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Bilayer plasma polymer (PP) films were examined using a combination of X-ray and neutron
reflectometery and X-ray photoelectron spectroscopy to gain an understanding of the
interfacial structures that form between the films. Three different PP films were produced
from the monomers hexamethyldisiloxane (HMDSO), di(ethylene glycol) dimethyl ether (DG),
and allylamine (AA) at different load powers. These films were used as “substrates” for the
subsequent deposition of a deuterated DG (dDG) PP top film. The width of the interfacial region
was found to be strongly dependent on the chemical and physical properties of the substrate

film. These findings have relevance to the general use

and application of plasma polymer films.

1. Introduction

The ability to selectively modify a surface is useful in
numerous applications, including optical components,
electronics, renewable energy systems (solar cell, fuel cells),
and medical implants.*~#! The use of plasma for controlled
surface modifications of various substrate materials has
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advanced rapidly over thelast few decades and continues to
grow.*~71 However, there is still a lack of understanding of
the chemical and physical properties required of a
particular substrate material (be that organic or inorganic)
to ensure an optimal coating with a plasma polymer film of
choice is stable and adherent. Therefore, study of the
interface region that forms between a substrate and its
plasma polymer are of particular interest. Herein we report
an investigation probing the interface region that forms
between various plasma polymers used as “substrate”
materials for the coating with a deuterated plasma polymer
top coat film.

The plasma polymerization of monomers such as
HMDSO, DG, and AA films are well known.[®*? HMDSO
plasma polymer films are rich in Si (organosilicone films)
and provide good optical barrier and mechanical properties
which have been used extensively in microelectronics and
other applications.** The DG monomer contains ether
functional groups, where the concentration of residual
ether units in a PP film can be controlled via the deposition
conditions. This allows the protein resistant properties of a
DG surface to be tuned.**>! PP films generated from AA
retainreactive amine, imine, and nitrile functionalities that
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are useful as supports for further grafting reactions,
especially in the biomedical science arena.[***#!

Although single layer plasma polymer films hold enor-
mous promise for a range of applications, what actually
occurs at the interface between a PP and its substrate is not
well understood. It is typically believed that a range of
fragmentation, recombination, and radical crosslinking
reactions can occur, which anchor a PP film toits substrate.!**!
The effect that the substrate type (metal, polymeric, or
ceramic, etc), its surface chemistry, and physical properties
have on the adhesion and properties of the PP film at the
interface are largely unknown. Problems of adhesion are
typically addressed by an empirical process.*” The key for
further advancement in the field lies in deepening our
understanding of a PP film’s physical and chemical proper-
ties and how the plasma polymerization process is affected
by the substrate material, the monomer chemistry, and the
deposition conditions. Various analytical methods have been
employed to fully elucidate the chemical composition of
plasma polymer films, such as FTIR, XPS, NEXAFS, and TOF-
SIMS but few can provide information about the interface of
a PP film with its substrate.**2* To investigate a PP’s film
thickness and structure at a surface the most commonly used
techniques are ellipsometry and AFM.[**?*! In addition to
these methods, it is also desirable to probe the internal
structure of bulk films and interface mixing of multilayered
PP coatings.

One method used to visualize a PP interface is viewing
sectioned multilayer samples with Scanning Force Micro-
scopy (SFM). Zhang et al. examined HMDSO films deposited
under alternating plasma conditions. The difference in
mechanical contrast within each PP layer allowed analysis
of the interface and an estimation of the PP films
roughness.?®! Cech and co-workers used a similar method-
ology to investigate hydrogenated amorphous carbon—
silicon (a-SiC:H) multilayer films.[?”) With this technique,
one drawback is that the sectioned surface may contain
artifacts due to smearing of the interface. Another
limitation with this approach is that individual PP layers
need to be relatively thick in order to avoid interference
from surrounding layers.

