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1. Introduction

The first organic transistors on plastic substrates were
reported in 1990, providing an early hint of the possibilities
offered by plastic electronics. These devices used vacuum-
evaporated films ofR-sexithiophene for the semiconductor,
bendable thin sheets of poly(parananic acid) resin (PPA) for
the substrate, solution-cast cyanoethylpullulan (CYEPL) for
the gate dielectric, and evaporated layers of gold for the
source, drain, and gate electrodes.1,2 These transistors fol-
lowed reports of devices achieved on rigid substrates a few
years earlier using the polymer polythiophene as a semicon-
ductor.3 Similar levels of excitement accompanied the first
light-emitting diodes based on small molecules4 and poly-
mers,5 in 1982 and 1990, respectively. Devices such as these,
in which the active and passive elements can be formed by
low-cost processing techniques on lightweight, rugged,
bendable substrates, have the potential to enable new classes
of electronic devices, from flexible, large-area emissive
displays to low-cost radiofrequency identification tags to
smart labels and sensors. It is interesting to note that the
first transistor, invented by Bardeen, Brittain, and Shockley
at Bell Laboratories in 1947, also used plastic for a key
component, although not the active material. In this device,
an insulating plastic triangle pressed a strip of gold against
a germanium crystal to form the point contacts.6 One can
speculate that plastic was attractive for this component for
reasonsseasy processability, low cost, mechanical toughness,
and compliancessimilar to some of the reasons that drive
current interest in organic materials for active and passive
elements in electronics and optoelectronics.

The evolution of inorganic technology from its discovery
to its current state provides a useful context to evaluate
progress with the organics. Ten years passed after the
invention of the first transistor before Jack Kilby of Texas
Instruments and Robert Noyce of Fairchild Semiconductor
co-invented the integrated circuit. Initial demonstration
systems involved one transistor, one capacitor, and three
resistors integrated on a7/16 × 1/16 in. single-crystal germa-
nium substrate. Noyce’s “planar” layout remains the founda-
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tion of today’s integrated circuits. The dominant technique
for patterning these circuits is photolithography, which
represents an adaptation of much older photo-based methods
used in the graphic arts as early as the 1800s. Projection
mode tools were introduced 15 years after the integrated
circuit to improve production throughputs and to avoid-
contact induced damage of the expensive optical masks.
Improvments in the resolution of this process enable smaller
devices, higher operating speeds, and lower operating volt-
ages in progressively denser circuits, all with roughly the
same chip sizes. This favorable scaling has led to a central
role for photolithography in realizing improvements in
microelectronics, where levels of integration have doubled
every 18 months, a scaling known as Moore’s law. The
current generation of commercial logic chips for micropro-
cessors, for example, involves critical dimensions of 90 nm,
chip sizes of ∼100-200 mm2, and total numbers of
transistors in the range of∼100 million. The cost associated
with the fabrication facilities needed to build such systems,
however, increases at rates similar to those that govern the

levels of integration. This cost scaling, which is sometimes
known as Moore’s second law, makes the economics difficult
to justify for all but the largest companies and consortia.
This situation is expected to be particularly acute beyond
the 45 nm resolution node, where many expect that the basic
paradigm of photolithography as it exists today (soon likely
to be carried out at 193 nm in water immersion systems),
will be abandoned in favor of other approaches. In any case,
one can argue that patterning technologies, at least as much
as materials and device designs, have provided, and may
continue to provide, a tremendously powerful tool to help
enable exponential increases in capabilities and market sizes
for traditional microelectronics.

Different kinds of electronic systems, built with thin-film
materials over large areas (recently referred to as “macro-
electronics”) are capturing an increasingly large fraction of
worldwide sales in electronics, mainly through their use as
backplane circuits for active matrix liquid crystal displays.
Here, area coverage is the key metric, rather than operating
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speeds or integration densities. The size of the substrate
defines the technology generation, rather than channel lengths
of the transistors. Some of the first commercial flat-panel
displays used substrates (glass) with sizes of 270× 200 mm,
known as Gen 0 glass, and were adopted by Sharp in 1987
to manufacture 8.4 in. displays. Currently, Gen 7 glass is in
production (1870× 2200 mm), and by 2006, systems will
be built on Gen 8 glass, which is expected to be 2200×
2500 mm in size. As with conventional integrated circuits,
the manufacturing procedures and the patterning processes
are the main drivers of progress. These large-area systems
are currently patterned with photolithographic processes,
although instead of optics that project a demagnified image
of the mask, for the case of integrated circuits, magnifiying
optics and step-and-repeat stages capable of stitching together
multiple images are used. Whereas the integrated circuit
industry uses mainly single-crystal silicon in wafer form, the
semiconductor of choice for flat-panel displays is sputtered
thin-film amorphous silicon (a-Si). Deposition, etching, and
patterning of this material, and other vacuum-deposited
materials needed for the circuits, become very challenging
technically and, as a result, costly at these large size scales.
In addition, basic mechanical manipulation of extremely
large, thin, and brittle glass substrates is a major concern.

Organic systems are being developed against the backdrop
of these conventional and large-area electronics technologies,

where the dominant semiconductor is silicon in single-
crystalline, polycrystalline, or amorphous forms. Much of
this work seeks to create, at least initially, niche applications
where established materials and/or patterning techniques
might not provide the necessary low-cost structure (e.g.,
radiofrequency identification tags for product level imple-
mentation), form factor (e.g., mechanically flexible displays),
area coverage (e.g., aircraft sensor skins), or performance
(e.g., fast, high brightness, and power-efficient light-emitting
displays). This last example is emerging as a potential success
story, as organic light-emitting diodes can now be found in
commercially available small, emissive flat-panel displays.
This development comes roughly 10 years after Kodak and
Sanyo demonstrated the first prototype of a full-color 5.5
in. diagonal display of this type. More recently, in 2004,
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Epson produced a 40 in. display with organic light-emitting
diodes and silicon backplanes, thereby demonstrating organ-
ics as a serious alternative to LCD technology for large-
area devices. For the near term, these kinds of displays as
well as systems that demand low-cost, bendable, or large-
area form factors appear to offer the most promise for
potential consumer applications because conventional ap-
proaches cannot easily achieve such characteristics. The area
of displays has the additional feature that the most widely
used semiconductor (a-Si) has modest carrier mobilities
(typically of only∼1 cm2/V‚s), comparable to those that can
be achieved routinely with the organics. The development
of new materials for these circuits and the continued
improvement of organic light-emitting diodes represent
promising areas for fundamental and applied research, as
described in other papers in this issue.

