transitions moments
parallel and perpendicular to the surface can be sampled. Figure 2.4 shows the
results of this analysis and clearly demonstrates the anisotropic nature of the film.
The symmetric -CO, stretching vibration is enhanced in reflection while the
asymmetric -CO, mode is enhanced in transmission. Analysis of all absorbance modes
showed that aliphatic chains must pack in an orthorhombic crystalline structure with
aliphatic chains perpendicular to the surface (67). Chollet et al. also used a
combination of reflection and transmission spectroscopy to determine orientation in
stearamide monolayers on fluorite (68). The analysis indicated a greater degree of tilt
(~ 25°) of monolayer tails for this system compared to the aliphatic tails above. Debe
and Field have used reflection absorption spectroscopy to study orientation of
phthalocyanine films on copper substrates (69). The films were ordered with the main
b axis perpendicular to the surface when deposited at 8°C but ordered parallel to the
surface when deposition was carried out at 70°C.

While studies have used optical modeling to show orientation by deviation of
experimental spectra from simulated spectra based on bulk optical properties (65,66),
recent studies have attempted to simulate anisotropic spectra for uniaxially
anisotropic monolayers. Ishino and Ishida, using a combination of infrared
ellipsometry to determine the extraordinary optical constants (n,, k,) and transmission
measurements to determine the ordinary optical constants (n,, k), used exact optical
theory to simulate anisotropic spectra (70). The procedure follows Drude’s original
approach (64) and involved using n,, k,, n, and k, in modified Fresnel equations to
calculate reflectivity at each interface. The results showed that experimental spectra

could be closely simulated using this approach. Fina and Tung theoretically
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Figure 2.4 Infrared spectra of cadmium arachidate for (a) six monolayers on silver
with E normal to the substrate, and (b) eighteen monolayers on silver bromide with
E parallel to substrate. (Text and figure taken from Ref. (9)).
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investigated the problems associated with analyzing uniaxially anisotropic
monolayers on water surfaces (71). The approach here was to model the optical
constants in the x and z direction, and incorporate these into Fresnel formulae as
outlined by Schopper (72). Effects of the angle of incidence and polarization were
explored to optimize conditions necessary for the detection of orientation in thin films.
Unlike the well ordered nature of Langmuir-Blodgett (LB) films or
spontaneously ordered monolayers, the orientation of polymer films in contact with
solid surfaces has received little attention both theoretically or experimentally. A
number of studies have alluded to, however, the unique ordering of polymers against
surfaces. Ishida, using reflection absorption spectroscopy, demonstrated the unique
orientation of PEEK against graphite single crystals (73). Comparing spectra obtained
from both quenched and annealed thin films as well as by analyzing model
compounds, perpendicular orientation was indicated between the surface normal and
the main polymer chain direction. Application of optical theory also helped to
eliminate optical effects. Boerio and Chen analyzed adsorbed epoxy films on both
copper and iron, and showed that very thin films (~ 1.5 nm) were adsorbed on both
surfaces (74). Analysis of infrared peak intensities by IRRAS also indicated that the
films were adsorbed in a vertical conformation. More recent efforts to understand
orientation of polymers at surfaces were made by Novotny et al. in the investigation
of polyperfluoropropylene oxide (PPFPO) thin films against silver surfaces (75). They
demonstrated by monitoring peak intensity ratios, that the polymer conformation in
films less than 10 nm is much different than that found for the bulk, and suggested

that polymer chains were oriented in the plane of the substrate.

2.1.4 Materials/Polyphenylene Sulfide (PPS)
2.1.4.1 Chemistry

Although thought of as a relatively new engineering thermoplastic, the first
reports of the synthesis of PPS type resins date back almost 100 years (76). Although
many synthesis routes have been proposed in early studies, Phillips Petroleum

developed an improved method process based on the polycondensation of
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p-dichlorobenzene with sodium sulfide in N-methyl-2-pyrrolidone at high temperatures

and pressures:

n

This synthesis route forms the basis of the commercial production that started
almost two decades ago. Modifications to this process were reported later to include
alkaline metal carboxylate compounds which result in PPS of much higher molecular
weight (77). A thorough review of the mechanisms involved has been recently

presented (78).

2.1.4.2 Properties

Since polyphenylene sulfide contains only carbon-sulfur, carbon-carbon and
carbon-hydrogen bonds that are relatively thermodynamically stable, this polymer
exhibits superior stability at elevated temperatures. To demonstrate this, Figure 2.5
shows the thermogravimetric analysis of PPS compared to several other polymers.
The high temperature resistance of PPS is clearly demonstrated here and the
oxidative resistance is also demonstrated by the fact that PPS degradation in air is
less than of polytetrafluorethylene which was run under a nitrogen environment.
Thermal stability and the tendency to char upon burning also translates into superior
flame resistance for PPS (79,80). The stability of the PPS backbone not only aids in
resistance to thermal or oxidative degradation, but also imparts a high resistance to
chemical solvent attack. In fact, there are no known solvents for this polymer below
200°C (79,80).

PPS is a semi crystalline polymer possessing a high crystalline melting point
(Tm) of approximately 285°C, as determined by differential scanning calorimeter
(DSC) (10°/min) (80). In amorphous samples, a relatively low glass transition

temperature (Tg) of 85°C was indicated by DSC, followed by an exothermic
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Figure 2.5 Plots shown for (a) thermal gravimetric analysis of polymers under
nitrogen for (1) polyvinylchloride; (2) polymethylmethacrylate; (3) polystyrene; (4)
polyethylene; (5) PTFE; (6) PPS and (b) thermal gravimetric analysis for
(1) PTFE under nitrogen; (2) PPS under nitrogen; and (3) PPS in air. (79)
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crystallization (Tcc) peak at 120-130°C. For samples cooled from the melt (10°/min),
a crystallization exotherm (Tmc) was indicated at 220°C. A typical DSC trace is
shown in Figure 2.6.

2.1.4.3 Thermal Cure

Under appropriate conditions, polyphenylene sulfide has the unique property
of possessing both characteristics of a thermoset as well as a thermoplastic polymer.
Upon heating in air at elevated temperatures, PPS will undergo a series of chemical
changes that result in properties that are associated with an increase in molecular
weight, (e.g. increase in melt viscosity) (79,80). Curing at moderate temperatures
(175°-280°) results in a tougher material that can then be later processed, and this
method provides a convenient method of tailoring melt viscosity for a particular
application. Curing at temperatures exceeding the crystalline melting point results
in an intractable material, and this method is useful for the formation of tough,
flexible coatings (82).

The chemistry of PPS cure is not completely understood but seems to involve
a variety of reactions, and several studies have been performed to help elucidate the
mechanism of PPS cure (83-85). Although the results depended somewhat on the
exact experimental conditions, evidence seems to indicate C-S bond homolysis with
subsequent crosslinking of the polymer. Oxidation reactions and evolution of small
chain fragments were also observed. In a detailed study of both PPS polymer and
oligomers, Hawkins showed that cure involved chain extension involving
disproportionation reactions, oxidative cross linking, thermal cross linking, and oxygen
uptake followed by SO, loss (86). Figure 2.7 shows a schematic representation of those
processes thought to be involved in the cure. Infrared analysis was consistent with
this scheme and showed the presence of aryl ether functionality, tri-substituted ring
structures and decreased C-S moieties.

While curing below the crystalline melting point had little effect on
crystallinity, crystallization was significantly reduced upon remelting and

annealing the polymer (87). This is consistent with the formation of crosslinks upon
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Figure 2.6 A typical differential scanning calorimeter trace for polyphenylene sulfide
showing heating traces for (—), quenched amorphous; (---), annealed crystalline; and

(), the cooling curve from the melt. (81)
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cure. PPS coatings have also been analyzed, and Joshi and Radhakrishan have
examined the effect of cure for PPS coatings on aluminum substrates by SEM, x-ray
diffraction, and attenuated total reflectance (88). Results showed only small amounts
of crystallinity on annealing films cured at lower temperatures (350-370°C), and no
crystallization for films cured at higher temperatures. Infrared results suggested
tri-and tetra- substitution suggesting crosslinking as well as the possible presence of
five member ring structures indicating possible dibenzothiophene structures. While
curing is typically performed in air, degradation studies have also been performed
under vacuum conditions (83). Thermogravimetric analysis of PPS degradation under
these conditions showed negligible weight loss up to approximately 350°C (heating
rate of 2.5°/min) and heating at higher temperatures resulted in a variety of volatile
compounds where hydrogen sulfide was the major component. Other chain fragments
were detected including diphenyl sulfide, dibenzothiophene, and thianthrene among
others (83). Figure 2.8 shows postulated reaction schemes. Curing reactions have
also been carried out under nitrogen and have been shown to be much slower than in
an air atmosphere (89). Curing of oligomers under nitrogen showed that while

disproportionation reactions continue, virtually no cross linking occurs (86).

2.1.4.4 Crystallinity and Crystallization

PPS is a highly erystalline material possessing a crystallinity index of 65% as
determined by x-ray diffraction measurements (87). The crystal structure of PPS has
been determined by x-ray diffraction to be very similar to that of poly-p-phenylene
oxide (90) and an orthorhombic unit cell is indicated with lattice parameters a = 0.867
nm, b = 0.561 nm and ¢ (chain axis) = 1.026 nm. The structure of the unit cell is
shown in Figure 2.9 and shows two molecular chains passing through the unit cell,
one in the center and one at the corners. A bond angle of 110° is indicated with
alternating phenylene groups +45° to the (100) plane. Amorphous samples of PPS (<
5% crystallinity by x-ray diffraction) can be easily prepared by heating samples
slightly above the crystalline melting point and quenching. Crystallization has been
shown to occur rapidly upon heating above 120°C (87). In depth analysis of the
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isothermal erystallization kinetics of bulk PPS has been performed as a function of
molecular weight (91), and branching agent content (92). Non-isothermal
crystallization studies have also been reported (93).

Due to the increasing importance of semicrystalline polymer resins (PPS,
PEEK) in composite systems, there is a tremendous interest in studying the effects
of reinforcing unidirectional fibers on the morphology of the matrix phase. In
particular, many studies have examined the role of the reinforcing fiber on the
initiation of heterogeneous nucleation at the surface. Such nucleation can lead to
transcrystalline growth, where the lamellae will grow in one direction only,
perpendicular to the fiber surface.

A number of studies have been reported to detail the conditions under which
transcrystalline growth can be initiated. The results are often contradictory,
indicating that particular processing conditions involved may have a large effect on
the development of transcrystalline growth. Many factors have been studied including
substrate chemistry (94), substrate crystalline morphology (95), and surface energy
(96).

While many studies have focused on carbon, glass, or polymer fibers,
transcrystallinity has also been observed in a copper/polypropylene systems where it
was found to alter the pullout characteristics of embedded copper wires (97).
Schonhorn and Ryan found that the adhesive joint strengths for polyethylene/epoxy
bonds could be enhanced by first molding a polyethylene film against high energy
aluminum under conditions producing a transcrystalline surface layer (96). Foenkes
et al. suggested that polymer orientation at surfaces due to flow induced stresses could
produce sheets of chain extended crystalline morphology (98). For polyphenylene
sulfide, Johnson and Ryan have shown that transcrystallinity can develop in carbon
fiber/PPS systems (99). Lépez and Wilkes also examined the crystallization
morphology in carbon fiber/PPS systems and demonstrated that many factors are
involved in the development of transcrystalline surface morphology including the
cooling rate from the melt and polarity of the fiber surface (100). Inducing an

interfacial shear stress also resulted in an increase in transcrystalline growth, and
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this result is in agreement with results from other studies (98,101).

2.1.4.5 Infrared Analysis

While infrared analysis of polyphenylene sulfide has been published in a
number of studies (83,102-106), the spectra are of various quality, due to the difficulty
in preparing thin uniform infrared transparent films of PPS. Although tentative
absorbance band identification has been attempted, unambiguous assignment has
come only recently with an in depth analysis of PPS oligomers and polymer by
infrared and raman spectroscopy (107). Figure 2.10 shows the IR spectrum obtained
for a sample of PPS powder in KBr and Table 2.1 gives the assignments made for all
bands seen. As can be seen all peaks present are due either to local ring motions or
sulfur-phenyl groups. Infrared analysis of both amorphous and erystalline PPS
indicate that there are several spectral features associated with the amorphous
content of the sample. Brady found an increase in absorbances at 7.2u (1389 em™)
and 10.35y (966 cm™), and a change in shape for the absorption at 12.2u (820 cm™)
after crystallizing amorphous PPS samples (87). Clarke et al. found that absorptions
at 482, 560, 1097, and 1900 em™ increased with increasing crystallinity while bands
at 1080 and 1575 cm! decreased (103). A shifting of the out of plane C-H bending
absorption from 810 to 822 cm™ was also observed. Piaggio et al. suggested that the
band intensity at 1571, 1181, 1075, 741, 706 and 630 cm™ could be related to the
amorphous content of the material (107). Cole et al., using diffuse reflectance infrared
spectroscopy, monitored the ratio of peak intensities for the 1075 and 1093 cm
absorbance bands as a measure of crystallinity for composite prepreg surfaces (108).
A linear relationship was found between this ratio and the enthalpy of crystallization

as determined by differential scanning calorimetry.

2.1.4.6 Applications
Due to its characteristics of chemical resistance, ease of processing molded
parts, as well as low dielectric constant and dissipation factor over a wide temperature

range, PPS has found wide application in the electrical / electronics industry (109).
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Figure 2.10 Infrared spectrum of PPS powder in KBr. (107)
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Table 2.1 Infrared Absorbance Band Assignments for Polyphenylene Sulfide. (117)

Peak Position

1572*
1471
1390
1181*
1109
1096
1075
1010
818
812*
743*
630*
566*
556
483

Assignment

ring stretch

(s) ring stretch

(ms) ring stretch

C-H in-plane bend

(w) ring-S stretch

(s) ring-S stretch

(s) ring-S stretch

(s) C-H in-plane bend

(vs) C-H out-of-plane bend

C-H out-of-plane bend
ring in-plane bend
ring-S deformation
(mw) ring-S deformation
(ms) ring-S deformation

* - depends of the amorphous content
vs - very strong; s - strong; m - medium; mw - medium weak; w - weak; vw - very

weak
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Molded parts include electrical connectors, feed throughs, switch components,
housings, and attempts have been made to encapsulate wire-bonded integrated
circuits. Due to excellent mechanical properties and chemical resistance, pump
components can be molded from PPS for use with solvents or corrosive materials (79).
The automotive industry also has found use for PPS molded parts when heat and
chemical resistance as well as dimensionally precise and stable parts are needed (79).
Another use for PPS has been in the area of specialty coatings (82). Applications that
can utilize the chemical resistance properties of PPS to form protective coatings have
been used to coat pipes. When Teflon™ is incorporated with PPS, coatings can be
made combining the thermal and chemical properties of PPS with the release
properties of Teflon™. These coatings have been used to coat metal substances by
electrostatic powder coating, fluidized bed coating, or powder spraying, and can be
used as "non-stick" coatings in cookware (79,82). Curingin air is done after deposition

of the coating to ensure a non-crystalline moderately crosslinked film (82).

2.2 EXPERIMENTAL
2.2.1 Analysis of Polyphenylene Sulfide Films
2.2.1.1 High Temperature Spin Coating

Since there is no known solvent for polyphenylene sulfide below approximately
200°C, new methods were developed to coat uniform films of this polymer. A high
temperature spin coating unit was designed and a schematic is shown in Figure 2.11.
Operation consisted of either a "cold" start where a sample was placed in the chamber
at room temperature, purged with nitrogen for a given length of time, and then
rapidly heated to the set temperature, or a "hot" start where the heating chamber was
removed at temperature, a sample placed in the chamber, and the purged oven
immediately replaced. The first technique had the advantage of limiting substrate
oxidation, while the second minimized the time required between coatings. Typical
heating rates are given in Figure 2.12 for both "hot" and "cold" heating procedures,
and temperatures reported are for a ferrotype plate measured with a surface

temperature probe (OMEGA, Inc., Model 88012K)). Other critical operation
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parameters are given in Table 2.2. After coating, the coating oven was typically
purged with nitrogen or air at temperature until residual vapor had evaporated.
Several suitable solvents for PPS were found including benzophenone, diphenyl ether,
benzyl benzoate, diphenyl sulfone, and a-chloronapthalene. All dissolved PPS under
slightly different temperature ranges and concentrations, but benzophenone (Fisher,
reagent grade) was selected as the solvent of choice due to the limited degradation at
elevated temperatures and low toxicity. This solvent was also found to be extremely
suitable for preparation of poly(ether-ether-ketone) (PEEK) films. To minimize
oxidation, solvent samples were degassed with nitrogen~at 70°C for 1 hour prior to
use.

The metal substrate used was ferrotype plate obtained from Thompson Photo
Products (Bedford Park, IL) consisting of a 0.51 mm steel base plate with an
approximately 80 nm surface layer of chromium. Typically, plates (3.81 cm x 3.81 cm
maximum) were secured to the shaft via the attached magnet, but to coat other types
of materials, one of several methods was needed: (1) metals, including aluminum,
copper, and silver were vapor deposited on acid cleaned ferrotype plates; (2) foil
samples were attached to the underlying ferrotype substrate and secured by erimping
the foil at the plate edges; (3) other rigid nonmagnetic samples were secured to

ferrotype plates using ceramic cement (Omega, Inc.) and later detached after coating.

2.2.1.2 Thin Film Preparation
Chromium

Chrome plated steel substrates (ferrotype) were first cleaned using a radio
frequency (13.56 MHz) plasma generator (Tegal Plasmod™). Samples were treated
by two 15 minute oxygen plasma etches followed by rinses with water and acetone,
and the substrate optical constants determined at 632.5 nm by ellipsometry. Solutions
of PPS in benzophenone were then spin coated using the high temperature spin
coating technique previously described.

Solution concentrations ranged from approximately 0.5 to 1.5 % (wt/wt), and

after coating, plates were immediately brought to room temperature. The coated
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Table 2.2 Typical Paramaters for Spin Coating Thin Polyphenylene Sulfide Films

(see Fig. 2.11).

Oven wall temperature
Oven volume

Preheater temperature
Purge gas flowrate

Solvent

Solvent melting point
Solvent boiling point
Solution temperature
Transfer pipet temperature
Plate temperature (at coating)
Rotation speed

Typical spin time

Time to coat: cold start
Time to coat: hot start

375°C

292 ml

120 - 140°C
2-3LPM
benzophenone
50°C

306°C
280°C
280°C

240 - 250°C
1550 rpm

1 minute
20 minutes
7 minutes
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plates were then used as prepared, or reheated to 340°C for 2 minutes under a stream
of nitrogen and quenched in liquid nitrogen. For annealing studies, samples were
held at 150°C for 5-60 minutes in air to crystallize the thin PPS film. Ellipsometric

analysis of both amorphous and crystalline thin films was then performed.

Copper

Two types of copper samples were prepared. Copper foil (Olin, Inc. ETP 110
grade) was either used after a methanol wipe, or cleaned by an acid polish. Chemical
polishing was done using a "brite dip" solution consisting of a 70:26:4 ratio of acetic
acid (Fisher, glacial, 99.7% ), phosphoric acid (Fisher, 85%), and nitric acid (Fisher,
70%) by volume. An etch time of 15 seconds was used followed by two distilled water
washes, and the sample dried under a stream of nitrogen.

Copper films were prepared by vapor deposition on ferrotype (3.81 em x 3.81
cm) chrome plates that had been previously etched in a 20% solution of hydrogen
peroxide in concentrated sulfuric acid at approximately 60°C. Vapor deposition was
carried out using pure copper wire (99.9985%, Johnson Matthey, Inc.) in a vacuum
evaporator (Ladd Research Industries) operated at a pressure of approximately 1 x
10 torr. Copper oxide films were prepared by a sputter process using an Edwards
(Model S1503) sputter coater utilizing an ETP grade copper foil covered copper
cathode. The substrates were plasma cleaned ferrotype plates and after coating, films
were fully oxidized by heating in air at 150°C for 15 - 30 minutes. Solutions of PPS
in benzophenone (~ 1%, (wt/wt)) were then prepared using high temperature
techniques previously described, and brought to room temperature immediately after
coating. Samples were then dried at 110°C - 130°C for approximately 12 hours under
vacuum. For quenched films, samples were heated rapidly to approximately 320°C
under nitrogen and quenched in liquid nitrogen. Total time at this elevated

temperature did not exceed two minutes.

Aluminum/Silver

Aluminum and silver vapor deposited samples were prepared in a manner as
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described for copper, using aluminum (99.999%) or silver (99.9985%) wire (Johnson
Matthey, Inc.). After vapor deposition, aluminum samples were oxidized in air at

150°C for 30 minutes. Solutions were spin coated and dried as described for copper.

Germanium

Germanium disks (0.2mm, Wilmad, Inc.) were cleaned prior to use by a two
minute argon plasma etch using a Tegal Plasmod™ rf plasma generator operated at
13.56 MHz and 50 watts. A treatment time of two minutes was used and samples
were then rinsed with distilled water and dried under a stream of nitrogen.
Substrate optical constants were then determined by ellipsometry, and the substrates
coated with PPS films from solution. Film thickness was then be determined by

ellipsometry.

2.2.1.3 Extruded Films
For analysis of PPS films by attenuated total reflectance, slot extruded PPS

films were obtained from Phillips Petroleum. The amorphous films were clear, and
amber in color. Crystalline films were prepared by heating amorphous films above the

glass transition temperature at approximately 200°C for 30 minutes in air.

2.2.1.4 Molded PPS

Molded resin was prepared by compression molding PPS powder (Ryton,
Phillips Petroleum) between copper sheets using a 10.2 em x 10.2 em x 0.16 cm mold
at 320°C and approximately 625 psi. Samples were first quenched in a cold press and
then annealed in air at 150°C. The foil could then be easily peeled away to yield an

approximately 16 mm thick molded specimen.

2.2.2 Analysis of Plasma Modified Polymer Surfaces
To investigate the surface modification of polyphenylene sulfide, films were
prepared on ferrotype plates using high temperature spin coating methods (see section

2.2.1.1). For polystyrene, a well characterized standard was used with a molecular
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weight of 104,000 and a polydispersity of 1.05 (Polysciences, Inc.). Samplés were
dissolved in chloroform in the concentration range of 0.5 - 1.0% (wt / vol). Solutions
were then spin coated on plasma cleaned ferrotype plates previously analyzed by
ellipsometry (see section 2.2.1.2). Film thicknesses were then analyzed by multiple
angle ellipsometry. The poly(arylene ether) phosphine oxides used are shown in
Figure 2.13 along with polysulfone. The synthesis and characterization of these
polymers have been described elsewhere (130). and polysulfone was obtained
commercially (Udel, Union Carbide). All samples were dissolved in either chloroform
or chlorobenzene and spin coated from solution onto ferrotype substrates.

For the plasma treatment of thin films, a Tegal PlasmodTM was used to produce
a radio frequency (13.56 MHz) generated 50W plasma of oxygen or ammonia. The

pressure inside the treatment chamber was typically 1.2 torr.

2.2.3 Experimental Methods
2.2.3.1 Infrared Analysis
2.2.3.1.1 Determination of Optical Constants

Estimation of the PPS optical constants was done by experimentally measuring
the transmission spectrum of thin free standing PPS film and applying the iterative
method outlined by Ribbegdrd and Jones [14]. First, an infrared transmission
spectrum was taken at 2 em? resolution and digitally stored as frequency vs
transmittance. Initial k values were then estimated by Eqn. [2] and initial n values

through the use of the Kramers-Kronig transform given as:

[23]
2 Pf Y k(¥) dv

"'2_{"2

The initial n and k values were then used in the calculations outlined by Eqns. [9]
through [19], using exact theory, to simulate the transmittance spectrum. Differences

between the experimental spectrum and calculated spectrum were then used to
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generate correction factors for k. New n values could then be calculated and the
process repeated and the program for this calculation is given in Appendix 2.2
(Program NK10). Typically ten iterations gave satisfactory convergence.

To accurately determine the optical constants of spin coated PPS, both the
refractive index at high frequency (n,) and the thickness of the film are needed.
Unfortunately, due to the insolubility of PPS, preparation of samples amenable to
optical measurements is difficult, and little data is available giving refractive index
values. Also, due to the crystalline nature of PPS, optical properties may depend on
the method of preparation and light scattering in crystalline samples may cause
errors. To provide as estimate of the refractive index for spin coated samples, films
ranging in thickness from 30 - 150 nm were spin coated on chromium substrates,
heated to 320°C under a nitrogen stream, and quenched in liquid nitrogen. The
refractive index was then determined by ellipsometry at a wavelength of 623.8 nm.
The value obtained was 1.65 + 0.02. While the value for isotropic crystalline samples
would be expected to be slightly higher than this, the orientation induced by spin
coating could lead to an anisotropic refractive index, and ellipsometry would be
sensitive only to the extraordinary component, perpendicular to the surface. Such
anisotropy has been reported for polyimide films where the n;, value was quite
different than the n, value (110). Due to this uncertainty, the n, values for
amorphous samples were used as an approximation. Thickness values were then

estimated using the Harrick method:

m [24]

1
2 ((n2 - sin?¢) 2A)

where n; is the refractive index, ¢ is the incidence angle, and A is the interference
fringe spacing for fringe interval m. An incidence angle of 5° was used in all

measurements and fringes measured in the range of 500 - 7000 em™.
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2.2.3.1.2 Simulation of Optical Spectra

Using the determined values of n and k for PPS, optical spectra can be simulated
for a variety of techniques including transmission, reflection absorption, and
attenuated total reflectance using Eqns. [9] - [19]. A program (Program RAS14,
Appendix 2.2) was written in Mircrosoft™ fortran for personal computer use. Optical

constants for metals (Al, Cu, Au, Ag) were estimated using the Drude approximation:

[25]
€ =€ @p"
1 - w2 + wtz
©w? o [26]
€, =€, - Pt

and n and k could be determined using Eqns. [7] - [8]. The values of the plasma
frequency, w,, and the damping frequency, w,, for these metals have been compiled by
Ordall et al. (111). The optical constants for chromium were obtained from previously

tabulated results (112,122).

2.2.3.1.3 Transmission Spectroscopy

All infrared measurements were made using a nitrogen purged Nicolet 510
spectrophotometer employing a triglycine sulfate (TGS) detector. A typical resolution
of 4 cm™ was used and 100 - 1000 scans were taken to achieve the desired signal-to-
noise levels.

Samples for transmission measurements were prepared in one of two ways. In the
first, solutions of PPS in benzophenone were spin coated onto unpolished 2.54 cm KBr

windows. Samples were then dried at 110 - 130°C under vacuum (10 - 10 torr) for
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approximately 12 hours to remove residual solvent present. Quenched samples were
prepared by heating the sample on a hot plate oven to 320 - 340°C under nitrogen and
quenching in liquid nitrogen. Residence times at these temperatures were less than
five minutes. Annealing was done at 150°C in air to fully erystallize the amorphous
film. The second method was identical to the first except that PPS solutions (1-10%
wt/wt) were coated on polished KBr windows. After drying and quenching, an
aluminum holder (1.52 em x 3.56 cm) with a 0.635 mm center circular opening was
attached to the film via double stick tape. The salt was then dissolved to yield a
uniform free standing film. Films ranging in thickness from approximately 1 - 5u

could be prepared in this manner

2.2.3.2.4 Reflection Methods
Retro-Mirror Design

Figure 2.14a shows a schematic diagram of the retro mirror reflection accessory.
Typically, the incident light was polarized before reflecting from the sample, and
careful laser alignment of the sample allowed angles up to 85° (from the surface

normal) to be utilized.

In-situ thermal analysis

To analyze the IRRAS spectrum of thin PPS coatings at elevated temperatures, a

modification to the retro-mirror design was necessary and a diagram of the design is
shown in Fig. 2.14b. The modification consisted of an aluminum heater with a front
surface retaining bracket for mounting film samples. The base was machined from
high temperature ceramic (Macor) to insulate the lower metal holder. This design
typically allowed operation temperatures up to 350°. The heater also allowed rapid

heating, and a temperature of 320°C could be achieved in several minutes from room

temperature.

