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Well-adhered, conformal, thin (<100 nm) coatings can easily be obtained by Chemical Vapor
Deposition (CVD) for a variety of technological applications. Room temperature modification
with functional polymers can be achieved on virtually any substrate: organic, inorganic, rigid,
flexible, planar, three-dimensional, dense, or porous. In CVD polymerization, the monomer(s)
are delivered to the surface through the vapor phase and then undergo simultaneous
polymerization and thin film formation. By eliminating the need to dissolve macromolecules,
CVD enables insoluble polymers to be coated and prevents solvent damage to the substrate.
CVD film growth proceeds from the substrate up, allowing for interfacial engineering, real-
time monitoring, and thickness control. initiated-CVD has shown successful results in terms
of rationally designed micro- and nano-engineered materials to control molecular interactions
at material surfaces. Oxidative-CVD success was mainly demonstrated for the deposition of

organic conducting and semiconducting polymers.
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1. Introduction

Chemical vapor deposition (CVD) is a powerful technology for engineering surfaces and is
typically the method of choice for growing high quality inorganic layers. More recently CVD
methods have been invented which fully retain the rich chemistry of organic monomers.!"?!
The solvent-free deposition of robust thin films with high densities of organic functional
groups is an enabling technology for surface modification of, but not limited to, industrial
parts, membranes, microfluidic structures, and biomedical devices. In analogy to their
inorganic counterparts, CVD polymeric layers can be integrated into device fabrication
schemes for optoelectronics and sensors. The desirable attributes of CVD polymers include
surface energy modification, environmental protection, mechanical flexibility, conformal

coverage, and/or chemical and biological specificity.
Chemical vapor deposition (CVD) expands the application space for polymeric surface
modification. Vapor deposition is ideally suited for synthesizing thin films of polymers that
are insoluble or infusible. Indeed, fluoropolymers, crosslinked organic materials, and
conjugated polymers are three of the most studied categories of CVD polymer films.
Additionally, solvent-free processing avoids potential swelling or dissolution of the substrate.
By building the polymeric thin films from the surface up, strategic use of interfacial
modification enables covalent chemical bonds to form between the CVD polymer film and
substrate. The interfacial grafting results in surface layers, which are robustly adhered to the
underlying substrate. CVD provides precise control over film thickness and also yields so-
called “conformal coatings”, which uniformly cover complex geometric features, including

trenches, microparticles, and nanotubes.”™!

0002000000200



ADVANCED
submitied o /MATERIALS

Synthesis from vapor phase monomers (also referred in the text as gas phase monomers)
obviates the need to remove entrained solvents using a curing step. Lack of residual solvent is
favorable for achieving biocompatibility.!” Further reductions in impurity levels can be
achieved through the purification of the low molecular weight monomers before their use as
reactants in the CVD polymerization process. Optoelectronic device performance and stability
typical improve as impurity levels decrease.

In contrast to solution synthesis methods, the monomeric reactants for CVD do not need to be
soluble. However, the monomeric species must be volatile. Vapor phase processes can be
classified depending on the deposition mechanism: chain growth (e.g. plasma enhanced
chemical vapor deposition, PECVD! *1) and step growth polymerization (e.g. vapor

(6, 10]), Chain growth and step

deposition polymerization, VDP! or CVD grown parylene
growth mechanisms have been demonstrated also for initiated CVD (iCVD) and oxidative
CVD (0oCVD), respectively. The focus of this review will be mainly on the latter two
techniques (ICVD and oCVD) to highlight the successful implementation of these techniques
in many technological fields. The characteristics of iCVD polymers have been exploited for a
wide range of applications, including wettability, sensing, microelectronics, and protein

[1, 11-13

adsorption control applications. I To date the oCVD method has been applied to the

synthesis of organic conducting and semiconducting polymers and have been integrated into

14-16] [17, 18]

photovoltaic cells! and biosensors.
2. Step Growth Polymerization: oCVD
2.1 Overview

The many advantages of oxidative Chemical Vapor Deposition (oCVD) and the step
growth reaction scheme that it follows makes it particularly useful for depositing films of
conjugated polymers. During the oCVD process, polymer synthesis and thin film deposition

occur in a single step. The monomer and oxidant precursors are both delivered through the

vapor phase. As a result, neither the monomers nor the resulting polymer need to be soluble, a
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key differentiator from solution-based synthesis approaches. For example, thiophene can be
directly oCVD polymerized to form polythiophene films. Thus, there is no need for specialty
synthesis to add solubilizing substituents, such as the addition of a hexyl group to thiophene
in order to synthesize soluble monomer for poly(3-hexyl thiophene) (P3HT). The highly
crystalline nature of many insoluble conjugated polymers may have a positive impact on
stability and electrical properties. Additionally, since solvents are not used to deliver the
polymer or its precursors, there is no need to consider compatibility of the substrate with
solvents, thus making the oCVD process substrate independent. The oCVD method also

[19

enables the formation of grafted interfaces for robustly adhered layers.'” The ability to

deposit layers of uniform thickness over non-planar structures, known as conformal coverage,
enables devices to be fabricated on rough surfaces, such as ordinary, untreated paper.*”’
Furthermore, the resulting polymer properties can easily be tuned by controlling the
deposition parameters, such as the stage temperature.’! The use of a shadow mask during
oCVD enables patterning of the polymer films, a technique termed vapor printing.

oCVD follows the same step growth mechanism of oxidative polymerization as in
solution. The oxidizing agent reacts with monomers to form cation radicals. Pairs of cation
radicals then dimerize and deprotonate. Subsequent stepwise reactions with the oxidizing
agent and the cation radicals grow the polymer chain. The typical oCVD setup involves the
use of a vacuum chamber with monomer inlet ports on the side and an oxidant source at the
bottom (Figure 1a). The monomer is heated in a jar outside the chamber and controllably fed
in through a heated line. An oxidant that is solid at room temperature, such as iron(III)
chloride or copper(Il) chloride, is typically used. The oxidant is placed in a crucible at the
bottom of the chamber and sublimes upon heating (for example, FeCls is heated to ~340 °C).
Oxidants that are liquid at room temperature, such as bromine and vanadium oxytrichloride,

4.[22.23

have also been use I Liquid oxidants can be introduced into the chamber using a method

similar to that used for introducing monomer species, which can allow greater flow rate
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control. Substrates are placed on the temperature-controlled stage, which is inverted and
facing down towards the oxidant source. Modest stage temperatures (25 °C to 150 °C) are
used, with the value depending on the polymer being deposited. During a deposition, the
pressure is maintained at a value (typically ~100 mTorr) using a butterfly valve.

The first demonstrations of oCVD were utilized for forming conducting films of
poly(3,4-ethylenedioxythiophene) (PEDOT).*" ¥ More recently, the oCVD technique has
expanded to the deposition of other conjugated polymers, including semiconducting layers
and functionalizable conducting copolymers. To date, these oCVD polymers have been
applied to fulfill various roles in organic photovoltaics, electrochromic devices, and sensors.
A comprehensive review of oCVD and other methods for the vapor deposition of conjugated
polymers and their applications has recently been published.*!

2.2 Substrate Independence

The low deposition temperatures (~20 — 150 °C) enable oCVD polymers to be directly
deposited on a wide range of substrates, including paper and plastic, without fear of thermal
degradation. Additionally, the oCVD requires no specific process optimization for application
to different types of materials. This benefit derives from avoiding surface tension driven
phenomena, which lead to dewetting, blanketing, air gap formation, sidewall thinning, and
formation of menisci.

The work of Park et al. demonstrates the compatibility of the oCVD process with
graphene substrates.”®! The graphene was simply exposed to a vaporized mixture EDOT
monomer and the FeCls oxidizing agent to form the oCVD polymer layer. The moderate
deposition conditions resulted in the direct deposition of a pure PEDOT hole transport layer
without damage to the graphene electrode. When integrated into solar cells, the resulting
power conversion efficiency was ~94% of the ITO control device. Figures 2a and 2b
compare quartz/graphene substrates coated by oCVD and spin-cast PEDOT:PSS, respectively.

In the latter, irregularly shaped dewetting defects are observed, which appear as multiple dark
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spots to the human eye. In contrast, the oCVD PEDOT surface is defect-free over the entire
area.

Vapor phase reactants are able to diffuse into complex micro- and nano- structured
surfaces. Such 3D surface architectures are desired to enhance light absorption in organic
photovoltaic devices, where the exciton diffusion length limits active layer thicknesses.
Howden et al. showed that oCVD PEDOT is compatible with wide range of nano- to macro-

I enhancing the light absorption (light trapping) in photovoltaic

scale textured surfaces,[2
structures. Figure 2¢ shows the ability of the oCVD PEDOT to precisely follow the geometry
the interface. In contrast, voids form when solution-processed PEDOT:PSS (Figure 2d) is
applied to a similar nanostructured surface. The conformal nature oCVD PEDOT is again
demonstrated over a nanowedge pattern (Figure 2e), where an ultrathin layer thickness of ~9
nm covers all portions of the features. In contrast, spin-coated PEDOT:PSS (Figure 2f) wells
up in the bottoms of the features, while thinning at the tops.

The oCVD method is able to penetrate and coat the inner surfaces of porous media,
such as foams and membranes. Subsequent dissolution of the membrane leaves behind the
oCVD templated features. In the case of membranes with cylindrical pores, nanotubes of
conjugated polymers are formed.

When applied to fiber-base substrates, such as paper, electrospun nanofiber mats, or

textiles, the oCVD conjugated polymers complete surrounds each fiber.*®

Poly
(acrylonitrile) fiber mats conformally coated with oCVD PEDOT (Figure 2g) creates a high
surface area platform for resistance-based sensing.” In contrast, agglomeration occurs in the
fibrous substrate after solution application of PEDOT:PSS (Figure 2h). In Figure 2i, the
oCVD PEDOT leaves the rice paper substrate undamaged, while the PEDOT:PSS solution
degrades this substrate (Figure 2j).

Conformal coating of carbon nanotubes (CNTs) by oCVD PEDOT ~6 nm thick was

demonstrated by Vaddiraju et al.*! By lowering the activation energy required for creation of

dooet o mrre



ADVANCED
submitied o /MATERIALS

mobile carriers, an enhancement in radial conductivity was obtained. This approach can be

used to create many functional materials and devices.

2.3 Grafting and Patterning

The vapor phase delivery of oxidants in oCVD builds the film from the surface up and
permits covalent bonds to form at the interface between the substrate and the film of the
oCVD conjugated polymer. Figure 3a shows the successful patterning of grafted PEDOT on
silicon. Grafting improves interfacial adhesion, enabling pattern formation. Without grafting,
failure due delamination is often observed. Im et al. presents a straightforward one-step
process for grafting PEDOT onto flexible polymer substrates containing aromatic bonds, such
as polystyrene or polyethylene terephthalate (PET) (Figure 3b).!"” Through a Friedel-Craft
reaction at the surface, the oCVD oxidant forms radical cations directly on the surface of the
substrate material from which the grafted chains grow. Grafting can also be applied to
inorganic substrates using silane-coupling agents. For instance, a silicon substrate with a
native silicon oxide layer can be treated with oxygen plasma to form hydroxyl groups. The
sample is then exposed to trichlorovinylsilane (TCVS) to form a vinyl-terminated surface to
which PEDOT can graft.

Excellent interfacial properties are also essential for the fabrication of flexible devices,
where adhesion and durability are essential. Figure 3c displays patterned, grafted oCVD
PEDOT films formed directly on the flexible transparent plastic PET. This fabrication did not
require a complex transfer step from another substrate.

Patterns of oCVD PEDOT have been directly formed by vapor printing on paper
substrates, including ones already printed with tradition inks. In vapor printing, the synthesis
of the polymer chains from vapor phase reactants, thin film formation, and patterning occur in

a single step.”*”’
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The scanning electron micrograph in Figure 3d shows the edge of 100 nm thick vapor printed
PEDOT electrode on newsprint obtained with shadow masking. The image also shows how
well PEDOT conforms to the geometry of the paper fibers. Well-ordered conducting polymer
nanostructures (Figure 3e) were achieved by colloidal lithography combined with the highly
conformal grafted oCVD PEDOT.®! At the thinnest junction, the PEDOT wall between the
nanobowls is only ~25 nm wide.

X-ray diffraction (XRD) reveals the crystallinity and preferential ordering of oCVD
PEDOT with respect to a (100)-oriented silicon substrate. For non-grafted samples only (0KO0)
type reflections are observed while for grafted samples (H0O) reflections also appear (Figure
3f).

The ability to control the interface of the polymer and the substrate offers the potential
to open up new device technologies where the electrical and thermal properties could be tuned
independently. Novel nanostructures with organic-inorganic material interfaces could be

designed in such a way where charge transport is enhanced and phonon transport is obstructed.

2.4 Conductors and Device Integration

PEDOT is one of the most promising conjugated polymers for flexible organic
electronics because of its combination of high electrical conductivity, optical transparency,
and mechanical properties.”* Since oCVD has low substrate temperature requirements, there
is no need for elaborate processing strategies, as with microcrystalline silicon or graphene,
where the materials are first grown at high temperatures on a handling substrate and then
transferred to the surface of less heat resistant materials. Additionally, the conformal coverage
oCVD PEDOT layers allows them to be grown directly on top of flexible substrates with
rough surfaces, such as ordinary plastic, and even fiber-based papers and textiles. Thus,

oCVD PEDOT represents a new fabrication process that is compatible with substrates other
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than glass, silicon, and smooth plastics, requires only low-energy input, utilizes only earth-
abundant elements (e.g. no indium), and is scalable to large area processing (e.g. roll-to-roll).

The substrate temperature of the oCVD process is a critical parameter for controlling
the electrical conductivity of PEDOT thin films. Im et al.*? reported that increasing substrate
temperature from 15 °C to 110 °C while holding all other process conditions constant,
resulted in the electrical conductivity of oCVD PEDOT polymer films monotonically
increasing from 9.1 x 10™ to 348 S cm™, a range of more than five orders of magnitude. The
improvement in conductivity is attributed to longer conjugation length and higher doping
levels.”"** Since higher doping concentration moves the Fermi energy level in the band gap,
the work function of PEDOT can also be controlled® from ~5.1 to~5.4 eV during oCVD by
simply adjusting substrate temperature as shown in Figure 4a. The tunability of the work
function of oCVD PEDOT films is advantageous for achieving favorable band alignment
between dissimilar layers in organic devices, thus lowering the energy barrier to charge
transport at the contact interface. More recently, Howden et al.*”) employed diluted acids as
post-process rinsing solutions resulting in improved electrical conductivity. Average
conductivity increases of 117% and 135% were observed for H,SO; and HBr rinses,
respectively, accompanied by dopant exchange. A maximum conductivity of 1620 S cm™ was
obtained by rinsing in HBr.

For implementing transparent conducting materials as an electrode or a buffer layer in
optoelectronic devices, high optical transparency (T>~85%) in the visible regime is required
while maintaining a low sheet resistance (Rg<~100 Q sq™). Since there is a trade-off between
transparency and electrical conductivity in this class of materials, the thickness has to be
controlled to limit losses from optical absorption and, in parallel, to provide sufficiently low
sheet resistance for the efficient charge transport or extraction. The sheet resistance and

optical transparency can be related by Eq. 1:
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(o)
T=(l+ 2o Gy

Ry O, (1)
where Zo = 377 Q is the impedance of free space, and o,, and o4 are the optical and dc
conductivities, respectively. **) Figure 4b shows this relation for oCVD PEDOT films
deposited on glass substrates at temperatures of 80 °C and a working chamber pressure of 0.1

Torr.?

