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CVD Polymers for Devices and Device Fabrication
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Hossein Sojoudi, and Karen K. Gleason*

Chemical vapor deposition (CVD) polymerization directly synthesizes organic
thin films on a substrate from vapor phase reactants. Dielectric, semicon-
ducting, electrically conducting, and ionically conducting CVD polymers have
all been readily integrated into devices. The absence of solvent in the CVD
process enables the growth of high-purity layers and avoids the potential of
dewetting phenomena, which lead to pinhole defects. By limiting contami-
nants and defects, ultrathin (<10 nm) CVD polymeric device layers have been
fabricated in multiple laboratories. The CVD method is particularly suitable
for synthesizing insoluble conductive polymers, layers with high densities

of organic functional groups, and robust crosslinked networks. Additionally,
CVD polymers are prized for the ability to conformally cover rough surfaces,
like those of paper and textile substrates, as well as the complex geometries
of micro- and nanostructured devices. By employing low processing tempera-
tures, CVD polymerization avoids damaging substrates and underlying device
layers. This report discusses the mechanisms of the major CVD polymeriza-

introduced into a vacuum chamber and
form polymer thin films on cooled sub-
strates. The high-quality organic thin films
and coatings derived from the aforemen-
tioned solvent-free and low-temperature
process have found applications across a
wide range of fields.[!l In a recent example,
CVD-synthesized metal-organic covalent
network (MOCN) thin films were dem-
onstrated to display highly selective gas
permeation and hence are excellent can-
didates for gas-separation membranes.P!
The surface energy modification enabled
by CVD polymerization can create both
hydrophilic anti-fouling surfacesl®®! and
hydrophobic icephobic/anti-hydrate sur-
faces.’12 Hydrophobic CVD polymers
were also employed to enhance steam
condensation efficiency.l'l CVD polymer
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tion techniques and the recent progress of their applications in devices and
device fabrication, with emphasis on initiated CVD (iCVD) and oxidative CVD

(oCVD) polymerization.

1. Introduction

1.1. Background of CVD Polymerization

As a mature technology, chemical vapor deposition (CVD) is
widely employed in industry to produce inorganic thin films
and materials (e.g., semiconductors and dielectrics for micro-
electronics, optoelectronics and energy conversion devices).[!
The CVD process is also one of the major techniques for syn-
thesizing carbon nanotubes (CNTs) and graphene sheets.l>
More recently, the benefits of CVD have been demonstrated
for creating and engineering polymer thin films.[!l In a typical
CVD polymerization process, the vaporized monomers are
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functional surfaces have found utility in
the fields of biomass extraction™ and
drug delivery."” In addition to the afore-
mentioned applications, defect-free CVD
insulating, semiconducting, and insu-
lating polymers have proved valuable in the fabrication of
organic electronic devices.[I'16-21]

Among various CVD polymerization techniques, two dis-
tinct solvent-free CVD polymerization processes, initiated
chemical vapor deposition (iCVD) and oxidative chemical
vapor deposition (0CVD), have been developed by Gleason and
co-workers.[116:20.211 Tn an iCVD process, volatile monomer(s)
(e.g., acrylates) and an initiator (e.g., tert-butyl peroxide, TBPO)
flow into the vacuum chamber which has temperature con-
trolled chamber walls and substrates. The initiator is then
broken apart to form radicals by thermal decomposition,® UV
radiation!??! or plasma initiation.”! These radicals subsequently
react with absorbed monomers on the cooled substrate to ini-
tiate the radical polymerization (chain growth mechanism)
and form CVD polymers. In an oCVD process, the volatile
monomer(s) (e.g., thiophene) and oxidant (e.g., iron III chlo-
ride) are introduced into the temperature controlled vacuum
chamber followed by step-growth polymerization of conductive
CVD polymers on the substrates.[?’]

Aside from the iCVD and oCVD processes, plasma-enhanced
chemical vapor deposition (PECVD), parylene CVD, molecular
layer deposition (MLD), vapor deposition polymerization (VDP)
and vapor phase polymerization (VPP) are additional common
CVD polymerization processes.['16:202L24 PECVD and parylene
CVD occur via a chain growth mechanism (radical polymeriza-
tion), while in MLD, VDP and VPP, the monomers undergo
a step-growth mechanism (condensation polymerization).

Adv. Mater. 2017, 29, 1604606
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Differences in polymerization mechanisms have implications
for which monomers can be employed with a specific process
and hence the types of polymers can be formed by a given
approach.

In a PECVD process, monomers are fragmented by plasma
to form a variety of radical species. The resulting thin films are
often highly crosslinked,’”! and thus can be mechanically and
thermally robust. However, the properties of the PECVD films
can also be negatively impacted by the loss of desirable organic
functional groups and by defect formation resulting from the
plasma fragmentation.?®! For example, recently it has been
demonstrated that PECVD films displayed reduced photo-sta-
bility as compared to that of iCVD films grown using the same
monomer.?]

Instead of using a plasma as the energy source, parylene
CVD employs heat to crack vapor phase reactants related to
[2,2]paracyclophane. Polymerization of the resulting radical
species on cooled substrates proceeds via a chain growth
mechanism.?”] By varying the functional groups attached to the
[2,2]paracyclophane, polymer films with high retention of func-
tionality can be produced via the parylene CVD process and an
impressive range of applications has been demonstrated.*’-3%

In the MLDBY and VDPB? processes, bifunctional mono-
mers are necessary to participate in condensation polymeri-
zation. The resulting polymers generally fall into a distinctly
different class of chemical structures from macromolecules
grown by free radical means. Unlike VDP, in which multiple
monomer species flow into the reactor simultaneously, in
MLD, flows of different monomers are alternated under condi-
tions where growth is self-limited. The VPP process was occa-
sionally termed as VDP process in some literature.? In this
report, we use VPP to refer to a process related to the oCVD
process for forming conjugated polymer thin films. While, both
VPP and oCVD utilize vapor phase monomers, the difference
is that in VPP, a low-volatility oxidant is applied to the substrate
as a solid, whereas a vapor phase oxidant is employed in oCVD.

It should be noted that the CVD polymerization tech-
niques are distinctively different from the thermal- or laser-
based physical vapor deposition (PVD) processes (e.g., matrix
assisted pulsed laser evaporation, MAPLE) for polymeric film
formation.?*** In a PVD process, pre-synthesized polymers,
as opposed to the monomers, are typically employed for film
formation. Typically, PVD provides line-of-sight coverage of
non-planar features, in contrast to the conformal coverage pos-
sible with CVD. The scope of this progress report will focus on
CVD polymers related applications.

1.2. CVD Polymers for Organic Devices and Device Fabrication

Organic devices have attracted significant attention in the past
decades for enabling large-area, mechanically flexible and low-
cost electronics.®®! Organic devices, including displays and
photovoltaics, have been are produced by traditional solution
processes. This approach requires significant interfacial optimi-
zation to avoid dewetting behavior that leads to pinhole defects
and thus limits the ability to produce ultrathin films. Addition-
ally, it is challenging to achieve conformality (i.e., to have the
same film thickness over all the features of a geometrically

Adv. Mater. 2017, 29, 1604606

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Minghui Wang is currently a
postdoctoral associate in Prof.
Karen K. Gleason’s research
group in the Department

of Chemical Engineering,
Massachusetts Institute of
Technology. His research
mainly focuses on the CVD-
enabled surface modification
for fouling and scaling control
in the desalination processes,
and CVD-synthesized gas-
separation films. He received his B.S. in Chemistry from
East China Normal University in 2005, his M.S. in materials
chemistry and physics from Shanghai Institute of Ceramics,
Chinese Academy of Sciences in 2008, and his Ph.D. in
polymer science and engineering from Lehigh University in
2014 (advisor Prof. Steven L. Regen).

Xiaoxue Wang is cur-

rently pursuing her Ph.D.

in chemical engineering
under the supervision of
Professor Karen Gleason at
Massachusetts Institute of
Technology. Her research
interests mainly focus on the
electrical, optical and other
properties of the conjugated
polymers synthesized by
oCVD technology, and their
applications in electronic devices such as gas sensors,
LEDs, and solar cells. She received her B.S. degree from
the Department of Chemical Engineering at Tsinghua
University, China in 2012 with her bachelor thesis on the
computational design of enzymes.

Priya Moni is currently pur-
suing her Ph.D. in materials
science and engineering
under the supervision of
Professor Karen Gleason at
the Massachusetts Institute
of Technology. Her current
research focuses on using
iCVD and oCVD techniques
to fabricate activated layers
for microscale lithium-ion
batteries and facilitate sub-10
nm patterning for integrated circuits. She obtained her
B.S.E. in materials science and engineering from the
University of Michigan in 2013.

complex device) via solution-based method.l'”] Conformal cov-
erage is particularly important for device structures having
high-aspect-ratio features, including nanostructured devices
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such as 3D batteries and ultracapacitors.?>3¢l A second issue
within the solution-based processing methods is the limited
solubility or complete insolubility of some target polymers.
Indeed, to enhance the solubility of these polymers, additional
synthetic modifications to attach pendant groups to the target
structures are commonly practiced, which increase the com-
plexity of device fabrication.[?”! These are two of the factors have
limited the application of solution-based methods in the field
of device fabrication. As a result, technologies that can avoid
solvent—substrate interactions are desirable.

