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ABSTRACT

Initiated chemical vapor deposition (iCVD) is a one-step, soventless process that
can be used to produce polymeric thin films. The iCVD technique has been used to
polymerize a wide variety of vinyl monomers such as glycidyl methacrylate (adhesive)
and 2-hydroxyethyl methacrylate (hydrophilic). The proposed polymerization mechanism
is the classical free radical polymerization mechanism of vinyl monomers. Monomer and
initiator gases are fed into a vacuum chamber where resistively heated wires are used to
thermally decompose the initiator molecules into free radicals. The free radicals then
attack the vinyl bonds of the monomer molecules. Propagation occurs on the surface of a
cooled substrate.

This thesis presents an in-depth mechanistic study of the iCVD deposition of low
surface energy poly(1H,1H,2H,2H-perfluorodecyl acrylate) (PPFDA) thin films. PPFDA
films have many uses due to their hydrophobic and oleophobic properties. Fourier
transform infrared spectroscopy and x-ray photoelectron spectroscopy of the iCVD
PPFDA films showed complete retention of the fluorine moieties. Deposition rates as
high as 375 nm/min were achieved. It was found that the deposition rate and molecular
weight increases with decreasing substrate temperature and increasing monomer partial
pressure. Quartz crystal microbalance measurements showed that these effects correlated
with an increased monomer concentration at the surface. Dimensionless analysis was
used to scale up this iCVD polymerization to a custom modified roll-to-roll reactor. The
roll-to-roll process allows for the fast production of realistic size samples.

The use of liquid solvents in membrane coating processes often creates a blanket
coating in which the pores are clogged due to surface tension problems and wettability.
These problems do not exist for solventless processes such as iCVD. This thesis presents
the use of the iCVD technique to functionalize electrospun fiber mats and polymeric
capillary pore membranes in order to make water-repellant, self-cleaning membranes.
X-ray photoelectron microscopy data confirmed the presence of the PPFDA coating on
the topside and the backside of the membranes and electron microprobe analysis
confirmed the presence of the coating along the pore wall. It was found that the iCVD
process can be used to functionalize membranes with very high aspect ratio (~80:1)
pores.

Thesis Supervisor: Karen K. Gleason
Title: Professor of Chemical Engineering
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1.1 Initiated Chemical Vapor Deposition (iCVD)

Initiated chemical vapor deposition (iCVD) is a low energy vapor deposition
process (0.01 W/cm?) that can be used to produce polymeric thin films in which the
pendant chemical moieties are kept intact.' This all-dry process has environmental
benefits because no solvents are used and this process can be used to conformally coat
complex geometries® since the surface tension problems associated with liquids are not
present. The proposed polymerization mechanism is the classical free radical
polymerization mechanism of vinyl monomers. Monomer and initiator gases are fed into
a vacuum chamber where resistively heated wires are used to thermally decompose the
initiator molecules into free radicals. The free radicals diffuse to the substrate and adsorb
onto the surface. The substrate temperature is kept cool to promote the adsorption of the
free radicals as well as the monomer molecules. Initiation, propagation, and termination
events occur on the surface of the cooled substrate to form a polymer film.
(See Figure 1-1) iCVD has been used to polymerize a wide variety of vinyl monomers
such as glycidyl methacrylate’ and 2-hydroxyethyl methacrylate.* (See Figure 1-2) Tert-
butyl peroxide is usually used as the initiator.

Other types of solvent-free polymerization processes such as continuous plasma
polymerization and pulsed plasma polymerization require much higher energy inputs and
the chemical functionalities of the monomer are often destroyed.>® (See Figure 1-3) The
highest deposition rates achieved with pulsed plasma polymerization are typically on the
order of 10 nm/min which is significantly lower than the deposition rates achieved using

the iCVD process (up to 375 nm/min).’ The slow deposition rates found in plasma
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polymerization are due to the complexity of the plasma process. The high energy of the
plasma partially breaks apart the monomer, reducing the concentration available for
polymerization. In contrast, the iCVD process only breaks the initiator and leaves the
monomer completely intact. Additionally, there is a competition between etching and
deposition in plasma processes’ where the iCVD process involves only deposition and

does not involve etching.

monomey

CH, C

CHy— AL -0 Q~C-—CH
!

ity iy

tert-butyl peroside

Classical Free Radical Polvinerization

Inttiation:
11 > 2r
I 4 M —» LM
Propagation:
M - m=-DM  — LN

Termination:
M, - 1M s 3 Ml
M - I — LM,

Figure 1-1: Picture of iCVD reactor. Monomer and initiator
(usually tert-butyl peroxide) gases continuously flow into the
reactor. The polymerization mechanism is a classical free
radical polymerization.
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a)
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O
Il A0\
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Y. Maoand KK Gleason. Langmuir, 2004,
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i
H,c—C C  OCH,CH,0H

CH;

K Chanand K K. Gleason. Langmuir, 2005,

Figure 1-2: a) Glycidyl methacrylate (GMA) and b) 2-hydroxylethyl
methacrylate (HEMA) are two types of monomers that have been
polymerized using the iCVD process. Poly(glycidyl methacrylate)
films can be patterned into small features using e-beam lithography
and poly(2-hydroxylethyl methacrylate) films are hydrophilic and
therefore can be used as hydrogels.
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Figure 1-3: FTIR spectra of poly(glycidyl methacrylate) films created

using a) iCVD, b) plasma CVD, and c) conventional polymerization.

The epoxide functionality has characteristic absorption peaks at

wavenumbers of 907, 848, and 760 em’. It can be seen that the iCVD

process keeps the epoxide functionality intact.
1.2 Low Surface Energy Fluoropolymer Coatings

Low surface energy polymeric coatings have many uses due to their hydrophobic
and oleophobic properties.>” For example, fluorinated polymer coatings have been used
to modify various surfaces such as carbon nanotubes® and textiles.'”™!' Polymers
containing CF3; end groups have a lower surface energy (9.3 mN/m) than
poly(tetrafluoroethylene) (PTFE, 18 mN/m)12 and therefore it is advantageous to create

low surface energy coatings from acrylate and methacrylate monomers that contain CF;

end groups.13
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The hydrophobicity of a flat substrate can be increased by either lowering the
surface energy through a change in surface chemistry or by adding roughness to the
surface.'*" It has been found that the maximum contact angle that can be achieved on a

flat surface using surface chemistry alone is 120° '°

and static contact angles higher than
120° can only be achieved through the addition of surface roughness. There are several
examples of naturally occurring superhydrophobic, self-cleaning materials that can be
found in Nature. (See Figure 1-4) These natural materials achieve their
superhydrophobicity through a combination of low surface energy chemistry and
roughness.

A rough, hydrophobic surface can exist in two different states: Wenzel or Cassie-
Baxter. In the Wenzel state,'” the water droplet penetrates the pore and there is a large
hysteresis between advancing and receding contact angles. In the Cassie-Baxter state,'®
the water droplet does not penetrate the pore and instead sits on top of the pores. There is
low hysteresis in the Cassie-Baxter state. For practical applications that require
hydrophobicity, water droplets should not penetrate the pores and therefore the Cassie-

Baxter state is required. In the Cassie-Baxter model, the apparent contact angle, 9*, is

cos 6" = ¢; cos O - ¢y, where 0 is the contact angle on a flat surface and ¢; and ¢, are the

solid-liquid and air-liquid contact area per unit projected surface area respectively.
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Gao et al.. Nature, 2004,
Feng et al., Advanced Materials,
2006.

Lee et al.. Langmuir, 2004,

Figure 1-4: There are several examples of superhydrophobic, self-

cleaning materials that can be found in Nature such as a) the lotus

leaf, b) insect wings, and c) the legs of a water strider. These naturally

occurring materials achieve their superhydrophobicity through a

combination of low surface energy chemistry and roughness.

The goal of this thesis is to use the iCVD technique to create low surface energy
fluoropolymer coatings. We will study the iCVD polymerization of perfluoroalkylethyl
methacrylate (PFEMA, CH,=C(CH3)COOCH,;CH;(CF;),CF3 where n=5-13, n,,,=8) and
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA, CH,=CHCOOCH;CH;(CF;);CF3).
Understanding the mechanistic aspects of the iCVD polymerization of fluorinated
monomers will aid the optimization of the process. We will use this iCVD process to

modify rough surfaces with fluoropolymer coatings in order to create superhydrophobic

surfaces like those found in Nature.
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1.3 Scale-Up

There has been significant work in scaling up inorganic vapor deposition
processes. Large area deposition of amorphous silicon has been studied in a plasma roll-
to-roll reactor '°,”°, a plasma in-line deposition system 21 and a large area hot wire CVD
apparatus”. An in-line deposition system has also been used to create films containing
copper, indium, gallium, and selenium®. The pulsed laser deposition of tantalum
pentoxide films has been scaled up to larger areas through the use of a rotating
substrate 2

Currently all iCVD polymerizations have been conducted in small-scale reactors
(diameters less than 300 mm) in which the substrate remains stationary and the
deposition occurs between pump down and pump up periods. Another goal of this thesis
is to scale-up the iCVD process to a roll-to-roll reactor in which the uncoated substrate
continuously enters the reaction zone at a steady rate and exits as coated. The roll-to-roll
process allows for the production of realistic size samples that can be easily tested for
various applications. The roll-to-roll process also saves the time it takes to load the
substrate, pump down to the reaction pressure, heat the filament, and pump back up. For
example, the small-scale iCVD polymerization processes take approximately 30 minutes
to load the sample and pump down and 30 minutes to unload the sample and shutdown.
The actual deposition takes only a few minutes.

The small-scale iCVD reactors are custom-built. The reaction chamber is
cylindrical with a diameter of 240 mm and a height of 33 mm. The roll-to-roll reactor has
a 0.16 m> chamber that contains one unwinder roll, three spreader rolls to prevent

wrinkling of the web, one tension roll, and one rewinder roll (PLASMAtech model V-
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160GK-RT). The maximum length of the roll is 30 cm and the maximum diameter of the
roll is 16 cm. In order to scale-up the iCVD process, a chiller and filament array need to
be added to the roll-to-roll chamber and the chamber needs to be modified in order to
reproduce the same gas flow profiles and filament to substrate standoff as the smaller-
scale iCVD reactors. (See Figure 1-5) Figure 1-6 shows the inside of the custom-
modified roll-to-roll chamber. A vertical 35 cm by 43 cm stainless steel baffled heat
exchanger is placed between the filament array and the rolls. The heat exchanger serves
to cool the substrate and to physically force the inlet gases to flow along the direction of
the substrate and exit uniformly. The width of the heat exchanger spans the entire depth
of the reaction chamber. The monomer and initiator gases are uniformly distributed
across the entire width of the substrate using a distributor tube that is 30 cm long and 1.3
cm in diameter and contains ten 1 millimeter holes. A square filament array holder was
custom designed to be wider ( 35 cm) than the roll width ( 30 cm) in order to ensure that
the edges of the roll will get exposure to the filaments and will therefore have the same
thickness as the rest of the substrate. The filaments are strung across the width of the
substrate in order to achieve uniformity across the width of the substrate, perpendicular to
the direction of gas flow. As the substrate moves along, its entire width will be exposed
to each separate filament.

The goal of this thesis is to scale-up the iCVD process to a roll-to-roll reactor
using dimensionless analysis. Dimensionless analysis ensures that convection and
diffusion have the same contribution in both the small-scale reactor and the roli-to-roll

reactor.
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Figure 1-5: a) The configuration of the chiller and the filament array
in the small-scale iCVD reactor. b) In order to scale-up the process, a
chiller and filament array need to be added to the roll-to-roll
chamber.
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Figure 1-6: The inside of the custom-modified iCVD roll-to-roll

reactor.
1.4 Surface Modification of Complex Geometries

The surface modification of high aspect ratio microstructures has applications in
several fields such as biology, textiles, and microelectronics. Silicon membranes have
been functionalized with biotin in order to create membranes that can selectively capture
biological orgarlisﬂ'ns.z'5 Atomic layer deposition has been used to conformally coat silicon
trenches for microelectronic applications.”® Plasma polymerization has been used to coat
silicon trenches to make non-adhesive silicon molds for soft lithography.”’ Plasma-
induced grafting has been used to attach hydrophilic polymers onto the surfaces of
hydrophobic membranes in order to prevent membrane fouling caused by protein

adsorption.”*? (See Figure 1-7)
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Figure 1-7: The surface modification of high aspect ratio
microstructures has applications in several fields.

The goal of this thesis is to use the iCVD technique to functionalize the surfaces
of complex 3-dimensional objects. We will use the iCVD process to apply
poly(perfluoroalkylethyl methacrylate) and poly(1H,1H,2H,2H-perfluorodecyl acrylate)
coatings onto various structures such as electrospun mats, capillary pore membranes, and

silicon trenches.
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1.5 Scope of Thesis

Chapter 2 is an in-depth mechanistic study of the iCVD polymerization of
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) which encompasses the chemical structure
of the deposited film, the adsorption isotherm of the monomer species, and the deposition
kinetics of the iCVD fluoropolymer film.

Chapter 3 focuses on the scale up of the iCVD polymerization of glycidyl methacrylate.
Since the iCVD polymerization of different vinyl monomers all use similar parameters,
this scale up can be applied to the scale up of other vinyl monomers.