A non-destructive method for thin film analysis is a
combination of X-ray and Neutron Reflectometry (XRR, NR).
XRR and NR are sensitive to nanoscale sub-surface structures
and allow the determination of the full chemical composition
of PP films (in concert with information obtained with
XPS).2% Reflectometry techniques require that the PP films be
flat, smooth, and deposited onto flat substrates, such as
polished silicon wafers. Neutron reflection methods are
especially advantageous for multilayer films in which one
layer is made from deuterated monomers. Hydrogen and
deuterium have radically different scattering lengths (H=
—374x 10 ¥m, D=6.67 x 10 *m), and the difference
means that deuterated films scatter more strongly, making
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it easier to distinguish individual layers within a multi-
layer.”®! Our group has already used NR to study HMDSO
(10w),2% AA (20W),2® DG (10, 20 and 50 W)Y PP single
layer films. Previous NR studies by other groups have focused
on the density profiles and swelling behavior of plasma
polymerized methylmethacrylate,*?! octafluorocyclobutane
(OFCB),**! and benzenel**! films. Only the work of Kim et al.
hasused XRR and NR to explore both single and multilayered
plasma polymer films.** OFCB and deuterated benzene were
used as starting monomers to produce single and bilayer PP
films. They found that the interface of the bilayer was
significantly rougher than that of the film-air interface of
single layer films and they argued that it is a result of reactive
plasma chemistry occurring locally at the interface.

We hypothesized that studying multi layer PP films
would allow us to gain an insight into the interfacial
properties of the films. First we created substrate PP films of
controlled thickness from HMDSO (10 and 20 W), DG (20 and
40W), and AA (20 and 40 W) monomers. We then subjected
those substrate films to a second cappinglayer of 20 W dDG
PP. Use of deuterated DG as the top film increases contrast
between the two layers; it also shows negligible changes in
chemistry as it ages. The interfacial structures were
determined using XRR and NR before, and after, the capping
layer was added. The surface chemistry of the PP films was
characterized using XPS. The stoichiometric composition
and mass densities of the PP films were obtained by
modeling and combining the XPS, XRR, and NR data.

2. Experimental Section

2.1. Sample Preparation

Ultra-flat single crystal, silicon wafers (<111>, 100 mm diameter,
10 mm thick, Silrec Corporation, San Jose and <100>, 100 mm?
x 0.5 mm thick, from M.MR.C Pty Ltd, Melbourne Australia) were
used as substrates for the deposition of plasma polymer thin films.
All wafers were cleaned immediately prior to plasma polymer
deposition by ultrasonication in a surfactant solution of 2% ethanol
with 2% RBS-35 (Pierce, U.S.A) for 1h, followed by rinsing with
copious amount of MilliQ water and finally dried in a high-pressure
stream of nitrogen. The large wafers were used for reflectometry
measurements and the smaller wafers were used as substrates for
XPS characterization. Plasma deposition on the large and small
wafers was performed simultaneously (small wafers were placed
around the edge of the large wafer).

The monomers HMDSO (Sigma—Aldrich, NMR grade, 99.5%), DG
(BDH, 99%), AA (Sigma—Aldrich, 98%), and dDG (Cambridge Isotope
Laboratories, Inc. US.A. 98%) were all used without further
purification.

2.2. Plasma Polymerization

Deposition of HMDSO, DG, and dDG plasma polymer films were
carried out in a custom-built reactor. Briefly, a cylindrical reactor
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chamber is used, with a height of 350mm and a diameter of
170mm. Within this chamber sit two capacitively coupled
electrodes, spaced 100 mm apart. The top electrode (d =95mm)
was connected to a RF power supply, while the bottom electrode
(d=140mm) was grounded. The AA plasma polymerization
reactor consists of a chamber of same size and fitted with two
circular electrodes of 103 mm in diameter, spaced 150 mm apart.
Clean wafers were placed on the lower electrode and a continuous
radio frequency glow discharge (RFGD) was generated at the upper
electrode. The monomer vapors were supplied to the reactor
chamber from the liquid reagents in a round-bottom flask via a
stainless steel line and a manual valve for fine control of the flow.
HMDSO, DG, and dDG monomer flasks were kept in ambient air,
while a highly volatile AA monomer flask was cooled in iced water,
during experiments. All monomer liquid was degassed before
plasma deposition.

