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extraordinary thin fi lm interfaces, which 
can be integrated into a variety of applica-
tions, including clean energy technologies, 
high-effi ciency techniques for extracting 
clean water, and low-power sensors. In 
CVD processes, vapor-phase precursors 
are introduced into a vacuum chamber. 
The precursors react on a surface, gener-
ating solid thin fi lms. CVD methods have 
several distinct attributes. Film properties 
are easily tuned by adjusting the fl ow rate 
and composition of the feed vapors. In 
addition, the vapor-phase reactants readily 
diffuse into pores and other small features, 
resulting in “conformal” coatings with 
nanoscale uniformity. CVD processes have 
also been widely commercialized, particu-

larly for depositing inorganic thin fi lms for integrated circuit 
fabrication. The comparatively recent development of polymer 
CVD techniques has enabled users to harness the desirable 
qualities of CVD while fabricating fl exible and responsive mate-
rials with a wide range of organic chemical functionalities. [ 7 ]  

 Functional polymer CVD interfaces have been integrated 
into several applications that directly address sustainability con-
cerns ( Figure    1  ). CVD polymer fi lms can be used as thermal 
coatings to reduce energy consumption (Figure  1 a). [ 8 ]  Devices 
fabricated using CVD techniques also provide low-cost means 
of delivering therapeutic agents (Figure  1 b). [ 9 ]  CVD polymers 
can uniformly encapsulate particles of pharmaceutical and 
crop protection compounds, [ 10–12 ]  ensuring effi cient release 
of these materials with minimal waste (Figure  1 c). Functional 
membranes coated with CVD polymers provide a simple and 
effi cient route to extract microalgal intracellular biomass 
for cost-effective biodiesel production. [ 13 ]  Low-power CVD 
polymer-based sensors provide sustainable ways to monitor 
humidity levels, detect hazardous pathogens in food, and alert 
citizens about toxic air pollutants (Figures  1 d–f). [ 14–16 ]  The use 
of polymer CVD methods provides additional benefi ts with 
regard to sustainability. While solution-phase processes can be 
used to develop chemistries for applications like those shown 
in Figure  1 , all-dry CVD methods avoid the deleterious health, 
safety, and environmental concerns associated with solvent use. 
The lack of solvent is benefi cial from an economic perspective 
and improves the capabilities of the coating process, as con-
cerns about surface tension and dewetting effects and polymer-
solvent miscibility are eliminated. Additionally, CVD methods 
are typically fast, highly effi cient, one-step processes. Newer 
CVD techniques have been specifi cally designed to enable low-
temperature deposition of polymer thin fi lms. These attributes 

 Chemical vapor deposition (CVD) of polymer fi lms represent the marriage of 
two of the most important technological innovations of the modern age. CVD 
as a mature technology for growing inorganic thin fi lms is already a work-
horse technology of the microfabrication industry and easily scalable from 
bench to plant. The low cost, mechanical fl exibility, and varied functionality 
offered by polymer thin fi lms make them attractive for both macro and micro 
scale applications. This review article focuses on two energy and resource 
effi cient CVD polymerization methods, initiated Chemical Vapor Deposition 
(iCVD) and oxidative Chemical Vapor Deposition (oCVD). These solvent-free, 
substrate independent techniques engineer multi-scale, multi-functional and 
conformal polymer thin fi lm surfaces and interfaces for applications that can 
address the main sustainability challenges faced by the world today. 

  1.     Introduction 

 In 2012, the General Assembly of the United Nations adopted a 
resolution on sustainability, entitling it “The Future We Want.” 
This document highlighted the hallmarks of sustainable devel-
opment, including access to potable water, adequate nutrition, 
and quality medical care. In addition, a sustainable world would 
be powered by clean energy sources, and its inhabitants would 
breathe unpolluted air. [ 1 ]  All of these attributes are necessary 
for a successful, sustainable future; moreover, it is important to 
consider that these building blocks of sustainability do not exist 
in isolation, but are linked by complex relationships or “inter-
faces.” A primary example is the link between energy sources, 
air pollution, and human health. [ 2,3 ]  Another notable relation-
ship exists between clean water and energy, often referred to 
as the “water-energy” nexus. Water is an essential component 
of the technical processes used to extract or harness energy; 
in return, the process of obtaining clean water is also highly 
energy-intensive. [ 4–6 ]  

 Energy-effi cient Chemical Vapor Deposition (CVD) 
techniques can play an essential role in addressing many 
sustainability concerns. CVD processes enable engineering of 
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reduce energy use and operational costs as well as protect the 
integrity of polymer functional groups and the substrate. [ 17 ]   

 A variety of polymer CVD processes are in use today. The 
fi rst of these techniques, parylene CVD, was initially demon-
strated in 1947 and refi ned by Gorham in 1966. [ 18,19 ]  Poly(p-
xylylene) (“parylene”) fi lms are commonly synthesized by ther-
mally cracking [2.2] paracyclophane to yield monomers that self-
initiate polymerization on cooled substrates. The parylene CVD 
process has been heavily commercialized, and these materials 
have been implemented in variety of applications, including 
printed circuit boards and biomedical devices. [ 20,21 ]  Polymer 
thin fi lms have also been synthesized using Vapor Deposition 
Polymerization (VDP). In this process, two bifunctional mono-
mers are co-evaporated and react through a condensation step-
growth mechanism to form a polymer fi lm. [ 22 ]  In a variant of 
this method, Surface-Initiated VDP (SI-VDP), the vapor-phase 
monomers react with compatible functional groups on a sub-
strate, generating a grafted fi lm. [ 23 ]  Molecular Layer Deposi-
tion (MLD) is a process in which two monomers are alternately 
introduced into a vacuum chamber under self-limiting reac-
tion conditions. The MLD process yields ultra-thin and highly 
conformal fi lms. [ 24 ]  Another well-established CVD technique 
is Plasma-Enhanced Chemical Vapor Deposition (PECVD), 
in which monomer species are bombarded with charged spe-
cies in the plasma, ultimately resulting in fragmentation and 

free radical polymerization through a complex series of reac-
tions. [ 25,26 ]  The resulting fi lms are typically highly cross-linked 
and mechanically robust; however, the non-selective initiation 
can limit the retention of functional groups from the monomer, 
affecting the properties of the material. [ 26,27 ]  This phenomenon 
can be avoided by using a technique with a selective initiation 
process, such as initiated Chemical Vapor Deposition (iCVD). 
In this method, monomer(s) and a thermally labile initiator 
fl ow into a vacuum reaction chamber, passing through an array 
of heated fi laments. The thermal energy from the fi laments 
generates initiator radicals, which react with adsorbed mon-
omer on a cooled substrate, forming a polymer fi lm. [ 28,29 ]  In oxi-
dative Chemical Vapor Deposition (oCVD), a volatile monomer 
and oxidant are introduced into the reaction chamber, and 
step-growth polymerization occurs on the cooled substrate. [ 30 ]  
A variant of this technique, Vapor Phase Polymerization (VPP), 
requires pre-application of the oxidant in the liquid phase 
followed by introduction of monomers in the vapor phase. [ 31 ]  
One hallmark of the iCVD and oCVD processes is their benign 
reaction conditions. In the iCVD technique, the temperature of 
the fi lament is low enough to prevent damage of the monomer 
species during polymerization. [ 17,32 ]  This low-temperature pro-
cess is extremely effi cient, with an energy density one order of 
magnitude of lower than that of PECVD. [ 33 ]  In both the iCVD 
and oCVD processes, the substrate is maintained at or near 
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 Figure 1.    Key concerns interfacing the building blocks of sustainable development (air, water, energy, food, and medicine) are addressed with polymer 
chemical vapor deposition (CVD) interfaces and devices. (a) Highly cross-linked CVD fl uoropolymer coatings promote dropwise condensation, reducing 
energy consumption for industrial processes. [ 8 ]  (b) Polymer “microworm” devices fabricated via a low-energy CVD process are used to effi ciently 
deliver therapeutic agents. [ 9 ]  (c) CVD polymers uniformly coat particles and are used as an encapsulant for pharmaceutical and crop protection com-
pounds. [ 10–12 ]  (d) A functionalized, conducting CVD polymer is integrated into low-energy resistive biosensors for food pathogens. [ 15 ]  (e) Hazardous 
chemicals are readily detected using low-power CVD polymer gas sensors. [ 16 ]  (f) A fl exible Bragg mirror is constructed from alternating CVD layers of 
polymer hydrogel and titania and used as a humidity sensor. [ 14 ]  Insets (a)-(f) adapted with permission from. [ 8–10,14–16 ]  Insets (a)-(f) reproduced with 
permission. (a) Copyright 2013, Wiley. [ 8 ]  (b) Copyright 2011, National Academy of Sciences, USA. [ 9 ]  (c) Copyright 2008, American Chemical Society. [ 10 ]  
(d) Copyright 2011, Wiley. [ 15 ]  (e) Copyright 2010, Wiley. [ 16 ]  (f) Copyright 2008, American Chemical Society. [ 14 ] 



www.MaterialsViews.com

R
EV

IEW

www.advmatinterfaces.de

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (3 of 30) 1400117wileyonlinelibrary.com

room temperature, preserving the integrity of the polymer 
fi lms, reducing energy usage, and facilitating fi lm deposition 
on delicate substrates, including paper and fabric. [ 17,32 ]  

 This review discusses the use of energy-effi cient chemical 
vapor deposition (CVD) techniques to engineer extraordinary 
polymer thin fi lm surfaces and interfaces for applications 
addressing key sustainability issues. In particular, we empha-
size the iCVD and oCVD techniques developed in our labora-
tory. We begin with an overview of these methods, followed 
by an analysis of the scalability of these processes to address 
energy usage and economic concerns. Next, the integration of 
iCVD and oCVD polymer interfaces into sustainable applica-
tions, including photovoltaic and electrochemical energy har-
nessing, electrochemical energy storage, water desalination, 
enhancing heat exchange, and air, food quality monitoring is 
discussed. We conclude with commentary on the future pros-
pects of these enabling technologies to engineer pathways that 
lead to achieving the goal of sustainability. 

  1.2.     Mechanistic of Surface/Interface Modifi cations 

  1.2.1.     Classifi cation of Polymer CVD Techniques by Polymerization 
Mechanism 

  Chain Growth Polymerization:    The method of initiated chemical 
vapor deposition (iCVD) is the vapor-phase analog of solu-
tion-phase free radical polymerization. [ 34 ]  Initiating species 
(e.g., tert-butyl peroxide) and chain growth monomers (e.g., 
acrylates, methacrylates, styrenes, vinylpyrrolidone, divinylb-
enzene) in the vapor phase are delivered to the surface of a 
temperature controlled substrate, placed inside a custom-built 
vacuum chamber (reactor). As depicted in  Figure    2  a, resistively 
heated fi laments crack the initiator molecules to form free radi-
cals, which subsequently react with the monomers adsorbed on 
the cooled substrate surface, resulting in simultaneous poly-
merization and thin fi lm growth on the substrate. [ 7,32,35 ]  Reactor 
pressure, reactant fl ow rates, substrate and fi lament tempera-
tures are key parameters used to control fi lm growth. [ 29,36 ]  The 
in situ monitoring of fi lm thickness during deposition can be 
achieved by using either laser interferometry through a reactor 
window or by quartz crystal micro-balances (QCMs), facilitating 
process development and allowing precise control of fi lm thick-
ness over a wide range ( Figure    3  a-b).   

 iCVD can grow fi lms from virtually any vinyl monomer that 
can generate suffi cient vapor pressure to be delivered into the 
reactor, and is particularly desirable for the growth of homo-
polymers, co-polymers,and graded polymer fi lms that are dif-
fi cult to synthesize by solution-phase methods. The relatively 
modest temperatures (<300 °C) of the fi laments ensure that 
the monomer molecules remain chemically intact, resulting 
in full retention of organic functional groups (e.g.,-OH, 
-COOH,-C = O, -NH 2 ) in the iCVD grown polymer fi lms. In 
plasma-based polymer CVD techniques (e.g., PECVD), the 
highly energetic species present in the plasma collide with and 
fragment the monomer, leading to reduced retention of func-
tional groups. [ 17,41 ]  As discussed in the following sections, the 
full retention of organic functionality in iCVD grown polymer 
fi lms is critical for their myriad applications like tuning surface 

energy, generating responsive surfaces, and engineering 
polymer interfaces tethered to cells, tissues, and nanoparticles. 