Chapter 4 shows how the iCVD technique can be used to functionalize capillary pore
membranes with PPFDA in order to make water-repellant, self-cleaning membranes. The
capillary pore membranes used in this study have cylindrical pores of well-defined
diameter which form ordered arrays. The capillary pore membrane geometry can be
systematically varied (pore diameter, pore length, and degree of porosity), enabling
fundamental examination of the iCVD process for coating features with different aspect
ratios (ratio between length and diameter). This work was done in collaboration with the
DuPont-MIT Alliance.

Chapter 5 shows how the iCVD technique can be combined with the electrospinning
technique to create superhydrophobic fiber mats. This work was done in collaboration

with Professor Rutledge’s group at MIT.
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2.1 Abstract

A solvent-free initiated chemical vapor deposition (iCVD) process was used to
create low surface energy poly(1H,1H,2H,2H-perfluorodecyl acrylate) (PPFDA) thin
films at deposition rates as high as 375 nm/min. Fourier transform infrared spectroscopy
(FTIR) and x-ray photoelectron spectroscopy showed full retention of the fluorine
moieties and no measurable crosslinking was detected. Additionally the FTIR studies
support the hypothesis that film deposition results from vinyl polymerization. For all
iCVD PPFDA films, the static contact angle was found to be 120.8° +/- 1.2°. The
roughness of the films was found to be between 14.9 nm and 19.8 nm RMS and the
refractive index of the films was found to be between 1.36 and 1.37. The deposition rate
was studied as a function of the substrate temperature and the partial pressure of the
monomer. It was found that the deposition rate increases with decreasing substrate
temperature and increasing monomer partial pressure. It was also found that the
molecular weight increases with decreasing substrate temperature and increases with
increasing monomer partial pressure. The highest molecular weight measured was
177300 with a polydispersity of 2.27. Quartz crystal microbalance (QCM) measurements
showed that these effects correlated with an increased monomer concentration at the
surface. The deposition rate data and the QCM data were quantitatively analyzed to find
the rate constants of the process using a previously published model for the iCVD process
involving nonfluorinated monomers. The determined values of the rate constants of the
surface polymerization were found to be similar to the rate constants measured in liquid
phase free radical polymerization. The kinetic data found in this paper can now be used to

study iCVD deposition onto substrates with more complex geometries.

28



2.2 Introduction

Initiated chemical vapor deposition (iCVD) is a low energy vapor deposition
process (0.01 W/cmz) that can be used to produce polymeric thin films in which the
pendant chemical moieties are kept intact.' This all-dry process has environmental
benefits because no solvents are used and this process can be used to conformally coat
complex geometries” since the surface tension problems associated with liquids are not
present. iCVD has been used to polymerize a wide variety of vinyl monomers such as
glycidyl methacrylate® and 2-hydroxyethyl methacrylate.* Tert-butyl peroxide is used as
the initiator. The proposed polymerization mechanism is the classical free radical
polymerization mechanism of vinyl monomers. Monomer and initiator gases are fed into
a vacuum chamber where resistively heated wires are used to thermally decompose the
initiator molecules into free radicals. The free radicals diffuse to the substrate and adsorb
onto the surface. The substrate temperature is kept cool to promote the adsorption of the
free radicals as well as the monomer molecules. Initiation, propagation, and termination
events occur on the surface of the cooled substrate to form a polymer film.

Low surface energy polymeric coatings have many uses due to their hydrophobic
and oleophobic properties.”® For example, fluorinated polymer coatings have been used
to modify various surfaces such as carbon nanotubes® and textiles.”® Polymers containing
CF; end groups have a lower surface energy (9.3 mN/m) than poly(tetrafluoroethylene)
(PTFE, 18 mN/m)’ and therefore it is advantageous to create low surface energy coatings
from acrylate and methacrylate monomers that contain CF3 end groups.'

The iCVD technique has recently been used to polymerize perfluoroalkylethyl

methacrylate (CH,=C(CH3)COOCH,CH,(CF,),CF; where n=5-13) in order to create low
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surface energy copolymer films'' and superhydrophobic mats.'? These superhydrophobic
mats were created by using the iCVD process to coat electrospun fiber mats. Scanning
electron microscope images and x-ray photoelectron spectrometer scans showed that the
coating was conformal around the individual fibers of the mat which demonstrated that
the iCVD technique could be used to coat 3-dimensional objects. These previous iCVD
studies only focused on the applications of the fluorinated coatings. This paper will
conduct an in-depth mechanistic study of the process which encompasses the chemical
structure of the deposited film, the adsorption isotherm of the monomer species, and the
deposition kinetics of the iCVD fluoropolymer film. The aforementioned iCVD studies
used commercial fluorinated methacrylate products having a distribution of pendant chain
length from 5 to 13 perfluorinated carbons. This study however will use a fluorinated
acrylate monomer with a single chain length, 1H,1H,2H,2H-perfluorodecyl acrylate
(PFDA, CH,=CHCOOCH,CH,(CF,);CF3), having the additional benefit that the free
radical propagation rate constants are one order of magnitude larger for acrylates than for
methacrylates.'*'* The PFDA monomer chain length which allow for the comparison of
the experimental and theoretical chemical composition of the polymer films. The PFDA
monomer has previously been vapor polymerized using continuous plasma
polymerization and pulsed plasma polymerization.'>'® The continuous plasma created
films that were damaged whereas the pulsed plasma could be optimized to produce films
in which the fluorine moieties of the monomer remained intact. The highest deposition
rate with the pulsed plasma however was found to be only 10 nm/min which is
significantly lower than the deposition rates achieved in this work for the iCVD of PFDA

(up to 375 nm/min).
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Understanding the mechanistic aspects of the iCVD polymerization of PDFA will
aid the optimization of the process and facilitate the application of the iCVD technique
for coating more complex geometries. For instance, the surface modification of
membranes has many potential applications.'”'® An increased knowledge of the iCVD
polymerization mechanism of fluorinated acrylates could allow low surface energy iCVD
coatings to be applied to a wide variety of substrates.

2.3 Experimental Methods

The PPFDA films were deposited onto 100 mm diameter silicon wafers in a
custom-built reactor. The reaction chamber is cylindrical with a diameter of 240 mm and
a height of 33 mm. The top of the reaction chamber is covered with a removable
transparent quartz plate (300 mm diameter, 25 mm thick). This transparent cover allows
in situ monitoring of the deposition rate through the use of laser interferometry (JDS
Uniphase He-Ne Laser).

The 1H,1H,2H,2H-Perfluorodecyl acrylate (PFDA) monomer (97%, Aldrich) and
the tert-butyl peroxide initiator (98%, Aldrich) were used without further purification.
The monomer was heated to 80°C and fed into the chamber through a heated mass flow
controller (Model 1152C, MKS) and the initiator was kept at room temperature and fed
into the chamber through another mass flow controller (Model 1479A, MKS). The
reactor pressure was kept constant at 100 mTorr. Nichrome filaments (80% Ni/20% Cr)
were resistively heated to 300°C. The distance between the filaments and the heat
exchanger was kept at 29 mm. The silicon substrate was placed on a stage that was

backside cooled using water from a recirculating chiller. A silicon wafer with

31



thermocouples bonded to the surface (Thermodynamic Sensors, Inc.) was used to
measure the actual substrate temperature at the different chiller settings.

In order to study the effect of substrate temperature on the deposition rate, the
substrate temperature was varied between 39°C-59°C while keeping all other variables
constant. In order to study the effect of the monomer partial pressure on the deposition
rate, the monomer flowrate was varied while keeping all other variables constant. Table
2-1 shows the details of these experiments. Experimental error bars were found by

repeating the experiment three times and calculating the standard deviation.

Table 2-1: Process Conditions and Resultant Growth Rates for the iCVD PPFDA

Substrate Temperature Series

Monomer Initiator Monomer Monomer
Substrate Flow Flow Total - Partial Saturation
Temp. Rate Rate Pressure Pressure, Pressure, Rate Conversion
Sample °C) (sccm) (sccm) (Torr) Py (Torr) P (Torr)  Py/Py  (nm/min) (%)
TS1 39 0.31 0.82 0.10 0.03 0.11 0.24 144 49
TS2 44 0.31 0.82 0.10 0.03 0.16 0.17 72 24
TS3 54 0.31 0.82 0.10 0.03 0.32 0.09 20 7
TS4 59 0.31 0.82 0.10 0.03 0.44 0.06 8 3
Monomer Partial Pressure Series
Monomer Initiator Monomer Monomer
Substrate Flow Flow Total Partial Saturation
Temp. Rate Rate Pressure Pressure, Pressure, Rate Conversion

Sample °C) (sccm) (sccm) (Torr) Py (Torr) P (Torr)  Py/Py  (nm/min) (%)
PM1 44 0.67 0.82 0.10 0.045 0.16 0.28 375 59
PM2 44 0.52 0.82 0.10 0.039 0.16 0.24 259 52
PM3 44 042 0.82 0.10 0.034 0.16 0.21 150 38
PM4 44 0.35 0.82 0.10 0.030 0.16 0.18 88 26
PM5 44 0.31 0.82 0.10 0.027 0.16 0.17 72 24
PM6 44 0.26 0.82 0.10 0.024 0.16 0.15 55 22
PM7 44 0.13 0.82 0.10 0.014 0.16 0.08 22 18

Fourier transform infrared spectroscopy (FTIR) (Thermo Nicolet Nexus 870) and
X-ray photoelectron microscopy (XPS) (Kratos AXIS Ultra spectrometer with a
monocromatized Al Ko source) was used to study the chemical composition of the films.
Variable angle spectroscopic ellipsometry (JA Woollam M-2000) was used to measure

the thickness of the films. The refractive index of the films was between 1.36 and 1.37.
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Contact angle measurements were conducted using a goniometer (Ramé-Hart Model
500). Atomic force microscopy (AFM) (Veeco Metrology Nanoscope IV/ Dimension
3100 Scanning Probe Microscope) was used to study the surface roughness of the
polymer films. The molecular weight of the films was found by dissolving the films in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and then using gel permeation chromatography
(GPC) (Waters Alliance Model 2690 with a Waters 410 Differential Refractive Index
Detector and Viscotek Corporation Model T-60A dual detector module). There were
three columns: two Shodex GPC HFIP-806M styrene-divinyl benzene columns and one
Shodex GPC HFIP-804M styrene-divinyl benzene column.

A quartz crystal microbalance (QCM) (Sycon Instruments) with a 16 mm
diameter gold-coated crystal sensor was used to conduct adsorption measurements. The
QCM was placed inside the reactor chamber and the temperature was controlled using a
chiller. The initiator flow was replaced with nitrogen and the filaments were kept off. In
each run, monomer and nitrogen were flowed into the reactor and the pressure was
increased to the reaction pressure (100 mTorr) and the adsorbed monomer volume was
recorded. The monomer and nitrogen flow were then turned off and the pressure was
decreased to the base pressure. The molecules now desorbed and the final adsorbed
monomer volume was recorded. The amount of monomer adsorbed was taken to be the
difference between the final and initial adsorbed monomer volume.

2.4 Results and Discussion
2.4.1 Material Characterization
The PPFDA film samples in Table 2-1 were characterized using FTIR. Figure 2-1

compares the FTIR spectra of the polymer film samples in the TS series (top) and the
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PFDA liquid monomer (bottom). It can be seen that there is no significant difference
found between the spectra of the polymer samples which indicates that varying the iCVD
polymerization conditions does not change the local chemical bonding environment in
the films. Figure 1a shows an enlarged view of the FTIR spectra in the region between
1900 cm™ and 900 cm™. The sharp peak at 1741 cm™' is caused by C=0 stretching. This
peak was used to normalize the intensity of the TS4 spectrum. The intensities of the other
spectra reflect the different thicknesses of the films. Both the monomer and polymer
spectra contain three strong, sharp absorbance peaks in the 1350-1120 cm™ region. The
sharp peaks at 1246 cm™ and 1207 cm™ are caused by the asymmetric stretching and
symmetric stretching of the -CF,- moiety respectively.'” The sharp peak at 1153 cm™ is
caused by the -CF,-CF; end group.”° It can therefore be concluded that the iCVD PPFDA
film retains the CF, and CF3 moieties originating from the pendant functional group of
the monomer. It is important to note that the peaks associated with the CF, and CF;
groups remain as narrow in the iCVD polymer spectrum as they are in the monomer
spectrum. In high energy plasma polymerizations, side reactions such as fragmentation
and crosslinking lead to the broadening of the FTIR peaks to the extent that the individual
peaks can no longer be resolved.'® The narrowness of the peaks in the iCVD polymer film
therefore verifies the chemical homogeneity of the iCVD polymer film. The monomer
spectrum in Figure 1a contains additional peaks at 1639, 1625, 1415, 1402, 1296, 1087,
1070, 990, and 968 cm™. These peaks are the characteristic absorbance bands for the
C=C double bond.*' The polymer spectrum does not contain these peaks which is further
evidence that the polymerization pathway during iCVD is through the double bond of the

vinyl monomer.
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Figure 2-1: FTIR spectra of the iCVD PPFDA film samples in the TS
series (top) and liquid PFDA monomer (bottom) in a) the region
between 1900 cm™ and 900 cm™ and b) the region between 3150 cm’’
and 2800 cm™. The dashed lines represent the location of the CF; and
CF3 groups and the asterisks in both monomer spectra represent the
location of the C=C bond. The C=0 peak at 1741 cm™ was used to
normalize the intensity of the TS4 spectrum. The intensities of the
other spectra reflect the different thicknesses of the films.