In this regard, CVD techniques introduced in the background
are particularly suitable for integration into devices and pro-
cesses for fabricating devices owing to their unique characteris-
tics, including: i) solvent-free, ii) low temperature, iii) conformal
deposition, iv) precise thickness control from nanometers to
micrometers, v) versatile functionality due to the large selec-
tion of precursor library, and vi) readily scalable for large area
depositions (Figure 1).1:102021] These CVD processes provide
excellent compatibility to a wide range of substrates since there

@ "N
@ﬁ\ \5??':‘ )
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Figure 1. Unique features of chemical vapor deposition (CVD) polymers, and their applications
in devices and device fabrication: a) schematic of a sensor; b) schematic of a 3D battery, the inset
shows the TEM image of a silicon nanowire coated with ultrathin and conformal CVD polymer
coating; Si nanowire arrays obtained from the group of Prof. C.V. Thompson at MIT; c) Crosss-
ectional TEM of an ultrathin (11 nm) iCVD dielectric between two aluminum electrodes forming a
MIM device;['”l d) schematic of photovoltaic structure with oCVD poly(3,4-dimethyoxythiophene)
(PDMT) integrated in the device;' e) SEM image shows the sub-10 nm patterns in silicon
dioxide enabled by an iCVD top coating technique;*l and f) flexoprinting of electronic features
on PET substrates, enabled by conformal CVD coating of a hydrophobic polymer onto arrays of
patterned carbon nanotubes (CNTs). c) Reproduced with permission.['”] Copyright 2015, Nature
Publishing Group. d) Reproduced with permission.l'® Copyright 2016, Wiley-VCH.
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is no potential for solvent or plasma damage of the underlying
material. The absence of wettability and surface tension ren-
ders CVD “substrate independent”, meaning that modification
of the process is not required for each different substrate. This
substrate independence reduces device fabrication complexity
and expands the applicability of the CVD method to novel sub-
strates. The solvent-free nature also assures minimal dewet-
ting and essentially pinhole free CVD polymer films.’”) CVD
polymer composition and crosslinking can be systematically
tuned by introducing co-monomers, which can further opti-
mize device performance and enhance the device durability
and stability. In addition, avoiding toxic organic solvents can
lead to cost reduction and greener chemistry, while avoiding the
problem of having residual solvent in the device layers.

A second major advantage of the CVD polymerization is
its conformal deposition with excellent thickness control. For
electronic or sensing devices having high-aspect-ratio features,
conformal coatings are crucial to enable a consistent perfor-
mance and to avoid the failure of the device. A third advantage
of CVD polymerization is the low tempera-
ture involved in the polymerization process.
This characteristic allows direct deposition
of polymer thin films on fragile substrates
(e.g., papers, fabrics) without additional
steps (e.g., transfer).3®3% In addition, the
versatility in the CVD precursor choices and
the ability to fully retain functionality of pre-
cursors in the final CVD polymers allow the
technique to be integrated into a large selec-
tion of device fabrication processes. Last but
not the least, it should be noted that CVD
polymerization can also be scaled up for
commercialization via large area batch and
roll-to-roll processes.? As a result, iCVD
and oCVD derived polymer thin films have
the potential to be integrated into a wide
variety of optoelectronic devices and into the
process utilized to fabricate these devices.

The purpose of this progress report is
to cover recent developments involving
the application of CVD polymer thin films
in the field of device fabrication. The key
advantages of CVD polymers and the links
to devices and device fabrication are summa-
rized in Figure 1. This report will emphasize
publications appearing in the last 24 months,
since prior reviews have provided discus-
sions and summaries of previous accom-
plishments on this topic.[16:20.21:40] The spe-
cific categories of devices will be divided into
chemical and bio-sensors; electrochemical
energ-storage elements; electronic devices
for logic and memory; photonic devices
and advanced printing. The final section
will focus on the use of CVD polymers to
enhance the fabrication of devices through
advanced patterning. The CVD polymers
discussed in this report are summarized in
Table 1.

Adv. Mater. 2017, 29, 1604606



ADVANCED
SARNCR News MATERTALS

www.advancedsciencenews.com www.advmat.de
n-)
Table 1. A summary of CVD polymers appeared in this report. ~
Polymer Monomer(s) Technique Application Ref. Q
Poly(3,4-ethylenedioxythiophene- / \ HOOC oCVD Chemical sensors, biosensors [42-44] =
co-3-thiophene acetic acid), 0] O (7))
p(EDOT-co-TAA) U (7]
S S m
Poly (3,4-ethylenedioxythiophene), / \ oCVD Supercapacitors, Sensors, electrochromics [18,45-48] 3
PEDOT 0 o) N
=]

S
Poly(pyrrole), Ppy H VPP Supercapacitors, sensors [49-51]

Polyaniline VPP Sensors [24]
NH,

Poly(thiophene), PTh S oCVD Supercapacitors [52]
Poly(1,3,5-trimethyl-1,3,5-trivinyl- §| iCVD, Lithium-ion batteries [16,36,53]
cyclotrisiloxane), pv3D3 SI/ electro-polymerization
0
<Si . C),SI i
Poly(2,4,6,8-tetramethyl-2,4,6,8-tet- AN iCVD, hybridized Biosensors, gate dielectric, barrier layer, [16,17,36,37,54-56]
ravinylcyclotetrasiloxane), pv4D4 \ O-8i— with ALD film encapsulation for electronics, Li ion batteries
Sy
| o, si
/S<-O
Poly(1,3,5-trimethyl-1,3,5-trivinyl- ﬁ iCVD Lithium-ion batteries [16,36]
cyclotrisilazane), pV3N3 SI/
Sy
—=Si., .Si
SR
H
Poly(1,3,5,7-tetramethyl-1,3,5,7-tet- AN iCVD Lithium-ion batteries [16,36]
ravinyl-cyclotetrasilazane), pV4N4 \ H Si—
=l
L
ﬁl N, Si
Poly (hexamethyldisiloxane), pHMDS | 0o PECVD Proton exchange membranes, fuel cells [57]
I A
/SI\ /SI\
Poly (methacrylic acid), pMAA \j O PECVD, iCVD Proton exchange membranes, fuel cells [57-59]
OH
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- Table 1. Continued.
& Polymer Monomer(s) Technique Application Ref.
[ Poly(TH,1H, 2H, 2H- \ (@] iCVD Proton exchange membranes, fuel cells, gate [58-63]
) perfluorodecylacrylate), pPFDA \—< dielectric, water-repellent and self-cleaning
0 le) surfaces, Microfluidic devices
" —v F
[ C

F

0 7 \..F
(o) ¢
- FF
a

Poly(hexavinyldisiloxane), pHVDS iCVD Barrier layer, lithium-ion batteries [64,65]

Poly (ethylene glycol O iCVD Gate dielectric [60]
dimethacrylate), pPEGDMA %rO\/\O)H(

o}
Poly(isobornyl acrylate), pIBA iCVD Gate dielectric [60]
o)

7]/\

0o
Poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10, ) iCVD Water repellent encapsulation layer for electronics [54]
10-heptadecafluorodecyl methacry- >—<
late), pPFDMA o)

7 -F
9\
LF
Poly(dimethylaminomethyl styrene) / iCVD Work function modification, electron [66]
PDMAMS), pDMAMS ~ = X transporting polymer for electronics
( ), P N. | porting poly
A
Poly(3,4-dimethoxythiophene), PDMT /O oCVD Neutral hole transporting polymer for electronics [19]
—
j:\/s
~r X
O
Poly(vinylpyrrolidone), pvP 4@ iCVD Oxygen and moisture barrier for organic [67]
electronics
07N
\
Poly(4-vinylpyridine) (P4VP) 7 \ / iCVD Oxygen and moisture barrier for organic [67,68]
N electronic devices, photoresist
Polyglycidol W/\OH iCVD Oxygen and moisture barrier for [69]
organic electronics

o)

Poly (para-xylyene), PPX parylene CVD Membrane [30,70]
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Polymer Monomer(s) Technique Application Ref.
Poly (ortho-nitrobenzyl methacrylate), O\\ ,/O iCVD Biosensor [63]
PoNBMA N o
Poly(pentafluorophenl methacrylate), F iCVD Biosensor [63]
pPFM F F
(0]
Yy
F
Poly(4-vinyl pyridine-co-divinylben- AN iCVD Sensor [61]
zene), p(4VP-co-DVB) = AN
= |
IR
NS
NN
Polyurea 1 H N/\/O\/\O/\/NHZ MLD Photoresist 71
2!
Ns
Osc 0
N
Polyurea 2 H N/\/O\/\o/\/NHz MLD E-beam resist [72]
2!
Nx
OQC\\N A~ C:o
Poly(p-xylyele-4-carboxylic acid = 0 parylene CVD Cell culture platform [73]
pentafluorophenolester-co-p-xylyene) % |
S O
A 0®
Poly(vinyl cinnamate), pVCin O iCVD Photoresist [74]
™ O/\
Poly(divinylbenzene), pDVB 7 AN iCVD Topcoat for patterning [41]

S

2. Chemical and Biological Sensing

Oxidative chemical vapor deposition (0CVD) is an efficient
method to synthesize conjugated polymers including, but not
limited to, polythiophene, polypyrrole, and polyselenophene.!!
The process of oCVD has been well described previously.!l In a
typical oCVD process, vapors of the oxidant (e.g., FeCl;) and the
monomers (EDOT, thiophene, etc) are simultaneously intro-
duced into a vacuum chamber. The polymer synthesis takes
place on a substrate affixed to a temperature controlled stage,
where the precursors adsorb from the vapor phase. oCVD has
the advantages of being solvent-free, easily tailored, utilizes
low operational temperatures, and produces conformal coat-
ings on ultrafine structures.l!l In addition, utilizing conjugated

Adv. Mater. 2017, 29, 1604606
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monomers to which functional groups have been added, the
oCVD technique is capable of introducing various functional
groups into electrically conducting polymer.[*+7] The added
functional groups can be used for covalently tethering sensing
elements (e.g., metal nanoparticles,*’! proteins,’®”’! etc), and
therefore provide a versatile platform for chemical and biolog-
ical sensing. Together with the electrical conducting nature of
oCVD films, all of these advantages make oCVD technique a
very powerful tool for fabricating chemical and biological detec-
tors based on responses in electrical resistance. Such resistive
sensing is desired for applications in which low cost and low
weight are essential.