The plasma polymerization parameters of the four monomers
were selected such that films of appropriate thicknesses for
reflectivity measurements were produced. The plasma deposi-
tion of HMDSO films was performed using a frequency of
200kHz, load powers of 10 and 20W, and initial monomer
pressure of 10 Pa for a treatment time of 8 (final pressure 13 Pa)
and 5 (final pressure 15Pa) seconds, respectively. Similarly,
deposition conditions for DG were at a frequency of 125 kHz, load
powers of 20 and 40 W with initial monomer pressure of 20 Pa for
a treatment time of 14 (final pressure 41 Pa) and 8 (final pressure
52 Pa) seconds, respectively. The parameters chosen for AA were
at a frequency of 200 kHz, load powers of 20 and 40 W with initial
monomer pressure of 20Pa for a treatment time of 17 (final
pressure 37 Pa) and 10 (final pressure 42 Pa) seconds, respectively.
Six single layer plasma polymer films were produced using the
above conditions; another six samples were made under
identical conditions, then subjected to an additional dDG plasma
polymerization process. The dDG layer was formed under a
frequency of 125kHz and a load power of 20W with initial
monomer pressure of 20 Pa for a treatment time of 165, and the
final pressure is 40Pa. Prior to deposition, the reactor was
evacuated to a base pressure of 0.1Pa. After deposition, the
reactor was immediately pumped down to base pressure before
venting. The samples were stored in clean petri dishes under
ambient conditions until further analysis. For simplicity, a
sample name of “HM10” indicates that the film was deposited
using HMDSO monomer vapor and 10 W load power; “HM10D”
indicates that HM10 was further treated with dDG 20 W plasma
polymerization.

2.3. X-Ray Photoelectron Spectroscopy (XPS)

XPS analysis was performed using an AXIS HSi spectrometer
(Kratos Analytical Ltd, U.K.) equipped with a monochromated Al-K,,
X-ray source at a power of 144W (12mA, 12kV). All elements
presented were identified from low resolution survey spectra
(acquired at a pass energy of 160 eV). The atomic concentrations of
the detected elements were calculated using integral peak
intensities and the sensitivity factors supplied by the manufac-
turer. In addition, high resolution C 1s spectra were obtained at a
pass energy of 40 eV yielding a typical peak width (full width at half
maximum)of 1.0-1.1 eV for polymers. Samples were measured first
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in the as-deposited state and then at the time of reflectometry
measurements to account for aging changes in the chemistry of the
plasma polymer film.

2.4. Neutron and X-Ray Reflectometry

Neutron and x-ray reflectometry data were collected at the NIST
Center for Neutron Research, National Institute for Standards and
Technology, Gaithersburg. XRR data were collected using a Bruker
diffractometer (. = 1.5406 A). NR data were collected on the Magik
horizontal scattering plane reflectometer.?®! In both cases the
reflectivity, i.e, theratio of specularly reflected intensity toincident
beam intensity, was measured as a function of momentum
transfer, Q. Momentum transfer is given by the relation
= %7/, sinQ), where 1 is the wavelength of incident radiation and
Q is the angle of incidence of the incoming beam. Additional NR
measurements were performed on the Platypus reflectometer at
the Australian Nuclear Science and Technology Organisation. ¢!
The reflectometry data were analyzed using a standard least
squares method in the Motofit program,*”! weighting data on a
logarithmic scale and using the instrumental resolution functions.