  Step Growth Polymerization:    Oxidative chemical vapor depo-
sition (oCVD) mirrors solution based oxidative polymerization 
in the vapor phase. [ 42 ]  While iCVD typically synthesizes insu-
lating/dielectric polymer fi lms, oCVD enables the vapor-phase 
step-growth polymerization of thin fi lms of electrically con-
ducting polymers (e.g., poly(ethylenedioxythiophene) (PEDOT), 
polypyrrole (PPy), poly(3-thiopheneacetic acid) (PTAA)). 
Instead of initiating radicals, a solid-state oxidant (e.g FeCl 3 ) is 
sublimed by heating to ∼ 350 °C and spontaneously reacts with 
the heated monomer vapors that fl ow into the oCVD reactor 
(Figure  2 b), Adsorption and polymerization happen simulta-
neously on the surface of a temperature controlled substrate 
placed upside down over the oxidant crucible. [ 41,43 ]  Both work 
function and conductivity of the polymer fi lms can be tailored 
by varying the substrate temperature, enabling a host of con-
ducting polymer fi lms for applications in photovoltaics and 
energy storage. The all vapor nature of oCVD makes it suit-
able for growing conducting polymer fi lms on environmentally 
friendly substrates like paper. Indeed, oCVD grown PEDOT 
fi lms demonstrate excellent conductivities (>2000 S/cm), com-
parable to VPP and solution-cast fi lms. [ 44 ]  Furthermore, diffi -
culties associated with fi lm dewetting and substrate degrada-
tion by solvents can be completely avoided in oCVD, enabling 
highly conductive PEDOT fi lms grown by oCVD to be easily 
integrated with a variety of unconventional surfaces (e.g., 
graphene). [ 45 ]   

  1.2.2.     Engineering “Extraordinary” Polymer Surfaces and Interfaces 

 In both iCVD and oCVD, the rate of polymerization and fi lm 
growth depends on the amount of monomer adsorbed onto the 
substrate surface. Maintaining substrates at lower temperatures 
promote adsorption of the monomer, leading to fast fi lm depo-
sition rates (exceeding 100 nm/min) and high molecular weight 
polymer chains. [ 46 ]  The surface concentration of monomer at a 
given temperature can be directly related to the dimensionless 
ratio (P M /P sat ), defi ned between monomer partial pressure (P M ) 
and saturation pressure of the monomer at the substrate surface 
(P sat ). [ 29 ]  For most iCVD processes, fi lm growth is carried out at 
P M /P sat  values of 0.3 to 0.7. Operating within this range con-
centrates monomer species to liquid-like concentrations on the 
substrate surface and promotes uniform fi lm growth without 
leading to undesirable liquid-phase condensation (P M /P sat  ∼ 1). 
Employing P M /P sat  as a fi gure of merit along with real-time 
monitoring of fi lm growth thus facilitates the growth of polymer 
fi lms of varying thicknesses ranging from nanoscale anti-
fouling coatings on reverse osmosis membranes (Figure  3 a), [ 37 ]  
to impressively thick macroscale fi lms (Figure  3 b). [ 38 ]  This 
remarkable ability for multiscale thickness control is one of the 
strongest features of polymer fi lm growth by iCVD and oCVD, 
when compared to solution-based techniques. 

 iCVD and oCVD fi lm growth is compatible with traditional 
micro fabrication techniques, and can be patterned by litho-
graphic techniques, microcontact printing, and by using shadow 
masks or vapor printing. Patterning provides a route to tailor 
polymer fi lm surfaces both chemically and topographically. In 
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Figure  3 c, a TEM grid is used as shadow mask to pattern mul-
tifunctional iCVD fi lms comprising of hydrophobic wells of 
poly(perfl uorodecylacrylate) (pPFA) surrounded by hydrophilic 
poly(hydroxyethylmethacrylate) (pHEMA) regions. [ 39 ]  These 
microwell structures can spatially confi ne water droplets to the 

hydrophilic regions, creating durable hydrophobic water shed-
ding surfaces for water desalination and power generation. 
When such patterned fi lms are immersed in water, the hydro-
philic pHEMA regions selectively swell, varying the depth of the 
microwells, suggesting potential applications for such patterned 

Adv. Mater. Interfaces 2014, 1, 1400117

 Figure 2.    Schematic of (a) iCVD reactor, (b) oCVD reactor. 
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responsive surfaces in sensing. As the thickness of the growing 
polymer fi lm can be monitored in real-time, the height of the 
two polymer regions can be precisely controlled to produce var-
ious topographic features, adding to the multifunctional capa-
bilities of these fi lms. In another example (Figure  3 d), colloidal 
polystyrene (PS) beads were used as template to pattern oCVD 
PEDOT fi lms as nanobowls, while preserving the high elec-
trical conductivity of the bulk polymer. [ 40 ]  The ability to create 
a covalently bonded (grafted) interface between the PEDOT 
and the underlying substrate is the key to realizing this simple, 
one-step process that can simultaneously pattern the PEDOT 
surface for applications like plasmonics, and functionalize the 
PEDOT surface to attach biomolecules. The high surface area 

of these conductive PEDOT nanostructures 
further makes them attractive as electrodes 
for supercapacitors and lithium-ion batteries. 

 In both iCVD and oCVD polymerization, 
reactants arrive at the substrate surface 
through non-directional vapor phase diffu-
sion. There is only a limited probability that 
these reactants will “stick” to the surface 
during any single collision event. Unlike 
solution processing, vapor-phase deposition 
does not suffer from surface tension and de-
wetting effects, which lead to non-uniform 
fi lm thicknesses. Consequently, under appro-
priate deposition conditions, iCVD and oCVD 
grown polymer fi lms are highly conformal 
i.e., as these fi lms grow, they uniformly trace 
the contours or geometric features present 
on the substrates ( Figure    4  a). Quantitative 
models for understanding conformal cov-
erage by iCVD fi lms have been reported by 
Baxamula et al. [ 47 ]  Briefl y, both the aspect 
ratio of the structures being coated and the 
P M /P sat  ratio determine conformal coverage. 
For a given aspect ratio, low P M /P sat  ratios 
result in excellent conformality (Figure  4 a). 
As P M /P sat  ratios increase towards super-sat-
urated conditions, the fi lms tend to become 
less conformal and non-uniform (Figure  4 b). 
Figures  4 c–e depicts examples of multi-scale 
conformal coverage by iCVD fi lms on non-
planar surfaces with nano and micro-scale 
features. In Figure  4 d, conformal pH respon-
sive (poly(methacrylic acid-co-ethylene glycol 
diacrylate) (p(MAA-co-EGDA)) hydrogel coat-
ings “shrink-wrap” vertically aligned carbon 
nanotubes, signifi cantly enhancing the wetta-
bility of the nanotube surface for  in vivo  and 
 in vitro  sensing. [ 48 ]  Figure  4 e depicts smooth, 
thin coatings of (poly(methylmethacrylate) 
(PMMA)) on the surfaces of wool fabrics, 
which protects dyed wool textiles against 
light induced degradation. [ 49 ]   

 The ability to engineer functional polymer 
surfaces with tunable nanostructure, nanopo-
rosity and high interfacial area is critical for 
photovoltaics, lithium ion batteries, super-

capacitors and sensors. In the example depicted in  Figure    5  a, 
oCVD using CuCl 2  oxidant demonstrated systematic control 
over both porosity and surface morphology of PEDOT fi lms, 
simply by varying the substrate temperature. [ 50 ]  Combining 
such nanoscale surface roughness with the microscale tex-
ture of naturally rough substrates like paper or textile fabrics 
can tune the surface energy of these substrates leading to 
superhydrophobic surfaces that emulate the “lotus leaf” effect 
(Figure  5 b). [ 51 ]  There is currently a growing number of “green” 
applications for such surfaces from design of self-cleaning tex-
tiles to de-icing of power transmission lines. As both iCVD and 
oCVD coatings are conformal, the underlying roughness of 
substrates gets invariably transferred to the growing fi lms. The 
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 Figure 3.    Multiscale thickness control. (a) Ultra-thin iCVD grown copolymer fi lms of amphi-
philic p(HEMA-co-PFDA) on reverse osmosis (RO) membranes. [ 37 ]  (b) 30 micrometer thick 
poly(glycidyl methacrylate) (pGMA) fi lms made possible by fast (>300 nm/min) deposition 
rates in iCVD. [ 38 ]  (c) iCVD dual-patterned multifunctional surface with hydrophobic pPFDA in 
the squares and hydrophilic pHEMA in the surrounding matrix. [ 39 ]  (d) Colloidally patterned 
oCVD PEDOT nanobowls. Roughness of these surfaces can be tuned by changing the oxidant 
used in oCVD. [ 40 ]  (a) Reproduced with permission. [ 37 ]  Copyright 2013, Elsevier. (b) Reproduced 
with permission. [ 38 ]  Copyright 2012, American Chemical Society. (c) Reproduced with permis-
sion. [ 39 ]  Copyright 2010, Wiley. (d) Reproduced with permission. [ 40 ]  Copyright 2010, Royal 
Society of Chemistry.
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example in Figure  5 c demonstrates carbon nanotubes serving 
as templates for the nucleation and growth of crystalline poly-
tetrafl uoroethylene (PTFE), resulting in the aggregation of these 
crystals into a nano-hybrid “shish-kebab” or “string of pearls” 
morphology. [ 52 ]  Given the technological relevance of many poly-
mers referenced here (e.g., PTFE, PEDOT), the ability of iCVD 
and oCVD to simultaneously control both the surface chemistry 
and the surface morphology of polymer fi lms is signifi cant.  

 While previous examples focused on all 
solid thin fi lm interfaces, the example in 
Figure  5 d uses iCVD to grow stable polymer 
fi lms on the surface of a drop of ionic liquid 
( i.e  at the liquid vapor interface). By varying 
the surface energy and solubility of the 
deposited polymer, either continuous fi lms 
or particles can be deposited. [ 53 ]  Alternatively, 
depending on the solubility of the monomer 
in the liquid, the fi lm can be deposited at 
the liquid-vapor interface or inside the liquid 
drop; a feat impossible by solution casting. [ 54 ]  
High molecular weight polymer fi lms grown 
inside the liquid drop can even form solid-
like gels, which can potentially be used as 
membranes in fuel cells and in gas separa-
tion processes. 

 Finally, incorporating functional groups 
onto the surface of both iCVD and oCVD 
grown polymer fi lms can easily attach 
nanoparticles, quantum dots and even bio-
logical matter to these fi lms.  Figure    6  a 
depicts examples for 4-aminothiophenol, [ 55 ]  
azide, [ 56 ]  and amine-peptide [ 57 ]  linker mol-
ecules that respectively enable such hybrid 
polymer-inorganic and polymer-biomole-
cule interfaces with remarkable chemical 
and biological specifi city. The ability to 
engineer the interface between the sub-
strate and the growing polymer fi lm is yet 
another important capability, particularly 
for fabricating thin fi lm devices. In iCVD, 
functionalizing the surface of the substrate 
with vinyl groups creates radical sites on the 
surface that covalently connect (graft) the 
substrate to the polymer (Figure  6 b). [ 56,58,59 ]  
Such grafted fi lms are strongly adhered to 
the underlying substrate, and cannot be 
damaged by repeated sonication or other 
mechanical delamination tests. Another 
oCVD approach uses aromatic groups pre-
sent on the surface of certain substrates 
(e.g., polystyrene (PS), polyethylene tere-
phlate (PET)) to create radical sites directly 
on the substrate using the Friedel Crafts 
reaction between the aromatic group and 
the oxidant (PEDOT nanobowl example 
in Figure  3 d). [ 40,60 ]  The iCVD equivalent 
of this linker free grafting approach is to 
create vinyl groups on the substrate surface, 
which can then be used to graft an iCVD 

fi lm. [ 61 ]  In an example of this technique, Si-H bonds present 
on a native oxide stripped silicon surface were abstracted by 
initiator radicals to form reactive sites at which vinyl groups 
can be anchored. Once grafted to the substrate surface, the 
iCVD and oCVD polymer fi lms can be patterned (Figure  3 d) 
or wrinkled, [ 62 ]  to create topographic features for plasmonics, 
or even reduce surface dangling bonds in crystalline silicon 
solar cells.  

Adv. Mater. Interfaces 2014, 1, 1400117

 Figure 4.    Multiscale conformality of iCVD fi lms. (a) Perfectly conformal polymer fi lm dem-
onstrates uniform thickness along a microtrench cut into silicon wafer. (b) Deposition under 
super-saturated conditions results in liquid phase wetting and non-conformal “bridging” fi lm 
across the trench. (c) SEM images of vertically aligned carbon nanotubes before (top) and 
after (bottom) conformal coating with 50 nm layer of p(MAA-co-EGDA) by iCVD. Scale bar is 
2 µm. [ 48 ]  (d) Wool fi bers conformally coated with iCVD PMMA. The structure of the underlying 
fi ber surface is visible after coating demonstrating the delicate nature of the iCVD process. [ 49 ]  
(c) Reproduced with permission. [ 48 ]  Copyright 2011, Royal Society of Chemistry. (d) Reproduced 
with permission. [ 49 ]  Copyright 2013, American Chemical Society.
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 For details on the physical mechanisms governing polymer 
fi lm growth and interface engineering in iCVD and oCVD, the 
interested reader is directed to a previously published review 
article. [ 32 ]  The succeeding sections of this review will focus on 
various applications for sustainable use of energy, water and 
other natural resources, made possible by the amazing prop-
erties of iCVD and oCVD polymers mentioned in this section. 
 Table    1   summarizes these distinguishing characteristics of 
iCVD and oCVD that can address the challenges of designing 
materials and techniques for an environmentally-benign, 
economically viable future.    

  1.3.     Reactor Design Principles 

 As previously discussed, basic principles of polymer CVD are 
relatively simple and so are the technical requirements for 
designing the CVD reactor. Whether the substrate is already 
pre-treated with initiator or oxidant, or one of these is intro-
duced as a vapor fl ow to subsequently mix with the monomer, 

the reactor architecture can be designed with great fl exibility 
as desired for the particular application. For example, Hassan 
et al. have demonstrated an elegant solution for encapsulation 
of wool fabrics by UV-protecting poly(methyl methacrylate), 
PMMA. [ 49 ]   Figure    7  a illustrates a simple CVD reactor which 
consists purely of an evacuated glass vessel heated by the 
outer glycerin bath. A dish with MMA monomer is placed at 
the bottom of the vessel just below the wool substrate. Heated 
MMA evaporates onto the fabric where it reacts with the pre-
coated initiator and subsequently polymerizes, leading to con-
formal coating of the wool fi bers with PMMA (Figure  4 d). As 
shown previously in Figure  2 , the oCVD and iCVD methods are 
principally similar, and allow for adjustment of the oxidant or 
the initiator fl ow rates, thus enhancing the ability to control the 
polymer fi lm growth. [ 28–30 ]   

 The key process parameters, namely chamber pressure, 
reactant fl ow rate, and substrate temperature, each play an 
interdependent role in determining the growth rate of the 
polymer fi lm and its chemical and morphological properties. 
A detailed discussion on these relations can be found in our 
previous reviews. [ 17,35 ]  As regards the technical values, the reac-
tants are usually introduced as vapors at fl ow rates on the order 
of ∼0.1 to ∼10 sccm into a chamber operating under medium 
vacuum ∼0.1–1 torr. The substrate temperatures range between 
20 – 80 °C for iCVD and 20 – 200 °C for oCVD. To note, these 
are standard conditions for the lab-sized oCVD and iCVD reac-
tors (∼1 cf and ∼0.5 cf in volume, respectively) used in most of 
our previous studies. In order to achieve uniformity of the fi lm 
properties, substrate heating, fl ow mixing, and fl ow patterns 
within the reactor should all be as uniform as possible. Reac-
tors with a degree of symmetry are therefore desired.  