By analogy with integrated circuits and thin-film electron-
ics, where progress has been driven largely by the manu-
facturing and patterning techniques, we speculate that the
promise of organic electronics and optoelectronics will be
realized fully when efforts to develop low-cost, large-area
printing-like manufacturing techniques are successful. This
paper reviews work in this area, with an emphasis on those
methods that have been successfully applied to the fabrication
of working organic devices. The examples range from
sophisticated forms of inkjet printing, laser thermal imaging,
and microcontact printing, which have been used to build
prototype displays (see Figure 35c), to soft imprinting and
capillary molding, which have been used only in research
demonstrations of discrete transistors. The goals of these
techniques are similar: to pattern active or passive compo-
nents of optoelectronic systems in ways that enable (i) low-
cost manufacturing, (ii) manipulation of unusual, and often
chemically and mechanically fragile, organic materials, (iii)
patterning capabilities (e.g., straightforward compatibility
with continuous reel-to-reel processing or rough/curved
substrates) that scale to large areas and high throughput, or
(iv) some combination of these attributes. The paper begins
with established and unconventional procedures for using
light to form devices. An advantage (and disadvantage) of
these types of approaches is that they are operationally similar
to the well-established photolithographic techniques used for
conventional electronics. Next, the paper describes methods
that rely on physical molding, where the commercial
analogue is embossing for replication of compact discs and
digital video discs (Table 1). Printing methods are then
discussed, with highlights from techniques that range from
inkjet printing to screen printing and rubber stamping. In

these cases, the most similar existing manufacturing tech-
niques are those used in the printed paper industry: flex-
ography, inkjet and laser printing, offset printing, and so
on. We conclude with some thoughts on the progress of
developments in organic optoelectronics, as benchmarked
against the integrated circuit and thin-film electronics areas
and liquid crystal devices, the future of this technology, and
some emerging trends.

2. Light-Based Patterning Techniques for Organic
Electronics

Projection mode photolithography represents, by far, the
dominant manufacturing approach for inorganic electronics
and optoelectronics, due to its high speed, parallel patterning
capability, and high resolution. These features also make it
attractive for applications for organic devices, although
straightforward implementations can be difficult due to (i)
the incompatibility of photoresists, solvents, developers, and
ultraviolet (UV) exposure light with many organic active
materials, (ii) challenges in resolution and registration caused
by rough, and often dimensionally unstable, plastic substrates,
and (iii) cumbersome implementations needed for large-area
patterning. Nevertheless, there are a very large number of
cases of organic devices in which certain layers are patterned
by photolithographic methods and conventional photoresists.
This section does not attempt to summarize these examples
or the many cases in which dielectric or waveguide materials
are patterned by photolithography. Instead, it reviews materi-
als and processing strategies to form active layers of organic
devices by photolithography and some unusual photolitho-
graphic techniques that appear to have promise for this area.

In the most general sense, a photopatterning process starts
by coating a substrate with a material having properties that
can be changed by exposure to light. Patterned exposure is
most commonly achieved by passing light through a rigid
mask that manipulates the phase and/or amplitude. The mask
can be located in direct contact with (contact mode) or in
proximity to (proximity mode) the photosensitive material.
Alternatively, imaging optics can magnify or demagnify the
mask image and project it onto this material (projection
mode). Although contact mode offers high resolution, it was
abandoned as a technique for patterning inorganic devices
due to unavoidable contamination and damage of the masks
and/or substrates due to the required physical contact.
Difficulties with maintaining small, fixed distances between
masks and substrates and poor resolution represent significant
drawbacks for proximity mode operation. Projection mode

Table 1.

resolution on
plastic/glass
substrates materials compatibility readiness level ref

large-area photolithography ∼3 µm resists, functional organics in production (e.g.,
LCD displays)

7

optical soft lithography ∼90 nm resists, functional organics research 8, 9
embossing ∼1 nm moldable resists, functional organics in production (e.g.,

DVDs)
10-14

hard imprint lithography <10 nm moldable resists,, functional organics early production 15-19
soft imprint lithography <10 nm moldable resists, functional organics research 20
capillary molding ∼2-5 µm and below resists, low-viscosity inks, functional organics research 21-24
soft printing ∼0.1-2 µm SAMs, thin metals, organic and inorganic

semiconductors
development 25-29

laser imaging ∼5 µm organic conductors, semiconductors and
electroluminescent materials, others

early production (LCD
color filters)

30-32

inkjet printing ∼10-20 µm without
surface treatment

organic conductors, low molecular weight
polymers, wax, others

in production (graphic
arts)

33-35
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photolithography avoids these probles, and it does not require
contact with the substrate. In addition, its reduction optics
enable the use of masks with low-resolution features (i.e.,
low cost) compared to those needed for the devices. Reviews
on photolithography and photoresist materials provide ad-
ditional details.36-40 Many examples of organic electronic
and optoelectronic devices use photolithography and con-
ventional photoresists to pattern the electrodes, dielectrics,
encapsulating layers, and other elements. In these systems,
care is taken to develop processing sequences and material
choices that yield device properties that are not degraded
by the photolithographic process steps. For example, the
photolithographic steps often are designed to occur before
the deposition of the active organic layers. Alternatively, thin
protecting layers of materials, such as parylene, can be
deposited on top of these active layers, such as the organic
semiconductor pentacene, to protect them from the photo-
resists, solvents, and developers.41 The following sections
describe methods that use photopatternable active materials
for these devices or nonstandard techniques for performing
the exposures in ways that are beneficial to organic devices.

2.1. Photopatternable Organic Electronic
Materials

Careful chemical design enables organic active materials
that can be both photodefinable and effective at charge
transport or light emission. Efforts over the past few years
have yielded several promising examples. This section
provides a short overview of some of these materials for the
conducting, semiconducting, and electroluminescent layers,
with descriptions of their use in transistors, light-emitting
diodes, and related devices.

2.1.1. Photopatternable Organic Materials for
Semiconductor

Several types of organic semiconductors have been
designed to enable direct photopatterning. Pentacene is
probably the most extensively studied organic semiconductor
due mainly to its good field effect mobility as high as∼1
cm2/V‚s. Figure 1a shows, as an example, a photopatternable
pentacene precursor.42 Exposing a spin-cast layer of this
precursor (1 in Figure 1a) to UV light polymerizes the
exposed regions to form the polymer (2 in Figure 1a), as
illustrated in Figure 1a. Washing the sample in methanol
removes the unexposed precursor. Heating then converts the
polymerized precursor to pentacene and a carbonyl and
N-sulfinyl group substituted polymer. Figure 1b shows
another type of photopatternable pentacene precursor.43 In
the presence of a photoacid generator (PAG), 3 mol % of
di-tert-butylphenyliodonium perfluorobutanesulfonate in this
case, UV irradiation generates protons from the PAG and
cleaves the pentacene precursor intoN-sulfinyl-tert-butyl-
carbamate and pentacene. Washing the sample in methanol
removes the unexposed regions.43

The patterning process for these materials is similar to
photolithography with a conventional negative-tone photo-
resist. Figure 1c shows patterns of pentacene formed using
the precursors in Figure 1a,b. The mobilities of devices using
the precursor in Figure 1a are in the range of 0.021 cm2/V‚s
in the saturation regime,42 which is somewhat lower than
that obtained with evaporated pentacene, possibily due to
the presence of the residual polymer from the patterning
process. TheIon/Ioff ratios were>2 × 105. The precursor in
Figure 1b yields better performance. The highest measured

mobilities andIon/Ioff ratios were 0.25 cm2/V‚s and>8 ×
104, respectively.43 Background information on organic
electronic device fundamentals, architecture, and operation
can be found in recently published textbooks.44,45