Figure 2-1b shows an enlarged view of the FTIR spectra of the polymer (top) and
the monomer (bottom) in the region between 3150 cm™ and 2800 cm™. The C=0 peak at
1741 cm™ was again used to normalize the intensity of the TS4 spectrum. The absorbance
peaks in the monomer spectrum between 3090-3075 cm™ and 3020-2980 cm™ are

associated with the C=C double bond.?' The polymer spectrum does not contain these

peaks but it does contain strong peaks in the region 2969-2965 cm’', 2936-2912 cm’', and
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2863-2843 cm™ which are associated with the C-H stretching and CH, vibrations on a
saturated carbon atom.'® This verifies that the iCVD polymerization process converts the
unsaturated carbon from the vinyl bond of the monomer into polymerized chains with
saturated carbons as has been observed during the iCVD polymerization of other

monomers .22
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Figure 2-2: XPS spectra of the iCVD PPFDA film sample TS1. a)
Survey scan showing the atomic concentration of fluorine, oxygen,
and carbon in the polymer film. b) High resolution scan of the C 1s
peak with seven resolved peaks.
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Figure 2-2a shows the XPS survey scan of the PPFDA film sample TS1 and Table
2-2 shows the atomic concentration percentages calculated from the survey scan.
Excellent agreement is observed between these experimentally obtained percentages and
the theoretical values calculated from the chemical formula of the monomer. Figure 2-2b
shows the corresponding high resolution C 1s XPS spectrum. The spectrum can be
described using seven bonding environments expected solely due to vinyl polymerization
of the monomer (Table 2-3). Again, the agreement between the experimental and
theoretical area percentages for the -CF>- and CF; groups show that the structure of the
monomer unit, including that of the functional pendant group, is completely maintained
during iCVD polymerization.

The static and dynamic water contact angles were measured on each coated
sample in Table 2-1. There was no significant difference between the samples. The static
contact angle was found to be 120.8° +/- 1.2°. This is the maximum contact angle that can
be achieved on a flat hydrophobic surface” since static contact angles higher than 120°
can only be achieved through the addition of surface roughness. The consistency of the
contact angle measurements from sample to sample suggests that all the films have low
surface roughness. Indeed, AFM measurements on each coated sample in Table 2-1
confirmed the low surface roughness (14.9 nm — 19.8 nm RMS). The advancing and
receding contact angles were found to be 132.3° +/- 1.3° and 99.5° +/- 1.3° respectively.
These values agree with those found for polymeric films that contain CF3 end groups.''

Polymers made from fluorinated monomers are not very soluble in common
solvents such as tetrahydrofuran.”* The PPFDA films were therefore dissolved in a

fluorinated solvent, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), in order to get GPC
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results. Table 2-4 shows the weight average molecular weight, M,, and polydispersity of
samples that vary with substrate temperature and monomer partial pressure. It can be seen
that the molecular weight increases with decreasing substrate temperature and increases
with increasing monomer partial pressure. The polydispersity ranges between 1.9 - 2.6
with no observable trend with respect to substrate temperature or monomer partial
pressure. This range in polydispersity has also been observed for the iCVD
polymerization of other acrylates.”” The ability to dissolve the PPFDA film in HFIP

solvent supports the hypothesis that there is limited crosslinking during the iCVD

process.
Table 2-2: Atomic Percentages from XPS Survey Scan
Theoretical
Carbon Oxygen Fluorine
Atomic % 40.63 6.25 53.13
Experimental
Carbon Oxygen Fluorine
Atomic % 40.6 +/- 0.7 5.7+/-0.7 53.7+/-0.8

Table 2-3: Atomic Percentages of Carbon Environments from C 1s XPS Spectra

Theoretical Experimental
Binding Area Binding Area
Energy (eV) (%) Energy (eV) (%)
1 -C'F3 293.3 7.7 293.5 7.7 +/-0.1
2 -C'Fp- 291.2 53.8 291.3 53.74/-02
3 -C'=0 289.2 7.7 289.0 7.6 +/-0.3
4 -CH,-C H,-CF,- 286.8 7.7 286.9 7.5+/-0.7
5 -0-C"H,-CH,- 286.7 7.7 286.1 7.7 +/-0.7
6 -C'H-CO- 285.7 7.7 285.5 7.8 +/-0.7
7 -C-C'H,-C- 285.0 7.7 284.9 7.8 +/-0.7
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Table 2-4: Weight Average Molecular Weight From GPC Measurements

Substrate Temperature Series

Substrate Temperature (°C) Pm/Pgar My Polydispersity
44 0.38 177300 2.27
49 0.27 114300 2.63
54 0.20 42800 2.01

Monomer Partial Pressure Series

Substrate Temperature (°C) Pp/Psat M, Polydispersity
39 0.50 127800 1.89
39 0.45 109300 1.91
39 0.38 91100 1.91

2.4.2 Effect of Substrate Temperature

Figure 3 shows the deposition rate as a function of substrate temperature plotted

in an Arrhenius form (Series TS, Table 2-1). It can be seen that the deposition rate

increases with decreasing substrate temperature. The maximum rate for this series

(144 nm/min) was achieved at the lowest substrate temperature used (39°C). The

monomer conversion for the polymerization was calculated at each substrate temperature

by dividing the mass of the deposited film by the mass of the monomer feed. Table 2-1

shows that the conversion for series TS ranged between 3% at the highest substrate

temperature and 49% at the lowest substrate temperature. Previous QCM experiments

have shown that decreasing the substrate temperature increases the monomer surface

concentration and thereby increases the deposition rate and conversion.?’
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Figure 2-3: Deposition rate as a function of the substrate temperature

plotted in an Arrhenius form where the solid line represents the

results of a linear regression to the data. (Series TS, Table 2-1)

Although the monomer partial pressure is the same for all the points in this series,
the saturation pressure changes with substrate temperature according to the Clausius-
8

Clapeyron equation:2

Rwl = Aexp[_AHvap /Rz;ub] (1)

The saturation pressure of PFDA at 25°C and 334°C is 0.0559 Torr and 760 Torr
respectively.?’ The heat of vaporization estimated using equation 1 is 57.3 kJ/mol. This
information can be used to find the saturation pressure at each substrate temperature. It is
important to note that the derivation of the Clausius-Clapeyron assumes that the heat of
vaporization is independent of pressure and temperature. This might cause error in the
calculation of the saturation pressures. Table 2-1 shows the calculated saturation pressure
at each substrate temperature and it can be seen that the deposition rate increases with
increasing Ppy/Psy;. At these low values of Pp/Pgy (<0.24), it has previously been shown
that the iCVD deposition rate is second order with respect to the monomer concentration

and therefore the apparent activation energy found from the Arrhenius plot of the
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deposition rate versus substrate temperature should be equal to twice the negative heat of
desorption (E, = -2AHges).> The apparent activation energy found from the slope of the
linear regression line in Figure 2-3 is -121.4 +/- 3.4 kJ/mol and therefore AHges is found
to be 60.7 +/- 1.7 kJ/mol. This heat of desorption is of the same order of magnitude as
that of ethyl acrylate (39.7 +/- 2.4).2 The higher value found for PEDA might be a result
of the higher intermolecular dispersion forces of this larger monomer.

2.4.3 Effect of Monomer Partial Pressure

Figure 2-4 shows the plot of the deposition rate as a function of Pp/Psy at a
constant substrate temperature of 44°C (Series PM, Table 2-1). Since the substrate
temperature is constant, the saturation pressure is constant and the only variable being
changed is Pp,. It can be seen that the deposition rate increases with Py/Pg which is
consistent with the data for series TS (Table 2-1). A deposition rate as high as 375
nm/min is achieved at the highest P,/Ps,. Table 2-1 shows that the conversion for series
PM ranged between 18% at the lowest Pry/Pss and 49% at the highest Ppy/Pga.

This deposition rate of PPFDA is higher than the deposition rate found with
smaller acrylates because the PFDA monomer is less volatile and therefore adsorbs onto
the surface in greater quantities than higher vapor pressure monomers at equal monomer
partial pressures.”’ Also, the deposition rate achieved for the iCVD polymerization of
PFDA is much higher than the deposition rate found in the pulsed plasma polymerization
of the same monomer (10nm/min)."”” The slow deposition rates found in plasma
polymerization are due to the complexity of the plasma process. The high energy of the
plasma partially breaks apart the monomer, reducing the concentration available for

polymerization. In contrast, the iCVD process only breaks the initiator and leaves the
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monomer completely intact. Additionally, there is a competition between etching and
deposition in plasma processes™ where the iCVD process involves only deposition and
no etching.
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Figure 2-4: Deposition rate (circles) as a function of monomer partial

pressure at a constant substrate temperature of 44°C. (Series PM,

Table 2-1) The squares represent the predicted values of the kinetic

model.

In order to further study this set of data, QCM measurements were conducted at
this constant substrate temperature. It can be assumed that these are equilibrium
measurements since sufficient time was allowed for the QCM to stabilize to a constant
value. Figure 2-5 shows the volume of monomer adsorbed on a square centimeter of
surface area, V.4, as a function Pn/Ps:. It can be seen that the monomer surface
concentration increases with increasing P, /Psy. This QCM data can be fitted to the BET

equation:*'

v o= V,c(P,!P,)
“ (1-P,/P)1-(-c)P,/P,)]

@

c = exp[(AH

des

- AI_Ivup ) / R‘Tsub ] (3)
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where Vi is the volume of a monolayer adsorbed on a square centimeter of surface area
Fitting the QCM data to equation 2 yields the dashed line in Figure 2-5 where ¢ is 3.3 and
Vi is 236.4 pL/cm®. This monolayer volume is greater than that found for ethyl acrylate
(145.6 pL/cm?)? which is to be expected since the PDFA monomer is larger than ethyl
acrylate. Since the substrate temperature is constant, the value for ¢ can also be calculated
using equation 3. In the previous section, the heat of desorption was found to be 60.7
kJ/mol using Figure 2-3 and the heat of vaporization was found to be 57.3 kJ/mol using
equation 1. The calculated value for ¢ using equation 3 is therefore 3.6. This experimental
¢ value is to within 10% of the ¢ value found from the regression to the BET isotherm
(Figure 5). This verifies that the deposition rate data is reasonably consistent with the

data from the QCM measurements.

£ 200 T T T T T
g
2
-
E 150} .
=
«
>
"] - i
£ 100} 4
_E L 4
> |
B so0f ]
-] L
[
2 [
e -] X ]
< 0 AT SPUTPEES BRI G ST R Loy
0 0.05 01 0.15 02 025 03

P /P
m sat

Figure 2-5: QCM measurements of the monomer adsorption as a
function of monomer partial pressure at a constant crystal
temperature of 44°C. The solid line represents the regression to the
BET isotherm.
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2.4.4 Kinetics

Figure 2-6 shows the reaction steps proposed to take place on the substrate
surface during the iCVD polymerization process and their associated reaction rate
constants.*® The steps are similar to traditional free radical polymerization in the liquid
phase. Initiation occurs when the initiator free radical attacks the vinyl bond of the
monomer. The resulting radical then adds to another vinyl monomer during the
propagation step. Termination can occur when two of the propagating radicals react.
Since there is a high concentration of initiator molecules used in these experiments (I/M
ratio ~2), termination can also occur by primary radical termination and primary radical

recombination.

Surface Reactions

k
Initiation: I+ {ad) + M(ad) & M;+{ad)
Propagation: M *(ad) + M{ad) = M_.;*(ad)
Termination: M. r(ad) = M {ad) },? M, {ad}

Primary Radical Ternunatuon: M *(ad) = I{ad} 3 M (ad)
L 3

Primary Radical Recombination: Is{ad) + I«{ad) — L{ad)

Figure 2-6: Details of the reaction steps that take place on the

substrate surface during iCVD polymerization where I is the initiator

and M is the monomer.

The kinetic rate constants for the iCVD polymerization of PDFA can be found
using a mathematical model that was derived elsewhere for the iCVD polymerization of

butyl acrylate.®* The model uses a multiresponse parameter estimation based on

minimizing the determinant criterion. Figure 4 shows the results of the kinetic model of
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the iCVD polymerization of PFDA. Table 2-5 compares the kinetic parameters found for
the iCVD polymerization of butyl acrylate to that of the PFDA. It is seen that the rate
constants for PFDA are of the same order of magnitude as those for butyl acrylate. The
reaction rate constants are also similar to those found in literature for the free radical
polymerization of acrylates in the liquid phase.””> As with the butyl acrylate experiments,
ke and kq are higher in magnitude than k. This is because primary radicals are smaller
than polymer radicals and can therefore terminate a polymer radical faster. Since PFDA
is larger than butyl acrylate, it is reasonable that the k; is smaller for PFDA than butyl

acrylate.