Initiative chemical vapor deposition (iCVD),! a technique
introduced in previous sections, is also a very useful tool in
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chemical and biological sensing. As a vapor phase polymeriza-
tion technique, iCVD is also capable of synthesizing conformal
coatings on nanostructures.*? Based on the physical proper-
ties of the coating layer, iCVD polymers can function as selec-
tive layers for gas sensors.['®! Furthermore, polymers containing
useful functional groups for sensing element attachment can
also be easily achieved using iCVD technique.’® By providing
a filter layer or a docking location for sensing elements such as
DNA primers, the iCVD technique also finds wide applications
in chemical/biological detection.>®l

The utility of oCVD and iCVD for chemical sensing has been
demonstrated for volatile organic compounds (VOCs) detec-
tion at room temperature. VOCs are widely known as safety
hazards for industrial plants, particularly in oil refineries.[*4
Among all the possible sensor types, chemiresistors, sensors
displaying resistive response after exposure to an analyte, are
one of the best candidates for integration onto printed circuit
boards and into wireless networks. However, traditional metal
oxide chemiresistive sensors require high operational tempera-
tures (200-400 °C). The energy consumption of the required
heating elements** is a significant barrier for integration into
a wireless sensor network. A variety of chemiresistive sensing
strategies for ambient temperature VOC detection have been
demonstrated using oCVD and iCVD techniques. By avoiding
the need for a heating element and the associated energy use,
these CVD polymer-based sensors pave the way for integration
into wireless sensor networks.

Sreeram et al.*»* and Bhattacharyya et al.’®’’/l demon-
strated the utility of oCVD electrically conducting polymers with
—COOH functional groups to immobilize detection elements
such as metal nanoparticles and enzymes. Specific binding
of an analyte to the detection element results is transduced
into a change in electrical resistance of the CVD organic con-
ductor. Resistance changes as large as 6% have been reported.
From that work, Wang et al.*4 developed a methanol vapor
sensor based on Au nanoparticles tethered via the same carbo-
diimide chemistry. As shown in Figure 2a, gold nanoparticles
are immobilized on oCVD poly(3,4-ethylenedioxythiophene-co-
3-thiophene acetic acid) (poly(EDOT-co-TAA)) with a linker mol-
ecule 4-aminothiophenol. The scanning electron micrograph
(SEM) in Figure 2b clearly shows the existence of gold nanopar-
ticles after rigorous rinsing. With a positive resistive response
generated by the work function modulation, the detector dem-
onstrates a detection limit of =171 ppm for methanol vapors.
In addition, all the sensing materials were fabricated directly
on a printed circuit board, which made it compact and easy to
be integrated into a sensor reading board. The selectivity of the
device is also demonstrated over n-pentane.

Another promising chemiresistive detector is the verti-
cally aligned carbon nanotube (VA-CNT)/oCVD/iCVD sensor
shown in Figure 2c.l'8 Ultrathin (<17 nm thick) oCVD poly(3,4-
ethylenedioxythiophene) (PEDOT) coatings were synthesized
directly on VA-CNT arrays.'#4 An iCVD polystyrene layer
was added as a semipermeable skin layer in order to enhance
the selectivity of the device. Conditions were used to achieve
both oCVD and iCVD polymer coatings around each individual
tube in the array, so-called conformal coating, as opposed to
creating a blanket films of polymer on top of the CNT forest.
Previously, sensors based on CNTs and conducting polymer

wileyonlinelibrary.com
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nanowires have drawn great attention because of their high
sensitivity and versatile detection ability.”®7°l The hybrid device
combines the merits of both kinds of sensors and provides a
better measuring method and a simplified fabrication sce-
nario.’® The SEM image in Figure 2d shows the oCVD/iCVD
polymer coated VA-CNT. The performance of these devices
can be found in Figure 2e. With good sensitivity and very low
noise, the device effectively detects non-polar n-pentane, while
giving a negative response to methanol vapors, which is in
agreement with the expected response.”® Electrical conduc-
tion mechanisms based on inter-tube electron hopping and
intra-tube Fermi level modulating are proposed to explain the
experimental results.'® Additionally, with a layer of iCVD poly-
styrene, the selectivity of n-pentane versus methanol vapor is
greatly enhanced. The compact device operating at room tem-
perature is a good candidate for a sensing element in a wireless
network.

A different technology, vapor phase polymerization (VPP),
is also often used to synthesize conducting polymers as the
sensing layer of chemiresistive sensors. Danesh et al. reported
an ammonia sensor based on VPP polyaniline.?*] At the bottom
of the sensor is a heating plate in order to operate at elevated
temperatures and further enhance the ammonia sensing per-
formance. Separated from the hot plate by a thin dielectric film
are the interdigitated electrodes (IDEs) in order to measure the
resistance change of the polyaniline film above. The precursor,
solution of oxidant and the dopant poly(4-styrenesulfonic acid),
is first spin coated on the interdigitated electrodes. Later, the
monomer, aniline is introduced into a hot chamber via vapor
phase. The polymerization takes place on the device directly by
adsorption of monomer molecules. With a heating plate, the
device is able to detect as low as 350 ppb of ammonia. Using
a similar polymerization technique, Alizadeh et al.”!l reported
a room temperature VOC sensor based on polypyrrole (PPy).
In this work, the solution of Fe(IlI) chloride was first spread
on Cu-IDEs, and the pyrrole vapor is introduced for PPy film
growth. Their sensor detects a variety of VOCs such as organic
solvent vapors.

The merit of iCVD conformal coating on fine structures pro-
vides the possibility of applying this technique on microchan-
nels as docking sites for immobilizing DNA primers.® Jung
et al.’% recently developed an optical Middle East Respiratory
Syndrome (MERS) detection platform based on iCVD coat-
ings. The MERS outbreak in 2015 in the Republic of Korea
profoundly affected the life quality for numerous people. Faster
detection of the MERS coronavirus is therefore greatly needed.
The current polymerase chain reaction (PCR) detection method
is very accurate;®® however, it is very time-consuming and
requires well trained professionals. The researchers developed
a new platform called DhITACT-TR based on iCVD and micro-
fluidic technologies as seen in Figure 2f. iCVD was used to syn-
thesize a conformal coating of poly(2,4,6,8-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane) (PV4D4)[1°%1 on a pre-fabricated
channel. DNA primers end-functionalized with —SH are cova-
lently tethered on the polymer coating via a thiol-ene click reac-
tion. The immobilized DNA primer is further used to hybridize
and immobilize different DNA templates for negative control
and positive control. The DhITACT-TR system is able to detect
the MERS coronavirus within 30 min at a very low pathogen

Adv. Mater. 2017, 29, 1604606
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Figure 2. a) The structure of an oCVD/Au nanoparticle sensor directly synthesized on a printed circuit board;*!l b) SEM image of the covalently
tethered Au nanoparticles on the oCVD copolymer surface;*4l c) the structure of the sensing material based on vertically aligned carbon nanotube
(VA-CNT) arrays and oCVD/iCVD coatings;['®l d) the SEM image of the polymer coated VA-CNT arrays as sensing element, the scale bars in the
main figure and in the inset are 100 nm and 1 um respectively;'¥ d) the performance of the CNT sensor on n-pentane at various concentrations;'?l
f) a DhITACT-TR chip based on iCVD PV4D4 coating for MERS coronavirus detection.l*8l a,b) reproduced with permission.*l Copyright 2015,
American Chemical Society; c,d,e) reproduced with permission.['8l Copyright 2016, American Chemical Society; f) reproduced with permission.l>®l

Copyright 2016, Wiley-VCH.

concentration, which is much more efficient compared to
the traditional PCR technique. In addition, the sensitivity
is enhanced by 100 fold compared to their last generation of
detection chips. Furthermore, the platform with iCVD coatings
is capable for detection of various infectious diseases.®!
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3. Electrochemical Devices

As devices, such as sensors and actuators, miniaturize and
approach the microscale, development of power supplies
that maintain device portability within a small volume is an
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increasingly pressing need. Several electrochemical energy-
storage methods, such as proton exchange membrane fuel cells
(PEMEFCs), lithium-ion batteries, and supercapacitors have the
potential to be miniaturized. Both iCVD- and oCVD-synthe-
sized polymers can aid the creation of the aforementioned mini
and micro power supplies.

3.1. Proton Exchange Membrane Fuel Cells

Proton exchange membrane fuel cells are attractive as clean
energy generation devices since their only byproduct during
use is water. The polyelectrolyte, or proton exchange mem-
brane (PEM), is a critical component which serves to trans-
port protons from the anode to the cathode. PEMs with both
hydrophobic and hydrophilic moieties allow for controlled
uptake of water with good proton conduction. Dupont
Nafion®, a perfluorinated sulfonic acid polymer, is the cur-
rent industrial standard. However, its production method
results in high costs and difficulties for integration into mini
devices.