  1.4.     Reactor Scale-up and Commercialization 

 The in-situ process parameters are necessarily entangled with 
the geometrical parameters of the reactor itself. Suffi cient con-
sideration should hence be given to fl uid mechanics, mass 
and heat transport, as well as the reaction kinetics – espe-
cially when designing a new CVD reactor, scaling up a CVD 
process, or transferring a design across different reactors. [ 72 ]  
The relative importance of pairs of physical phenomena, such 
as conduction and convection, can be described by various 
dimensionless numbers. [ 73–75 ]  In a simplistic view, the mass 
fl ow regime in a lab-scale CVD reactor should generally be 
continuous (low  Knudsen number ,  K n   < 10, achieved under low 
to medium vacuum), laminar (low  Reynolds number ,  R e   < 100, 
determined by typically ‘low’ fl ow rates of the precursors), and 
diffusion-dominated (low  mass Peclet number ,  P e   < 10, given 
by typically ‘low’ fl ow rates of the precursors). These regimes 
should be adjusted to attain different desired outcomes, such 
as growth rate vs. uniformity. Similarly important is the esti-
mation of the heat transfer (e.g.,  Prandtl number ,  Pr , and 
 Rayleigh number ,  Ra ) and the surface reaction mechanisms 
( Damkohler numbers ,  Da  and  Da II  ). When scaling-up or trans-
ferring a CVD process, the dimensionless numbers across the 
reactors should remain the same in order to achieve reproduc-
ibility of results. Modelling methods, such as computational 
fl uid mechanics (CFD), are valuable means to get additional 
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 Figure 5.    (a) Nanoporous PEDOT fi lms with basalt-like surface mor-
phology obtained using CuCl 2  as oxidant in oCVD. [ 50 ]  (b) Super-hydrophobic 
polyester fabric with stacked polytetravinytetramethycyclotetrasiloxane-
polyfl uorodecylacrylate (p(V 4 D 4 -PFDA)) coating deposited by iCVD. Inset 
depicts a drop of aqueous blue ink on the coated surface with contact 
angle exceeding 150 o . [ 51 ]  (c) “Shish-kebab” surface morphology of 40 nm 
thick iCVD PTFE fi lm grown over carbon nanotube templates. PTFE crys-
tals nucleate onto the nanotube, organize into aggregates and fi nally grow 
along the nanotube axis. [ 52 ]  (d) iCVD grown continuous PFDA fi lm on 
a drop of [emim][BF 4 ] ionic liquid. It is energetically favorable for low 
surface tensions fi lms like PFDA to spread over the liquid surface. [ 53,54 ]  
(a) Reproduced with permission. [ 50 ]  Copyright 2008, American Chemical 
Society. (b) Reproduced with permission. [ 51 ]  Copyright 2012, Royal Society 
of Chemistry. (c) Reproduced with permission. [ 52 ]  Copyright 2012, Wiley. 
(d) Reproduced with permission. [ 53 ] 
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customized insight into the reactor fl ow patterns and tempera-
ture gradients. [ 76 ]  

 The scale-up of polymer CVD process aims to accommo-
date larger-area stationary substrates, or fl exible substrates 
delivered in form of a roll-to-roll mode (R2R). Both types of 
processes have been successfully demonstrated. Large-scale 
batch reactor (Figure  7 b) has been employed by GVD Corpo-
ration for iCVD of fl uorocarbon and silicon polymers, [ 77 ]  while 
Gupta et al. [ 71 ]  have demonstrated R2R iCVD deposition of 
poly(glycidyl methacrylate) fi lms on fl exible substrates. The 
latter case illustrates that the polymer CVD processes are com-
patible with already established technologies, and as such, can 
even be further co-integrated with other non-CVD deposition 
methods (e.g., spraying, printing, or vacuum thermal evapora-
tion). A proposed scenario can be seen in Figure  7 c, where a 

medium vacuum oCVD process for deposi-
tion of transparent conductive PEDOT anode 
is combined with high-vacuum physical 
vapor deposition of molecular semiconduc-
tors and metallic cathode into a single hybrid 
R2R line for large-scale production of organic 
solar cells. 

 The transfer of various CVD techniques to 
industrial scale has been steadily growing. [ 78 ]  
CVD polymerization is not only attractive to 
the scientifi c community, but also offers sev-
eral practical advantages when considering 
scale-up:

•    solvent-free processing with relatively low 
energy input (low temperature, low-medi-
um vacuum); 

•   one-step polymerization/deposition process 
eliminating a need for design and synthesis 
of inks; 

•   new technology or use of different/additive 
precursors not required for deposition at dif-
ferent scales; 

•   non-contact deposition method with well-
controlled fi lm thickness and uniformity at 
large-scale; 

•   predictably suffi cient deposition speeds [ 71 ]  
and established ‘know-how’ from inorganic 
CVD. [ 78 ]    

 Design of a reactor for commercial coat-
ings should be governed by the target appli-
cation and compatibility of the process with 
the other manufacturing steps. Special con-
sideration should be given to the value of the 
manufactured products, capital costs, cost of 
the precursors, operating costs, and possibly 
the cost of recovering or safely disposing of 
unconverted reactants. [ 79 ]  

 Finally, the market selection is an impor-
tant parameter for successful commerciali-
zation of any new technology. The range of 
applications of polymer CVD is in part prede-
termined by the excellent fi lm properties and 
deposition capabilities. The current market 

has already allowed for the creation of a number of companies 
offering ‘conformal nano-coatings’ for industries ranging from 
transportation to medicine. [ 80–83 ]  Online videos of CVD-coated 
smartphones functioning even after immersing in water are 
one such example. [ 84 ]    

  2.     CVD Polymer Interfaces for Energy Harnessing 
and Storage 

  2.1.     Photovoltaic Energy Harnessing 

 Development of renewable energy sources is critical for 
replacement of the fossil-fuel economy and delocalization of 
energy generation. Photovoltaics (PV) comprising of solar 
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 Figure 6.    (a) 4-aminothiophenol linker molecules can be used to covalently attach silver nano-
particles to the –COOH groups on surface of oCVD poly-pyrrole fi lm. [ 55 ]  Azido-biotin (B) linker 
is used to attach streptavidin conjugated quantum dots to iCVD poly-propargylmethacrylate 
(pPMA) fi lm. [ 56 ]  iCVD copolymerized p(HEMA-EGDA) fi lms functionalized with a peptide 
sequence promotes cell culturing. [ 57 ]  (b) Surface functionalization of substrates with vinyl 
groups covalently grafts iCVD grown fi lms to these substrate. [ 56,58,59 ]  In linker-free grafting, 
substrates with aromatic groups can be directly grafted to oCVD fi lms. [ 40,60 ] 
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cell devices which convert solar energy directly into electricity 
are a key component of this plan. In fact, silicon-based solar 
cells have already achieved grid parity in many regions of the 
world. [ 85 ]  However, emerging solar cell technologies based on 
organic/polymeric and hybrid materials show signifi cantly 
higher promise, by reaching commercially attractive effi cien-
cies of 12–15%, while keeping the production costs low. [ 86,87 ]  
The main advantage of organic photovoltaics (OPV) is its inte-
gration capabilities – the active fi lms can be deposited on non-
conventional substrates, allowing widespread application of the 
technology onto the objects of everyday life. 

 Conventional organic solar cell consists of an active layer of 
organic semiconductors sandwiched between two electrodes, 
one of which needs to be transparent in order to allow the sun-
light to reach the photoactive materials. The transparent elec-
trode is one of the limiting elements of the device. [ 88 ]  It has 
relied predominantly on the use of expensive and brittle oxides 
(e.g., indium thin oxide, ITO), resulting in compromised func-
tionality on fl exible substrates. In recent years, poly(3,4-ethylen-
edioxythiophene) (PEDOT) has emerged as an alternative due 
to its excellent conductivity, transparency, and mechanical prop-
erties. [ 89 ]  PEDOT has been widely adopted by the OPV commu-
nity not only as a transparent electrode, but also as an interface 
layer for enhanced charge transport and injection. High-conduc-
tivity PEDOT fi lms have been fabricated by multiple methods – 
standard solution processing (σ ≈ 3300 Scm −1 ), [ 90 ]  vapor-phase 
polymerization (σ ≈ 3400 Scm −1 ), [ 91 ]  and oxidative chemical 
vapor deposition (σ ≈ 2800 Scm −1 , latest result from our lab 
submitted for publication). In particular, solvent-free oCVD 

PEDOT has been successfully applied in multiple advanced 
OPV architectures, demonstrating versatility of the deposition 
technique, its substrate independence and conformality. [ 63–65 ]  

 Conductivity of oCVD PEDOT can be largely improved 
through elevated substrate temperature and post-processing 
treatment with weak acids. [ 30,44 ]  The former leads to a longer 
conjugation length and enhanced packing of the polymer, 
and the latter results in better dopant exchange and a higher 
degree of doping. Howden et al. [ 44 ]  illustrated the latter by 
rinsing PEDOT fi lms with 1M H 2 SO 4  and 1M HBr, removing 
excessive FeCl 3  oxidant and achieving improved fi lm stability 
and over 100% increase in fi lm conductivity. Similar strategies 
have been used also for PEDOT:PSS. [ 92 ]  However, any post-
deposition treatments limit the choice of device architecture 
and put more restrains on scale-up. Elimination of rinsing 
steps by ensuring that effi cient doping takes place during 
the deposition process would therefore be preferred. In fact, 
Hitesh et al. demonstrated a completely dry oCVD process to 
deposit PEDOT fi lms, using bromine as oxidant. The lower 
volatility and oxidation potential of bromine compared to chlo-
rine made the resultant PEDOT fi lms exhibit enhanced sta-
bility, retaining high electrical conductivity during accelerated 
aging experiments in air. Stability is critical for application of 
oCVD grown PEDOT fi lms in OPV devices. [ 93 ]  Improvements 
in conductivity would also benefi t from more detailed studies 
of the fundamental mechanisms of conduction in oCVD 
PEDOT, as well as from better understanding of the struc-
ture-property relationships. These topics are currently under 
investigation. 
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  Table 1.     Characteristics of iCVD and oCVD polymerization for surface and interface engineering in sustainability related applications.   

Property iCVD and oCVD polymerization Applications for sustainability

Solvent-free · High purity fi lms vapor phase fi lms are free from residual solvent contamination · Photovoltaics[ 63–65 ]

· Reduced materials wastage · Self-cleaning textiles[ 51 ]

· Suitable for delicate/ natural substrates (e.g., paper) · Pharmaceuticals, crop protection[ 10–12 ]

· Stacked fi lms, graded and co-polymerized fi lms from immiscible monomers possible · Biodiesel production[ 13 ]

Multi-scale thickness control · Precisely control fi lm thickness from 10 s of nm to 10 s of µm ·  Ultrathin coatings for high permeation water 

desalination membranes[ 66 ]

· Films can be simultaneously patterned ·  Free-standing membranes for water 

desalination, fuel cells[ 67 ]

· Bio, food, air sensors[ 14–16 ]

Thickness uniformity/

conformality

·  Ultra-uniform and conformal fi lms possible on non-planar 

geometries of various aspect ratio

· Photovoltaics,[ 63–65 ]

· Fast fi lm growth rate (>100 nm/min) in iCVD · DSSC solid-state electrolyte[ 68 ]

· Deposition rate in oCVD limited by oxidant delivery · Lithium ion battery electrodes[ 69 ]

· Supercapacitors[ 70 ]

100% functionality retention ·  Low temperatures needed to initiate polymerization fully retain monomer functionality · Bio, food, air sensors[ 14–16 ]

· Tunable fi lm properties through surface functional groups · Antifouling surfaces for water desalination[ 66 ]

·  Hydrophobic water shedding surfaces for 

air conditioning, power generation[ 39 ]

Energy, cost, scale-up, 

environment

· Mild, low-power, medium vacuum, scalable processes · Roll-to-roll printing of photovoltaics[ 71 ]

· Environmentally benign (less waste) · Low cost drug delivery[ 9 ]

· Fast, single-step processing · Low power distributed sensing of air 

quality[ 14–16 ]
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 Conformal PEDOT produced by oCVD plays multiple key 
roles in wider application of OPVs – it can be deposited and 
hence serve as an electrode on almost any substrate; it binds 
covalently to many surfaces lowering the chance of device 
delamination; it can act as a planarizing interface layer for 
rough substrates, decreasing a chance of device shunting when 
the subsequent thin fi lms are deposited by standard thermal 
evaporation or solution techniques. [ 63 ]  Organic solar cells have 
tremendous integration advantages and their future is unlikely 
to stay on glass. Deposition of OPV on surfaces, such as paper 
or textiles, is therefore an essential step in realizing the full 
potential of the technology. Initial studies on paper solar cells 
using oCVD PEDOT both as a bottom [ 63 ]  and a top [ 65 ]  electrode 
have demonstrated that effi ciencies comparable to plastic- and 
glass-based devices can be achieved.  Figure    8  a displays top-
illuminated OPV devices [ 65 ]  deposited on different substrates 
(on left), with the respective  J–V  curves plotted (on right). The 
optoelectronic characteristics show that the solar cell on high-
quality stamp paper (thick dashed line, η stamp  = 2.0%) reaches 
similar power conversion effi ciency to its counterpart on plastic 
(thin dashed line, η plastic  = 2.2%), and also compares well with 
the reference sample on glass (solid line, η glass  = 2.8%). How-
ever, the other curves indicate that the surface roughness of the 
substrate plays an important role in the device performance, 

compromising the effi ciency for devices on photo paper (solid 
line, η glass  = 1.5%) and magazine paper devices (solid line, 
η glass  = 0.4%) through increased current shunting. Although 
textile-based devices have not yet been fabricated, Bashir et al. 
have successfully produced conductive viscose and polyester 
yarn fi bers using VPP PEDOT. [ 94–96 ]  Much work still needs to be 
done to deposit a multilayer device on textiles, especially when 
aiming for its sustained functionality under mechanical stress.  