Harrick Seagull™ Design
Figure 2.15 shows an illustration for the Harrick Seagull™ reflection attachment.
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Figure 2.14 Schematic diagram of (a) the retro mirror reflection attachment, and (b)
schematic of modifications to the holder design for high temperature operation.
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Figure 2.15 Illustration of the Seagull™ multipurpose reflection attachment. (114)
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This attachment is a multipurpose unit, allowing measurements to be made in the
external refiectance, internal reflectance, and diffuse reflectance modes. The use of a
polarizer (Spectra Tech, Inc.) allowed both p and s states of polarization to be
examined. The angle of incidence could be easily varied from 5 - 85° with a resolution
of 0.5°. Variable angle attenuated total reflectance measurements were made using
a zinc selenide hemispherical erystal. Details of the design and use of this attachment

have been recently published (114).

2.2.3.2 Ellipsometry

Ellipsometry was used to determine the film thicknesses of the spin coated
samples. The instrument used was a Gaertner L116A dual mode automatic
ellipsometer. Both linear and circular polarizations were used and a continuous
rotating analyzer was employed with automatic data sampling at 72 points for each
state of polarization. A 1 mW helium-neon laser (632.8 nm) was used as the incident
light source and the spot size analyzed was 1 mm.

All films were assumed to be transparent at this wavelength, i.e. k; = 0. The
optical constants of the substrate were always determined after cleaning and prior to
polymer deposition. The refractive index of polystyrene was taken to be 1.58 (11) and
that of the poly(arylene ether) phosphine oxides and polysulfone were determined by
measurement at a 70° angle incidence for solution concentrations ranging from 0.5-1%
in chloroform. For polyphenylene sulfide, only amorphous films were measured (after
quenching), as the state of erystallinity in extremely thin PPS films and its variation
with thickness are not known.

All thickness were confirmed by measurement at 30, 50, and 70° incidence
angles to determine the correct period, since the measured parameters in ellipsometry

(y,A) are periodic functions for transparent films.

2.2.3.3 X-ray Photoelectron Spectroscopy
XPS analysis was performed using a Perkin-Elmer PHI 5400 spectrometer

employing a Mg K, (1253.6 eV) achromatic X-ray source operated at 15 keV with a
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total power of 400 W. Typical operating pressures were < 1x10” Torr and the surface
area analyzed was either a 1 mm circular spot or a 1 x 3 mm rectangle. The
spectrometer was calibrated to the 4f,, photopeak of gold at 83.8 eV and the 2p,,
photopeak of copper at 932.4 eV, and all binding energies were referenced to the main
C-H photopeak at 285 eV.

Angular resolved XPS analysis was done by varying the "takeoff angle"
between the surface normal and direction of electron detection. Values between 10°

and 90° were typically used in this analysis.

2.3 RESULTS AND DISCUSSION
2.3.1 Infrared Analysis of Polyphenylene Sulfide
2.3.1.1 Optical Constants

Determination of the optical constants by any method using the form of the
Kramers-Kronig analysis in a limited frequency range requires the knowledge of n,,
the high frequency refractive index. This value has been taken to be that just outside
the chosen integral region (24), while others have used the refractive index in the
visible region (28,29). Errors in the estimation of n, (or thickness) in this type of
analysis will have the effect of altering the fringe pattern in the simulated spectrum.
Convergence to the experimental spectrum will still occur but residual fringes will
occur in the n and k spectra.

Figure 2.16 shows the average n and k spectrum for erystalline PPS in the
range of 400-2000 cm™ for films ranging from one to five microns. Little evidence for
residual fringes is seen in the k spectrum even though it represents an average over

a wide thickness range.

2.3.1.2 Transmission Spectroscopy
Figure 2.17a shows the transmission spectrum for a 1.55 y freestanding film
of crystalline PPS. Figure 2.17b shows the simulated spectrum calculated using exact

optical theory. As can be seen, almost exact agreement between the two is obtained,
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Figure 2.16 Optical constants for PPS in the 400-2000 cm™ spectral region. Shown
are plots for both (a) k and (b) n values.
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Figure 2.17 Comparison of the infrared spectrum of a 1.55 u free standing crystalline
PPS film for (a) an experimentally measured spectrum and (b) a simulated spectrum

using exact optical theory.
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and the curvilinear baseline representing a broad interference fringe shows the
usefulness of spectral simulations in predicting optical effects. Figure 2.18 shows the
comparison between amorphous (quenched) and crystalline annealed films for free
standing PPS films. Crystalline films were coated and dried under vacuum at 150°C
for 12 hours. Little change was detected in most peak frequencies, although the
out-of-plane bending vibration developed a shoulder at 819 em™. Increases in
intensity were noted for bands at 1473, 1389, 1093, and 1010 cm! while decreases
were noted for bands at 1574 and 1074 cm™.

Figure 2.19 shows the transmission spectra for an approximately 2.5u spin
coated PPS film supported on a salt disc. These samples had been heated to 320°C
at a rate of 2.5°C / minute and slowly cooled to crystallize the film. Very similar
changes are seen when compared to Fig. 2.17 although slight differences can be
attributed to whether the film was crystallized from the amorphous state or from the
melt. In the difference spectrum shown, the shoulder near 820 cm™ is more prominent

and the peak absorbances at 1473 cm™ and 1010 em™ only undergo slight shifts in the

frequency with little change in intensity.

2.3.1.3 Attenuated Total Reflectance (ATR)

Figure 2.20 shows the experimentally determined ATR spectra of a 0.178 mm
crystalline extruded PPS film at both 42° and 50° incidence angles. Although the
difference in the incidence angle used was only 8 degrees, the effect on the resultant
spectrum is considerable. This effect is due to optical effects above and below the

critical angle, ¢, the angle at which total internal reflectance occurs. This angle can

be calculated from the equation:

n [27]
sinp = £
ns

where n; is the refractive index of the polymer, and n, represents the refractive index

of the ATR crystal. Using a refractive index value of 1.65 for PPS, and a refractive
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Figure 2.18 Comparison of the infrared spectrum for a (a) quenched and (b) annealed
1.55 p free standing spin coated PPS film.
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Figure 2.19 Comparison of the infrared spectra of amorphous and crystalline 2.5 u
spin coated PPS films. Shown are the spectra for (a) quenched, and (b) melted at
320°C and show cooled. The difference spectrum (c) is also shown.

65



(b)

Absorbance

0.375

N

I LI LI 1 L
2000 1650 1300 950 600
Wavenumbers (cm-1 )

Figure 2.20 Comparison of infrared ATR spectrum for an extruded PPS films at (a)
50° and (b) 42° incidence angles. The 50° spectrum was multiplied by a factor of 0.75
and the 42° spectrum by a factor of 0.375 for scaling purposes.

56



index value of 2.429 at 2000 cm™ for the ZnSe hemispherical crystal used (115) gives
a ¢, value of 43°. Figure 2.21 shows the simulated spectra, and indicates that even
though the angle used is only slightly below the critical angle, distortions in the
spectrum are evident, showing the great advantage of applying exact optical theory
to predict reflectance spectra. Below the critical angle, the spectrum generally reflects
the dispersion in the refractive index, while above ¢, the spectrum more closely
resembles the k spectrum. Also, since the simulated spectra were calculated using
experimentally determined n and k values, errors in these values must not be
excessive. The simulated spectrum at 50° shows the enhanced intensity of the 810

cm™ absorbance band relative to the other bands present and most of the relative
intensities are in general agreement. The overall intensities of the spectra, however,
were much greater than experimentally determined and probably reflect imperfect
contact of the polymer film and crystal. Calculations, of course, assume perfect

contact.

2.3.1.4 Reflection Absorption Spectroscopy
2.3.1.4.1 Reflection at the Brewster Angle

Often, it is of interest to analyze rigid opaque materials that are too stiff for
analysis by attenuated total reflectance. This is typically the case for many composite
laminates where a resin rich surface region has an opaque but somewhat reflective
surface. Molded PPS samples also have similar characteristics and are difficult to
analyze by conventional infrared techniques. Figure 2.22 shows reflectance spectra
for a molded PPS sample at 50°, 60° and 70° incidence angles. Clearly, the spectra
at 50 and 70° reflect the dispersion in the refractive index values, the former
resembling the refractive index dispersion curve while the latter resembles its mirror
image. The spectrum at 60°, however, is quite free from refractive index effects and
seems very similar to the true absorbance (k) spectrum although band intensities are

somewhat different.

Given the approximate refractive index of 1.65 for PPS, the Brewster angle can
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Figure 2.21 Comparison of the simulated infrared ATR spectrum for PPS using
optical theory for incidence angles of (a) 50° and (b) 42°.
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Figure 2.22 Comparison of the infrared RAS spectrum for 0.16 mm molded PPS panel
at (a) 50° (b) 60° and (c) 70° angles of incidence.
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be calculated using the eqn:

n
tan¢b = Ff

(]

where ¢, is the Brewster angle, n; is the refractive index of PPS and n, is the
refractive index of air. This equation yields a Brewster angle of approximately 59°,
slightly lower than the 60° incidence angle used experimentally. Figure 2.23 shows
the simulated spectra using exact optical theory. Comparing Figs. 2.22 and 2.23
clearly shows the agreement between optical theory and experiment, and theory
predicts the enhanced absorption of the 1474 em™ band over the neighboring
absorbances at 1574 and 1389 em™ at the Brewster angle, and the shift of 810 em™
band, found in transmission, to approximately 820 cm™?. The 810 ¢cm™ remains as a
second peak of lower intensity and the increased intensity of this band is also

accurately simulated.

2.3.1.4.2 Thin Film Analysis/Metal Substrates

Figure 2.24 shows the thickness versus solution concentration for thin PPS
films coated on chromium substrates using high temperature spin coating. The
curvilinear form of the plot is in agreement with the analysis by Weill and Dechenaux
(131). Refractive index values (n,, k,) experimentally determined for ferrotype
substrates of 3.8 + 0.1 and 4.2 + 0.1 are in good agreement with published values of
3.63 and 4.57 at a frequency of 600 nm (111). The findings suggest that the chromium
substrate must only be covered with a thin oxide layer which would otherwise
significantly increase the error in the optical values experimentally determined.

Figure 2.25 shows the spectrum of a spin coated 30 nm PPS film on a
chromium substrate. This figure includes both amorphous (quenched) and crystalline
(annealed in air for 30 min at 150°C) spectra and the difference spectrum is also
included for emphasis. On crystallization, a number of spectral changes can be

observed including slight decreases in the ring in-plane stretch and C-H bend at 1473
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Figure 2.23 Comparison of the simulated infrared RAS spectra for surface reflection
from a bulk PPS sample at (a) 50°, (b) 59°, and (c¢) 70° incidence angles.
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Figure 2.24 Thickness versus concentration for PPS coated ferrotype plates. All
thicknesses were determined by ellipsometry based on a refractive index of 1.65 for
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Figure 2.25 IRRAS spectra of an (a) amorphous and a (b) crystalline 30 nm PPS film
on a chromium substrate. Fig. (c) shows the difference spectrum.
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and 1011 em?, respectively. The absorbance at 1574 cm™ decreases in intensity while
that at 1387 cm™ increases. The intensity of the peak at 1094 em™, recently assigned
to the phenyl-sulfur asymmetric stretch, increases in intensity while the intensity for
the neighboring band at 1075 ecm decreases substantially on crystallization. Figure
2.26 shows the plot of the absorbance of several bands measured as a function of film
thickness. Curvilinear plots are found and the intensity changes associated with
crystallization are also shown for three absorbance bands. The out-of-plane
absorbance band at 811 em™ undergoes a dramatic increase over the entire thickness
range shown, while the 1075 cm™ peak decreases in intensity. The ring stretch at
1474 em™ remains relatively unchanged, but does seem to undergo a slight decrease
in intensity at lower thicknesses. Clearly, by examination of the transmission spectra
of both amorphous and crystalline free standing films and coatings, the large increase
in the 811 em™ peak cannot be explained in terms of bulk crystallization effects. To
increase in intensity, the transition moment for this group must align with the electric
field vector, perpendicular to the surface, and this indicates preferential chain
alignment with respect to the surface. The large increase in the 820 em™ band, which
also increases somewhat in the transmission spectra of crystalline samples, may also
reflect a deviation from the normal crystalline packing structures of PPS due to
surface effects, the thickness of the film used, or spin coating induced orientations.
To qualitatively examine the kinetic aspects of PPS erystallization on chromium,
Figure 2.27 shows the results of annealing a quenched 60 nm film of PPS for varying
lengths of time at 150°C in air. As can be seen, crystallization at this temperature
is very rapid and no further absorbance changes in the 820 em™?/1474 em™ or 1075
em’/1094 em? peak ratios are detected after the first five minutes. In another
qualitative attempt to measure crystallization, an in situ RAS analysis was performed
by rapidly heating quenched samples to approximately 130°C and monitoring the
changes in intensity and peak position of the 811 em™” absorbance band found in
amorphous samples. Figure 2.28 shows the results of this analysis and the difference
spectrum shown clearly demonstrates that rapid crystallization occurs, and shows the

promise of this technique as an analytical tool to monitor reorganization of thin
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crystalline films on surfaces.

While quenching molten films in liquid nitrogen provides a convenient method
to produce thin amorphous films, such a step may in fact promote unique ordering of
crystalline polymers at surfaces. In studies of the development of heterogeneous
nucleation of crystalline polymers against surfaces, transcrystallinity could be
produced in some cases by inducing a shear stress at the interface (98,101). While
spin coating certainly would provide a shearing stress for the flow direction in the
plane of the substrate, quenching would provide a substantial thermal stress due to
the mismatch in thermal expansion coefficient between polymer and metal substrate.
Another point is that although heating above the melt in bulk samples usually erases
memory of prior processing steps, thin films against surfaces may be restricted due
to absorbed polymer segments, and may be unable to to assume bulk configurations.

To examine samples that had not been quenched, Figure 2.29a shows the infrared
spectrum for 60-70 nm PPS film after coating and drying at approximately 110-120°C
under vacuum. As can be seen by monitoring the 1094/1075 ¢m™ absorbanée band
ratio or the out-of-plane C-H bending peak intensity at 811 em™, the film appears
amorphous in character. It has been shown that heating above 120°C is required to
initiate crystallization (87) in bulk PPS samples. Figure 2.29b, however, shows that
after annealingat 150-160°C under vacuum for one hour, crystallization of the surface
film is apparent. Therefore, the ordered nature of the surface film is formed during
the deposition process, and quenching of the film is not prerequisite.

In order to understand if the film structure formed is unique to chromium, several
other substrates were also investigated. Figure 2.30 shows the infrared spectra of a
60-70 nm film of PPS on a pre-oxidized vapor deposited aluminum surface. Since the
spectra were taken relative to a gold background, the appearance of the absorbance
band at 960 cm™ clearly shows the presence of aluminum oxide (Al,O,). As can be
seen, after drying under vacuum, the film remains essentially amorphous. After
annealing the sample, a similar spectrum is seen to that shown before for a
crystallized film on chromium, with a large increase in the out-of-plane bending

vibration and decreases in the in-plane ring stretch and C-H bending mode
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Figure 2.29 Infrared RAS spectrum of a 60-70 nm PPS film on a chromium (ferrotype)

substrate after (a) drying at 110-120°C and (b) further annealing at 150-160°C under
vacuum.
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Figure 2.30 Infrared RAS spectrum of a 60-70 nm PPS film on an oxidized vapor
deposited aluminum substrate after (a) drying at 110-120°C and (b) further annealing
at 150-160°C under vacuum.
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absorbance, showing that the structure formed is not unique to chromium. Figure
2.31 shows the spectra of a 60-70 nm film of PPS coated on a 20 nm layer of Cu,0 on
a chromium substrate. The same spectral changes on crystallization are observed for
this substrate as well after annealing under vacuum.

When comparing spectra taken in the reflection mode to those measured by
transmission, optical effects must be taken into account to fully understand the
spectral changes associated with the reflectance technique. To better judge the
magnitude of optical effects and show the true anisotropic nature of the film, the RAS
spectrum can be simulated based on the optical properties determined for thick spin
coated samples. These optical constants, due to the fact that they were determined
in transmission measurements, represent optical properties in the plane of the
substrate, or n, and k_, the ordinary refractive index and extinction coefficient,
respectively. Any deviation from the calculated reflectance spectrum and the
experimental reflectance spectrum, represents anisotropy in the surface film, since for
the IRRAS at grazing angles, essentially only the z component of the surface
electromagnetic field vector is present.

This is demonstrated in Figure 2.32 which depicts the electric field intensity
as a function of the angle of incidence for the IRRAS technique simulated for a 100
nm film of PPS on a copper substrate. The x, y, and z components are shown, and
calculations were performed using a procedure for multiple layers similar to that
outlined by Hansen (116), and the z position was taken as the midpoint in film
thickness. The fortran program found in Appendix 2.2 was used to generate all data
for the plot seen. While p polarization contains both x (in the direction of light
propagation) and z (vertical to the surface) components, the x component is negligible
at grazing incidence angles. Therefore, if an anisotropic film were present, this
technique at grazing angles would be sensitive only to the component normal to the
surface, or the extraordinary optical constant values (n, and k,).

Figure 2.33 shows a schematic diagram of the system modeled for the two layer
system experimentally prepared. Copper oxide thickness was determined by

ellipsometry and polymer thickness was estimated by coating the same polymer
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Figure 2.31 Infrared RAS spectrum of a 60-70 nm PPS film on 20 nm oxidized sputter
coated copper film on a chromium substrate after (a) drying at 110-120°C and (b)
further annealing at 150-160°C under vacuum.
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Figure 2.33 Schematic diagram of the PPS/Cu,O/Cr system for optical simulation.
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concentration on chromium substrates and determining thickness by ellipsometry.
Figure 2.34b shows the experimental spectrum for this system, while Fig. 2.34a gives
the simulated spectrum, calculated from exact optical theory. The simulated spectrum
shown clearly indicates the utility of simulation as the calculated spectrum reasonably
predicts both the intensity and position of the Cu,0 absorbance band at 650 em™. In
transmission measurements, the peak position has been reported near 610 em?,
showing the large shift due to optical effects, and all calculated peak positions for PPS
bands are shifted to slightly higher frequencies due to anomalous dispersion in the
refractive index. Although the peak intensities may vary somewhat due to error in
the polymer thickness used in the calculations, the agreement is reasonable. The
clear difference between experimental and calculated spectra can be seen by
monitoring the out-of-plane to in-plane peak intensities. For the simulation shown,
the ratio of the 820 em™ band to the 1474 em™ and 1011 em™ bands yield values of
0.60 and 0.95 respectively. For the experimental spectrum shown in Fig. 2.34b,
however, the dramatic reversal in these peak ratios can be seen with a 820 /1474 em™
ratio of 1.43 and the 820/ 1012 em™ ratio of 2.36. These ratios, when compared to the
simulated spectrum, represent an approximately 2.5 fold increase in out-of-plane to
in-plane absorbance intensities, clearly indicating the anisotropic nature of the thin
surface film. Simulations for all other substrates show the same trend, indicating that
the structure formed is fairly independent of the nature of the substrate.

While this analysis has utilized relatively smooth rigid metal surfaces, copper
foil samples also show similar spectral changes on crystallization as this is seen in

Figure 2.35, indicating the usefulness of the technique in analyzing many substrate

types.

2.3.1.4.3 Thin Films / Infrared Transparent Substrates

While simulation of optical spectra has been found to be useful in the
determination of the ordering of PPS films at surfaces, if infrared transparent
substrates are used, a direct measure of film anisotropy can be made by one of two

comparison methods. These involve either: (1) the comparison of transmission and
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Figure 2.34 Infrared RAS spectrum for the PPS/Cu,0/Cr system, described in Fig.
2.33 showing the (a) simulated spectrum using exact optical theory, and (b) the
experimental spectrum for the same system. Optical constant values for copper oxide

were calculated from Ref. 34 while values for chromium were interpolated from
literature values (111,122).
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Figure 2.35 Infrared RAS spectrum of a 2.2% (wt/wt) PPS solution spin coated from
benzophenone onto methanol degreased ETP 110 copper foil for (a) quenched and (b)
annealed at 150°C under nitrogen.)
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reflection spectra (using p-polarized light) or (2) comparison of reflection
measurements for both p and s states of polarization. Unlike the results shown for
Fig. 2.32, reflection of light from a relatively transparent substrate (low k, values)
results in a standing electric field at the surface that has a sizable contribution for the
X, ¥, and z components. Figure 2.36 shows the results obtained for the electric field
intensities for x, y and z components for reflection from a germanium substrate with
a 100 nm surface PPS film. At normal incidence, only absorbances having a
component of the dipole transition moment parallel to the plane of the substrate can
give rise to absorption, while near a 45° incidence angle, electric field intensities of all
components are of almost equal in intensity. This allows interaction with groups
aligned both parallel and perpendicular to the plane of the sample to be analyzed. At
higher incidence angles, the z component becomes dominant but is never completely
independent of the x component. This means that at grazing angles, a mixture of
absorbances for both parallel and perpendicular orientation will result for p polarized
light. Also, while reflection from metals using s polarized light results in negligible
absorbances at any angle of incidence, for germanium substrates, the y component can
be substantial. To analyze orientation, transmission spectra (E,) can be compared to
p-polarized light reflection (E, + E)) and the differences noted. Although in the
reflection mode, the anisotropy of the electric field is not purely in the z direction and
the average resultant absorbance should reflect the perpendicular component, as
averaged with the parallel. Also reflection using s-polarized light will give
information concerning absorbances in the substrate plane, and this can be compared
with results using p-polarized light.

To investigate the changes associated with crystallization of thin films on
germanium, transmission measurements were made, and Figure 2.37 shows the
spectral changes associated with crystallization of a thin film on this substrate. While
crystallization on the metal substrates using the IRRAS technique resulted in slight
decreases in the 1474 and 1011 em™ bands and a large increase in the 820 em™ peak,
analysis shows that these absorbance bands in transmission show the exact opposite

behavior. In this case, there are increases in the in-plane ring modes for the
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ring-stretching vibration (1474 cm™) and the CH-bending vibration (1011 cm™) and
decreases in the out of plane C-H bending mode at 820 em™. To examine the dipole
transition moments perpendicular to the surface, Figure 2.38 shows the comparison
between the transmission spectrum of a crystalline PPS film and a reflectance
spectrum using 60° reflection and p-polarized light. Although the reflection spectrum
will reflect both x and z components of the electric field, the large increase in the
absorbance at 820 em™ is clearly evident relative to the in-plane modes. This
clearly shows the anisotropic nature of the surface film and confirms the previous
conclusions based on the simulation of optical spectra.

The results for both metals and non-metals are consistent with the orientation of
the aromatic rings in the backbone structure of crystallized polymer primarily in the
plane of the substrate. This would enhance in-plane modes in transmission and
out-of-plane absorbances in reflection. For PPS, qualitative dichroic measurements
have shown that the C-H out-of-plane mode giving rise to the 820 em™ band is
oriented primarily perpendicular to the polymer chain direction (107). The large
increase in this functionality when sampling modes perpendicular to the surface in
reflection implies that the direction of the backbone chain extension is parallel to the
plane of the substrate. This is also in the same direction as flow during the spin
coating procedure, and this method may play a critical role in the anisotropy seen.
Sampling modes with dipole transition moments parallel to the substrate in
transmission show a decrease in this absorbance, with an increase in in-plane modes
consistent with this model. The extreme sensitivity of the 820 em™ band relative to
the in-plane modes is most likely due to the fact that this absorbance is sensitive
primarily to the crystalline regions while the 1474, and 1012 em™ absorbances have
not been shown to be particularly sensitive to crystallinity. Therefore the changes due
to orientation may in fact be "diluted" by the amorphous regions present.

Previous studies of the orientation of thin (<100 nm) crystalline films on solid
substrates has been limited, but Nguyen and Ishida have shown, using the IRRAS
technique that poly(ether-ether ketone) ketone polymer chains were oriented

perpendicular to the surface for coatings on graphite single crystals. Studies of thicker
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PEEK films on cleaved mica by electron diffraction showed a parallel alignment of the
polymer chains with the surface and a parallel growth direction (118). Studies of
much thicker transcrystalline regions show parallel alignment against the surface and
a growth direction perpendicular to the substrate (119). Figure 2.39 shows an
illustration of the orientation postulated for these studies (119), and shows that
orientation depends on film thickness, and also probably on particular sample
preparation. While in this analysis, films of PPS appear to orient with the main chain
direction parallel to the surface, clearly, the technique cannot distinguish between

orientation given by Fig. 2.39 b and Fig. 2.39 c.

2.3.2 Analysis of Plasma Modified Polymer Surfaces
2.3.2.1 Theoretical Considerations

Figure 2.40 shows a schematic diagram of the problem of analyzing a thin
modified surface region on a thicker underlayer of unmodified polymer. The diagram
indicates that the polymer exists as a thin film on a metal substrate, a situation that
can be readily examined experimentally by infrared reflection absorption
spectroscopy. While this technique has been used in a limited number of studies to
investigate modified surfaces (46,47), no studies have considered the theoretical
aspects of the situation where a two layer system is involved. Such an analysis could
give insight into methods to optimize experimental conditions for such a system.

To simulate the spectrum of a plasma modified polymer film, exact optical
theory was used as outlined in Eqgns. [9] through [19] using the fortran program
RAS14 in Appendix 2.2. For the substrate polymer, optical constants for polystyrene
were determined from the analysis of Pacansky et. al (29). The chemical composition,
and therefore the optical constants, for an oxygen plasma treated polystyrene surface
layer are not known, but investigations have suggested a number of oxidized carbon
species including ether, carbonyl, carboxylate, and carbonate functionalities (120,121).
Therefore, to simulate the surface layer, the optical constants of polymethyl-
methacrylate were used and calculated using the same method as for polystyrene (29).

While this can serve as only an approximation of the chemistry found in the oxygen
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Figure 2.39 Proposed orientations of lamellae in films of different thicknesses: (A)
thickness on the order of namometers; (B) thickness on the order of hundreds of
namometers; (C) thickness on the order of tens of hundreds of nanometers
(transcrytalline regions). (119)
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plasma treated layer, the optical properties of carbonyl and C-O functionalities would
not be expected to differ dramatically.

Figure 2.41 shows the simulated spectra of a 2 nm thick surface layer of PMMA
on varying thicknesses of polystyrene substrates. As can be seen, only at the lowest
polystyrene thicknesses, can any indication of the surface layer be observed in the raw
spectra. The peak near 1600 ecm?’ is assigned to the ring stretching mode for
polystyrene. Often, subtraction techniques are used to analyze small chemical changes
in infrared analysis, and Figure 2.42 shows the difference spectra in the carbonyl
region for the plots spectra in Fig. 2.41. In this case, a simulated reference spectrum
for unmodified polystyrene was used for subtraction. The intensity of the absorbance
band for the carbonyl absorbance is weak (4-5 x 10*) and strongly dependent on the
thickness of the underlying polymer. In fact, given typical baseline instrumental
signal to noise levels, carbonyl absorbance bands for polystyrene thicknesses in excess
of 500 nm would be difficult to observe. To better understand this effect, Figure 2.43
shows the angular dependence for the z component of the electric field vector at the
surface. The falling absorbance (see Fig. 2.42) is due to a diminishing electric field
intensity as the modified layer is moved farther from the surface by the underlying
polystyrene film. This, of course, depends of the angle of incidence, and Figure 2.44
shows the absorbance (R - R)) /R, of the carbonyl peak intensity of a 2 nm PMMA film
on an underlying polystyrene film of varying thickness. As shown, at 85°, the highest
sensitivity for the detection of the surface layer is calculated for the case where the
underlying film is relatively thin. However, a rapid decay in the peak intensity is
observed with increase in polystyrene film thickness, and at higher thicknesses the
higher angle of incidence offers no advantage in sensitivity.