3. Results and Discussion

3.1. Surface Chemistry

One of the challenges when working with PP’s is the
tendency of some films to gradually age over time upon
exposure to atmosphere. This is primarily due to post
oxidation reactions within the films from residual radi-
cals.®®3%] We allowed for the possible change in surface
chemistry of the film over time by analyzing samples via
XPSimmediately after deposition and at the time of NR and
XRR measurements. The XPS derived elemental analysis of
the single layer PP films (in atomic%), at the time of NR and
XRR measurements, is presented in Figure 1 and Table 1.
Compared to the freshly deposited films (Table Sla), the
HMDSO and AA films exhibit signs of oxygen incorporation
with increases of approximately 1 at.%, while the DG films
do not appear to oxidize. For the DG and AA PP films, low
levels of silicon are also detected. This is likely due to the
placement of the XPS samples on the outer most region of
the 10 cm diameter silicon block, towards the edges of the
lower plasma reactor electrode; the XPS samples were
placed in this position to avoid disruption of the center of
the film used for NR measurements (schematic S1). We have
noted that the PP films deposited on these large silicon
blocks are slightly thinner than films deposited onto
standard 0.5mm thick silicon wafers using the same
electrode under the exact same plasma deposition con-
ditions. The thinner PP films are close to the detection limit
of XPS (~<100 A), hence a small contribution from the
substrate and/or a trace amount of Si contamination is
observed. Both the 10 and 20 W deposited HMDSO PP films
are rich in oxygen and silicon when compared to the
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Figure 1. Elemental composition (atomic%) of the single layer
plasma polymers made from HMDSO, AA and DG derived from
XPS survey spectra for films produced at 10, 20, or 40 W load
powers. The error bars display the standard deviation of the
measurements (n =2).

HMDSO monomer while the carbon content (e.g, for 10 W
film, O/C=0.51, Si/C=0.70) reduced dramatically in
contrast to the starting monomer (0/C=0.17, Si/C=0.33).
The well-established mechanism for this phenomenon is
that during the plasma polymerization of HMDSO, methyl
abstraction is the major fragmentation and activation
pathway in the RFGD whilst scission of Si—O bonds occurs
to a much lesser extent 20294l

For the AA PP films, the main elemental components of
the films are carbon, nitrogen and oxygen. The carbon
content differs slightly from the monomer, but the nitrogen
content is less than half that of the AA monomer. The drop
in nitrogen content relative to the starting monomer in the
films is typical of amine functional plasma polymer
systems such as these. The oxygen incorporation originates
from residual oxygen gas and water vapor residues in the
reactor chamber and post plasma deposition oxidation
reactions upon exposure to the atmosphere. We note that
the oxygen content in these films is slightly higher than
compared to such films previously reported in the
literature.*7284%]

For the DG PP films, the elemental analysis from XPS
reveals films that consist predominantly of carbon and
oxygen. The O/C for the 20 W deposited DG PP films are
similar to our previous studies,®>**? however the 0/C was
greater by 1.7% for the 40 W DG PP compared to our previous
results. We believe that this is due to the shorter deposition
times (8s vs. >15s) employed in the current study. The
RFGD in the initial stages of plasma deposition is less
energetic, as evidenced visually by a weaker intensity
plasma glow discharge. Therefore, in the initial stages of
film deposition there are fewer molecular dissociation and
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scission events of the gaseous monomer. As the plasma
deposition time increases, the RFGD reaches equilibrium
and the resultant surface chemistry does not change
significantly with extended deposition times. The time
dependant change in the substrate temperature during
plasma deposition may also account for this slight
discrepancy in the O/C in the 40 W DG PP film.

The XPS analysis of the top dDG PP layer in the bilayer
samples are summarized in Table 1. The dDG layers
deposited on top of the single layer “substrate” PP films
are formed under fixed process parameters and display
minimal variation in the carbon and oxygen ratios across
the six samples. As expected the dDG PP topcoat and the DG
20 W PP substrate film possess similar O/C ratios. The dDG
films are stable after 1 week of storage (Table S1). Analysis of
the C1s spectra of all six dDG20 layers (Figure 2) reveals that
they display similar bonding environments, which consist
of two major components: hydrocarbon bonds (285 eV) and
C—O bonds (286.5eV). It is reasonable to infer that the
plasma environment produced in the top coat dDG20
plasma polymerization is consistent across the range of
different PP substrate films. Overlaying a dDG20 (top coat)
spectrum with a DG20 (substrate) spectrum (Figure 2c),
minor differences in the distribution of peak intensity can
be observed. This could be attributed to the presence of
deuterium in replacement of hydrogen, which may
contribute to subtle changes in the dissociation of chemical
bonds and recombination processes during PP deposition or
differences resulting from differential charging of the
sample during XPS analysis.