The measured data gives the o4/0o ratio of 9, which is comparable to the
commercially available solution-processed conducting polymer and is approximately 3-fold
lower than the conventional metal oxide (i.e., ITO) of 64c/Cop = 35.2% With HBr acid rinsing,
the 04c/00p ratio of oCVD PEDOT improved to 12.27) Further work to Improve G4./Gop 1S
currently in progress.

The color-transition properties exhibited by PEDOT have been investigated for
electrochromic applications such as smart windows and light management devices. PEDOT
displays a transparent light-blue color in the oxidized state and a dark-blue hue in the reduced
state. When cycled between oxidized and reduced states, the electrochromic switching of a
device fabricated by integrating patterned oCVD PEDOT onto ITO/glass substrates occurs, as
can be seen in Figure 4¢** The dark-to-light transition occurs within ~10 s, while a light-to-
dark switching requires approximately 1 min.

To demonstrate the utility of the direct fabrication of oCVD layers, PEDOT electrodes
have been fabricated on a wide range of flexible, foldable, and non-planar surfaces. The
conductivity of oCVD PEDOT electrodes and the performance of full OPV devices with
oCVD PEDOT remains unchanged after repeated mechanical deformation tests. In Figure 5a,
OPV devices with oCVD PEDOT celectrodes on polyethylene terephthalate (PET) present no
significant change in performance over 100 compressive flexing cycles. In contrast, the
electrical conductivity of commercially available ITO on PET substrates deteriorates rapidly
and cracks are visible after repeated flexing via optical microscope. Flexibility is essential for

implementation of roll-to-roll processing, desired for economical production.
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While photovoltaic (PV) devices traditionally utilize illumination through a
transparent substrate like glass or plastic, strategies compatible with opaque substrates open
up new potential avenues for the use of solar power. Top-illuminated inverted photovoltaic
devices on opaque substrates were fabricated®”! using an oCVD PEDOT electrode deposited
directly on top the rest of the cell stack (Figure 5b). The oCVD PEDOT anode layer is
directly deposited on the device stack without any damage to the underlying active layer
materials by insertion of a thin buffer layer of molybdenum trioxide (Mo00O3).*>**) With this
inverted device structure, top-illuminated OPV devices were demonstrated on a variety of
common opaque substrates such as photo paper, magazine print, and plastic food packaging.
Figure 5b shows an OPV fabricated on U.S stamp, having a power conversion efficiencies of
2.0%5,

Facile monolithic integration of devices into circuits is enabled on paper utilizing

substrate-independent vapor-printed oCVD PEDOT electrodes.!*" %!

This approach allows
the fabrication and cost-effective prototyping of flexible and foldable organic devices by
vapor printing on inexpensive everyday substrates including paper. Large-area PV prototype
arrays have been vapor-printed directly on the unmodified surface of fibrous papers, offer a
thinner, lighter-weight alternative to plastic substrates (~0.001 gecm-2, <40 um thick). The
paper PV arrays produce >50V and power common electronic displays in ambient indoor
lighting, even after tortuous flexing and folding. Figure 5c (top) show a schematic of the
process integration flow for fabricating the bottom-illuminated PV device structures using a
series of shadow masking steps. For the oCVD step, the mask itself is stencil cut from paper.
The completed circuit of individual cells, and printing patterns of each device layer and
complete 250-cell series integrated monolithic arrays on tracing paper are shown in Figure 5c
(bottom).””! This same strategy could be utilized to fabricate other types of optoelectronic

devices, logic elements, energy storage devices as well as integrated circuits containing

mixtures of these discrete devices.
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Because oCVD PEDOT films retain their conductivity upon folding, a variety of

37 These architectures offer

macro-scale non-planar 3D-structures can be created (Figure 5d).
the possibility to improve the output power over a given area by more efficiently absorbing
and converting the incident light while maintaining a fixed active layer thickness for optimal
exciton diffusion. For half-cells fabricated using oCVD PEDOT electrodes and DBP
(tetraphenyldibenzoperiflanthene) absorber layers, increased absorption was measured as
hinge angle decreased (Figure 5d) for substrates folded into V-shaped configurations.
2.5 oCVD Semiconductors

Semiconducting polymers are of great interest as active layer materials in organic

electronic and optoelectronic devices, such as organic photovoltaics (OPVs),"*]

organic light
emitting diodes,” and organic field effect transistors.!*”! Researchers have recently employed
oCVD for the deposition of several semiconducting polymers. Unsubstituted polythiophene
(PT), which is insoluble and typically difficult to process, was easily prepared by oCVD.
Using iron(III) chloride as the oxidizing agent, the as-deposited oCVD PT films were blue in
appearance.*! (Figure 6a) Excess oxidizing agent present during the oCVD process doped
the films, resulting in conductivities up to 20 S/cm. Positions of the mid-gap absorption peaks
(0.8 and 1.6 eV) in the doped films demonstrate that the polymer films are heavily doped and
bipolarons are present (Figure 6a, middle). Reduction with methanol dedoped the polymer
and resulted in neutral, red PT films. Changes in the absorption spectra confirmed the
semiconducting nature of the rinsed PT films (Figure 6a, middle). Bilayer heterojunction
organic solar cells were then fabricated using semiconducting oCVD PT as the electron donor.
The oCVD PT was deposited directly onto ITO-glass substrates. Thermally evaporated Ceg
was used as the electron acceptor layer, and a bathocuproine (BCP) exciton-blocking layer
and silver top cathode were used. After optimizing layer thicknesses, power conversion

efficiencies up to 0.8% were obtained using 25 nm of PT and 30 nm of Cg. To date, this

remains the highest efficiency solar cell that utilized a vapor-deposited donor polymer. The
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image in the far right of Figure 6a shows the current density-voltage (JV) curve of the PT/Cgg
devices.

Properties of oCVD semiconducting polymers are easily tuned by controlling the
deposition parameters. A separate study of oCVD polythiophene demonstrated the use of
vanadium oxytrichloride (VOCL) as the oxidizing agent.'”*! Since VOCI; is a volatile liquid,
controlling its flow rate and the stage temperature allowed for control of the surface
concentration of VOCI; on the stage in the reactor chamber. Thus, by controlling those
parameters as well as the monomer flow rate, the resulting PT film properties, such as
conductivity and absorption maximum, were tuned. Work on oCVD polyisothianaphthene
(PITN) has shown the importance of the stage temperature during deposition.”*”! PITN is of
interest for its various appealing properties, including its low bandgap of 1 eV in the neutral
state. In the doped state, PITN should display high optical transmission in the visible part of
the spectrum. As shown in Figure 6b, the color and transparency of the as-deposited oCVD
PITN films greatly depends on the deposition temperature. Higher deposition temperatures
were shown to result in greater conjugation and longer polymer chains. The increased
conjugation length was manifested in various optical and electronic properties of the oCVD
PITN films.

Polyselenophene, an analogue of polythiophene with a slightly lower bandgap, has
also been prepared using oCVD.” Figure 6¢ exhibits the ability to conformally deposit the
polymer on rough paper substrates.

The versatility of oCVD makes it a promising technique for processing
semiconducting polymers with desirable properties for many different organic electronic

applications.

2.6 Functional oCVD Copolymers
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Various conductive oCVD polymers have been successfully applied in chemiresistive
sensors for detecting chemical and biological species. Chemiresistive sensors are an
economical sensing technology that operates by measuring changes in the resistance (or
conductance) of the sensing element upon exposure.*”) Many conductive polymers are not
responsive or selective enough alone to sense low chemical concentrations. However, by
covalently bonding a molecule or nanoparticle that is analyte-specific to the conductive
polymer backbone, larger changes in the composite resistance will occur upon exposure. To
accomplish this, oCVD copolymers have been developed that combine the benefits of both
monomer species. For example, copolymers of pyrrole and 3-thiophene acetic acid (TAA)
combine the high conductivity and good mechanical properties of pyrrole with the desirable —
COOH functional group of TAA.P” It was then possible to covalently bond silver
nanoparticles to the oCVD poly(pyrrole-co-TAA) polymer. This was done using a linker
molecule containing a —NH, group (4-aminothiophenol) that formed an amide bond with the —
COOH group of TAA. This approach was then extended to deposit oCVD copolymers of
poly(EDOT-co-TAA).*Y The attachment of nickel and palladium nanoparticles allowed for
selective detection of toluene and acetone, respectively. Adsorption of vapors of volatile
organic compounds onto the metal surfaces caused changes in the charge distribution that
resulted in higher resistance (lower conductivity) of the composite films. The resistive
response of the hybrid films was found to be proportional to the concentration of analyte
present, and thinner films were more responsive due to lower shunt resistances. Detection
limits for the composites were estimated as being 10-20 ppm of toluene for Ni/poly(EDOT-
co-TAA) and 40-50 ppm of acetone for Pd/poly(EDOT-co-TAA). A significant advantage of
this approach of attaching metal nanoparticles to a conductive polymer is its versatility.
Instead of needing to develop a completely new chemistry, changes in the chemical being

detected can be accomplished by simply changing the metal nanoparticle used.
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oCVD copolymers with —COOH and —OH groups have been used for sensing
biological agents as well. Copolymers of EDOT and TAA were prepared on glass substrates
with bromine as the oxidizing agent.”*”! A biomolecule, bovine serum albumin (BSA), was
shown to covalently attach to the poly(EDOT-co-TAA) films through carbodiimide chemistry
with the —COOH functional group of TAA. This resulted in the sheet resistance of the
copolymer more than doubling, thus providing an effective way to detect the presence of BSA.
In another study, EDOT was copolymerized with 3-thiopheneethanol (3TE) using FeCl; as the
oxidizing agent on 2 cm x 2 cm electrospun nylon fiber mats (Figure 6d)."*®’ Avidin is a
protein with high affinity and specificity towards biotin. By reacting a crosslinker molecule
(p-maleimidophenylisocyanate) with the -NH, group on avidin and the —OH group of 3TE,
the avidin biomolecule was covalently attached to the poly(EDOT-co-3TE). Upon exposure
of the avidin/copolymer films to solutions of biotin, the biotin quickly attached to the avidin
and caused an increase in the resistance of the composite film. The middle image in Figure 6d
shows polymer-coated nanofibers that are fluorescing due to the attachment of fluorescently
labeled avidin (green) and biotinylated red quantum dots that reacted with the avidin.
Exposure of the composite films to 5 nM to 5 uM solutions of biotin showed faster response
times and higher steady state responses with higher biotin concentrations (Figure 6d, right).
The use of high surface area electrospun fiber mats allowed for significantly improved signal
and response time compared to the use of flat substrates. The response of the biosensors on
the electrospun fiber mats demonstrated a 6-fold increase in response and a 30% decrease in
response time relative to the respective values for sensors on planar substrates. Whereas
solution-based methods cannot fully coat such high surface area structures due to wetting
effects, oCVD provides conformal coverage that enables the use of these substrates. This
approach demonstrates the potential to obtain inexpensive, field-deployable, lightweight, and

flexible biosensors that can provide fast detection of various analytes.
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3 Chain Growth Polymerization: iCVD

3.1 Overview and mechanism

Initiated CVD (iCVD) is a free-radical polymerization method. The initiator and monomer
species enter the iICVD chamber as vapors. In analogy to solution-phase synthesis, the iCVD
initiator decomposes to form radical species (Figure 1b) that then activate the chain growth
polymerization of the monomers. Initiators successful used for iCVD include perfluorooctane
sulfonyl fluoride (PFOS)“”, perfluoro-1-butanesulfonyl fluoride (PBSF)'*"!, triethylamine
(TEA)™! tert-butyl peroxide (TBPO)", tert-amyl peroxide (TAPO)”' and tert-butyl

(521 These initiators contain a labile bond, such as the O-O bond in

peroxybenzoate (TBPOP)
peroxides, which can be readily cleaved. Ideally, at the relatively mild conditions required to
decompose the initiator, the monomers fully retain their pendent functional groups. The result
is a surface of well-defined chemical composition having a high density of functionalities.
Surface moieties such as perfluoroalkanes and hydroxyl enable systematic adjustment of the
surface energy. Reactive groups such as amine, epoxy, carboxylic acid, and propargyl allow
for functional attachment of molecules, cells, and nanoparticles to the surface. The full
retention of the organic functionality also enables the synthesis of responsive surfaces.

Several options have been demonstrated for inducing initiator decomposition. Using thermal

decomposition over heated filament array is denoted as iCVDP?

. Alternatively, the
decomposition can be achieved by a low energy plasma discharge, termed, initiated plasma
enhanced CVD (iPECVD) P¥, or by UV light, termed photo initiated CVD (piCVD)™. A
variant of piCVD is grafted CVD (gCVD), in which the benzophenone (BP), when photo-
decomposed, creates radical sites directly on the surface of the substrate.”® The reaction of
the surface radicals with the monomer species results in covalently tethered chains.

All these processes require only modest energy input and operate at low surface temperatures
(~20°C to ~70°C). Keeping the surface at low temperature, promotes the adsorption of the

monomers. Even though the gas phase monomer concentration is quite dilute, the liquid-like

monomer concentration in the surface layer enables rapid chain growth. Thus, despite the
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benign reaction conditions of iCVD, high deposition rates can often be achieved (>200
nm/min). High deposition rates and efficient consumption of the precursors are essential for
industrial applications. Understanding the deposition mechanism is therefore needed to
predict the deposition conditions which yield high deposition rate and is also useful in
optimizing the iCVD process for producing conformal coatings over structured surfaces.

The mechanism of iCVD polymerization has been well documented in literature and it has
been demonstrated to follow the same steps of conventional free-radical polymerizations:

initiation, propagation, and termination.”'>">"!

However, while in the liquid phase all of the
reaction steps occur at a single temperature, for iCVD some reactions steps take place
homogeneously in gas phase at a temperature, which can reach that of the filament, while

other reaction steps take place heterogeneously on the much cooler surface of the substrate.
The first step involves the thermal fragmentation of the initiator:

I,—1—s2I 2)

The fragmentation takes place in the gas phase, at or near the heated filament. The initiator
and its fragments are typically quite volatile and therefore have only limited adsorption on the
surface. However, the monomers are typically much less volatile and can readily reach
concentrations on the surface, which represent significant fraction of a monolayer and in some
cases even exceed monolayer coverage.

A radical impinging on the site of absorbed monomer can undergo a heterogeneous reaction

to create a surface radical:

[.gas +Madsé1—M.ads (3)
The product of reaction (3) readily reacts with other adsorbed monomers via a propagation

step:

[—M-ads +nMads él —Mn.ads (4)
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When the kinetics of reactions involving the monomer’s vinyl bond are the rate-limiting step,
the observed iCVD deposition rate increases as substrate temperature increases. Conversely,
the iCVD growth decreases when the rate-limiting step is the adsorption of monomer to the
surface. This adsorption limited regime is often observed for acrylate monomers, which
generally have a high propagation rate constant’®®, while the reaction limited regime is
typically observed for less reactive vinyl bonds, such as those substituted on to
organosilicones'®. The iCVD polymerization can terminate when the radical ends are capped
by reaction with other growing polymeric chains or with initiator radicals.