Table 2-5: Comparison of iCVD rate constants for butyl acrylate and PFDA

Parameter (L/mol-s ) butyl acrylate™ PFDA
ki 4990 7494 +/- 30
ko 15540 11418 +/- 200
ke 9.8 x 10° 2.3 x10%+/-1x 10°
ke 6.89 x 10’ 10.66 x 10" +/- 4 x 10°
Kt 7.41 x 10° 1.5 x 10°+/- 1 x 10°

2.5 Conclusions

Initiated chemical vapor deposition (iCVD) was successfully utilized to create
thin films of poly(1H,1H,2H,2H-perfluorodecyl acrylate) (PPFDA). The XPS survey and
C 1s scans both showed that the iCVD PPFDA film has the same stoichiometric
composition as the monomer and therefore all the fluorine moieties have been kept intact.
FTIR analysis of the polymer film showed the complete disappearance of the vinyl bonds
and the narrow FTIR peaks and the GPC measurements indicated that there was no
measurable crosslinking. The water contact angles measured on the PPFDA films were as

high as those that can be achieved on a flat surface.
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The mechanistic aspects of the iCVD polymerization of PFDA were studied. It
was found that deposition kinetics followed the same trends with respect to substrate
temperature and monomer partial pressure as that of the iCVD polymerization of other
nonfluorinated vinyl monomers. The adsorption isotherm of the PFDA monomer was
similar to the adsorption isotherms of other vinyl monomers and was found to follow the
BET isotherm. The ¢ value measured from the adsorption isotherm agreed well with the ¢
value calculated from the deposition rate data which verifies that the kinetic data and the
thermodynamic data in this study are consistent with each other. The rate constants for
the iCVD polymerization of PFDA were derived using a previously published kinetic
model and were found to be of the same order of magnitude as those derived for the
iCVD polymerization butyl acrylate. This verifies that the iCVD polymerization of PFDA
follows the kinetic models previously developed for the iCVD platform. The mechanistic
data found in this paper can now be used to study the surface polymerization of PFDA
onto more complex geometries.
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3.1 Abstract

The initiated Chemical Vapor Deposition (iCVD) of poly(glycidyl methacrylate)
(PGMA) was scaled up using dimensionless analysis. In the first stage, PGMA was
deposited onto a large stationary substrate and a deposition rate as high as 85 nm/min was
achieved. It was found that the deposition rate increases with increasing filament
temperature whereas the deposition rate and the number-average molecular weight
decrease with increasing substrate temperature. In the second stage, PGMA was
deposited onto a moving substrate. At speeds between 20 mm/min and 60 mm/min, the
deposition rate on the moving substrate was found to be equal to the deposition rate on
the stationary substrate. Fourier transform infrared spectroscopy showed that the epoxide
functionality of the PGMA films was retained during the iCVD process. Since the iCVD
polymerization of different vinyl monomers all use similar parameters, this scale up can
be applied to the scale up of other vinyl monomers such as 2-hydroxyethyl methacrylate

and perfluoroalkyl ethyl methacrylate.
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3.2 Introduction

Vapor deposition can be used to produce various types of polymeric thin films
[1-4]. This all-dry process offers several advantages over solution phase polymerization
processes. Vapor deposition is better for the environment because no solvents are used.
Vapor deposition can also be used to conformally coat complex geometries such as
fabrics [5] and wires [6] since the surface tension problems associated with liquids are

not present.
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Figure 3-1: (a) Chemical structures of the tert-butyl peroxide initiator
and the glycidyl methacrylate monomer. (b) Details of the
polymerization mechanism where I is the initiator molecule and M is
the monomer.

51



Initiated chemical vapor deposition (iCVD) is a low energy vapor deposition
process (0.01 W/cm?) that can be used to produce linear polymers in which the pendant
chemical moities are kept intact [7]. iCVD has been used to polymerize a wide variety of
vinyl monomers such as glycidyl methacrylate [8], 2-hydroxyethyl methacrylate [9], and
perfluoroalkyl ethyl methacrylate [10,11]. Tert-butyl peroxide is used as the initiator. The
proposed polymerization mechanism is the classical free radical polymerization
mechanism of vinyl monomers (see Figure 3-1). Monomer and initiator gases are fed into
a vacuum chamber where resistively heated wires are used to thermally decompose the
initiator molecules into free radicals. The free radicals then attack the vinyl bonds of the
monomer molecules. Propagation occurs on the surface of a cooled substrate. The cool
substrate temperature promotes adsorption of the monomer and allows thermally
sensitive substrates to be coated.

The aforementioned iCVD polymerizations have all been conducted in small-
scale reactors (diameters less than 200 mm) in which the substrate remains stationary and
the deposition occurs between transient pump down and pump up periods. These small-
scale processes can be scaled up by either using a larger stationary substrate or by using a
roll-to-roll process in which uncoated substrate continuously enters the reaction zone at a
steady rate and exits as coated. The roll-to-roll process allows for the production of
realistic size samples that can be easily tested for various applications. The roll-to-roll
process also saves the time it takes to load the substrate, pump down to the reaction
pressure, heat the filament, and pump back up. For example, the small-scale iCVD

polymerizations take approximately 30 minutes to load the sample and pump down and
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30 minutes to unload the sample and shutdown. The actual deposition takes only a few
minutes.

There has been significant work in scaling up inorganic vapor deposition
processes. Large area deposition of amorphous silicon has been studied in a plasma roll-
to-roll reactor [12,13], a plasma in-line deposition system [14], and a large area hot wire
CVD apparatus [15]. An in-line deposition system has also been used to create films
containing copper, indium, gallium, and selenium [16]. The pulsed laser deposition of
tantalum pentoxide films has been scaled up to larger areas through the use of a rotating
substrate [17].

The goal of this work is to scale up the iCVD polymerization of glycidyl
methacrylate. Poly(glycidyl methacrylate) (PGMA) has many uses since it contains an
epoxy group that can be attached to various chemical groups such as amines and acids
through a ring-opening reaction [18,19]. Since the iCVD polymerization of different
vinyl monomers all use similar parameters, this scale up can be applied to the scale up of
other vinyl monomers.

3.3 Experimental Details

The reactions were carried outina 0.16 m’ roll-to-roll vacuum chamber that contains
one unwinder roll, three spreader rolls to prevent wrinkling of the web, one tension roll,
and one rewinder roll (PLASMAtech model V-160GK-RT). The maximum length of the
roll is 30 cm and the maximum diameter of the roll is 16 cm. The chamber was custom
modified in order to reproduce the gas flow profiles and filament to substrate standoff of
smaller-scale iCVD reactors. A vertical 35 cm by 43 cm stainless steel baffled heat

exchanger was placed between the filament array and the rolls. The setup is shown in
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Figure 3-2. The heat exchanger served to cool the substrate and to physically force the
inlet gases to flow along the direction of the substrate and exit uniformly. The width of
the heat exchanger spans the entire depth of the reaction chamber. The monomer and
initiator gases were uniformly distributed across the entire width of the substrate using a
distributor tube that was 30 cm long and 1.3 c¢m in diameter and contained ten 1
millimeter holes. A square filament array holder was custom designed to be wider ( 35
cm) than the roll width ( 30 cm) in order to ensure that the edges of the roll will get
exposure to the filaments and will therefore have the{same thickness as the rest of the
substrate. The filaments were strung across the width of the substrate in order to achieve
uniformity across the width of the substrate, perpendicular to the direction of gas flow.

As the substrate moves along, its entire width will be exposed to each separate filament.

Figure 3-2: Schematic of the custom modified iCVD roll-to-roll
system.
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The glycidyl methacrylate (GMA) monomer (99%, Polysciences, Inc.) and the tert-
butyl peroxide initiator (98%, Aldrich) were used without further purification. The
monomer was heated to 75°C and fed into the chamber through a heated line at a flow
rate of 4.5 sccm. The initiator was kept at room temperature and fed into the chamber
through another line at a flow rate of 4.5 sccm. The reactor pressure was kept constant at
40 Pa. Nichrome filaments (80% Ni/20% Cr) were resistively heated to temperatures
between 180-250°C. The distance between the ﬁlan;ents and the heat exchanger was kept
at 2.5 cm. The heat exchanger settings were varied between 15-35°C. The substrate
temperature will depend on both the heat exchanger temperature and the filament
temperature. A silicon wafer with thermocouples bonded to the surface (Thermodynamic
Sensors, Inc.) was used to measure the substrate temperature at different heat exchanger

settings and filament temperatures (see Figure 3-3).
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Figure 3-3: Substrate temperature (Ts) as a function of the heat
exchanger setting (T.) and filament temperature (Ty).

55



Fourier transform infrared spectroscopy (Thermo Nicolet Nexus 870) was used to
study the chemical composition of the films. Variable angle spectroscopic ellipsometry
(JA Woollam M-2000) was used to measure the thickness of the films. The number-
average molecular weight of the films was found by dissolving the films in
tetrahydrofuran and then using gel permeation chromatography (GPC)(Waters 1515
Isocratic High Performance Liquid Chromatography pump and Waters 2414 Refractive
Index Detector). Polymethylmethacrylate standards (Polymer Laboratories) were used for
the GPC calibration.

3.4 Results and Discussion
3.4.1 Dimensionless Analysis

In order to accurately scale up the iCVD process, a dimensionless analysis of the
transport properties must be performed in order to ensure that convection and diffusion
have the same contribution in both the small-scale reactor and the roll-to-roll reactor [20].
The Reynolds number, thermal Peclet number, and mass Peclet number are the

dimensionless numbers that measure the importance of convection relative to diffusion:

Re = L 0
14
P e!hermal = % (2)
24
UL
P = 3
€ pass D ( )

Where U is the gas velocity, L is the characteristic length scale, and v, a, and D are the
momentum, thermal, and mass diffusivities respectively. The gas velocity is calculated by
solving for the flow profile within the reactor. As explained in the experimental section,

the roll-to-roll reaction chamber was custom modified in order to reproduce the same gas
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flow profile as that in the small-scale reactor. The gas-phase initiator and monomer
molecules are distributed between the heat exchanger and the filament array. A boundary
layer is created around each filament. The spacing between the filaments was chosen to
be approximately twice the boundary layer thickness so that the filament array acts as a
flat plate [21]. The energy, mass, and momentum diffusivities are calculated using the
kinetic theory for gases [22].

In order to keep the dimensionless numbers (1)-(3) approximately the same in the
roll-to-roll reactor as that in the small-scale reactor used for the iCVD of poly(glycidyl
methacrylate)[23], the filament to substrate standoff was kept the same to retain the same
characteristic length scale and the appropriate gas feed rate was chosen. Changing the
reactor pressure does not affect the dimensionless numbers since the gas diffusivities and
the flow velocity are both inversely proportional to the reactor pressure. The reactor
pressure does however influence the residence time. The appropriate reactor pressure was
chosen to keep the residence time the same in both the reactors. Table 3-1 lists the reactor
conditions and the values of important transport properties for both the small-scale
reactor and the roll-to-roll reactor.

It is important to note that the roll-to-roll reactor is a vertical reactor whereas the
small-scale reactor is a horizontal reactor. The free convection flow pattern of a gas
enclosed between two parallel horizontal walls is not equivalent to the free convection
flow pattern of a gas enclosed between two vertical walls. In a horizontal setup, free
convection currents do not occur as long as the temperature of the upper wall is greater
than the temperature of the lower wall since the less dense gas layers are located above

the denser gas layers. In a vertical setup, there is no stable state since free convection
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forces the fluid to move upward along the heated wall and downward along the cooled

wall [24].
Small-Scale Roll-to-Roll
Reactor Reactor
Pressure 0.5 Torr 03 Torr
Maximam 0015 ms 0.020 m's
Velocity
Residence Time 145 155
Momenfum 0.0021 m*s 0.0036 m™'s
Diffusivity
Thermal 00021 mé/s 0.0036 m°/s
Diffusivity
Mass 0.0022 ms 0.0037 m='s
Diffusivity
Revnolds 017 015
Number
Peclet Number 0.17 0.13
{thermal)
Peclet Number 0.16 0.14
{mass)

Table 3-1: List of reactor conditions and transport properties
for the polymerization of glycidyl methacrylate in both the
small-scale reactor and the roll-to-roll reactor.

The scale up of the iCVD polymerization of glycidyl methacrylate was divided
into two main stages using the reactor conditions in Table 3-1. In the first stage, the
PGMA was deposited onto a large stationary substrate. In the second stage, the PGMA
was deposited onto a moving substrate.

3.4.2 Large Area Deposition

The temperature of the solution is the only temperature that characterizes the
reaction rate in most liquid-phase polymerizations. In the iCVD polymerization process
however there are two temperatures that characterize the reaction rate. The filament

temperature controls the breakdown of the gas-phase initiator into free radicals and the

substrate temperature controls the adsorption of growth species, such as the initiator
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radicals and monomer molecules onto the surface. These temperature effects were studied
in the roll-to-roll reactor in order to compare the trends to those found in the small-
reactors.