3.2. Characterization of Films by XRR and NR

The air-solid NR data from both single layer PP films and
bilayer films are shown in Figure 3, while the structural
parameters of each film are summarized in Table 2. The
corresponding XRR data and model parameters are given in
the supporting information (Figure S1 and Table S2). The NR
curves differ most notably in the fringe period (related to
layer thickness) and fringe amplitude (related to change of
scattering length density (SLD) across an interface). The data
from the thicker bilayer films contain more fringes with a
smaller spacing when compared to the data from single
layer films. The model SLD profiles corresponding to each of
the fits are shown in the inset of Figure 3. The SLD obtained
for the PP films in this study are similar to those reported
in the literature [230.31]

For the single layer HMDSO, AA, and DG PP films the
structural model consists of a thin transition layer between
thesilicon substrate and thelayer describing the majority of
the PP film, except for the HM10 PP which can be described
by a single layer. The remainder of the film (for all PP)
possesses a uniform SLD and is very smooth at the air-film
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Table 1. Elemental composition (atomic% and atomic ratios) derived from XPS survey spectra of the various PP films studied in this work.
Presented are the mean values with standard deviation (n=2). A sample name of “HM10” indicates that the film was deposited using
HMDSO as a monomer vapor and a 10 W load power. In addition, “HM10D” represents the bilayer film whereby HM10 was further treated
with a dDG 20 W plasma polymerization. The same nomenclature applies for all of the films listed below where D is the bilayer film with a
dDG 20 W plasma polymer film on top of the underlying “substrate” PP film.

Atomic % O1s N 1s C1is Si2p
HM10 23.17 £ 0.16 - 4472 + 0.08 32.11 + 0.24
HM10D 28.66 + 0.16 - 70.52 4+ 0.05 0.83 + 0.11
HM20 23.25 4+ 0.13 - 46.02 £+ 0.16 30.73 £ 0.01
HM20D 29.23 4+ 0.28 - 69.86 4+ 0.40 0.93 4+ 0.13
DG20 30.04 + 0.66 - 69.37 4+ 0.55 0.60 + 0.11
DG20D 28.61 4+ 0.04 - 71.39 4+ 0.04 -
DG40 26.35 + 0.29 - 71.79 4+ 0.23 1.86 £+ 0.06
DG40D 28.77 £ 0.27 - 71.21 4+ 0.27 0.02 + 0.01
AA20 15.21 4+ 0.13 9.48 + 0.13 74.43 £+ 0.03 0.89 4+ 0.02
AA20D 2895 + 0.11 - 70.96 £+ 0.04 0.10 + 0.13
AA40 15.60 £+ 0.16 9.14 + 0.11 74.53 4+ 0.04 0.74 £+ 0.10
AA40D 28.34 4+ 0.28 - 71.57 4+ 0.28 0.10 4+ 0.00
Atomic ratios 0o/C N/C Si/C

HM10 0.52 - 0.72

HM10D 0.41 - 0.01

HM20 0.51 - 0.67

HM20D 0.42 - 0.01

DG20 0.43 - 0.01

DG20D 0.40 - -

DG40 0.37 - 0.03

DG40D 0.40 - -

AA20 0.20 0.13 0.01

AA20D 041 - -

AA40 0.21 0.12 0.01

AA40D 0.40 - -

interface. The data shows (Table 2) that higher load powers
lead torougher films, with a two fold increase in roughness.
In Motofit the interfacial roughness is Gaussian, i.e., the SLD
profile between two layers can be described using the Error
function. The roughness parameter describes the standard
deviation of the parent Gaussian distribution of the Error
function for a particular interface. This phenomenon may
be in part due tolarger clusters of molecules recombining in
the plasma glow discharge during film growth which has
been shown to result in rougher surfaces and interfaces.[**]