While it can be shown from theory that both the x and z components of the electrice
field intensity diminish with increasing underlayer thickness, the y component,
however, increases with distance from the surface. To investigate this effect, Figure
2.45 shows the predicted absorbance for a 2 nm film of PMMA on a substrate of
polystyrene of varying thickness. An interesting result is obtained and shows that if
the polystyrene underlayer thickness is chosen correctly (1.1-1.2u), an almost 5 fold
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Figure 2.42 Simulated difference spectra for a 2 nm polymethylmethacrylate surface

layer on a polystyrene film of varying thicknesses: (a) 1u (b) 0.5u (¢) 0.25 n (d) 0.1
and (e) 0.05u on gold.
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enhancement in the signal for the carbonyl absorbance is observed for s-polarization
over even the most sensitive measurement that can be made with p-polarization. For
p-polarization, however, the choice of a thin (< 10nm) underlayer is desirable to

achieve maximum sensitivity (see Fig. 2.44).

2.3.2.2 Surface Analysis of Plasma Modified Polystyrene
2.3.2.2.1 Ellipsometry

Figure 2.46 shows the ellipsometric analysis of polystyrene etching by an Rf
generated oxygen plasma. A near linear plot is indicated, and regression analysis
shows an etch rate of approximately 5 nm/minute. Although other methods including
gravimetric analysis or laser interferometry can be used to monitor material loss
during plasma exposure, ellipsometry has the advantage of detecting extremely small
changes in thickness (<1 nm resolution), therefore allowing the initial stages of
etching to be examined. The technique should also lend itself to in-situ analysis. The
disadvantage of ellipsometry is that due to the isotropic single layer model used, use
of this technique is only valid when the surface modification layer is thin and similar
in optical properties to the underlying substrate. Two layer models can be used, but
the analysis becomes complicated as the optical constants and thickness of the surface
layer are not known a priori. Another requirement is that the polymer must be cast
in a thin film form on a reflective substrate. These criteria are probably met for many
polymeric systems where the surface modification is estimated to be thin, but errors
will arise when analyzing siloxane containing materials, where it has been shown that

a Si0, layer forms at the surface during plasma treatment (91,92).

2.3.2.2.2 X-ray photoelectron Spectroscopy

Table 2.3 gives the results for XPS analysis of the atomic concentrations of
elements present after oxygen and ammonia plasma treatment for varying lengths of
time. For untreated films, no oxygen was detected, while after oxygen plasma

treatment, the oxygen content increases dramatically to approximately 25%, and does

92



93

‘auul} yoje ewise[d uadfxo jo uorounj v se swy uryj} susafysfjod 10j peaowa ssauUNIY], 9'g aIn3ig

(soinurpy) oy, Yo15 eWse[]
S 14 € C I 0
_ T T I 0
0. ]
| =
3
. © 00T @
o &
0O - m.
0ST 2
@
| &
00T §
. a
Q- |




Table 2.3 XPS Analysis of the Major Elements Present for Oxygen and Ammonia
Plasma Treatment of Polystyrene.

Time

0.5

Oxygen Plasma!
Cls Ols Nils
100% 0 0
75% 25% -
75.1% 24.9%  ---
743% 25.71%  ---

Ammonia Plasma®
Cls Ols
100% 0
90.6% 2.2%
89.8 2.9
88.5 3.3

! All samples showed a small nitrogen signal in the wide scan, and this was not

included in the atomic concentrations shown.

? Air dried samples showed a small chlorine signal due to residual solvent after
etching and accounts for approximately 1% for these samples.
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not vary in the limited time range analyzed. For ammonia plasma treatment at
somewhat longer exposure times, there is incorporation of 6 - 7% nitrogen and 2 - 3%
oxygen. The incorporation of oxygen is probably due to the reaction of chemically
active surface species with air during transfer to the spectrometer. The high
percentage of carbon relative to nitrogen after ammonia plasma treatment shows that
direct functionalization by this gas is much less than when compared to that for
oxygen plasma treatment.

To further examine the nature of the surface modified layer, Figure 2.47
shows the Cls narrow scan spectra for a control and a one minute oxygen plasma
treated samples at 90° 30° 10° exit angles. For the control sample, a single
symmetrical peak could be fit to the data using a 75% gaussian / 25% lorenztian
envelope with a full width at half maximum intensity of 1.25 eV. The absence of any
oxygen bound carbon species correlates with the atomic concentration of 100% carbon.
Upon plasma treatment, however, a large number of functionalized carbon species are
detected at higher binding energies. Although curve fitted peaks are not shown, a
number of oxidized species have been postulated including ether, carbonyl,
carboxylate, and carbonate species (107). The spectra for a 10° takeoff angle shows
the large increase in the oxidized carbon species relative to the main hydrocarbon
peak intensity, indicating an increased concentration of oxidized species in the near
surface region. The Cls spectrum of a two minute ammonia plasma treated
polystyrene film is also shown in Fig. 2.47 and curve fitting at 90° shows only two new
carbon groups at approximately 286 and 287 eV which combined probably represent
new C-N or C-O species. At 10°, however, a small peak corresponding to C=0 species

can be seen.

2.3.2.2.3 Infrared Reflection Absorption Spectroscopy (IRRAS)

Figure 2.48a shows the results of the IRRAS analysis of an oxygen plasma
treated 30 - 40 nm polystyrene film on a ferrotype substrate. The spectrum actually
represents the difference spectrum between treated and untreated films, and takes

into account the thickness of polymer removed. The largest peak in the spectrum is
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located at 1767 cm™ and the peak width of more than 100 cm™ clearly indicates a wide
range of carbonyl species present. A typical carBonyl absorbance in a polymer
backbone structure would be approximately an order of magnitude narrower. The
peak maximum, however, may indicate ester functionality, and the high frequency
suggests possible conjugation with the ester single-bonded oxygen as would be
found in phenyl or vinyl acetates (1770 cm™) (4). The second most intense peak at
1217 em™ may suggest C-O or more probably aryl-O groups that would be present in
ether or ester groups. The 1435 cm™ absorbance band can be attributed to a C-H
bending mode and there is also a small absorbance due to C-H stretching in aliphatic
hydrocarbon species. A ratherbroad absorption band is present in the 2400 - 3500 cm”
! region which may indicate some carboxylic acid species (4). The observed carbonyl
band has an intensity of approximately 3.5 x 10 absorbance units, and using optical
theory, the thickness of the modified layer can be estimated. With typical optical
constants of 1.5 and 0.3 - 0.4 for n and k values, respectively, of a typical polymer
containing a carbonyl functionality (24,28), and optical constants of polystyrene taken
as 1.59 and 0 in the carbonyl region (28), the thickness of the modified layer can be
estimated to be in the range of 1.0 to 1.5 nm. For comparison, the thickness of
modified surface layers for plasma treated polymers have been generally estimated
in the range of 2 to 20 nm for a number of plasma treated polymers (43).

Figure 2.48b shows the IRRAS spectrum for a two minute ammonia plasma
treated polystyrene film, and shows the dramatically different functionalization of the
pelystyrene surface produced by this gas. The most noticeable features are the strong
bands at 2938 and 2866 cm™ indicative of a C-H stretch and shows the increase in the
aliphatic hydrocarbon nature of the surface layer. This result shows the great promise
of using a surface sensitive vibrational method to complement XPS analysis, which
cannot distinguish between aliphatic and aromatic carbon moieties. The absorbance
band at 1454 cm™ can be assigned to a C-H bending vibration, and the broad medium
intensity band at 1684 cm™ may be assigned to several possible groups. The shoulder
near 1600 cm™? may be attributed to a N-H scissoring mode, and therefore the band

at 815 cm™? would represent the out-of-plane absorbance for this group. Identification
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of primary or secondary amines requires a N-H stretch, but this absorbance is difficult
to assign due to the poor signal to noise in the 3000 - 4000 cm™ region. The 1684 cm™
could be assigned to an amide functionality, however, XPS indicated that only a small
percentage of C=0 groups were present in the surface layer. Another possibility is that
the peak represents imine groups (-N=N-) on the surface which would have
absorbances in this spectral region (4). Estimation of the thickness of the surface
modified layer is more difficult due to the wide range of k values for typical
hydrocarbon C-H stretching absorbances. If a range of k values from 0.02 - 0.08 is
taken as for typical polymers (28), the thickness can be estimated to fall in the range
of 3 - 10 nm, and shows a thicker modified layer than was found for oxygen plasma
treatment.

To explore the stability of the surface layer with time, IRRAS spectra were
taken immediately after treatment, and after 72 hours in a nitrogen environment.
The results are shown in Figure 2.49 and dramatic spectral changes after aging are
evident. The spectrum shows a large increase in the C-O functionality at
approximately 1213 cm™ and a shifting and broadening of the carbonyl band to lower
frequencies (~ 1750 em™). The broad absorption from approximately 2800 - 3500 cm™
may indicate increased hydroxyl concentration and an increase in the peak intensity
at 2935 cm™ is indicative of higher concentrations of hydrocarbon. Although the
results do not represent a thorough study, the IRRAS technique is clearly sensitive
to a large scale restructuring of the plasma modified region. A broad hydroxyl
absorbance, coupled with a shifting of the carbonyl to lower frequencies and an
increase in C-O functionalities are consistent with an increase of carboxylic acid
species. This may indicate possible hydrolysis reactions with residual amounts of
water present. The increased hydrocarbon and C-O functionalities may also indicate
contamination of the newly formed hydrophilic surface after treatment. Although
analysis by XPS did indicate increased C-O functionality after storage, dramatic
changes were not seen, and analysis required extensive curve fitting. This, again

shows the usefulness of IRRAS as a complementary technique to XPS.
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2.3.2.3 Analysis of Plasma Modified PPS
2.3.2.3.1 Ellipsometry

Figure 2.50 shows the results of the thickness removed by etching versus time of
exposure for both oxygen and ammonia treated PPS. The original thickness values
for these films ranged from 30 - 50 nm. The results for oxygen plasma treatment
show a limited and almost linear ablation rate. By contrast, the ammonia plasma
treatment shows a relatively rapid etch rate but then the plot seems to plateau after
2 - 3 minutes. Due to the thermal treatment of the film following plasma treatment
and prior to the thickness determination (re-melt and quench), the results can only
be viewed as approximate, although the relative rates of etching for ammonia and

oxygen plasma are certainly valid.

2.3.2.3.2 X-ray Photoelectron Spectroscopy

Figure 2.51 shows the atomic concentrations of major elements found after various
oxygen plasma treatment times of PPS. The plot shows a rapid incorporation of
oxygen reaching almost 30% after only one minute exposure time. In comparison with
the ellipsometry results, the relatively unchanging atomic concentration levels with
time after the first measurement (30 seconds) indicate that steady state conditions
must exist for the plasma conditions used. Figure 2.52 shows the Cls narrow scan
spectrum of PPS after one minute oxygen plasma treatment. The Cls spectrum for
the control sample with no treatment is also given and shows no oxidized carbon
species, indicating that little oxidation occurred during the elevated temperature
coating procedure. The shake-up satellite at about 291.5 eV, due to the aromatic
nature of the polymer, is also evident. The spectrum for the plasma modified PPS
shows the presence a number of oxidized carbon species ranging from 0.8 to almost
5 eV higher than the main C-H photopeak position at 285 eV. Curve resolution of the
carbon spectrum indicates four peaks at 285.8, 287.5, 288.5, 289.6 eV. Although all
individual binding energies are somewhat lower than that reported for oxygen plasma
treatment of polystyrene (120), the photopeaks may be tentatively assigned to C-O,
C=0, 0-C=0, and carbonate species. By lowering the exit angle from 90° to 10°, the
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mean sampling depth can be decreased and the technique made more surface
sensitive. If the mean free path (A) for the C1s electron is taken as approximately 1.4
nm (123), the sampling depth can be calculated as approximately 3A sin ¢ where ¢ is
the takeoff angle. Therefore, the sampling depths for 90° and 10° are found to be 4.2
and 0.7 nm respectively. Fig. 52 also shows the narrow scan spectrum for a 10° "take
off” angle. Here, the relative intensity of the oxidized carbon species to the main C-H
photopeak has increased, indicating that the modifications due to plasma treatment
are restricted to the topmost layers of the PPS substrate.

Analysis of the S2p photopeak in Figure 2.53 shows that oxygen plasma treatment
results in a broad higher binding energy photopeak at 169.4 eV, clearly separated
from the sulfide doublet at 163.8 and 164.8 eV. This high binding energy can be
attributed to highly oxidized forms of sulfur, and the wide peak indicates more than
one oxidized form. Similar results were obtained for PPS composites exposed to
atomic oxygen in low earth orbit (124). This may show the usefulness of plasma
treatment in simulating at least some of the effects expected for candidate materials
for space applications. The dramatic increase in the oxidized sulfur species compared
to non-oxidized substrate sulfur when a 10° exit angle is used shows again that the
plasma modification is restricted to the top surface layers of PPS.

Analysis of the atomic concentration found by XPS for various exposure times of
PPS to ammonia plasma discharge is shown in Figure 2.54. Increase in nitrogen
content from zero to 6-7% is observed, and the N1s binding energy was approximately
400 eV indicating an amine type functionality. There was also a similar smaller
increase in oxygen content. The increase in oxygen content with non-oxygen
containing plasmas is a common phenomenon found in many studies (45,120), and can
possibly be due to oxidation of residual free-radicals when the sample is exposed to
air. The increase in nitrogen and oxygen content was accompanied with a 50%
reduction in sulfur content and little change in carbon. The sulfur narrow scan
showed little difference when compared to control samples indicating that the
reduction in sulfur concentration most probably is attributed to an overlayer of

modified material containing little sulfur. As with oxygen plasma treatment, steady
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Figure 2.53 S2p line shape for untreated and oxygen plasma treated PPS films at
both 90° and 10° exit angles.
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state was achieved within one minute even though ellipsometry indicated significant
ablation of the surface film by the ammonia plasma. The Cls narrow scan spectrum
in Figure 2.55 shows a new photopeak curve fitted at approximately 0.8 - 1 eV
higher than that of the main C-H peak and this peak can be assigned to C-N or C-O
functionality. However, even with incorporation of oxygen, no evidence for higher

oxidation states of carbon is seen.

2.3.2.3.3 Infrared Reflection Absorption Spectroscopy (IRRAS)

The IRRAS spectrum of a 30 nm thick polyphenylene sulfide film before and after
oxygen plasma treatment is shown in Figure 2.56. The plasma induced changes are
evident in the C-O (1250 ecm™) and C=0 (1750 cm™) absorbance regions. Figure 2.57
shows the difference spectrum where the untreated PPS film is used as a reference
and its intensity reduced by a factor to account for the amount of material removed
during plasma treatment. Two relatively intense and broad absorption bands are
located at 1760 and 1230 cm™ again indicating mainly C=0 and C-O functionalities.
The breadth of the carbonyl peak indicates a wide range of functional groups created
during treatment including possibly ketone, aldehyde, ester, and carboxylic acid
moieties. Relatively little absorbance is seen, however, in the OH stretch region
indicating little hydroxyl or carboxylic acid formation. The large absorption band due
to primarily C-O functional groups is also in agreement with XPS data that show
these to be in the largest relative concentration compared to other forms of oxidized
carbon. The C-O absorbances may be associated with various ether groups as well as
with ester or carboxylate groups. Oxidized forms of sulfur should also be detected in
this region and the absorbance bands associated with these groups probably overlap
with various C-O absorbances. For example, absorbance bands for the asymmetric
and symmetric stretches of sulfonic acids fall in the range 1340 - 1350 em™ and 1150 -

1165 em™ respectively (4), which are well within the envelope observed.

The difference spectrum of ammonia plasma treated PPS is shown in Figure 2.58.

All bands are relatively weak although the absorbance band at 2940 em™ can be

assigned to a C-H stretch associated with increased hydrocarbon functionality after
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Figure 2.56 IRRAS spectra of a 30 nm PPS film before (A) and after (B) a one minute
oxygen plasma exposure.
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ammonia plasma treatment. Absorbance bands at 1690 and 1450 cm-1 are most
probably due to the C=C stretch and C-H deformation bend in CH, groups
respectively. Similar spectra have been shown for the ammonia treatment of

polytetrafluoroethylene (45). The shoulder at 1600 - 1650 ecm™ may also indicate a N-
H deformation absorbance band although poor signal-to-noise does not allow
assignment of a N-H stretch absorbance in the region above 3000 cm™. The apparent
absence of C-O absorbances indicates that the XPS curve fit Cls peak at 285.8 - 286
eV can most probably be assigned to C - N functionality. The absence of carbonyl

absorbance bands is in agreement with the XPS curve fitted results.

2.3.2.3.4 XPS Analysis of Epoxy Interactions

Table 2.4 shows the atomic concentrations obtained for one minute oxygen and
ammonia plasma treated surfaces before and after exposure to epoxy with subsequent
CCl, washes. For the oxygen plasma treated PPS surfaces, the oxygen content is
dramatically reduced after epoxy treatment while the carbon and sulfur content
increased. The sulfur fraction has been divided into both oxidized (ox) and non-
oxidized species, and the epoxy treatment resulted in complete removal of all surface
oxidized sulfur species. For ammonia plasma treatment, the most noticeable change
is the almost complete loss of nitrogen functionality with a doubling of the sulfur
content.

For both cases, the results seem consistent with the loss of much of the surface
functionality induced by plasma treatment. To further support this assumption, the
XPS C1s narrow scan spectrum is shown in Figure 2.59. For the oxygen treatment,
only C-O functionality remains with no higher oxidation states of carbon present. For
ammonia plasma treatment, the curve fitted peak previously assigned to either C-N
or C-O functionality is greatly reduced. Also, for both cases, the shakeup satellite is
significantly increased, probably indicating the exposure of an unmodified PPS
surface. These results are consistent with the loss of oxygen and nitrogen
functionalities seen for oxygen and ammonia plasma treatment, respectively. XPS

results, therefore, indicate that only C-O functionality for oxygen plasma and C-O or
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Table 2.4 XPS Analysis of the Atomic Concentrations Found for Plasma Treated PPS
Before and After Exposure to Epoxy Followed by Several CCl4 Washes.

Oxygen Ammonia
Control Initial w/Epoxy’ Initial w/Epoxy’
Cls 86.5 61.8 82.2 85.0 85.1
Ols 0-1 28.4 10.0 2.4 3.3
N1ls 0 0 -- 6.8 0.8
S2p 12,5 6.7 7.8 5.9 10.8
S2p(ox)? 0 3.1 0 0 0

! After exposure to epoxy and washed with carbon tetrachloride.

2 Denotes high binding energy sulfur component at 169.4 eV.
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Figure 2.59 Cls line shape for a one minute oxygen and ammonia plasma treated
PPS films before (---) and after ( ) exposure to epoxy followed by 3 CCl, rinses.
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C-N for ammonia plasma are present after exposure to epoxy followed by CCl, rinses.

3.3.2.3.5 IRRAS Analysis of Epoxy Interactions

Infrared analysis can be used to identify the chemical nature of the residual
functionality seen above in the XPS analysis after epoxy treatment of plasma modified
PPS. IRRAS analysis of plasma treated PPS exposed to epoxy is shown in Figure
2.60. The spectra represent the difference spectra between plasma modified PPS after
exposure to epoxy with a varying number of CCl, washes, and control samples
receiving no treatment. Therefore, the spectra represent both modification due to the
plasma treatment as well as any spectral changes due to the epoxy / CCl, treatment.
The first solvent wash after removal from the epoxy bath shows a relatively thick
layer of residual epoxy remaining on the surface. The thickness of this film, as
measured by ellipsometry, was in the range of 50 - 70 nm. All bands can be assigned
to the epoxy structure and assignments can be found elsewhere (125). Clearly,
however, the epoxy ring vibration is present at 916 em™ indicating no crosslinking in
this film. After the second wash, however, several interesting spectral features can
be noted. The most evident is the complete lack of carbonyl functionality previously
seen in Fig. 2.57 for oxygen plasma treatment of PPS. This is consistent with the XPS
results and must again indicate that much of the surface modification can be removed
after epoxy treatment, therefore possibly contributing little to bonding. A second
feature is the absence of the epoxy ring vibration compared to other absorbance bands
present. Also, an absorbance band at approximately 1120 cm™ can be detected that
may be assigned to C-O stretching vibration of either an alcohol or alkyl ether
structure. This absorbance is much weaker in intensity than that seen for the plasma
modified surface before epoxy treatment and has shifted from the peak maximum at
1230 em™ seen previously (see Fig. 2.57). The loss of the epoxy vibration with a
relatively intense C-O absorbance band is consistent with the spectrum of a cured
epoxy film, indicating that crosslinking has occurred in the surface film. Similar
spectral features have been seen for the transmission spectra of epoxy films

crosslinked with a variety of curing agents (126). The particular curing agent involved
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Figure 2.60 IRRAS difference spectra of a one minute oxygen plasma treated PPS
film exposed to epoxy at 100°C after: (a) one CCl, rinse (b) two CCl], rinses (c) three
CCl, rinses. Spectrum (a) was multiplied by a factor of 0.16 for scaling purposes.
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here is not known although the lack of carbonyl absorbance bands indicates that it
does not contain this moiety. Reaction with a number of functional groups including
ketones, aleohols, or acetals could possibly lead to C-O absorbance bands, although
the conditions required for reaction can be varied (126). The overall low concentration
of reactive groups at the surface may be below the detection limits of the IRRAS
technique, and the poor signal to noise levels in the hydroxyl region unfortunately
does not allow detailed analysis in this region of the spectrum.

The IRRAS difference spectrum for an ammonia plasma treated PPS surface after
treatment with epoxy and three CCl, washes is shown in Figure 2.61. A similar
spectrum is obtained to that found with oxygen plasma treatment although the
amount present seems to be much less. The absence of the epoxy ring vibration again
indicates crosslinking, and the C-O absorbance is also evident at 1150 em™ although
the band is not as intense.

To test for epoxy interaction with PPS samples without plasma treatment, control
samples were heat treated with epoxy under the same conditions and the difference
spectrum is shown in Figure 2.62. The spectrum clearly shows that epoxy will adsorb
to untreated PPS surfaces, although the presence of the epoxy ring vibration at 915
em™ shows that the polymer is adsorbed in a non cross-linked form. Also, no C-O
absorption bands are detected in the region of 1100-1200 em™. The mechanism of
adsorption is not known, although it most probably consists of a combination of
dispersion forces, and more importantly, acid-base contributions. Since carbon
tetrachloride is a neutral solvent, even weak acid-base interactions would not be
disrupted by this solvent, and maximum adsorption would occur. In work reported

earlier by Fowkes (127), the use of this solvent was shown to give the maximum

adsorption of basic PMMA on acidic silica.

2.3.2.4 Surface Analysis of Plasma Modified PEPO’s
2.3.2.4.1 Ellipsometry and Surface Acoustic Wave Analysis

Figure 2.63 shows the relative etch rates for oxygen plasma exposure of Bis-A-
PEPO and the polysulfone analog. The much slower etching of the phosphorus
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Figure 2.63 Relative thickness decrease for polysulfone and BP-PEPO films as a

function of oxygen plasma exposure time.
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containing polymer is evident, with an etch rate of approximately 1.5 nm / minute
compared with 7 nm / minute for polysulfone. While ellipsometry is useful in

analyzing initial etch rates, long term durability under plasma exposure is not easily
studied due to the thin polymer films required. To study thicker films exposed to the
oxygen plasma for longer periods of time, surface acoustic wave analysis (SAW) was
used. This technique is similar in principle to a quartz crystal microbalance which
has been shown to be useful for analysis of the plasma etching of polymers (151).
Upon loading of the device with the polymer film, the frequency of the crystal (33
MHz) is depressed by an amount depending on the mass loading used. The
relationship governing the change in frequency (Af) with film thickness ean be given

by a well known Saverbrey equation (129):

[29]
Af = 2.3 x10° F? TIZ’;

where F is the frequency of the crystal, M is the film mass, and A is the film area.
Given the surface selectivity of plasma treatment, and that the polymers used were
well below the glass transition temperature, the frequency shift should only reflect
changes in h, the polymer thickness.

As the polymer is etched away, the frequency will increase proportionally with the
decrease in thickness. Figure 2.64 shows the results of this analysis and indicates the
dramatic difference between polysulfone and BP-PEPO. While a linear increase in
frequency with etch time is seen for polysulfone, the BP-PEPO sample undergoes an
initial 3 KHz increase with a subsequent very slow change in frequency, indicating
that mass loss is minimal. Combining these results with ellipsometry indicates that
for BP-PEPO, after an initial decrease in thickness (determined by ellipsometry and
a small increase in frequency for the SAW device), polymer etching has essentially
stopped. This is an interesting result as few organic polymers show this level of

resistance to oxygen plasma treatment.
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2.3.2.4.2 X-ray Photoelectron Spectroscopy XPS)

Table 2.5a shows the atomic concentrations found for polysulfone, Bis-A-PEPO,
and BP-PEPO control samples. Also given in Table 2.5a are the expected atomic
concentrations expected given the backbone structure. For comparison, the atomic
concentrations for both control samples and polymers after a five minute oxygen
plasma exposure are shown in Table 2.5b. For polysulfone, a 25% decrease in the
carbon content and a 2.5 fold increase in oxygen is found, while the sulfur content
remains essentially unchanged. By comparison, for the PEPO containing polymers,
a dramatic decrease of approximately 50% for carbon is seen, with a 5-6 fold increase
in oxygen content. Also, the phosphorus content increases by 3-4 times for both
polymers. To analyze the atomic concentration changes in more detail, Figure 2.65
shows the results of XPS analysis of the atomic concentration changes on plasma
exposure for polysulfone and shows that after an initial exposure of 10 seconds, the
atomic concentrations remain relatively constant for all treatment times. This is in
agreement with the results previously seen for polystyrene and polyphenylene sulfide.
Figure 2.66 shows the results for BP-PEPO, and the difference with this polymer is
evident. Instead of reaching a plateau in atomic concentrations, the values given for
carbon, oxygen, and phosphorus concentrations show significant change over the
exposure time. It is interesting to note also that the rate of change for oxygen and
phosphorus are similar, while a much faster decrease in carbon content is indicated.
After a dramatic increase in phosphorus and oxygen concentrations, and a decrease
in carbon concentrations during the initial treatment time of five seconds, the values
continue to change showing the continual ’evolution’ of new chemistry at the surface.
Figure 2.67 shows the change in the O1s / P2p and Ols / S2p ratio for BP-PEPO and
polysulfone, respectively. This figure again shows the relatively unchanging ratio for
polysulfone with treatment time, while the BP-PEPO sample undergoes a rapid
decrease in the Ols /P2p ratio to a leveled value of approximately 3.4. The scatter in
the ratio for polysulfone is due primarily to the error seen in the low value for the
sulfur content. Due to excessive etching of polysulfone, thicker samples (2% spin

coated solutions) were used at times greater than five minutes, and even with this,
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Table 2.5a Atomic Concentrations (Measure/Calculated) for the XPS Analysis of
Polsulfone and PEPO polymers.

Element BP-PEPO Bis-A-PEPO Polysulfone

Carbon 88.3 /88.2 89.2/89.2 84.0/84.4
Oxygen 8.5/8.8 7.6/8.1 13.0/12.5
Sulfur e e 3;0 /3.1
Phosphorus 3.2/2.9 3.1/27 e

Table 2.5b Atomic Concentrations (Before/After) for the XPS Analysis of a five
Minute Oxygen Plasma Treatment of PEPO and Polysulfone.

Element BP-PEPO Bis-A-PEPO Polysulfone
Carbon 88.3 / 46.0 89.2 /42.0 84.0 /63.0
Oxygen 8.5/40.6 7.6/43.0 13.0 / 32.3
Sulfur R T S S 3.0/3.2
Phosphorus 3.2/11.3 31/11.3 -
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times greater than 7.5 minutes exposure time showed a chromium signal due to the
substrate.