Numerous studies in literature have demonstrated that substrate temperature!™ ¢!

, monomer
flow ratel®"), and filament temperature®®® all impact deposition kinetics. However, the ratio
between the monomer partial pressure (Py) and the saturation pressure at the substrate
temperature (Pyy) is often the dominant parameter.”"®"! Quartz crystal microbalance studies
reveal that Py/Pgy is directly correlated with the concentration of monomer adsorbed on the
57]

surface (Figure 7a) through the Brunauer-Emmett-Teller adsorption isotherm (Eq.5).!

_ LZﬂC(fif/lim)
S (1-P, /P )-(1=-c)P, | P,)]

Vad (5)

V. 1s the total

mi

where ¢ ~exp[(AH,,, -AH,,)/(RT)] and V, c(P, /P,)=[M]~V,,

PM /Psat—0 *
adsorbed volume; V,,; is the monolayer-adsorbed volume. 4Hy., is the enthalpy of desorption
and 4H,,, the enthalpy of evaporation.

In iCVD kinetics studies the enthalpy of evaporation, 4H,,,, determined falls in the range of
20-80 kJ/mol, which is characteristic of physisorption of small molecules on surfaces through
van der Waals interactions. The monomer adsorption is promoted by low substrate
temperature. Additionally, the surface concentration of monomer determines the sticking
probability of the initiator radicals.!®"

The surface polymerization has been proposed to follow the Eley—Rideal mechanism in which

the deposition rate depends on the surface coverage of the monomer (0y) and the gas-phase
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concentration of the radicals, since the radicals have much higher volatility and thus much

lower adsorption on the surface.[

RdepN kdcp [1.]BM (6)

Eq 6 is one of the main kinetic equation describing the radical polymerization growth rate

together with the kinetic equations that give the chain length (v) and molecular weight (M,):

o Ruy kdep[M][lM']
R k[M]I] @)

M, =MW, X, (8)

where R; is the initiation rate, characterized by the rate constant k;. The number-average
degree of polymerization, (X,=2v/(2-a)) is used to calculate the number-average molecular
weight, M,. The parameter a reflects the fraction of polymer radicals that terminate by
coupling, (1-a) being the fraction terminating by disproportionation, while MWy is the molar
mass of the polymer repeat unit.

Trough a multi-response parameter estimation procedure Lau and Gleason™” developed in
2006 a quantitative model which related the kinetic equations (Eq.6-7) with the Py/Psa. The
model uses the assumptions that the initiator is decomposed in the gas-phase at 7x and the
other reactions (initiation (Eq.2), propagation (Eq.3-4) and termination) occur at the surface at
Tap (substrate temperature). The termination reactions considered in the model were
bimolecular chain termination through coupling or disproportionation, primary radical
termination through the attack of a primary radical on a polymer radical or primary radicals

recombination;

M +M -M _ M +R —-M R +R —R,
n m n+m ; n n’ or 2’(9)

respectively. Chain transfer processes were not considered as termination reaction because
under vacuum many of them are either absent or negligible (e.g. there is no transfer to

solvent). The modelization of the dependence of the film growth rate and the molecular
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weight has been largely used to predict the feasibility of some new process or the scalability
in large area reactors.

Also, the filament temperature plays a fundamental role in the process kinetics. While it does
not influence the Py/Ps, ratio on the surface, it does influence the concentration of radicals
created, and hence the rate at which chains are initiated (Eq.6). Figure 7b shows the
Arrhenius plot of the deposition rate as a function of the filament temperature.”® Two
regimes can be observed. At low Tg, the film growth rate increases rapidly with increasing
filament temperature, characteristic of a reaction-kinetics-limited-process. At high Tg, the
deposition rate is less influenced by the changes in the temperatures, which is characteristic of
a mass-transfer-limited-regime. In the kinetics-limited regime, the apparent activation energy
calculated experimentally from the Arrhenius plot is 166 = 5 kJmol™', which is in good
agreement with the activation energy required to decompose the TBPO molecule (163.6 kJ
mol ™). In the mass-transfer-regime, the filament temperature is high enough to efficiently
decompose the initiator so the deposition kinetics is instead dominated by the diffusion of the
radicals from the gas phase to the substrate surface. Decreasing the mass transfer resistance by
increasing the gas flow rate increases the deposition rate in this regime (Figure 7b).

The copolymerization kinetics follows the same rules as in conventional free-radical
copolymerization reactions. The copolymer composition will depend on the monomer ratio at
the surface. This surface ratio differs from the ratio in the feed gases when the monomers
differ in volatility (e.g. have different saturation pressures). Additionally, the tendency of two
monomers to copolymerize was quantified through the reactivity ratio./”! The reactivity ratios
describe the propensity of the propagating species to add a homo-monomer or the other
monomer. In other words, considering a growing copolymer of generic monomers A and B,
terminating with a A unit, then the reactivity ratio r4 can be defined as the ratio between ka

and kg according to the following reactions:
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(10)

. k : 11
copol-A+B ——2—>copol-A-B (1)

Analogously, the reactivity ratio 75 for the growing copolymer terminating with a B unit can

. k .
copol-A” + A ——L—>copol-A-A

be identified. The copolymer composition is determined by the Fineman-Ross equation'®! in

the form:

%(F—l)=rAf72—rB (12)

where fis the monomer fraction in the gas feed, and F' the monomer fraction at the surface.

3.2 Retention of Organic functional groups

Many thin film applications benefit from a rationally designed chemistry for controlling the
properties and molecular interactions at the surface. For instance, in the biomedical field, the
chemistry of the surface, as quantified by density of functional groups, is essential for
controlling protein bonding or the attachment and growth of cells.!' ** ¢ Additionally, the
dynamic response of stimuli-responsive materials, i.e. materials that change their properties
following an external stimulus, also depends strongly on the density of functional groups on
the surface.[°*%*]

For these reasons, it is very important to chemically design the deposition process, choosing
the right monomer with the desired functional groups. Retaining these organic functional
groups is not trivial task for most CVD processes. In general, it has been observed that in
order to retain the functional groups of the monomer, the deposition rate drops down to only a
few nm/min. This is especially true when the monomer is the species that is fragmented to
create active sites for polymerization, as in plasma enhanced CVD (PECVD), where labile

functional groups are easily cleaved off.[®’ In contrast, the monomer remains intact during

iCVD, and thus, fully retains the organic moieties desired for surface design.
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The iCVD method is a platform technology for yielding functional polymers at high
deposition rates (>200 nm/min). Successful examples of polymers deposited by iCVD are
poly(aminostyrene) (PAS) which displays a high density of functionalizable -NH, groups,*!
poly(N-isopropylacrylamide) (PNIPAAm) whose temperature-sensitive hydrophobicity is due
to the presence of amide and isopropyl groups,”’” poly(glycidyl methacrylate) (PGMA) with
reactive epoxy groups” " or poly(hydroxyethyl methacrylate) (PHEMA) hydrogels, with
hydrophilic hydroxyl moieties'®* 7> ). PGMA has been deposited also at extraordinary high
deposition rates (600 nm/min) by iCVD from supersaturated monomer vapor (Py/Psy > 1).7%
The possibility of obtaining polymer thin films spectroscopically identical to their bulk
counterpart, makes iCVD a competitor with conventional wet processes (e.g. spin coating, dip
casting, etc.) for thin-film applications. The iCVD approach couples the versatility of organic
chemistry for the synthesis of polymers with the advantages of dry processing, which is
highly beneficial for thin film technologies and device fabrication.

High functional group retention by iCVD has been demonstrated with tens of monomers,
including iCVD p(1-vinyl-2-pyrrollidone) (PVP)."*! The retention of the pyrrolidone
functionality is important to achieve the hydrophilicity, biocompatibility, and antifouling
properties, characteristic of this polymer. Figure 7¢ compares iCVD PVP to a conventionally
polymerized PVP standard (PVP360), dissolved in water and cast onto a Si substrate. The
Fourier transform infrared spectroscopy (FTIR), carbon 1s x-ray photoelectron spectroscopy
(XPS), and 'H nuclear magnetic resonance (NMR, not shown), all confirm the similar
chemical structure of the films produced by both methods. Vinyl bonds are not detected in the
FTIR spectra, confirming that the iCVD polymerization indeed occurs through the saturation
of all the vinyl bonds of the monomer.

The functional group retention has also been very beneficial to create nanoadhesive
trenches."”! Prototype microfluidic structures were fabricated by reacting one side of the

device coated with PAS, containing —NH; groups and the other side with PGMA, with epoxy
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groups. The high amine density of the iCVD films enabled the formation of a robust
nanoadhesive, which was orders of magnitude more robust than the counterpart obtained by
depositing the polymers by PECVD with a lower density of functional groups at the surface.
High densities of functional groups are also important for creating a platform for further post-
deposition reactions. Zwitterionic coatings were obtained by reacting the fully retained
tertiary amine groups of the polymer deposited by iCVD with 1,3-propane sultone.”® A high
density of zwitterionic moieties was demonstrated by both depth profiling and angle-resolved
XPS measurements in the top ~3 nm of the film. Such a high density of zwitterionic groups is
difficult to obtain with other techniques with comparable processing time. The zwitterionic
functionalized surfaces exhibited excellent anti-fouling properties against protein,
carbohydrate, and bacterial adhesion.

The fragmentation of the initiator instead of the monomer molecule is the key for functional
group retention. The same principle has been used in the iPECVD process.”*! During
iPECVD, the chamber was fed also with TBPO, contrarily to conventional PECVD processes
where any initiator is used. The presence of the initiator allowed a sufficient density of
reactive radicals to be obtained at very low plasma power density. Under these conditions the
monomer fragmentation was minimal and therefore the monomer structure retention was
enhanced compared to other PECVD processes, without compromising the deposition rate.

3.3 Surface Design through iCVD

3.3.1 Robust Crosslinked Networks

Highly crosslinked and robust polymer networks are desirable for applications where durable,
smooth, adhesive, and flexible coatings are required, like biological implantations or thin film
electronics.””! Inorganic films generally show high durability and robustness but they are
fragile and do not have the same versatility of the polymers. Very often the inorganic coatings
cannot be deposited on soft substrates because the stress mismatch create wrinkles and cracks

and the methods to deposit inorganic thin films are generally not compatible with soft
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substrates. Frequently, this type of polymer network is sandwiched between very thin

inorganic films, in multilayer structures, to enhance the overall mechanical properties.!”>™"

For these reasons, the deposition of a polymer network which shows properties comparable to

inorganic material, keeping tunability and flexibility is of high technological interest.

[81, 82]

The rigidity of a crosslinked network is related to the connectivity number , 1.e. the

average number of possible network forming bonds per atom:

S,

<r>=—% (13)

S

7

with n; being the number of atoms having r network forming bonds. When the connectivity
number is > 2.4, the percolation of rigidity occurs. This is the case of many inorganic
materials. With iCVD it is possible to design the polymerization in order to keep the
connectivity number in the range 2.3-2.4 which is typical of hard but flexible networks.

The crosslinking degree (and hence the connectivity number) can be tuned during the iCVD
depositions by using monomers or comonomers (called crosslinker) with two or more vinyl
bonds.!”* ¥ Polymers of trivinyltrimethylcyclotrisiloxane (V3Ds) have been investigated as
biopassivating and insulating coating for neural implant.”” ** ®1 Figure 8a shows the
electrical resistance of poly(V3;Ds3;) samples under simulated bioimplanted conditions and
constant electrical bias. The electrical resistance remains constant over a period greater than
two-and-a-half years, demonstrating the high durability of these coatings. At the same time,
the material showed also mechanical flexibility and good adhesion to the lead wires so that
the probe could be bent without losing device reliability.

Another example of hard and impermeable, but still flexible, organic network was obtained
through the copolymerization of maleic anhydride and aminostyrene.'*®! The anhydride and
the amino functionalities reacted in a post-deposition annealing step iCVD and resulted in a

massively cross-linked network (Figure 8b) with elastic moduli exceeding 20 GPa. Typical
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polymer moduli are between 0.5 and ~ 5 GPa, sensibly lower than the moduli of the cross-

linked iCVD coating. The high crosslinking resulted in much lower oxygen permeability than
observed for the commercial permeation barrier coatings.

3.3.2 Functional Hydrogels: Graded Film Composition

Hydrogels are materials that can reversibly absorb water and swell, increasing their volume.
This creates changes in the mechanical properties, protein adsorption capabilities and

hydrophilicity of the material. This dynamic property is useful for many applications, i.e.

64, 84, 89] [90, 91] [92-94

biotechnology! , stimuli-responsive coatings, sensors” > etc. Some hydrogels
have similar water content to human tissue and exhibit excellent biocompatibility. Modifying
the surface of the hydrogel keeping intact the swelling properties is a powerful tool to extend
the hydrogels applicability and to target their action to specific drugs in drug-delivery systems
or specific cell adhesion. The swelling hinders the use of solvents; therefore a dry method for
the surface functionalization of hydrogel is more convenient.

Hydrogels have been deposited by iCVD (e.g. PHEMA) and they have been demonstrated to
retain high swelling capability.['? ¢ 7% 7384 89.90.9297] 1 addition, iCVD allowed in one-step
synthesis of a functionalized hydrogel with pentafluorophenyl functional groups nano-

95-971 The deposition process was

confined on the top surface of the material (Figure 8c).
designed in order to obtain a graded composition from pure PHEMA to a copolymer of
PHEMA and pentafluorophenylmethacrylate (PFM). Figure 8c shows the profile of the PFM
group signal (m/z=253.1) as a function of film depth for both the homogeneous and graded
copolymer and it can be easily observed that the PFM groups are confined in the top 10-15
nm. The pentafluorophenyl groups on the surface were used for further functionalization with
peptides to enhance the cell growth. The homogeneous incorporation of the PFM limited the
swelling ability of the hydrogel, therefore the cells did not attach on the surface. The graded

copolymer instead retained the swelling ability of the pure PHEMA yielding successful cell

growth.
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3.3.3 Antifouling Surfaces

The iCVD copolymerization of hydrophobic perfluorodecylacrylate (PFDA) and hydrophilic
hydroxyethylmethacrylate (HEMA) (Figure 9a) resulted in a smooth surface that disrupts
protein-surface interactions.” The comonomers have highly contrasting solubility hence
avoiding solvents enabled the random copolymerization. These surfaces bear compositional
and surface energy heterogeneities on a molecular level, namely amphiphilicity, which leads
to reduced surface protein adsorption than either of the respective homopolymers. The protein
adsorption data was fitted to an analytical model (Figure 9a); a local heterogeneous site that
interferes with adsorption events was estimated to encompass 4-5 repeat units of the polymer.

Both piCVD and iCVD have been used to fabricate such surfaces.”* *’!