The filament temperature was varied between 180-250°C while keeping the
substrate at a constant temperature of 35°C. Figure 3-4 shows a plot of the deposition rate
as a function of filament temperature plotted in an Arrhenius form. It can be seen that the
deposition rate increases with increasing filament temperature. The amount of GMA
consumed in the reactor was calculated by dividing the mass of the deposited film by the
mass of the GMA monomer feed. Since only 2% of the GMA monomer feed is consumed
even at the highest deposition rate, it can be assumed that the concentration of GMA in
the reactor is constant. It can also be assumed that the growth kinetics is zero order with
respect to the initiator as demonstrated by previous experiments in which the initiator to
monomer ratio was greater than 0.32 [8)]. Under these assumptions, the deposition rate is
proportional to the overall reaction rate constant and therefore the Arrhenius plot can be
used to find the overall activation energy. The apparent activation energy from the slope
of the linear regression line is 28.2 +/- 2.3 kJ/mol. The exponential increase in deposition
rate with temperature has been seen in the small-scale iCVD polymerizations [8,25]. The
filament temperature controls the gas-phase reactions only. The breakdown of the
initiator into free radicals is the main process believed to occur in the gas-phase [26]. At
higher filament temperatures, more initiator radicals are formed and the deposition rate is
therefore increased. The plot also shows that a deposition rate as high as 85 nm/min can
be achieved when the filament temperature is 245°C. At the same filament temperature of

245°C and at a 1:1 initiator to monomer ratio, the PGMA deposition rate in the small-
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scale reactor was found to be about 90 nm/min [8]. It can therefore be concluded that the
iCVD process can be accurately scaled up onto a large area substrate by using the

dimensionless analysis listed in Table 3-1.
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Figure 3-4: Deposition rate as a function of the filament temperature
plotted in an Arrhenius form. The substrate temperature is held
constant at 35 °C.

In order to study the effects of the substrate temperature, the substrate temperature
was varied between 35°-46° while keeping the filament temperature at a constant
temperature of 245 °C. Figure 3-5 shows a plot of the deposition rate as a function of
substrate temperature plotted in an Arrhenius form. It can be seen that the deposition rate
increases with decreasing substrate temperature. Using the assumption stated previously
that the deposition rate is proportional to the overall reaction rate constant, the apparent

activation energy from the slope of the linear regression line is found to be -24.6 +/- 1.7

kJ/mol.

60



L
<

rate (nm/min)

[
<

3.1 315 32 3.
1000/ T. (K'Y

3 3.

LY

(9]

Figure 3-5: Deposition rate as a function of the substrate temperature
plotted in an Arrhenius form. The filament temperature is held
constant at 245 °C.

Gel permeation chromatography was used to find the number-average molecular
weights, M,, of the films shown in Figure 3-5. This data is potted in an Arrhenius form in
Figure 3-6. It can be seen that the number-average molecular weight also increases with
decreasing substrate temperature and the apparent activation energy from the slope of the
linear regression line is -22.4 +/- 1.4 kJ/mol. The exponential increase of both the
deposition rate and the number-average molecular weight with decreasing substrate
temperature has been seen in the iCVD polymerization of ethyl acrylate, glycidyl
methacrylate, and cyclohexyl methacrylate in the small-scale reactors [25,26]. In those
studies, a quartz-crystal microbalance was used to show that decreasing the substrate
temperature increases the monomer surface concentration. A kinetic model was then used
to show that both the rate of polymerization and the chain length are directly proportional
to the monomer surface concentration and therefore both the deposition rate and the

molecular weight increase with decreasing substrate temperature.
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Figure 3-6: Number-average molecular weight, M,,, as a function of
substrate temperature plotted in an Arrhenius form. The filament
temperature is held constant at 245 °C.

Fourier transform infrared spectroscopy (FTIR) was used to verify whether the
epoxide functionality of PGMA films was retained during the iCVD process in the roll-
to-roll reactor. Figure 3-7 compares the FTIR spectra of the iCVD PGMA films at
different deposition temperatures to the FTIR spectrum of conventionally polymerized
PGMA. The epoxide group has characteristic absorption bands at 907, 848, and 760 cm''
[27]. It is seen that the epoxide functionality is retained at the various deposition
conditions and there is good agreement between the chemical structure of the iCVD

PGMA films and conventionally polymerized PGMA film.
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Figure 3-7: FTIR spectra of PGMA films deposited at various
filament and substrate temperatures and the FTIR spectrum of
conventially polymerized PGMA. The epoxide group has absorption
bands at 907, 848, and 760 cm™.
3.4.3 Moving Substrate
Stationary wafers were placed along the entire width and height of the coating
zone in order to verify the uniformity along both directions. Figure 3-8 shows a plot of

the thickness in both the x- and y-directions for a film deposited at a filament temperature

of 245° and a substrate temperature of 35° for 10 minutes. The average thickness in the x-
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direction is 925 nm + 73 nm and the average thickness in the y-direction 862 nm + 49
nm. During the rolling processes, the deviations in the y-direction will average out.

The deposition rate on a moving substrate was measured by attaching a small
piece of silicon substrate to a flexible plastic film that was wound tightly around the rolls.
Since the plastic film prevents the moving substrates from directly contacting the heat
exchanger, the moving substrates are warmer than the stationary substrates that were in
direct contact with the heat exchanger. In order to compare the deposition rates on
stationary and moving substrates at the same substrate temperature, the plastic film was
placed between a stationary substrate and the heat exchanger and the stationary
deposition rate was found to be 24 nm/min. This rate is significantly lower than the
deposition rate if there were no plastic film between the substrate and the heat exchanger
(68 nm/min). It is hypothesized that the plastic film barrier causes the substrate to be
warmer which causes a lower deposition rate as explained earlier through Figure 3-5.

In order to measure the deposition rate on a moving substrate, the substrate was
moved from the top of the coating zone to the bottom of the coating zone at speeds
ranging from 20 mm/min and 60 mm/min. The amount of time that the substrate spends
in the coating zone is inversely proportional to the speed of the substrate. If L is the
length of the coating zone, then the total film thickness on the substrate is:

thickness = L x deposition rate 4)

substrate velocity

If the deposition rate is a constant that does not change with substrate velocity, then a plot

of film thickness versus the inverse of the substrate velocity should yield a straight line.
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Figure 3-8: Thickness uniformity of PGMA films deposited at a
filament temperature of 245° and a substrate temperature of 35° for

10 minutes. (a) Placement of wafers along the cooling stage. (b) Plot
showing thickness uniformity along both the x- and y- directions.

Figure 3-9 shows the film thickness versus the inverse of the substrate velocity.
The solid squares represent the data for the moving substrate. The dashed line represents
equation (4) with the deposition rate equal to the stationary deposition rate (24 nm/min).

It can be seen that the moving substrate data falls along the dashed line indicating that the
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moving deposition rate is equal to the stationary deposition rate to within experimental
error. This is to be expected since at these substrate speeds, the gas velocity is 20 to 50
times faster than the substrate velocity. The moving substrate is therefore stationary
relative to the gas flow and therefore does not significantly change the flow profile. The
transport processes for the stationary substrate and the moving substrate are therefore

similar and the deposition rate remains the same.
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Figure 3-9: Thickness as a function of the inverse of the substrate

velocity. The solid squares represent the data for the moving substrate

and the dashed line represents the data for the stationary substrate.
3.5 Conclusions

The iCVD polymerization of glycidyl methacrylate was scaled up in a custom
modified roll-to-roll reactor. A deposition rate as high as 85 nm/min was achieved on a
large 12 inch by 12 inch area. The deposition rate was shown to increase with increasing
filament temperature. Both the deposition rate and the number-average molecular weight
were found to increase with decreasing substrate temperature. FTIR showed that the
epoxide functionality of the PGMA films was retained during the iCVD process. The

substrate was moved through the reaction zone at speeds between 20 mm/min and 60
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mm/min. At these speeds, the deposition rate on the moving substrate was found to be
equal to the deposition rate on the stationary substrate.
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4.1 Abstract

The initiated chemical vapor deposition (iICVD) technique was used to modify the
internal surfaces of polymeric capillary pore membranes with a thin layer of
poly(1H,1H,2H,2H-perfluorodecyl acrylate) coating in order to make water-repellant,
self-cleaning membranes. X-ray photoelectron microscopy data confirmed the presence
of coating on the topside and the backside of the membranes and electron microprobe
analysis confirmed the presence of the coating along the internal pore wall. Static and
dynamic contact angle measurements (low hysteresis) showed that the coated membranes
were hydrophobic. It was found that the iCVD process can be used to coat pores with
aspect ratios as high as 80:1. The ability to coat high aspect ratio trenches in silicon

wafers was also demonstrated.
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4.2 Introduction

The surface modification of high aspect ratio microstructures has applications in
several fields such as biology, textiles, and microelectronics. Silicon membranes have
been functionalized with biotin in order to create membranes that can selectively capture
biological organisms.' Atomic layer deposition was used to conformally coat silicon
trenches for microelectronic applications.” Plasma polymerization was used to coat
silicon trenches to make non-adhesive silicon molds for soft lithography.® Plasma-
induced grafting has been used to attach hydrophilic polymers onto the surfaces of
hydrophobic membranes in order to prevent membrane fouling caused by protein
adsorption.*’

iCVD is a one-step, low energy process (0.01 W/cm?) that can be used to produce
polymeric thin films in which the pendant chemical moieties are kept intact.® This all-dry
process has environmental benefits because no solvents are used. The iCVD process can
be used to conformally coat small features such as carbon nanotube forests’ and particles®
since the surface tension problems associated with liquids are not present. The iCVD
technique has been used to polymerize a wide variety of vinyl monomers such as glycidyl
methacrylate’® and 2-hydroxyethyl methacrylate.”® The proposed polymerization
mechanism is the classical free radical polymerization mechanism of vinyl monomers.
Monomer and initiator gases are fed into a vacuum chamber where resistively heated
wires are used to thermally decompose the initiator molecules into free radicals. Tert-
butyl peroxide is commonly used as the initiator. The initiator radicals then diffuse to the
substrate and adsorb onto the surface. The substrate temperature is kept cool to promote

the adsorption of the free radicals as well as the monomer molecules. The initiation,
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propagation, and termination events occur on the surface of the cooled substrate to form a
polymer film. The deposition rates achieved in the iCVD process (~200 nm/min) are an
order of magnitude higher than the deposition rates achieved in pulsed plasma
polymerization.!' The slow deposition rates in plasma polymerization are due to the
complexity of the plasma process. The high energy of the plasma partially breaks the
monomer and there is also a competition between etching and deposition. The iCVD
process only breaks the initiator and leaves the monomer completely intact.

Low surface energy polymeric coatings have many uses due to their hydrophobic
and oleophobic properties.'>"* In our previous study,'' iCVD was used to polymerize the
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA, CH,=CHCOOCH,CH,(CF,);CF3) at
deposition rates as high as 375 nm/min. The poly(1H,1H,2H,2H-perfluorodecyl acrylate)
(PPFDA) thin films have a lower surface energy (9.3 mN/m) than
poly(tetrafluoroethylene) (18 mN/m) because PFDA contains CF; end groups.'*'> The
static contact angle on the PPFDA thin films was found to be 120.8° +/- 1.2°, which is the
maximum contact angle that can be achieved on a flat hydrophobic surface.'® Fourier
transform infrared spectroscopy and x-ray photoelectron spectroscopy showed full
retention of the fluorine moieties and no measurable crosslinking was detected. Gel
permeation chromatography experiments showed that high molecular weight films
(~100,000 g/mol) were made.

The goal of this study is to use the iCVD technique to functionalize capillary pore
polymeric membranes with PPFDA in order to make water-repellant, self-cleaning
membranes. The iCVD process has already been used to coat electrospun fiber mats with

PPFDA, but the disordered arrangement of fibers produces tortuous pores of ill defined
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length and diameter.'”'® In contrast, the capillary pore membranes used in this study have
cylindrical pores of well-defined diameter which form ordered arrays. The capillary pore
membrane geometry can be systematically varied (pore diameter, pore length, and degree
of porosity), enabling fundamental examination of the iCVD process for coating features
with different aspect ratios (ratio between length and diameter).

The capillary pore membranes used in this study have a pore diameter of 3
microns and pore lengths of either 120 microns or 240 microns corresponding to aspect
ratios of 40:1 and 80:1 respectively. The nominal porosity of the membranes is either
30% or 50%. Figure 4-1 shows scanning electron microscope (SEM) images of a
capillary pore membrane with an aspect ratio of 80:1. It can be seen that the pore size is

uniform. The membranes were immersed in liquid nitrogen and then cracked in order to

visualize the cross section (Figure 4-1b).

a)

3 k\ X800 k 5 kV N6OO0

Figure 4-1: a) Topdown and b) cross section SEM micrographs of a
240 pm thick capillary pore membrane. The average pore diameter is
3 pm and the nominal porosity is 50%. ¢) Enlarged image of a
membrane with a nominal porosity of 30%.
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4.3 Experimental Methods

1H,1H,2H,2H-Perfluorodecyl acrylate (PFDA) monomer (97%, Aldrich) and tert-
butyl peroxide initiator (98%, Aldrich) were used without further purification. The iCVD
polymerization was conducted in a custom-built cylindrical reactor (240 mm diameter, 33
mm height). The PFDA monomer was heated to 80°C and fed into the chamber at a
flowrate of 0.3 sccm through a heated mass flow controller (Model 1152C, MKS) and the
initiator was kept at room temperature and fed into the chamber at a flowrate of 0.7 sccm
through another mass flow controller (Model 1479A, MKS). The reactor pressure was
kept constant at 100 mTorr. Nichrome filaments (80% Ni/20% Cr) were resistively
heated to 300°C. The distance between the filaments and the substrate was kept at 29
mm. The membranes substrates were taped down on all four sides onto a stage that was
backside cooled at a constant temperature of 44°C using water from a recirculating
chiller. The capillary pore membranes used in this work were fabricated at DuPont using
a proprietary process. The membranes were made of a copolymer of ethylene (88 weight
%) and methacrylic acid (12 weight %) and had a pore diameter of 3 microns and pore
lengths of either 120 microns or 240 microns. The nominal porosity of the membranes
was either 30% or 50%. Silicon trenches (3um width, 6 um depth, 8 um spacing between
trenches) were coated with a thick layer of PPFDA (520 nm) in order to visualize the
coating along the trench walls. Silicon trenches (1um width, 6 um height, 8 um spacing
between trenches) were coated with 1500 nm of PPFDA in order to completely fill the
trenches.