To better characterize the surface chemical changes and understand the
mechanisms behind increased oxygen plasma resistance, analysis of the narrow scan
spectra was also performed. Figure 2.68 shows narrow scan spectra for the P 2p
photopeak as a function of oxygen plasma exposure time. In this figure, the peak
intensities have been normalized to the Cls peak intensity. The control spectrum
shows an unresolved doublet for the P=0 functionality with a peak maximum at 132.5
eV with a separation of approximately 0.9 - 1.0 eV between the 2p 3/2 and 2p 1/2
photopeaks. Upon oxygen plasma exposure, however, there is a large broadening of
the peak with a shift to higher binding energies. At longer exposure times, an intense
peak develops at 135 eV. Figure 2.69 shows a more simple analysis for the Ols
photopeak and clearly shows the transition from a doublet corresponding to P=0 and
C-O functionality at 530.7 eV and 533.7 eV respectively to a much broader photopeak
with a maximum at 533.7 eV. No evidence of the O=P photopeak is seen at longer
exposure times.

To quantify this transition for the phosphorus photopeak, the control photopeak
and the photopeak after long exposure times (15 min) were curve fit assuming a ratio
of the 2p 3/2 to 2p 1/2 photopeaks of 2:1 and an approximate separation of 0.9 - 1 eV.
By applying these criteria to spectra at all exposure times, any area not included in
the two known peaks could be attributed to intermediate oxidation states. Monitoring
the loss of the P=0 absorbance near 132.5 eV, the growth of the new 135 eV
photopeak, and the change in intermediate oxidation states can give an indication of
the relative rate of change of these species. Figure 2.70 shows the results of this
analysis and shows the dramatic loss of P=0 functionality and growth of a highly
oxidized phosphorus species. The intermediate oxidation species undergo an
immediate increase after initial plasma treatment, and then slowly decrease in
concentration. The results are consistent with the oxidation of phosphorus through
a series of mixed intermediates to reach a highly oxidized final state. The high binding

energy of this phosphorus species is probably indicative of a phosphate species, and
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Figure 2.69 XPS analysis of the Ols line shape for BP-PEPO as a function of oxygen
plasma exposure time shown for (a) 0, (b) 10 minutes and (c) a polyphosphoric
standard. All spectra have been normalized to identical intensities for comparison.
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XPS analysis of the P2p photopeak for triphenyl phosphate gave a peak position of
134.8 eV, similar in position to that seen experimentally found for plasma treated
samples. The Ols / P2p ratio of 3.4 - 3.5 (see Fig. 2.67) is lower than the value of
near 4:1 found experimentally for the triphenylphosphate standard. This probably
indicates that the surface phosphate is polymeric in nature. A di-phosphate would
yield a value of 3.5, close to that seen experimentally, while a true polyphosphate
would yield a value of 3:1 for the Ols / P2p ratio. XPS analysis of polyphosphoric acid
yielded a value for this ratio of 3.9 closer to the theoretically expected value. Also, the
P2p photopeak position of 135eV and the Ols position of 533.5 eV agree with the
experimentally observed positions for the plasma modified films.

To better understand the surface chemical changes, the Cls photopeak was
analyzed, and the results are shown in Figure 2.71 for both polysulfone and BP-PEPO.
For polysulfone, the large number of oxidized carbon species are evident by the
presence of several higher binding energy components after a 10 second oxygen
plasma treatment. At longer exposure times, there is some decrease in the amount of
oxidized species initially, but a constant residual amount of highly oxidized carbon
species is evident in all spectra. This indicates that although ellipsometry has
indicated polymer etching, the surface composition of oxidized carbon is unchanged,
suggesting a ’steady state’ process. The Cls profile for BP-PEPO at short times
resembles that for polysulfone, indicating that the early oxidation processes may be
similar. At longer times, however, the amount of higher oxidation states for carbon
is significantly reduced, showing that while these chemical processes are important
in the initial stages of treatment, the surface chemistry at later times is altered to
significantly reduce further oxidation of carbon in the surface region. To quantify the
changes in the concentrations of oxidized surface carbon, Figure 72 shows the plots
of the change in oxidized species as a function of treatment time. The plot shows the
changes in the peak area relative to the main hydrocarbon peak at 285 eV for the
curve fit C-O species at approximately 286.4 eV. Also shown is the change in relative
peak area for the remaining peak area associated with more highly oxidized carbon

species. As can be seen, there is relatively little change in the C-O concentration,
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Figure 2.71 XPS analysis of the Cls lineshape for both polysulfone and BP-PEPO as
a function of oxygen plasma exposure time. For BP-PEPO (upper figure), times of (a)
0.08 (b) 0.17 (c) 0.33 (d) 1 (e) 5 and (f) 10 minutes are shown, while for polysulfone
(lower figure) times are shown for (a) 0.17 (b) 1 (¢) 5 and (d) 7.5 minutes.
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while the remaining oxidized species undergo a large increase after initial treatment
to a value of 0.7, and then rapidly decays to a C,, / C-H ratio of approximately 0.17,
indicating a small amount of residual oxidized carbon in the surface region.

The combined results suggest the formation of a surface phosphate of the possible

HH

where i shows that the phosphate may be polymeric in nature and X represents the

structure:

number of carbon atoms in various carbon functionalities. The presence of a nitrogen
photopeak at 402.4 eV indicates that a smaller amount of -N-O- functionality is
present, and this type of functional group has been suggested for the oxygen plasma
treatment of polyphosphazenes (55). From the curve fit analysis, a photopeak at 291.5
eV due to the x to " shakeup transition is always present indicating that at least
some aromatic functionality remains.

To fully interpret the results, Figure 2.73 shows the changes theoretically
expected in the Ols / Cls, Ols / P2p, C1ls / P2p and C-O / C-H ratios for the chemical
phosphate structure proposed as a function of both i and X. The C-O / C-H ratio is
independent of i, and the average experimental value of 0.17 for all exposure times
compares with a value of 0.2 expected if X represented phenyl moieties (X = 6). The
O1ls / P2p ratio is independent of the X functionality but is dependent of the value of
i. An experimental Ols / P2p ratio of 3.5 (see Fig. 66) at a 15 minute plasma exposure
shows that a di-phosphate may be indicated. Even though this analysis would be
somewhat in error by any P-N-X functional groups, this functional group would be
expected to have a binding energy near 400 eV (93), much lower than that observed
in this case. The Cls / P2p ratio also gives some indication of the X functionality, and

the experimental value of 2-3 (see Fig. 2.66) at 15 minutes compares with an X
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composed of between 1 and 3 carbon atoms for a polyphosphate. A Ols/Cls ratio of
3 - 0.75 would be expected for a polyphosphate with an X group containing 1 -3
carbon atoms, and this compares with an experimentally determined value of 1.66 (see
Fig 2.66).

The results for the analysis of Ols / Cls, O1s / P2p, and Cls / P2p seem to indicate
that a polymeric surface phosphate species exits with an n = 2. Analysis of these
element ratios indicates that the X species contains 2 - 3 carbon atoms and this seems
to contradict the C-O / C-H results which indicated approximately 6 carbon atoms. The
discrepancy can arise from several factors. The first is that some residual more highly
oxidized carbon is seen in the curve fitted carbon spectra and this would an introduce
error in the analysis. Also, and more importantly, the presence of P-OH groups would
drastically lower the Cls / P2p ratio and increase the Ols / Cls ratio, while the C-O
/ C-H ratio would be independent of the amount of hydroxyl species present. This
explanation seems more likely, indicating that while phenyl groups are present, a
significant amount of hydroxyl functionality is also present. The presence of phenyl

groups is supported by the n to n° shakeup feature seen.

2.3.2.4.3 Infrared Reflection Absorption Spectroscopy
A a complementary technique to XPS analysis, infrared RAS analysis was used to
examine thin spin coated films of polysulfone and Bis-A-PEPO.
Figure 2.74 shows the infrared spectrum of the untreated polymer films, and the
similarity in structure is indicated by the closely matching spectra. Table 2.6 gives
the major peaks found, and the assignments for each absorbance band. The only
major difference in the spectra are associated with the sulfone (1150 and 1324 cm™)
and phosphine oxide (1193 em™) moieties in polysulfone and Bis-A-PEPO, respectively.
Figure 2.75 shows the difference spectra for oxygen plasma treated polysulfone
films for both 5 second and 5 minute treatment times. At 5 seconds, the presence of
broad absorbances at 1770 em™ and 1250 em™ indicate a wide range of C=0 and C-O
functionalities. At a longer time of five minutes, although there are subtraction

problems due to excessive polymer etching, there is still the clear indication of similar
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Figure 2.75 IRRAS difference spectrum of a five second and five minute oxygen
plasma treated polysulfone film. The reference was multiplied by a factor to account
for the amount of polymer removed.
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concentrations of highly oxidized carbon functionalities, and this is agreement with
results from XPS analysis. Figure 2.76 shows a similar analysis for the oxygen
plasma treatment of Bis-A-PEPO. At a treatment time of 15 seconds, the spectrum
is very similar to that found for polysulfone at early treatment times, with the
appearance of a broad carbonyl absorbance at approximately 1760 em™? and a C-O
absorbance at 1240 cm™. At longer times, however, there is a dramatic difference in
spectral features when compared to polysulfone. First, although a residual amount
remains, there is a marked decrease in carbonyl functionality, and this is also in
agreement with XPS results for the Cls photopeak. Since this technique samples the
entire film thickness, the reduction in oxidized carbon species seen in XPS is not due
to the limited sampling depth of the technique (5-10 nm). Also, there is a strong
broad absorbance with a peak maximum of 1275 em™ which is consistent in position
with that seen for many phosphate species (155). IRRAS analysis of a tri-butyl
phosphate standard showed a P-O stretching absorbance at 1284 em™ although the
peak was narrow and not the most intense in the spectrum. The difficulty in
obtaining a subtraction spectrum without spectral distortions is no doubt related to
the build up of a surface layer. The best results for this analysis are probably obtained
where the surface modified layer is completely different than the underlying substrate.
In this case, residual material increases at the surface with treatment time, and
finding a suitable reference peak for subtraction is difficult. Even with these
difficulties, the advantages of the analysis of the thin plasma modified layer

using a vibrational technique are clear.
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Figure 2.76 IRRAS difference spectrum of a 15 second and five minute oxygen plasma
treated BP-PEPO film. The reference was multiplied by a factor to account for the

amount of polymer removed.
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2.4 SUMMARY AND CONCLUSIONS

The use of exact optical theory has been shown to be a great aid in the prediction of

reflectance spectra for PPS films, coatings, and molded samples using a variety of
experimental techniques including transmission spectroscopy, reflection absorption
spectroscopy, attenuated total reflectance spectroscopy, and reflectance spectroscopy
at the Brewster angle. The theoretical predictions for these cases were confirmed
almost exactly by experiment. The use of optical theory in the analysis of polymers
has been limited to efforts by only a few investigators in the past decade
(5,24,28,29,75). The clear advantage of predicting spectra under any experimental
conditions can aid in the interpretation of optical distortions that are usually present,
evaluation of orientation, and help in the development of new reflectance techniques.
Spectral simulations, however, must have well known optical parameters and
unfortunately, the analysis for polymers has been limited to only a few simple
polymers (24-26,28,29). Almost no data exists for more recently developed high
performance polymers, and the spectral analysis in this work provides the first data
for PPS.

By comparing simulated spectra from exact optical theory to experimental results,
thin spin coated PPS films on a variety of metal and metal oxide substrates were
shown to anisotropic in nature, with the major polymer chain direction parallel to the
surface. This alignment may be induced by the spin coating procedure used which has
been shown to produce orientation in polyimide films (110). Although the use of
optical theory is of great utility in deducing orientation, the analysis of coatings on
infrared transparent substrates can show orientation directly if spectra are taken in
both the transmission and reflection techniques modes. For spin coated PPS film on
germanium, the results again indicate an anisotropic film, in agreement with the
conclusions using optical theory. While IRRAS has been used in many studies to
analyze orientation in Langmuir Blodgett films and spontaneously ordered monolayers

(65-68) , few studies exist to show orientation in thin polymer coatings (73,75).
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XPS has shown that the oxygen plasma treatment of PPS results in an overall
increase in the oxygen content of the surface region. This oxygen was associated with
both oxidized forms of carbon and sulfur. Ammonia plasma treatment resulted in the
incorporation of nitrogen and oxygen as either a C-N or a C-O functionality.
Treatment with epoxy followed by CCl, rinses, however, seemed to remove most
surface functionalities, leaving only C-O or C-N moieties, as determined by the C 1s
narrow scan XPS spectra. IRRAS showed that this was, in part, due to C-O functional
groups from a thin epoxy layer at the surface. The absence of the epoxy ring vibration
indicated a crosslinked surface film for both oxygen and ammonia plasma treated PPS
surfaces although the surface density or thickness was much less for the ammonia
treatment. Although the specific curing site could not be identified, it certainly
resulted from the plasma surface treatment. Epoxy treatment of non-plasma treated
PPS films showed that an uncured film could also adsorb to the PPS surface. The use
of IRRAS as a complementary tool to XPS has shown great promise in the
determination of the mechanisms involved between plasma modified surfaces and a
model adhesive. The indication of a direct bond between a plasma induced surface
species and epoxy shows some of the first evidence for the formation of covalent bonds
in the interphase for such a system.

Surface analysis of the plasma treatment of poly(arylene ether phosphine oxide)
by XPS yielded results consistent with the loss of oxidized carbon species and the
formation of a phosphate surface layer. The development of such a surface structure
may be responsible for its resistance to degradation in an oxygen plasma determined
by both ellipsometry and surface acoustic wave analysis. The evolution of the surface
structure with time could be easily monitored using XPS and this technique showed
that most of the surface conversion occurred within several minutes of oxygen plasma
exposure. The use of IRRAS in the analysis of the surface modified region showed
that carbon oxidation was reduced after a five minute plasma exposure time with the
build up of the surface phosphate species. This response to oxygen plasma is quite
different to that seen for a polysulfone analog and other engineering thermoplastics

where the surface concentrations remain constant with various exposure times. The
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excellent resistance to polymer degradation by oxygen plasma may make poly(arylene

ether) phosphine oxides ideal candidate materials for space applications.
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Chapter 3: Analysis of the Reorganization in Thin PPS Films
by Variable Temperature Reflection Absorption Spectroscopy
(VTRAS)

3.0 INTRODUCTION

The physical and chemical nature of the interphase or transition region between
a polymer in contact with a rigid inorganic substrate can be of critical importance in
many areas of interest including adhesion, flocculation, polymer adsorption, and filled
polymer systems. Polymer structure and properties in this region may be reasoned
to be different than that found for the bulk polymer, with the difference decreasing
as further distances from the surface are sampled. One factor involved is the loss in
the number of polymer conformations possible as the polymer chains are adsorbed to
the surface, thus representing a decrease in entropy. This must be balanced by
favorable segmental interaction with the surface to give an exothermic enthalpy
contribution, and a combination of the two factors drives the system to minimum free
energy at the interface. For crystalline polymers, the surface sites can also serve as
nucleation centers from which unique transcrystalline regions can grow. Surface
characteristics including surface energy (1,2), and surface chemistry (3) have been
postulated to play roles in heterogeneous nucleation on surfaces. For a particular
polymer/substrate combination, interaction terms may involve London dispersion
forces as well as acid-base contributions, and Fowkes has shown the importance of
interfacial acid-base chemistry in determining the adsorption properties of
polymethylmethacrylate on acidic and basic substrates (4). Specific polymer properties
will also be important, including chain flexibility, number of entanglements,
crystallinity and polymer intermolecular forces which will combine with interfacial
interactions to determine the structure of the interphase.

In addition to the "static view" of the interphase, dynamic considerations involving
time and temperature must be introduced. Polymer property variations with time and
temperature are generally well known in the bulk, but often neglected with regard to
interphase or surface phenomena. In this region, the environment must also be

included with time and temperature as a critical variable. Polymer dynamics
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including thermal expansion and thermal transitions may be profoundly influenced
by the local environment or chemical reactions in the interfacial region. The method
of preparation may also profoundly affect the dynamics involved if non-equilibrium
states are formed. In general, polymer molecules in the vicinity of a solid surface may
be expected to exhibit motions and relaxations different than those in bulk samples.
Experimentally, however, techniques to probe this difference are restricted to high

surface area substrates, while studies involving relatively flat substrates are rare.

3.1 LITERATURE REVIEW
3.1.1 Interphase Studies

Several analytical techniques have been used to probe the structure and dynamics
of the interphase region. Inverse gas chromatography can be used to investigate the
interaction of probe molecules with both inorganic and polymer matrices. Braun and
Guillet have used this technique to determine the glass transition temperature for
polyvinylchloride (5) and have also found that the Tg of polystyrene increased as the
thickness of the support media film coating decreased (6).

XPS is another useful tool, particularly for surface structure, and Ratner and
coworkers have used this technique to study the surface rearrangement of polar
polymers grafted onto nonpolar polymer substrates when changing from an aqueous
to ambient air environment (7,8). Studies of surface segregation of siloxane containing
copolymers are common and analysis of the extent of interphase segregation has been
shown to depend on the acid/base character of the substrate (9). Interfacial studies
of single component polymer systems are difficult to interpret due to the usually small
changes that are observed. Sample damage with exposure of the interface and
contamination are also problems.

Nuclear magnetic resonance provides the most direct means of studying interfacial
dynamics, although due to the lack of sensitivity, the analysis is restricted to high

surface area substrates. This technique has been extremely useful in studying the
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dynamics of alkyl chains for alkyl-modified chromatographic supports (12,13). It has
also been used to investigate the chain mobility of polyethylene oxide adsorbed on
siliea (9,10).

The study of interfacial phenomena in filled polymer systems has received much
attention in recent years due to its importance in the area of composite systems and
because the systems are amenable to more classical methods of analysis including
dynamic mechanical thermal analysis (DMTA). Although the results are not in
complete agreement, many studies have shown that polymer/filler interactions can
lead to decreased polymer mobility in the interphase region and affect the mechanical
properties of the composite system. Studies have shown an increase in the polymer
glass transition temperature due to polymer/filler interactions (14,15). Richard, et al.
showed that the improvement of mechanical properties and filler dispersion properties
for a CaCQO;, filled polyvinyl chloride system correlated with the degree of acid/base
interfacial interaction (16). Stupp and Weldert also showed that when a glass filler
was electrostatically charged, polymer wettability increased while pblymer mobility,
as measured by thermally stimulated discharge (TSD), decreased (17). Using
dielectric thermal analysis (DETA), Ko, et al. showed that the glass transition
temperature increased and the loss peak broadened for polysulfone coatings coated on
both acid cleaned and anodized aluminum surfaces for thicknesses even in the micron
range (18). This, again, indicates how specific surface/polymer interactions can

dramatieally affect polymer dynamics in the interphase region.

3.1.2 Variable Temperature Infrared Spectroscopy

While infrared spectroscopy of polymers is a common tool in polymer
characterization, studies of thermal effects on the infrared spectra of polymers are
relatively few. Many studies have dealt with the irreversible spectral changes
associated when certain polymers crystallize (19,20). While investigations concerning

the temperature dependence of the width of absorbance bands on temperature have
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been investigated (21), variable temperature studies have usually involved the
measurement of either peak frequency or peak intensity as a function of temperature.
While the exact theoretical explanations behind these changes are not completely
understood at present, a number of explanations have been given for the changes

observed.

3.1.2.1 Frequency Shifts

The frequency of an absorbance band for a simple diatomic molecule can be given

by the simple relationship:

1 K

where K, the force constant, is related to the potential energy surface for the
vibrational excitation of interest and p is the reduced mass. Changes in the potential
energy surface, then, would lead to shifts in frequency for the absorbance peak. It has
been postulated that the intermolecular force field around a particular group would
contribute to the potential energy for a vibration, and therefore a decrease in
intermolecular forces with thermal expansion would lead to a decrease in frequency
(22, 23). This would be particularly important in polymeric systems where
intermolecular forces are known to play an important role in polymer physical
properties. The decrease in frequency with increasing temperature has been observed
in a number of studies (22,23,24) and the often linear rate seen has been attributed
to the linear temperature dependence for the thermal expansion in polymers (22).
Herber, in studying organotin compounds, found that for covalent solids where
intermolecular forces were small, the frequency of absorbance bands was insensitive
to changes in temperature (23). For the compounds studied that formed polymeric
networks, strong dependencies of peak frequency on temperature were seen, and were

attributed to intermolecular interactions.
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While many of the early studies showed the qualitative usefulness of variable
temperature infrared analysis, more recent analyses have attempted to identify and
quantify the infrared spectral changes. In a comprehensive analysis, Joss, et. al
studied the non-equilibrium state of polyvinylchloride and polystyrene, and developed
expressions to explain the peak frequency shifts in terms of both intermolecular and
intramolecular contributions (24). The intramolecular contribution could be monitored
by following skeletal vibrations, and was attributed to chain strain effects. This term
disappeared in properly annealed samples, leaving the intermolecular contribution to
frequency shifting due only to changes in temperature and volume. This contribution

could be expressed by the following equation (24):

[1]
av _ "Y1 Vi Cg
dr 1+ e, (T-T)) - B,

where y, is the three dimensional Grueneisen coefficient, a, and o, are the thermal
coefficients of expansion below or above the T, respectively, v, is the frequency of
interest, and B, is a constant. This expression shows the interchain contribution to
frequency shifting. Both the T, and the Grueneisen coefficient y, (at T, were
determined for PVC and polystyrene (24). From this work and that with PMMA (25),
it was speculated that by monitoring main chain skeletal absorbance bands,
intramolecular contributions to frequency shifting with temperature could be
monitored, while pendant group absorbance frequencies may monitor the

intermolecular environment.

3.1.2.2 Intensity Changes

The second and perhaps more common variable temperature infrared method is
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to examine changes in peak intensity or integrated absorbance with temperature. As
with frequency shifts, a number of explanations for polymeric systems have centered
around the fact that the cubic expansion of the polymer with temperature would alter
intermolecular forces for a particular chemical group in the polymer backbone, thus
changing the observed absorbance or peak intensity. In early studies, Anton showed
that by monitoring integrated peak absorbance versus temperature for certain
absorbance bands, the glass transition temperature of polystyrene and
polyvinylacetate could be determined (26). Ogura also monitored the temperature
dependence of the CH and CH, bending absorbances at 1333 cm™ and 1427 cm™
respectively, for PVC to detect the T, of this polymer (27). Fukawa rationalized that
the observed peak absorbance changes could be correlated with refractive index
changes in the polymer (28), although given the wide sensitivity for wvarious
absorbance bands, this explanation has been disputed (32). Huang and Koenig found
that by monitoring the out-of-plane bending mode absorbance at 841 em™ for
polystyrene, the 8 transition at 50 K and the B transition at 240 K could be detected,
showing the usefulness of this technique in detecting polymer transitions other than
the Tg (29). The thermal changes were attributed to variations in intermolecular
forces as the polymer expanded, and a linear decrease in peak absorbance with
increasing temperature was observed. Reversible thermal changes in polyethylene
terephthalate were also monitored by Lin and Koenig, and both peak absorbance and
frequency shifts were monitored to yield linearly decreasing plots with increasing
temperature (30). The sensitivity of individual vibrating modes was explained as a
reflection of the changes in the specific environment of the group monitored as both
intramolecular and intermolecular forces were altered with thermal expansion.
Magonov, et al. studied changes in absorbance and frequency of both quenched and
annealed polystyrene, and reasoned that changes in intermolecular forces were
responsible for the observed decreases in frequency and absorbance for the bands

monitored (31). In this work, the T, was also determined, and the slope of the
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frequency and absorbance plots with temperature was dependent on the thermal
history of the samples. Snyder, et al. studied the change in the intensities for
particular infrared bands for crystalline n-alkanes and polyethylene and an example
of the temperature dependence of the 782 cm™ rocking band of n-C,gH,, is shown in
Figure 3.1. The 30% decrease in intensity for the phase I to phase II solid-solid
transition is clearly seen in the plot. In this analysis, it was determined that changes
in density, refractive index or Boltzmann factors could not account for the large
reversible changes in the intensity for the bands monitored (32). However, the
decrease in band intensities was correlated with the polymer thermal expansion. In
another recent work, Snyder, et al. showed that Boltzmann effects could not explain
the large decrease in intensity for the carbonyl absorbance for a PMDA/ODA
polyimide (33). The expression developed to predict the absorbance decrease due to

the reduction in ground state species was given as:

(et (2]
A, _e M 41
AT (-hCV)

1 e kT, + 1

The comparison of experimental and theoretical results based on Eqn.[2] for the 1780
cm™ carbonyl band is shown in Figure 8.2, and the deviation between calculated and
measured absorbances is shown. It was reasoned that conformational changes
involving the imide ring altered the magnitude of the dipole moment, thus directly
affecting the strength of absorption.

When compiling the available literature for variable temperature infrared studies,
unambiguous mechanisms to explain the frequency and absorbance changes for all

absorbance bands in every polymer system studied do not exist. Clearly, however,
the changes in intermolecular environment with temperature due to thermal
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Figure 3.1 Plot of peak intensity versus temperature for the 782 em™ C-H rocking
absorbance band of n-C,H,, (32).
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Figure 3.2 Plot of absorbance versus temperature for the polyimide 1780 em™ band.
The plot shows both experimental points and theoretical results based on equation [2]

(33).
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expansion plays a central role in the spectral changes. If this is the case, processes
altering polymer mobility including interfacial chemical reactions, cross linking, or

surface adsorption of polymer segments should be detected by this technique.

3.1.3 Variable Temperature Infrared Spectroscopy

The combination of thermal analysis with reflection infrared techniques is almost
nonexistent. Studies by Schlotter and Rabolt (34) and Swalen, et al. (35) have
investigated spectral features at various temperatures for ordered monolayers, but no
quantitative measurements of peak absorbance or frequency were presented. Spectral
changes with temperature did show conformational disorder with increasing
temperature due to gauche defects. The use of this technique to investigate increasing
disorder with elevated temperatures for thin films of poly(di-n-alkylsilanes) was
reported by Rabolt, et al. (36) and qualitative spectral changes for a
polymethylmethacrylate film on silver have been shown by Schlotter and Rabolt (34).
However, no quantitative study was attempted. The use of this technique has most
probably been limited by the small database of information for variable temperature
infrared measurements, and the difficulty in predicting the effects of temperature of
the optical properties of both the polymer film and the substrate. This technique,
however, does offer advantages due to the ability to monitor orientational changes in

surface films.

3.2 EXPERIMENTAL
3.2.1 Sample Preparation

Copper, chromium, and aluminum substrates were prepared by vapor deposition
of the metal of interest on acid cleaned ferrotype plates (see section 2.2.1.2). For
vapor deposited copper samples, substrates were oxidized at 140-150°C for two
minutes and aluminum samples were pre-oxidized at approximately 150°C for 30

minutes before coating. Thin PPS coatings were prepared by high temperature spin
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coating procedures previously outlined (see section 2.2.1.1). After coating, samples
were dried under vacuum (10 - 102 torr) for 12 hours at approximately 140 - 150°C.
Samples were then quenched in liquid nitrogen after a rapid heating in a nitrogen
atmosphere to 320 - 340°C on a hot plate oven. Heating times at this temperature did
not exceed two minutes. Some PPS coated copper samples were held at higher
temperatures (350 - 370°C) for two minutes and quenched in liquid nitrogen. Samples
for transmission measurements were prepared by spin coating more concentrated PPS
solutions in benzophenone (10% wt/wt) on unpolished salt plates to yield films of
approximately 2.5 microns thickness. Samples were then dried under vacuum and
heated to 320 - 340°C under nitrogen for 10 minutes followed by quenching in liquid
nitrogen.