 Enhancement of power conversion effi ciency is another 
critical area for OPV research. There are two main approaches 
working in synergy here, namely the molecular design of 
organic semiconductors, and the architectural design of the 
OPV device. [ 100 ]  Synthetic chemistry targets appropriate posi-
tion of the energy levels and character of the fi lm morphology, 
while the device architecture helps to overcome fundamental 
effi ciency barriers such as the Shockley–Queisser limit. Nan-
ophotonics stands out as an attractive solution for effi cient 
light management in solar cells. [ 101 ]  Light-trapping and light-
directing features can be fabricated at one of the electrode inter-
faces, enhancing photon absorption and leading to signifi cant 
effi ciency improvements (schematically depicted in Figure  8 b). 
Light management techniques require features with intri-
cate nanoscale morphology, and thus necessitate a conformal 
coating of the polymer layer, when such textured surfaces are 

Adv. Mater. Interfaces 2014, 1, 1400117

 Figure 7.    (a) Example of a simple CVD reactor for coating of wool fi bers with UV-protecting PMMA. [ 49 ]  (b) Large-scale batch reactor for commercially 
coating objects with fl uorocarbon and silicon polymers (image is courtesy of GVD Corporation, Cambridge, Massachusetts, USA). (c) Sketch of a basic 
roll-to-roll line for production of organic solar cells using hybrid double-chamber system for oCVD deposition of PEDOT transparent anode (left) and 
vacuum thermal evaporation of molecular semiconductors together with metallic cathode (right). (a) Reproduced with permission. [ 49 ]  Copyright 2013, 
American Chemical Society.
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used as a device substrate. As shown in Figure  8 c, Howden 
et al. [ 97 ]  demonstrated that photonic features as small as 10s of 
nm in size can be conformally coated by PEDOT deposited via 

oCVD. The PEDOT electrode retains its conductivity, while the 
textured substrate geometry results in an increased absorbance 
of the semiconductor fi lms deposited on the top. 
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 Figure 8.    (a) Top-illuminated organic solar cells deposited on different opaque substrates (left) and their respective  J-V  characteristics (right). [ 65 ]  (b) Sche-
matics of light-trapping OPV device with a textured substrate conformally coated by oCVD PEDOT and (c) SEM of such photonic structure with PEDOT 
on top. [ 97 ]  (d) Controlled wrinkling of a iCVD grown pHEMA fi lm by stretching of the PDMS substrate. [ 98 ]  e) Electrochromic behavior of unsubsituted 
polythiophene fi lms deposited by oCVD. [ 99 ]  (a) Reproduced with permission. [ 65 ]  Copyright 2012, Wiley. (c) Reproduced with permission. [ 97 ]  Copyright 
2013, Elsevier. (d) Reproduced with permission. [ 98 ]  Copyright 2012, Wiley. e) Reproduced with permission. [ 99 ]  Copyright 2011, American Chemical Society.
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 There are also other strategies for producing devices 
with light-trapping topography, two of which are depicted in 
Figure  8 d and e. The left image shows controlled wrinkling of a 
polymer fi lm through directional stretching. [ 98 ]  To avoid delami-
nation, iCVD polymer fi lms can also be covalently grafted to 
the substrate, as previously discussed in section 1.2.2. Similarly, 
oCVD PEDOT bonds covalently to many plastic substrates, 
allowing stretchability of fi lms deposited on textured plastic 
surfaces. [ 60 ]  Enhancement of light absorption and photovoltaic 
effi ciency through such texturing and wrinkling techniques has 
been shown previously. [ 102 ]  Another approach could be based on 
a conductive scaffold with features at the scale of the incoming 
light wavelengths, as shown earlier in Figure  3 d. The scaffold 
forms after the dissolution of templating polystyrene beads 
conformally coated with conductive PEDOT. [ 40 ]  These are just 
some of the examples that illustrate the great promise of oCVD 
in fabricating advanced photonic architectures using low-cost 
methods with the potential for large scale deployment. 

 The molecular design of organic semiconductors has been 
a signifi cant contributor to the recent progress of the OPV 
fi eld. [ 103 ]  However, the photoactive molecules are designed 
almost exclusively for wet methods and hence continue to 
encounter the same processing issues. While such polymers 
can be modelled and designed to have excellent optoelectronic 
properties, their poor solubility and fi lm morphology often 
hinder further application. Synthesis of semiconducting poly-
mers for OPV has also been investigated by oCVD [ 32 ]  (using the 
same FeCl 3  oxidative polymerization methods used for PEDOT 
fi lms). The advantage of this method is the absence of solvents, 
which removes the restrictions on polymer solubility. The afore-
mentioned benefi ts of oCVD along with this ease of processing 
can enable the complex OPV device architectures required to 
reach higher effi ciencies. 

 As a proof of concept, oCVD fi lms of semiconducting 
polymers like polythiophene (PT) have been successfully syn-
thesized, and applied as active layers in OPV devices. [ 104 ]  The 
thickness-optimized planar heterojunctions based on PT/C 60  
matched the performance of the PT-based devices fabricated 
by other techniques. It is worth mentioning here that unsub-
stituted PT is diffi cult to process by solution-based techniques 
due to the insolubility of the monomer. Nejati et al. further 
showed that oCVD grown PT fi lms displayed electrochromic 
behavior. [ 99 ]  As indicated by cyclic voltammetry (CV) curves in 
Figure  8 e, while these fi lms are orange-red in the initial doped 
state at 1.1 V, they turn blue in the de-doped state at 0.6 V. Such 
fi lms fi nd use in energy-saving electrochromic windows, which 
can intelligently control the amount of light passing through 
a window. In addition to PT, semiconducting homopolymers 
with a wide range of bandgaps (1.1 – 2.0 eV) have also been 
processed, such as polyselenophene (PSe), [ 105 ]  and polyisothian-
aphthene (PITN) [ 106 ]  ( Figure    9  a). Borrelli et al. [ 106 ]  demonstrated 
effi cient bandgap engineering of PITN simply by changing the 
substrate temperature during the deposition/polymerization. 
As shown in Figure  9 b, a change in substrate temperature by an 
interval of 60 °C results in a shift of the absorption maximum 
of PITN by more than 100 nm. Such tuning of optoelectronic 
properties could be further advanced by co-polymerization, 
while ensuring the high degree of regioregularity necessary for 
molecular order.  

 The application of polymer CVD in photovoltaics is not only 
in the area of electronically active layers. There is also consider-
able potential for the use of dielectric polymer fi lms produced 
by iCVD as passive components. For example, Rong et al. 
performed passivation of silicon using iCVD-grafted dielec-
tric fi lms of poly(ethylene glycol diacrylate) (pEGDA). [ 61 ]  This 
treatment is low-temperature and inexpensive, yet it achieves 
a decrease in the surface recombination of minority carriers 
(≤10 cm s −1 ) comparable to what can be obtained from current 
commercial technologies. These fi lms (grafted by the iCVD 
equivalent of linker-free grafting in Figure  6 b) were also demon-
strated as anti-refl ection coating (ARC) layers in silicon solar cells. 

 The fi lms deposited by the iCVD method are pinhole-free, 
a feature which has largely been explored for the encapsula-
tion of air-sensitive materials. Some of the most successful 
approaches have relied on iCVD deposition of organic or orga-
nosilicon coatings, often accompanied by interlayers of Si-based 
inorganics processed by PECVD or HWCVD. [ 107–114 ]  Multilayer 
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 Figure 9.    (a) Bandgap energies for different polymers obtained by 
oCVD. [ 99,104–106 ]  The deviation bar for PITN shows a range of bandgaps 
achieved using different substrate temperatures. (b) Shift of PITN peak 
UV-Vis absorption due to different substrate temperatures. [ 106 ]  Inset: 
As-deposited PITN fi lms on glass slides. (b) Reproduced with permis-
sion. [ 106 ]  Copyright 2013, American Chemical Society.
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stacks of organic/inorganic layers, as depicted in  Figure    10  a, lead 
to extremely low permeation rates of water vapor and oxygen 
– their performance increasing with the number of layers 
within the stack. [ 108 ]  Figure  10 b shows an oxygen-sensitive Ca 
test comparing the encapsulation properties of a single layer 
of low-temperature deposited SiN x  (top row), a state-of-the-art 
high-temperature deposited SiN x  (middle row), and a double-
layer of SiN x  sandwiching a layer of poly(glycidyl methacrylate)
(PGMA) (bottom row). The difference in barrier properties is 
signifi cant. The three-layer SiN x /PGMA structure, shown in 
Figure  10 a, has a water vapor transmission rate (WVTR) of only 
5 × 10 −6  g/m 2 /day at 60 °C and a relative humidity of 90%, which 

makes it a suitable candidate for encapsulation of OPV and OLED 
technologies. Recently, Li et al. presented a new single-layer bar-
rier using hybrid organosilicon hexamethyldisiloxane (HMDSO) 
deposited by PECVD. [ 115 ]  The low WVTR of 3.6 × 10 −6  g/m 2 /day 
was demonstrated on encapsulation of OPV devices containing 
air-sensitive active layers. As seen in Figure  10 c, the device life-
time was extended from 120 h for the unencapsulated sample, to 
over 3600 h for the HMDSO-encapsulated sample. Finally, Barr 
et al. demonstrated that iCVD encapsulation of paper PV devices 
containing oCVD PEDOT electrodes not only extends lifetime, 
but adds water-proofi ng functionalities allowing the devices to 
operate while submerged under water. [ 63 ]    
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 Figure 10.    a) Multilayer encapsulation barrier based on alternating layers of SiN x  and PGMA. [ 108 ]  b) Oxygen-sensitive Ca test of low-temperature depos-
ited SiN x  barrier (top row), high-temperature deposited SiN x  barrier (middle row), and SiN x -PGMA-SiN x  multilayer barrier. [ 108 ]  c) Encapsulation test of 
the OPV device stability with depicted  J−V  characteristics of the device after 0 h, 1700 h, and 3600 h. [ 115 ]  (a) and (b) Reproduced with permission. [ 108 ]  
Copyright 2013, Elsevier. (c) Reproduced with permission. [ 115 ]  Copyright 2013, IOP publishing.
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  2.2.     Electrochemical Energy Conversion 

  2.2.1.     Dye-Sensitized Solar Cells (DSSCs) 

 Dye-sensitized solar cells (DSSCs), which rely on photo-elec-
trochemical processes to generate electricity, have garnered 
tremendous scientifi c interest since they were invented by 
Grätzel in 1991. DSSCs recently achieved high conversion effi -
ciency,  ∼ 15%, as desired for commercialization. [ 116,117 ]  In the 
original structure, a DSSC consists of a photoanode comprising 
of mesoporous TiO 2  sensitized with dye molecules, a cathode 
with Pt serving as an electrocatalyst, and an iodine-based liquid 
electrolyte between the electrodes as shown in  Figure    11  a. 
VPP requires pre-application of oxidant before introducing 
the EDOT vapor. Sirimanne et al. synthesized PEDOT:para-
tolunesulfanate (PTS) by introducing EDOT vapor to Fe III -para-
toulensulfonate coated glass at 70 °C for 1 h, producing the 
lowest sheet resistance (4 Ω/�) for ∼20 µm thick fi lm. [ 118 ]  The 
PEDOT:PTS on plain glass was found to have both conductive 
and catalytic properties. For DSSCs, an optimal PEDOT:PTS 
fi lm thickness of ∼10.2 µm achieved an overall DSSC conver-
sion effi ciency of 5.25%, which is remarkably comparable to the 
5.58% obtained with Pt.  

 In Figure  11 b, Mozer et al. deposited a PEDOT catalyst layer 
using VPP on a PTFE (polytetrafl uoroethylene, Goretex) mem-
brane. [ 119 ]  Prior to the deposition of PEDOT, they deposited 
poly(maleic anhydride), pMA on one side of the membrane 
with low-power plasma polymerization to promote good adhe-
sion between the PTFE layer and Au electrode, and then sput-
tered Au to reduce the sheet resistance. VPP using Fe III PTS as 

the pre-applied oxidant enables the PEDOT fi lm to form on one 
side of the fl uoropolymer membrane. This compressible and 
stretchable cathode is potentially benefi cial to solid-state DSSCs 
because its 60% compressibility and 80% porosity can make 
good electrical contact with uneven mesoporous TiO 2  fi lm on 
the photoanode. Yet another example for polymer based DSSC 
electrocatalysts is the VPP based synthesis of polypyrrole (PPy) 
at room temperature on fl uorine doped tin oxide (FTO), by Xia 
et al. (Figure  11 c). When compared to PPy synthesized by elec-
tropolymerization (EP), [ 120 ]  the VPP-PPy displayed a distinct 
I − /I 3  −  redox reaction in cyclic voltammetry (CV) measurement, 
similar to that of Pt. This is because the VPP utilized larger, less 
mobile doping anions, toluene sulfonate, TsO − , as compared to 
the perchlorate anions, ClO 4  −  used in EP. The performance of 
VPP-PPy in DSSCs was dependent on the concentration of oxi-
dant during VPP, which was ascribed to the coverage of PPy on 
FTO-glass and the interface between PPy and FTO-glass. 