Zwitterionic surfaces have been a subject to in-depth investigation due to its outstanding
fouling resistance. These surfaces are composed of positively- and negatively-charged
moieties, which mix homogeneously to create neutral charges at a molecular-length scale. The
fouling resistance in aqueous environment originates from the strong hydration induced by the
charges: the replacement of adsorbed water by foulant results in greater interface energy and
in the case of polymer brushes, loss of entropy, and is thus not thermodynamically favorable.
Poly(2-(dimethylamino)ethyl methacrylate) ()DMAEMA) and the cross-linker Poly(ethylene
glycol dimethacrylate) p(EGDMA) were recently copolymerized via iCVD, and
functionalized in situ with 1,3-propane sultone vapors to create poly(sulfobetaine) at the
surface (Figure 9b).'% ') Cross-linking is necessary to render the coating insoluble after
functionalization as zwitterionic surfaces are extremely hydrophilic. In contrast to films
formed by bulk solution polymerization, the highest concentration of zwitterion was found to
be at the uppermost surface of the iCVD layer (Figure 9b), where the fouling resistance of the

4.1

zwitterionic moiety can be exploite Therefore, the fouling resistance of iCVD

zwitterionic coatings is comparable to that of the zwitterionic brushes fabricated by self
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assembled monolayers (SAMs) or atom-transfer radical-polymerization (ATRP). The benign
and solvent-free reaction conditions enabled the coating of various delicate substrates, as

discussed in section 2.4.

Antifouling polyethylene oxide (PEO) surfaces have also been fabricated with iCVD via a
ring-opening cationic polymerization mechanism.!"’! The resulted surface effectively resisted

the adsorption of bovine serum albumin (Figure 9c).
3.3.4 Thermally responsive surfaces

PNIPAAm belongs to a general class of thermo-responsive polymers that has been
extensively investigated because of its lower critical solution temperature (LCST).!'*1%]
Specifically, the LCST for PNIPAAm ~32°C. Below the LCST, PNIPAAm adopts a random
coil configuration, which enables the exposure of hydrophilic amide moieties that interact
favorably with water molecules; therefore, the polymer chains are hydrophilic. Above LCST,
PNIPAAm chains collapse into a globular configuration via discontinuous phase change,
which renders the amide moieties inter- or intra-chain bonded thus leaving the hydrophobic
isopropyl groups exposed; therefore PNIPAAm becomes hydrophobic. Both homopolymer
and cross-linked copolymers containing NIPAAm repeat units have been successfully
deposited by iCVD. Cross-linkers are necessary to render the coatings insoluble in water.
Novel graded film architectures with a NIPAAm-rich surface and cross-linked bulk film were
utilized to create faster temperature response than that can be obtained with homogeneous

11931 Drastic change in water contact angle was obtained by depositing cross-

copolymer films.
linked iCVD PNIPAAm conformally on multi-walled carbon nanotubes (Figure 9d)."'° The
static water contact angle jumps from 50° to 135° by changing the system temperature of

15°C as a result of the change in chain configuration."®” The configuration change near

LCST has been found to affect the mechanism of protein attachment as well. Below the LCST,
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the swollen hydrogel absorbs protein molecules; while above LCST, simple monolayer

adsorption was observed.!'**!

3.4 Grafting and Interfacial adhesion
3.4.1 Trichlorovinyl silane (TCVS) grafting
Poor polymer-substrate adhesion is a common reason for coating failure in materials exposed

197 Formation of covalent

to mechanical bending, thermal stress or the effect of solvents.
bonds between the polymer thin film and the underlying substrate provides the highest
adhesion possible to prevent delamination or detachment of the coating.!'® Surface grafting
and interfacial chemical reaction are two approaches to form covalent bonds that can be
readily implemented in iCVD. One means of realizing grafted iCVD interfaces is covalently
bonding TCVS to a plasma-treated silicon wafer or polydimethyldisiloxane (PDMS) surfaces
via reaction of the chlorine moieties with the plasma generated hydroxyl groups. In the next
step, radical initiators react with the vinyl group of the silane coupling agent to yield alkyl
radicals that are the starting point for the grafted polymer chains. Grafting was used to create
nanopatterns on silicon wafers by colloidal lithography.'® TCVS was attached in the
interstices within a template of monodisperse polystyrene nanoparticles cast on the silicon
wafer. After iCVD polymerization, the nanoparticles were removed by sonication in THF
leaving the polymer attached to the surface with a honeycomb structure (Figure 3e). A
specific example of this technique to patterning of CVD hydrogel films will be discussed in

Section 3.5. This bottom-up process offers an inexpensive and simple alternative to

conventional lithography to design surface-functionalizable polymer patterns.

On elastomeric PDMS substrates, covalent adhesion promotion by TCVS resulted in robustly
adhered iCVD films of poly(ethylene glycol diacrylate) pEGDA.!"'! The high modulus of this
highly crosslinked vapor synthesized polymer relative to the PDMS substrates was critical for

maintaining adhesion of the bilayer structure during buckling deformation. Systematic and
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deterministic fabrication of highly ordered herringbone patterns through sequential wrinkling
strategy was demonstrated with the grafted iCVD pEGDA. This system presents a reversible
behavior, switching back and forth from the initial flat surface to the ordered herringbone

pattern by applying cyclic mechanical strains (Figure 10).
3.4.2 Maleic anhydride (MA) grafting

Vapors of maleic anhydride (MA) react directly with surface amine groups, converting them
to vinyl functionalities. The subsequent reaction of the surface vinyl bonds with monomer
units to form grafted polymer chains then proceeds in the same manner as for the TCVS
produced surface vinyl moieties. The MA pretreatment is performed in the same vacuum
chamber used for the subsequent iCVD polymer growth. Copolymers containing MA were
deposited and grafted to amine-functionalized silicon nitride cantilever in a single step by
iCVD." A sensor was fabricated by this simple scheme, which will be discussed in greater
details in section 4.2. Using MA pretreatment, the amine groups present in the polyamide salt
rejection layer of reverse osmosis (RO) membranes were turned into vinyl groups to facilitate
covalent grafting of the iCVD zwitterionic polymer coating (Figure 11a right).!'"! Without
MA grafting, the vapor grown films delaminated when the treated membranes where placed
in water (Figure 11a left). The grafted iCVD (Figure 11a right) zwitterionic coating exhibited
anti-fouling properties with respect to protein adsorption and microbial attachment.!'”!! By
utilizing ultrathin (~30 nm) iCVD antifouling layers, the water permeation rate and salt

rejection of the underlying membranes was unimpaired.
3.4.3 Tert-butyl peroxide (TBPO) grafting

iCVD utilizes heated filament to break down initiator TBPO and generate free radicals. When
the filament temperature is below 250°C, the labile peroxide bond is cleaved (14), which

creates tert-butyl oxide radicals; when the filament temperature is above 250°C, fert-butyl
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oxide radials start to undergo P-scission, generating methyl radicals (15), which have greater

reactivity than the tert-butoxy radicals.!''*!

/CH3
Ty < 270°C HaC
— il .
CH C - /O
He §° /' eny 2 HiC-C
c—oO H3C
H;C
€ (14),
H3C\ . Tﬁ|> 270°C H3C\ .
H3C'C/O SN /C:O + CH3
oG H;C
3 (15),

Methyl radicals are found to facilitate the grafting of vinyl monomers to silicon hydride

. . o1 11
surfaces, namely passivating silicon surfaces.!'"”!

This treatment was performed in the
common iCVD chamber and subsequent polymer growth can be performed in situ following
the surface treatment. Without this treatment, deposited films delaminated from silicon
substrate during sample trimming and handling (Figure 11b right), and did not stand up to
nanoscratching tests, where spalling of films was observed (Fig 11c right). The treated silicon
surfaces demonstrated the lowest surface recombination velocity for organic air-stable
passivation methods reported to date, indicating the exceptional grafting quality and stability

in air. The grafted iCVD coating (Figure 11b and c¢) can serve as anti-reflective coating in

solar cell fabrication.

3.4.4 Nanoadhesive for interfacial bonding

The ring-opening reaction between amine and epoxy groups can take place at temperatures as
low as 70°C, and no gaseous by-products are produced. This avoids potential post-reaction

defects resulted from outgassing and thus enables an effective nanoadhesive for interfacial
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bonding. This has been applied to both PDMS- and non-PDMS-based devices.!''* "> In these
applications, iCVD PGMA is usually deposited on one of the interfaces to be bonded; the
other surface is coated with iCVD PAS!"! (see also section 3.3) or polyallylamine (PAAm)
by plasma polymerization.!''*! The two surfaces are then brought into contact with each other
and cured under vacuum at 70-90°C for 24 hours. The exceptional conformality and pinhole-
free nature of iICVD method enables the fabrication of oxygen-free flow lithography devices

with complex internal 3-D structures.!' ']

The amine-epoxy reaction has also been used to graft PEO coatings to amine-functionalized
surfaces. The PEO coatings were grafted and deposited simultaneously from ethylene oxide

via ring-opening cationic polymerization mechanism.
3.5 Patterning

The ability to pattern functional iCVD polymer is necessary to enable their incorporation in
applications such as sensors, optical devices, and tools for biological research. Several
patterning techniques have been demonstrated to date, including methods based on photo- and
electron beam-lithography, imprinting, and colloidal lithography. Mao and Gleason
demonstrated high-resolution, positive-tone patterning of annealed iCVD poly(methyl a-
chloroacrylate-co-methacrylic acid) via electron beam irradiation (Figure 12a).!''®! iCVD

PGMA has also been used as a positive deep-UV resist and negative electron-beam

117, 118] 118]

lithography resist;! the ability to conformally coat non-planar surfaces''™ and use an

[117

all-dry, supercritical CO, developing process''”! make this resist applicable for a range of

applications.

Photochemical patterning of 3-D surfaces has recently been demonstrated with various iCVD

[96]

polymers. Haller et al."™ achieved positive-tone patterning of porous substrates with iCVD

poly(o-nitrobenzyl methacrylate) (PoONBMA), a photosensitive polymer that can be developed

000310000003100



ADVANCED
submitied o /MATERIALS

in a biologically-compatible buffer. High-curvature surfaces were patterned using a resist
comprised of conformal iCVD poly(4-vinylpyridine) (P4VP) functionalized with a
photoactive diacetylene.!''” Coated substrates were covered with flexible masks and exposed
at 254 nm, which photopolymerized the diacetylene and rendered the exposed regions
insoluble in the developing solvent (Figure 12b). Bifunctional organic surfaces were also
patterned; additionally, the iCVD-based resist was used to create metal microstructures via

pattern transfer.

Other successful patterning strategies have been based on masking and imprinting techniques.
Functional polymer features were obtained by depositing a conformal iCVD film on resist
templates defined using electron-beam lithography; the templates were then selectively
removed using a non-solvent for the iCVD polymer (Figure 12¢).”) This method is
independent on the chemical functionality of the iCVD film, allowing for easy exchange of
responsive iCVD polymers for device applications. Fabrication of bifunctional surfaces has
been demonstrated using a self-aligned, dual-purpose lithographic mask.""*”) The resulting
surfaces exhibited chemical and topological contrast and were used to achieve confinement of
water droplets during microcondensation (Figure 12d). Capillary force lithography has also
been used to pattern iCVD films.!"*"! By pressing a heated PDMS mold onto a bilayer of
highly crosslinked PECVD poly(allylamine) and iCVD polypoly(propargyl methacrylate), Im
and coworkers were able to achieve segregation of orthogonal amine and acetylene

functionalities with spatial resolution approaching 100 nm (Figure 12e).

Self-assembly interactions were utilized to facilitate controllable adhesion of iCVD-coated
surfaces. Chen ef al. coated elastomeric pillars with hydrophilic iCVD polymers, which self-
assembled into clusters upon submersion in water (Figure 12f, g).!'**! Solvent bonds formed
by interpenetration of polymer chains overcome the elastic restoring force, rendering the

clusters stable upon drying. By patterning some of the pillars with hydrophobic PONBMA,
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the authors were able to direct self-assembly and control the location of pillar collapse

(Figure 12h).

Functional, patterned iCVD polymers have been incorporated in a variety of
applications. Kwong and Gupta integrated multiple unit operations into a single, paper-based
microfluidic  device.'”  Acidic iCVD  poly(methacrylic  acid) and  basic
poly(dimethylaminoethyl methacrylate) were deposited on chromatography paper and used as
ion-exchange coatings for analyte separation. Patterned iCVD PoNBMA was used as a UV-
responsive switch that changed hydrophobicity upon exposure, allowing passage of the
analytes into the separation zone (Figure 13a). The device was successfully used to separate
mixtures of model anionic and cationic compounds (Figures 13b-d). Haller ef al. patterned
microfluidic channels on paper using hydrophobic, photoresponsive PoNBMA (Figure

13e).”"

Patterned iCVD surfaces also form excellent substrates for attachment of molecules
and nanoparticles. Im and coworkers used surfaces patterned with orthogonal amine and
acetylene nanodomains (Figure 12e) to selectively self-sort fluorescent dyes via a one-pot,
biocompatible click/N-hydroxysuccinimide functionalization step (Figure 13f).!'*"! Tenhaeff
and Gleason synthesized a highly swellable, pH-responsive hydrogel, poly[maleic anhydride-
co-dimethylacrylamide-co-di(ethylene glycol) di(vinyl ether)] (PMaDD), for use in
composite separation membranes."** The retention of functional moieties and extreme
swelling response of the films were confirmed by covalently attaching CdSe/ZnS quantum
dots to patterned PMaDD and imaging the films upon exposure to a pH 8 buffer solution

(Figure 13g,h).

iCVD films can also be used to inhibit molecular attachment—for example, in the case of

anti-fouling coatings. As discussed in section 3.3.3, iCVD PEO films were prepared via a
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1921 PEQ features were easily patterned

ring-opening cationic polymerization mechanism.
using microcontact printing; in addition, grafted and patterned PEO regions illustrated
excellent resistance to non-specific protein adsorption, in contrast to control surfaces (Figure

9¢).
3.6 Conformality

In the surface modifications of non-planar substrates, the term conformality describes the
ability to encapsulate the entire surface topography with a coating of uniform thickness and
composition. Conformal coating is desirable since it brings novel surface functionality to
substrates without changing their original morphology. The conformal nature of iCVD is quite
valuable for producing functional organic coatings over surfaces having complex geometrical
features. With rapid development over the past few years, iCVD has been used on many
complex substrates. Even the inner surfaces of porous and fibrous substrates can be modified

with functional organic materials by iCVD.!!*>12*]

For solution phase processing, undesirable variations in coating thickness can result from de-
wetting, liquid thinning, and surface tension effects. In contrast, the conformality of CVD
polymers results from the arrival of reactants to the surface by non-line-of-sight vapor phase
diffusion under the modest vacuum conditions (typically, 0.1 to 1.0 torr), combined with the
limited probability of the reactants “sticking” to the surface during a single collision. Step
coverage, S, the ratio of film thickness at the bottom of the feature to that at the top, is one

measure of conformality. An analytic solution for iCVD film growth in a trench feature gives:

2

In(S) = —0.48(F)(£) (16)
w
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where (L/w) is the aspect ratio of the feature and T is the sticking coefficient!®! This profile is
experimentally observed when gas phase diffusion to supply additional monomer to the
surface is rapid compared to the rate at which monomer is depleted by the film formation
reaction. Since the step coverage is governed mainly by the chemisorption of the radicals onto
the adsorbed monomer sites, depositions at low fractional saturation partial pressure ratios
(Pm/Psat), leads to improved conformality due to lower sticking coefficients. Sticking

coefficients in the range of ~0.001 to ~0.01 have been observed for iCVD.