For the bilayer PP films, a two layer model was adequate
for all datasets. This model includes the deuterated DG PP
layer (layer 1) and the underlying PP film (layer 2). In this
model, the roughness of layer 2 represents the extent of the
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interfacial mixing between the two PP films that make up
the bilayer. Comparing air-film interface roughness values,
the value is consistently larger (with the exception of AA)
for the sample fabricated at lower power than the
corresponding sample deposited at higher power. It is
evident from Table 2 that all the bilayer PP films possess an
intermixing region that is much broader than the air-film
roughness of the corresponding substrate film. For instance,
the interfacial roughness of the HM10D bilayer (17.1A) is 8
x that of the HM10 single layer PP film (2.1 A), while DG20D
and AA20D have a4 and 2.5-fold increase, respectively. That
the amount of interfacial broadening is different for each of
the different types of substrate indicates that there are
differences in hardness and resistance to ablation for each
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I Figure 2. Overlay of selected, representative high-resolution C 1s spectra of a) HMDSO, b) AA, c) DG plasma polymer films, with their
corresponding dDG bilayer PP films.
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substrate films were deposited at lower
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Figure 3. NR spectra from the air/plasma polymer film/silicon systems. Each subplot [

6 f—2 :
contains the spectra for single and bilayer films. The symbols represent the observed 67 x10°A™) coml:;aers(;l Wlth the DG20
reflectivity data (error bars are +1standard deviation) while the solid lines are model fits PP film (1.17 x10°A™7) is due to the
to the data. The insets are the SLD profiles of the various PP films. larger scattering length of deuterium
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Table 2. Film thickness, scattering length density, and roughness of single and bilayer PP films as used for NR model fitting. For ease of
presentation we only show the values obtained for the NR models, the XRR models are given in Table S2. For the bilayer systems layer 1
represents the top deuterated DG layer, while layer 2 refers to the underlying base PP film. For the single layer systems it was possible to
resolve two regions of slightly different SLD. Uncertainties are reported as 1 standard deviation.

NR Thickness (A) SLD (x 10°A2) Roughness (&)
Single 1 2 2 Air/1 1/2
HM10 1205+ 1.0 0.17 +£ 0.01 21+ 13

HM20 167.6 £ 2.6 26.6 £ 2.5 0.27 +£ 0.01 1.61 +0.18 109 £ 2 8.2 + 3.8
DG20 1440 £ 1.6 623+ 16 1.17 £ 0.01 0.99 £ 0.01 3.2+ 1.0 2
DG40 106.7 £ 13.6 57.8 £ 1.2 0.94 £+ 0.02 0.78 £ 0.32 111+ 1.0 15.8 £ 5.0
AA20 1639 £ 34 299 £ 6.0 195 £+ 0.01 2.16 £ 0.03 49 +£ 04 75 + 2.1
AA40 1104 £+ 0.7 99.8 +£ 0.2 2.25 +£0.01 2.15 £ 0.01 5.6 = 0.2 50412
Bilayer 1 2 2 Air/1 1/2
HM10D 1734 +£ 0.2 1224 +£ 05 6.92 + 0.04 0.45 + 0.04 6.4 + 0.1 171 +£ 0.2
HM20D 1749 £ 0.1 1785+ 1.3 6.77 £ 0.04 0.48 + 0.03 3.2 +0.1 12.7 +£ 0.1
DG20D 186.2 £ 0.1 2253 + 0.5 6.47 + 0.02 1.33 +£ 0.02 55+0.1 123 + 0.1
DG40D 1845 £ 0.1 176.0 £ 04 6.58 + 0.02 1.53 £ 0.02 41+ 01 119+ 0.1
AA20D 189.5 £ 0.2 1712 £ 4.6 6.59 + 0.03 1.98 + 0.05 49 £ 0.1 11.8 £ 0.2
AA40D 173.6 = 0.2 216.5 + 4.8 6.67 £+ 0.05 2.24 + 0.07 44 + 01 10.7 £ 0.2

compared to hydrogen, as the other two elements (C/O) in
the film are at the same concentration. One parameter that
does change amongst the dDG20 films are their roughness
values. Aside from the HM20D PP bilayer film, the other
dDG20 top coat films have an air-film interface that is
rougher than the single layer DG20 PP film (3.24). We
hypothesize that the increase in roughness of the second
layer is related to the surface morphology of the substrate;
in the case of the dDG20 top PP films this is the “substrate”