2.1.2. Photopatternable Organic Conductive Materials
Photopatternable organic conductors, which can serve

as hole-transport layers in organic light-emitting diodes
(OLEDs) and interconnects or electrodes in organic thin-
film transistors (OTFTs), also exist. Polyaniline (PANI) and
polythiophenes represent two examples of organic conductors
that are widely studied. The nonconductive and undoped
form of PANI is soluble in organic solvents, whereas the
doped PANI is typically insoluble. Direct photopatterning
of conducting PANI can take advantage of this solubility
difference.46-48 For example, UV or electron-beam (e-beam)

Figure 1. (a) Process of photopatterning pentacene by use of a
polymer precursor approach. UV exposure polymerizes the penta-
cene precursor1. Washing the sample in methanol removes the
unexposed precursor3. Heating converts the polymerized precursor
to pentacene4. (Reprinted with permission from ref 42. Copyright
2003 Wiley-VCH Verlag.) (b) Process of photopatterning pentacene
by use of a decomposition approach: 1, UV exposure generates
H+ from PAG; 2, H+ decomposes the pentacene precursor to
pentacene; 3, washing with methanol removes the unexposed
precursor. (Reprinted with permission from ref 43. Copyright 2004
American Chemical Society.) (c) Optical image of a photopatterned
layer of pentacene; patterns on the left and right used chemistries
illustrated in (a) and (b), respectively. (Reprinted with permission
from refs 42 and 43. Copyright 2003 Wiley-VCH Verlag and 2004
American Chemical Society, respectively.)
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exposure of PANI mixed with onium salts through a rigid
mask initiates decomposition of the onium salts and generates
acid. The acid converts the exposed PANI into insoluble
conductive form, with onium salts as the dopant, whereas
the unexposed (undoped and nonconductive) PANI remains
soluble and can be removed by washing with 2-methoxyethyl
ether/N-methylpyrrolidinone (NMP) solution. This material
can also be used for electrodes and interconnects in OLEDs
and OTFTs. For example, all-polymer integrated circuits
(ICs) can be formed using camphorsulfonic acid (CSA)
doped PANI (PANI-CSA) for the conductors, polythien-
ylenevinylene (PTV) as the semiconductors, and polyvi-
nylphenol (PVP) as the dielectrics.49 In this case, PANI-CSA
with a photoinitiator, 1-hydroxycyclohexylphenylketone, was
spin-coated onto a polyimide foil. UV exposure generates
free radicals from the photoinitiator. These radicals cleave
the CSA group from the PANI and produce a nonconductive
leucoemeraldine base PANI.50,51The unexposed regions have
sheet resistances of 1 kΩ/square after removal of the photo-
initiator by postbaking. The resistance of the exposed region
increases dramatically from 1 kΩ/square to 1014 Ω/square.
Conducting pathways formed in PANI film serve as inter-
connects and electodes.49 Panels a and b of Figure 2 show
the current-voltage (I-V) characteristics of an individual
device and an image of integrated circuit formed in this
manner.49

Functional group substituted PANI provides another route
to photopatternable PANI. For example, atert-butoxycar-
bonyl (t-BOC) substituted PANI, dissolved in THF with PAG
such as norborneneimide compounds with different organic
counter groups ofN-(10-camphorsulfonyloxy) norbornene-
imide (CSNBI), andN-(tosyloxy)norborneneimide (TSNBI),
or onium salt triphenylsulfonium triflate (TPSOTf) can be
patterned by photolithography.52 To pattern thet-BOC
substituted PANI mixed with PAG, a solution is spin-coated
onto a substrate and exposed to UV light. UV exposure
decomposes the PAG and generates acid. The acid cleaves
the t-BOC group from PANI and converts the PANI into an
conductive and insoluble PANI-emeraldine salt after post-
baking at 110°C. Figure 2c gives the scheme for the
chemical process. The unexposed regions can be removed
by washing in chloroform (CHCl3) to generate negative tone
conducting patterns.52 The electrical conductivity of the
patterned PANI film is∼10-3 S/cm. Further doping by
hydrochloric acid (HCl) vapor can improve the conductivity
to 3-5 S/cm, which is similar to that achieved with the
conventional HCl doping method.52

In addition to PANI, polythiophenes can be used as
photopatternable organic conductors. One example uses a
photocatalytic chemical reaction of poly(3-(2-(tetrahydro-
pyran-2-yloxy)ethyl)thiophene) (PTHPET) withN-(trifluo-
romethylsulfonyloxy)-1,8-naphthalimide as the PAG.53 Here,
UV exposure generates trifluoromethanesulfonic acid (triflic
acid; CF3SO3H) from PAG, as shown in Figure 2d. The triflic
acid initiates a catalytic reaction to cleave the tetrahydropyran
(THP) from the PTHPET. THP cleavage generates another
proton, thereby amplifying the reaction. The resulting
polymer has a shorter side chain with a different polarity
compared to the original PTHPET and is, therefore, insoluble
in most common solvents.53 This PTHPET can be patterned
with feature sizes as small as 15µm and with conductivities
of 1-4 S/cm depending on the doping oxidants.53 Figure 2e
shows a PTHPET pattern formed in this manner. Other
classes of conductive materials that can be patterned by

Figure 2. (a) Electrical characteristics of an all-polymer transistor.
The inset shows the structure, which involves a polyimide substrate
(a), source (b), and drain (c) electrodes of photopatterned PANI, a
semiconductor layer of PTV (d), a dielectric layer of PVP (e), and
a top gate electrode of PANI (f). (Reprinted with permission from
ref 49. Copyright 1998 American Institute of Physics.) (b) Image
of a 3 in. flexible substrate with a variety of polymer-based
electronic devices. (Reprinted with permission from ref 49.
Copyright 1998 American Institute of Physics.) (c) Acid-catalyzed
reaction of doped PANI induced by exposure to UV light: 2, UV
exposure decomposes the PAG and generates protonic acid; 3, this
acid donates H+ and cleaves thet-BOC group from doped PANI1
to convert thet-BOC-substituted PANI into a PANI emeraldine
salt 4. (Reprinted with permission from ref 52. Copyright 2004
American Chemical Society.) (d) Chemically amplified reaction
of PTHPET initiated by UV exposure. The H+ generated from PAG
cleaves the THP from PTHPET. (Reprinted with permission from
ref 53. Copyright 1998 Chemical Communications.) (e) Pattern of
PTHPET formed by photolithography. (Reprinted with permission
from ref 53. Copyright 1998 Chemical Communications.)
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photopolymerization include oxetane functionalized triphenyl
amine54 and cross-linkable bis(diarylamino)biphenyl-based
copolymers.55