X-ray photoelectron microscopy (XPS) (Kratos AXIS Ultra spectrometer with a

monocromatized Al Ka source) and electron microprobe analysis (EMPA) (JEOL JXA-

75



733 Superprobe) were used to study the chemical composition of the membranes. Contact
angle measurements were conducted using a goniometer (Ramé-Hart Model 500).
Scanning electron microscopy (SEM) (JEOL 6060) was used to image the membranes. A
quartz crystal microbalance (QCM) (Sycon Instruments) with a 16 mm diameter gold-
coated crystal sensor was used to conduct adsorption measurements. The QCM was
placed inside the reactor chamber and was kept at a constant temperature of 44°C using a
chiller. The initiator flow was replaced with nitrogen and the filaments were kept off. In
each run, monomer and nitrogen were flowed into the reactor and the pressure was
increased to the reaction pressure (100 mTorr) and the adsorbed monomer volume was
recorded. It can be assumed that these are equilibrium measurements since sufficient time
was allowed for the QCM to stabilize to a constant value. A capillary flow porometer
(Porous Media Inc.) was used to conduct hydrohead tests on the coated membranes.
Approximately 5 ml of distilled and deionized water was laid over one surface of the
membrane in order to create a small pool of liquid that completely covered the surface of
membrane. The membrane was then subjected to a slowly increasing pressure provided
by a nitrogen head. The pressure at which gas flow rate was first observed was used to
estimate the water breakthrough pressure of the largest pore in the membrane sample.
4.4 Results and Discussion

In order to study whether the initiator and monomer molecules are able to
infiltrate these high aspect ratio pores during the coating process, the change in contact
angle of the topside and backside of the membrane after coating was monitored (Figure
4-2a). Since the membranes were taped down to the cooling stage on all four sides, the

only possible method for the backside of the membrane to become coated with PPFDA
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would be if the reactants traveled through the pores. A non-porous membrane was used to
verify the absence of diffusion under the edges of the taped sample. This control non-
porous membrane had a contact angle of 79° before coating. After coating, the topside of
the non-porous substrate had a contact angle of 121° while the bottom of the substrate
still had a low contact angle of 81°, confirming that as expected, coating of the backside
did not occur. Subsequently, 30% and 50% porous membranes of aspect ratio 80:1 were
taped down and coated. Before coating, the 30% porous membrane had a contact angle of
87°. After coating, both the topside and backside contact angles increased to 135° and
137° respectively. Before coating, the 50% porous membrane had a contact angle of 105°.
After coating, both the topside and backside contact angles increased to 151° and 152°
respectively. Since the backside of the porous membranes were coated, it can be
concluded that diffusion of species through the pores enables the iCVD process to coat
features having aspect ratios of at least 80:1.

The contact angle measurements in Figure 4-2a indicate that the hydrophobicity
increases with porosity. The hydrophobicity of a flat substrate can be increased either by
lowering the surface energy through a change in surface chemistry or by adding
roughness to the surface.'®?® It has been found that the maximum contact angle that can
be achieved on a flat surface using surface chemistry alone is 120° *' and static contact
angles higher than 120° can only be achieved through the addition of surface roughness.
A rough, hydrophobic surface can exist in two different states: Wenzel or Cassie-Baxter.
In the Wenzel state,” the water droplet penetrates the pore and there is a large hysteresis
between advancing and receding contact angles. In the Cassie-Baxter state,”® the water

droplet does not penetrate the pore and instead sits on top of the pores. There is low
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hysteresis in the Cassie-Baxter state. For practical applications that require
hydrophobicity, water droplets should not penetrate the pores and therefore the Cassie-
Baxter state is required. In the Cassie-Baxter model, the apparent contact angle, 8, is cos
0" = ¢s cos O - ¢, where 0 is the contact angle on a flat surface (120° for PPFDA coated
surfaces) and ¢ and ¢, are the solid-liquid and air-liquid contact area per unit projected
surface area respectively. In order to calculate ¢s and ¢, for the membranes, a geometric
model was made for both the 30% and 50% porous substrates in which the pores were
assumed to be arranged in a square array. The pores were represented as circles with
radius » and the distance between the centers of two adjacent pores was 2r+2s. The

Cassie-Baxter equation for the membranes using this geometric model is:

B Q2r+2s)’ —mr’ '’

cosh = cosf ——
2r+ 25)2 (2r +2s)*

(1)

Figure 4-2b shows a plot that compares the theoretical contact angles calculated using
equation 1 with the experimentally measured contact angles. Both the theoretical results
and the experimental results show the same trend of increasing contact angle with
increased porosity. The theoretical results, however, underestimate the experimental
results. This discrepancy is due to the fact that the processing method used to make the
capillary pore membranes adds another level of roughness to the membrane surface that
is not accounted for in equation 1. For example, the SEM image in Figure 4-1c shows

protrusions on the surface regions in between the pores.
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Figure 4-2: a) Measured static contact angles for uncoated and coated

membranes

(topside and backside).

b) Comparison of the
experimental contact angles for uncoated (circles) and coated
membranes (squares) and the contact angles predicted using the
Cassie-Baxter model (triangles). The Cassie-Baxter model predicts the

correct trend but underestimates the experimental values.
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Figure 4-3: Advancing and receding contact angle measurements for

50% porous membranes with pore lengths of 120 microns (unfilled)

and 240 microns (filled). The measurements were taken from the

topside (triangles) and the bottom side (squares). The low hysteresis

measured on both sides confirms that coating has been achieved along

the entire length of the inner pore wall.

Figure 4-3 shows the advancing and receding contact angles measured on both the
topside and the backside of membranes having pores with aspect ratios of 40:1 and 80:1.
The low hysteresis verifies that the membranes are indeed in the Cassie-Baxter state. The
low hysteresis implies that the inner pore walls of the membrane are coated during the
iCVD process. If the inner pore walls had not been coated, the measured hysteresis would
be much higher since the droplet would penetrate the pore during the receding

measurements (Wenzel state). The hydrophobic coating along the pore walls prevents the

water from penetrating the pore. Figure 4-3 shows no measurable difference between the
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contact angles measured from the topside and the backside of the membranes. This

indicates that the coating is present along the entire length of the pore walls.
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Figure 4-4: XPS survey scans for detection of the atomic
concentration of fluorine, oxygen, and carbon in a) the uncoated
membrane, b) the topside of the coated membrane, and c) the
backside of the coated membrane.
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Figure 4-4 shows the X-ray photoelectron microscopy (XPS) survey scans of the
uncoated membrane, the topside of the coated membrane, and the backside of the coated
membrane. Since the capillary pore membrane is made of a copolymer of ethylene and
methacrylic acid, the spectrum of the uncoated membrane contains only carbon and
oxygen peaks. The coated sample contains fluorine peaks in both the topside and
backside spectra confirming the presence of coating on both sides of the membranes. The
atomic percentages calculated on a hydrogen free basis from the survey scans are 42.9%
carbon, 4.2% oxygen, and 52.9% fluorine for the topside and 43.8% carbon, 4.2%
oxygen, and 52.0% fluorine for the backside. These values are in reasonable agreement
with the theoretical values calculated using the chemical formula of the PFDA monomer
(40.6% carbon, 6.3% oxygen, and 53.1% fluorine). Since the XPS sampling depth is
approximately 5 nm,** the agreement between the theoretical and experimental atomic
concentrations indicate that at least 5 nm of PPFDA coating is present.

Table 4-1. Weight Gain and Calculated Thickness After 5 and 10 Minutes of iCVD

PPFDA Coating
S minutes of coating 10 minutes of coating
volume % pore length | weight/area | thickness | weight/area | thickness

porosity (um) (g/em’) (nm) (g/em’) (nm)

0 NA 0.007 72 0.014 138

30 120 0.080 18 0.187 43

30 240 0.146 16 0.269 30

50 240 0.176 14 0.324 25

The membranes were weighed before and after coating in order to determine the
amount of PPDFA coating as a function of pore length and porosity. Table 4-1 shows the
weight gain per square area of membrane after 5 minutes of coating and after 10 minutes

of coating. Table 4-1 shows the following trends: the porous membranes gain more than
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10 times more coating per unit area than the nonporous membranes, increasing the pore
length from 120 pm to 240 um roughly doubles the amount of weight gain, and
increasing the porosity from 30% to 50% increases the weight gain. These effects are
caused by the fact that the pores introduce additional internal surface area on which the
iICVD polymerization of PFDA can occur and therefore there is more coating per square
area of membrane if the pore length or porosity is increased. The thickness of the PPFDA
coating on the membrane was calculated by first dividing the weight gain by the density
of the polymer film, which is assumed to be 1 g/cm’, and then correcting for the surface
area introduced by the pores. The assumption used in the calculation is that the film
coverage is uniform. Table 4-1 shows that doubling the deposition time roughly doubles
the thickness of the coating. All of the calculated thicknesses are indeed greater than
5 nm, as expected from the XPS results.

While the ability of the iCVD process to coat the internal pore surfaces of the
membranes can be inferred from all the previous results, direct confirmation of the
presence of fluorine along the pore wall was obtained by electron microprobe analysis
(EMPA). As shown in Figure 4-1b, cross sections of the membranes were made by
freezing with liquid nitrogen and then cracking. Then the EMPA beam (spot size of 1 um
diameter and 1 pm depth) was rastered along the entire length of a single pore in 20 pm
increments. Figure 4-5 shows the fluorine signal detected by EMPA as a function of the
distance along the pore wall for membranes that were coated for 2 minutes and
membranes that were coated for 5 minutes. The data confirms the presence of iCVD
PPFDA along the entire length of both the 40:1 and 80:1 aspect ratio pores. From weight

measurements, the thickness of the PPFDA coating on the membranes was estimated to
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be 6 nm and 15 nm after coating for 2 minutes and 5 minutes respectively. As expected,
the membranes with 15 nm coating show a higher fluorine signal than those with only 6
nm of coating. Figure 4-5 shows a higher fluorine signal at the entrance of the pore wall
than at the exit for all membranes. The fluorine signal levels off to a constant value after
approximately 50 pm along the pore wall. In terms of coating thickness, the decreasing
fluorine signal in Figure 4-5 implies that the coating thickness at the entrance is
approximately 10 nm more than the coating at the exit. Since the pore diameter (3 um) is
two orders of magnitude larger than the coating thickness at any point along the pore

wall, the coating is relatively uniform throughout the pore.
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Figure 4-5. Electron microprobe data for membranes coated for 2
minutes (unfilled) and 5 minutes (filled). Three different membranes
were employed: 30% porosity and 120 um length (squares), 30%
porosity and 240 um length (circles), and 50% porosity and 240 pm
length (diamonds). The average pore diameter for all the membranes
was 3 um.
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In order to investigate the mechanism that allows the PPFDA coating to be
relatively uniform within high aspect ratio pores, the sticking coefficient was measured.
The sticking coefficient is defined as the ratio of the number of molecules that adsorb on
the surface to the total number of molecules that impinge on the surface.”>?® The sticking
coefficient can be estimated using the film deposition rate and the monomer flux?’ and is
found to be approximately 1x10®, This low sticking coefficient is typical of fluorinated
molecules®’ and is the reason that the PPFDA coating is quite uniform throughout these
high aspect ratio pores. If the sticking coefficient had been closer to unity, the monomer
would have stuck to the top surface and would not have infiltrated the pores. Figure 4-6
shows SEM images of silicon trenches coated with PPFDA using the iCVD technique.
The uniformity of the coating along the trench walls can be visually seen (Figures 4-6a
and 4-6b). The ability to create a vertical seam and thus completely fill the trench with
PPFDA is shown in Figure 4-6¢.