To address these deficiencies, development of alternative
PEMs through iCVD and plasma-enhanced CVD (PECVD)
has been studied. Dupont Nafion® facilitates proton trans-
port by created hydrophilic water channels in a hydrophobic
matrix. In an attempt to replicate this structure, Coclite et al.l>”)
studied the deposition kinetics of the copolymer formed from
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) and methy-
acrylic acid (MAA) as well as the resulting chemical com-
position and morphological structure of p(PFDA-co-MAA).

SCIENCE NEWS
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Reactivity ratios ryaa = 0.85 and rppps = 0.39 indicate moderate
alternating copolymer behavior, which is important for con-
trolled water uptake. The crystal structure of p(PFDA-co-MAA)
was further studied by Ranacher et al.’® Various X-ray tech-
niques revealed that p(PFDA-co-MAA) crystallizes in a smetic
A bilayer structure. An increase in MAA content increases
the interplanar spacing to form water transport channels as
seen in Figure 3a. Further increases in MAA content result
in completely amorphous films. Correspondingly, the proton
conductivity of p(PFDA-co-MAA) increases with MAA content,
peaking at 55 S cm™ for 41% MAA content. For comparison,
the proton conductivity of Dupont Nafion is approximately
100 S cm™!. Further work by Urstoger et al. sought to reduce
swelling of PEMs after extended water exposure.’”] PECVD
was used to create crosslinked pMAA using hexamethyldisi-
loxane (HMDSO). pMAA homopolymer films either swelled
or shrunk as much as 26% after two weeks exposure to water.
Copolymer films deposited at higher plasma power showed
greater stability with only 4% shrinkage after the same water
exposure. The proton conductivity of these films was approxi-
mately 1 mS cm™!, much lower than the previous p(PFDA-co-
MAA) films.

3.2. Lithium-lon Batteries

Rechargeable lithium-ion batteries have been studied for their
higher energy densities compared to other battery chemistries.
iCVD polymer films have found applications in both macro-
scale and microscale devices.

Crystalline lamellae

Polymer chain

MAA channel

Pristine

Figure 3. a) Schematic of crystalline PFDA domains with MAA proton conduction channels;¥ b) top: thermal shrinkage of PE separators with and
without iCVD coatings, bottom: water contact angle on separator with and without iCVD coatings;!®Y ¢) SEM cross section of conformal iCVD pV3D3
coated on C@SIO, fiber;53 d) DFT simulation of V4D4 monomer electron densities. Blue volumes indicate areas of negative charge;®% e) False color
TEM of iCVD pV4D4 on spinel particle supplied by Veronica Augustyn of the Manthiram group at the University of Texas- Austin. Coating highlighted
in light purple f) Left: TEM of ACNT coated with PEDOT Right: close up of single nanotube coated with PEDOT with schematic overlay of nanotube
and volumetric charge storage within PEDOT.#l a) Reproduced with permission.’® Copyright 2015, American Chemical Society. b) Reproduced with
permission.l®l Copyright 2015, American Chemical Society. c) Reproduced with permission.>3 Copyright 2015, Royal Society of Chemistry. d) Repro-
duced with permission.% Copyright 2015, American Chemical Society. f) Reproduced with permission.l*él Copyright 2014, Wiley-VCH.
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3.2.1. Macroscale Devices

In macroscale devices, lithium conduction from the anode to
the cathode occurs via a liquid electrolyte. A porous polymer
separator, such as polyethylene (PE), between the anode anode
and cathode serves to prevent short circuits which cause
thermal runaway. However, poor electrolyte solvent wettability
and shrinkage at higher temperatures can impede device perfor-
mance and be a safety hazard respectively. Im and co-workers
used iCVD to deposit poly(hexavinyldisiloxane) (pHVDS) on PE
separators to address these two issues.®¥ Using iCVD for this
process allows for the conformal coverage of PE fibers in the
separator thus maintaining the pore structure, albeit at a lower
pore size. Using the same deposition conditions, a 40-minute
growth time was optimal for reducing separator shrinkage, as
see in Figure 3b. Also seen in Figure 3b is the same pHVDS
film on the separators results in a 30° decrease in the water
contact angle, resulting in much better solvent wettability.
Finally, the pHVDS films were shown to be electrochemically
stable after 70 cycles by no change in the before and after FTIR
and XPS spectra.

Another area of interest is the development of new cathode
materials to replace LiCoO,, the industrial standard. New mate-
rials, such as layered lithium-rich manganese oxides (LLO)
offer higher capacities but suffer from capacity loss due to
side reactions with the electrolyte. Using conductive polymer
coatings on LLO particles can slow these reactions and offer
higher capacity retention rates. Recently, Liu et al. demon-
strated that ultrathin and conformal oCVD PEDOT coatings
on LLO improve their cycling stability.®!] Composite electrodes
of 1.12 wt% oCVD PEDOT enabled a much greater capacity
retention rate of 91.39% after 50 cycles compared to 71.19%
retention rate of pristine LLO. The superior capacity retention
rate is attributed to the ultrathin and uniform nature of the
PEDOT film on all of the LLO particles.

3.2.2. Microscale Devices

Three dimensional electrode architectures, such as nanowire
arrays, allow for higher energy and power densities within a
smaller areal footprint. The complexity of the electrode struc-
ture necessitates conformal coatings of ultrathin solid polymer
electrolyte (SPE) layers, which serve both as a separator and
electrolyte. iCVD-synthesized polymers are able to confor-
mally coat high-aspect-ratio structures, as seen in Figure 1b.
Gleason and co-workers first reported the use of pV4D4 doped
with lithium ions as a room temperature SPE.3 As depos-
ited 25 nm pV4D4 was shown to be an electrical insulator
with electron conductivities =107 S cm™ and withstand elec-
tric fields greater than 10* V cm™, all characteristics essen-
tial for the role of electrode separator. pV4D4 doped with
lithium perchlorate exhibits room temperature ionic conduc-
tivities of =10 S cm™!, which is similar to solution processed
poly(ethylene oxide), the current state of the art. However,
the iCVD pV4D4 films have the benefit of being substantially
thinner than conventional solution processed films which
results in six orders of magnitude lower ionic diffusion time.
Rolison and co-workers compared the electropolymerization
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(EP) and iCVD synthesis of pV3D3, an analogue of pV4D4
with a smaller ring structure.3] In this study, 30-50 nm thick
pV3D3-synthesized through both routes was deposited on
carbon coated silica (C@SiO,) fiber paper. The underlying
fiber structure was best retained with the iCVD method, as
seen in the SEM cross section in Figure 3c. FTIR analysis of
the polymers show that many more vinyl bonds have reacted
in the iCVD synthesis compared to the EP synthesis. Corre-
spondingly, the impedance of iCVD pV3D3 is =60 Q greater
than EP pV3D3, showing it is a better electrical insulator. The
iCVD synthesis and deposition kinetics of cyclic polysilazanes
(CPSNs), pV3N3 and pV4N4, were studied by Chen et al. as
potential SPEs.82 The poor vinyl bond reactivity of CPSNs
results in a much lower degree of crosslinking when compared
to their cyclic polysiloxane (CPSO) counterparts, as evidenced
by a 10-20° increase in water contact angle hysteresis over
CPSOs. A corresponding study by Reeja-Jayan et al. showed
that CPSOs have higher ionic conductivities than CPSNs.[8%
Moreover, a larger ring structure can lead to an order of mag-
nitude increase in ionic conductivity. Inductively coupled
plasma- mass spectroscopy determined that pvV4D4 uptakes
more lithium ions during the doping process than pV3D3.
Density functional theory (DFT) calculations show that pvV4D4
has a 9.7 k] mol™! lower activation energy for lithium uptake
compared in pV3D3. DFT simulations also determined that
lithium ions reside in areas of negative charge around a V4D4
molecule, as shown in Figure 3d. Gleason and co-workers are
currently studying the integration of doped pV4D4 films into
full battery architectures. Figure 3e shows a previously unpub-
lished TEM micrograph of iCVD pV4D4 conformally coating
a lithium manganese nickel oxide (LMNO) particle, a spinel
cathode material. A clear transition from LMNO to pV4D4 is
evidenced by the abrupt end of crystalline lattice fringes into
an amorphous layer.

3.3. Supercapacitors

Supercapacitors are of interest as another energy-storage
device owing to their higher power density and cycle life
when compared to batteries. In these devices, both electrodes
are immersed in a liquid electrolyte with a porous separator
between the two electrodes. Charging the electrodes results
in an electric double layer, where capacitance increases with
electrode surface area. For this reason, high-surface-area
carbon materials, such as nanoporous structures or aligned
carbon nanotubes (ACNTs) have been investigated as poten-
tial electrodes. The overall capacitance of these devices can
be increased via conductive polymer (CP) coatings on the
electrode surface. Instead of confining charges only to the
surface of carbon allotrope electrodes, they can also be stored
throughout the volume of the CP as seen in Figure 3f, thus
increasing the pseudocapacitance of the device.*”] Given
the need for excellent conformal coverage of architectures
at the sub-micrometer or even nanoscale level, a vapor-
based polymerization method is ideal for coatings of CP.
Two oxidative step polymerization techniques, vapor phase
polymerization (VPP) and oCVD, have been used to generate
CP coatings.

wileyonlinelibrary.com
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3.3.1. VPP-Enabled Supercapacitors

In VPP, the substrate of interest is soaked in an oxidant solu-
tion and dried. The oxidant impregnated substrate is then
placed in a heated chamber where monomer vapors are intro-
duced and polymerization starts. Lee et al. demonstrated the
use of solvent co-vapors to tune the capacitance of Ppy coated
devices.*) A highest capacitance of 57.2/g was observed when
water was the co-vapor. Jang and co-workers reported the use
of Ppy coatings on Co(OH), nanostructures in an asymmetric
supercapacitor.’”) The device had a voltage window and power
density of 1.6 V and 0.53 kW L' respectively. 89% of capaci-
tance was retained after 5000 cycles.