 Less volatile solid or quasi-solid-state electrolytes have also 
been proposed to substitute volatile liquid electrolytes (e.g., 
iodine in acetonitrile) used in DSSCs. Their performance as 
hole conductors, however, has typically been inferior to liquid 
electrolytes because it is diffi cult to completely fi ll solid elec-
trolytes into the pores of the > 10 µm thick mesoporous TiO 2  
fi lm in the photoanode. Interestingly, the conformality of the 
iCVD process enabled Nejati et al. to achieve complete pore 
fi lling of ∼12 µm thick mesoporous TiO  2  with poly(2-hydroxy-
ethyl methacrylate) (pHEMA) fi lms. [ 68 ]  Based on reaction and 
transport kinetics, they systematically investigated the process 
parameters in iCVD that improve pore fi lling. The P M /P sat  ratio 
discussed in section 1.2.2 was found to be the most important 
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 Figure 11.    (a) Electron fl ow and redox reactions that occur in the interfaces of dye sensitized solar cells, in which VPP could be applied to replace 
electrocatalyst and liquid electrolyte. Scanning electron microscopic images of (b) PEDOT deposited by VPP/Au/PMA/Goretex cathode. [ 117,119 ]  
(c) Polypyrrole (PPy) synthesized by VPP. [ 120 ]  Mesoporous TiO 2  of thickness (d) 3 µm, (e) 12 µm completely fi lled with pHEMA as a hole conductor. [ 68 ]  
(b, d-e) Reproduced with permission. [ 119,120 ]  Copyright 2010, 2011, American Chemical Society. (c) Reproduced with permission. [ 68 ]  Copyright 2011, 
Royal Society of Chemistry.
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iCVD process parameter that controls pore fi lling. Figures  11 d 
and e represent the complete pore fi lling of mesoporous TiO 2  
(4 and 12 µm thick, respectively) under the optimal conditions 
they determined. [ 68 ]   

  2.2.2.     Catalytic Water Splitting 

 Hydrogen production from water using solar energy or elec-
tricity is an emerging technology for generating alternative fuel 

for transportation and for large-scale industrial use.  Figure    12  a 
is a schematic that describes how water splitting occurs. Li et al. 
demonstrated PEDOT coated Si nanowires (Si NW/PEDOT) 
using VPP for water oxidation as shown in Figure  12 b. [ 121 ]  The 
PEDOT acts both as a catalyst and as a barrier against photocor-
rosion. The PEDOT conformally covered the Si NWs keeping 
the interfaces between Si NW and PEDOT perfectly intact. 
Because of the good adherence and pin-hole free coverage of 
the PEDOT fi lms onto the NW surface, the PEDOT fi lm effec-
tively isolates the Si NW from aqueous electrolytes, improving 
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 Figure 12.    (a) Schematic of the working principle of water splitting (b) PEDOT coated Si nanowires (Si NW/PEDOT) [ 121 ]  (c) light-responsive PEDOT on 
FTO-glass for water oxidation. [ 122 ]  (d) PEDOT/Goretex electrodes for water reduction. [ 123 ]  In (b–d) PEDOT was synthesized by VPP. (b-d) Reproduced 
with permission. [ 122,123 ]  Copyright 2011, 2013, Royal Society of Chemistry.
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the electron-hole separation at the interface of Si NW and 
PEDOT.  

 Recently, Chen et al. showed the potential of VPP to deposit 
PEDOT fi lms on FTO-glass and plastic substrates, which 
serve as a photocatalyst layer for splitting seawater. [ 122 ]  They 
incorporated high levels of sulphonated manganese por-
phyrin dimers into PEDOT resulting in a light-responsive 
PEDOT fi lm with the maximum absorbance at wavelength 
λ = 443 nm. It is interesting that VPP PEDOT demonstrated 
photocatalytic effect while EP PEDOT did not. This is clear 
evidence that the phorphyrin dimers are fully incorporated 
into the PEDOT backbone by VPP. This key feature was also 
confi rmed by the excitonic couplings of porphyrin dimers in 
UV-vis absorbance. 

 Winther-Jensen et al. deposited PEDOT on Goretex mem-
brane with VPP to reduce water and form hydrogen, as depicted 
in Figure  12 d. [ 123,124 ]  Interestingly, they found that when non-
conducting polymers like polyethylene glycol (PEG) were inte-
grated with PEDOT, the resulting PEDOT-PEG showed supe-
rior electrocatalytic properties (electrochemical over-potentials 
and current density) compared to pure PEDOT. This is because 
PEG helps transport protons or H 3 O +  to the catalytic sites on 
PEDOT. The strategy is also applicable to other conducting 
polymers like PPy, mentioned in the DSSC section. [ 120 ]   

  2.2.3.     Fuel Cells 

  Figure    13  a describes proton exchange membrane (PEM) fuel 
cells in which oxygen in air and hydrogen as a fuel arrive at 
respective electrodes, and react to produce electricity and water 
as a byproduct. Two electrodes sandwich the PEM, which 
allows only protons (H + ) to move to the cathode. While plasma-
enhanced CVD (PECVD) has been extensively explored for 
synthesizing PEMs, iCVD was recently used to grow PEM com-
parable to commercial Nafi on® for the fi rst time. [ 125–137 ]  The 
PEM should be inherently robust, have high ionic conductivity, 
and also be impermeable to fuels under the acidic and high tem-
perature operating conditions of fuel cells. Highly cross-linked 
PECVD polymers offers stability and low fuel permeability, 
but provides only partial retention of the functional groups 
responsible for the ionic conductivity. Lower power, pulsed 
plasma, and modifi ed plasma discharges have been explored as 
means to retain more sulfonic acid (-SO 3 H), phosphoric acid 
(-PO 3 H), and carboxylic acid (-COOH) groups in the polymer 
backbone. [ 130,137,138 ]  As indicated by the Fourier transform 
infrared (FTIR) spectra in Figure  13 b, the characteristic peaks 
of PECVD PEM are similar to, but not exactly identical to, 
those of Nafi on® 117. In particular, PECVD PEM shows the 
clear absorbance of -SO 3 H group around 1030 cm −1 . [ 137 ]  While 
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 Figure 13.    (a) PEM fuel cells (b) FTIR spectra of plasma PEM (black line) and Nafi on® 117 (red line) [ 137 ]  (c) Schematic diagram of the PEDOT/Goretex 
air electrode [ 139 ]  (d) Decaying currents versus time of PEDOT/Goretex (black line) and Pt-catalyzed electrode (gray line) under air contaminated by 10% 
CO. [ 139 ]  (b) Reproduced with permission. [ 137 ]  Copyright 2012, Royal Society of Chemistry. (c-d) Reproduced with permission. [ 139 ]  Copyright 2008, AAAS.
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the plasma in PECVD reduces functional group retention, the 
mild nature of the iCVD process was recently used to synthe-
size hybrid fl uoro-carboxylated copolymers for PEM, which 
completely retained their acid and hydrophobic functionalities. 
This novel PEM achieved high ionic conductivity of 70 mS/cm 
comparable with Nafi on® and exhibited good stability under 
water. [ 136 ]  This example demonstrates that the iCVD process 
has potential for synthesizing high performance fuel cell PEM 
with 100% functionality retention.  

 Polymer fi lms have also been explored as the electrocata-
lyst in fuel cells. Winther-Jensen et al. found that PEDOT 
with the structure illustrated in Figure  13 c exhibits good long-
term stability during oxygen reduction, when compared to 
Pt (Figure  13 d). [ 139 ]  Similarly, Cottis et al. used VPP to grow 
PEDOT fi lms on a fl uoropolymer membrane in the presence of 
a triblock copolymer to fabricate a metal-free oxygen reduction 
electrode. [ 140 ]    

  2.3.     Electrochemical Energy Storage 

 With increasing environmental pollution and the rapid deple-
tion of fossil fuels, the need for effi cient usage of clean and 
sustainable energy sources like solar is growing. Nevertheless, 
daily and seasonal variations in such energy sources, makes 
simultaneous development of energy storage technologies 
critical. In many applications (e.g., electronics, power tools, 
electric vehicles) electrochemical energy storage technologies 
like electrochemical supercapacitors (ES) and batteries are typi-
cally used. Due to their long lifecycle and high power density, 
supercapacitors (SC), which fi ll the gap between traditional 
dielectric capacitors with high power output and batteries with 
high energy storage, have attracted signifi cant attention. [ 141,142 ]  
ES can also serve as a complementary storage technology to 
batteries, by providing back-up power supplies in devices. [ 143 ]  
Electrochemical devices are usually composed of an anode and 
a cathode, an electrolyte and a separator. During discharge, 
electrochemical reactions takes place at the electrodes, and 
electrons are generated which move through the external cir-
cuit. During charging, an external voltage is applied across the 
electrodes, for the movement of electrons and reactions at the 
electrodes. Rechargeable batteries can be classifi ed as lead-acid, 
zinc-air, nickel-cadmium, sodium-nickel-chloride, sodium-
sulfur and Li-ion batteries (LIBs). For portable electronics, LIBs 
are the most popular due to their many advantages such as 
light weight, high voltage, low toxicity and long cycling life. 

 SCs can operate both in the electric double layer mode, based 
on the separation of charges at the interface between a solid 
electrode and an electrolyte and the pseudo-capacitive mode, 
which is a Faradaic process involving electrochemical redox 
reaction. Materials for such redox reactions include conducting 
polymers, metal oxides and carbon. [ 144–146 ]  Polymer fi lms syn-
thesized by various methods have been successfully used in 
both batteries and SCs. In this section, the advantages of chem-
ical vapor deposition of polymers fi lms for batteries and SC will 
be discussed. As mentioned in section 1.2.2, the ability to pre-
cisely control the thickness and conformality of these polymer 
fi lms, along with other properties (e.g., conductivity, stability, 
morphology) can be critical in these devices. 

  2.3.1.     Lithium Ion Batteries 

 A typical LIB has four main parts, namely the anode, cathode, 
separator and electrolyte. Li-containing layered, spinel or oli-
vine metal oxides form the cathode and graphite, silicon, 
TiO 2 , etc. typically form the anode. A separator layer (made of 
plastic) helps prevent short circuiting between the anode and 
cathode and also facilitates Li ion movement during charging/
discharging. For the electrolyte, the most important property is 
high Li ion conductivity and good electronic insulation. Most 
commonly used electrolytes are liquid-state (e.g., Li-salts dis-
solved in organic solvents). [ 147 ]  During LIB operation, the Li 
ions shuttle between anode and cathode as the battery is cycled. 
In spite of offering several advantages, like high energy den-
sity and long cycling life, over older battery technologies (e.g., 
lead-acid, Ni-based batteries), current LIBs are not suffi cient 
for emerging technologies in mobile electronics, electric cars, 
which demand higher energy and power densities along with 
longer cycling life. Yet another challenge is the size of the bat-
teries. The future needs are in the direction of small scale and 
mobile devices for multiple applications (e.g., medical implants, 
distributed sensing) where the size of the power supply is a crit-
ical factor. [ 148–150 ]  

 Currently, large footprint areas are needed to achieve high 
capacity LIBs. As discussed in the work of Arthur et al. 2D 
battery designs result in a compromise between energy den-
sity and power density due to the limitation in the footprint 
area. [ 69 ]  The solution can be designing 3D battery architec-
tures, by taking advantage of the third dimension to increase 
the electrode material, without increasing areal footprint. The 
basis for next-generation energy effi cient devices, such as 
electrochemical capacitors and batteries will be 3D nanostruc-
tured electrode architectures. This new battery design requires 
coating a conformal electrolyte (e.g., polymer) layer over the 
nanostructured 3D electrodes, without pin-holes that can create 
current shunting paths leading to battery failure. In addition 
to conformality, the polymer electrolytes must also be doped to 
obtain good ionic conductivity. The electrolyte layer should also 
be ultra-thin (e.g., Figure  3 a) to promote fast Li ion diffusion 
kinetics. Transport resistances increase with fi lm thickness, 
thereby reducing the discharge capacity and rate capability of 
the LIB, due to the development of concentration polarization 
at the electrode. [ 151 ]  This problem can be solved by coating an 
ultra-thin, conformal, pin-hole free polymer electrolyte layer 
over the entire 3D electrode, enabling the design of truly 3D 
LIBs with small areal footprint ( Figure    14  a and b). [ 152 ]   

 Due to its ability to conformally coat complex micro and 
nanoscale structures (Figure  4 ), polymer CVD has a huge 
potential for developing such 3D nanostructured energy storage 
devices. Indeed, several reports have shown the uniform 
and conformal coating of ultra-thin polymer fi lms on silicon 
micro-trenches using the iCVD method.[32] Another example 
is the coating of carbon nanotubes (CNTs). TEM image of the 
CNTs coated with a conformal iCVD polymer layer is shown 
in Figure  14 b. [ 153 ]  CVD enables the deposition of thin polymer 
fi lms on various substrates with good conformality, an outcome 
which is diffi cult to achieve with solution polymerization tech-
niques. [ 35 ]  Combining the ability of iCVD to produce ultra-thin, 
conformal polymer electrolyte coatings with novel high capacity 
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3D electrodes, thus has the potential for fabricating a new class 
of lithium ion batteries which exhibit both high energy and 
high power densities.  

  2.3.2.     Supercapacitors 

 As mentioned earlier, SCs store energy both with double-layer 
charging and faradaic processes. In the fi rst process, accumu-
lation of charges (Δq) of opposite signs takes place between 
solid and ionic solution interfaces, which depends on the 
potential difference built up across this interface (ΔV). As a 
result, a capacitance (C = Δq/ ΔV) is formed known as double 
layer capacitance in which the charge storage is purely elec-
trostatic and no chemical reactions are involved. [ 154 ]  In the 
latter process, redox reactions are involved where the charge 
(q) is a function of V and derivative of dq/dV is known as 
faradaic capacitance. [ 154 ]  This capacitance is 2 or 3 orders of 
magnitude higher than the double layer systems. [ 155 ]  When 
charged, conducting polymers lose electrons causing anions 
in the solution to move into the polymer to maintain charge 
neutrality. 