The conformality of iCVD has been demonstrated on trench features etched into silicon, with
aspect ratios up to 20:1 and on pores in various types of membranes, with aspect ratios up to
400:1. The primary variables that control the conformality of iCVD films, monomer partial
pressure and substrate temperature, also control film deposition rate. At the highest deposition
rates, >100 nm/min, the step coverage decreases and the thicker coating near the entrance to a
cylindrical pore results in a bottleneck profile, i.e. higher film thickness at the pore entrance.
However, a high degree of conformality is still achieved at iCVD growth rates of up to 100
nm/min. This rate is quite fast compared to conformal methods for other materials and is also

quite reasonable since the electrolyte film thickness of <100 nm are desired.

The limit up to which conformal coverage can be achieved has been determined by analogy to
the reaction-diffusion problem commonly encountered for catalysts on porous supports.!'*”]
The analytic solution for the dimensionless monomer concentration, \, as a function of A, the

dimensionless distance down the pore, depends on the dimensional parameter known as the

Thiele modulus, ®:

" te

1+e*

e 2¢-pA

(17)
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The Thiele modulus can be readily calculated from the dimensions of the pore, the diffusivity
of the monomer, and the reaction rate. Depending on the deposition conditions, different
profiles over 3D-substrates can be obtained.!"*” This analysis will guide the development of
conformal iCVD coating on nanostructured electrodes having different architectures, which

give rise to pores of different aspect ratio.

Figure 14 a shows the micrograph of a poly(caprolactone) (PCL) nanofiber mat before and
after being iCVD coated with poly(perfluoroalkyl ethyl methacrylate) (PPFEMA).”) The
conformal coating by the iCVD process maintains the hierarchical nature of the electrospun
mat morphology except for a slight increase in the diameter of fibers. The comparison of the
XPS survey scans before and after coating (Figure 14b) demonstrates that the fibers were
actually coated. Figure 14c¢ displays a poly vinyl alcohol (PVA) mold coated by iCVD
PGMA, as the supporting layer, and poly(1H,1H,2H,2H-perfluorodecyl acrylate) p(PFDA),
on top of PGMA layer.”"] SEM comparison between substrates with and without iCVD
coating shows the conformal nature of iCVD process on the inner surfaces of the polymeric
mold. The nano-scale inner surfaces features of the PVA mold are exactly repeated by the
iCVD deposited films. Additionally, the all-dry nature of the iCVD process avoids the

possibility of the solvent swelling or damaging to the substrate, hence ruining the surface

topography.

Figure 14d shows a conformal poly(cyclohexyl methacrylate) (p)CHMA) thin films deposited

11261 This work exhibits the potential for utilizing

by the iCVD process on a trench wafer.
conformal iCVD coating on microfluidic channels. PDMS-based microfluidic channels
provide superior control over mixing than traditional batch reactions.!'** These microchannels
need to be impermeable to liquids, but PDMS may swell in solutions. Conformal

fluoropolymer coatings by iCVD processes can serve as excellent liquid barriers of PDMS to

prevent swelling and hydrophobic recovery caused by the low glass transition temperature of
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PDMS. % 8 115,123, 133135 Riche et al. demonstrated that conformal fluorocarbon films
deposited by iCVD prevent absorption of small molecules and swelling of PDMS in organic
solvents.'*! This achievement provides a way to synthesize nanomaterials that are difficult to
synthesize with conventional batch reactions. Lazarus et al. showed that devices coated in
such way were used for more than 24 hours without degradation or delamination.!**! Jeong et
al. deposited p(PDFA) via iCVD on the PDMS micromold, which substantially reduced the

diffusion of oxygen and the swelling caused by organic solvents.!'**!

Conformal iCVD coatings also display excellent pore-filling properties, which is useful for

).[36- 371 4CVD polymers can replace the liquid electrolyte

dye-sensitized solar cells (DSSC
used in the cell and enhance its operability and durability. Figure 14 e shows pore-filling of a
4 um thick TiO; electrode coated with poly(2-hydroxyethyl methacrylate) (PHEMA).!"*®! In
this work, Nejati et al. were able to achieve 92~100% pore filling for electrodes as thick as 12

um."*®! Their research also indicated the solid state PHEMA electrolyte has higher efficiency

than the liquid electrolyte, and results an enhanced performance of the DSSC.

As a dry mechanism without liquid phase or excipient to produce a conformal polymerization,
iCVD also provides the ability to encapsulate fine particles down to nanoscale without
challenges of particle agglomeration, toxic solvents, and poor quality control in conventional

coatings.!**

3.7 Templating

The substrate-independent and conformal nature of iCVD allows the coating of complex 3D
surfaces to be used as a template to engineer novel and functional materials. The ability and
ease to design these new-shaped materials opens the door to unexplored possibilities in
materials development. Fabrication of responsive polymers with customized 3D structure or

encapsulation procedures for drug delivery are some examples of potential applications using
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the iCVD technology. Ozaydin-Ince et al.”*! conformally coated the inner walls of an anodic
aluminum oxide membrane (AAQO) (pore size 200 nm and 60 um in length) with a 50 nm
layer of p(HEMA-co-EGDA) hydrogel. The hollow left in the membrane was filled in with an
optode solution; afterwards, both sides of the membrane were coated with the same hydrogel
and finally the AAO membrane was etched away resulting in the release of microworms
structures (Figure 15 a-b). Due to their cylindrical shape, these biocompatible microworms
are retained in the same location after subcutaneous injection more effectively than
nanoparticles with equivalent diameter. Thus, microworms show potential application as
fluorescent sensors for in-vivo detection and monitoring of analytes. Further studies utilized
the same AAO membrane template to synthesize responsive coaxial nanotubes.”” The
coaxial deposition consisted of, first, coating the AAO membranes walls with tert-
butylacrylate copolymerized with diethylene glycol divinyl ether (p(TBA-co-DEGDVE)), a
memory shape polymer, and next the hydrogel copolymer p(HEMA-co-EGDA) (Figure 15 d).
Immersing the nanotubes in a heated dye solution causes the hydrogel to swell; thus, widening
the aperture of the nanotube, through which the dye diffuses and gets adsorbed (Figure 15 e).
Lowering the temperature under the glass transition of the p(TBA-co-DEGDVE) fixes the
shape of the nanotube. Raising the temperature again leads to shrinkage of the memory shape
polymer returning to its initial diameter. As a consequence, the dye absorbed inside is
released due to the mechanical stress of the coaxial polymer. Also microtextured PDMS
surfaces have successfully been used as templates. Conformal coating of thermosensitive
PNIPAAm polymer over PDMS microgrooves was used to fabricate tissue constructs.!®”!
Once the polymer was deposited on the PDMS surface, the microgrooves were seeded with
NIH-3T3 fibroblasts at a temperature of 24 °C. Conversely, for an optimal cell culture the
temperature was increased to 37 °C, in which PNIPAAm is above the LCST and adopts its
collapsed and hydrophobic form. After growth of the tissue, the PDMS mold is placed in

contact with a glass slide at 24 °C. Temperature variation drives PNIPAAm undergo transition
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from above to below its LCST. Therefore, the polymer swells resulting in the retrieving of the
tissue construct shaped with the size of the microgroove (Figure 15 ¢). Besides solid
substrates, Gupta and co-workers have shown that iCVD is able to coat liquids with low vapor

139

pressure, e.g. ionic liquids (ILs)."*”! Surfaces patterned with IL and silicone oil resulted in the

selective encapsulation of IL, given that continuous iCVD films can only be deposited on ILs

1497 In addition, marbles of IL were fully encapsulated within a polymer

but not on silicone oil.!
shell of p(PFDA-co-EGDA).""] Rolling the marbles over a bed of loose
polytetrafluoroethylene (PTFE) particles creates a textured surface around the IL that
facilitates the conformal coating of the polymer to form a shell. The structure of the

encapsulated marbles is stable after removal from the substrate and shows no evidence of

leaking.

4. Responsive iCVD Surfaces and Devices
4.1 Responsive Surfaces
The ability to dynamically alter surface properties is useful in a wide range of applications

including biosensors, cell culture, microfluidics, and tissue engineering. The response of the

t[142—l44 145-

surface can depend on externally applied stimuli, such ligh 1 temperature™, or pH!

71 The high degree of organic functional group retention by the iCVD synthesis method is
essential for achieving the responsiveness.

With biocompatibility and well-known hydrogel properties, PHEMA is widely used in
biological and biomedical applications.!'**"** Ozaydin-Ince et al.*¥ fabricated pHEMA-
based hydrogel nanotubes within the pores of AAO templates. Crosslinking prevented
dissolution of the iCVD layer when exposed to aqueous solution. As shown in Figure 16 a,
the well-ordered nanotube arrays exhibit responsive behavior, diagram schematically in

Figure 16 b.*" The swelling ratio achieved depends on the crosslinking ratio. Because

swelling of the iCVD fabricated hydrogel nanoforest is not limited by the substrate, a larger
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degree of swelling is achieved than for a thin film hydrogels. Moreover, switchable
hydrophilicity nanotubes can provide a novel approach to control protein adsorption and drug
release. Figure 16 ¢ shows a conformal PHEMA layer coated by iCVD on a silica
microsphere.”” The PHEMA layer brings an enhancement of the surface resistance to
adhesion of nonspecific protein. This work suggests iCVD provides an ideal route to coat
particle sensors, which can be as small as 5 pm."”

iCVD has also been used to micropattern bifunctional surfaces (see also section 3.5).
Baxamusa et al.'>!! used iCVD process combined with physical masks (TEM grid) to
synthesize all-polymer patterned surfaces with identical control over chemical and
topographic features. Figure 16 d shows an AFM image of hydrophobic depressions in a
hydrophilic matrix, where the height of the hydrophilic walls changes due to swelling.!"*"!
Dynamic microcondensation experiments indicate water preferentially condensing on the
hydrophilic region of the bifunctional surface, as shown in Figure 16 e.

iCVD represents a room temperature encapsulation method, which is important for thermally
sensitive materials. Lau et al.l'*! use a methacrylic acid (MAA) and ethyl acrylate (EA)
copolymer as encapsulating layer to provide enteric release properties with pH-responsive
swelling behavior of the copolymer. Figure 16 f shows the pH-dependent swelling of the

[146] K araman

copolymer, which enables active materials to be encapsulated for enteric release.
et al.l'>? deposited poly(2-(diisopropylamino) ethyl methacrylate) (PDPAEMA) via iCVD on
a rough substrate, which generate a surface that can switch between superhydrophobic and
superhydrophilic state. Especially, the surface amino groups can be protonated at high pH and
then react with anionic biological materials. McInnes et al.">* developed a controlled drug
delivery system with iCVD deposited pH-responsive polymers. The drug was loaded in

porous Si (pSi), then capped with a pH-responsive copolymer film via iCVD (Figure 16g).

Their results show the drug release rate in the system increased more than 4 times from pH
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1.8 to pH 7.4. Remarkably, this approach does not affect or degrade the drug, and the iCVD
process was independent of both pore and surface chemistry.

iCVD can also be used along with colloidal lithography to provide simple and inexpensive
technique for creating various polymeric nanostructures with functional patterns up to 500 nm
high without harmful solvents (see also section 3.5).'" Figure 16 h shows grafted
hydrophilic hydrogel patterns of well-ordered PHEMA arrays deposited by iCVD.!?!

iCVD can also be used to create wrinkling surface patterns, which are important in a wide
range of applications (see section 3.4.1). In Figure 16 i, wrinkling surface patterns of poly(2-
hydroxyethyl methacrylate-ethylene glycol diacrylate) [p(HEMA-EGDA)] were deposited via

(1% The wrinkling patterns provide an approach to create

iCVD process on PDMS substrates.
ordered herringbone patterns, and more important, the ability to probe the surface topologies

via simplified theoretical model, and a way to measure the elastic modulus of the film.

4.2 Responsive Devices

Exact control over the composition, thickness, and conformality of polymer thin films
can be achieved by controlling the deposition conditions in iCVD. This, as well as the
easiness of integrating iCVD with standard semiconductor manufacturing practices, makes it
an ideal technique for fabricating responsive polymer device components. iCVD films have
been incorporated into a variety of such applications, including biosensors, enteric coatings,
and sensing platforms for vapor-phase analytes. Ozaydin-Ince and coworkers used an iCVD
templating technique to create “microworm” optode sensors for in vivo measurement of
sodium concentration (Figure 15 a, b).) iCVD PHEMA coatings have also been used to
increase device response in impedance biosensors.”*) The hydrogel coatings protect the
electrodes, enhance their surface resistance, and improve the quality of the electrode-
electrolyte interface. Analyte diffusion is unaffected due to the increased pore size resulting

from swelling of the film in aqueous solution.
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pH-responsive iCVD films have been incorporated into a variety of controlled release
applications. Methacrylic acid (MAA)-containing iCVD copolymers have been used as
enteric coatings for pharmaceuticals."*! The benign reaction conditions inherent to the iCVD
process make it an ideal method for coating thermally-sensitive drugs. Encapsulation of fine
drug particles, including microcrystals, is facilitated by the use of a rotary iCVD reactor.!">*
131" Additionally, iCVD MAA films have been used to cap the pores of biodegradable,
nanoporous Si matrices loaded with a model drug compound.!*” Release of the drug from the
coated matrices is four times faster at pH 7.4 than at pH 1.8, in contrast to uncoated matrices,
which show similar rates at both pH values. Synthesis of the iCVD coating is facilitated by
the fact that the process is independent of both the surface chemistry and pore size of the Si.
iCVD has also been used to achieve controlled release of a water-soluble crop protection
compound (CPC). °” Microcapsules of the CPC were encapsulated with iCVD poly(glycidyl
methacrylate) and poly(cyclohexyl methacrylate), and the impact of monomer hydrophilicity,
coating thickness, and cross-linking density on CPC release profiles was evaluated.

Responsive iCVD thin films have proven useful for a diverse range of sensing
applications. Karaman et al. fabricated Bragg mirrors by using a single reaction chamber to
deposit alternating layers of iCVD PHEMA and hot wire CVD (HWCVD) titania with high

1 . .
81 Exposure to water vapor induces a rapid and

refractive index contrast (Figure 17a). |
reversible swelling response in the PHEMA, altering the periodicity of the layers and the
color of the mirror (Figure 17b). The excellent performance of these devices is attributed to
layer thickness uniformity and the sharp interfaces achievable using the all-dry CVD
processes. Use of CVD also enables device fabrication on a variety of unique surfaces,
including glass, flexible polycarbonate, and paper (Figure 17¢). iCVD polymers have also
been used as responsive components in micro-scale resistive sensors. Arora et al. created a

low-power electromechanical switch consisting of a silicon nitride cantilever suspended over

a series of interdigitated electrodes.!''! The top surface of the cantilever was coated with a
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highly cross-linked iCVD maleic anhydride copolymer, and the underside was coated with
metal. Reaction of maleic anhydride moieties with parts-per-million concentrations of
hexylamine analyte causes stress generation in the polymer film; the resulting cantilever
deflection enables the metal-coated portions of the device to connect, completing a circuit
(Figure 17d). The iCVD mechanism has also been exploited to create microcantilever-based
peroxide sensors. Peroxide radicals are formed when contaminated air is passed through
heated filaments; these radicals adsorb onto a cantilever previously coated with a monolayer
of surface-tethered monomers. Polymerization then occurs, resulting in optically detectable
deflection of the cantilever.'™” More recent work has focused on developing inexpensive,
portable sensors for detecting nitroaromatic explosives. Tenhaeff ez al.'” created a low-power
resistive sensor by coating a micro-scale silicon trench with a conformal film of iCVD P4VP
and a non-conformal Au/Pd layer. The P4VP film expands upon exposure to nitroaromatic
compounds, causing the metal-coated surfaces to contact and decreasing the resistance
measured across the device (Figure 17e). The Flory-Huggins equation described the swelling

of the iCVD P4VvPp 1"

P 1
?A:=(l—cﬂp)e><p[(l—ﬁ)% +x¢)§l (18)

where @p is the volume fraction of polymer at the equilibrium (swollen state), y is the
Flory-Huggins interaction parameter for the analyte-polymer system and N is the degree of
polymerization.