Poly(3-hexylthiophene) (P3HT) can also be patterned by
cross-linking through a photooxidation process. The photo-
oxidation of P3HT begins by chain scission initiated by
residual metal salts, ferric salt in this case, from the polymer
synthesis. UV or visible light exposure initiates the photore-
duction to generate free radicals. The free radicals can
remove the hydrogen atoms on the hydrocarbons and form
hydroperoxide in the presence of oxygen. Further light
exposure cleaves the peroxide and produces radicals bound
to the polymer that can form ether linkages.56 The exposed
region of P3HT is insoluble, whereas the unexposed regions
remain soluble. Light exposure through a rigid photomask
can, therefore, selectively expose P3HT film to form desired
patterns. Washing the exposed sample in toluene gives a
negative tone pattern. Lines as narrow as 1µm can be
patterned by this photopatterning technique.57 The conductiv-
ity can be improved by oxidation. For example, 5 S/cm was
obtained by immersing the P3HT film into an anhydrous
saturated solution of nitrosonium tetrafluoroborate.58

2.1.3. Photopatternable Organic Light-Emitting Materials

Photolithography can also be used to define patterns in
electroluminescent layers. Three oxetane-functionalized spiro-
bifluorene-co-fluorene polymers that can emit blue, green,
and red light represent important examples. The detailed
compositions of each polymer can be obtained elsewhere.59

Briefly, UV irradiation decomposes a PAG, ({4-[(2-

hydroxytetradecyl)oxyl]phenyl})phenyliodonium hexafluo-
rantimonate), to generate an acid that initiates cross-linking
through a protonic polymerization of the oxetane function-
alized precursors. The protons generated from PAG open
the oxetane ring of the oxetane precursor and initiate the
chain polymerizaztion.60 Scheme 1 illustrates the chemistry.
The resulting polymers have cations at the chain ends instead
of the oxetane groups. To neutralize the polymer, the sample
is rinsed in pure THF. These materials enable multicolor
OLEDs to be patterned directly using a process similar to
conventional photolithography.59 The resulting devices ex-
hibit slightly improved efficiency compared to the non-cross-
linked references (Figure 3b) at high luminance and with
slightly reduced turn-on voltages.59

Another route to photopattern electroluminescent layers
involves selective photobleaching. This technique can be used
with a variety of materials such as poly(p-phenylenevinylene)
(PPV) derivatives including poly(2-methoxy-5-(2-ethylhexyl-
oxy)-1,4-phenylenevinylene) (MEH-PPV),61 didodecylpoly-
dialkylstilbenevinylene (didodecyl-PSV),62 and poly(2,5-
dialkoxy-p-phenylene ethynylene) derivatives (EHO-OPPE)
blended with polyethylene (PE) and 1,4-bis(5-phenyl-2-
oxazolyl)benzene (POPOP) mixed with linear low-density
polyethylene (LLDPE).63 The photobleaching process in-
volves photon-induced chemical damage and covalent modi-
fication to the fluorophore, which lead to permanent loss of
luminescence. EHO-OPPE/PE, which exhibits green color,
and POPOP/LLDPE, which possesses blue color, patterned
by photobleaching provide an examples.63 Panels a and b of
Figure 4 show the chemical structures and an image of the

Scheme 1. Photoinduced Polymerization and Chemical Structure of an Oxetane-Functionalized Electroluminescent Material 1
and the Cationic PAG 259,60a

a Reprinted with permission fromNature(http://www.nature.com), ref 59. Copyright 2003 Nature Publishing Group. Reprinted with permission from ref
60. Copyright 2004 Wiley Periodicals, Inc.
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emitting device consisting of an EHO-OPPE/PE and POPOP/
LLDPE bilayer oriented in a pattern similar to that of a
chessboard.63 Although photobleaching can pattern the

emission layer effectively and simply, the material in the
bleached areas remains on the substrate, which may affect
the device layout and/or the architecture of the interconnects
to neighboring devices.

2.2. Optical Soft Lithography

Soft lithography refers to a collection of techniques that
use soft, conformable elements for pattern transfer by various
forms of molding and printing, as described in subsequent
sections, as well as unusual versions of contact mode
photolithography discussed here.64,65 In this last approach,
which we refer to as optical soft lithography, conformable
elastomeric elements with relief features on their surfaces
serve as photomasks for patterning the exposure of layers
of photoresist or other photosensitive materials.8,9,20,66-73 The
nondestructive, reversible, atomic scale contacts that can be
established, without applied pressure, through generalized
adhesion forces (typically van der Waals) between the mask
and the resist layer (typically a solid thin film) are key to
this process.74-76 Figure 5 presents a schematic illustration
of a relief structure on a mask, along with computed intensity
profiles and corresponding structures produced in photoresist.
A casting and curing process with a prepolymer to poly-
(dimethylsiloxane) (PDMS) forms elastomeric phase masks
that are transparent in the UV range (>300 nm). A following
section describes some details of the fabrication procedures,
which are the same as those for soft stamps and molds.
Placing such a mask against a thin layer of photosensitive
material leads to conformal contact, without applied pressure.
Shining UV light through the mask, while in this configu-
ration, exposes the thin layer of photoresist to the distribution
of intensity that forms as a result of light transmission
through mask. The relief structures modulate the phase of
the transmitted light by an amount determined by their depth
and the index of refraction of the mask material. In the simple
case of binary relief with a depth that causes a shift of the
phase ofΠ, nulls in the intensity appear at each step edge
of the relief. The widths of these nulls can be∼100 nm when
using∼365 nm light from a conventional mercury lamp and
standard photoresists.8,67,68Exposing a positive resist, remov-
ing the mask, and then developing yields∼100 nm wide
lines of resist. Depositing a uniform layer of metal and then
lifting off the resist with acetone leaves∼100 nm wide gaps
in the metal. These types of structures are useful for short-
channel organic transistors, in which the slits define the
channel lengths and a separate patterning step defines the
widths. Figure 6a shows an example of a Au film (∼20 nm
thick with 1 nm Ti adhesion layer) with a 100 nm channel
formed by lift-off of the patterned positive resist. Figure
6b presents theI-V characteristics ofn-channel tran-
sistors formed with copper hexadecafluorophthalocyanine
(F16CuPc).68 These devices use source/drain electrode pairs
patterned by phase-shift lithography on a thin dielectric
(much thinner than the width of the channel) and back gate
electrode, with the organic semiconductor on top. TheI-V
characteristics of a typical device show behaviors (i.e.,
nonlinear response in the regime of small source/drain
voltages) that indicate contact limited response.68 The
mobility, Ion/Ioff, and saturation currents of such device are
∼0.001 cm2/V‚s, >25:1, and ∼1-4 µA, respectively.
Complementary inverter circuits formed usingn- and p-
channel devices of this type further demonstrate the utility
of this approach, which represents one of the simplest
methods to sub-micrometer channel length devices.68,77

Figure 3. (a) Image of a color OLED device formed with photo-
patterned layers of these materials. [Reprinted with permission from
Nature (http://www.nature.com), ref 59. Copyright 2003 Nature
Publishing Group.] (b) Electroluminescence as a function of applied
voltage. [Reprinted with permission fromNature(http://www.na-
ture.com), ref 59. Copyright 2003 Nature Publishing Group.]