Il low power
Il high power

S & R

Figure 4. The ratio between the bilayer interface roughness and
the roughness of the corresponding substrate film.
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PP film rather than a smooth silicon wafer. The base PP films
have their own inherent surface roughness and chemistries
that are further modified during the second plasma
polymerization process. This leads to varied surface
roughnesses. When the dDG20 layer grows from
the underlying PP film interface, it will be expected to
replicate the underlying films surface morphology. The
increase in dDG20 roughness also depends on the degree of
broadening of the underlying interface, i.e., films made at
thelowerload power which possess a greater broadening at
the bilayer interface, result in the generation of a rougher
top layer. We hypothesize that deposition of the second
plasma polymer layer also causes ablation of the first PP
film, roughening the interface between the two films and
subsequently affects the roughness of the air interface of
the dDG20 PP film.

It is important to elucidate the cause of the observed
differences in the interfacial structure of the various bilayer
films. The plasma polymerizationload power plays a critical
role in determining the degree of unsaturation and/or
crosslinking within a PP film. To deduce the reasons for why
theinterfacial roughness doesn’t broaden as muchin higher
power PP films, we need to know more about the film
composition than that provided by XPS alone. We calculate
the full atomic composition of the films by simultaneously
fitting the composition and mass densities to the average
x-ray and neutron SLD values determined from the Motofit
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somewhat in terms of their hydrogen
content (Table 3) indicating the lower
power AA PP filmisless unsaturated than
the higher power AA PP film. The density
of the HMDSO higher power film is
1.25 gcm™? while the lower power film
is 1.05gcm™>. The elemental composi-

distance from interface /A

5 = = tions of the high and low power films are

similar, but the higher power film has
slightly less Si and H that also indicates a
higher level of unsaturation. Interest-
ingly, the film density and plasma glow
discharge load power correlation seen in
the HMDSO PP films is the opposite of
what was observed in the DG PP system
(lower power = higher mass density), but

distance from interface /A

is consistent with our previous reports on
0 20 40

HMDSO and DG PP’s.[**3! The significant
difference in the HMDSO bilayer broad-
ening between the high and low power
depositions can therefore be attributed to
a significantly greater mass density and a
higher degree of unsaturation/crosslink-
ing for the high power film, which would
result in less ablation/mixing during
deposition of the dDG PP topcoat film.
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Figure 5. Normalized interfacial scattering length density profiles for the DG/PPx
interface (e.g., HM10D) compared to that of the PPx/air interface. Deposition of the
overlying DG film roughens the interface it is deposited on, which is magnified if the

substrate plasma polymer is deposited at a lower power.

model along with the XPS results.!*®! The assumption in
these calculations is that the surface composition (atomic%)
determined by XPS is also an accurate representation of the
bulk composition, and that there are no voids in the sample.
The estimated full atomic composition and the film mass
density are shown in Table 3. Consider the DG PP films first.
From the structural data in Table 3 (the degree of
unsaturation based on the Empirical formula composition)
and the XPS C1s spectra (greater hydrocarbon contribution)
inFigure 2, itis evident that the DG40 PP film contains more
hydrocarbon and less ether units compared to the DG20 PP
film. The mass density of more highly crosslinked films is
also expected to be lower than films with less crosslinks, as
observed. This data indicates that the DG40 PP film is more
unsaturated and is consistent with previous reports by us
on these films.*™ For the HMDSO and AA PP films, the XPS
high resolution C 1s spectra (Figure 2) do not provide
information on their degree of unsaturation, as the overlay
of the spectra are of identical shape.