An additional nitroaromatic sensor was also fabricated, consisting of patterned iCVD
P4VP features (Figure 12a) overlaid with a nano-scale metal line (Figure 17f).”) Analyte
exposure causes the P4VP to expand, deforming the metal line and increasing its measured
resistance. The responses of both sensors are rapid and selective for nitroaromatic compounds.
Calculated limits of detection for 2,4,6-trinitrotoluene are in the parts-per-billion range; in

addition, the versatility of the polymer deposition and patterning processes ensure that the
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sensor designs are interchangeable and can readily be altered by substituting different iCVD
polymers (Figure 17 g). '

5. Fluoropolymers

5.1 Acrylates with perfluoro side chains

Low-surface-energy surfaces have a wide range of applicability, having utility as
biocompatible surfaces, antifouling coatings,'* and low dielectric constant material for
microelectronics. The CVD method is very attractive because solvents and surfactants for
fluoropolymers tend to be difficult to find, expensive, and/or persistent in the environment.
Furthermore, CVD fluorocarbon coatings can be directly deposited on a large range of
substrates, including those with limited thermal stability, and those have surface features such
as microchannels or nanostructures, thus simplifying the fabrication and widening the
applicability of fluoropolymer coatings.

Recently, perfluoroacrylates have received much attention due to their exceptional properties,
including fast polymerization of the unsaturated acrylate group and hydrophobicity for the
fluorinated pendant chain. As a result of the —CF; terminated side groups and comb-like
structure, the typical range of surface energies for fluorinated acrylic polymers is very low
(5.6 to 7.8 mN/m).

The iCVD p(PFDA) has been widely studied either pure!** '** ' and copolymerized®> '+
192] with other monomers. The side chains with eight perfluorinated carbons, so called “C8”,
was completely retained during the polymerization''®"! giving interesting properties to the
iCVD polymer such as hydrophobicity, oleophobicity, crystallinity.

The iCVD p(PFDA) can be deposited to yield high conformality in high-aspect-ratio pores.

[163]

This properties has been used to coat commercially available membranes' °* and enhanced

their ~ selectivity!'*!

achieving hydrophobicity-based separation (Figure 18 c). Electron
microprobe analysis on the membrane cross-section confirmed the presence of coating

through the whole length of the pore. Superhydrophobic fabrics were obtained by conformal
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coverage of iCVD p(PFDA) on electrospun mats. * '®*! Hierarchical morphology, in the form
of coating roughness overimposed on the fiber networks, resulted in grade 8 oleophobicity.
The p(PFDA) was used to encapsulate paper solar cells, which could then operate even when
totally submerged in water (Figure 18b).

Free-standing p(PFDA) polymer films have been obtained by depositing the iCVD polymer

[140

over droplets of ionic liquid."*” The low surface energy of the p(PFDA) coatings have been

1 . . g . . .
d"%! and microfluidic®! devices in order to create a barrier

applied on PDMS-based micromol
coating towards organic solvents. Uni-directional liquid spreading without lateral diffusion of
the chemicals (Figure 13e) was demonstrated inside the microfluidic device, while the
micromold was used to synthesize monodisperse polymeric particles of sizes down to 3 um.
Figure 18a shows the conformal p(PFDA) coating inside the micromold.

Another powerful capability of the iCVD method is that the fluorocarbon monomers can
easily be copolymerized with other monomers in a one-step process and without the need of
finding a common solvent for both monomers. With this strategy bifunctional surfaces with
hydrophobic p(PFDA) chains and hydrophilic groups were deposited. PFDA was
copolymerized with HEMA!"*' MAA 121 DVB!'%! The copolymer of PFDA and MAA
showed proton conductivity similar to the one of the commercial available Nafion membranes.
The PFDA units were responsible of creating a hydrophobic backbone to ensure membrane
stability, while the acid units with ionizable groups created the ionic channels for proton
passage.

5.1.1 Crystallinity

The C8 fluorinated chains of the p(PFDA) pending from the polymer backbone have a natural
tendency to reorient toward themselves and form a crystalline bilayer structure, termed the
smectic B phase. Semicrystalline polymers give stable surface properties, without
hydrophobic recovery and create generally rough surfaces (root mean square roughness higher

than 30 nm), which can be useful for enhancing cell growth or enhancing the hydrophobicity
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of the surface. By tuning the iCVD parameters (filament temperature, initiator over monomer
ratio and substrate temperature), it is possible to tune also the degree of crystallinity in the
film and the orientation of the crystallites (perpendicular or parallel to the surface).!"®”! Figure
18f shows the x-ray diffraction (XRD) pattern of the iCVD p(PFDA). This is the same crystal
structure observed in conventionally synthesized p(PFDA). At high filament temperature,
300 °C, the diffraction peaks sharpen when the x-ray beam is oriented perpendicularly to the
substrate while they are absent when x-ray beam is parallel to the substrate, indicating vertical
alignment of the perfluoro side-chains. At low filament temperature, 240 °C, instead, the
diffraction peaks are sharp at 90° and broad at 0° indicating a change to a horizontal
alignment. The difference in orientation influenced the roughness and the wettability of the
film. The lowest degree of hysteresis in the water contact angle is observed in films with the
highest degree of crystallinity.

Grafting the polymeric p(PFDA) chains to the surface, using the trichlorovinyl silane as
coupling agent resulted in even higher advancing water contact angle of 160°, with a

7] The grafted film showed enhanced crystalline fiber-like structures

hysteresis of only 5°.!
with high roughness. Figure 18d shows the contact angles of the grafted and ungrafted
surface wetted with different hydrocarbon oils with increasing number of carbon atoms and
Figure 18e the cosine of the contact angle (CA) as a function of the liquid-surface energies of
the hydrocarbon oils. The grafted polymer exhibits oleophobicity in contrast to the ungrafted
one, which displays much lower CAs.

5.2 Hot-wire CVD and iCVD Polytetrafluoroethylene

Of high technological interest is the deposition of thin fluorocarbon films, which are
spectroscopically indistinguishable from bulk polytetrafluoroethylene (PTFE, Teflon®).
PTFE in its defect-free, true linear form (-(CF;)x-) has excellent chemical resistance, high

hydrophobicity, low refractive index and dielectric constant, low coefficient of friction, and

high thermal stability.
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Due to its extremely low solubility in common solvents, it is very difficult to process the
PTFE in thin film form and therefore in-situ polymerization techniques, i.e. CVD
polymerizations, have been investigated. PECVD of teflon-like coatings resulted in structure
containing high concentrations of dangling bonds and a variety of bonding environments (i.e.
CF; and CF, in addition to CF»). The CF; content was just 38% when the PTFE was deposited
by PECVD and with growth rate ~140 nm min '. Films containing high percentages of CF,
were obtained by using pulsed plasmas, but deposition rates are substantially lower.

On the contrary a structure exclusively made of CF, repeating units was successfully obtained
by HWCVD!"** and iCVD™"" at much higher growth rates. HWCVD can be considered as the
ancestor of iCVD: it takes place in a similar reactor configuration and the chemical species
are thermally broken by a filament. Unlike iCVD, the initiator is not involved in the process
and the monomer is the species that is thermally decomposed. HWCVD has been used to
create high quality fluorocarbon and organosilicon films and has attracted significant attention

1 .
(1251691 The monomer, which has been used to create

due to the scalability of the process.
PTFE films, is the hexafluoropropylene oxide (HFPO). HFPO pyrolysis results in
difluorocarbene (CF:) radicals.'”” CF, production has been observed in the gas phase by UV

171

absorption spectroscopy!'’'. PTFE chain growth proceeds by the addition of singlet CF, to

unterminated CyF,, chains, following the pathway identified by density functional theory.!'””
Chain termination most likely occurs by reaction with the primary initiating radical or with
another propagating chain.

PTFE films produced by HWCVD technique can reach essential 100% CF, groups.
Measurements of x-ray photoelectron spectroscopy (XPS) and Fourier transform infrared
(FTIR) spectra demonstrate the predominance of the —CF,- bonding environment, similarly to
what also observed for conventionally synthesized bulk PTFE. Same results were obtained by

solid-state magic angle spinning "°F nuclear magnetic resonance (NMR) as shown in Figure

19¢."") The PTFE obtained by HWCVD showed also some crystalline organization as
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observed by x-ray diffraction (XRD), which was enhanced by an annealing step to the point
that spherulites were visible to the naked eye."!

Typical surface energy for PTFE is ~20 mN/m, higher than the surface energy of the acrylate-
based fluorocarbon coating, due to the low density of terminal CF5 groups. In spite of this,
superhydrophobic coatings were obtained by depositing conformal PTFE by HWCVD over
vertically aligned multiwalled carbon nanotube forests (mean diameter ~50 nm, mean height
~2 um) (Figure 19a)." Figure 19b shows an essentially spherical water droplet suspended
on the PTFE-coated forest. PTFE coated nanotube forest displayed advancing and receding
contact angles with water of 170° and 160°, respectively. The super-hydrophobicity was
explained as an effect of the higher roughness due to the deposition on nanotubes of different
height.

Also in HWCVD the substrate remains at ambient temperature. This enables the coating of
nearly any object, including paper. Figure 19¢ shows, in fact, a PTFE-coated tissue paper.!'*’!
The paper substrate survived the HWCVD step, demonstrating the gentle nature of the
process, and the water did not wet it after depositing the hydrophobic coating. In contrast,
substrates need to withstand a temperature of 400°C in order to survive the conventional spray
and bake process for PTFE coatings used for relative thick coatings (~25 um), such as those
applied to non-stick cookware.

HWCVD has been used to coat substrates with complex 3D shape and morphology (Figure
19d, f). A conformal coating 16 um thick PTFE, was deposited on a 25 um diameter stainless

[175

steel wire.!'””! The coating is visible all around the circumference of the wire.!'® The

uniformity of coating thickness can be also observed over all the surfaces of a MEMS test
structure.”
PTFE has been also obtained through iCVD, using the initiator perfluorooctane sulfonyl

fluoride (PFOS).1*”! Thermal decomposition of the PFOS over the heated nichrome filament,

produced -(CF,);CF; initiating radicals. For iCVD PTFE, the filament not only was useful to
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create radical species from the initiator, but also, to decompose the precursor gas (HFPO) to
form the polymerizing species. The addition of PFOS, as initiator, accelerated the deposition
rates, < 1 um/min. Furthermore, PFOS initiating radicals contained terminal CF; groups
which were included in the PTFE polymer chains, lowering the surface energy of the polymer.
iCVD synthesis of CF; terminated PTFE chains was confirmed by solid-state magic angle
spinning '°F nuclear magnetic resonance (NMR).

1% have recently investigated the use of another initiator: the perfluorobutane

Laird et a
sulfonyl fluoride (CF3(CF,);SOyF, PBES). It has a shorter C4 perfluorinated chain, which is
preferable to avoid bioaccumulating C8 species. They have investigated the nanoscale
roughness and chain orientation of the ultrathin iCVD PTFE conformal coatings on single
wall carbon nanotubes (SWCNT). The SWCNT induced PTFE crystallization in situ. Figure
19g shows the SEM image of SWCNT buckypaper with a thin coating of PTFE. The PTFE
shows lamellar structures, with a disk shape, spaced on average 13 nm apart and kept strung
together by a one-dimensional template, presumably SWCNT bundles. This type of structure
(reported for the first time by this research group) has been assembled to “nanohybrid shish
kebabs” in which the shishes are the nucleation templates onto which crystalline polymers
crystallize with lamellar orientation. A schematic of the disks arrangement on the SWCNT
bundle has been given in Figure 19i. Detailed size analysis showed that the mean diameter of
the disks was ~40 nm (Figure 19h). The achieved control not only over the surface chemistry
of the PTFE films but also on their topology is expected to have major implications in
applications as antifouling and wear-resistant surfaces.

6. Scale-up and Commercialization

The industrial viability of iCVD PTFE has been demonstrated by Pryce Lewis et al.l'®”)
Computer control of the reactant flow rates, the temperatures of various parts of the system,

pressure, and the safety interlocks, reduces the training and knowledge required by the

operator of a commercial iCVD reactor system (Figure 20) and improves the reproducibility
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of the process. The same reactor designs provide a unified platform for the growth of any
iCVD functional polymer or copolymer.

A benchtop system with a 200 mm diameter vacuum chamber (Figure 20a) is designed to
facilitate academic and industrial research and development. Reactor chambers with large
deposition areas improve the economics of the process, increase process throughput, and
allow for the surface modification of large objects. Computational fluid dynamic modeling
and non-dimensional analysis of convective and diffusive heat and mass transport”’" allow
processes developed in bench scale systems to be translated with equivalent performance into
large reactors. The design of the reaction chamber and the process conditions employed
(temperatures, pressures, and reactant flow rates) determines the deposition rate achieved and
the efficiency of reactant utilization. The latter two factors are among the most critical for
determining the overall process cost. Utilizing reactants commercially available in bulk
quantities, as opposed to custom synthesized molecules, is highly desirable for achieving
favorable process economics for CVD polymers.

Two production size iCVD reaction chambers are shown in Figure 20b and 20c, a batch
deposition reactor with an integrated touch screen control panel and a coating width of 1.2 m,
and a 0.5 m wide roll-to-roll web system for coating of flexible media, respectively. The roll-
to-roll system can achieve a higher percentage of active coating time by eliminating the down
periods associated with pumping up and pumping down each time the door is opened and
closed. Semi-continuous roll-to-roll systems are typically designed to run for ~0.5 day or ~ 1
day without operator intervention, requiring greater process stability and control than for
batch operation. Rolling the media averages any gradients present along the direction of travel,
but excellent uniformity of composition and thickness is required in the perpendicular
direction across the roll. The economic benefit of roll-to-roll operation, for example, is

utilized for metallization of food packages such as on the internal surfaces of potato chip bags.
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While the initial investment in bench scale CVD equipment exceeds that required for typical
solution processing, at the manufacturing scale CVD can have a lower cost of ownership. For
example, for the growth of low dielectric constant layers for the semiconductor industry, the
purchase and operation of both automated, controlled vapor ambient, spin-coating tracks and
post bake furnaces for removing residual solvent, combined with high consumable cost of the
spin-on resins, made solution-based approaches more costly than CVD. The CVD materials
also had superior properties and thus now dominate the market for low dielectric constant
films, despite significant investment from many major chemical suppliers offering solution
applied low dielectric materials. Commercialization of solvent-free CVD processes can also
be favored by the absence of environmental, health, and, safety issues associated with solvent
usage and the elimination of solvent disposal costs.