Figure 4. (a) Molecular structures of the photoluminescent
compounds EHO-OPPE and POPOP. (b) Image of luminescence
by photobleaching of an oriented EHO-OPPE film fabricated by
365 nm UV exposure. (Reprinted with permission from ref 63.
Copyright 2001 Wiley-VCH Verlag.)
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These phase effects can also be exploited to generate
structures with more complex geometries. In particular, they
can be designed to cause shadowing to pattern broad
features71,73 or as subwavelength lenses and light-coupling
elements to define features in the geometry of the relief
structures.9,73 They can also create complex two- and three-
dimensional patterns.66,69,72Figure 7 shows the different line
patterns formed using a single phase mask (5.6µm line
width, 4.4 µm spacing, and a relief depth of 1.42µm) by
using different exposure doses.73 The two-dimensional pat-
terns can serve as electrodes for light-emitting devices using
polymer electroluminescent materials, with interesting spatial
emission patterns and performance characteristics.52,71Figure
8 illustrates, as an example, patterned devices with sub-
micrometer emission widths.78 The OLED demonstrated in
Figure 8 consists of 150 nm Au lines on PDMS patterned
by phase shift lithography. The line width of pattern emission
(∼600 nm) is close to the resolution limit of the optical
imaging system (590 nm) with efficiency of 0.23% ph/el.78

This type of approach provides extremely high resolution
and parallel operation with inherently low-cost, simple
experimental setups. It also avoids issues associated with
contact between mask and photoresist (PR) in conventional
photolithography, as discussed previously.79 These features,
in addition to its possible direct use with photodefinable
organic active materials, indicate some promise for certain
applications in organic electronics and optoelectronics.

2.3. Focused Laser Beam Scanning
Focused laser beam scanning provides another optical

approach to pattern organic materials.57,80-83 Laser ablation

Figure 5. Mechanism and experimental results for a form of
photolithography that uses a conformable phase mask. (a) Passage
of light through a binary elastomeric phase mask (top frame) and
distribution of intensity near its surface computed (middle frame)
and measured using an image reversal photoresist (bottom frame).
The dips in intensity at the step edges have characteristic widths
of ∼100 nm when 365 nm light is used. The small-amplitude
oscillations in intensity are associated with diffractive effects due
to the step edges in the mask. (b)∼100 nm wide lines formed
using this process. (Reprinted with permission from ref 68.
Copyright 1999 American Institute of Physics.)

Figure 6. Contact mode photolithography with a conformable
mask, for organic transistor fabrication: (a)∼100 nm wide slit in
a film of gold formed by lift-off using a patterned of photoresist
formed using this process; (b) current-voltage characteristics of
an n-channel transistor that uses the organic semiconductor
F16CuPc and a channel similar to that shown in (a). (Reprinted with
permission from ref 68. Copyright 1999 American Institute of
Physics.)

Figure 7. Metal structures (bottom of each image) formed by lift-
off using patterns of photoresist (top of each image) defined with
a conformable phase mask. Controlling the exposure and develop-
ment conditions enables various patterns to be generated from a
single mask. (Reprinted with permission from ref 73. Copyright
2006 American Vacuum Society.)
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and selective laser polymerization represent the two most
widely explored methods. Laser ablation simply removes the
organic material from selected regions to generate the desired
patterns. This procedure must, however, be carefully con-
trolled to avoid damage in other material layers or in the
plastic substrates that are often used. Laser exposure can,
alternatively, polymerize organic materials, typically with
much lower intensities than those used for ablation. The
resolution of such techniques is often limited by the laser
beam diameter, modulated by the nonlinear processes that
result from interaction with the material, and can be
controlled by exposure dose.

There are several examples of these methods in the area
of organic devices. For example, pentacene thin-film transis-
tors can be patterned by laser ablation, using the 532 nm
output of a Nd:YAG laser.80 Figure 9 gives the schematic
of a four-terminal device formed in this way, together with
its I-V characteristics. This four-termial design yields
information on the channel and contact resistances. Related
work demonstrates that the same type of process can be
applied to organic field effect transistors (OFET) that use
poly(3-dodecylthiophene) (P3DDT) as semiconductor, poly-
(4-vinylphenol) (PVP) as insulator, and poly(3,4-ethylene-
dioxythiophene) (PEDOT) as electrodes.81 Laser ablation
with a 248 nm excimer laser patterned the PEDOT layer in
this case, with a resolution as high as∼1 µm. The threshold
voltage,Ion/Ioff, and charge carrier mobility of devices formed
in this manner were-5 V, 102, and 1.5× 10-3 cm2/V‚s,
respectively, which is slightly worse than values obtained
in similar devices with gold electrodes: 0 V, 103, and 10-2

cm2/V‚s. Details can be obtained elsewhere.81

Focused laser beam induced photochemical cross-linking
can pattern poly(2-hexylthiophene) (P3HT) thin films as
described in section 2.1.1.57,82,83For instance, 442 nm light
from a helium-cadmium (He-Cd) laser irradiates a P3HT
film to create cross-linked, insoluble regions that remain after
exposure of the sample to a developer. The cross-linked
polymer was reported to have a bulk conductivity of∼6
Ω‚cm.82 A related study demonstrated resolution as high as
1 µm when poly(3-methylthiophene) (P3MT) and poly(3-

butylthiophene) (P3BT) were patterned using a 325 nm
He-Cd laser.57 In addition to generating physical patterns
of organic materials, focused laser beam scanning can
spatially define the electrical properties of these materials.
A 248 nm pulsed excimer-laser was used in this study. The
transistors incorporate P3HT as semiconductor, poly(silses-
quiozane) (PSQ) as gate insulator, indium tin oxide (ITO)
as gate electrode, and Au as source and drain electrodes.
With sufficient exposure doses (∼50 mJ/cm2), the mobility
in the P3HT can be reduced by 2 orders of magnitude,
namely, from (2-4) × 10-3 to (0.7-3) × 10-4 cm2/V‚s,83

due to photoinduced disruption of theπ-conjugation. This
capability can be useful in device and circuit applications
because it can reduce leakage currents and cross-talk.83

3. Patterning Organic Layers by Embossing,
Imprint Lithography, and Capillary Molding

Organic devices can also be patterned using molding
elements (i.e., solid objects with structures of relief on their
surfaces) to direct the flow of liquids or softened solids into
desired shapes.84-87 In the simplest example, the mold creates
a solid relief structure designed for use directly in a device.
Most application examples of this form of lithography, which
we refer to as embossing (sometimes also referred to as
imprinting), are in photonics or optoelectronic systems.
Embossing a film and then etching away the thin regions
yields isolated polymer structures that can be used either as
resists, in a manner similar to photoresist in photolithography,
or as functional components of a device. This process is
commonly known as imprint lithography. In a third type of
process, sealing a mold against a substrate forms capillary