3.3.2. oCVD-Enabled Supercapacitors

Unlike VDP, oCVD is a one step process where monomer
and oxidant vapors are simultaneously introduced in the
chamber to form a CP film. Lau and co-workers reported
the use of ultrathin PTh on porous nanostructures activated
carbon enabled increases of 250% in volumetric capaci-
tance with only 10% decrease over 5000 cycles.’”l Wardle,
Gleason, and co-workers have investigated PEDOT coated
ACNTs composites as negative electrodes for supercapaci-
tors. Vaddiraju et al. first demonstrated conformal coat-
ings of oCVD PEDOT on ACNTs (PEDOT-ACNTs).*l A
10x volumetric capacity increase over uncoated ACNTs was
shown with PEDOT-ACNTs.[*l Asymmetric supercapacitors
with PEDOT-ACNT negative electrodes have been created
with both ultrahigh density ACNTs*8 and ultrahigh density
aligned activated graphene flakes*”] positive electrode with
both systems boasting a wide 4 V electrochemical window.
The use of graphene flakes as the positive electrode yielded a
power density of 149 kW L and 89% of capacitance retained
over 1000 cycles.*’”l The device with an ACNT-based positive
electrode had a lower power density of 130.6 kW L' but a
greater capacitance retention of 91% after 5000 cycles.[*!] A
recent review of asymmetric supercapacitors found that the
PEDOT-ACNT system has the best electrochemical perfor-
mance out of all polymer-based systems.[®?!

4. Organic and Hybrid Electronic Devices

“Soft” electronics rely on the mechanical flexibility of the mate-
rials involved. oCVD conductive and semi-conductive materials
have demonstrated their potential in these flexible organic elec-
tronic devices. Flexible insulating layers are also essential com-
ponents required to work with unconventional substrates and
semi-conductors. To this end, polymeric films providing high
capacitance, low leakage, high breakdown field and resistance
to electrical stresses have been investigated as new insulating
layers for organic devices, as well as for fabricating hybrid
structures. Owing to the advantageous characteristics of the
iCVD process, including the non-destructive nature, conformal
surface growth and precise thickness control, they have been
integrated into the flexible electronics mainly as, but not lim-
ited to, dielectrics and encapsulation barrier layers.
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Im et al. first tested iCVD pV3D3 films (with a dielectric con-
stant of 2.2) in a metal/insulator/metal structure (Figure 4a).l!”]
The films exhibited excellent insulating properties with low
tunneling-limited leakage characteristics. This was attributed to
the low defect density of the pV3D3 films, which was resulted
from iCVD’s solvent-free nature eliminated the potential for
any solvent residues. iCVD’s ability to fabricate ultrathin layers,
down to sub-10 nm of pinhole-free and uniform thinness,
allows high capacitance density of the insulating layers to be
achieved. Thus the iCVD pV3D3 films were proposed as high-
capacitance gate dielectric for field-effect transistors (FETS).
Subsequently in this work, iCVD pV3D3 was grown on a plastic
substrate and a variety of channel layers as gate dielectrics to
yield flexible FETs (e.g., Figure 4b inset). The devices exhibit
ideal, hysteresis-free transfer characteristics and consistently
low gate leakage current, as shown in Figure 4b. Following up
the pV3D3 homopolymer work, Im and co-workers have fur-
ther modified the pV3D3 thin film by surface treatment.>’
Oxygen plasma treatment were used to form a molecular-thin
oxide capping layer, onto which self-assembly monolayers
(SAMs) were tethered by applying silane-based reagents. The
capping layer enhances the thermal stability of the dielec-
trics and provides reactive sites for subsequent silanization.
The SAM improves the interface between the dielectric and
the pentacene channel layer. As a result, the thin-film tran-
sistors (TFTs) with SAM-treated pV3D3 gate dielectric, exhib-
ited substantially higher field-effect mobility and on-off ratio.
Recently, the library of iCVD dielectrics was extended to three
new polymers: pEGDMA, pIBA, and pPFDA.I%) All exhibited
low leakage currents under the condition of being flexed, and
were demonstrated as gate dielectric layers for hysteresis-free,
low-voltage TFTs. In addition to being used as gate dielec-
trics, iCVD pV3D3 has also been explored as an encapsulation
layer by itself or in conjunction with other materials, due to its
long-term stability as well as aforementioned mechanical flex-
ibility and electrical insulation properties. iCVD pV3D3 was
first demonstrated to be suitable for use in electrically insu-
lating neural recording array.’l Its high electrical resistivity
allows films as thin as 5 um to serve as electrical insulation
layer for this application. Moreover, it displayed resistance to
hydrolysis at elevated temperature and a variety of solvents.
In addition, the electrical properties of pV3D3 films exhibit
long-term stability over 2.5 years under simulated implant
conditions. Having shown its potential as biopassivation layer,
iCVD films were further hybridized with inorganic thin films
synthesized via PECVD, ALD, and HWCVD to produce barrier
layers to vapor transmission.*%>880 The hybrid films have
the advantages of both inorganic and organic films, displaying
low vapor transmission and good mechanical flexibility. Coclite
et al. synthesized a type of hybrid film by combining PECVD
and iCVD in a single-chamber process.®’l The same precursor,
HVDSO, was used to produce a multilayer stack composed of
SiO,-like layer via PECVD and pHVDSO layer via iCVD. The
hybridization was achieved by alternating the polymeriza-
tion mechanisms. Water vapor transmission rates (WVTRs)
of 0.01 g m™ per day at 28 °C, 98% RH were obtained, which
represents a barrier improvement factor of 100 over the single
SiO,-like layer. iCVD pV4D4 has also been hybridized with
Al,O3 deposited by ALD for encapsulation of organic electronic
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Figure 4. Examples of iCVD layers as dielectric and encapsulation layers. a) Cross-sectional TEM of an ultrathin (11 nm) iCVD pV3D3 dielectric layer
between two aluminum electrodes forming a MIM device.l'”l b) Schematic of a bottom-gated Cgy FETs with 15.3 nm pV3D3 gate insulators, and its |/
versus Vg (solid lines) and |/g| versus V¢ (dotted lines) characteristics. The |Ip| (drain current) exhibits a hysteresis-free transfer characteristic, and the |I¢|
(gate leakage current) is consistently low.['/l ) Schematic of a TFTs fabricated with both a iCVD gate dielectric layer (sub-30 nm) and a bilayer encapsula-
tion consisting of iCVD pV3D3 (150 nm)/ALD Al,O; (25 nm).°"1 d) The bias-stress induced Iy of PTCDI-C13 TFTs without encapsulation (orange), with
ALD Al,0; encapsulation layer (25 nm) only (grey) and with the bilayer encapsulation (i.e., the device configuration in ¢, blue) as a function of stress time
measured in ambient air (Vg =Vp =15 V).’ e) Schematic illustration of the iCVD pV3D3-RRAM and its operating mechanism through Cu filament.[*?
f) Schematic illustration of the WF changing mechanism due to the dipole moment formed by the PDMAMS modification.®®l a,b) Reproduced with
permission.l'”l Copyright 2015, Nature Publishing Group. c,d) Reproduced with permission.®'l Copyright 2016, Wiley-VCH. e) Reproduced with permis-
sion.1®2l Copyright 2016, American Chemical Society. f) Reproduced with permission.[%¢l Copyright 2016, The Royal Society of Chemistry.

devices.®] The WVTR of the hybrid encapsulation layer was  achieve in the future. A recent work, interestingly, integrated a
as low as 2.17 x 10™* g m™ per day at 38 °C, 90% RH. Cur- layer of pPFDMA onto the outermost of a pV4D4-Al,0; hybrid
rently, the state-of-the-art value of WVTR, 10° g m™ per day, layer, adding a self-cleaning functionality to the encapsulation
has been achieved by several methods and materials, such as  layer.>¥ At the device level, Im et al. recently demonstrated an
plasma-enhanced CVD (PECVD)-deposited SiO,,®”) PECVD-  organic TFT with iCVD pV3D3 gate dielectric and pV3D3-Al,0;
deposited SiN,/SiO, multilayer with a polymer overcoat,®®  hybrid bilayer encapsulation, as shown in Figure 4c.’l The
atomic layer deposition (ALD)-deposited SnO,,® hot-wire CVD  device shows a substantially improved source-drain current
(HWCVD)-deposited SiN,/polymer hybrid multilayer.’” This  under 15 V of gate-source voltage as a constant voltage stress in
state-of-the-art value is also the requirement of new-generation = ambient air (Figure 4d). The authors further demonstrated an
organic electronic devices.®! Since iCVD polymers have shown  encapsulated complementary inverter, which exhibited stable,
great potential in enhancing the WVTR of the inorganic bar-  hysteresis-free voltage transfer characteristics (VIC) curves in
riers as aforementioned, even lower WVTR may be potentially — ambient air even after 22 days.
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pV3D3 films were also demonstrated as switching medium
in filament-type resistive random access memory (RRAM),
owing to its excellent insulating properties and ability to
withstand the conditions required for metal filament forma-
tion (Figure 4e).°2l The excellent chemical stability of pvV3D3
allows RRAM arrays with Al (bottom electrode)/pV3D3/Cu
(top electrode) configuration to be fabricated by conventional
photolithography. The pV3D3-based RRAM demonstrated uni-
polar resistive switching (URS) with high on/off ratio (>107),
good retention of the on/off ratio (>105 s), excellent cycling
endurance (105 cycles), and robust mechanical flexibility. The
switching mechanism was attributed to the reversible forma-
tion and rupture of Cu filament. It is advantageous over cur-
rent solution-based polymer RRAMs in uniformity, electrical
stability, and long-term stability. This work demonstrates a
good way to fabricate a polymer-based, flexible RRAM, which
can be used for Internet of Things (IoT) as stated by the
authors.

iCVD thin films have extended its application to modify
the work function (WF) of electrode (Figure 4f).° Ultrathin
pDMAMS, a strong electron-donating polymer, deposited onto
the electrodes via iCVD effectively reduces its WF by forming
an interfacial dipole between the pDMAMS layer and the
conductor materials. Gold surfaces modified with ultrathin
pPDMAMS were used as S/D electrodes of bottom-contact C60
TFTs. The device with and without pDMAMS modification
exhibited saturation electron mobility of 0.89 and 0 cm? V-1 57!
respectively. The authors further showed that pDMAMS layer
can be used to n-dope graphene, and from it a n-type graphene
TFT can be fabricated. By combining the n-type graphene TFT
and a p-type graphene TFT in series, a graphene inverter was
demonstrated.