Differential scanning calorimetry (DSC) was used to analyzed the major thermal
transitions for Ryton™ PPS using a ramp rate of 2.5°C / minute. To prepare samples
with a similar thermal history to those prepared by spin coating, samples where
dissolved in degassed benzophenone at 280°C and held at this temperature for
approximately 15 minutes. The solution was then poured into a 25:75 water /
methanol solution and the PPS precipitate filtered and washed with pure methanol
several times. The sample was then dried overnight at 120°C under vacuum. Samples
were then melted at approximately 320°C under nitrogen in a DSC sample pan and
quenched in liquid nitrogen prior to analysis.

Films of polyetherimide were prepared by spin coating solutions ranging from 0.1
to 10% (wt/vol) in chloroform onto chemically polished copper foil (see section 2.2.1.2).

Samples were then dried under vacuum at 140 - 150°C for six hours to remove all

solvent.
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3.2.2 Variable Temperature Infrared Analysis

Variable temperature infrared transmission measurements were made on spin
coated PPS films using a heated transmission cell (Spectra Tech, Inc.). The
temperature was monitored with a type K thermocouple mounted in the center
between the coated salt plate, and a second uncoated salt plate. The two were then
positioned in the center of the heating unit and the temperature monitored with a
digital thermometer (Omega, Inc., model 660). The analog output signal (10 mV / °C)
was sent to a personal computer via an 8 channel high speed data acquisition and
control interface (Model DAS-8, MetraByte, Inc.), and a program was written in
QuickBasic™ (Microsoft, Inc.) for personal computer use to monitor and control the
temperature. The program incorporated proportional, integral, and derivative control
features and allowed multiple set points and ramp rates. Typically for these studies,
a ramp rate of 2-3°C per minute was employed, and a plot of the temperature versus
time for a 2.3°C / minute ramp rate is shown in Figure 3.3. Data was collected using
a nitrogen purged Nicolet 510 infrared spectrophotometer employing a triglycine
sulfate (TGS) detector. Approximately 120 scans were recorded per spectrum at a
resolution of 4 em”, resulting in one spectrum taken every 1 - 2 minutes for typical

instrument mirror velocities. This resulted in temperature resolution of 2.5 - 5°C.

3.2.3 Variable Temperature Reflection Absorption Spectroscopy

Figure 3.4 shows a schematic diagram of the variable temperature design used for
all variable temperature reflection measurements. Essentially, the system consists
of a U-shaped holder with an attached sample heater, centered in a cylindrical
vacuum chamber. Figure 3.5 shows a more detailed diagram of the sample holder
configuration. The holder was mounted on a ceramic shaft to insulate the external
components from excessive heating. The entire assembly was fastened to a four inch
stainless steel high vacuum flange mounted on a 360° precision turntable (Edmund

Scientific). A liquid nitrogen trapped oil diffusion pump was used to achieve operating
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Figure 3.3 Typical heating and cooling temperature profile for variable temperature
transmission experiments.
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pressures of 5 x 10* - 5 x 10° torr and the pressure was continually monitored using
a nitrogen gas calibrated ion gauge. The infrared beam was directed outside the FTIR
optical bench, and into the chamber via a series of transfer optics designed to match
those of the internal bench chamber. The vacuum chamber was isolated from the
external environment by o-ring sealed KBr windows, and the entire optics assembly
was maintained under a nitrogen purged environment to minimize water and carbon
dioxide absorption. The unit had machined optical ports designed to allow
measurements in both the reflection (80°) or transmission mode (0°). The incidence
angle was calibrated by laser alignment of the substrate after removal of the external
chamber and rotating the sample until the 0° point was established by turning the
beam back onto itself. The sample could be then rotated to 80° and the external
chamber replaced and rotated until normal alignment of the windows with the
incident laser. A polarizer was placed in the infrared beam path before entering the
sample chamber and typically p-polarization was used. After exiting the vacuum
chamber, the light was focused onto a liquid nitrogen cooled mercury cadmium
telluride MMCT) detector.

The surface temperature was measured using a 1.59 mm diameter stainless steel
K type thermocouple (Omega, Inc.) mounted through a high vacuum Swagelok™
fitting into the vacuum chamber. The tip of the thermocouple was pressed directly
against the front surface of the film covered substrate. Contact was ensured by
sealing any air gaps between the thermocouple end and sample plate with silver paint
(E. F. Fullam, Inc.), and cementing the thermocouple to the substrate using high
temperature ceramic cement (Omega, Inc.). The temperature was monitored and
controlled using electronic components and computer software previously described
for transmission measurements. For the studies here, a ramp rate of 2-3°C / minute
was employed, and a plot of time versus temperature for a 2.4°C / minute ramp rate

is shown in Figure 3.6. To obtain a linear ramp rate under vacuum, the software
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parameters for proportional and derivative control had to be carefully selected. The

values used under vacuum and ambient nitrogen conditions are given in Appendix 3.1.

3.2.4 Data Manipulation

The experiments for this work involved data collection using two instruments. The
infrared spectrophotometer collected spectral information, and stored data as the
infrared spectrum taken versus time. Temperature information was collected using
an IBM™ personal computer and stored as temperature versus time. To ensure
equivalent times for both instruments, the personal computer internal clock was
synchronized with the clock from the infrared spectrophotometer before each run. A
computer program was written in QuickBasic™ (Microsoft, Inc.) to allow accurate
determination of the time taken for each spectral scan, and can be found in Appendix
3.1. The calculated time was for the mid-point of each temperature scan, and once
known, the temperature for each spectrum was found by interpolation from stored
temperature versus time data.

Since the information of interest was spectral changes for peak position, intensity,
and area with temperature, methods were developed to determine these parameters
for large numbers of data files. To do this, a custom program was written in
ArrayBasic™ (Galactic, Inc.) and was designed to be used within the LabCalc™
(Galactic, Inc.) working environment. The specifics of the program and operation are
given in Appendix 3.1. In general, the program incorporates LabCale™ peak picking
and quantification software to generate the quantity of interest, i.e., peak position,
peak intensity, or peak area versus spectrum number for any number of multiple data
files. Once this file is stored, it is merged with spectrum number versus temperature

data previously determined. All software is given in Appendix 3.1.
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3.3 RESULTS AND DISCUSSION
3.3.1 Theoretical Considerations

While changes in refractive index have sometimes been used to explain the
changes in peak intensity with temperature for absorbance bands, the sensitivity of
infrared spectra to refractive index is small in transmission and such arguments have
been disputed (36). Therefore, the changes in band intensities with temperature
primarily reflect changes in k, the extinction coefficient. In reflection, however, a
more complicated dependence of the resultant spectral features such as band position,
intensity, and shape on the optical parameters of the system exists. These can be
expressed by the following relation where the state of polarization, frequency, and

angle of incidence are fixed:

[3]

A(T) = -log(}}:(—(?) = £(n(T) kAT, n (T, k,(T),d(T))

where n; and k; denote the optical constants of the polymer film, n, and k, represent
the optical constants of the substrate and d is the thickness of the layer. All variables
will be sensitive to changes in temperature and this effect must be quantified to
understand the resultant spectra. The ideal experiment would be one where a direct
comparison of changes in bulk k values with temperature measured in transmission
could be compared with changes in k values in the reflection mode to investigate the
potential role of surface interactions. Due to optical effects, including the anomalous
dispersion in the refractive index, it is often difficult to compare directly transmission
and reflection changes (see section 2.1.2). To quantify the potential changes due to
these factors, and therefore possibly optimize experimental conditions, exact optical
theory was employed to determine the significance of each variable.

The increase in thickness due to thermal expansion would be offset by a

decreasing density given that the number of molecules in the beam path remains
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relatively constant. This would probably be expected for thin surface films where
lateral flow would be negligible, and therefore the effect on absorbance due to
thickness changes would be minimal.

To investigate the spectral changes with changes in substrate optical parameters,
Figure 3.7a shows the dependence of the intensity of a hypothetical absorbance peak
as a function of the k value of the substrate for several incidence angles. The
refractive index of the substrate was taken as 3.0 for a typical metal, and values for
n, and k, were taken as 1.5 and 0.4 respectively, which are typical for a polymer
carbonyl band. The frequency was taken as 1740 cm’, also indicative of a carbonyl
functionality. These results are similar to those reported by Greenler (37) and show
that only at the highest angles of incidence and lowest k values is there a significant
dependence. This means that the contribution to peak intensity or area due to
changes in substrate k values for metals would be minimal except at extremely
grazing angles. The effect for of substrate refractive index, n_, is shown in Figure 3.7b
and little change in the absorbance peak intensity will arise due to changes in this
variable. The fact that the absorbances can be made insensitive to the substrate is
fortunate since although data is available for the temperature dependence of some
metals in limited frequency ranges, an extensive list of n, and k, values versus
temperature over a wide spectral range does not exist for many substrate materials.

While the anomalous dispersion in the refractive index causes distortions in the
reflectance spectra (see section 2.1.2.2), the magnitude of this effect for a single peak
band shape, given a known angle of incidence, state of polarization, and frequency,
will depend on the magnitude of the k value and its full width at half maximum.
These two variables are not independent and can be connected through the Kramers-
Kronig relation. The intensity of the resulting absorbance band can depend, however,
on the ’anchor point’ for the dispersion through the absorbance band, which can be
taken as the high frequency refractive index (n,) for a single isolated band (38,39).

Figure 3.8 shows the change in intensity for the simulated carbonyl stretching
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Figure 3.7 Plot of the dependence of the peak intensity (-log (R/R)) on (a) the
substrate k value (k,), and (b) the substrate n value (n,). The hypothetical absorbance
band used was given values of 1.5 and 0.4 for n, and k, respectively, and a substrate
n value of 3.0 was used for plot (a) and a k value of 40 for plot (b). The frequency was

taken as 1740 em™.
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Figure 3.8 Plot of the dependence of the peak intensity (-log (R/R,)) on the film
refractive index. Substrate n and k values were taken as 3.0 and 40 and the other

parameters are given in Fig. 3.7.
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absorbance used previously as a function of n,, for several angles of incidence. In this
case, the n, and k, values were fixed at 3 and 40, respectively, to correspond to values
for copper at 1740 cm™ (47). The strong dependence at high angles decreases with
decreasing

incidence angle and becomes less sensitive to this parameter in the refractive index
range of 1.4 to 1.7. Since this range of values is typical for many polymers, the result
indicates that while the peak position and intensity will be dependent on changes in
k, the intensity due to changes in refractive index with temperature will be less
important for polymers if the experimental conditions are chosen carefully.

The last variable to investigate is k; which can be described in terms of v(max) ,
k(max), A, for a given isolated band, where v(max) is the frequency of maximum
intensity in the k spectrum, k(max) is the maximum k value, and A, represents the
full width at half height for the peak. For a given frequency, v(max) in the k
spectrum, there will be a corresponding v(max)y in the reflectance spectrum that will
generally be somewhat blue shifted for external reflectance and depend on the film
thickness and other set experimental parameters. It is of interest to examine the
effect of changes in the peak position, intensity, and width of the k profile on the peak
position in the reflectance spectrum. Since transmission measurements approximate
the k spectrum, this would allow a direct comparison of transmission and reflection
spectra.

Holding k(max) and A,, constant, changes in peak position v(max) should show a
corresponding change in v(max), for a given film thickness. This means that while
absolute comparisons of reflectance and transmittance spectra are difficult to make,
relative changes in the k spectrum maximum, holding k(max) and A,, constant should
correspond to relative frequency changes in the reflectance spectrum. Of course with
increasing temperature, the peak intensity generally decreases in transmission
(22,30,32) and the peak width broadens (21). To examine the effects of these

parameters, optical modeling can be used to predict changes in the reflectance
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spectrum with changes in the k spectrum. To do this a Lorentzian band shape was
assumed with given v(max), k(max), and A, values. Holding v(max) and A, constant,
Figure 3.9a shows the change in absorbance peak position for the reflectance spectrum
versus the percent decrease in k(max) for several initial k(max) values. The plot
assumes an 80° incidence angle and a film thickness of 100 nm and shows a slight
dependence with a maximum shift of -1.5 em™ for a width of 20 em™ and a 50%
reduction from the initial k value. Clearly, the wider the original peak, the greater
is the effect. On the other hand, if v(max) and k(max) are held constant, and the
percent increase in A,, monitored, it can be seen in Figure 3.9b that the maximum
effect for an original k value of 0.4 and a 50% increase in peak width would result in
a positive frequency shift of 1.5 cm™. Given the typical range of k values (<0.4) and
peak widths (<40 ecm™) for many absorbance peaks in polymers (41), the shifts due to
decreases in k and peak broadening would be expected to somewhat cancel each other
resulting in a minimal effect of the resulting reflectance spectrum. The results,
however, only apply for a polymer thickness of less than 100 nm for reflectance from
metals. Thicker films or films on infrared transparent substrates can display more
severe distortions in the observed absorbance bands and the dependence on changes

in optical parameters may be more severe.

2.3.2 Differential Scanning Calorimetry
Figure 3.10 shows a DSC trace for the Phillips Ryton™ polyphenylene sulfide used

in this study. As can be seen, the first trace exhibits an exothermic crystallization
peak (T,) at 117°C and a melting endotherm (T,) at 284°C. Evidence for the glass
transition temperature is seen during the first scan as a slope change near 85 - 90°C.
On the second scan, one melting peak is seen at 284°C and these results are in
general agreement with previous results shown for Ryton™ PPS (See Chapter 2, Fig.
2.6)
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3.3.3 Variable Temperature Infrared Analysis of PPS Films

Figure 3.11 shows the relative peak intensity changes for the 814-820, 1474,
1011,1387, and 1574 em™ absorbance bands for an approximately 2.5 micron thick
spin coated PPS film. The range of 814 to 820 ecm™ for the C-H out-of-plane bending
mode indicates that this peak is composed of two components, the higher frequency
band being dependent on the crystallinity of the polymer. While peak areas are
sometimes used as a better measure of absorbance changes with temperature (32), the
scatter in the data for quenched samples was too severe. The absorbance doublet at
1093 and 1074 ecm™ was not analyzed due to excessive band broadening of these
closely spaced bands at elevated temperatures. Clearly, a non-linear response of peak
intensity with temperature is seen, probably indicating a complex ecrystallization
behavior from the quenched state. The process may involve crystallization to form
various sized spherullites which may melt again at a higher temperatures and reform
larger spherullites, giving a complicated dependence of peak intensity with
temperature. However, all bands except the 1387 cm™ peak show a break in slope near
145°C indicative of the onset of crystallization. Smoothing and calculation of the first
derivative yields a T, value of 144°C (x 5°C) for this sample. The temperature is
higher than the value of 117°C obtained by differential scanning calorimetry, and may
reflect the smaller number of nucleation sites for the thin film used. Both the 1011
em? in plane C-H bending mode and the 1474 em™ in plane ring stretching mode show
increases in intensity upon crystallization with little change in the C-H out-of-plane
bending mode at 814 em”. All peaks show a second break in the slopes in the
temperature range of 270 to 280°C which represents the melting temperature (T,).
While sensitivities to the T, and T, depend on the particular absorbance band, the
clearest indication of both transitions is given by the 1574 em™ absorbance band.
Figure 2.12 shows a similar analysis for the shift in peak position as a function of
temperature. Again, a break in slope at 144°C indicates the onset of crystallization

while the T, is indicated at 277°C. An interesting point is that although the T and
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T, are clearly visible in such plots, the frequency shifts range from only -5 to +2 em™.
Combined with the results from monitoring peak intensities, the T,, value of 278 + 5°C
agrees well with results from DSC. Again, the increase in the T, peak probably
reflects the thin nature of the PPS film used.

To analyze films crystallized from the melt, Figure 3.13 shows a plot of relative
peak intensity versus temperature for a quenched PPS film heated at 2.5°C / minute
to 320°C and allowed to cool from the melt. A typical temperature cooling profile was
shown in Fig. 3.3. As is indicated in the plot, much of the irregular shaped plot for
quenched samples has been replaced with smoothly changing curvilinear plots. Again,
a large change in slope at 280 + 5°C indicates the T under the conditions used. A
similar analysis for peak intensity is shown in Figure 2.14 and indicates that peak
intensities do not always follow the identical trends as are found with peak areas.
Again, the T, is clearly indicated as sharp changes in slope for all peaks shown. For
both the peak intensities and areas, the plot slopes are generally negative as has been
observed for a number of polymer systems (22,32). One exception is the band at 1011
cm which increases both in intensity and peak area. This is extremely unusual, and

rarely seen for this type of analysis.

3.3.4 Variable Temperature Reflection Spectroscopy

3.3.4.1 Polyphenylene Sulfide Coatings

3.3.4.1.1 Chromium

Figure 3.15 shows the analysis of the peak intensity changes for a 60 - 70 nm
quenched film of PPS on chromium for the 814 - 820, 1474, 1011, 1390 and 1574 em
absorbance bands of PPS. For all peaks shown, two transitions are indicated, the
lower one representing the onset of crystallization, and the higher one, the onset of
the crystalline melting point. The 814 - 820 cm™ band for the C-H out-of-plane
bending mode undergoes a 1.7 fold increase in intensity and this is primarily

associated with the sharp 820 cm™ band indicative of erystalline PPS. The 1474 and
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1011 em™ bands undergo a 10 - 15% decrease in intensity upon crystallization in
agreement with the formation of an oriented surface film as observed in previous ex-
situ measurements (See chapter 2). The bands for the 1390 and 1574 em™ ring modes
act inversely with respect to each other, the former increasing in intensity and the
latter decreasing in intensity on crystallization. The cross over point of the two plots
provides a convenient index to measure T, and T,,. If the plots are smoothed using a
seven point Savitsky-Golay smoothing routine, and the first derivative taken, the
temperature at the inflection points on crystallization or melting can be averaged to
yield a T value of 112°C and a T, value 245°C. For a given plot, the error associated
with these values is approximately + 5°C and primarily reflects the resolution in the
temperature profile. By comparison, the cross over point for the 1390 and 1574 cm™
peaks yields similar values of 112°C and 253°C for the T, and T, temperatures,
respectively. For comparison, Figure 3.16 shows the relative changes in peak position
with temperature for the bands shown in Fig. 3.15. All bands indicate the T,
temperature and to a lesser extent, the T, temperature. The large shift in the
position of the 814 em™ to 820 ecm! is due to the growth and decay of the 820 em™
band arising from crystalline PPS. For comparison to transmission results, Figures
3.17 and 3.18 show the comparison of peak position with temperature for both
reflection and transmission experiments. All bands show an increase in frequency in
the reflection mode due to the effect of the anomalous dispersion in the refractive
index as would be expected (30,39). The large changes in the refection mode show
the dramatic difference in the results depending on the mode of analysis.

Figure 3.19 shows a comparison of the relative peak intensity changes with
temperature for the reflection and transmission analysis. For the 814 - 820 em
absorbance band, the dramatic difference between the two techniques is easily seen
with the band increasing very little in transmission. Other peaks are also compared
and the 1474 cm™ undergoes an increase in transmission, and a decrease in reflection

on crystallization. A similar result is seen for the 1011 em™ absorbance band and
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Figure 3.17 Plot of the absolute peak frequency shifts for both variable temperature
transmission and RAS analysis of bands at (a) 814 - 820 em™, and (b) 1474 ecm™.
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which again reflects orientation effects in the thin PPS coatings. The 1574 em™ bands
show almost identical trends in peak intensity except that both the T, and T,
transitions are shifted to lower temperatures in reflection. An interesting point in
many plots is that the relative peak intensity changes with temperature for both the
refection and transmission analysis are almost the same in the amorphous (<T,) and
in the melt (>T,) for the 1474, 1574, and 814 cm™ bands. This seems to indicate that
the material response (i.e. thermal expansion around a given group) in these
temperature regions is very similar between bulk surface films. The large difference
in the crystalline regions can be attributed to specific orientation effects for thin spin
coated PPS films against surfaces.

To analyze the effect of prolonged exposure of PPS coatings to elevated
temperatures, Figure 3.20 shows the comparison of the first and second scans where
the second represents the analysis of a fully crystalline film slowly cooled from the
melt on a chromium substrate under vacuum. While there are some clear breaks in
the intensity versus temperature plot for the 820 cm™ band, monitoring peak intensity

" could lead to irregularities in the peak postion or intensity due to small changes in the
peak shape. Peak area is often a better measure, and Figure 3.21 shows a plot of the
peak area for the 814 - 820 cm™ band versus temperature. The data points were
smoothed with a cubic spine smoothing function. Clearly, the plot shows only one
transition corresponding to the melting of the crystalline PPS film. Figure 3.22 shows
the same analysis for the intensity changes for the 1011 ¢cm™” band and shows a
similar pattern of one transition corresponding to the melting temperature. The T,
temperature on the first run, taken as an average of all frequency, intensity, and area
data yielded a value of 247°C representing an average of twelve values. The
temperature for T, found for the second run was determined to be 245°C, the same
as the first scan within the error of the measurement. This shows that little polymer
degradation of PPS has occurred against the chromium surface. The crystallization

and melting points were obtained by smoothing the plots and determination of the
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Figure 3.20 VTRAS analysis of the absolute peak intensity and postion for the the
814 - 820 cm™ C-H out-of-plane band for both first and second scans for a 60-70 nm
PPS film on a chromium substrate.
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first derivative. Figure 3.23 shows a typical derivative trace for both the first and
second scans.

Another interesting observation is that the plot of peak intensity versus
temperature for the 814 - 820 em™ band remains relatively flat upon crystallization
from the quenched state during the first scan. This shows that volume increases for
the crystalline regions due to thermal expansion are much less than were noted
previously for thicker films in transmission. Hannon and Koenig showed in early
work on thermal analysis of polyethylene terephthalate by infrared spectroscopy, that
certain band absorbances for quenched samples showed a much smaller temperature
dependence than those of annealed samples. They reasoned that if the peak changes
with temperature reflected the thermal expansion of the polymer, quenching created
severe molecular strains that caused a decrease in the thermal expansion coefficient.
Motion would be locked in until a sufficient temperature was reached to allow large
scale segmental motion. Quenching of the thin PPS films against the surface would
create a strain due to the large mismatch in thermal expansion coefficients of polymer
and metal. This would lock the polymer into a limited number of configurations upon
crystallization. The large strain produced would therefore cause reduced thermal
expansion in the crystalline regions until the T, was reached, and would lead to a
reduced change in peak intensity with temperature. After reaching the melt, however,
the polymer can relax and slow cooling would allow the polymer time to adopt more
favorable configurations. The almost 40 percent increase in the band intensity for the
820 ecm™ peak after cooling from the melt during the first run also suggests a more
ordered film at the start of the second scan. These effects would be more dramatic for
absorbance bands for crystalline regions, and therefore the 820 cm™ band would be
particularly sensitive. A plot of peak position or peak intensity versus temperature for
the 820 em™ band also shows an increased slope for the second scan. Given eqn. [1],
this increase, holding other factors constant could be due to a change in the thermal

expansion coefficient for the polymer. However, quenched-in strain effects have also
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variable temperature RAS analysis of the peak intensity versus temperature data for
the 814 - 820 cm™ absorbance band of PPS on a chromium substrate.
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been shown to alter the change in peak frequency versus tempeature for polymers

(24,25).

3.3.4.1.2 Aluminum

To understand whether the reorganization of PPS thin films on surfaces is general
in nature, VITRAS analysis was used to investigate thin films of PPS on
aluminum/aluminum oxide surfaces. Figures 3.24 and 3.25 show the results of this
analysis for both the peak intensities and peak frequencies for the same bands
previously shown for chromium. Similar results are seen for an aluminum substrate,
and an average T, value of 118°C and a T, value of 254°C agree well with the values
obtained for a chromium substrate. These values were calculated as an average of all
intensity and peak position data. Figure 3.26 shows the results for the first and
second scan for the change of peak intensity and peak position of the 814 - 820 cm™
absorbance band versus temperature. Similar results to those previously observed for
chromium are found, and little change in Tm is observed indicating little damage to
the polymer after exposure to temperatures above the crystalline melting point under

vacuum.

3.3.4.1.3 Copper

Figure 3.27 shows the infrared spectrum for a thin PPS film (60-70nm) on a vapor
deposited copper substrate that had been previously oxidized at 150°C for two minutes
to produce a thin oxide layer. The appearance of the absorbance band near 655 cm™
clearly indicates the presence of the oxide as cuprous oxide (Cu,0) and not cupric
oxide (CuO) which would show an absorbance band near 570 em™ (40,41). Results
from XPS analysis of a similarly prepared surface before coating are shown in Figure
3.28 and show a prominent oxygen 1s photopeak at 530.5 eV due to the presence of
cuprous oxide. The Cu 2p3/2 photopeak is located at 932.7 eV and the x-ray induced
Auger photopeak (LVV) at 337.2 eV together indicate a Cu* oxidation state. Analysis
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Figure 3.26 VTRAS analysis of the absolute peak intensity and position for the 814 -
820 em™ C-H out-of-plane band for both the first and second scans of a 60-70 nm PPS
film on oxidized aluminum.
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of these two photopeaks is commonly used to identify the oxidation state of copper
(42,43). Also, the absence of significant ’shakeup’ features in the Cu 2p spectrum
associated with the Cu® state indicate that little cupric oxide is present. Figure 3.29
shows the variable temperature RAS analysis for the 814 - 820 em™ absorbance band
for both the first and second scans of peak intensity and position. The plot for the
first scan looks very similar to those seen previously for both chromium and
aluminum, indicating that the crystallization process from the quenched state is also
similar for this metal. The second scan, however, clearly shows a very different
behavior than that found for the previous two metals. No evidence for crystallization
is found as both the peak postion and intensity for the 814 - 820 cm™ band are very
similar to those values for amorphous PPS. Analysis of the other absorbance bands
also shows no evidence for recrystallization from the melt for PPS films coated on
oxidized vapor deposited copper. To further understand the dynamic chemistry
occurring in the interphase region with temperature, Figure 3.30 shows the analysis
for the peak area of the copper oxide band near 650 cm™ for both the first and second
scans. This plot shows a slowly decreasing function of peak area with temperature
until approximately 280°C, where a sharp loss of oxide is observed. The results for
the second run show little evidence for oxide and indicate that the original thin copper
oxide layer has been completely lost at temperatures between 275 - 300°C. Since the
samples were initially heated to 325 - 350°C and quenched in liquid nitrogen to form
amorphous film samples, one might expect that the time and temperature of initial
heating for PPS films on copper may play a critical role the results. Figure 3.31
shows the results of a RAS thermal scan for a sample quenched from slightly higher
temperatures of between 350 - 375°C. Clearly, little crystallization is observed,
indicating that the loss in the crystallizability can occur at elevated temperatures
after only short exposure times of PPS to copper under nitrogen environments as well.
To understand the chemical changes in PPS films exposed to copper, Figure 3.32

shows the difference RAS spectrum for samples taken after the first and second scans.
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of a 60-70 nm PPS film on copper.
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The spectrum after the first scan is compared to the original spectrum, while the
spectrum after the second scan is compared to that after the first. While some general
decrease in all absorbance peak intensities is observed, no new absorbance bands are
detected, indicating no new IR active functional groups are formed after exposure to
copper. Thermal crosslinking would show new absorbance bands near 860 and 610 -
640 em™ due to tri- and tetra- substituted ring structures, and these are not
observed. The reduction of cuprous oxide may be expected to result in polymer
oxidation, although reduction could occur with loss of oxygen. No clear evidence of
oxidized carbon or sulfur species is evident from the spectrum. It is possible, that
volatile oxidation products including oxygen or oxidized forms of sulfur or carbon could
be lost due to the vacuum conditions used in the analysis. Also, some reaction
products including disulfides or copper sulfides may not show distinctive absorbance
bands in the mid-infrared region. Clearly, however, the exposure of PPS coatings on
copper to elevated temperatures under vacuum conditions has resulted in the chemical
changes resulting in the loss of crystallizability.