Figure 8. Patterned OLEDs with electrodes defined by optical soft
lithography: (top) image of emission (scale bar, 5µm); (bottom)
averaged line scan of this emission (green) and a line scan from a
scanning electron micrograph (SEM) of the electrode structure. The
electrodes were Au (20 nm) and the electroluminescent (EL) layer
was a polyfluorene derivative. (Reprinted with permission from ref
78. Copyright 2004 PNAS.) Figure 9. (a) Schematic of a four-terminal transistor device that

uses a semiconductor layer patterned by a 532 nm Nd:YAG laser
utilizing the laser ablation technique. The channel length between
electrodes 1 and 4 (L14) is 475µm, and the channel length between
electrodes 2 and 3 (L23) is 230µm. The channel width (W) is 1100
µm. (Reprinted with permission from ref 80. Copyright 2004
American Institute of Physics.) (b) Channel width dependence of
the Isd - Vg characteristic of the pentacene TFT; (inset) change of
Isd at (Vsd, Vg - Vth) ) (-20 V and-20 V) with various channel
widths. (Reprinted with permission from ref 80. Copyright 2004
American Institute of Physics.)
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channels that can be filled with liquids. These patterned
liquids can be used directly in the devices. Alternatively,
solidifying them and removing the mold can form functional
components or resists for further processing. This section
reviews each of these techniques and their use in patterning
elements of organic optoelectronic devices. It begins with
procedures for fabricating the molds and for chemically
functionalizing their surfaces. The methods for using these
molds are then described, with an emphasis on patterning
capabilities, the range of materials that can be patterned, and
examples in organic-based lasers, photonic crystals, electro-
optical devices, light-emission diodes (LEDs), and thin-film
transistors (TFTs).

3.1. Fabrication of Molds

The simplest and most commonly used method for
fabricating molds begins with traditional photolithography
or related techniques, such as optical soft lithography as
discussed in the previous section,68 laser interference lithog-
raphy,88,89 surface plasmon interference nanolithography,
and90 X-ray lithography,91 to define patterns of resists (Figure
10a). These processes can generate features with sizes down
to ∼15 nm (e.g., extreme UV interference lithography) and
over areas up to several square meters (e.g., Gen 8 display
glass). Molds can be formed by using the resist as an etch
mask to produce relief structures in the substrate material
with depths defined by the etching time and etching
conditions. Removing the resist completes the fabrication.
These molds are typically generated from high-modulus
inorganic wafers (e.g., silicon, GaAs, quartz, diamond, glass),
making them suitable for embossing or imprinting processes
that manipulate soft organic matrixes. For this reason, they
are often referred to ashard molds. The patterns of resist,
or the hard molds, can be used as “masters” to formsoft
molds made of polymers by an embossing or a casting
process schematically illustrated in Figure 10b. Although
various materials, including polycarbonate resins,92 cross-
linked novolak-based epoxy resins,93 fluoropolymer materials
(such as Dupont Teflon As 2400: a copolymer of 2,2-
bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD) and tet-
rafluoroethylene (TFE),R-,ω-methacryloxy funcationalized
perfluoropolyether),20,94 etc., have been used, PDMS repre-
sents the most popular choice. PDMS molds have low surface
energy and low modulus, both of which are beneficial for
easy, nondestructive removal from molded structures, espe-
cially of organic materials. Additionally, the low modulus
enables spontaneous conformal contact with substrate sur-
faces, through generalized adhesion forces, with modest or
no applied pressure.74-76 Such soft molds are often used to
manipulate liquid precursors or solutions that are solidified
or dried as part of the lithography process. Both hard and
soft molds with feature sizes substantially below the limits
of optical or related processes can be formed by use of
electron or focused ion beam lithography, as examples. The
former technique has been used to generate hard and soft
molds with feature sizes down to a few nanometers.14,95-97

The ultimate limit in resolution and the influence of the mold
materials on this resolution represent topics of both funda-
mental and applied interest. To investigate these limits,
etched superlattices of GaAs/AlxGa(1-x) grown by molecular
beam epitaxy (MBE) and high-resolution electron beam
lithography were used to create hard molds for imprint
lithography at resolutions down to 5 nm (top frame of Figure
10c), thereby establishing an upper bound on the smallest

sizes of features that are possible in hard systems.96,97

Substantially smaller length scales have been explored in
the case of soft molds. For example, casting and curing
PDMS against step edges in fractured crystalline substrates
and latent images in electron beam exposed films of
polymethylmethacrylate (PMMA) yield soft molds with relief
features that have heights from 2 nm down to<1 nm.14

Individual single-walled carbon nanotubes (SWNTs) with
diameters as small as∼0.7 nm have been used as masters
to produce PDMS molds that have relief features with heights
and widths approaching 1 nm (Figure 10d).95,98 Data from
those experiments suggest that the density of cross-links in
the PDMS is an important parameter that influences resolu-
tion at these molecular scales.

The interaction between the molds and the organic layers
that are manipulated by them plays a critical role in
embossing, imprinting, and molding processes. In general,
the surfaces of the molds should exhibit some level of
lipophilicity to provide wettability toward most organic films.
This property facilitates the flow of softened or liquid organic
materials into the recessed structures (in particular, for deep
wells with high aspect ratios) of the molds or through the
capillary channels formed by their contact with substrates.
In addition, the surfaces of the molds should prevent the
formation of chemical bonds or strong adhesion with the
organic films during the process. Low surface energy is also
valuable in this context. One strategy involves modifying
of the surfaces with monolayers of molecules that strongly
bond to the molds and have inert, hydrophobic termination
groups. For example, halogenated silane molecules, such as
(tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane and
1H,1H,2H,2H-perfluorodecyl trichlorosilane, represent a
common choice for hard molds that have surface hydroxyl
groups (e.g., molds of Si and SiO2). The silanes spontane-
ously react with these groups to form chemical bonds through
condensation reactions. The fluoro-terminated alkyl chains
prevent the molds from sticking to the imprinted organic
films. Similar treatments are necessary for preparing soft
molds by casting and curing against masters. Here, the
monolayers prevent adhesion of the mold material to the
master. Similarly, soft molds can also be treated with
surfactant molecules of fluoropolymers to form antisticking
layers on their surfaces. Because these layers have nanometer
thicknesses, they do not significantly affect, in either the hard
or soft mold cases, the feature sizes or resolution for typical
organic optoelectronic device applications. These monolayers
can, however, be avoided entirely by the use of materials,
such as perfluoro polyethers (PFPEs) for soft molds, that
are intrinsically hydrophobic, have low surface energies, and
are chemically inert.94 The low surface energy combined with
the low modulus and high elongation at break for elastomers
such as PDMS allows them to detach nondestructively even
from very fragile molded organic layers. Detailed compari-
sons of PDMS and PFPE molds for embossing, imprinting,
and soft lithographic processes suggest that PFPE can yield
similar or moderately better resolution and replication fidelity
than PDMS.94,99