5. Photonic Devices

Photonic devices manipulate light for a variety of applications
from smart windows to solar cells. Integrating conducting
or semiconducting polymers into these devices are of great
interest due to their flexibility and low cost. CVD electronic
polymers enable the fabrication of nanomaterials that combine
the aforementioned properties with high efficiency and high
stability. These polymer films have been used both in electro-
chromic devices and photovoltaics

5.1. Electrochromic Devices

Electrochromism, a reversible change in a material's optical
properties under an applied voltage, has been extensively
studied for applications in smart windows, displays, and
antiglare windows.”’l Conjugated polymers can undergo
reversible oxidation and reduction, allowing them to change
between insulating and conducting forms. This change in their
redox state is complemented by a change in their absorption
characteristics, making them great candidate as electrochromic
materials.**% PEDOT has become the most useful of the com-
mercially-available electrochromic polymers because of its com-
bination of optical properties, stability, and processability.[/]
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Ultrathin pinhole-free CVD polymers along with few nanom-
eter thick graphene sheets enable fabrication of devices with
enhanced functionality during operation and also flexing con-
ditions. For example, Howden et al. have shown that for depo-
sition on graphene, the CVD PEDOT was pinhole free, while
PEDOT:PSS display pinhole defect visible to the human eye.
One of the devices with increasing demand is electrochromic
devices. In addition, there has been an increasing demand
in developing superhydrophobic self-cleaning surfaces.”1¢
Graphene as transparent and conductive ultrathin films have
been recently crumpled into self-organized hierarchical struc-
tures resembling superhydrophobic leaves.””% Sojoudi and
co-workers have recently utilized a novel mechanical self-
assembly approach to develop superhydrophobic flexible/
stretchable electrochromic devices.'% They integrated multi-
layer crumpled graphene as superhydrophobic, transparent,
and conductive top electrode with transparent polyurethane
(PU) elastomer containing ionic liquid (IL) as dielectric, and
oCVD PEDOT as electrochromic bottom electrode in their novel
structures (Figure 5a). A water droplet stays in Cassie—Baxter
state, when the electrochromic nature is observed by applying
10 V AC to the device (Figure 5b).

5.2. Photovoltaics

The demand for more efficient and eco-friendly energy con-
version processes is growing rapidly, especially in response
to global warming and natural resource depletion. Hence, the
development and commercialization of high-performance solar
energy conversion systems, which can end the current carbon
economy era and thus initiate the solar economy, are of para-
mount importance in both academia and industry.19-1%] In
this regard, solar cells have offered great promise due to their

a) Graphene

00O & W

0%PS” PUIL %

PET

Figure 5. a) Schematic of superhydrophobic flexible electrochromic
devices made of crumpled graphene and oCVD PEDOT as electrodes.
b) A clear reversible transition from transparent to blue color obtained by
applying 10 V AC to the device.%
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potential to enable a clean, sustainable, and cost-effective solar
energy conversion from photons to electricity.

However, improvements in the efficiency, stability, and eco-
nomics of photovoltaic technologies are needed to achieve
commercialization worldwide. To address these challenges,
inexpensive organic photovoltaics (OPVs) which can be
manufactured by cost effective roll-to-roll processes have been
proposed.l?% In the Gleason lab, a variety of polymer thin films
have been developed for integration into to OPVs via oCVD and
iCVD. The polymer thin films synthesized by oCVD and iCVD
have played key roles in the devices serving as hole transporting
layers (HTL),!'" electron transporting layers (ETL),°! polymeric
electrolyte,[67:69106] and organic encapsulation preventing O,
and moisture permeation.®1%7]

5.2.1. oCVD-Based Devices

oCVD, as previously described, enables the formation various
insoluble semiconducting and conducting conjugated polymer
thin films, which are very difficult to process by typical solu-
tion-based methods. The oCVD process operates at moderate
vacuum (=0.1 Torr) and low temperature (25-150 °C).?% This
technique continues to be optimized for poly(dioxythiophene)

www.advmat.de

(PEDOT), the most promising candidate to date for a poly-
meric transparent and flexible electrodes for OPV.[2*l Improve-
ment in PEDOT properties have been explored through
variation in the choice oxidant and in pulsing of the delivery
of the monomer, a method termed oxidative Molecular Layer
Deposition (OMLD).[1% The mechanism of electronic conduc-
tion and its temperature dependence in oCVD PEDOT was
quantitatively modeled using a cross-grain approach.'% This
model predicts that when film thicknesses are on the order of
dimension of a PEDOT crystallite with in the film, the elec-
trical conductivity becomes two dimensional (2D). The faster
lateral diffusivity of the 2D mechanism explains why thin
PEDOT films are often more conductive than identical films
which are simply thicker.

Recently, neutral polymeric hole transporting layers (HTLs)
have been devised by Jo et al.*l by integrating patterned
Cl™-doped poly(3,4-dimethoxythiophene) (PDMT) thin films
into organic photovoltaic devices (OPVs) using a conven-
tional single-bilayer-heterojunction architecture as shown
in Figure 6a. Using this device architecture, a wide range of
thicknesses of PEDOT:PSS and PDMT HTLs were compared.
Figure 6b demonstrates that the oCVD PDMT HTL enhances
device stability by allowing 83% of the initial PCE (4.1%) to be
retained after 17 days of storage in a N, glovebox. In contrast,

(b) 404 LU B B LB B ",
354 o o HyCO, OCH;  HyCO, OCH; s .
L] r o= "
3.0 L A A AN
& s 1 r s \ /
= 2.54 i Mo’ OCH; | HyCO OCH,
o~ . e o
~ 20 "
w - -
(3]
o 154 o
L] ° o .
1.04 o0,
= oCVD PDMT .
051 o PEDOTPSS .
0.0 4— T T T T T

0 2 4 6 8 10 12 14 16 18
Time (day)

OOA= experiment
— = model predicted

200 400 600 800
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Figure 6. a) Device architecture scheme of DBP/Cg solar cells with oCVD-processed poly(3,4-dimethoxythiophen) (PDMT) HTLs;"® b) PCE evolution
of devices with respect to storage time under N, atmosphere, and 2D molecular structure of quinoid-form Cl~-doped PDMT:[" ¢) Schematic illustration
of strong hydrogen bonding among hydroxyl groups on TiO, surface, PGL hydroxyl groups, and PGL ether groups;®® d) Modelled (solid) and experi-
mental (symbol) current-voltage curves of polymer-electrolyte DSSCs.[%l a) reproduced with permission.l'®l Copyright 2016, Wiley-VCH. c) reproduced
with permission.[® Copyright 2015, Wiley-VCH. d) reproduced with permission.['%l Copyright 2015, Elsevier.
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the conventional PEDOT:PSS HTL retains only 12% of its ini-
tial PCE (3.5%).

5.2.2. iCVD-Based Devices

The iCVD method can be used to create polymeric electrolytes,
thus lending this technique to the fabrication gel nanocompos-
ites for use in devices like dye sensitized solar cells (DSSCs). A
network made of nanoparticles affords provides a large surface
area for energy harvesting devices. However, solution-based
methods to infiltrate the network with gel-polymer electro-
lytes often results in reduced nanoparticle loading. To increase
nanoparticle loading, Hsieh et al. have demonstrated that poly-
glycidol (pGL) is able to be uniformly grown on mesoporous
layers of TiO, nanoparticle networks (TNN) using iCVD.]
Unlike the typical free radical polymerizations used by iCVD, a
cationic ring opening polymerization of PGL has been enabled
by using boron-trifluoride-based initiators. A conformal PGL
coating attained 91% pore space filling through the cationic
ring opening polymerization. This enables pGL nanocompos-
ites with high TiO,-nanoparticle loading of 82 wt% and a corre-
sponding glass transition temperature (T,) increase by 50-60 °C
compared to the bulk PGL polymer. As Figure 6c¢ illustrates, the
large T, increase is attributed to strong hydrogen bonding inter-
actions among hydroxyl groups on TiO, surface, pGL hydroxyl
groups, and pGL ether groups. These strong interactions enable
polymer nanocomposites with high nanoparticle loading which
is necessary for high-performance energy devices.

iCVD synthesis of other polymer electrolyte chemistries for
DSSCs have also been studied. Janakiraman et al. have investi-
gated the reaction kinetics of poly(vinylpyrrolidone) (pVP) and
poly(4-vinylpyridine) (p4VP) synthesis via iCVD, by using Fou-
rier transform infrared spectroscopy, X-ray photoelectron spec-
troscopy and gel permeation chromatography.®”] Based on the
outcomes from the previous research, Smolin et al. has com-
pleted the application of iCVD-processed poly(2-hydroxyethyl
methacrylate) (pHEMA), poly(glycidyl meth-acrylate) (pGMA),
and p4VP to DSSCs as polymeric electrolytes.'%l As the data
in Figure 6d show, each polymer’s performance as electrolyte
in DSSCs has been studied theoretically and experimentally.
1D first-principles macroscopic DSSC mathematical modelling
has verified that the polymer’s pendant groups greatly impacts
the conduction band position of TiO,, the back electron transfer
at. Calculations show the difference between the conduction
band and the electrolyte redox potential are 1.06, 0.99, and
0.87 eV for pHEMA, pGMA, and p4VP respectively. The esti-
mated recombination rate constants for PAVP and PGMA are
54 and 19% lower than that of PHEMA respectively. Finally, this
study confirms that DSSC performance characteristics such as
open-circuit voltage (Voc), Jsc, and FF can be manipulated by
employing different polymer electrolytes.!1!