It should be noted that an older CVD process for poly-para-xylylene (PPX) and its variants,

(1761 These coatings, as known as

has been successfully commercialized since the 1960’s.
parylenes, are desired for their conformal coverage and are widely used as protective
encapsulation over the complex features of printed circuit boards and medical devices. An
excellent review of the synthesis and applications of functionalized forms of PPX has been

recently been authored by Lahann et al.!'””]

7. Historical Development

The first HWCVD polymer deposition in 1996!'7 was actually a negative result! At that time,
our MIT group had been carrying out traditional plasma enhanced CVD of polymer-like thin
films. In the literature for this field, it was widely hypothesized that the ions produced by the
plasma were essential for the growth of organic films.”) We were using a monomer,
hexafluoropropylene oxide (HFPO), which we subsequently learned was also thermally
cracked for use in molecular beam experiments to produce the neutral species,

difluorocarbene (CF,). Since we were also carrying our research on HWCVD of
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polycrystalline diamond thin films, we decided to test the long-standing hypothesis by
thermally decomposing HFPO in a HWCVD reactor, to produce a high concentration of
neutrals in the absence ions. The expectation was that no film would form. The wire
temperatures needed for pyrolysis of the HFPO were only ~450°C rather the ~2000°C used in
the diamond deposition work. Surprisingly, in first HWCVD from HFPO, doctoral student
Scott Limb rapidly deposited film with essentially 100% functional group retention.

Since this initial unanticipated result, the conceptual development of iCVD and oCVD has
been guided by the work of the many researchers who established the fundamental
mechanisms of solution phase polymerization. Several generations of graduate students and
postdoctoral researchers contributed to the development of these technologies for CVD
polymerization and only a few highlights will be mentioned. A separate intentional initiation
species was first introduced by doctoral student Hilton Pryce Lewis in 2001"") yielding a
dramatic increase in deposition rate. As CEO of GVD Corporation (gvdcorp.com), Dr. Pryce
Lewis has led the scale up, automation, and commercialization of HWCVD and iCVD
polymers. The utilization of a separate initiator was extended by doctoral student Yu (Jessie)
Mao to the first successful polymerization vinyl monomers in 2004.°% She also demonstrated
the first iCVD copolymerization and extended the use of reactivity ratios developed for
solution synthesis to the vapor deposited films. Fundamental knowledge of the iCVD process
was significantly advanced by doctoral student Kenneth K.S. Lau.”" > Thus, the iCVD
method could be rapidly extended to the free radical polymerization of many new monomers.
Also in 2006, the first demonstration of oxidative step growth polymerization to form oCVD
electrical conductive films was achieved by doctoral candidate John Lock.”**! The in situ
grafting of oCVD film to create robust adhesion to surfaces with aromatic groups was

[19

achieved by doctoral student Sung Gap Im.""” In 2012, as a professor at Drexel, Dr. Lau has

shown that iCVD can be extended to cationic polymerization.!'*
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The polymeric compositions achievable and their applications are anticipated to blossom as
more research groups adopt this technology.

8. Conclusions and Future Prospects

New CVD polymer methods augment the capabilities of traditional methods for polymeric
surface modification and are an enabling technology for multiple applications. CVD
polymerization brings the precision of the vacuum deposition methods developed for
inorganic films to the realm of functional and responsive organic materials. Vapor methods
enable the direct chemical synthesis and thin film formation of organic polymer layers in a
single step. The platform technologies of oCVD and iCVD are analogous to traditional
oxidative step growth and free radical chain growth mechanisms, respectively.

The full degree organic functional group retention is highly desirable for designing surfaces,
which display controlled wettability, antifouling behavior, or respond to external stimuli.
Additionally, the chemical and biological specificity, which can be imparted by the organic
functional groups, is a characteristic that clearly differentiates CVD polymers from their
inorganic CVD counter parts. This specificity of chemical and biological interaction is only
beginning to be exploited for applications from chemical sensing to tissue engineering.

A wide range of homopolymers and copolymer compositions have been demonstrated by both
iCVD and oCVD methods. A unique feature of CVD is that the monomers used for the
copolymerization do not require a common solvent.

Dielectrics, semiconductors, and electronic conductors have all been demonstrated by CVD
polymerization. Contiguous films can be obtained with thickness as low as 10 nm, while high
growth rate conditions, in some cases > 1 pm/min, can be utilized to deposit films which are
tens of microns thick.

The easy tunablity of the film and surface properties has allowed the successful integration of
CVD polymers into prototypes for applications including, but not limited to, membranes,

microfluidics, sensors, controlled release, and flexible optoelectronics. As passivation of
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neural probes, dielectric iCVD layers have measure stability over > 9 years in 37°C saline
solution under continuous cycling between +/- 5 V. The diversity of applications for CVD
polymers is anticipated to expand with increasing codification of the processing knowledge
and ready availability of automated reactor systems.

By eliminating the need to dissolve macromolecules, the CVD approach is particularly
advantageous for the synthesis of linear polymers or crosslinked networks of limited
solubility. Additionally, vapor processing avoids the potential for the substrate to disintegrate,
dissolve, swell, shrink, fade, or wrinkle as a result of solvent exposure. Solvent-free and
surfactant-free processing eliminates the environmental, safety, and health considerations
associated with these components and can reduce waste disposal. Process simplification can
result by eliminating post-deposition steps, such as annealing for removing residual solvent
from solution-applied film. Undesirable dewetting effects, which lead to pinhole and void
formation, are also avoided by utilizing CVD.

Unlike typical solution processing, CVD polymerization produces conformal coatings, which
precisely follow the geometry of the underlying substrate. The conformal nature of CVD
polymers allows the uniform modification of objects having complex shapes and surface
features, including the interior surfaces of porous or fiber-based media. This conformal
behavior has been achieved at high rates (~100 nm/min). The high deposition rate and the
specific chemical composition of the resulting polymers differentiate iCVD and oCVD
conformal coatings from those achieved by either atomic layer deposition (ALD) or layer-by-
layer (LBL) deposition.

By building the films from the interface up, in situ interfacial grafting strategies have resulted
in robust interfaces. To date, these grafted interfaces have been shown to prevent
delamination failures, which is essential for most applications. The adhesion allows patterning
the functional layers to submicron resolution and this patterning is essential for the successful

integration of CVD polymer into device structures. In addition, grafted iCVD interfaces have
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enabled the stable electronic passivation of silicon at room temperature. Future efforts are
expected to produce hybrid organic/inorganic interfaces with novel thermal and electronic
properties.

The modest substrate temperature, often near room temperature, allows the CVD polymers to
be directly grown on thermal sensitive materials, such as plastics and textiles. In contrast,
materials synthesized at high temperature must be first grown on thermal stable substrate and
then transferred onto the substrate of lower thermal stability, through a complex and costly
process. Since flexible substrates are essential for economical roll-to-roll manufacturing, the
ability to grow flexible layers of insoluble materials, including electrical conductors and
semiconductors, directly on flexible substrates, is an enabling capability for low-cost
processing. Additionally, the controlled vacuum deposition environment and the high purity
of commercially available small molecule reactants enable high quality film, making CVD
polymers desirable for biomedical and optoelectronic applications. Precise control and
quantitative modeling of the delivery of reactants, vapor flow patterns, and reaction
temperatures, couples with real-time monitoring of the deposited thickness allow for
reproducible of processing and scale up of reactor size. These two latter factors have been the
key to the commercial success demonstrated to date, and will remain essential to further
expansion of the many practical benefits of CVD polymer technology.
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Figure 1. (a) Reactor configuration for oxidative chemical vapor deposition (oCVD).
Evaporated oxidant and vapor-phase monomer(s) adsorb onto a cooled substrate and step
growth polymerization occurs. (b) Initiated chemical vapor deposition (iCVD) process.
Vapor-phase vinyl monomer(s) and thermally labile initiator flow through an array of heated
filaments. The initiator is decomposed into radicals; these radicals and the monomer(s)
adsorb on a cooled substrate and film growth occurs via free radical polymerization.

Figure 2. Images of oCVD PEDOT along the top are compared with those of spin-cast
PEDOT:PSS along the bottom. On graphene (a,b), the optical micrographs and the inset
photographs, show that the dewetting defects present in PEDOT:PSS are absent in the oCVD
coating. On imprinted PMMA features, the scanning electron micrographs show complete
infilling of by oCVD whiles voids are left by spin-casting (c,d), and constant thickness of the
conformal coating by oCVD as opposed to the variation in coating thickness observed for
PEDOT:PSS (e,f). On poly (acrylonitrile) fiber mats, the conformal oCVD film, encases each
fiber, while dewetting of the PEDOT:PSS forms agglomates (g,h). Photographs show the
oCVD coating is uniform over rice paper, while spin-coating damages this substrate.
Reproduced with permission from a- b) 2%, ¢-f) 7 g-h) U781 i) ] a-b) Copyright 2012,
American Chemical Society. c-f) Copyright 2013. g-h) Copyright 2008, John Wiley and Sons.
i-j) Copyright 2011, John Wiley and Sons.

Figure 3. Patterning and grafting of oCVD PEDOT: (a) grafting to silicon enables the
successful formation of interdigitated electrodes whereas delamination of the pattern’s
features occurs without grafting; (b) patterns achieved by lift-off and utilizing in situ grafting
to PET; (c) grafted patterns on PET remain adherent with flexing; (d) grafting enables
successful colloidal lithography;( ) Grafting produces a (100) x-ray diffraction peak in
oCVD PEDOT grown on Si(100) (black), in addition to the (010) peak seen without grafting.
Reproduced with permission from a-c) '), d) '™, ¢) B! a b,c) Copyright 2007, John Wiley
and Sons. d) Copyright 2011, John Wiley and Sons. e) Copyright 2010, Royal Society of
Chemistry.

Figure 4. (a) The tunability of work function of oCVD PEDOT as a function of deposition
temperature. (b) Optical transmittance, T, at A=550 nm, versus sheet resistance (Ry, ) of
oCVD PEDOT, showing the trade-off between these two most important characteristics for
transparent electrode applications. A fit curve (red line) gives 64c/6o,=9 0of o0CVD PEDOT
and for reference, current standard metal oxide with 64./0,,=35 is provided as the black
dashed line. The bottom inset shows a decrease in sheet resistance with increasing the film
thickness of oCVD PEDOT. The top inset shows successful vapor printing of PEDOT at 15
point with Verdana bold on tissue paper. (¢) An electrochromic device in which patterned
oCVD PEDOT switches from the light/oxidized state (top) to the dark/reduced state (bottom).
Reproduced with permission from a) P4, b) '), ¢) B4, a) Copyright 2007, American Institute
of Physics. b) Copyright 2011, John Wiley and Sons. ¢) Copyright 2007, Elsevier.

Figure 5. (a) Schematic of conventional bottom-illuminated OPV structure where oCVD
PEDOT anode deposition is the first step (top). The resulting devices on PET subtrates
present no significant degradation in performance with repeated 5 nm-radius flexes (bottom).
(b) Schematic of top-illuminated device in which deposition of the oCVD PEDOT is the final
step (top). Prototype of this structure on a postage stamp, representing a rough opaque
substrate. The power conversion efficiency was 2.0 % (bottom). (c¢) Facile monolithic
integration of OPV cells for rapid production of devices independent of substrate: fabrication
schematic of 250-cell arrays on paper using vapor printing oCVD PEDOT (top), the printed
PEDOT anode pattern (bottom left) and a complete solar cell array on a 7 cm x 7 cm square of
tracing paper capable of >50 V output (bottom right). (d) Folding of oCVD PEDOT coated
subtrates into a variety of non-planar geometries (top). Increased absorption with the
decreasing hinge angle of OPV half-cells fabricated using oCVD PEDOT is promising for the
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improved areal output power density (bottom). Reproduced with permission from a,c)!'””’, b)
331" d) B7)a) Copyright 2011, John Wiley and Sons. b) Copyright 2012, John Wiley and Sons.
c¢) Copyright 2013, Unpublished

Figure 6. (a) oCVD unsubstituted polythiophene (PT). (left) During the oCVD process, the
polymer is overoxidized which results in a doped, conductive film. Dedoping the film with
some reducing agent, such as methanol, results in a neutral polymer film. (middle) The
absorption spectra of the doped (blue) film shows characteristic bipolaron peaks, whereas the
semiconducting (red) film shows a characteristic n- ©* transition peak. (right) Bilayer
heterojunction organic photovoltaic devices fabricated with oCVD PT and Cgy demonstrated
power conversion efficiencies up to 0.8%. The inset figure shows the absorption spectra of
oCVD PT and Cg. (b) Polyisothianaphthene films prepared by oCVD at various
temperatures. Controlling the temperature of deposition is shown to control the resulting
polymer properties. (c) oCVD polyselenophene films on paper substrates demonstrating the
ability to easily pattern the oCVD polymer and the ability to conformally coat rough
substrates. (d) Copolymers of EDOT and 3-thiopheneethanol (3TE) deposited by oCVD.
(middle) Electrospun fiber mats with fluorescently labeled avidin (green) attached to —-OH
functional groups of conformal oCVD poly(EDOT-co-3TE). Attached to the avidin are biotin
labeled with red quantum dots. (right) Response of avidin/poly(EDOT-co-3TE) on
electrospun mat exposed to biotin solutions of 5 nM (blue), 50 nM (purple), 500 nM (green),
and 5 pM (red) concentrations. Reproduced with permission from a) [*!), b) 21, ¢)!81 " q) 1461,
a) Copyright 2012, Elsevier. b) Copyright 2013, Unpublished. ¢) Copyright 2012, Royal
Society of Chemistry. d) Copyright 2011, John Wiley and Sons.

Figure 7 Kinetic studies on the iCVD process. (a) Quartz microbalance measurement of the
adsorbed volume and calculated areal concentration as a function of the Py/Pg, (b) Arrhenius
plot of the deposition rate of p(EGDA) as a function of the inverse of the gas temperature. At
low filament temperature, the apparent activation energy (166 kJ/mol) has been calculated
from the slope of the linear regression of the data. (c¢) FT-IR and C 1s XPS spectra of the PVP
deposited by iCVD and the standard commercial polymer. The iCVD polymer is nearly
spectroscopically identical to the commercial one. Reproduced with permission from a) ', b)
81 ¢) %1 a) Copyright 2006, American Chemical Society. b) Copyright 2009, American
Vacuum Society. ¢) Copyright 2006, American Chemical Society.