3.2. Embossing
A typical embossing process (Figure 11a) begins with

casting of a solution or liquid precursor of a uniform thin
film of an organic material(s) on a solid substrate. The casting
procedures (e.g., rod casting, spin casting, or drop casting)
define the thickness and thickness uniformity of the film.
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Contacting a hard or soft mold fabricated using procedures
outlined in Figure 10a,b to the surface of the organic film
leads, initially, to contact between the raised portions of the
mold and the film. For solid films and hard molds (or soft
molds made of rigid polymers), some degree of applied
pressure is typically needed to achieve uniform contact. In
contrast, elastomeric molds, such as the soft photomasks

described in the previous section, can spontaneously establish
conformal contact, due to the action of generalized adhesion
forces.74-76 This difference between hard and soft molds is
important for applications in organic optoelectronics, where
the substrates and the layers of active materials often cannot
be exposed to significant pressures without deforming them
in undesired ways. With the configuration shown in the top

Figure 10. (a) Pattern of resist (red) is first defined on a layer of material (purple; “hard” layer for mold) on a supporting substrate (gray;
“hard” substrate). Using this resist layer to remove selectively parts of the hard layer, followed by removal of the resist, yields a substrate
with a patterned hard layer. The element serves as the hard mold. (b) Pattern of resist (purple) on a substrate serves as a template for casting
and curing a prepolymer to a soft material such as an elastomer. Peeling away the cured material forms a soft mold. (c) Mold generated
through selective etching of the AlxGa(1-x)As epilayers from a supperlattice of GaAs/AlxGa(1-x)As (top frame); (bottom frame) SEM image
of polymer patterns with gratings of 6, 8.5, and 17 nm half-pitches embossed with a mold like that shown in the top frame. (Reprinted with
permission from ref 97. Copyright 2005 IOP Publishing Ltd.) (d) AFM images of SWNTs grown on a SiO2/Si wafer (top frame), which
serve as master for generating a PDMS mold, and embossed relief in a polyurethane film (bottom frame) formed with the PDMS mold.
(Adapted from ref 95.)
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frame of Figure 11a, the raised regions of the molds tend to
embed into the film when the film material has low viscosity
and/or when pressure is applied. In this process, the organic
material flows up into the spaces formed between the
recessed portions of the mold and the organic film, due to
either externally applied pressure, adhesion forces, or cap-
illarity. The result, in an optimized process, is the formation
of structures of relief on the surface of the organic film in
the geometry (lateral widths and relief heights) of the mold.
In practice, the organic material flows and fills the cavities
formed between the molds and the organic films according
to two different ways, that is, lateral filling and bottom-up
filling, depending on the dimensions of the mold relief and
the thickness of the organic films. For a mold with a simple
geometry of periodic grooves as shown in Figure 11a, that
is, protrusions with a width ofs0 and a height ofH, and
grooves with a width ofw, the molded material fills into the
cavities via lateral flow when the thickness (h0) of the organic
film is less thans0; bottom-up filling occurs whenh0 is larger
than s0. The height (h) of the organic film underneath the
raised portions of the mold after embossing depends on the
viscosity (η) of the molded material, the pressure (p) applied
to the mold, embossing time (t), and the wetting properties
of the mold surface. For example, as for the case ofh0 > s0,
h is determined byt ) (ηs0

2/2p) (1/h2 - 1/h0
2) until the

cavities are filled.100 The ratio ofh to H can play an important
role in certain applications.

Embossing can create relief on the surfaces of organic
films composed of most materials, ranging from inert
polymers for waveguide claddings, to active polymers and
small organic molecules for functional devices, to liquid
precursors, if their viscosities are sufficiently low. In fact,
this method already has widespread commercial use for the
fabrication of compact discs (CDs) and digital video discs
(DVDs). These discs, which are made of polycarbonate, are
patterned via hot embossing and injection molding and then
coated with thin layers of aluminum as reflective layers. The
dimensions of the pits are usually on the scale of hundreds
of nanometers. For example, pits on CDs are approximately
100 nm deep by 500 nm wide and vary in length from 850
nm to 3.5µm long. The spacing between the tracks, that is,
the pitch, is 1.6µm. In organic optoelectronics, the embossed
films consist of materials that either play an active role in a
device (e.g., electroluminescent layer) or serve as structures
onto which active materials are deposited. A broad range of

devices can be achieved, including light couplers and
wavelength filters for waveguides, distributed feedback
(DFB) and distributed Bragg reflector (DBR) lasers, two-
dimensional (2D) photonic crystals and lasers, and other
systems.

3.2.1. Waveguides, Light Couplers, Spectral Filters,
Reflectors, and Sensing Devices

Polymeric waveguides have the potential to be important
in photonics and optoelectronics due to their ease of
fabrication, chemical flexibility of polymer compositions, and
low cost. Embossed waveguides are typically fabricated with
passive polymers, such as PMMA, amorphous polycarbonate
(APC), and polystyrene (PS) as the core and/or cladding
materials. Figure 12a shows an example of waveguides that
use a polyurethane core, embossed with a PDMS stamp.101

Grating structures can also be embossed on the surfaces of
polymer waveguides to form other functional devices, such
as couplers and reflectors. For example, waveguides in
polyimide and PMMA can be formed with embossed gratings
with a 500 nm pitch as input couplers, with efficiencies of
∼25%.102 Such gratings can also act as output couplers and
as wavelength filters. Grating periodicities ofΛ reflect
wavelengths corresponding toλB ) 2neffΛ (whereneff is the
effective refractive index of the waveguide mode) back to
the input ports of the devices.103 This kind of wavelength
filter, known as a Bragg reflector, can be integrated with a
heater to modulateneff through the thermo-optic effect,
thereby producing a tunable filter. The large thermo-optic
effects in polymers enable power efficient operation in
devices of this type, compared to similar systems in inorganic
materials such as SiO2.104 Furthermore, the surfaces of the
gratings can be modified with chemical or biological
molecules that recognize a desired species and trap them
through specific interactions. The attachment of these species
changes the effective refractive index around the waveguide
device, thus shifting the wavelength of the reflected light.
This system provides the basis for chemical and biological
sensors.105 Conceptually similar devices that rely on different
physics can be achieved by coating an embossed structure
with a thin film of metal (e.g., silver or gold) that supports
surface plasmons. In this case, surface binding changes the
positions and amplitude of the plasmon resonances, which
can be probed optically.106 Figure 12b presents the structure
of a plasmonic crystal formed by depositing a thin gold layer