The studies fulfilled by Perrotta et al. and Kim et al. have
demonstrated that iCVD polymers can also play a key role as
organic encapsulation barriers to prevent O, and moisture
permeation into organic electronic devices.®>1%1 To prove the
moisture and O, permeation barrier properties of the organic
interlayers fabricated by iCVD, both studies have measured
water vapor transmission rate (WVTR) by carrying out a
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calcium test. There is a clear correlation between WVTR and
defect density, although the correlation based on calcium test
data is not perfectly fit. The smaller defect density and the
lower WVTR show that iCVD is an effective surface modifica-
tion technique to strengthen moisture and O, permeation bar-
rier properties.[8>107]

6. Advanced Printing

Porous nanostructures are becoming key features for the fabri-
cation of a wide range of devices for energy generation, storage,
and recovery applications, where porosity enables enhanced
device performance. Direct-printing of electronic features is
attractive due to their rapid rate, material flexibility, and lower
cost in equipment and operation. Several well-established
methods, including screen, gravure (intaglio), flexographic
(relief), and inkjet printing have been adapted to pattern elec-
tronic materials with high throughput, yet their resolution
(minimum feature size) is limited to =20 um.[''% Flexography
in principle may achieve printed features matching the stamp
geometry, by loading the liquid ink directly on the upraised
stamp structures and relief transfer under contact.''112] These
direct-printing technologies also leverage advances in func-
tional inks including metallic and semiconductor colloidal
solutions which are key to applications including thin-film tran-
sistors and transparent electrodes for use in large-area displays,
touchscreen devices, and solar panels. Although elastomeric
stamps can easily be fabricated with micrometer-scale and
smaller features, the liquid transfer between two solid surfaces
is prone to liquid spreading, which prevents the transfer of uni-
form, thin layers for feature sizes smaller than 20-50 pum.['!3!
Wettability control of such porous nanostructures is needed
to fully utilize the high surface area associated in such struc-
tures. The conformality of the CVD polymers offers a unique
way of controlling the wettability of porous nanomaterials.
One of the widely- researched porous nanomaterials is CNT5.
The CVD synthesis of vertically aligned CNTs (VA-CNTs)!!14
using lithographically-patterned catalyst films directly creates
bulk microstructures with tunable electrical and mechanical
properties as well as high porosity (>99%).7:11511¢ The large
surface area of VA-CNTs with combined control of microscale
geometry and nanoscale porosity is beneficial for their applica-
tions in batteries!''”l and supercapacitors,!'*®l surface wettability
control,' and liquid ink direct contact printing.''Y However,
as the spacing between the individual CNTs decreases and
the resulting aspect ratio increases, the surface area per unit
volume also increases significantly. Thus, the VA-CNTs become
increasingly influenced by surface forces, such as capillary
forces when exposed to liquids. Figure 7a shows SEM images
of the as-made patterned VA-CNT micropillars (left) and after
their wetting and subsequent drying with low-surface-tension
dimethoxyethane liquid (right). This aggregation and densi-
fication process in nano/micro filaments due to exposure to
liquids, also referred to as elastocapillary self-assembly, has
been used as a fabrication step to enhance the functionality
of CNTs for applications in microelectonics, interconnects,
MEMS devices, micro sensors, trapping devices, bioprobes,
and energy-storage devices.'?%) For example, De Volder et al.
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Figure 7. a) Impact of the conformal pPFDA coating on the wettability
of the patterned CNT micropillars. Left panel is the SEM image of the
patterned CNT micropillars and right panel is the SEM imaging after
wetting of the sample with water and drying. b) Utilizing nanoporous
microstructures made of the pPFDA-coated patterned CNTs as stamp for
flexoprinting of electronic features on glass and PET substrates. The scale
bar shown in the inset is 500 um.

have demonstrated an enhancement in the mechanical robust-
ness of the CNTs through capillary densification (100-fold
enhancment in the Young’s modulus) and have developed 3D
microstructures as molds for mass production of 3D polymer
structures.['2!l Despite these advances, elastocapillary densifica-
tion and shrinkage from surface tension forces applied during
liquid infiltration and evaporation,'?% have precluded the appli-
cation of VA-CNT forest porosity in liquid environments.
Recently, the elastocapillary densification of the CNTs was
prevented by conformal deposition of an ultrathin protective
layer of poly(perfluorodecylacrylate), poly(1H,1H,2H,2H-per-
fluorodecylacrylate) (pPFDA), a low surface energy polymer,
on the CNTs via iCVD!?2 Uniformity and conformality of
the pPFDA deposition via iCVD on the CNT micropillars has
been confirmed by the SEM-EDX mapping of the coated CNT
micropillars (Figure 7a). Polymer coating via the vapor-based
and solvent-less iCVD method has also been studied to form
polymeric duplicates of rose petal structures.'?)] Lau et al. took
a bio-inspired approach to the problem of developing super-
hydrophobic surfaces using iCVD thorugh mimicking designs
found in nature.'™ They enhanced the superhydrophobic
effect on CNTs by combining nanoscale roughness of the CNTs
with a a hydrophobic poly(tetrafluoroethylene) (PTFE) coating.
Ye et al. have demonstrated successful transfer of aligned
multi-walled carbon nanotube (MWNTs) after being function-
alized with poly(glycidyl methacrylate) (PGMA) via iCVD.[
They have also shown improved mechanical properties and
stability in MWNTs after polymer deposition. In the recent
work, Sojoudi et al.'?2l have studied the impact of the con-
formal pPFDA coating on wetting and drying of the VA-CNTs
by liquids, which vary significantly in surface tension, using
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in-situ microscopy and imaging to examine liquid infiltration
and densification processes in the CNT microstructures. Uti-
lizing pPFDA clusters coated crust of entangled CNTs on top
of the micropillars, they have formed nanotextured surfaces
possessing re-entrant features preventing the penetration of
low-surface-tension liquids (e.g., hexadecanethiol, dimeth-
oxyethane, acetone). Sequential environmental SEM images
captured during drying of the dimethoxyethane droplet on the
pPFDA-coated CNT pillars have indicated prevention of ellasto-
capillary formation. Small microdroplets form duing the drying
process, have shown prevention of evaporation-triggered Cassie
to Wenzel transition.

Kim et al. have developed a porous stamp material, which
holds the ink within each stamp feature and transfers the ink
with high-fidelity via conformal contact to the target substrate,
enabling higher resolution direct printing while preserving the
scalability and versatility of conventional flexography methods.
They have used VA-CNTs as the microstructured nanoporous
stamp, conformally coated with the pPFDA via iCVD, com-
bined with multiple plasma treating processes. Along with the
scalable manufacturability, the polymer-coated CNT micro-
structures have provided not only the mechanical compli-
ance required for conformal contact against target substrates
(similar to that attained with the solid elastomers) but also the
nanoscale porosity required for solution-based electronic mate-
rials to be held inside the structures. By further engineering the
structures and using appropriate inking steps, the new porous
stamps have enabled printing ultrathin layers of ink material
onto target substrates via nanoscale liquid transfers under
microscale conformal contact. Using the engineered CNT
stamps, they have shown versatile micro patterns of electronic
materials, with feature sizes on the scale of a few micrometers,
which can be directly printed on both rigid and compliant sur-
faces (Figure 7b).

7. Patterning

The successful integration of functional polymeric films into
devices requires patterning features into these organic thin
films. The substrates which underlie patterned films include
non-planar, planar, porous, and membrane structures with
varying degrees of roughness. A major benefit of vapor phase
processing is conformality, a concept which refers to the ability
to produce coatings of uniform thickness on all surfaces of geo-
metric complex substrate. Additionally, the substrates can be
comprised of either soft or hard materials and ranging from
very hydrophilic to extremely hydrophobic. Because effects,
such as dewetting, can be eliminated, a single CVD polymeriza-
tion processes can be compatible with multiple substrate types
which vary substantially in their surface energies. This section
addresses the recent approaches and the abilities of polymer
CVD for patterning as summarized in Table 2.