 There are different methods to synthesize the polymers for 
supercapacitors, such as electrodeposition, [ 156,157 ]  solution pro-
cessing and air brushing. [ 158 ]  However, all these methods are 
substrate dependent and thickness control and uniformity is 
generally diffi cult. 

 Carbon based materials and carbon nanotubes (CNTs) are 
widely used as active electrode materials in SCs due to their 

high surface area and conductivity. [ 143,159–162 ]  However in these 
systems the charge accumulation takes place only at the sur-
face, which limits the specifi c capacitance. To overcome this 
problem conducting polymers have been used to coat the CNTs 
where the entire volume of the polymer is involved in charge 
storage, hence increasing the capacitance. In the work of 
Ghaffari et al., PEDOT fi lms were coated on aligned CNTs by 
oCVD, resulting in a conformal polymer layer all over the CNTs 
with high aspect ratios (AR = 25,000 for 200 µm long CNTs 
with 8 nm dia meter), enhancing both charge storage capability 
and cycling life ( Figure    15  a and b). [ 70 ]  A very high volumetric 
capacitance of 84.0 F/cm 3  was obtained which is among the 
highest values reported for similar systems [ 155,158,163–165 ]   

 In another work by Biloiu et al. an amorphous fl uorocarbon 
polymer fi lm, namely perfl uoro-octane grown by plasma 
enhanced chemical vapor deposition (PECVD) was used as 
the dielectric material in a conventional capacitor. [ 166 ]  Because 
of the potential for wide scale application, these fi lms have 
attracted signifi cant interest as interlayer dielectrics in micro-
electronics, [ 167,168 ]  and electrical insulator in high voltage 
devices. [ 169 ]  The dielectric and insulating properties of the 
fi lms have been assessed by means of capacitance-voltage and 
current-voltage characteristics. The dielectric constant of the 
polymer fi lm is compared with that of Tefzel (-[CH 2 -CH 2 -] n -
[CF 2-  CH 2 ]-) and Tefl on (CF 2 ) n  obtained by conventional chem-
ical polymer synthesis. They have reported dielectric constant 
of 2.4, with low dielectric loss (below 3 × 10 −2 ), for the inves-
tigated frequency range, 120 Hz-1 MHz. These values are 
comparable with those for Tefzel fi lms obtained by traditional 
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 Figure 14.    (a) Schematic of a 3D electrode and (b) the conformal coating of a polymer over a high-surface area where the functional components are 
sized on the order of 10 nm. [ 152 ]  (c)TEM image of uncoated CNTs, 20–50 nm in diameter, 5–20 µm in length (d) TEM image of conformally coated 
CNTs 25 nm thick iCVD pGMA. [ 153 ]  (a,b) Reproduced with permission. [ 152 ]  Copyright 2014, Royal Society of Chemistry. (c,d) Reproduced with permis-
sion. [ 153 ]  Copyright 2014, John Wiley and Sons.
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chemical methods. The iCVD method for coating CNTs confor-
mally with ultra-thin dielectric fi lms has widely been reported 
(Figure  4 c). [ 48,170 ]     

  3.     Water and the Water-Energy Nexus 

 Fresh water is at the core of sustainability due to its essential 
role in the development of agriculture, industry and health care. 
In particular, energy production represents one of the largest 
ground water withdrawers in the US. [ 5 ]  However, it is worth 
noting that the ground water withdrawn for energy production 
is largely used as coolant and thus a large portion (∼97.5%) is 
returned to the corresponding aquifer as warm discharge. [ 5 ]  In 
fact, the net water consumption by energy production is merely 
3310 million gallons per day (MGD), equivalent to 3.3% of all 
consumptive use of water in the US. [ 5 ]  Nevertheless, it is chal-
lenging to maintain the recycling water supply to the energy 
industry, which represents ∼39% of US annual water with-
drawal. Consequently, fresh water scarcity is impacting energy 
production adversely, especially for thermoelectric and nuclear 
power plants. For example, in the Millstone nuclear-power 
plant in Connecticut one of two reactors was shut down in early 
August 2012 for two weeks due to the lack of cool, fresh water, 
which resulted in 255,000 megawatt hours of lost power pro-
duction worth several million dollars. [ 171 ]  

 Fresh water can be produced by removing salts and marine 
organisms from seawater, a process termed seawater desalina-
tion. However, the cost to produce fresh water via desalination 
is higher than that for natural fresh water. Reducing energy 
consumption has been one of the focuses for lowering the cost 
of desalted water. This codependence of energy and water are 
often referred to as the ‘energy-water nexus’, which has gar-
nered much attention in several recent reports. [ 4,172 ]  

 In the following sections, we will address this energy-water 
nexus in greater technological detail. First, state-of-the-art 
desalination processes, their corresponding characteristics, 
limitations and energy consumption will be briefl y discussed. 
Interface engineering plays a pivotal role in reducing energy 
consumption and increasing desalination effi ciency. 

  3.1.     Reverse Osmosis 

 A major breakthrough for the seawater desalination process 
occurred in early 1960s with the invention of reverse osmosis 
(RO) technology. It has become the dominating technology 
among recently-constructed and future-planned desalination 
facilities. In a RO process, seawater is pressurized against a 
semipermeable membrane that selectively allows the transport 
of water across membrane but retains salts. RO technology 
has improved drastically since its invention and new designs 
of membrane modules and stage confi gurations can bring 
the energy consumption of a RO process close to the thermo-
dynamic minimum energy of 1.06 kWh/m 3 . [ 172 ]  However, the 
RO process suffers considerably from fouling, which drives 
up the energy consumption, reduces salt rejection effi ciency 
and degrades the RO membranes. Fouling originates from 
the surface properties of the state-of-the-art RO membranes, 
namely thin-fi lm-composite (TFC) membranes. Biofouling — 
the attachment of marine microorganisms on the membrane 
— occurs immediately when a membrane module is installed 
and has to be tolerated until the fl ux is reduced to 25% of the 
initial value. [ 173 ]  The desalination process has to be interrupted 
for periodic cleaning, which reduces productivity and shortens 
the lifetime of the TFC membranes. 

 The bottleneck of biofouling can be reduced or even pre-
vented by interface engineering. However, the direct surface 
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 Figure 15.    (a) The use of CNTs, conformally coated by oCVD PEDOT, as the electrode of a supercapacitor. (b) TEM image of conformally coated CNTs 
with oCVD PEDOT are shown. [ 70 ]  (a,b) Reproduced with permission. [ 70 ]  Copyright 2014, Elsevier.
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modifi cation of commercial TFC membrane is challenging 
due to its delicate nature. The salt rejection of TFC membranes 
relies solely on a 100–200 nm thick polyamide layer, which 
is prone to damage when treated with solvents or at elevated 
temperature. In addition, the fl ux of water across membrane 
decreases rapidly with additional layers of coating. Therefore, 
an ideal surface modifi cation method should be solvent-free, 
performed at mild temperature, and should produce ultra-thin 
(<100 nm) antifouling coatings. 

 In spite of the challenges, the modifi cation of delicate TFC 
membranes has been achieved with the benign iCVD process 
and the resulting membranes resist biofouling very effectively 
( Figure    16  a). [ 66,174,175 ]  The antifouling chemistry applied in these 
studies is zwitterion, a term referring to molecules with posi-
tive and negative charges mixed homogeneously on a molec-
ular level. [ 176 ]  The strong electrostatic interaction with water 
makes fouling unfavorable due to the large enthalpic penalty 
to replace strongly-bound water molecules with microorgan-
isms. Methacrylate-based iCVD zwitterion has demonstrated 
non-detectable surface attachment from sodium alginate and 
 Escherichia coli  ( E.coli ) and over 90% reduction in surface pro-
tein adsorption. [ 174,175 ]  The good antifouling behavior was par-
tially attributed to the unique fi lm architecture, with the anti-
fouling zwitterionic moieties concentrated on the uppermost 
surface. [ 174 ]  This was achieved by a two-step synthesis scheme, 
where a precursor fi lm containing tertiary amines was depos-
ited in the fi rst step, and reacted with 1,3-propanesultone under 
diffusion limitations in the second step. [ 175 ]   

 The long-term stability of the surface-modifi ed membranes 
was enhanced in two ways. First, covalent chemical bonds were 
formed to tether the antifouling coating directly to the surface 
of a commercial membrane. [ 175 ]  Second, the methacrylate-based 
zwitterionic structure was later re-designed to resist the oxida-
tive damages by chlorine. [ 66 ]  The chlorine-resistance enabled an 
interesting synergistic interaction between surface zwitterionic 
coating and solution-dissolved hypochlorite, which improved 
the fouling resistance by 10 times compared to the case where 
multiplicative effects between chlorination and coating were 
assumed. [ 66 ]  Desalination performance of the modifi ed mem-
branes remains unchanged, which indicates that iCVD is able 
to render membrane surface antifouling without damaging 
the delicate underlying membrane substrate. iCVD therefore 
represents one of the most appropriate surface modifi cation 
methods for the delicate TFC membranes. 

 Zwitterionic chemistry is only one example in the rich library 
of antifouling chemistries that is compatible with iCVD. [ 177–181 ]  
Poly(ethylene oxide) (PEO), which is considered the gold 
standard for antifouling chemistry, has been synthesized using 
iCVD via a unique ring-opening cationic polymerization mech-
anism. [ 177 ]  The PEO brushes were grafted and patterned onto 
amine-terminated surfaces, and good fouling resistance was 
evidenced by the sharp contrast of patterns when the surface is 
subject to bovine serum albumin (BSA) treatment (Figure  16 b). 
Amphiphilic surfaces represent another interesting category of 
antifouling chemistry. They are smooth surfaces with compo-
sitional heterogeneities at a molecular-length scale to disrupt 
surface–protein interactions. [ 179 ]  The preparation of such fi lms 
is challenging because it requires the random copolymerization 
of hydrophilic and hydrophobic monomers, which have highly 

contrasting solubility and lack a common solvent. iCVD has 
successfully synthesized and applied such coatings directly to 
commercial RO membranes due to its solvent-free nature. [ 179 ]  
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 Figure 16.    (a) Commercial TFC membranes modifi ed with antifouling 
coatings via iCVD. The coating adheres well to the underlying mem-
brane substrate without damaging the thin selective polyamide layer. [ 66 ]  
(b) PEG brushes grafted and patterned by iCVD via the ring-opening cati-
onic polymerization mechanism. [ 177 ]  The patterned surface was subject 
to BSA treatment, which renders the unmodifi ed stripes fl uorescent and 
PEG-modifi ed stripes dark due to the good fouling resistance of PEG. 
(c) Free-standing membranes of poly (methacrylic acid- co -ethylene glycol 
diacrylate) with microstructures fabricated in a single step via iCVD. [ 67 ]  
(a) Reproduced with permission. [ 66 ]  Copyright 2013, Wiley. (b) Repro-
duced with permission. [ 177 ]  Copyright 2012 American Chemical Society. 
(c) Reproduced with permission. [ 67 ]  Copyright 2013 American Chemical 
Society.
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The modifi ed membranes demonstrated low surface adsorp-
tion for a large variety of foulants. [ 37 ,   179,182,183 ]  

 Interestingly, free-standing membranes have been fabricated 
with iCVD recently (Figure  16 c), [ 67 ]  which promises to modify 
the surface morphology and chemistry simultaneously, or even 
enable the one-pot fabrication of antifouling and high-fl ux next-
generation RO membranes.  

  3.2.     Membrane Distillation 

 Membrane distillation (MD) is a separation process, used in 
water desalination, wherein the volatile species in a solution 
is evaporated and transported through a hydrophobic and 
micro-porous membrane, driven by the partial pressure differ-
ence resulting from temperature difference between the feed 
and permeate side. MD process has many attractive features 
including but not limited to low operating temperature and 
pressure, [ 184 ]  ability to utilize sustainable and alternative energy 
sources, [ 185 ]  and excellent salt rejection factor. [ 184 ]  So far, most 
MD studies focus on theoretical modeling of transport process 
in MD and experimental studies on effects of MD operating 
condition. In most of these studies, commercial hydrophobic 
membrane fabricated from polytetrafl uoroethylene (PTFE), 
polypropylene (PP), or polyvinylidenedifl uoride (PVDF) have 
been used without further processing. Few studies have 
attempted to design and synthesize membranes, [ 186 ]  and even 
fewer have exploited surface modifi cation of membranes in 
vapor phase. Kong et al. and Wu et al. modifi ed hydrophilic 
cellulose nitrate membranes by plasma polymerizations 
of octafl uorocyclobutane (OFCB) and vinyltrimethylsilicon 
(VTMS)/carbon tetrafl uoride (CF 4 ) respectively. [ 187,188 ]  Most 
plasma polymer layers were deposited on the two surfaces of 
membranes in the form of globular polymer agglomerates, 
shown in  Figure    17  a and b. [ 187 ]  The hydrophobicity of fl uoro-
polymer was jeopardized by incorporation of membrane abla-
tion products. Song et al. employed plasma polymerization of 
fl uorosilicone on the outside surface of porous polypropylene 
hollow fi bers, and tested them for MD performance. [ 189 ]  Silane 
chemistry was also investigated as a method of vapor phase 
surface modifi cation for MD membrane. [ 190,191 ]  1H, 1H, 2H, 
2H-perfl uoro decyltriethoxysilane (PFS) and trichloromethyl-
silane (TCS) were applied as surface modifi er for inorganic 
porous membranes. [ 191 ]  It was shown that the modifi ed mem-
brane gives suffi ciently high hydrophobicity and liquid entry 
pressure for application in MD. [ 191 ]   

 iCVD has shown great potential for modifi cation of MD 
membranes. The –CF 3  terminated side groups of fl uorinated 
acrylate and methacrylate are completely retained after iCVD 
polymerization, and form comb-like structure, giving the 
desired hydrophobicity. [ 136 ]  Microporous membrane formed 
from electrospun mats have been conformally modifi ed by 
iCVD of 2-(Perfl uorooctyl) ethyl methacrylate) (PFOEMA), 
and exhibited superhydrophobicity. [ 193 ]  Recently, iCVD PFDA 
has been used to fabricate nanoporous membrane for hydro-
phobicity-based separation (Figure  17 c). [ 192 ]  The pore walls dis-
played hydrophobicity after iCVD modifi cation, and achieved 
high selectivity of membrane towards hydrophobic mole-
cules. [ 192 ]  The hydrophobic membranes for MD require larger 

pore size, and can be fabricated using similar methodology. 
Having shown previous successes in synthesizing hydrophobic 
porous membranes, iCVD exhibits similar promise for MD 
technology.  