Figure 8 Robust cross-linked networks can be easily synthesized by iCVD. (a) Electrical
resistance of poly(V3D3) over 1000 days, applying constant bias. Due to the high durability
of this coating, the electrical resistance remains constant. (b) Cross-linked network of maleic
anhydride and aminostyrene copolymer. The latter is another example of hard and cross-
linked polymer network. iCVD allows also to functionalize hydrogels with one-step
polymerization. (c) pentafluorophenylmethacrylate (PFM) was copolymerized for the top 10
nm with HEMA. The resulting graded copolymer gave a platform for surface
functionalization with peptides which enhanced cell attachment and growth on the surface. In
the middle, HUVEC morphology at 2 h of incubation. On the left, ToF-SIMS depth profile
showing the signal at m/z= 253.1, corresponding to a positively charged PFM fragment, as a
function of film depth for both the homogeneous and graded copolymer. Reproduced with
permission from a)"7l, b)*¥ ¢)” 181 a) Copyright 2007, American Chemical Society. b)
Copyright 2012, Wiley. ¢) Copyright 2009, American Chemical Society and Wiley.

Figure 9 iCVD surfaces for controlled interaction with protein and/or other bio-molecules
and microorganisms. (a) Structure and protein adsorption of antifouling iCVD p(HEMA-co-
PFDA) with various compositions. Model fitting indicates that each local heterogeneous unit
that interrupts protein adsorption compasses 4-5 repeat unites. (b) iCVD PEO coatings are
patterned on silicon wafer and subject to adsorption tests from fluorescently labeled bovine
serum albumin (BSA); coated areas resist protein attachment effectively. (¢) Structure and
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XPS high resolution N(1s) scan of antifouling iCVD polysulfobetaine film at the information
depth of 3 nm. The major peak near 402 eV represents quaternary ammonium, indicating high
surface concentration of zwitterions. (d) Static water contact angle on multi-walled carbon
nanotubes coated with iCVD PNIPAAm films below (left) and above (right) the LCST. The
mass and viscoelasticity display a step change near the LCST as revealed by QCM-D; above
the LCST, absorbed water is expulsed from the polymer layer, which reduces the mass and
the viscoelasticity. Reproduced with permission from a)”), b) U9 ¢) HOH ) 106l 4)
Copyright 2009, Wiley. b) Copyright 2012, American Chemical Society. ¢) Copyright 2012,
American Chemical Society. d) Copyright 2010, Wiley

Figure 10. (a) SEM and FEM image of a non-equi-biaxially stretched PDMS sample upon
sequential release. Adjusting the pre-stretch on the x- and y-axis and carrying out a sequential
release enables to obtain a herringbone pattern and tune the features (wavelength, amplitude,
jog angle) of the wrinkled pattern. (b) SEM and FEM image of an equi-biaxially stretched
PDMS sample upon simultaneous release. The experimental conditions carried out during the
release/re-stretch process results in a disordered pattern. (c) Optical 3-D profilometer image of
a herringbone pattern. Reproduced with permission from a-d) ['"*?! Copyright 2012, Wiley.

Figure 11. iCVD enables effective in situ grafting of deposited polymer on various substrates
(right column), which enhanced the performance and durability compared to non-grafted
coatings (left column). (a) Without maleic anhydride (MA) grafting, antifouling iCVD
zwitterionic coatings delaminates from the membrane substrate when placed in water; while
with the MA grafting, the iCVD coating, as indicated by white dots, cannot be easily
differentiated from the membrane substrate, indicating good adhesion. (b) Tert-butyl peroxide
(TBPO) grafting enables the formation of silicon-carbon bond and the covalent attachment of
polymer coatings directly to silicon substrates. The delamination events observed for non-
grated coating are thus prevented. Scale bars represent 1um. (¢) Non-grafted iCVD coating on
silicon substrate does not stand up to nano-scratching tests, and spalling of the films are
observed under optical microscope, which does not exist for the TBPO-grafted coatings. Scale
bars represent 7um. Reproduced with permission from a)!'®"l b-c)!''*!. a) Copyright 2012,
American Chemical Society. b-¢) Copyright 2013, Wiley.

Figure 12. (a) Positive-tone features patterned in a polyacrylic iCVD thin film using
electron-beam lithography. (b) 4 mm-diameter glass rod patterned by exposing diacetylene-
functionalized iCVD poly(4-vinylpyridine) (P4VP) through a flexible mask. (c¢) iCVD P4VP
features patterned using a chemically non-selective lift-off technique. (d) iCVD bifunctional
surface exhibiting independent chemical and topological contrast. (¢) Nanodomains of iCVD
and PECVD films patterned using capillary force lithography; light and dark-colored regions
contain orthogonal acetylene and amine functionalities, respectively. (f) Arrays of self-
assembled microstructures created by coating elastomeric pillars with hydrophilic iCVD
polymer and submerging in water. (g) Close-up of a microstructure depicted in (f); solvent
bonds form between the pillars, causing them to remain assembled after the system is dried.
(h) By patterning the pillar-coated substrate with regions of hydrophobic polymer, the regions
of self-assembly can be controlled. Reproduced with permission from a)''®l, b) '8 ¢) 184 )
(511 ) 1831 £ 1) 11221 3) Copyright 2006, American Chemical Society, b) Copyright 2012,
Wiley. ¢) Copyright 2013, IEEE, d) Copyright 2010, Wiley. e) Copyright 2008, American
Vacuum Society. f-h) Copyright 2011, American Chemical Society.

Figure 13. (a) Schematic of a paper-based microfluidic device consisting of a separation zone

coated with acidic or basic iCVD polymer and a UV-responsive switch consisting of a
patterned region of poly(o-nitrobenzyl methacrylate). (b,c,d) Separation of toluidine blue O
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(cationic analyte) and ponceau S (anionic analyte) on an uncoated paper microfluidic channel
(b), a channel coated with acidic iCVD poly(methacrylic acid) (c), and a channel coated with
basic iCVD poly(dimethylaminoethyl methacrylate ) (d). (e¢) Microfluidic channels coated on
paper using a hydrophobic, photoresponsive iCVD polymer. The channels exhibit excellent
retention of aqueous dye solutions. (f) Overlaid fluorescence micrographs of iICVD and
PECVD orthogonal nanodomains. The click-functionalized red dye is excited at 545 nm and
the N-hydroxysuccinimide-functionalized green dye is excited at 491 nm. (g,h) Fluorescent
micrographs of an iCVD hydrogel covalently functionalized with CdSe/ZnS nanoparticles in
the dry state (g) and swollen upon immersion in pH 8 buffer solution (h). Reproduced with
permission from a-d) !, e) P, £) %] o_p) 124 4.d) Copyright 2012, American Chemical
Society. e) Copyright 2011, Royal Society of Chemistry, f) Copyright 2008, American
Chemical Society, g-h) Copyright 2009, American Chemical Society

Figure 14. (a) SEM images of PCL electrospun mats before and after conformal iCVD
coating of PPFEMA (scale bars = 2 um); (b) XPS spectra for samples shown in a); (¢) Top
view SEM images of PVA mold before and after iCVD coating of PGMA and PPFDA (scale
bar = 30 nm). The iCVD layer conformally coated inner surfaces of the polymer mold; (d)
Cross-sectional SEM images of iCVD deposited pPCHMA on a trench wafer substrate; (e)
Cross-sectional SEM images of TiO; electrodes (4 um thick) before and after iCVD coating
of PHEMA (scale bar = 100 nm), which keeps the morphology of the porous network
unchanged. Reproduced with permission from a-b) !, ¢) [°!1 ) 1% ¢) 371 3.b) Copyright
2005, American Chemical Society. ¢) Copyright 2012 Elsevier. d) Copyright 2011, American
Chemical Society. ) Copyright 2010 American Chemical Society.

Figure 15. Confocal images of the microworms filled with the optode solution in brightfield
(a) and fluorescence mode (b). (¢) Fluorescent images of the tissue construct with the PDMS
microgroove shape. (d) SEM image of the coaxial nanotubes showing a diameter of 200 nm
and a wall thickness of 60 nm. (¢) SEM image of the coaxial nanotubes after exposure to the
dye solution at 80 °C. Due to the swelling of the hydrogel the diameter increases to 350 nm
and the wall thickness to 100 nm. Ionic liquid (IL) marbles on a liquid bath coated on a bed of
loose PTFE particles (left) and a bare Petri dish (right). Left marble is fully encapsulated and
the IL is retained inside the polymer shell structure showing its characteristic yellowish color.
However, in the right marble the IL leaked out as a result of a crack in the shell when
removing it from the Petri dish due to the bridging effect (e). Reproduced with permission
from a-b)!'*, ¢)'¥71q)Te)!*1 a_b) Copyright 2011, PNAS. ¢) Copyright 2011, American
Chemical Society. d) Copyright 2011, Royal Chemical Society. e) Copyright 2012, American
Chemical Society.

Figure 16. (a) SEM images of crosslink pHEMA-pEGDA nanotubes in the dehydrated (left)
and swollen states (right). (b) Schematics of nanotubes in the dehydrated and swollen states,
respectively. (c) Cross-sectional SEM image of iCVD PHEMA coated silica microsphere at
1600X magnification (left, scale bar = 10 um) and 5500X magnification (right, scale bar = 2
um). The PHEMA layer is indicated by arrows. (d) AFM image of hydrophobic depressions
in a hydrophilic matrix in dry state (left) and swollen state (right). (¢) Water preferentially
condensing on the PHEMA coated hydrophilic region (scale bar = 20 um). (f) pH-dependent
swelling property of p(MAA-EDMA) copolymers. (g) Property of drug release from the pSi
drug delivery system capped with a pH responsive iCVD film. The film becomes contractive
in low pH (left) and inhibits drug release, whereas the swelling film in a higher pH (right)
promotes drug release. (h) Strong hydrophilic (as shown in inset) hydrogel patterns of well-
ordered PHEMA arrays grafted by iCVD process (scale bar = 1 pum). i) The SEM image of
wrinkled p(HEMA-EGDA) layer coated via iCVD process with a thickness of 300 = 10 nm.
Reproduced with permission from a-b) 4, ¢)P2 d-e)l'>1 U] )l133] 1)[1091 1821 5 1)
Copyright 2010, The Royal Society of Chemistry. c) Copyright 2008, American Chemical
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Society. f) Copyright 2007, Elsevier. g) Copyright 2012, American Chemical Society. h)
Copyright 2009, American Chemical Society.

Figure 17. (a) Transmission electron micrograph of a titania-iCVD PHEMA Bragg mirror
deposited on silicon. (b) Color change of the Bragg mirror upon exposure to water vapor. The
dry, as-deposited coating appears green on a quartz window (t=0 s). Exposure to 1 mol%
water vapor changes the coating color to red (t=0.3 s). The green color is recovered after
purging with N, (t=0.6 s). (c) Titania-iCVD PHEMA Bragg mirror deposited on red paper. (d)
iCVD polymer-coated microcantilever switch before (top) and after (bottom) exposure to
hexylamine analyte. Deflection of the cantilever upon exposure causes the metal device
components to contact, completing a circuit. (¢) Micro-scale silicon trench sensor before (top)
and after (bottom) exposure to nitrobenzene. The responsive iCVD P4VP layer expands
during analyte exposure, connecting the Au/Pd-coated regions and decreasing the resistance
measured across the device. (f) Micro-scale nitroaromatic sensor consisting of a line of
responsive iCVD P4VP overlaid with a nano-scale metal line. Exposure to nitroaromatic
compounds results in expansion of the polymer and deformation of the metal, changing the
device resistance. (g) Doped (left) and undoped (right) films of conjugated, conducting iCVD
oligomers. Silver contacts are used for conductivity measurements. Reproduced with
permission from a-c) %, d) U1 ¢) U0 ) P17 o) U881 5_¢) Copyright 2008, American
Chemical Society, d) Copyright 2009, IEEE, ¢) Copyright 2010 Wiley, f) Copyright 2013,
IEEE, g) Copyright 2010, Wiley.

Figure 18. iCVD p(PFDA). (a) PDMS micromold bare (left image) and coated with
conformal p(PFDA) coating. Superhydrophobic coating served as barrier to avoid lateral
diffusion of the chemicals through the sides of the channels. (b) Paper solar cell coated with
superhydrophobic p(PFDA) and soaked into a water bath. The solar cell works also after
water immersion. (¢) A two-layer coating of conformal p(DVB) and p(PFDA) was used to
generate hydrophobicity-based selective permeation inside the pores of a AAO membrane. (d)
Plot of the contact angles (CA) of the p(PFDA) surface when wetted with drops of
hydrocarbon oils with different number of carbon atoms. Two types of p(PFDA) surfaces
were investigated: one with the polymer chains covalently bonded to the substrate (grafted)
and the ungrafted one. The grafted polymer shows higher oleophobicity than the ungrafted.
(e) Cosine of the contact angles as a function of the liquid surface energy of the oils used to
wet the surface of the grafted and ungrafted p(PFDA). (f) X-ray diffraction pattern of the
p(PFDA) coatings deposited at different filament temperature. When the x-ray beam is
oriented at 0° with respect to the normal to the surface in the diffractometer, the pattern is
visible for the sample deposited at high filament temperature. The contrary applies when the
x-ray beam is oriented at 90° with respect to the normal to the surface. This is an evidence of
a different chain orientation, as represented in the cartoons on the right. At high Tg; the chains
are oriented perpendicularly, while at low Tg they are leaning on the substrate surface.
Reproduced with permission from a)!'®), b)) ¢)l1#°] d-e) 1671 £) 1] 3) Copyright 2013,
American Chemical Society. b) Copyright 2011, Wiley. c¢) Copyright 2011, American
Chemical Society. d-e) Copyright 2012 Wiley. f) Copyright 2012, Wiley.

Figure 19. iCVD and HWCVD PFTE. (a) Nanotube coated with conformal 40-nm-thick
PFTE film. (b) Perfectly rounded-shape of a water droplet deposited on PFTE-coated
nanotube forest. (c) PTFE deposited by HWCVD on paper substrate. The mild deposition
conditions did not damage the paper substrate. (d) PTFE deposited on a lead wire and (f) on a
MEMS test structure to show the conformality that can be achieved by HWCVD. (e) Solid-
state magic angle spinning "°F nuclear magnetic resonance, which shows that the HWCVD
PTFE is made essentially of -CF, repeating units as the bulk Teflon. (g-i) Crystalline lamellar
PTFE chains were obtained on single walled carbon nanotubes (SWCNT). Such morphology
was called “shish kebab” nanohybrid. (g) SEM image of SWCNT buckypaper with a thin
coating of PTFE, (h) Histogram of the diameters of the shish kebab structure (i) Schematic of
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the disks arrangement on the SWCNT bundle. Reproduced with permission from: a-b) ['7%,
'] @)1 )17 p o q) M8 ab) Copyright 2003, American Chemical Society, c)
Copyright 2006, Elsevier. d) Copyright 1996, American Institute of Physics, ¢) Copyright
2000, Elsevier. f) Copyright 2010, Wiley. g-i) Copyright 2012, Wiley.

Figure 20. Commercial, automated iCVD reactors systems: (a) Research tool with 0.2 m
diameter vacuum chamber, (b) Batch production tool with a front opening door 1.2 width, and
(¢) Roll-to-roll system for coating flexible media up to 0.5 m in width.
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The deposition of functional polymers from the vapor phase enables new frontiers for
device fabrication and technological development. Chemical Vapor Deposition methods
have a marked footprint in a wide range of applications from biotechnology to conducting
polymer for solar cells. Finally, CVD processes implementation into industrial scale and
commercialization are also discussed.
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