Perhaps the simplest method to generate patterns is
masking substrates during the deposition is using a physical
mask. Barr et al. successfully fabricated o0CVD PEDOT features
tens of micrometers in size on glass, paper, and plastic sub-
strates with a metal shadow mask. The resulting PEDOT pat-
terns served as a transparent conductive anode for thin organic
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Table 2. Vapor-phase-deposited polymers for patterning.
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Approach Key element CVD Polymer?) Substrate Resolution®) Ref.
Masking Metal shadow mask oCVD PEDOT Paper, Plastic films <lcm [38,117]
Micro-stencil Pyrolysis PPXPF-co-PX Thermoplastics =150 um [73]
iCVD P(Vcin-co-NIPAAm), P4VP, PoNBMA Si, Glass rods 10-50 um [74,124]
Photomask
MLD®) Polyurea Si 4 um [71,125]
E-beam No crosslinking MLD Polyurea Si <50 nm [126]
Pre-patterns Transition metals iCVD P4VP, PPFDA, PONBMA, PPFM Si, Paper <lcm [61-63]
Inhibitor ~ Metals + electrical charge Pyrolysis Parylene Metal <100 pm [70]
SAMY) Pyrolysis Parylene Si, Au =3 um [30]
DPNe) VPP PEDOT Si, Au 250 nm [127]
Oxidant
Inkjet VPP PEDOT Glass, Plastic films 80-100 um [128]
DSA” Topcoat iCVD PDVBE®) Si <10 nm [41]

APolymer name abbreviations. P(PXPF-co-PX): poly(p-xylylene-4-carboxylic acid pentafluorophenolester-coxylyene); P(Vcin-co-NIPPAm): poly(vinylcinnamate); P4VP:
poly(4-vinyl pyridine); PONBMA: poly(ortho-nitrobenzyl methacrylate); PPFDA: poly(1H,1H,2H,2H-perfluorodecyl acrylate); PPFM: poly(pentafluorophenyl methacrylate);
bHighest resolution shown in the literature; YMLD: Molecular layer deposition; YSAM: self-assembled monolayer; DPN: dip-pen lithography; DSA: directed self-

assembly; 8PDVB: poly(divinylbenzene)

photovoltaics.?®117l oCVD can generate higher resolution pat-
terns than VPP that relies on the solvent casting of oxidants
because oCVD delivers both of oxidant and EDOT vapors.>®!
Micro-stencils made from the elastomeric material
poly(dimethylsiloxane) (PDMS) created bio-functional square
patterns of pyrolysis generated polycyclophane with =150 um
size on a thermoplastic substrate enabling the good sealing
between the mask and substrate.”?!

To achieve higher resolution features, photolithography
using an optical mask becomes the most reliable process
to achieve fine patterns in the semiconductor industry. One
of the current challenges is to shrink feature sizes down to
sub-10 nm in a cost-effective way. Therefore, development
of highly sensitive, chemically homogeneous, and ultrathin
photoresist films has been of interest. Zhou et al. demon-
strated ultrathin polyurea resist films deposited by molecular
layer deposition (MLD) for the first time.”"'?°] The self-
limiting nature of MLD enabled the control of the thickness,
stoichiometric compositions, and placement of functional
moieties. MLD exactly placed photoacid generator (PAG), a
chemical amplifier, within the MLD polyurea films allowing
the uniform distribution of PAG within photoresist films thick
of sub-10 nm. In a separate work, a highly sensitive e-beam
resist was developed by polyurea films with MLD for sub-50 nm
patterning.°l The elimination of the aromatic components
in the MLD films prevents the 30 nm thick polyurea films
from cross-linking under e-beam exposure, thereby producing
higher resolution patterns (=40 nm) with sub-100 C cm™
exposure. Petruczok et al. reported that iCVD achieved the
Cr/Au patterns on curved substrates with the combination of
iCVD poly(4-vinyl pyridine) and post-soaking the films with
a photoactive molecule.’?* For this geometry of substrate,
the traditional method of applying resist to by spin coating
would be challenging. In further work, UV-light-responsive
poly(vinyl cinnamate) was iCVD copolymerized with tempera-
ture responsive poly(N-isopropyl acrylamide) for reversible
patterning.[’4l
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Yet another strategy is using pre-patterns of an inhibitor or
oxidant prior to the deposition.[3061-6370.127128] The pre-patterns
of transition metal (or salts) delayed the film growth selectively
in iCVD, while pre-patterns of Fe (III) tosylate Fe(Tos); compos-
ites, as an oxidant, promoted the deposition in VPP. The Gupta
group published a series of papers on selective iCVD with
the pre-patterns of transition metal salts such as CuCl, and
Cu(NOj3),.l0"63] They formed the pre-patterns by spin-casting
or spay-coating with transition salt solutions before iCVD. They
investigated some combinations of several transition metal salts
and polymers to evaluate the inhibition effect and observed
that metal cations affect the ability to inhibit the polymer
deposition.[®3] This approach enabled the selective deposition
of fluoropolymers on porous structures such as papers. They
further demonstrated a paper-based microfluidic device with
the patterned fluoropolymer barriers. The barriers allowed the
containment of organic solvents within the paper-based device
so that it can detect water insoluble analytes in the solvents.[®2
For the inhibition effect of transition metal salts, they examined
the changes in the oxidation state of metals during the iCVD
process and concluded that the salts quenched the propagating
radicals which led a reduction of the oxidation states of the
metal.’!l In addition to such transition metal composites, it was
recently reported that applying the electrical charge to metals
can inhibit the growth of PPX films via VPP and enhance the
inhibition effect, irrespective of the substituted functionality.”%
Wu and co-workers effectively inhibited the deposition of par-
ylene C and aldehyde-functionalized PPX on metal substrates
supplying an electrical charge, while the growth inhibition of
both films failed with no electrical charge. They explained that
supplying electrical energy to the substrate increases the tran-
sition of the surface energy, thus reducing the sticking coeffi-
cient by one order of magnitude for a substrate: for example,
iron.” Micropatterned self-assembled monolayers (SAMs) on
a gold substrate by microcontact printing (LCP) can also inhibit
the growth of functional paracyclophane films.?% Gall et al.
demonstrated that the different chain groups of SAMs have
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different abilities to inhibit the film growth; CHj-terminated
SAMs inhibited effectively, while COOH- and OH- terminated
SAMs did not.2% In contrast, the pre-patterns of oxidants can
encourage the selective growth of PEDOT films by VPP. Two
techniques contributed to printing the oxidant inks: dip-pen
lithography (DPN) and inkjet printing.'?”128] In both tech-
niques patterned oxidant inks with unique compositions were
formed on substrates prior to introducing vapors of monomer.
The key for successful selective deposition of PEDOT via the
techniques is unique oxidant inks compatible to each printing
technique. O’Connell et al. mixed Fe(Tos); oxidant with an
amphiphilic block copolymer to control the water content,
which is critical to transfer the oxidant ink to substrates from
the tip of atomic force microscopy (AFM) in DPN as well as
to stabilize the printed ink on the substrate during the polym-
erization.'””l They successfully shrunk the PEDOT pattern
size down to 250 nm in width. For inkjet printing, localized
oxidant inks formulated with triblock copolymers deliver good
flow characteristics and stability.l'?®! The resulting PEDOT pat-
terns achieved the high conductivity (=1000 S cm™) and were
successfully built in organic electrochemical transistors as an
electrode.

Recently, Kim et al. presented a unique way to use iCVD
polymer for sub-10 nm patterning in conjunction with directed
self-assembly (DSA).*!l They deposited ultrathin iCVD polymer
films on a highly segregating (high yx) block copolymer
(BCP) film as a topcoat. As a result, the iCVD topcoat created
sub-10 nm patterns from chemical guide strips of DSA after the
thermal anneal. Their spectroscopic studies revealed that iCVD
formed the unique interface between the BCP and topcoat,
which is a mixed interfaced made by grafting and intermolec-
ular entanglements. This unusual interface is not observed in a
spun-cast topcoat.

For patterning, the CVD polymers have advantages over
conventional liquid-based polymerizations in; scalability, uni-
formity, tunability, and the option to select from a wide selec-
tion of substrate materials. Key areas for continued research
on the selective deposition of CVD polymers are determining
the detailed mechanism(s) by which the selective deposition
is achieved; determining the range of possibilities for both the
substrates and patterned films; enabling the selective patterned
of films of =10 nm or greater thickness; and achieving feature
resolution significantly below 1 um.

8. Conclusion

CVD polymerization is an enabling technology for a wide
range of devices including chemical and biological sensors,
batteries/supercapacitors, photovoltaics, and novel nanostruc-
tured devices. The organic layers generated by CVD technology
exhibit benefits such as mechanical flexibility, specific and
versatile organic functionality, and low-temperature synthesis.
The CVD polymer method also enables novel approaches to
patterning and advanced printing. A key merit of the CVD pol-
ymer approach is often its ability to achieve conformal coating
of CVD polymers on a multitude of different structures. In
addition, other merits contribute to their own specific applica-
tions as well. This review paper demonstrated the advantages
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of CVD technology in fabricating devices with the applications
shown in Figure 1. In chemical/bio-sensing, the added func-
tional groups provide docking sites for various sensing ele-
ments, while the modulation of the Fermi level in the oCVD
polymers also provides great sensing signals. In the applica-
tions of batteries and supercapacitors, the excellent dielectric
property of the iCVD polymers and the conformal coating
comprised of CVD conducting polymers enhanced the perfor-
mance prominently. When fabricating photovoltaic devices, the
solvent-free neutral feature of oCVD polymer lead to an effi-
cient hole transporting layer. The insulating transparent and
water repelling nature of the iCVD polymers facilitated the
application of insulation and encapsulation of various devices.
Last, but not least, the polymer synthesized via the iCVD tech-
nique provides the enormous opportunity for advance printing
and sub-10 nm patterning. With all of the applications dis-
cussed above, iCVD and oCVD techniques are very versatile
and powerful tools in fabricating various devices with insu-
lating or conducting polymers.
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