For practical applications, hydrophobic membranes should have a high
breakthrough pressure. The breakthrough pressure is the pressure at which the water first
breaks through the pores. In order to measure this pressure, the dry PPFDA coated
membrane was brought in contact with water and an increasing pressure was applied to
the water until the first drop of water appeared on the other side of the membrane. The
Laplace-Young equation?® predicts that the breakthrough pressure is inversely
proportional to the diameter of the pore. The breakthrough pressures of PPFDA coated
membranes with pore diameters of 3 um and 10 um were tested and were found to be as
high as 8.3 psi and 2.2 psi respectively. These values match those predicted by the

Laplace-Young equation for hydrophobic membranes (7 psi and 2 psi respectively). Thus
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the PPFDA coated capillary pore membranes meet the requirement of having a high
breakthrough pressure and further improvements are predicted as pore diameter

decreases.

a)

0.25 um

10kV X8500 1 um

10kV X7000 1pm 10kV X9500 I pm

Figure 4-6: a) SEM cross-sectional micrograph of a silicon trench

(3pm width, 6 pm depth) conformally coated by a 0.25 um thick layer
of iCVD PPFDA. b) Enlarged image of the right side of the trench. c)

A silicon trench (1 pm width, 6 pm depth) completely filled with a

thick layer of iCVD PPFDA.
4.5 Conclusion

In conclusion, the iCVD process can be used to functionalize membranes with
high aspect ratio (~80:1) pores. X-ray photoelectron microscopy data confirmed the
presence of the PPFDA coating on the topside and the backside of the membranes and

electron microprobe analysis confirmed the presence of the coating along the pore wall.

Static and dynamic contact angle measurements (low hysteresis) showed that the coated
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membranes exist in the Cassie-Baxter state. The low sticking coefficient of the PFDA
monomer (~10) allows the PPFDA coating to be quite uniform throughout these high
aspect ratio pores. Future work will include using the iCVD process to functionalize
capillary pore membrane surfaces with other acrylate polymers.
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5.1 Abstract

The initiated chemical vapor deposition (iCVD) method was combined with the
electrospinning method in order to create superhydrophobic mats. In the first study,
beaded and non-beaded electrospun poly(caprolactone) (PCL) fiber mats ranging in
diameter from 600 nm to 2200 nm were coated with a thin layer of
poly(perfluoroalkylethyl methacrylate) (PPFEMA) coating using the iCVD technique.
Contact angles as high as 175° and sliding angles as low as 2.5° were obtained for the
PPFEMA coated mats. In the second study, porous electrospun poly(methyl
methacrylate) mats with 1.7 um fiber diameters and 80 nm pore diameters were coated
with a thin layer of PPFEMA coating using the iCVD technique. Contact angles as high
as 163° were achieved for the PPFEMA coated porous mats. The PPFEMA coated PCL

and PMMA fiber mats exhibited a stable superhydrophobicity.
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5.2 Introduction

The surface modification of high aspect ratio microstructures has applications in
several fields such as biology, textiles, and microelectronics.** For example, plasma-
induced grafting has been used to attach hydrophilic polymers onto the surfaces of
hydrophobic membranes in order to prevent membrane fouling caused by protein
adsorption.*” Surface modification techniques allow for microporous and nanoporous
structures to be fabricated using robust, inexpensive, and inert materials and subsequently
functionalized to tailor surface energy or biological specificity.

iCVD is a one-step, low energy process (0.01 W/cm?) that can be used to produce
polymeric thin films in which the pendant chemical moieties are kept intact. This all-dry
process has environmental benefits because no solvents are used. The iCVD process can
be used to conformally coat small features such as carbon nanotube forests’ and particles®
since the surface tension problems associated with liquids are not present. The iCVD
technique has been used to polymerize a wide variety of vinyl monomers such as glycidyl
methacrylate’ and 2-hydroxyethyl methacrylate.'® The proposed polymerization
mechanism is the classical free radical polymerization mechanism of vinyl monomers.
Monomer and initiator gases are fed into a vacuum chamber where resistively heated
wires are used to thermally decompose the initiator molecules into free radicals. Tert-
butyl peroxide is commonly used as the initiator. The initiator radicals then diffuse to the
substrate and adsorb onto the surface. The substrate temperature is kept cool to promote
the adsorption of the free radicals as well as the monomer molecules. The initiation,
propagation, and termination events occur on the surface of the cooled substrate to form a

polymer film. The deposition rates achieved in the iCVD process (~200 nm/min) are an
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order of magnitude higher than the deposition rates achieved in pulsed plasma
polymerization.!' The slow deposition rates in plasma polymerization are due to the
complexity of the plasma process. The high energy of the plasma partially breaks the
monomer and there is also a competition between etching and deposition. The iCVD
process only breaks the initiator and leaves the monomer completely intact.

Low surface energy polymeric coatings have many uses due to their hydrophobic
and oleophobic properties.'>'> For example, fluorinated polymer coatings have been used
to modify various surfaces such as carbon nanotubes’ and textiles.'*!* Polymers
containing CF; end groups have a lower surface energy (9.3 mN/m) than
poly(tetrafluoroethylene) (PTFE, 18 mN/m)'® and therefore it is advantageous to create
low surface energy coatings from acrylate and methacrylate monomers that contain CF;
end groups.” The iCVD technique has recently been used to polymerize
perfluoroalkylethyl methacrylate (PFEMA) (CH,=C(CH;)COOCH,CHx(CF>),CF3; where
n=5-13, nav=8) in order to create low surface energy copolymer films.'®

The hydrophobicity of a flat substrate can be increased either by lowering the
surface energy through a change in surface chemistry or by adding roughness to the
surface.'>? It has been found that the maximum contact angle that can be achieved on a

flat surface using surface chemistry alone is 120° %!

and static contact angles higher than
120° can only be achieved through the addition of surface roughness. A rough,
hydrophobic surface can exist in two different states: Wenzel or Cassie-Baxter. In the
Wenzel state,”? the water droplet penetrates the pore and there is a large hysteresis

between advancing and receding contact angles. In the Cassie-Baxter state,?> the water

droplet does not penetrate the pore and instead sits on top of the pores. There is low
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hysteresis in the Cassie-Baxter state. In the Cassie-Baxter model, the apparent contact
angle, 0", is cos 0" = ¢s cos O - by, where 0 is the contact angle on a flat surface and ¢, and
¢y are the solid-liquid and air-liquid contact area per unit projected surface area
respectively. (Figure 5-1) For practical applications that require hydrophobicity, water
droplets should not penetrate the pores and therefore the Cassie-Baxter state is required.

Electrospinning is a technique that uses an electric field to create polymer fibers
that can have diameters as small as 100 nm.** At a critical voltage, an electrically charged
jet deposits as a single, continuous fiber onto a grounded target. The fiber mat that results
is nonwoven. Electrospinning can produce fibers that are two orders of magnitude
smaller than those produced using conventional extrusion techniques. These small fibers
can be used to make filters and membranes.”

The goal of this study is to combine the iCVD method with the electrospinning
method in order to create superhydrophobic mats. In the first study, beaded and non-
beaded electrospun poly(caprolactone) (PCL) fiber mats will be coated with a thin layer
of poly(perfluoroalkylethyl methacrylate) (PPFEMA) coating using the iCVD technique.
In the second study, porous electrospun poly(methyl methacrylate) (PMMA) mats will be
coated with a thin layer of PPFEMA coating using the iCVD technique. The hypothesis is
that the inherent roughness of the electrospun fiber mats can be combined with the low

surface energy of the PPFMA coating in order to make superhydrophobic surfaces.
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Young’s equation

cos = Ky —
i

b)

Wenzel
high hysteresis

Cassie-Baxter
low hysteresis

cos8 =¢ cos 8-¢

Figure 5-1: a) Contact angles on flat substrates can be estimated using
Young’s equation. Contact angles on rough surfaces can exist in one
of two states b) the Wenzel state and c) the Cassie-Baxter state. In the
Wenzel state, the water falls into the pores and there is high
hysteresis. In the Cassie-Baxter state, the water sits on top of the pores
and there is low hysteresis.
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5.3 Experimental Methods

Poly(caprolactone) (PCL) (Aldrich) (Mw=80K) was mixed with chloroform
(Aldrich) and methanol (Aldrich) and the solution was electrospun using a parallel plate
setup described elsewhere.”®  Porous poly(methyl methacrylate) (PMMA) mats were
made by electrospinning a chloroform solution in ambient conditions with 44% humidity.
The iCVD polymerization was conducted in a custom-built cylindrical reactor (240 mm
diameter, 33 mm  height).  Perfluoroalkylethyl = methacrylate @ (PFEMA)
(CH;=C(CH3)COOCH;CH2(CF3),CF3 where n=5-13, ngz-8) monomer and tert-butyl
peroxide initiator (98%, Aldrich) were used without further purification. The PFEMA
monomer was heated to 90°C and fed into the chamber at a flowrate of 0.8 sccm through
a heated mass flow controller (Model 1152C, MKS) and the initiator was kept at room
temperature and fed into the chamber at a flowrate of 0.1 sccm through another mass
flow controller (Model 1479A, MKS). The reactor pressure was kept constant at 300
mTorr. Nichrome filaments (80% Ni/20% Cr) were resistively heated to 250°C. The
distance between the filaments and the substrate was kept at 29 mm. The electrospun
fiber mats were placed onto a stage that was backside cooled to a constant temperature of
44°C using water from a recirculating chiller. The film thickness was measured on a
reference silicon wafer using profilometry (Tencor P10).

X-ray photoelectron microscopy (XPS) (Kratos AXIS Ultra spectrometer with a
monocromatized Al Ko source) was used to study the chemical composition of the
membranes. Contact angle measurements were conducted using a goniometer (Ramé-
Hart Model 500). Scanning electron microscopy (SEM) (JEOL 6060) was used to image

the electrospun mats.
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5.4 Results and Discussion
5.4.1 PPFEMA-coated Beaded and Non-Beaded PCL Fiber Mats

Poly(caprolactone) (PCL) electrospun mats were used because PCL is a
biodegradable polymer and therefore has many uses in biological applications >’ Both
beaded and non-beaded PCL electrospun mats were studied. Beaded fibers are created
when the electrospinning jets break up due to the capillary action caused by surface
tension.”® The beading phenomenon can be controlled by varying the viscoelasticity of
the solution, the charge density of the jet, and the surface tension of the solution. Both the

beaded and non-beaded PCL mats were coated with a thin layer of PPFEMA coating

using the iCVD process.

Figure 5-2: SEM micrographs of a beaded PCL electospun fiber mat

a) before and b) after coating. There is no noticeable change in the

morphology of the fibers after coating.

Figure 5-2 compares the SEM micrographs of a beaded PCL electrospun fiber mat
before and after coating. The PPFEMA coating thickness is 70 nm as measured on a

reference silicon wafer. The actual thickness around each individual fiber is much less

than 70 nm due to the high surface area of the mats. It can be seen that the thin layer of
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PPFEMA coating does not change the morphology of the PCL fiber mat and therefore the
inherent roughness of the electrospun mat is kept intact.

Figure 5-3 compares the XPS survey scans of a PCL electospun fiber mat before
and after coating. Since the fiber mat is made of poly(caprolactone), the spectrum of the
uncoatéd mat contains only carbon and oxygen peaks. The spectrum of the coated mat

“contains fluorine peaks confirming the presence of the PPFEMA coating.

| | C1s
3”: RVY \x / "
1} |

WP K0 &0 40 230 O

Figure 5-3: XPS survey scans of a) an uncoated PCL mat and b) a
PPFEMA coated PCL mat. The spectrum of the coated mat contains
fluorine peaks confirming the presence of the PPFEMA coating.

Figure 5-4a shows the water contact angles on beaded and non-beaded PCL
electrospun fiber mats before coating. Although the contact angles are high and the mats
appear hydrophobic, this hydrophobicity is metastable. After a few minutes, the water
droplet penetrates the pores of the mat. The uncoated PCL mats are therefore in the
Wenzel state. The droplet pins to the mat and does not slide off even when the mat is

tilted to 90°. There are a couple of trends that can be seen from the figure: the contact

98



angles for both the beaded and non-beaded fibers increase as the average fiber diameter
decreases and the contact angles for the beaded fibers increase as the bead density
increases and the bead size decreases. These trends are caused by the fact that thinner,
beaded fibers have a higher surface roughness than thicker, non-beaded fibers.

Figure 5-4b shows the water contact angles on the PPFEMA coated PCL electospun
fiber mats. The contact angles on the PPFEMA coated mats are higher than those on the
uncoated mats and the trends are the same with regard to fiber diameter and bead size and
bead density. A contact angle as high as 175° is achieved. More importantly the
hydrophobicity on the coated mats is stable. Figure 5-5 shows the threshold sliding angles
for a 20 mg water droplet on the PPFEMA coated mats. The sliding angles are all less
than 12° which shows that the water droplet does not penetrate the pores of the mat and
therefore does not pin to the mat. The PPFEMA coated mats therefore exist in the
desirable Cassie-Baxter state. The trends in sliding angles are the same as that for contact
angles: the thinner, beaded fibers have lower sliding angles than thicker, non-beaded
fibers. The lowest sliding angle achieved was 2.5° which corresponds to the electrospun

mat with the highest contact angle of 175°.

99



contact angle (°)

LN BELOW DN RN NNLANE LN NEL N SNECNE DELINN JNE NN LN L
W0+ « — beaded fibers 1
—eo— bead-free fibers |
135 *——-’ -
E ‘ -
&odduully :
1304 Bead size increases. -
125 4
120
1] '200'41?!')'5{'20'&(‘20'1&)3 12'00 MIIJ 1600 1@2&9 2200 240)
average fiber diameter (nm)
180 T T T T ryrTTTT
md 5 +— beaded fibers )
1\ — ¢~ bead-free fibers |
0
170 4 \ »
F k\
i R - ) ‘
Yy
B -.—.__' &¥
Bead density decreases;
. 006
4 mi‘\: p
1504 4
0 200 400 600 800 1000 1200 1400 1800 1900 2000 2200 2400

average fiber diameter (nm)

Figure 5-4: Contact angles on the PCL electospun fiber mats a) before
and b) after coating. The contact angles increase after coating.
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Figure 5-5: Threhold sliding contact angles on the PPFEMA coated
PCL electospun fiber mats.