The general loss of small amounts of material with loss of erystallizability, and the
lack of evidence for thermal crosslinking suggests some type of chain scission
mechanism of degradation of PPS against copper. While changes in molecular weight
might be detected as an increase in the number of end group functionalities, the
sensitivity of crystallization against a surface to this parameter is not known, and end
group concentrations may be below detection limits. The reaction of diphenyl sulfide
with copper oxide under high vacuum conditions has been documented (48), and the

following reactions postulated:

\—/ S—Q + Cu,0 <

Cu—S

0
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While species A was detected, the phenoxide was not, and it was postulated that
phenol was formed by the combination of this species with surface hydrogen (48). In
this analysis, either group should give rise to unique absorbance bands, and no new
bands were observed in the present work. It is possible that at elevated temperatures
used here, such species decompose rapidly to form cuprous oxide, cuprous sulfide,
diphenyl ether, and diphenyl sulfide. Such a mechanism would result in the loss of
oxide, and also result in chain scission.

A second possibility would be that the copper metal, after oxide reduction, catalyzes
the disproportionation reactions known to occur at higher temperatures for PPS under
inert atmosphere conditions (49). Instead of chain extension, it may be possible that
copper sulfide is formed by reaction during intermediate steps thus leading to polymer

chain fragmentation.

3.3.4.1.4 Copper Oxide (Cu,0)

To investigate the interaction of PPS with pure copper oxide in the absence of any
copper underlayer, copper oxide was prepared by sputtering copper onto an acid
cleaned ferrotype substrate followed by thermal annealing in air to provide a pure
copper(l) oxide surface. XPS analysis of this substrate showed spectra similar to those
recorded for oxidized copper metal with a Cu 2p3/2 photopeak at 932.9 eV, an Auger
(LVV) photopeak at 337.1 eV and the major O 1s photopeak centered at 530.7 eV. A
small shake-up feature was observed in the Cu 2p spectrum, however, probably
indicating a very thin CuO layer. Ellipsometry indicated that the film was
approximately 20 - 30 nm thick based on published values of the optical constants of
cuprous oxide (47), and the infrared spectrum showed a typical peak'absorbance for
the Cu,0 band near 650 cm™. The RAS thermal scan for the peak intensity and
postion is shown in Figure 3.33 for both the first and second scans. The first scan

shows a similar analysis to that obtained for chromium, aluminum and copper
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although the crystallization temperature is slightly higher at 130 °C indicating the
possibility a slight decreased ability for PPS to nucleate on this surface. The second
scan, however, shows an interesting and significant result in that while the polymer
can crystallize to some degree after cooling from the first scan, the absolute intensity
value for the 820 cm™ peak at the start of the second run is much less than that
observed for both chromium and pre-oxidized vapor deposited copper. Also the melting
temperature is decreased to approximately 230°C. This seems to indicate that while
copper (I) oxide may damage the surface PPS film, it does not completely inhibit
crystallization after the first scan as was the case with a thin layer of copper(I) oxide
on copper metal. Figure 3.34 shows the infrared spectra of the PPS film before
analysis and after the first and second scans. Some crystallization of the film is
evident by the presence of the 820 ecm? band after the first scan; however,
crystallization is not observed after the second scan indicating that the degradation
process may occur here also but at a slower rate than that found for a thin oxide layer
on copper. Figure 3.35 shows the difference spectrum between spectra taken after the
first run and the original spectrum. A small loss of polymer is indicated with some
loss of oxide. Figure 3.36 shows the analysis of the peak area for the copper oxide
band area for both the first and second scans and only a slight decrease in the peak
area is observed indicating that this process is less important in the absence of an
underlying metal layer. This may also indicate for the copper oxide (I) / copper
system, that once the oxide is lost, accelerated degradation of the polymer may occur
via the catalytic effect of copper metal.

The reduction of copper (I) oxide is not unique to PPS coated vapor deposited copper
surfaces held under vacuum. Figure 3.37 shows the XPS analysis of the Cu 2p3/2 and
Auger (LVV) photopeaks for methanol cleaned copper foil surfaces exposed to elevated
temperatures under a flow of argon. The initial surface shows possible mixed oxides,
and the presence of Cu® copper species is clearly indicated by the appearance of

‘shake-up’ satellites. At 220°C, the reduction of Cu* to Cu'* is evident and at 320°C,
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a large reduction of copper(I) oxide to metal is observed by the shift in the Auger
photopeak from approximately 337 to near 335 eV . The reduction is most probably
accompanied by the oxidation of surface contaminants and the evolution of CO, and
H,0, and this has been observed for the exposure of single crystal Cu,O samples to
elevated temperatures under high vacuum (42). Analysis of spin coated polyimide
samples on pre-oxidized vapor deposited copper substrates at similar temperatures

also shows a reduction in oxide indicating that this phenomenon is general in nature.

3.3.4.2 Polyetherimide

While variable temperature reflection absorption spectroscopy has been shown to
be useful in the analysis of reorganization for a thin crystalline polymer on surfaces,
analysis of purely amorphous materials can also be performed even though less
dramatic changes occur at the glass transition temperature. Polyimides are commonly
used in electronics applications and often spin coating techniques are utilized to form
thin uniform polyimide layers to serve as dielectric layers. In the analysis of thin
polyimide films on copper, various drying and annealing steps have been used prior
to analysis by a variety of techniques (43,44). Since thin spin coated polyphenylene
sulfide films to form oriented surface films, questions concerning the orientation of
thin spin coated films of polyetherimide may be also addressed using the VTRAS
technique.

Table 3.1 shows the chemical structure and gives the infrared band peak
assignments for polyethermide, and a typical infrared spectrum of a 60-70 nm film on
copper metal foil is shown in Figure 3.38. Figure 3.39 shows the difference infrared
spectrum for a polyetherimide film on a copper metal foil substrate after the first and
second scan using a scan speed of 2.5 /minute and a maximum temperature of
approximately 320°C. Samples for this analysis had been purposely dried at only
150°C, almost 70° below the reported glass transition temperature (45). While this

would allow for the removal of most of the solvent in such a thin film, any orientation
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Table 3.1 Infrared absorbance band assignments for Ultem™ polyetherimide.

Peak Position Assignment
1732 C=0 stretch

1601,1505,1480 C=C stretch

1363 Imide C-N stretch
1278 C-H bend

1239 Aromatic C-O stretch
1105 Phenyl-N-C bend

848 out-of-plane rind bends
779
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Figure 3.39 RAS difference spectrum comparing a polyetherimide thin film taken
after the first temperature scan and the original spectrum after drying.
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from spin coating would remain due to the lack of large scale segmental motion for the
polymer at this temperature. After the first run, the spectrum shows a number of
spectral changes including a loss in the carbonyl absorbance at 1738 cm™ and an
intensity increase for the 1363 cm™ band due to the imide C-N stretch. The
simultaneous loss of intensity for some bands and increase in others rules out the
possibility of changes in density

or refractive index and suggests orientation effects. Figure 3.40 shows the thermal
RAS scan for the 1738 em™ carbonyl peak and shows a linear decrease in the carbonyl
peak intensity until near 200°C where the peak undergoes a sharp decrease in
intensity to a new value followed by a further linear decrease in intensity. The second
scan starts at a higher intensity value due to the lower temperature, and decreases
almost linearly to merge with the first scan above approximately 240°C. The sharp
transition in the temperature range of 190 to 230°C clearly indicates the onset of large
scale segmental motion associated with the glass transition temperature which has
been reported as 220 °C for this polymer (45). The generally lower T, associated with
the start of motion, and the broad transition temperature range probably reflect the
unique state of the spin coated film. Also this ragne probably reflects the increased
free volume after solvent removal, and the longer time scale for the reorientation of
the polymer against a surface. Figure 3.41 shows a similar analysis for the 1363 em™
band attributed to the C-N imide group. The results are similar to that obtained for
the carbonyl band and show a similar transition region near 205°C.

The results for these two bands seem to indicate that the spin coating technique
results in an orientated surface polymer layer that can only be relaxed as the
temperature approaches the glass transition temperature of the polymer. The
decreased carbonyl and out-of-plane C-H ring absorbance band intensities with
increase the in-plane band intensities are consistent with an average polymer chain
that was oriented in the plane of the substrate moving to a more random

configuration after heating above the glass transition temperature. This would be
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consistent with the spin coating technique which would produce shear forces in the
plane of the substrate upon coating. While the results could also involve chemical
interactions with the substrate, one might expect these to be more specific

in nature, only affecting one or several of the absorbance bands for the polymer. This
type of specific interaction has been observed in the analysis of the interaction of
evaporated copper with polyimides under high vacuum conditions where the specific
interaction of copper with the carbonyl group was reported (46). The results here
seem to be more general in nature, involving the general relaxation of the polymer

against the surface.

3.4 SUMMARY AND CONCLUSIONS

Variable temperature RAS analysis has proven useful in the analysis of the
reorganization of thin PPS films against a variety of substrates. Both the onset of
crystallization and melting can be detected by this technique and the transition
temperatures were determined for all substrates analyzed. The much lower
crystallization temperature for thin films on metal or metal oxide substrates compared
to transmission measurements may reflect the large increase in available surface
nucleation sites relative to the volume of the polymer present. For thin films of 60 -
70 nm thickness, the substrate surface area to volume ratio increases to 50 times that
for a 2.5 micron film. The lower melting temperature probably reflects the unique
structure of the PPS thin film. It has been observed in the DSC analysis of PPS
composites that in some cases, two melting exotherms are observed for the first scan,
one due to the bulk melting transition at 275°C, and a second lower value near 257°C
(50). This effect is probably due to surface effects of reinforcing fibers and is
dependent on the sample processing prior to analysis. Since the transition
temperature is independent of the number of scans for aluminum and chromium
substrates, the unique ordered structure at the interface is probably responsible for

the lower value found here.
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Exposure of PPS to pre-oxidized vapor deposted copper metal results in the
degradation of the film leading to the loss in the ability to crystallize upon cooling
from the melt. Due to the relatively few spectral changes for the polymer observed
in ex-situ measurements, this shows an advantage of the VTRAS technique, where
now the change in morphological behavior can be used as an indicator of interaction
within the interphase. Copper(I) oxide is reduced at high temperatures, but this effect
seems general in nature and is not specific to PPS. Thin films of PPS coated on
copper(l) oxide films also degrade but at a slower rate than a thin oxide on a copper
metal underlayer, indicating that degradation is in the presence of metal is much

faster than that observed for the pure oxide.
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Chapter 4: Analysis of the Molecular Structure at PPS / Copper
Interphases and its Role in Adhesion

4.0 INTRODUCTION

Due to the growing number of applications in the electronics industry, the interest
in polymer/copper adhesion has increased greatly during the last two decades.
Dielectric layers in multi-layer components at the chip level consist of either ceramic
or polymeric thin films. Ceramics used include silicon dioxide, polyerystalline silicon,
or silicon nitride and offer the advantage of strength and thermal stability (1-3). The
disadvantage of these materials, however, are a high dielectric constant and poor line
width resolution, and the film thicknesses are usually limited to less than two microns
due to cracking problems (4). Polymers can have a much lower dielectric constant and
can be patterned using lithographic techniques. Attention in recent years has focused
on the use of polyimides due to a low dielectric constant, good thermal stability, and
the ability to planarize the underlying substrate (5). Copper is usually the metal of
choice in most studies due to good electrical conductivity.

Polymers have also been extensively used for the encapsulation of electrical and
electronic devices and 90% of all semiconductor products are supplied with some type
of plastic encapsulation (6) While encapsulation of electronic components has centered
around the use of thermosetting epoxide based resins, polyphenylene sulfide, due to
the relative ease of injection molding of this thermoplastic resin, has found
applications in this area (7). The properties of PPS have been reviewed in an earlier
section (See section 2.1.4).

In any application, the initial adhesive strength of the copper/polymer bond will
be a critical factor in determining the performance and lifetime of the device. Also,
bond durability and the effects of exposure to elevated temperatures or moisture must
be determined. This is particularly important in circuit board applications where
soldering processes result in localized exposure to high temperatures.

The physical and chemical characteristics of the polymer/copper interface region

will be important in determining the strength and durability of the device. Sharpe
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coined the phrase ’interphase’ to describe the transition zone of properties when
dissimilar materials are brought into contact (8). This region is often thought to be
very different from the bulk regions of either phase. Individual material properties of
the bulk can by chosen carefully to meet system requirements, but the interphase
must be understood in terms of the physical and chemical properties resulting in the

initial adhesion as well as changes occurring as a function of time and environment.

4.1 LITERATURE REVIEW
4.1.1 Surface Analysis of Copper

A number of surface analytical techniques have been employed to study copper
surfaces including x-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy
(AES), infrared refleciton absorption spectroscopy IRRAS), surface enhanced Raman
scattering (SERS), and ellipsometry among others. The analysis of copper surfaces
by XPS, IRRAS, and ellipsometry will be briefly reviewed here due to the relevance

to this work.

4.1.1.1 X-ray Photoelectron Spectroscopy

XPS has probably been the most widely used tool to investigate the chemistry of
copper surfaces for low surface area samples (plates, foils, etc.). The surface chemistry
of copper has generally been deduced from an analysis of both the Cu 2p and x-ray
induced Auger (LVV) photopeaks. Analysis of the Cu 2p photopeak has been used in
a number of studies to distinguish between the Cu® and Cu®* oxidation states as the
photopeak for the Cu®* species is shifted approximately one electron volt higher than
the photopeak position for the metal (9-12). Also, the presence of a characteristic
shake up satellite located from seven to ten electron volts higher than the main
photopeak position also serves as a quick indicator of the presence of Cu* species. A
detailed analysis of the structure of the satellite has been used to distinguish between
cupric oxide and cupric hydroxide (12). Analysis of the 2p photopeak alone, however,
cannot distinguish between Cu® and Cu* oxidation states. To differentiate these

oxidation states, the x-ray induced Auger photopeak (LVV) can be analyzed, and while
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there is only a slight difference between the Cu* and Cu? states, there is a clear
distinction between the Cu® and Cu* peak positions. This represents a good example
of how both the photoelectron and Auger lines can be examined to determine the
chemistry of a metal surface. Figure 4.1 shows typical spectra for the Cu 2p and
Cu(LVV) photopeaks for copper metal, cupric oxide, and cuprous oxide (13). Combined
with the analysis of the Ols photopeak, distinctions can be made between various
copper oxides and copper hydroxide (12). Analysis of copper sulfides yield similar
results and studies have been done to determine the binding energies for these
compounds (11).

In addition to the absolute binding energies of the copper 2p and Auger
photopeaks for identification, the "modified Auger parameter" () is often used (14).

The term is defined as:

o’ = KE(Auger) + BE(Photoelectron) (1]

where KE(Auger) is the kinetic energy for the strongest Auger line and
BE(Photoelectron) is the binding energy of the photoelectron of interest.

Use of this parameter eliminates problems related to sample charging since this would
have a positive effect on the photoelectron line and a negative effect on the Auger line,
resulting in a constant difference. Wagner plots can then be constructed by plotting
a combination of Auger parameter, kinetic energy of the Auger line, and binding
energy of the photoelectron line (28). An example of this type of plot is shown in
Figure 4.2 for various copper compounds (11). In addition, the valence band spectra
have also been used to identify surface copper species (10,29).

Copper species have been extensively analyzed by XPS and Table 4.1 shows the
results of data compiled from the literature for various oxygen and sulfur containing
species prepared under a variety of conditions. While there is some disagreement, the
binding energies are relatively close and differences probably arise from the

referencing method used to correct for charging effects.
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Figure 4.1 XPS analysis of the Cu 2p photopeak for copper metal and cupric and
cuprous copper oxides (13).
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XPS has also been used to analyze the surface chemistry associated with the
exposure of samples to a variety of environments. Exposure of polycrystalline copper
samples to ambient temperatures and humidities has been termed ’natural
passivation’ and studied by XPS (14,15). Results showed a surface layer of Cu(OH),
or hydrated CuO with an underlayer of Cu,O on copper metal (2), and an illustration
for this layered surface structure is shown in Figure 4.3. Thermal oxidation of copper
has been studied by a number of investigators, and the resultant surface chemistry
is highly dependent on the temperature and atmosphere at which the oxidation was
carried out. Oxidation near 150°C results in primarily a thin layer of cuprous oxide
(16,17) although a defect structure of CuQ,4, has been postulated for oxides formed
at least up to 180°C (18). Heating near 200°C, however, results in the formation of
an overlayer of CuO with a relatively thick underlayer of Cu,O (16,19). Copper oxides
formed by other methods have also been investigated including preparation of cuprous
oxide films under high vacuum using high temperature solid state electrolysis (20).
The formation of oxide films by electrochemical methods in solution has been
extensively studied using XPS and ion scattering spectroscopy (ISS) and these studies
show that either a Cu,O layer or Cu,0 and CuO / Cu(OH), mixed layer can form
depending on the electrode potential used (21-23). Speckman, et al. have used curve
fitting techniques to analyze the copper (LVV) Auger signal and quantitatively
determine the amount of cuprous oxide formed from electrochemical oxidation (24).
Relatively thick cuprous oxide films with a surface cupric oxide layer having a needle-

like morphology have also been prepared for solar collector surface coatings by

chemical treatment with alkaline solutions of potassium persulfate (25-27).

4.1.1.2 Infrared Reflection Absorption Spectroscopy

Infrared analysis of copper oxidation has been reported by a number of researchers
using the technique of reflection absorption infrared spectroscopy (IRRAS). Greenler
investigated thin Cu,O films on copper, and using calculations based on optical theory,
predicted that the observed reflection spectra should show a single band at

thicknesses less than 100 nm while two bands were predicted for thicker films (30).

235



CuO -xH20 or Cu(OH)2

CuO—]

Cu20

Cu

Figure 4.3 Illustration of the copper metal, oxide, and hydroxide layered structure
typically found for the ambient oxidation of copper surfaces (15).
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This behavior was attributed to the dispersion in the refractive index (See section
2.1.2.2). Boerio and Armogan experimentally showed two peaks at 655 and 612 em™
for thermally grown films at 150°C (17). For thicker oxide films ranging from 0.2 - 3
microns, very complicated spectra were predicted from optical theory and measured
experimentally for cuprous oxide films thermally grown at approximately 300°C (31).

Heating freshly prepared copper substrates to temperatures near 150°C results in
primarily a cuprous oxide surface (16,17) as determined by a single absorbance band
near 650 cm™. Samples heated at higher temperatures, however, show evidence of the
formation of cupric oxide. Ishitani et al. observed a band at 560 cm™ attributed to
CuO for copper plates heated at 200°C (16). Boerio and Armogan, upon heating
copper plates to 300°C observed the conversion of Cu,O to CuO by the disappearance
of bands at 655 and 612 cm™ due to Cu,O to give a new absorbance band at 570 ecm!
attributed to CuO (17).

4.1.1.3 Ellipsometry

Ellipsometry has been used to characterize copper surfaces in a number of studies
and the optical constants have been compiled for copper metal (32) and for both cuprie
and cuprous oxides (33). The technique has been used to monitor the kinetics of oxide
formation for vapor deposited copper films (34). Ellipsometry has also been used for

the routine in-situ monitoring of oxide growth on circuit boards during the heating

cycle before soldering (35).

4.1.2 Copper Catalyzed Thermoxidative Degradation of Polymers

It has been well documented in the literature that the oxidation of polymers at
elevated temperatures is accelerated in the presence of many copper compounds (36-
39). While the specific mechanisms involved are still somewhat in question and are
dependent on both the polymer studied and particular copper compound used, the
copper catalyzed homolytic decomposition of hydroperoxides has been suggested in
many studies (36-37). In early work, Hansen proposed the mechanism shown in

Figure 4.4. This shows the reaction of hydroperoxides found in the normal oxidation
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of polyolefins with cuprous ions through a mechanism that produces alkoxy radicals
which propagate chain scission (36). The cupric ion can then react with the polymer
itself to regenerate Cu® species for further reaction. Jellink, et al. have proposed that
the catalysis is due primarily to initiation reactions involving copper ions that diffuse
through the polymer bulk as carboxylate species (37). Catalysis would then

result from both an initiation step involving the carboxylate species and the reaction
of Cu* and Cu® copper species with hydroperoxides (37). They proposed that both
Cu,0 and CuO 4, have defect structures capable of providing copper ions more readily
than CuO, and therefore explain the more accelerated oxidation in the presence of the
first two copper compounds. It was also found that the oxidation mechanism
depended on whether reaction products (CO, and H,0) had been removed during the
course of the oxidation (37). In another study of 0 labelled CuO,,, in the presence
of getters to remove reaction products, reduction of copper oxide to metal without re-
oxidation by O oxygen was observed using ion scattering profiles (40,41) This result
suggests a redox mechanism at the polymer/copper interface as an important step of
the degradation process. In the absence of getters, the reduced copper was re-oxidized
and the ratio of *0/™®0 increased. Also, copper ions were found throughout the
polymer film (40,41). Allara and coworkers have used infrared refection absorption
spectroscopy to study the interfacial reactions between polyolefins and copper (42-44).
The results of these studies also show accelerated degradation and indicate that
copper carboxlyates form at the copper/polymer interface which subsequently diffuse
into the bulk of the polymer.

While the studies above have dealt with copper oxide / copper metal systems,
Allara and Chan have investigated a series of copper compounds based mainly on
oxamide derivatives to investigate the possible inhibition of the copper catalyzed
degradation of polyethylene (45). A list of the copper compounds used in the study
and the rates of oxidation are given in Table 4.2. Of particular interest is the
catalytic effect of copper stored in air which shows a polymer oxidation rate of almost
one order of magnitude greater than found for cupric oxide. Also, copper complexes

with oxanilide, oxamide, pthalocyanine, and oxalate ligands show greatly reduced
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catalytic activity (45). In another study, Allara and Roberts investigated the catalytic
behavior of copper for the oxidation of hexadecane, and found that the particular
surface treatment resulted in widely varying catalytic activity (46). Cuprous and
cupric oxides accelerated the oxidation, while cupric hydroxide surfaces inhibited the
reaction. It was postulated that Cu,0 and CuO reacted with hydroperoxides to yield
free radical products which could propagate chain scission while copper hydroxide
would react to form non-radical products thus trapping radicals and slowing oxidation
(46).

While the polymers used in the above studies were simple polyolefins, degradation
of more complex polymers has also been investigated. Burrell and coworkers studied
the degradation of poly(ester imide) wire enamel coatings by XPS (47), XPS depth
profiling (48), and infrared reflection absorption spectroscopy (49). Results showed
that the degradation of coatings on copper was much more rapid than that on
aluminum (49). XPS analysis showed that copper species were distributed throughout
the film (47,48) and copper carboxylates were postulated from infrared measurements
(49). Kelly, et al. investigated the curing of the polyamic acid precursor of a PMDA-
ODA polyimide on copper and chromium in both air and nitrogen environments using
surface infrared techniques (38). They showed little degradation on chromium
substrates or on copper substrates in a nitrogen environment. On the other hand,
severe degradation occurred for coatings on copper heated to 250°C in air, and copper
carboxylates and nitriles were seen as degradation products (38). The accelerated
degradation of poly(ether ether ketone) in the presence of copper has been documented
by thermogravimetric analysis coupled with mass spectrometry (TGA / MS) (50). An
increased evolution of benzoquinone was detected for oxidation in air. The interaction
of PEEK with copper under high vacuum conditions has also been studied for thin
coatings fmfn extracts of the polymer on copper using in-situ XPS analysis (13). Little
polymer degradation was observed for PEEK films on copper metal while spectral
changes were observed at temperatures above 200°C for both cuprous and cupric oxide
surfaces. Also, for the cupric oxide, reduction to cuprous oxide was observed (13).

Many of the findings of the copper catalyzed oxidative degradation of polymers can
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be summarized as noted below. The formation of copper carboxylates has been
observed in many studies (42-44) along with copper ion diffusion in the polymer
matrix (40,41,47). Degradation seems to be restricted to heating in an oxidative
environment, although degradation in a vacuum environment also has been observed.
Most importantly, the particular copper compound present is critical in determining

the catalytic activity observed (13,45,46).

4.1.3. Analysis of Polymer/Copper Adhesion
4.1.3.1 Copper Surface Pretreatment

Before adhesive bonding to a copper substrate, surface pretreatment is usually
performed to remove contaminants and to generate a specific chemistry or morphology
for bonding. A number of treatments can be used including cleaning with etches using
nitric acid or ferric chloride in nitric acid, formation of chromate conversion coatings,
or preparation of a thick 'black oxide’ barrier layer (51,52). The latter process is
particularly interesting due to the unique morphology generated by the treatment of
copper in alkaline chlorite / phosphate solutions or by use of the commercially
available Ebonol C solution (Enthrone, Inc.) (63). This treatment leads to a dendritic
surface layer of cupric oxide and it has been suggested that this morphology is
responsible for the better peel adhesion for these surfaces (53,54). Often plain
commercial copper foils show poor adhesion and corrosion stability, and foils have
been developed to overcome these problems. Gould, Ine. introduced a copper foil with
unique surface morphology, having a surface barrier layer of brass, and a final surface
layer of chromium to provide superior adhesion characteristics and stability against
corrosion (55).

In many applications, after a cleaning step, complexation of the copper surface
with nitrogen-based compounds is used to inhibit oxidation or attack by corrosive
gases. These compounds are usually azole base compounds including benzotriazole,
benzimidazole and 2-mercaptobenzimidazole for examples. The surface complexes
formed and the mechanism of corrosion inhibition have been extensively studied using

a number of techniques including XPS (56,57), reflection absorption infrared
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spectroscopy (58,59), surface enhanced Raman scattering (60), and ellipsometry (61).
These small molecular weight compounds desorb at elevated temperatures, and recent
efforts have focused on the use of polyvinylimidazole and polybenzimidazole as
oxidation inhibitors (62,63). These polymers have also been evaluated as adhesion

promoters for bonding to copper (63).

4.1.3.2 Analysis of the Interphase

With the increasing importance of polyimides as dielectric layers in electronic
devices, many experimental studies have been conducted to investigate the interfacial
chemistry in copper/polyimide systems. The copper / polyimide interface is usually
formed by one of three preparation methods: (1) the polyamic acid precursor is
dissolved and the solution is deposited on the metal substrate with subsequent
heating to remove solvent, and to cure the polyimide (48,49,64). (2) the thermal
evaporation (64-66) or sputter deposition (67) of copper directly on preimidized
polymer (64,65), and (3) the co-deposition of polyimide monomer precursors under high
vacuum followed by thermal imidization of these to form a surface film on a substrate.
The particular chemistry involved in metal-on-polymer and polymer-on-metal systems
has been shown to be different, with a high reactivity of the polyamic acid for the
metal substrate in the latter case. It has been shown that a polymer/copper complex
can form leading to oxide precipitates in the polymer on curing (68,69)

Particular emphasis has been placed on the "site" of interaction between the
polyimide and copper, and comparing the interaction site and strength for copper with
chromium and other metals. Mack concluded that copper metal interacted strongly
with the imide portion of the molecule resulting in reduction of the carbonyl
functionality to form copper oxide species (64). Ho, et al. used XPS and ultraviolet
photoelectron spectroscopy (UPS) measurements to report a weak interaction with
copper metal and the imide portion of the polyimide (70). Strunskus, et al. in
studying the interaction of vapor deposited copper on vapor deposited polyimide films
showed a preferential interaction with the carbonyl functionality in the imide portion

of the molecule (65). In the same work, they also reported a smaller interaction with
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the ether oxygen and this has also been reported by other workers (71). The much
stronger interaction of chromium with polyimide has also been investigated by XPS
(66) and this is thought to give rise to the much higher adhesive strength usually seen
for these systems.

Analysis of the copper / polymer interphase for other polymer systems has also
been conducted. Boerio showed in a study of epoxy adhesives that the anhydride
curing agent can react with copper at the interphase to form relatively thick
carboxylate layers (72). Studies on the interaction of copper with polyvinyl alcohol
have also been done, and the formation of a copper/polymer complex was postulated

(73).