The mass densities for the AA PP’s at the two different
load powers are the same but their compositions differ
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LA . Since the bond energies of unsaturated

bonds are significantly higher than those
of single bonds (C—C 346, C—0 358, C=C
839], and C=0 1072Kj/mol), a substrate
film with lower crosslinking and more
unsaturation will be expected to undergo
a larger degree of fragmentation when
exposed to a subsequent plasma glow discharge. Therefore,
the films that contain more single bonds (the lower power
films) would etch to alarger extent when compared to more
unsaturated films (higher power), resulting in a rougher
and broader bilayer interface.

To compare the chemical composition and density of the
substrate film after deposition of the dDG topcoat we have
toassume that the XPS derived empirical composition of the
heavier elements (C/N/O/Si) does not change. Table 3 shows
that the density of the substrate film does not show
significant change after the dDG topcoat is deposited.
However, the hydrogen content for both the DG and HM
substrate films appear to decrease significantly; the SLD
values for layer 2 (Table 2) get slightly larger when the dDG
topcoat is deposited (e.g, SLD HM20 layer 1=0.27 vs.
HM20D layer2 =0.48). The likely reason why the SLD’s
increase is because deuterium atoms are implanting
themselves in the substrate PP films structure through
ablation, recombination and deposition during the RFGD of
the dDG topcoat . This manifests as lower hydrogen atom
ratios in the calculated values in Table 3. In contrast, the AA
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Table 3. Mass density and composition of all single and bilayer PP films as determined by XRR and NR reflectometry in combination with
XPS elemental composition. The theoretical monomer compositions are shown for comparison.

Single layer Composition Mass density (gcm3)
HM monomer C,00.17810.33H3 -

HM10 C100:51510.70H3.02 1.06
HM20 C1005251g 64H> g9 1.25
DG monomer C100.5H, 33 -

DG20 C100.43H1.61 129
DG40 C100.36H1.56 1.03
AA monomer C31No.33Ho 33 -

AA20 C1No.1300.20H1 23 134
AA40 C1N0.1200.21H1.06 1.35
Bilayer Layer 1 Layer 2 Layer 1 Layer 2
HM10D c100,41]:)1407 c100.52510.701_12458 147 111
HM20D C100.42D1.15 C100.51510.63H2. 55 142 121
DG20D C100.40D1.12 C100.43H1 56 1.35 1.36
DG40D C100.40D1 01 C,00.357H1 17 1.42 1.09
AA20D C100.41D0.04 C1Np 1300 20H1 25 1.46 1.46
AA40D C100.40D1 05 C1Ng 1200 2:H1 09 1.41 1.36

substrate composition does not change; it presents a greater
resistance to ablation from reactive plasma species. This is a
consequence of its higher mass density, which also
manifests in a diminished interfacial film broadening
compared to the other plasma polymers.

4. Conclusion

An investigation of the surface chemistry of plasma
deposited AA, DG, and HMSDO thin films deposited at
two load powers, with and without a deuterated diglyme
top coat PP film was conducted. These bilayer plasma
polymer systems were analyzed by a combination of
complementary surface analytical methods which revealed
that the resulting interfacial film structures are strongly
reliant onthe “substrate” plasma polymer films chemistries,
differing significantly with the class of monomer used. We
were able to accurately determine the structure of bilayer
plasma polymer films and the full elemental composition
and mass density of the film. All films showed a correlation
between the degree of unsaturation in the substrate plasma
polymer and the deposition power. The extent to which the
bilayer interface is broadened is inversely correlated with
the degree of unsaturation/deposition power; unsaturated/
crosslinked films are more robust when the topcoat is
applied. This finding is of note for researchers in the plasma
polymer field when considering the substrate material of

Plasma Process. Polym. 2016, 13, 534-543
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choice, the deposition conditions, and intended application
for a particular plasma polymer system since it affects the
adhesion and stability of the interface which forms.
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