  3.3.     Electrodialysis and Ion Concentration Polarization 

 Purifi cation of heavily contaminated water is another very 
important issue, which has broad impact on all aspects of 
sustainability. [ 194 ]  Hydraulic fracking, for example, produces 
large amounts of waste water with extremely high salinity 
(200,000 ppm, ∼5.7 times the salt concentration in seawater), 
high concentration of suspended solids, heavy metals and radi-
oactive chemicals. [ 195 ]  The disposal of such waste water creates 
signifi cant threats to public health, agriculture and the envi-
ronment. These feed conditions are challenging for currently 
industrialized solutions for water purifi cation. 

 Emerging technologies for the treatment of fracking water 
include electrodialysis (ED) [ 196 ]  and ion concentration polariza-
tion (ICP). [ 197 ]  These techniques take advantage of the enhanced 
electrical conductivity of water at higher salinities. Indeed, ICP 
desalination has demonstrated the ability to operate even under 
highly contaminated feed conditions, [ 197 ]  and thus has great 
potential as a fracking water purifi cation technique. Under 
these challenging feed conditions, surface modifi cation which 
allows continuous operation without fouling would provide a 
clear benefi t for the reliable and economic operation of elec-
trical based desalination methods. 

 The ion-selective membrane is the critical component, which 
is limiting the development of the electrical based desalina-
tion technologies. The current commercial standard mem-
brane is coated with Nafi on®, which is impermeable to water 
and costly, with limited long-term stability. These technological 
challenges represent opportunities for CVD polymer coatings 
as hydrophobic fl uoropolymers, which are diffi cult to produce 
by solution phase methods. In fact, ultra-thin and conformal 
fl uoropolymer coatings have been synthesized successfully 
with the iCVD technique, [ 62  ,  198–200 ]  and the small quantity of 
fl uoromonomers required in the iCVD process can reduce the 
cost of membranes signifi cantly. The good conformality guar-
antees uniform coverage over porous membrane substrates 
and durability of the membrane can be increased considerably 
by enhancing the mechanical strength via cross-linking [ 200 ]  or 
by grafting the fl uoropolymer covalently to the substrate. [ 198 ]  
A proton exchange membrane has been produced by copoly-
merizing a fl uoro-acrylate (1H, 1H, 2H, 2H,-perfl uorodecyl 
acrylate) and a co-monomer bearing a carboxylic acid moiety 
(methacrylic acid). [ 136 ]  The copolymerization of hydrophobic 
and hydrophilic monomers is enabled by the solvent-free iCVD 
method. The resulting copolymer has comparable ion conduc-
tivity (70 mS/cm) as commercial Nafi on®, and is a promising 
membrane alternative for electrical based desalination methods.  

  3.4.     Thermal Energy Management 

 Yet another area that illustrates the interplay between energy 
and water resources is in the management of thermal energy. 

Adv. Mater. Interfaces 2014, 1, 1400117
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As discussed in this section, thermal management is a fairly 
broad topic, which can encompass converting heat to electricity 
or harvesting waste heat generated by other clean energy appli-
cations (e.g., PV), or reducing the demand for fresh water as 
coolant by enhancing heat exchange effi ciency in power plants. 

  3.4.1.     Thermoelectric 

 Thermoelectric (TE) materials have recently attracted signifi -
cant interest for converting thermal energy to electric energy 
in the automobile industry, for recapturing energy currently 
lost from the hot effl uent of power plant smokestacks, and for 
harvesting the heat currently generated, but not used, by photo-
voltaic cells. [ 201,202 ]  By understanding how heat and energy fl ow 
through materials, energy conversion mechanisms and pro-
cesses can be integrated into functional devices. A simplifi ed 
schematic of a thermoelectric device is shown in  Figure    18  a. [ 203 ]  
The two main constituent parts are n and p type materials. 

These materials are positioned to be electrically in series, but 
thermally in parallel. In the n-type material, the electrons ther-
mally diffuse to the cold side, while in the p-type material a 
temperature gradient causes the propagation of holes towards 
the lower energy region. Therefore, a net charge will be gener-
ated due to the build-up of charge carriers diffusing from the 
hot end to the cold end. The performance of the thermoelec-
tric material is evaluated by the dimensionless fi gure of merit, 
 ZT,  that is a function of electrical conductivity,  σ , thermal con-
ductivity  k , absolute temperature T, and Seebeck coeffi cient  α , 
defi ned as the ratio of the induced voltage over the temperature 
gradient across the thermoelectric device: [ 202 ] 

    /2ZT T kα σ=   (1) 

 A general principle for engineering desirable TE materials is to 
separate electrical from thermal conductivity—in particular, to 
make them dependent on structures at different length scales. 

 Figure 17.    SEM photographs of the (a) surface of base cellulose nitrate membrane and (b) membrane PECVD-modifi ed at 60 min using OFCB (dis-
charge power: 60 W). [ 187 ]  (c) Single layer membranes (top) are formed in one step by iCVD from PFDA onto track-etched membranes. The pPFDA 
layer may result in a bottleneck cross section. The bottom shows the two-layer membranes formed by pDVB (red) and pPFDA (green). The resulting 
narrow cylindrical pore (bottom, right) could be achieved. [ 192 ]  (a and b) Reproduced with permission. [ 187 ]  Copyright 1992, Wiley. (c) Reproduced with 
permission. [ 192 ]  Copyright 2011, American Chemical Society.
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Today’s thermoelectric materials of choice for low temperature 
energy conversion are bismuth antimony telluride alloys. [ 204 ]  
These constitutive elements are not earth abundant, therefore 
relatively expensive, and are not environmentally friendly. These 
factors limit the widespread deployment of these materials in 

thermoelectric installations for waste heat recovery. In this con-
text, widely available, although less effi cient, organic, [ 203,205 ]  and 
organic-inorganic thermoelectric nanocomposite [ 206,207 ]  mate-
rials have become the subjects of interest to the scientifi c com-
munity. Different types of polymers as TE materials have been 

 Figure 18.    (a) Schematic of thermoelectric device. (b) Icephobic behavior of a superhydrophobic polymer coating (top) and untreated stainless steel 
(bottom). (c) SEM image on the inner wall of the microtube with polyhydroxyethylmethacrylate (pHEMA) for boiling heat transfer enhancement. 
(d) Photographs taken during condensation of saturated steam at 100 °C and 101 kPa of prolonged dropwise condensation on grafted coating over a 
period of 48 hours (top) and degradation of fl uorosilane coating over a period of 30 min (bottom). [ 8 ]  (a) Reproduced with permission. [ 203 ]  Copyright 
2012, The Royal Society of Chemistry. (b) Reproduced with permission. [ 210 ]  Copyright 2013, American Chemical Society. (c) Reproduced with permis-
sion. [ 211 ]  Copyright 2013, Institute of Physics. (d) Reproduced with permission. [ 8 ]  Copyright 2013, Wiley.
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used in thermoelectric devices, such as polyaniline (PANI), 
poly( p -phenylene vinylene) (PPV), polythiophene (PTH), 
poly (3, 4-ethylenedioxythiophene): poly(styrenesulfonate) 
(PEDOT:PSS), polypyrrole (PPY), polycarbazoles (PC), polya-
cetylene (PA), poly(2,7-carbazolenevinylene), and poly(2,5-
dimethoxy phenylenevinylene) (PMeOPV). [ 203,205,207,208 ]  These 
polymers are chosen due to their electrically conductive nature. 
The impact of polymer concentration, molecular weight, chain 
length, temperature, humidity, and alignment of polymer chain 
has been studied for TE applications. [ 205 ]  These polymers have 
been developed via electro spinning, inkjet printing, and elec-
trochemical deposition. [ 205,207 ]  It has been recently shown that 
accurate control of the oxidation level in PEDOT combined 
with its low intrinsic thermal conductivity ( λ  = 0.37  Wm –   1  K  –1 ) 
yields a ZT = 0.25 [ 208 ]  and reducing dopant volume results in 
ZT = 0.42 [ 209 ]  which approaches the values required for effi cient 
devices.  

 Oxidative chemical vapor deposition (oCVD) provides con-
formal PEDOT fi lms without using solvents [ 30 ]  and might 
eliminate the need for additional treatments to dope the poly-
mers before integrating them into thermoelectric generators. 
The conformal, all-dry, substrate-independent, and low-cost 
characteristics of PEDOT fi lms can potentially be leveraged to 
make scalable thermoelectric generators on fl exible substrates 
and enable fast processing using roll-to-roll (R2R) systems. The 
extent of doping and electrical conductivity of such polymers 
can be tuned throughout the synthesis process by changing 
growth conditions. In addition, a state-of-the-art mechanism 
for grafting such polymers to surfaces (Figure  6 b) provides the 
robust adhesion required for industrial application. [ 40 ]  Through 
better understanding of transport in amorphous and disordered 
polymers, it is thus possible to tailor their thermal and electrical 
conductivity and integrate them into low-cost, scalable, and 
environmentally-friendly organic thermoelectric generators.  

  3.4.2.     Icephobic Coatings 

 Ice formation and accumulation can decrease effi ciency in 
energy production in wind turbines [ 212 ]  and solar photovol-
taics, [ 213 ]  results in mechanical and/or electrical failure in off-
shore oil platforms, [ 214 ]  locks and dams, [ 215 ]  aircrafts, [ 216 ]  and 
helicopters, [ 217 ]  impact monitoring and control in telecommuni-
cations equipment, [ 218 ]  and in general generate safety hazards. 
Active deicing methods require substantial energy for operation 
and may have detrimental environmental effects. [ 219,220 ]  Passive 
deicing as energy effi cient method has recently been employed 
to protect exposed surfaces using icephobic polymer coatings 
to inhibit the formation of ice and facilitate the removal of ice 
deposits (Figure  18 b). [ 210 ]  Good correlation between hydro-
phobicity of surfaces and their icephobic behavior was previ-
ously reported. [ 221 ]  The initiated chemical vapor deposition 
(iCVD) method is a promising approach for developing low 
surface energy fl uoropolymers coatings desired for icephobic 
applications. [ 62 ]  In addition, iCVD can provide mechanically 
robust polymer network through incorporation of monomers 
containing more than one vinyl bond to create cross-linking 
sites [ 200 ]  and enables enhanced adhesion of such polymers to 
desired substrates through grafting techniques. [ 198 ]   

  3.4.3.     Heat Transfer Enhancement 

 Dropwise condensation offers an order of magnitude improve-
ment in heat transfer coeffi cient when compared to fi lmwise 
condensation and can increase effi ciency in power generation 
and desalination processes. [ 222 ]  Dropwise condensation can 
be promoted using self-assembled monolayers of oleic acids 
and deposition of thin fi lm polymers through sputtering or 
dip-coating. However, these methods for promoting dropwise 
condensation typically fail due to promoter breakdown, often 
associated with surface oxidation or diffi culties associated 
with production of suffi ciently thin durable surface layers. [ 223 ]  
Thin fi lms of poly-(1 H ,1 H ,2 H ,2 H -perfl uorodecyl acrylate)- co -
divinyl benzene p(PFDA- co -DVB) grafted to metal substrates 
by iCVD resulted in sustained dropwise condensation of 
steam when compared to substrates coated with fl uorosilane. 
Figure  18 d shows photographs taken during condensation of 
saturated steam at 100°C and 101 kPa. [ 8 ]  Heat transfer coeffi -
cient in fl uorosilane coating (bottom) degrades after 30 min-
utes and exhibits fi lmwise condensation while iCVD coating 
(top) resulted in dropwise condensation even after 48 hours 
with higher heat transfer coeffi cient, demonstrating that 
grafted polymer fi lms deposited via iCVD can generate surfaces 
with robust dropwise condensation for potential use in heat 
exchangers. [ 8 ]  In addition, boiling heat transfer in mini/micro-
tubes was enhanced via iCVD polymerization of hydroxyethyl-
methacrylate (HEMA) on inner microtube walls for microscale 
cooling applications. [ 211 ]  Figure  18 c is SEM image on the inner 
wall of the microtube coated with ∼30 nm of pHEMA. 

 Surface modifi cation using the CVD polymerization tech-
niques discussed here can generate ultra-thin, hydrophobic 
polymer interfaces on condenser surfaces. This approach 
if scaled up can potentially improve the effi ciency of heat 
exchange across condensers in both conventional and renew-
able energy driven power plants, thereby saving hundreds 
of terawatt hours of energy annually. [ 8 ]  The resultant energy 
saving, reduction in CO 2  and improvement of air quality are 
important metrics for developing a sustainable future.    