5.4.2 PPFEMA-coated PMMA Porous Fiber Mats
Electrospun poly(methyl methacrylate) (PMMA) mats with 1.7 pm fiber diameters
and 80 nm pore diameters were made by electrospinning a chloroform solution in
ambient conditions with 44% relative humidity. The pore structures form from the rapid
phase separation and the moisture in the air. These porous PMMA mats were coated with
a thin layer of PPFEMA using the iCVD technique.
Figure 5-6 compares the SEM micrographs of a porous PMMA electrospun fiber
mat before and after coating. The PPFEMA coating thickness is 30 nm as measured on a
reference silicon wafer. The actual thickness around each individual fiber is much less

than 30 nm due to the high surface area of the mats. It can be seen that the thin layer of

101



PPFEMA coating does not clog the nanopores and therefore the inherent roughness of the

porous electrospun mat is kept intact.

a)

Figure 5-6: SEM micrographs of a porous PMMA electrospun mats
a) before and b) after coating. There is no noticeable change in
morphology after coating. The nanopores remain open even after
coating.
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The contact angle on the uncoated porous PMMA mat is 147° which is higher
than the contact angle (144°) on a non-porous uncoated PMMA mat of the same fiber
diameter (1.7 um). This increase in hydrophobocity is to be expected because the
nanopores add another level of roughness to the electrospun mats. Although the contact
angle for the uncoated porous mat is high, the hydrophobicity is metastable. After a few
minutes, the contact angle decreases to 74° and therefore there is a high hysteresis. The
uncoated porous PMMA mats are therefore in the Wenzel state. This is to be expected
since the uncoated PCL mats were also in the Wenzel state.

After coating with PPFEMA, the contact angle on the porous PMMA mat
increases to 163°. More importantly the hydrophobicity on the coated mat is stable. After
a few minutes, the contact angle decreases only slightly to 160° and therefore there is
very low hysteresis. The PPFEMA coated mats therefore exist in the desirable Cassie-
Baxter state.

5.5 Conclusion

The initiated chemical vapor deposition (iCVD) method was combined with the
electrospinning method in order to create superhydrophobic mats. The
superhydrophobicty was achieved through the combination of the inherent roughness of
the electrospun mats and the low surface energy of the PPFEMA coating. SEM images
verified that the coating does not affect the morphology of the electrospun mats and XPS
scans verified the presence of the fluorine coating. The PPFEMA coated PCL and
PMMA fiber mats were found to exist in the desirable Cassie-Baxter since these coated
mats exhibited a very low contact angle hysteresis. Contact angles as high as 175° and

sliding angles as low as 2.5° were obtained for the PPFEMA coated PCL mats. Contact
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angles as high as 163° were obtained for the PPFEMA coated PMMA mats. This work
demonstrates that the iCVD method can be used to modify the surfaces of complex 3-
dimensional objects such as beaded and porous electrospun mats.
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6.1 Conclusions

The iCVD technique is an all-dry, one-step polymerization process that has
environmental benefits because no solvents are used. This process can be used to
conformally coat complex geometries since the surface tension problems associated with
liquids are not present and this process can also be used to coat temperature-sensitive
objects since the substrates are backside-cooled. The work in this thesis has made three
main contributions: 1) the iCVD technique was used to create water-repellant, self-
cleaning fluoropolymer thin films, 2) the iCVD process was scaled-up from a small-scale
reactor to a roll-to-roll reactor using dimensionless analysis, and 3) the iCVD process was
used to modify the surfaces of complex structures such as polymeric capillary pore
membranes and electrospun fiber mats. The main conclusions for each chapter are
highlighted in the following sections.
6.1.1 Initiated Chemical Vapor Deposition of PPFDA Thin Films

The iCVD process was used to create low surface energy poly(1H,1H,2H,2H-
perfluorodecyl acrylate) (PPFDA) thin films at deposition rates as high as 375 nm/min.
This low surface energy polymeric coating has many uses due to its hydrophobic and
oleophobic properties. For all iCVD PPFDA films, FTIR and XPS analysis showed full
retention of the fluorine moieties and the static contact angle was found to be 120.8° +/-
1.2°. It was found that both the deposition rate and the molecular weight increase with
decreasing substrate temperature and increasing monomer partial pressure. Quartz crystal
microbalance (QCM) measurements showed that these trends correlated with an
increased monomer concentration at the surface. The deposition rate data and the QCM

data were quantitatively analyzed to find the rate constants of the process using a
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previously published model for the iCVD process involving nonfluorinated monomers.
The determined values of the rate constants of the surface polymerization were found to
be similar to the rate constants measured in liquid phase free radical polymerization. This
kinetic data can be used to study iCVD polymerization onto more complex geometries.
6.1.2 Large Scale Initiated Chemical Vapor Deposition

The iCVD polymerization of glycidyl methacrylate (GMA) was scaled up in a
custom modified roll-to-roll reactor using dimensionless analysis. The roll-to-roll process
is a time-saving process that allows for the production of realistic size samples. A
deposition rate as high as 85 nm/min was achieved on a large 12 inch by 12 inch area.
The same trends were found in the roll-to-roll reactor as the small scale reactors. It was
found that the deposition rate increases with increasing filament temperature and the
deposition rate and the number-average molecular weight increase with decreasing
substrate temperature. At substrate speeds between 20 mm/min and 60 mm/min, the
deposition rate on the moving substrate was found to be equal to the deposition rate on
the stationary substrate. This is to be expected since at these substrate speeds, the moving
substrate is stationary relative to the gas flow and therefore there is no significant change
in the flow profile. Since the iCVD polymerization of different vinyl monomers all use

similar parameters, this scale up can be applied to the scale up of other vinyl monomers.

6.1.3 Surface Modification of High Aspect Ratio Pores

The iCVD process was used to functionalize polymeric capillary pore membranes
with poly(1H,1H,2H,2H-perfluorodecyl acrylate) (PPFDA) polymer coating. The surface
modification of high aspect ratio microstructures has applications in several fields such as

biology, textiles, and microelectronics. It was found that the iCVD process could
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functionalize pores with aspect ratios as high as 80:1. XPS survey scans confirmed the
presence of the PPFDA coating on the topside and the backside of the membranes and
electron microprobe analysis confirmed the presence of the coating along the pore wall.
Static and dynamic contact angle measurements (low hysteresis) showed that the coated
membranes exist in the Cassie-Baxter state. The ability to coat high aspect ratio trenches

in silicon wafers was also demonstrated.

6.1.4 Surface Modification of Electrospun Mats

The iCVD process was combined with the electrospinning method in order to
create superhydrophobic mats. XPS survey scans verified the presence of the fluorine
coating and SEM images verified that the coating did not affect the inherent roughness of
the electrospun mats. In the first study, beaded and non-beaded electrospun
poly(caprolactone) (PCL) fiber mats were coated with a thin layer of
poly(perfluoroalkylethyl methacrylate) (PPFEMA) coating using the iCVD technique.
Contact angles as high as 175° and sliding angles as low as 2.5° were obtained for the
PPFEMA coated mats. In the second study, porous electrospun poly(methyl
methacrylate) mats were coated with a thin layer of PPFEMA coating using the iCVD
technique. Contact angles as high as 163° were achieved for the PPFEMA coated porous
mats. The PPFEMA coated fiber mats were found to exist in the Cassie-Baxter state.
6.2 Future Work

There are many topics that should be further explored especially with respect to
using the iCVD technique to coat 3-dimensional objects since this is a fairly new area in
our group. Chapter 4 showed that the breakthrough pressures of PPFDA coated

membranes with pore diameters of 3 um and 10 pm were found to be as high as 8.3 psi
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and 2.2 psi respectively. For practical applications, hydrophobic membranes should have
even higher breakthrough pressures. Since theory predicts that the breakthrough pressure
is inversely proportional to the pore diameter, higher breakthrough pressures can be
achieved by coating membranes with smaller pore diameters. Coating smaller pore
diameters will also allow us to investigate if there is a maximum aspect ratio that can be
coated using the iCVD technique.

Other future work with the capillary pore membranes includes using the iCVD
process to functionalize the pore walls with other acrylate polymers. For instance, the
pores can be coated with poly(2-hydroxyethyl methacrylate) in order to make hydrophilic
membranes or the pores can be coated with poly(glycidyl methacrylate) and then further
functionalized though a ring opening reaction.

The iCVD technique is a substrate-independent process because there is no
bonding between the substrate and the coating. In order to create more durable coatings,
it is often desirable to have a chemical bond between the coating and the substrate. Future
work with the capillary pore membranes will therefore also involve creating more durable
coatings by using methods such as grafting.

Chapters 4 and 5 focused on the surface modification of microstructures such as
capillary pore membranes and electrospun fiber mats. These chapters show that the iCVD
technique allows for microporous and nanoporous structures to be fabricated using
robust, inexpensive, and inert materials and subsequently functionalized to tailor surface
energy or biological specificity. Future work in this area will involve using the iCVD

process to modify the surfaces of other complex geometries such as microchannels,
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trenches, and nanopores for applications in several fields such as biology, textiles, and
microelectronics.

Fundamental research must be done in order to fully understand the mechanism
involved in the iCVD coating of complex structures. It is important to understand how
different reaction conditions affect the conformality of the coating along the substrate
surfaces. Some preliminary work has been done using silicon trenches (kindly provided
by Dr. Edward Gleason of Analog Devices).

Silicon trenches (3pm width, 6 um depth, 8 um spacing between trenches) were
coated with poly(glycidyl methacrylate) (PGMA) and poly(1H,1H,2H,2H-perfluorodecyl
acrylate) (PPFDA) in order to visualize the coating along the trench walls.

Two sets of experiments were conducted with PGMA coating in order to
determine the factors that affect the conformality of the coating along the trench walls. In
the first set of experiments, the monomer flow rate was kept constant at 3 sccm and the
initiator flow rate was kept constant at 1 sccm while the reactor pressure was varied
between 150 mTorr and 450 mTorr. The mean free path is inversely proportional to
pressure and therefore the reactor pressure might cause differences in the conformality of
the coating. In the second set of experiments, the monomer flow rate was kept constant at
3 sccm and the reactor pressure was kept constant at 370 mTorr while the initiator flow
rate was varied between 1 sccm and 3 sccm. Changing the initiator flow rate while
keeping the monomer flow rate constant changes the ratio of initiator to monomer. It is
possible that the conformality of the coating increases as the initiator ratio increases.

Silicon trenches were also coated with PPFDA in order to investigate whether the choice
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of monomer affects the conformality of the coating. Table 6-1 lists the process conditions
for the PGMA and PPFDA trench coatings.

Table 6-1: Process Conditions for Trench Coatings

Monomer Initiator

Substrate  Filament Flow Flow Total
Temp Temp Rate Rate Pressure
Sample Coating (o)) (o) (sccm) (sccm) (mTorr) Pp/Pgy
P1 PGMA 30 280 3 1 370 0.55
P2 PGMA 30 280 3 1 450 0.67
Il PGMA 30 280 3 1 370 0.55
12 PGMA 30 280 3 3 370 0.37
F PPFDA 35 300 0.6 1.3 100 0.27

Figure 6-1 shows two trenches from the pressure series. The trenches were coated
at reactor pressures of 370 mTorr (sample P1) and 450 mTorr (sample P2) which
correspond to Pp/Pg, of 0.55 and 0.67 respectively. Figure 6-2 shows two trenches from
the initiator series. The trenches were coated at initiator flow rates of 1 sccm (sample I1)
and 3 sccm (sample 12) which correspond to Pp/Pg of 0.55 and 0.37 respectively. The
PGMA coating can be visually seen along the inner trench walls. The coating is fairly
uniform although there is a slight decrease in coating thickness between the top surface
and the inner trench wall. The difference between the conformality of the coatings on the
various trenches in the figures is currently not significant enough to make any definitive
conclusion about how reactor pressure and initiator ratio affect the conformality of the
coating. Figure 6-3 shows a trench coated with PPFDA (sample F). There is no noticeable
difference between the conformality of the PGMA coating and the PPFDA coating and
therefore monomer choice does not appear to affect coating conformality. Future work
will include coating more trenches at different reaction coatings in order to further

investigate which variables affect coating conformality.
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Figure 6-1: Comparison of two trenches coated with PGMA under
reactor conditions in which all variables are kept the same except for
the total reactor pressure. a) Trench coated at a reactor pressure of
370 mTorr (sample P1). b) Trench coated at a reactor pressure of 450
mTorr (sample P2).
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Figure 6-2: Comparison of two trenches coated with PGMA under
reactor conditions in which all variables are kept the same except for
the initiator flow rate. a) Trench coated at an initiator flow rate of

1 sccm (sample I1). b) Trench coated at an initiator flow rate of
3 scem (sample 12).
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Figure 6-3: Trench coated with PPFDA (sample F).
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