4.1.3.3 Test Methods

Given the importance of polymer/copper adhesion for electrical and electronic
applications, paint technology, and corrosion inhibition, considerable work has been
devoted to the development of methods to evaluate the bond strength in metal /
polymer film bonded systems. Methods include the use of the peel test (74,75),
constrained blister test (76,77), island blister test (78,79), peninsula blister test (80),
and the stretch deformation test (81,82). While each of these tests has particular
geometry constraints with advantages and disadvantages, the ultimate goal of all tests
is to provide a measure of the energy required to debond the polymer/metal interface.
The most widely used method of analyzing copper/polymer adhesion has been the peel
test (75, 83). In the case of no plastic deformation (elastic case), the peel force can
yield the debond energy directly and the theoretical analysis for this case has been
given in earlier works (84,85). A more typical case, however, is the situation where
the adherend undergoes plastic deformation. In this case, the total peel force
represents contributions from the interfacial debond energy, the energy to plastically
deform the adherend, and any residual strain energy. The case of elastoplastic
peeling has also been treated theoretically (74,75,86,87). Results show that in typical
bonding situations, the peel strength measures the interfacial fracture energy only

when 6Ep/02y < t where E is the elastic modulus, o, is the yield stress, t is the
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thickness and p is the peel strength (74,75,87). This condition is not met for typical
copper films where the thickness is usually less than 1000 microns. Kim and Kim,
through an analysis of copper films on polyimide substrates, showed that the peel
strength depended on the thickness and ductility of the copper adherend, and on the
compliance of the substrate (74). By analyzing the peel strength as a function of these
factors for a given system, a universal peel diagram could be constructed from which
the interfacial debond energy could be calculated (75). Even with the problems of
adherend deformation, the peel test is often used to measure ’practical’ adhesion if
parameters including peel angle, peel rate, film thickness, and ambient atmosphere
are kept constant (83). In this way, changes in surface pretreatment or durability
may be monitored by changes in the ’practical’ adhesion for the system. Buchwalter
and coworkers have used the peel test extensively to evaluate the adhesion of
- polyimide to a variety of substrates to investigate the locus of failure (88), sensitivity
to contamination (89), evaluation of acid-base interactions (90) and durability studies
(91). A review of many aspects of the peel test and other aspects of

polyimide/substrate adhesion have been given (92).

4.2 EXPERIMENTAL
4.2.1 Analysis of the Thermoxidative Degradation of PPS Coatings
4.2.1.1 Sample Preparation
Copper Foil

Copper foil samples (ETP 110 grade, Olin Corp.) were chemically polished using
a brite dip’ solution as previously described (see section 2.2.1.2). PPS films were
prepared by spin coating 1.0 - 2.5% (wt/wt) solutions in benzophenone using the high
temperature spin coating techniques previously described (see section 2.2.1.1). After

coating, the samples were dried under vacuum (10 - 10'%) torr for ten hours at 150°C.

Zinc Foil
Zinc foil (0.25mm, 99.98% purity, Johnson Matthey, Inc.) was degreased in

methanol (Fisher, reagent grade) and cleaned by a one minute oxygen plasma
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treatment prior to coating.

Chromium
Ferrotype plates were cleaned using oxygen plasma treatment as described
previously (see section 2.2.1.2). Samples were coated as above, and after coating,

plates were dried under vacuum (107 - 10%) at 120 - 140°C for 12 hours prior to use.

Copper Oxide

Thin cuprous oxide films were prepared by sputter deposition on acid cleaned
ferrotype plates as described previously (see section 2.2.1.2). Samples were coated as
above, and after coating, plates were dried under vacuum (107 - 10%) at 120 - 140°C

for 12 hours prior to use.

Aluminum Foil

Aluminum foil (0.127mm thick, type 1100-0, Metal Foils, Inc.) samples were etched
by treatment in 5% sodium hydroxide in distilled water for 30 seconds followed by two
15 second washes with distilled water and drying under nitrogen. PPS films were

prepared and dried as with both chromium and copper oxide samples above.

4.2.1.2 X-ray Photoelectron Spectroscopy

For XPS analysis, coated substrates (spin coated from 2.5% (wt/wt) solutions)
were heated in a oven to 210°C under ambient laboratory conditions, and samples
were periodically removed for analysis. The film thicknesses for these samples, by
comparison with ellipsometric analysis of films coated on chromium substrates could

be estimated in the range of 200 - 300 nm.

4.2.1.3 Infrared Reflection Absorption Spectroscopy
For ex-situ analysis, samples were prepared by spin coating 1% PPS solutions in
benzophenone onto copper and zinc substrates followed by drying under vacuum as

before. Analysis was done using a retro mirror design reflection attachment and
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specifics of the technique have been given previously (see section 2.2.3.2.5). For all
samples, parallel polarization and an incidence angle of 85° were used. Aging for
these samples was also done at 210°C in air, and an aging time of 15 minutes was
typically used.

In-situ analysis of polymer aging was carried out using variable temperature
reflection absorption spectroscopy. Experimental details have been previously
described (see section 2.3.3), although instead of using vacuum conditions, aging was
carried out in the chamber under a constant flow of dry air. The temperature was
monitored by a thermocouple cemented directly to the foil surface using high
temperature ceramic cement (Omega, Inc.). A temperature scan of 5°C / minute to

approximately 300°C was used in all studies.

4.2.2 Analysis of Copper / PPS Adhesion
4.2.2.1 Sample Preparation
A number of copper foil pretreatment methods were used to prepare copper foil

samples prior to bonding as noted below:

Solvent degrease

As received copper foil (ETP 110 grade, Olin Inc.) was degreased by a solvent wipe
with methanol (Fisher, reagent grade). The procedure was repeated several times to

remove any excess surface contamination.

Acid Etches

Two acid etches were used to remove the initial oxide and contamination before
bonding. In the first case, copper foil was etched for 15 seconds in 20% (vol/vol) nitric
acid (Fisher, 70%) followed by two distilled water rinses and drying with a stream of
nitrogen. The second etch was a ’brite dip’ chemical

polish previously described (see section 2.2.1.2).
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Chemical Oxidation
Chemical oxidation of the copper foil was done using a procedure designed to
produce a thick 'black oxide’ layer (25-27). Foil samples were first cleaned with a ’brite

dip’ chemical polish followed by an etch in an alkaline potassium persulfate solution.

The etching bath was prepared as 60 g / liter sodium hydroxide and 16 g / liter
potassium persulfate is distilled water. The bath temperature was maintained at 65 -
70°C and samples were treated for two minutes followed by a distilled water wash
and drying under a stream of nitrogen. For 5.08 cm x 8.89 cm size foil samples, only
two etches were performed per 200 ml of solution due to the degradation of the etch
solution (25-27). Treatment by this method resulted in a substrate with a matt black

surface finish.

Thermal Oxidation

Copper foil samples were chemically polished using a ’brite dip’ solution previously
described. Thermal oxidation was carried out in the hydraulic heated press
immediately prior to bonding, and the inner surface of the foil was exposed to ambient
air conditions for oxidation. An illustration of the procedure is shown in Figure 4.5.
Typically an oxidation time of 60 to 90 seconds was used prior to the application of
pressure and bonding. The foil temperature in the center of the sample was
monitored for several samples and the temperature quickly exceeded 200°C during the
first 15 seconds and reached a final temperature of approximately 260°C after 60

seconds.

4.2.2.2 Scanning Electron Microscopy (SEM)

Analysis of pretreated copper foil samples by scanning electron microscopy was
done using a Model ISI-SX-40 (International Scientific Instruments, Inc.) All samples
were sputter coated with gold prior to analysis using an Edwards (Model S1503)

sputter coater to minimize sample charging.
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Heated platten /

Oxidation Bonding

Figure 4.5 Illustration of the method of thermal oxidation of copper foil prior to
bonding.
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4.2.2.3 Bonding

Copper foil samples were cut to 5.08 ecm x 8.89 c¢cm, and after pretreatment, a
laminate of copper foil, PPS, and ferrotype substrate was constructed as shown in
Figure 4.6. Polyphenylene sulfide (RytonTM, Phillips Petroleum) was obtained as a
0.18 mm crystalline extruded film. In all cases a 0.10 mm stainless steel spacer were
used to maintain a constant bond line thickness for all samples. A temperature of
320°C was used and typically a contact pressure of one minute was followed by a
bonding time of two minutes at 800 - 1000 psi. The thin uniform nature of the
laminate formed allowed fast heatingand a rapid cycle time. After bonding, samples
were removed and placed in a cold press and held under a pressure of approximately
550 - 700 psi. Samples were then annealed in an oven under ambient atmospheric
conditions for 1 - 2 hours at 150°C and then analyzed immediately (<12 hours) by peel

test analysis.

4.2.2.4 Peel Test Analysis

After bonding and annealing, approximately 12 mm sample strips were cut using
a metal shear. The peel strength was then determined using a an Instrumentors, Inc.
Model SP-102B-3M90 slip / peel tester by peeling the copper foil at a peel rate of 12
mm / min using a 180° peel configuration. All test were taken in ambient laboratory

conditions.

4.2.2.5 Interphase Characterization: Failure Surface Analysis

After the peel test, both failure samples were immediately transferred (<1min) to
the XPS spectrometer to minimize the changes due to exposure to atmospheric
conditions. In some cases, analysis of the foil failure surface by infrared reflection
absorption spectroscopy was attempted using the retro mirror design previously
described.

Due to the difficulty in processing polyphenylene sulfide at elevated temperatures,
studies were designed to investigate the interaction of copper with bis(4-phenyl

thiophenyl) sulfide (PPS tetramer, Phillips Petroleum, Inc.). The oligomer was
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dissolved in tetrahydrofuran (Fisher, certified grade), precipitated into distilled water,
washed several times, and dried under vacuum at approximately 60°C for 12 hours.
This procedure was used to removed residual salts in the original material. The PPS
oligomer was then placed between two sheets of pretreated copper or aluminum foil
and held in place with two ferrotype plates of similar size. Samples were heated to
approximately 320 - 340°C on a hot plate surface under a nitrogen environment. After
high temperature exposure, foil samples were separated and either analyzed
immediately, or after several rinses with tetrahydrofuran to remove excess oligomer.

Samples were then analyzed by XPS.

4.3 RESULTS AND DISCUSSION
4.3.1 Analysis of the Copper Catalyzed Oxidative Degradation of PPS
4.3.1.1 XPS Analysis

Figure 4.7a shows the results of XPS analysis for the high temperature aging of
200 - 300 nm PPS films on copper foil substrates. The plot shows the changes in the
calculated atomie concentrations calculated from the C 1s and O 1s photopeaks as a
function of aging time. The plots indicate that the initial polymer film shows little
evidence of oxygen functionality and this is in agreement with the structure of PPS.
There are almost no changes in the atomic concentration during the first several hours
of aging. After approximately 10 hours aging time, however, a marked increase in
oxygen and reduction in carbon can be seen. Figure 4.7b shows a similar analysis
using the Cu 2p and S 2p photopeaks and shows a dramatic increase in the copper
concentration and reduction in the sulfur concentration in the surface region starting
at approximately 10 hours aging time. Analysis of all photopeaks at longer aging
times indicates the further increase in copper and oxygen with a decrease in carbon
and sulfur, and at longer aging times (85 hours), no sulfur could be detected. The
rapid loss of carbon and sulfur with the increase in copper and oxygen seem to
indicate either a severe degradation of the polymer coating, or a migration of copper
species through the film to the surface where growth can occur on top of the

polyphenlyene sulfide layer. The mechanism of copper diffusion through thin surface
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Figure 4.7 XPS analysis of the (a) C 1s and O 1s photopeak, and (b) Cu 2p and
S 2p photopeak intensities at different aging times on copper foil at 210°C in air.
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films has previously been proposed in the study of polyesterimide films of copper (47).
It was postulated that copper either moved through the bulk of the film itself, or
channeled through thin pinholes left after the spin coating procedure. Many other
studies have also shown the migration of copper species as an important part of the
degradation mechanism (40,41).

To investigate the nature of the identity of surface species after various aging
times, the individual narrow scan photopeaks were examined. Figure 4.8a shows the
analysis of the Cu 2p photopeak as a function of several aging times, and as can be
seen, after one hour of aging at 220°C, no copper ié detected on the film surface. After
10 hours of aging, however, the copper signal is evident with a peak maxima near
933.0 eV indicating a Cu* surface species. This photopeak does have an asymmetric
component at higher binding energy (934.6 eV), and this coupled with the appearance
of weak shake up satellite features indicates the presence of a small amount of Cu®.
At longer times, a Cu® copper species component becomes the dominant surface
species. Analysis of the O 1s photopeak in Fig. 4.8b indicates that while little oxygen
is initially present after one hour of aging, at an aging time of ten hours, a photopeak
doublet at 532.1 and 530.6 eV is evident. While the lower binding energy peak can
be assigned to copper oxide, the higher binding energy component can be attributed
to a O=C functionality, and is most probably associated with degradation products in
the polymer film. This may be associated with copper carboxylate species often
observed. Allara, in the study of copper catalyzed degradation of polyethylene, showed
that the copper carboxylates could migrate hundreds of nanometers into the polymer
film (45). At longer aging times, the 532.1 photopeak decreases in intensity relative
to the oxide photopeak and probably represents the decomposition of copper
carboxylates with time to yield copper oxide species. Figure 4.9 shows a similar
analysis for the S 2p photopeak during aging. For one hour aging, the typical sulfur
photopeak for PPS is observed, but at longer times, the appearance of a distinct peak
at 168.3 eV indicates the presence of a highly oxidized sulfur species. This may
indicate the presence of copper sulfate species and Sugama and Carrciello, in the

study of PPS bonded to cold-rolled, stainless, and galvanized steel surfaces in

254



255

18 ul 5,013 3¢ [10j 29ddod uo swy g4 10j sanoy Gg
(P) pue sinoy gg (9) sanoy (T (q) anoyT () jo sewiy Juide je syeadojoyd sy pue dg n) ayj jo sisk[eus SdX 8% aandiy

(A?) £3xauy Furpurg (A®) £Sa0uy Furpurg
0cS §'4e¢ SES G'e¥s 06¢G 026 GE6 0S6 G96 086

)

%é%i%
(®)
(q)
(a)
(p) w
5T 0 . dz np

9'0€e¢ -
1°28¢C -

0'6€6 —
9've6 -



- 163.7

- 168.3

(b)

(a)

180 175 170 165 160
Binding Energy (eV)

Figure 4.9 XPS analysis of the S 2p photopeak at aging times of (a) 1 hour (b) 10
hours (c) 22 hours and (d) 85 hours for PPS films on copper foil at 210° in air.
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an air environment, showed that an iron sulfate interfacial species was formed with
a S 2p peak position at 168.5 eV (95).

To compare the aging process of PPS coatings on another metal surface, Figure
4.10a shows a similar analysis of atomic concentration changes for the C 1s and O 1s
photopeaks at different aging times on zinc. As is apparent, although a slight increase
in the oxygen content is observed, little overall change in the atomic concentrations
of these elements was detected. Fig 4.10b shows the analysis for the Zn 2p and S 2p
photopeaks and indicates only a slight increase in zinc content and decrease in the
sulfur content even after aging at 85 hours. This is in sharp contrast the results
observed for copper, and shows that PPS coatings on zinc are relatively stable by
comparison. Thus, the increases in oxygen content with loss of sulfur for PPS are

distinctly related to the nature of the metal substrate.

4.3.1.2 IRRAS Analysis

While XPS analysis can provide information concerning the surface chemical
changes associated with the aging of PPS films of copper, the technique is limited to
approximately the top 10 nm of the film. This limits the information obtained to
changes occurring in the surface regions of the coating. In contrast, infrared reflection
absorption spectroscopy can sample the entire depth of the polymer film, and therefore
can analyze the initial stages of polymer degradation. Figure 4.11 shows the ex-situ
IRRAS analysis of a PPS coating (200 - 300 nm) on copper foil for an aging time of 15

minutes at 220°C. The spectrum shown represents the difference spectrum where the
reference has been multiplied by a factor to account for the loss of material that was
observed. Analysis of the spectrum shows two large peaks at 1549 and 1390 cm™” and
another at 1252 cm™. The first set of bands are associated with carboxlyate
functionality and similar spectral features have been seen in investigations of the
aging of polyethylene of copper (42). The band at 1252 em™ can probably be attributed
to aryl ether functionality associated with some oxidation of the surface film (94).
Although not shown due to scaling problems, the most prominent feature in the aged

film is a large band near 650 ecm™ associated with the formation of cuprous oxide. The
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Figure 4.11 Ex-situ IRRAS analysis of PPS aging (1% spin coated) on a copper foil
substrate after 15 minutes at 210°C.
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general loss of polymer is also observed by an intensity loss in all absorbance bands.
Similar analysis for PPS films on zinc substrates showed relatively few spectral
changes.

To provide a more in depth analysis of the aging of PPS films by IRRAS, in-situ
analysis was performed using variable temperature RAS. Figure 4.12 shows the
spectral changes associated with exposure of a 200 - 300 nm PPS film on copper to
elevated temperatures. The spectra show a large increase in cuprous oxide with
elevated temperature exposure as evidence by the large absorbance near 625 em™.
The shift of this peak from 650 cm™ to lower wavenumbers is due to the fact that the
analysis was performed at an elevated temperature which tends to shift absorbances
to lower frequencies. In addition to the increase in oxide, there is also a general
decrease in all spectral features associated with the PPS surface film, and the
appearance of a number of new absorbance bands. To further investigate this aging
effect, Figure 4.13 shows the analysis of the same spectra in the limited spectral range
of 1700 to 1300 em™. As can be seen, new absorbance features appear near 1525 and
1400 em™, and while the exact position is dependent on the temperature, the general
features are clearly associated with carboxylate functionality. The results show that
the formation of copper carboxylates are an important part of the degradation of PPS
and this has been observed for the degradation of many polymers on copper substrates
(38,42,49). Figure 4.14 shows the integrated peak areas versus temperature for the
cuprous oxide absorbance band at 620 - 650 em™ and the C-H in-plane bend for PPS
at approximately 1012 em™?. The plot shows little change in the relative amounts of
oxide and polymer until approximately 175°C, where a rapid increase in oxide and loss
of polymer is observed. This shows that the degradation of PPS occurs simultaneously
with the formation of interfacial oxide. At longer times, no evidence for a surface
polymer film can be seen.

To examine the aging of PPS films on other substrates surfaces, Figure 4.15 shows
the IRRAS analysis of PPS coatings on chromium and a sputtered copper oxide
surface, ever a similar temperature range. As can be seen for both analyses, little

degradation of the film is apparent. The fact that no carboxylate species are observed
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Figure 4.15 VTRAS analysis of a 1% (wt/wt) spin coated PPS film on a ferrotype
substrate with spectra shown for (a) room temperature, (b) 194°C, and (c) 218°C. Also
shown is the analysis for a 2% (wt/wt) spin coated PPS film on a sputtered cuprous
oxide film for (a) room temperature, (b) 201°C, and (c) 223°C. A ramp rate of 5°C / min

was used in all analyses.
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for the copper oxide substrate indicates that the oxidation of copper metal plays a
unique role in the formation of these species. After cooling, however, the spectrum
showed some general loss of polymer for these surfaces, indicating some degradation
may have occurred. Figure 4.16 shows a similar analysis for an aluminum substrate,
and shows that even at temperatures near 300°C, there is little evidence for
degradation. This result shows the unique role of copper metal in the degradation of
PPS.

4.3.2 Bonding Studies

4.3.2.1 Analysis of Surface Pretreatment

Figure 4.17 shows the analysis of the Cu 2p and Cu(LLVV) lines for copper foil surfaces
pretreated with a methanol degrease, a nitric acid etch, and a ’brite dip’ chemical
polish. For the methanol degreased sample, the Cu 2p peak maximum near 935.1 eV,
the broad Auger line centered near 337.0 eV, and the presence of shake up satellites
in the Cu 2p spectrum most likely indicates a mixed oxide / hydroxide surface layer.
Treatment by a nitric acid etch seems to remove most of the Cu*? species, and leaves
a relatively thin surface cuprous oxide layer on copper metal. The evidence for metal
is shown in the Auger line by a peak at 335.4 eV, and the 336.9 eV Auger peak with
a corresponding O 1s peak position of 530.8 eV indicates that a layer of Cu,0O is
present. The ’brite dip’ polish appears to remove most of the surface oxide as only one
major peak component due to copper metal is found for the copper Auger analysis at
335.4 eV. An O 1s signal at 531.6 eV may indicate a thin layer of surface carboxylate
is present as might be expected from the large component of acetic acid in the etching
solution. The effect of pretreatment by thermal oxidation is shown in Figure 4.18 and
shows the XPS analysis before and after the oxidation step. Clearly, the shift of the
Auger line from 335.4 to 337.4 eV with little change in the Cu 2p line indicates the
formation of a surface cuprous oxide layer. An O 1s photopeak centered at 530.7 eV
is in agreement with these results. Figure 4.19 shows the results of XPS analysis
before and after chemical oxidation in and alkaline persulfate solution and the shift

in the Cu 2p line from approximately 933 eV to 934 eV with a small shift in the Auger
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line from 335.4 to 335.9 eV is consistent with a surface layer of cupric oxide. An O 1s
photopeak position at 529.7 eV is in agreement with this, although a shoulder at 531.3
eV may indicate some surface hydroxide species. The complete XPS analysis for all
surface pretreatments is given in Table 4.3. In general, the methanol wash probably
does little to change the native surface oxide layer, while acid etches result in a metal
substrate with a thin surface oxide or acetate layer. Thermal oxidation gives
primarily a cuprous oxide surface while chemical oxidation yields primarily cupric
oxide surface chemistry.

To investigate the morphological changes associated with the thermal and
chemical treatment procedures, Figure 4.20 shows the SEM micrographs of both the
brite dip’ chemieally polished and thermally oxidized foil samples. As can be seen,
although the roller marks are clearly visible, there is little change due to the thermal
oxidation step. Figure 4.21 shows the SEM analysis for the chemically oxidized foil
sample and the unique morphology generated by this pretreatment is evident. The
needle-like structures formed are in agreement with previous results reported for the

pretreament of copper sheets (27).

4.3.2.2 Peel Test Analysis

Table 4.4 shows the peel strengths obtained for the five pretreatments used in this
study. The methanol degreased sample shows an extremely low peel strength,
averaging only 3 g/mm for the samples tested. The use of acid etches also does not
significantly improve the adhesive strength as might be expected. Chemical oxidation
results in a dramatic improvement in bond strength and this might be expected given
the given the needle-like morphology previously shown for this pretreatment (see Fig.
4.21). The most dramatic results, however, are found for the thermal oxidation
preteatment which shows an almost ten fold increase in the adhesive strength
compared to the methanol degreased or acid etched samples. SEM analysis of the
surface prior to bonding showed no major change in substrate morphology, and XPS

indicated that a relatively simple cuprous oxide surface layer was present. The short

270



271

*() stsayjuared ut uaald aae sotdaeua Suipulg ‘yeed jusoyiudis oN - JSN

(e'1£9)

..... (6°G€€) (0'v€6) (L°639) (0°983) UOPDPIXQ)
dSN Z°61 dSN A4 98¢ oY)
(L'002) (g'288) (8'2€6) (L°089) (0'S832) uoROPIXQ
Lg 121 dSN $'92 8'8G ouay,J,

...... (7°gge) (1°€€6) (9°1€9) (0°983)
go> 0 - 6°SE g'0> L'63 11€ dyg apug

(7°gee)

..... (g°288) (6°2€6) (8°089) (0°$8%)
g0 > 0°92 dSN V'L e9v PRV QLN

..... (7" LEE) (1°5€6) (8°1€9) (0°98%)

g0 > g1t dSN 3'SV eep HOW
azio V)nd dgn) dgs STO STO
INAOIWNT T EUTETTU RO NP |

*seojang [10] 3addo) pajsaajal 10} suoljeajusoOuc)) WO}y SIX &'F °Iq8l



N
|
N

"sajdwies pazipixo A[[eway) (q) pue ‘pajeals dip 9311q, () I0j seoejans [1oj aaddoo jo sisfjeue WIS 0z F oandi]




273

‘s]dwres 10§ 1oddod pazipixo [[estwayd € jo sisA[eus WHS 17 aandi




Table 4.4 Peel Test Analysis of Copper / PPS Adhesion

TREATMENT PEEL STRENGTH (g/mm)
MEOH 3+2

20% Nitric Acid 3+x1

Brite Dip 5+2

Thermal Oxidation 40 £ 6

Chemical Oxidation 27+ 7
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one minute oxidation step would also not be expected to significantly alter the
mechaniecal properties of the copper film, thus leading to changes in peel strength. The
results, therefore, must be related to the particular surface chemistry involved

between PPS and this copper substrate.

4.3.2.3 Failure Surface Analysis

Figure 4.22 shows the results of the XPS analysis of the Cu 2p and Cu (LVV) lines
for the failure surfaces for the methanol degreased copper foil samples. As is evident
from analysis of both lines, the original surface consisting of a mixed oxide / hydroxide
layer has been reduced to copper metal as evident by the Cu (LVV) Auger line at
335.3 eV. A second Auger peak at 336.9 eV is also apparent and with the Cu 2p
photopeak position at 933.0 eV, indicates a Cu* surface species. Figure 4.23 shows the
analysis of the S 2p photopeak for both the adhesive and foil failure surfaces and it
is apparent that considerable sulfur remains on the foil failure surface. The
photopeak at 163.7 eV corresponds to a thin PPS layer (95) while the peak at 162.2
eV can be assigned to a copper sulfide species (31). Angular analysis indicated that
the sulfide layer was beneath the thin PPS surface film, indicating that fracture
occurred through a PPS surface layer with this assignment. In agreement, no copper
was detected on the adhesive failure surface. Figure 4.24 shows a similar analysis of
the S 2p and Cu (LVYV) lines for the brite dip’ cleaned copper foil. The Cu (LVV) shows
the new peak at 336.9 eV for the foil failure surface and the sulfur line again shows
the presence of copper sulfide at 162.2 eV. The Auger signal can be attributed in part
to the presence of cuprous sulfide. Figure 4.25 gives the analysis for the nitric acid
cleaned copper foil and shows the partial reduction of oxide to metal as shown by the
increase in the 335.3 eV Auger line and decrease in the 336.9 eV oxide peak. Again,
copper sulfide is indicated in the S 2p photopeak by the presence of the photopeak at
162.3 eV. Table 4.5 shows the complete analysis of the methanol and acid cleaned foil
failure surfaces. The most noticeable general feature is the extremely small oxygen
concentration found for the failure surfaces when compared to surfaces prior to

bonding. Secondly, the appearance of copper sulfide is found for all foil failure
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Figure 4.23 XPS analysis of the S 2p photopeak of failure surfaces for PPS bonded
to methanol degreased copper foil for (a) the adhesive failure surface, and (b) the foil

failure surface.
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surfaces. An average oxygen content of only 1 - 3% for all failure surfaces is extremely
interesting given the large oxygen content on the pretreated surfaces prior to bonding.
It is important to note that foil failure surfaces rapidly oxidized on exposure to air,
indicating the need for immediate analysis after debonding. A large sulfur signal
ranging from 13 - 15% on the foil failure surfaces is seen, and a substantial amount
of the total signal represents inorganic sulfur. The generally similar chemical
composition for all samples implies that the interfacial chemistry involved for all these
samples may be the same.

Figure 4.26 shows the analysis of the Cu (LLVV) Auger and the S 2p lines for the
thermally oxidized foil samples, and a dramatic difference can be seen when the plots
are compared to those for methanol and acid clean foil surfaces above. For the Auger
line, although a slight peak at 335.3 eV may indicate some reduction of oxide in the
bonding process, the foil failure surface appears very similar to the original pretreated
surface. Also, a small Auger signal at approximately 339.5 eV is seen on the adhesive
failure surface, although the identity of such a high binding energy peak is not clear.
Although the S 2p photopeak shows some evidence of inorganic sulfur at 162.3 eV, the
relative amount present when compared to previous pretreatments is less, and
indicates either a shift of the average failure plane into the adhesive, or a lower
concentration of copper sulfide at the interface.