  4.     Sensors for Quality of Air, Food, Health 

 In addition to an abundant supply of clean energy and clean water, 
sustainable development also requires access to clean air and food 
along with quality medical care (drugs, diagnostics). Sensing of 
a wide range of molecular targets such as volatile organic com-
pounds (VOCs), humidity, and biomolecules fi nds applications in 
environmental protection, food safety, and human health, respec-
tively. [ 224 ]  In general, CVD polymers provide a means of synthe-
sizing organic thin fi lms which can be readily integrated with 
many different types of substrates and sensing devices. For these 
sensing applications, the desirable attributes of the CVD layers 
include conformality, substrate independence, mechanically fl ex-
ibility, and ease of patterning discussed in section 1.2.2. 

  4.1.     Biosensing 

 Hydrogel fi lms grown from hydroxyethylmethacryate (HEMA) 
by CVD have been demonstrated to be both conformal and 
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biocompatible. [ 10 ]  By varying the degree of incorporation of 
a crosslinking monomer, such as ethylene glycol diacrylate 
(EGDA), the mesh size of iCVD hydrogels can be systematically 
tuned over a size range of ∼0.4 to 2.0 nm, which is suffi cient 
to allow the selective passage of small molecule analytes. [ 225 ]  
These properties in combination with fi lm thicknesses ranging 
from ∼10 nm to ∼2 µm, have proved useful for encapsulating 
multiple types of biosensors. 

 An iCVD-based optode sensor microworm structure ena-
bles in vivo measurements of sodium. [ 9 ]  Its high aspect ratio 
cylindrical shape ( Figure    19  a) minimizes diffusion away from 
the point of injection, enabling monitoring to continue over an 
extended period of time. Additionally, the large surface-area-to-
volume ratio of this shape, enhances response time. The fabri-
cation of the microworm sensors begins by conformally coating 
an iCVD hydrogel layer into the cylindrical pores of an ano-
dized aluminum oxide membrane. Then, an optode solution 
is fi lled in the pores of the iCVD coated template and excess 
optode and hydrogel is etched away. Next, additional iCVD 
hydrogel layers are deposited on both the top and bottom of the 
templating membrane to encapsulate the optode. Etching away 
the membrane releases the microworm sensor.  

 Low-cost, surface-imprinted polymeric nanotube sensors for 
the detection of biomolecules like immunoglobulin G (IgG) 
were demonstrated by Ince et al, [ 229 ]  following a fabrication 
scheme related to that for the microworm sensors discussed 
above. First, the biomolecule IgG was covalently bonded to 
internal surfaces of a nanoporous membrane. The nanopores, 
∼100 nm in diameter, were then conformally coated by an 
ultrathin iCVD hydrogel layer. The low substrate temperature 

used in iCVD helps avoid degradation of the IgG. After dis-
solving away the membrane and the IgG, only the iCVD fi lm 
remained in the form of a forest of molecularly imprinted 
polymeric nanotubes. The resultant structure displayed selec-
tive recognition when exposed to solutions of IgG, confi rming 
that the molecular structure of the biomolecule was preserved 
in inverse form on the surface of the iCVD nanotubes. A high 
areal density of binding sites was achieved since the imprinted 
recognition sites occurred over the entire area of the polymeric 
iCVD nanotubes, hence overcoming a common limitation of 
a low density of recognition sites on planar surfaces achieved 
by molecular imprinting technology utilizing solution applied 
methods. 

 Ultrathin pHEMA hydrogel fi lms provide a promising way 
to protect biosensor electrodes and enhance their response by 
reducing surface impedance. [ 230 ]  For microelectrode based bio-
sensors, one factor which limits their response is poor contact 
at the electrode-electrolyte interface, which will lead to a high 
impedance and thermal noise. One possible solution is depos-
iting thin fi lms of polymeric hydrogels to reduce the electrode 
impedance. The pHEMA hydrogel fi lms swelled rapidly and 
reversibly when exposed to electrolyte solution, with their mesh 
size remaining small enough to allow permeation of electrolyte 
while excluding large molecules. 

 The selective response of organic CVD fi lms can form the 
basis for biodetection of specifi c biomolecules, such as food 
pathogens. As a proof of concept, a biosensor based on the 
oCVD technique was reported by Bhattacharyya et al. [ 15 ]  A 
copolymer of 3,4-ethylenedioxythiophene (EDOT) and 3-thio-
pheneethanol (3-TE) was conformally deposited on electro-spun 

 Figure 19.    a) SEM images of the microworms. [ 9 ]  b) Schematic representation of the nitroaromatic organic compounds resistive sensor design. [ 226 ]  
c) Pictorial representation of a multigas/vapor sensor based on a conducting polymer–metal nanoparticle hybrid. Selectivity could be achieved here 
by varying the metal assembled on top of the same conducting polymer fi lm. [ 227 ] d) the sensing response of the hybrid devices with a thin fi lm. [ 228 ]  
a) Reproduced with permission. [ 9 ]  Copyright 2011, National Academy of Science. b) Reproduced with permission. [ 226 ]  Copyright 2012, IEEE. c) Repro-
duced with permission. [ 227 ]  Copyright 2010, IOP publishing. d) Reproduced with permission. [ 228 ]  Copyright 2013, AIP Publishing LLC.
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mats by oCVD. Using the –OH functionality in the copolymer, 
the biomolecule avidin was chemically tethered and immo-
bilized on the surface. A uniform distribution of avidin was 
achieved and the expected selective binding to biotin was dem-
onstrated. A change in electrical resistivity of the avidin-oCVD 
conducting copolymer fi lms was observed upon exposure to 
biotin. The high surface area of the nanofi ber mats improved 
the detection limit to concentrations as low as 5 nM of biotin. 
This chemiresistive response avoids the need to use specifi cally 
labeled analytes and large, expensive instrumentation such as 
lasers and laser detectors. Thus, oCVD resistive food pathogens 
sensors could be highly portable for widespread use in food 
safety inspections.  

  4.2.     Chemical Sensing 

 Chemical sensing is a fi eld drawing increasing attention for 
applications in environmental protection, security and defense. 
Integration of polymer CVD fi lms can enable chemiresistive 
responses, which are highly desirable for small area and light-
weight sensors. [ 231 ]  As reported by Arora et al, [ 232 ]  a hexylamine 
sensor was fabricated via integration of reactive polymeric 
nanofi lms into a low power electromechanical switch for selec-
tive chemical sensing. Poly[maleic anhydride-alt-di(ethylene 
glycol)di(vinyl ether)](Poly(Ma-D)) is synthesized using iCVD 
technique onto a cantilever switch. The polymer covalently 
reacts with hexylamine, the analyte, and produces a change in 
stress. As a result, the cantilever deforms and the switch closes 
and reduces the resistance of the device by over 6 orders of 
magnitude. The iCVD layer was a robustly adhered ultrathin 
(75 nm) polymer fi lm, which is of great importance for the sta-
bility and response time of this sensor, respectively. 

 Another important demonstration of iCVD sensors in 
chemical sensing is selective nitroaromatic (explosives) detec-
tion. [ 16,226 ]  The sensor structure is composed of a stripe of iCVD 
synthesized poly(4-vinylpyridine)(P4VP) with a metal line lying 
perpendicular over it (Figure  19 b). [ 226 ]  First, a PMMA template 
was defi ned by electron-beam lithography. Above that, a layer 
of P4VP was deposited with iCVD. After the redundant P4VP 
was removed with the template, a transverse metal line was 
patterned using shadow mask and electron beam evaporation. 
As the P4VP swells specifi cally when exposed to nitroaromatic 
compounds, the resistance of the device was permanently 
changed due to the deformation of polymer and metal line. In 
the test, the response time is in the order of seconds and detec-
tion limit was as low as ∼3.7 ppb. In addition to rapid and selec-
tive response, the advantages of the iCVD sensor also includes 
its small area, simplicity and a versatile fabrication scheme, 
which can be potentially used for producing sensors and sensor 
arrays targeting a host of other toxic analytes. 

 In another example demonstrated by Vaddiraju et al. [ 55,227 ]  
a conducting polymer synthesized by oCVD was used in 
detecting volatile organic compounds (VOCs), which pre-
sent environmental, health, and safety risks. First, an oCVD 
copolymer fi lm with –COOH functionality was deposited and 
then metal nanoparticles were covalently bonded to the surface 
of the fi lm. [ 227 ]  When exposed to the VOCs, the work function 
of the metal nanoparticles changed, and thus the resistance 

of the hybrid fi lm was changed as well. The detection limita-
tions for toluene and acetone were 2 and 10 ppm, respectively. 
This chemiresistor based VOC sensor is a readily expandable 
platform for integration into distributed and wireless sensing 
systems. The characterizations and the results are shown in 
Figure  19 c. Additionally, peroxide vapors can be sensed by 
microcantilever sensors, comprising of functional polymer 
fi lms synthesized by oCVD. [ 233 ]  

 Humidity sensing, as reported by Mehrabani et al, [ 228 ]  is 
important for monitoring moisture content in food, which 
plays an important role in quality control, food storage, and 
preservation. A nanoscale humidity-responsive polymer coating 
was deposited by iCVD. The fi lm was integrated into an optical 
hybrid microcavity humidity sensor and had a sensitivity nearly 
two orders of magnitude larger compared to conventional 
refractometric sensing. The polymer fi lm coating on the cavity 
is poly(N-isopropylacrylamid) (pNIPAAm) deposited by iCVD 
and the response time decreased with the thickness of fi lm 
(Figure  19 d). The ability of iCVD to grow these uniform and 
ultra-thin fi lms with 100% functional group reterntion were a 
key factor in achieving the desired response time and sensi-
tivity (section 1.2.2). 

 The swelling of pHEMA when exposed to water provides an 
alternate method to achieve humidity sensing. [ 14 ]  In a precisely 
controlled layered hybrid structure, comprising of organic 
(iCVD pHEMA) and inorganic (hot wire CVD titania) fi lm 
interfaces, different wavelength of refl ectance bands resulted 
from the Bragg mirror structure. Thus, the color of the hybrid 
fi lm was affected by the thickness of inner layers. The hybrid 
heterostructure described above was grown in a single chamber 
without exposure to atmosphere, providing excellent nanoscale 
interfacial quality. When exposed to humidity, a change in color 
from green to red was observed, which changed again to green 
when a dry nitrogen purge was applied. The rapid (∼0.3 sec) 
and reversible response verifi ed a high optical performance of 
the structure and its fl exibility and simplicity shows potential 
for such hybrid polymer interfaces to be applied for detection 
of other analytes.   

  5.     Conclusions and Future Work 

 In summary, CVD polymerization techniques provide a ver-
satile platform to engineer high quality polymer surfaces and 
interfaces. In this review, we have given an insight into polymer 
fi lm growth by the iCVD and oCVD polymerization techniques 
developed in our laboratory. The high purity fi lms grown by 
these solvent-free processes do not suffer from surface tension 
and de-wetting effects, allowing the integration of iCVD and 
oCVD polymer fi lms onto various substrates, including envi-
ronmentally friendly substrates like paper. The low-temperature 
and conformal nature of these vapor based processes further 
enable the coating of polymer fi lms on substrates with textured 
surfaces and complex geometries, without damaging them. 
Facile processing conditions which allow for fast fi lm growth 
rates (>100 nm/sec), along with the environmentally benign 
nature of these processes make them amenable for large 
scale deployment. Film thicknesses can also be precisely con-
trolled over a wide range, along with full retention of surface 
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functional groups, facilitating the use of these surfaces for sus-
tainable applications in energy, water, air, food, and medicine. 

 Work on scaling up these economically feasible, high 
throughput polymer fi lm synthesis processes is currently 
ongoing both in academic and industrial research labs. When 
successful, this technology can enable roll-to-roll printing 
of OPVs and sensors on fl exible, stretchable substrates at 
extremely competitive manufacturing costs. While long-term 
stability tests on these fi lms are ongoing, several initial prom-
ising results have been discussed here for OPVs and heat 
transfer coatings. Additionally, iCVD grown poly (trivinyltri-
methylcyclotrisiloxane) (pV 3 D 3 ) fi lms retained their electri-
cally insulating properties as biopassive coatings for neurally 
implanted devices even after 2 years of soaking in saline solu-
tion. [ 234 ]  These result show tremendous promise for the integra-
tion and stability of iCVD and oCVD grown polymer surfaces 
in practical applications. 

 This review also explored ideas for using ultra-thin CVD 
polymer fi lms as conformal electrolytes in energy storage (e.g., 
lithium ion batteries), which if successful have the potential to 
dramatically alter the architecture and performance of these 
devices. The design of functional polymer fi lm surfaces (e.g., 
hydrophobic, zwitterion) is yet another feature of CVD polymers 
that can impact applications in desalination and purifi cation of 
waste water generated by natural and man-made operations. 
The water-energy nexus discussed in this review is predicted to 
become a defi ning challenge in sustainability, highlighting the 
imminent need to design approaches that manage both these 
resources judiciously. One example that is a work in progress, 
is using polymer CVD coatings for enhancing heat exchange 
effi ciency in power plants, thereby reducing the demand for 
fresh water as coolant. Not only do these heat exchange coat-
ings promote water conservation, but if deployed on the large 
scale in power plants, they are estimated to annually save 100s 
of TWhr of energy, eliminate a billion tons of CO 2  emissions 
and overall reduce thermal pollution. Furthermore, the amount 
of raw material usage during the CVD polymerization process 
is miniscule when compared to the potential savings in energy. 
Looking forward, these reduced wastage, non-toxic, solvent-free 
CVD polymerization processes are also promising for designing 
the next generation of “green” materials, which can one day 
enable direct integration of electronics with living tissue for 
applications ranging from diagnostics to drug delivery. The pre-
cursors used are earth abundant and do not contain rare, costly 
elements, and could possibly be derived from natural sources 
in future. CVD polymerization can thus become an enabling 
technologies for materials surface and interface modifi cations 
that engineer pathways towards a sustainable future.  
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