Figure 4.27 shows the XPS narrow scan plots for the Cu (LVV) line, and both the
Cu 2p and S 2p photopeaks for chemically oxidized copper foil. The loss of shake up
features and shift to 933 eV in the Cu 2p spectrum with a shift from 335.9 to 337.2
eV in the Auger plot show the general reduction of cupric to cuprous oxide. Also,
analysis of the sulfur spectrum shows only the presence of organic sulfur due to PPS.
Analysis of all plots indicates the same chemistry on both the foil and adhesive failure
surfaces and shows a great deal of interdiffusion between the surface copper oxide and
polymer with fracture occurring in the mixed layer. This could be expected given the
fragile needle-like structure of the surface oxide formed during the chemical oxidation
procedure. With the bonding conditions used, the surface structure is probably

destroyed, and the oxide readily mixing with the molten PPS. The reduction of oxide

281



282

*30BJaNS ain[ie] aAlsaype a) (9) pus ‘eoejans aanjlej [10j ayy (q) ‘Surpuoq aiojaq sdsjans [1oj ayj (8) Suwmoys [10]
Jaddoo pazipixo A[[euLisyj} 03 papuoq SJJ Jo sedjans ainjre} a0j syead (A APND pue dg g ayj jo sisf[eus SIX 9% ¥ aan3iyg

(A?) £3xauyg Furpulg (A3) £Faaug Furpuig
oee gee ove Sve bmm 091 cot 0Ll GLl 081
! 1 4 1 ] i 1 1 - |
(®) (@)

(@)

n
(AAT)RD dz s

g'68€ —

|
Pt
o
@«
©



283

*30BJINS aIn[ie] aAlsaype ayj (9) pue ‘soejans ainjrej (10} ayj (q) ‘SBurpuoq aaojoq 8a8JIns [10] 83 (€) Sulmoys |10}
aaddoo pazipixo A[[ed1urayo 03 papuoq g qd Jo seoejans aanjiej xoj syjead (AATIND pus dg g ayj Jo sisk[sus §IX L3 ¥ @andiy

(A?) £312ug Furpurg (A?) Ldxsug Furpuig
oge cee ove She 0se 091 <91 041 SL1 081

(®)
(2)

(a)

(AAT)RD

- £4EE

8°€91 -



may be due to the temperature involved in the bonding step since cupric oxide
reduction can occur under inert conditions at these temperatures (See section
3.2.4.1.3). Also, this type of chemical oxidation forms a mixture of cupric and cuprous
oxide (96), and ion milling indicates the formation of a dense cuprous oxide underlayer
that supports a fragile cupric oxide surface layer (97). Given this structure, the mode
of failure may occur in the deeper cuprous oxide layer. A complete analysis for
thermally and chemically treated surfaces in Table 4.6 and an interesting point is the
higher concentrations of oxygen found on the copper foil failure surfaces when
compared to the other surface pretreatments studied (see Table 4.5).

Table 4.7 shows a more in depth analysis of the sulfur content on the foil failure
surfaces. For this analysis, the S 2p photopeak was curve fit into two components
indicating both organic (164.8 eV) and inorganic components (162.2 eV). Parameters
used for the curve fitting procedure assumed a peak spacing of 1 - 1.2 eV for the S
2p¥ and S 2pY% photopeaks, and a ratio of 1.8 - 2.2 for the S 2p¥? to S 2p"2 peak area
ratio. The analysis shows that for the methanol degreased foil and the acid etched foil
surfaces, a relatively high inorganic sulfur content of 9 - 10% was found for all cases.
A smaller amount of organic sulfur indicative of a residual PPS film was also
observed, and an inorganic sulfur to organic sulfur ratio of 1 - 2 was found for these
three cases. For comparison, the thermal and chemical oxidation yielded values of
0.32 and 0.06 for this ratio, and the much lower inorganic sulfur content could arise
from two possibilities. The first would be a much lower reactivity of copper to yield a

lower sulfide concentration. The second possibility is that a shift in the

average failure plane occurred to give a much thicker surface PPS film. This would
cover the underlying sulfide layer and give a much lower sulfide signal due to the
exponential nature of the XPS sampling depth. The total sulfur signal of only 5%
seems to rule out the second possibility, and another measure of inorganic sulfur
content can be obtained by examining the inorganic sulfide to copper ratio. These
values are also given in Table 4.7, and the ratio of approximately 0.5 - 0.75 is much

higher than the value of 0.01 - 0.09 found for the chemically and thermally oxidized

284



285

*() stseyjuaxed ur uaald aie satdious Surpulg ‘yead jusoyiudis oN - JSN

(0°661) (z"L£€)
0T dsN
..... (e"L€8)
N
..... (°6€€)
dsN -
(8'86T) (7" LE€)
3G
daz1o (V)nd

(1°€€6)

(6'2€6)
1St

(z'g€6)
81

(8'3€6)
161

dgn)

(L°€9T)
89

(8'€91)
6’9

(8°€91)
Vit

(8'291)
(6°€91)
T4

dzs

INUHNATE

(8'0€9)
g'ol

(L°089)
691

(e°2e9)
€9

(L'089)
g€l

SIO

(0°G82)
019

(0°982)
6’39

(0°582)
g'08

(0°¢82)
¢'89

S10

ap1s Ypy
NOILLVJIXO
TVOINIHO

ap1s 104

ap1s Ypy

NOLLVAIXO
TVINIHHLL

aprs 1104

HOVAHNS

*saoejang ainjie,] Sdd/[iog 1oddo) 10j suoljeajussuo)) stwoly SIX 9°F 2IqelL



Table 4.7 XPS Analysis of Relative Concentrations of Inorganic and Organic Sulfur
From Foil Failure Surfaces

Pretreatment Percent Composition
S 2p(o) S 2p(d) (i)/(0) (i)/Cu

MeOH 7.1 8.5 1.2 0.74
(163.8) (162.2)

Nitric

Acid 6.2 9.7 1.6 0.58
(163.8) (162.1)

Brite Dip 4.0 9.2 2.3 0.47
(163.8) (162.1)

Thermal 5.4 1.7 0.32 0.09

Oxidation (163.8) (162.2)

Chemical

Oxidation 54 0.4 0.08 0.01
(163.8) (162.0)

(o) designates organic sulfur
(i) designates inorganic sulfur
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samples. This analysis again seems to indicate a much reduced inorganic sulfur

content for the oxidized copper foil samples.

4.3.3 Interphase Characterization: Model Studies with PPS Tetramer

Due to the insolubility of PPS and requirement of high temperature spin coating
techniques to prepare thin films, the use of a PPS oligomer provides a convenient
method of monitoring interaction of PPS with copper surfaces prepared using a variety
of pretreatments. Figure 4.28 shows the analysis of the S 2p photopeak for the
interaction of oligomer with both the ’brite dip ’acid polished copper foil samples and
sodium hydroxide etched aluminum foil samples. For both the copper and aluminum
samples, no evidence for sulfur is observed for samples heat treated at 320 - 340 °C
without oligomer. After heating to 320 - 340°C in the presence of oligomer, however,
a new photopeak is evident on copper surfaces at approximately 161.9 eV indicative
of copper sulfide species. This is interesting, since a thick oligomer film is visually
present after treatment, and indicates that copper sulfide species may be present
throughout the bulk of the remaining oligomer film. After the removal of excess
oligomer with tetrahydofuran, a residual amount of both inorganic and organic sulfur
is detected, and the spectrum looks remarkably similar to that seen previously for the
foil failure surfaces using this preteatment. The shift in binding energy from 161.9 to
162.3 eV may also indicate that the inorganic film at the surface may be of different
structure than that detected in the bulk of the oligomer. Beecher showed, in the
analysis of the reaction of diphenyl sulfide with both cuprous and cupric oxides that
a copper phenyl sulfide was formed having a binding energy of 162.9 eV which is
higher than that observed here. It may be possible that a mixed state of PPS, copper
sulfide, and copper phenyl sulfide exists in this surface film. Similar analysis for the
aluminum foil substrate shows only the typical S 2p photopeak for the oligomer after
foil separation, and after solvent washes, a thin residual film of oligomer is detected
by a small photopeak at 163.8 eV. No evidence for significant amounts of other sulfur
species were detected for this substrate.

Figure 4.29 shows a comparison of the S 2p photopeaks for the acid cleaned and
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Figure 4.29 XPS analysis of the S 2p photopeaks for (a) 'brite dip’ etched foil, (b)
thermally oxidized, and (c) chemically oxidized copper foil after exposure to PPS
oligomer for five minutes at 320 - 340° followed by several solvent washes.
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oxidized foil surfaces after solvent washing to remove any residual oligomer. As is
evident, the reaction with the chemically oxidized surface resulted in the formation
copper sulfide surface species at 162.3 eV. The fact that sulfide species are seen in
this case and not on foil failure surfaces may be due in part to the interaction of
oligomer with only the fragile surface cupric oxide layer. Under bonding conditions,
destruction of this surface layer would most probably occur. In contrast to chemically
oxidized surfaces, little copper sulfide is detected for thermally oxidized surfaces and
this is in agreement with the results from the foil failure surfaces. Figure 4.30 shows
the results for a comparison of the Cu 2p and Cu (LVV) lines for the three
pretreatments above. In the case of 'brite dip’ polished samples, little change is seen
in the Cu 2p photopeak, while the appearance of a new peak a 337.0 eV in the Auger
line can probably be attributed to the formation of copper sulfide. For the chemically
oxidized foil samples, analysis of the photopeak and Auger lines indicates that
reduction of cupric oxide to cuprous oxide has occurred. For the case of thermal
oxidation, the broadening of the Cu 2p line at 933.0 eV and the appearance of weak
shake up satellite features is consistent with the formation of a Cu+2 species. The
broadening of the Cu (LVV) towards lower binding energies is in agreement with this.
Table 4.8 shows a more complete analysis of the sulfur photopeak and indicates a
relatively large copper sulfide content found for both the ’brite dip’ cleaned and
chemically oxidized surface film. In contrast very little inorganic sulfide was detected
on the thermally oxidized copper foil, with mainly organic sulfur species detected for
the aluminum foil substrate. Table 4.9 shows a complete analysis of the atomic
concentrations found for all surfaces analyzed. The larger oxygen content found for
these surfaces in comparison with the failure surfaces analyzed is probably due to the
exposure to tetrahydrofuran during solvent washes. The oxygen binding energy at

530.4 eV indicates oxide for the thermally oxidized samples while the binding energy
at 531.1eV and 531.6 eV for the chemically oxidized sample and ’brite dip’ polished

samples indicates another surface oxygen species.
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Table 4.8 XPS Analysis of Relative Concentrations of Inorganie and Organic Sulfur
for PPS Oligomer Treated Copper Foil.

Pretreatment

Brite
Dip

Thermal
Oxidation

Chemical
Oxidation

Aluminum

Percent Compostion

S 2p(o) S 2p(i) (i)/(o)

3.8 7.7 2.0
(163.8) (162.2)

5.1 1.1 0.22
(163.9) (162.4)

34 6.8 2.0
(163.7) (162.3)

1.33 0 0
(163.8)

(i)/Cu

1.0

0.07

0.41

(o) designates organic sulfur

(i) designates inorganie sulfur
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4.4 SUMMARY AND CONCLUSIONS
4.4.1 Thermoxidative Degradation of PPS

XPS analysis for the aging of thin PPS films on copper has shown convincing
evidence for a marked degradation of the film with eventual migration of copper
species to the surface of the film. The initial species reaching the surface region was
found to be a combination of copper oxide and possibly a O=C species probably
indicative of carboxylate species. Infrared analysis confirms the presence of
carboxylate species and this is in agreement with the general results for many other
polymer systems (36-39). In-situ analysis also showed the appearance of carboxylate
species at temperatures approaching 200°C and temperatures in excess of 175°C
resulted in the rapid appearance of cuprous oxide and general loss of polymer. The
aging of PPS on other surfaces including aluminum and chromium shows no evidence
for such large scale degradation in comparison to copper foil substrates. The aging
of PPS on sputtered cuprous oxide films did result in some loss of material but no
carboxylates were detected indicating the unique role of the oxidation of copper metal

in the formation of copper carboxylate species.

4.4.2 Analysis of PPS / Copper Adhesion

Given the lack of change in surface morphology for thermally oxidized foil samples,
this pretreatment represents an interesting case where a relatively minor change in
surface chemistry can result in a tremendous increase in adhesive strength. Results
show a reduced concentration of inorganic sulfide when compared to solvent degreased
acid etched samples, and this probably indicates that excessive sulfide formation at
the interface is responsible for the almost complete loss in adhesive strength. van
Ooij showed that while small amounts of copper sulfide were beneficial to bond
strength in brass/ rubber adhesion, excessive formation of interfacial cuprous sulfide
actually gave poor adhesion for these systems (98). Also, the bonding of rubber to
pure copper gave poor adhesion due to the excessive interfacial cuprous sulfide
formed. Given the simple mechanisms of copper phenyl sulfide and copper phenoxide

formation proposed by Beecher for the interaction of diphenyl sulfide with cuprous and
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cupric oxides, these reaction necessarily involve chain scission (99). The reduction of
copper oxide for the methanol washed and nitric acid treated surfaces seems to be
consistent with this analysis. The lower reactivity of a thick layer of cuprous oxide
for thermally pre-treated surfaces versus a thin layer of oxide on metal for nitric acid
treated samples indicates that the copper metal may play a catalytic role in the
sulfide formation.

The formation of copper sulfide species may also occur during the
disproportionation reactions which are known to occur for PPS polymers and
oligomers held at elevated temperatures in inert environments (94). Since these
reactions would still be expected to occur irrespective of substrate, the unique role of
the copper surface chemistry in the formation of sulfide must again be considered. The
extraction of sulfur to form copper bonded sulfur species would alter the physical
polymer properties in the interphase region, and this is most likely responsible for the
loss in crystallizability previously seen for thin films held at high temperatures
against copper substrates under vacuum conditions (See section 3.3.4.1.3). The
formation of an amorphous, fragmented polymer surface film would give a weak
boundary layer, and failure would be expected to occur in this region. For thermally
oxidized foil samples, where the amount of interfacial sulfide is relatively small, the
degree of polymer damage would be much less, and although the fracture during
peeling also occurs through a thin surface PPS layer, the polymer properties including
crystallinity and molecular weight are probably similar to those of bulk PPS.
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Chapter 5: Overall Conclusions

Optical theory represents a relatively new approach in the analysis of polymer
surface modification or the investigation of the polymer / metal interface. In this work,
optical simulation was used to predict experimental reflectance spectra and the
agreement of theory and experiment is a strong statement for the usefulness of this
technique. Optical theory was also used with infrared reflection absorption
spectroscopy (IRRAS) to prove the unique orientation of thin PPS films, and the
orientation was observed to be in the plane of the substrate. Such alignment of
polymer molecules most likely arises from the nature of the spin coating process itself.

Optical theory was also useful in the prediction of the experimental parameters
necessary to observe thin plasma modified polymer surface layers. Oxygen plasma
treatment of polystrene showed a highly oxidized surface, and the depth of
modification was determined to be approximately 2 nm. Given the thin nature of the
surface layer and the sensitivity of current instrumentation, the importance of
optimizing experimental parameters through the use of optical theory cannot be over
emphasized. Treatment of polystyrene by an ammonia plasma resulted in a thicker
modified layer, rich in hydrocarbon fragments and amine functionalities. The ability
to use vibrational spectroscopy as a complementary technique to the more
traditionally used technique of x-ray photoelectron spectroscopy (XPS) is clearly an
advantage in surface analysis.

Results from the oxygen plasma treatment of poly(arylene ether) phosphine oxides
showed a material highly resistent to oxidative attack. Both ellipsometry and surface
acoustic wave analysis were used as relatively new methods to analyze polymer
stability. This resistance is atypical of most polymers, and thus represents one of only
several types of materials that behave in this manner. In depth analysis by XPS and
IRRAS indicated that after plasma exposure, a surface layer of a phosphate material

develops which inhibits further oxidation of the underlying polymer. Detailed analysis
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showed that this material is probably polymeric in nature, and contains significant
amounts of hydrocarbon and hydroxyl functionalities.

To analyze the dynamic behavior of thin oriented PPS films on a variety of
substrates, the new technique of variable temperature reflection absorption
spectroscopy (VITRAS) was used. Analysis showed that this technique was useful in
examining the degradation processes involved in under both vacuum and ambient
atmospheres.  Under vacuum, the crystallization temperature and melting
temperature could be determined reliably for a number of substrates, and all samples
showed a Tm value 30 - 40°C below the value for bulk PPS. For aluminum and
chromium substrates, little degradation was observed and the polymer could be re-
crystallized after exposure to high temperatures (approximately 300°C). For copper
substrates, however, a loss in crystallizability was observed after the first high
temperature exposure. A loss of copper oxide was also observed, and due to a lack of
other spectral features, it was postulated that chain scission mechanisms must be
involved with the possible formation of copper sulfide. For the analysis of PPS films
on cuprous oxide substrates in the absence of an underlying metal, a lesser degree of
degradation was noted. This indicates that the degradation processes are specific to
the particular copper chemistry present.

Analysis of degradation of PPS coatings of copper in air shows that a quite
different degradation mechanism occurs. The growth of cuprous oxide was evident,
and copper species were observed by XPS to migrate through the polymer film. In-situ
VTRAS analysis also distinctly showed the formation of copper carboxylates. No
degradation was observed on other metal substrates including zine, chromium, and
aluminum. Variable temperature infrared analysis was useful also in determining the
exact temperature at which degradation starts, and the degradation mechanism seems
to be coupled with the growth of copper oxide at the interface.

An investigation of PPS / copper bonding was also undertaken and results showed
that a simple thermal oxidation step could increase bond strength almost one order
of magnitude. Analysis by scanning electron microscopy showed that no new

topographical surface features were formed, and the alteration of surface chemistry
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was postulated to play a prominent role. Chemical oxidation of copper foil in an
alkaline persulfate solution also increased peel strength, although the mechanisms
involved are much more complicated due to the unique dendritic morphology formed
by surface pretreatment. Analysis of failure surfaces and the interaction of pretreated
copper with PPS tetramer, revealed that cuprous sulfide can readily form at the
interface. It was also shown that the amount found was strongly dependent on the
surface pretreatment. Thermally oxidized foil showed the least interfacial copper
sulfide, and it was postulated that excess sulfide at the interface was responsible for

the poor adhesion observed for other pretreaments.
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The problem of reflectance can be formulated as in Fig. 2.2. The approac;h
treats multiple reflections as the vector sum of the waves traveling in a given
direction in each medium.

Using solutions to Maxwell’s equations for waves traveling in each phase, one
can obtain the z dependent of the x and y components of the electric and magnetic
vectors. A thorough presentation of development of the specific relationship from
Maxwell’s equations can be found elsewhere (Chapter 2, Ref. 2). These relationships
can be written in terms of both perpendicular and parallel states of polarization of

incident light and can be summarized as follows:

Parallel polarization
E, = j‘”e'ipz + EJ-'e"ipz) cos ¢; [A.1]

H, = E'e™ - Ee"™™n, [A.2]

Perpendicular polarization

E, = E'e™ + Eqe''™ [A.3]
H, = (Ete’™ + Ej'e"ip‘)njcos ®; [A.4]

where E, ; and H;,, represent the x and y components of the total electric and

magnetic vectors in the j" phase, E/,” represents the individual electric vectors
traveling in the direction indicated in the j* phase, n; is the refractive index, ¢ is the
angle of incidence to the j*" phase, z is the thickness of a given phase, and b represents
the phase delay due to the presence of a film and can be written as p = 2x/A * n;z; cos
¢; where A is the wavelength of the incident light. Applying the boundary conditions
that the tangential components of the magnetic and electric vectors are equal at the
interface between two phases (i.e., E;, = Eg,,, and H;, = H ,,), the following two

equations can be specified for each interface:
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Parallel polarization

. - . . [A.5]
Ej e ipPz 4 Ej etipz cosd)j = (Ej*l + Ej*le*ipz) COS¢j¢1
. g - . R [A.6]
(Eje™#P* - Eje**P%)n, = (Ej.,e %% - Ej,e"*P?)ny,,
Perpendicular polarization
+ o-ipz - o+ipz — pt -ipz +ipz (A.7]
E;e + E;e = Ej,€ + Ej+le
[A.8]

(_E;e—ipz + E';e"-ipz) njcos(bj = (_E;*le-ipz + Ej'qedpz) nj+1cos¢j+1

These equations are the same as those presented by Greenler, although they are
shown here for non-absorbing systems. For a single surface, the phase terms can be
removed since there is no film and the equations can be rearranged to yield E,;/E,*
and E,'/E,* for each state of polarization, and are known as the Fresnel reflection and
transmission coefficients. As an example, the reflection and transmission coefficients

for parallel polarization is shown here:

- [A.9]
E; _ nmcosd, - n,cosd,

' g} mcosd, - n,cosd,

[A.10]
2 n,cosd,

E; " ‘m,cos¢, + n,cosé,

In reflection absorption spectroscopy, the quantity desired is the power loss due to
reflection from a surface covered with a thin film. Heavens has described a matrix
method which can easily be employed to solve eqns. [A.5] through [A.8] for this more
complicated system (40).
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By using the expressions for the Fresnel coefficients in eqns [A.9] and [A.10],
eqns. [A.5] and [A.6] can be written in the following notation:

[A.11]
g = Ej.,e® + r,, Ej.,e'%
g T
P [A.12]
g = Liafin€ "7 * Ejae
7 =
tj’l
where 5
3,,, =P X 12 zy
=1

Since the same equation forms can be written for each interface, the expressions can

be written in compact matrix form

" R [A.13]
Ej 1 et I, + % E5.,
Ej e |2y + e e |E;,
For a system with n layers, the previous relation can be expanded to
. . [A.14]
Ej _ Eﬂ"’l
Ej Enw
where
w1 o [A.15]
M= _m
m=1 tm
and
[A.16]
it z, o18a1
C =
m rm e'ian-l e-ial'l
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n+l
If the term M represents a matrix [a b]

divided by H t, » simple matrix
cd m=1

multiplication yields

A.17
. La Ej + b E’,},l] [ ]
E = n+l
I ¢t
m=1
[A.18]

B - [c Epuy + d Epu]

n+1

II ¢
m=1

Noting that there is no E",, term since there is no negative travelling wave in the last
phase, solving for the ratio E;/E," yields the value c/a for the reflectivity. The
reflectance, which is the quantity desired for RAS, can be calculated by aa*/cc* where
a* and c* are the complex conjugate of a and ¢ respectively. Similarly, for

transmission:

nel o1 [A.19]
- m1 g [T tax ] tal
t = n+l _ _—m ;T = m=1 m=1
EI m1 @ aa*

Exact solution of the previous equations was outlined in a detailed stepwise fashion

by Heavens (40). Heavens limited this development to normal incidence only, the
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following treatment will be totally general in nature although only the reflectance will
be considered.

To evaluate the matrix M, one can conveniently express each element in the

C,, matrix in complex notation

p, + ig, I, + is,
C =
- , ,
t, + iu, Vv, + iw,

where each element of the product matrix can be determined by simple matrix
multiplication. Double suffixes are used to represent the elements of product

matrices, and for example, for the matrix C1 * C2 * C3, the matrix element p13 ean

be defined as follows

Pis = P12P3 - 91203 + Tobg - Sp0Uy
P12 = P1iP2 - 91192 + Tiite - S11U;
Q12 = 4;1P2 - P11z + Sty + 10,

Ty = P1ile - qq1Sg + Ve - 511 Wy

(%)

S19 = qyfy + PiSg + S11Vy + T} Wy

Similarly, expressions could be derived for all elements of the final matrix and this
is done completely in Heaven treatment (Chap. 2., Ref. 2). To evaluate the original
Cm matrix, several extensions must be added to Heavens treatment to allow for
non-normal incidence with absorbing materials.

For normal incidence of absorbing materials, or non-normal incidence of
non-absorbing, the planes of constant phase of the penetrating wave are parallel to
those of constant amplitude (Chap. 2, Ref. 2), and under this condition, Snell’s law is
obeyed. When the material is absorbing, the planes of constant phase and those of

constant amplitude are no longer parallel, and the effective values of n and k depend
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on the angle of incidence.
These effective values n'(a) and k'(B), as well as the angle between the planes
of constant phase and those of constant amplitude can be calculated from the following

equations (Chap. 2, Ref. 12):

a®-p%=n’-k° [A.20]
af cos¢; = nk [A.2]1]
sin ¢, = a sin ¢ [A.22]

To solve for each element of the C_, matrix, the Fresnel coefficients will be
assumed to be complex in the general case, and of the form (g + ih). To solve for the
real and imaginary components of the Fresnel coefficients, they must be written to
include the general case of absorbing films at non normal incidence. To accomplish
this, using the same method as Greenler (Chap. 2, Ref. 7), a cos¢; - iﬁj is substituted
for n; cos¢; and n; - ik; is substituted for other values of n; where a, B, and ¢ are given
by Eqns [20-22]. If similar substitutions are made for the phase shift term b, the

following equations result

e = ¥ dMB + ia cosf] [A.23]
e = g% [A.24]

where
o; = 2ndB/k and y, = 2nd/: [, cos)] [A.25]

Using the relationships [e®® = cosd + i sind] and [e™ = cosd - i 5sind] and the definitions
I, = 8, + 1 h,, the C_ matrix can be determined in terms familiar quantities given
below:

Pm = €™ cosd,, ,

q, = e 'siny,,

r, = e [g cosy,, - h,siny,, ]

s, = e*™! [h cosl, , + g,siny, ]

m
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- a-am-1 H

=e [gncosl, ; + h, siny, ;]
— p-am-1 :

u_ =e h,cosl, ;- g,siny,, ]
- aam-1

vV =e COSY,,

— am-1 _*
= -e SinY,..,

g

m

For reflectance, the reflectivity and reflectance can be calculated using the final
matrix C,,. The reflectivity (r) and the reflectance (R) can be expressed as the

following equations

: A.26
£, + du; [A.26]

) p,, *iq

[A.27]
t2 + u?
R= 2 =

pi + &,

The formulation given here can most easily be handled by computer except in the

most simple cases.
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VITA

The author, Harold Francis Webster II, was born in Richmond, Virginia on May 7,
1959. The son of Mr. and Mrs. Harold F. Webster, he lived in Goochland Co. and
attended public school there for twelve years, graduating valedictorian of his class in
1977. After graduation, he attended Virginia Polytechnic Institute and State
University and majored in Biochemistry. During his stay, he was inducted into the
Phi Beta Kappa, Phi Kappa Phi, and Phi Sigma honor societies, and graduated magna
cum laude in 1981.

After graduation, he worked in the biochemistry department at the University of
Virginia with Dr. T. E. Thompson, investigating the physical properties of synthetic
membrane systems. In February, 1983, he returned to VPI and worked for Dr. J. P.
Wightman, researching topics of coal moisture and adhesion of insects to aircraft. He
entered graduate school in September 1983. The author was elected to associate
membership in Sigma Xi honorary research society in 1984, and received the Master
of Science degree in the fall of 1985.

He was married to Janet Grome Brown of Bel Air, Maryland on September 8,
1984. After receiving the M.S. degree, he and his wife served as rural development
officers with the Peace Corps in Papua New Guinea where they lived and worked with
the Faiwol and Angkiak people. After returning from overseas in 1988, he rejoined

Dr. Wightman’s group to investigate the adhesion of polymer coatings on optieal
fibers. He entered the Ph.D. program in the fall of 1989 and researched various
aspects of polyphenylene sulfide / copper adhesion. He co-authored several papers and
presented results at meetings including the annual meetings of the Adhesion Society,
both national and regional ACS meetings, and the Virginia Academy of Science.

He and Janet were proud parents of a baby girl, Rebekah Ireland, on April 9,
1992 and he received his Ph.D. degree in August of the same year. He has taken a

position as an assistant professor on the faculty at Radford University.
: = Z/ (L
"/ s e
355