Figure 11. Schematic illustration of (a) embossing a thin film and (b) processing the embossed pattern including etching away the thin
regions to yield isolated features that can act as resists, etching the exposed substrate material, or depositing other materials and then
removing the resist. The combination of (a) and (b) is referred to as imprint lithography. (c) Schematic illustration of a capillary molding
process to pattern liquid materials in microchannels formed by contact of a mold with a substrate.
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onto a 2D grating with depressed holes embossed in a layer
of polyurethane with a PDMS mold. Figure 12c shows an
SEM image of a typical as-fabricated plasmonic crystal that
consists of Au/Ti (50 nm/5 nm) on a 2D grating of depressed
holes with a diameter and depth of 545 and 300 nm,
respectively, and with a periodicity of 700 nm. This structure
offers the ability to probe bonding events on the gold surface.
For example, Figure 12d gives a sensitivity map of a crystal
modified with a self-assembled monolayer (SAM) of hexa-
decanethiol, where sensitivity is defined as the difference
between the transmissions before and after binding. Although
polymers are the most widely used materials for embossed
gratings and waveguides, sol-gel precursors to hybrid
organic-inorganic materials (e.g., organo-alkoxy silane) can
also be used.107-109

3.2.2. Distributed Feedback and Distributed Bragg
Reflector Lasers

Light-emitting organic materials can be combined with
embossed grating structures such as those described in the
previous section, or they can be directly embossed themselves
to produce DFB and DBR lasers. DFB resonators involve
uniform or phase-shifted gratings, whereas DBR resonators
use aligned grating structures separated by some distance.
Such resonators can be achieved by embossing into non-
emissive polymer (or sol-gel) materials, or films of emissive
organics, as shown in Figure 13a. Photoluminescence from
films of fluorescent organic molecules often exhibits spectral
line narrowing under high optical excitation intensities, which

can be caused by amplified spontaneous emission (ASE).110

Some of the photons associated with ASE in a thin film on
a transparent material with a lower index of refraction can
be trapped in waveguide modes of the film. If this transparent
material also supports an embossed DFB or DBR structure,
or when the film itself is embossed, then the trapped photons
can be reflected back and forth, creating the feedback
necessary for lasing, when the optical gain exceeds the loss
(Figure 13a). Laser emission of this type occurs near the
Bragg wavelengthλB, which is determined bymλB ) 2neffΛ,
wherem is the order of diffraction of the grating andneff is
the effective refractive index for the waveguide. Demonstra-
tions include DFB lasers formed by directly embossing a
∼200 nm thick gain medium film of tris(8-hydroxyquinoline)
aluminum (Alq3) doped with 0.5-5.0 wt % of the laser dye
4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-
4H-pyram II (DCMII), deposited on a SiO2/Si wafer with
patterned rib waveguides, by using a PDMS mold (see the
schematic illustration of Figure 13b).10 In the fabrication, a
pulsed nitrogen laser (337 nm,∼2 ns,∼10 kW/cm2) softens
the gain material to enable it to be embossed without applied
pressure. The inset of Figure 13c shows an SEM image of
the DFB structure, which involves lines and spaces with

Figure 12. (a) Waveguide structure fabricated in a polyurethane
film with a PDMS mold. (Reprinted with permission from ref 101.
Copyright 1997 American Institute of Physics.) (b) Schematic
illustration of a plasmonic crystal generated by depositing a thin
gold film onto a 2D grating formed by embossing a thin film of
polyurethane on a glass side with a PDMS mold. (c) SEM image
of an as-fabricated plasmonic crystal with periodic depressions with
diameter, depth, and periodicity of 545, 300, and 700 nm,
respectively. (d) Sensitivity map of the surface sensitivity of the
plasmonic crystal. Sensitivity scale increases from blue to red.106

(Adapted from ref 106.)
Figure 13. Organic laser devices with DFB grating resonators.
(a) Schematic illustration of laser action in a film of organic gain
medium on a surface with a DFB grating. (b, c) Fabrication
procedures and emission spectrum of a DFB laser with Alq3:DCMII
as the gain material. (Reprinted with permission from ref 10.
Copyright 1999 American Institute of Physics.) (d) Emission
spectrum from MEH-PPV in the presence of ASE (green) and laser
action (red) from two different DFB grating periodicities. The insets
show the master and DFB laser samples. (Reprinted with permission
from ref 112. Copyright 2003 Wiley-VCH.)
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widths of 300 nm. The plot in Figure 13c gives the laser
emission from a waveguide DFB laser formed in this manner.
The resonant reflections that yield the feedback are due to
third-order interactions with the gratings; the diffraction that
provides output coupling is first order. The presence of a
single peak located at∼645 nm is consistent with this third-
order interaction. Similar lasers, with both DFB and DBR
layouts, can also be produced by casting or evaporating
organic gain films onto pre-embossed substrates.111

Gain materials can also be softened with solvents to
facilitate the embossing process. For example, a solution of
the conjugated polymer MEH-PPV (in chloroform) drop-
cast onto a glass slide was embossed with a PDMS grating
mold, resulting in the formation of DFB lasers.112 The insets
of Figure 13d show the master used for creating the PDMS
mold and the DFB structure. Illuminating the sample with
the focused output of a frequency-doubled Nd:YAG laser
(532 nm, pulse duration of 4 ns) generates emission
perpendicular to the film surface in the regions of the DFB
and ASE in the unstructured regions at sufficient excitation
intensities. The emission shows a single narrow line,
consistent with laser action. As shown in Figure 13d, the
laser line has a line width of 2 nm, compared to 11 nm for
the ASE. The spectral position of the lasing can be adjusted
by changing the periodicity (Λ) of the DFB grating. For
example, the laser line shifts from 625 to 645 nm whenΛ
increases from 370 to 405 nm. In a different but related
fabrication approach, PDMS molds serve as reservoirs to
deliver, upon contact, solvents to selected locations on
organic films. For example, films of the conjugated polymer
poly[2-methoxy-5-(3,7-dimethyloctyloxy)-p-phenylenevi-
nylene] (OC1C10-PPV) can be embossed with a PDMS mold
“inked” by chlorobenzene to form DFB gratings.113 Solid-
state DFB lasers from other gain materials, such as thio-
phene-based oligomer 3,3′,4′′′3′′′′-tetracyclohexyl-3′′,4′′-
dihexyl-2,2′:5′,2′′:5′′,2′′′:5′′′,2′′′:quinquethiophene-1′′,1′′-
dioxide (T5oCx) can be achieved by embossing with Si
molds by applied pressure without heating or solvents.114-117

3.2.3. 2D Photonic Crystals and Lasers

A wide range of embossed structures that are more
complex than gratings can also be formed and used in active
organic optoelectronic devices. 2D photonic crystal struc-
tures, similar to the plasmonic crystals described previously,
represent one example. Figure 14a shows, as an example, a
pattern of cylindrical wells (or posts) with diameters of 0.4
µm and center-to-center separations of 0.6µm, in a triangular
lattice geometry. Figure 14b shows patterned wells in the
geometry of Figure 14a, prepared by embossing with a
PDMS stamp with raised posts (heights of 50 nm) into a
liquid sol-gel precursor of an organic-inorganic hybrid
glass, that is, organically modified silicate (ORMOSIL).11

Baking this material at 60°C while in contact with the PDMS
forms the ORMOSIL; removing the mold completes the
fabrication. 2D grating structures of this type can serve as
photonic crystals that can, for example, slow or prevent the
propagation of certain wavelengths of light propagating in
the plane of the crystal.118 In a manner conceptually similar
to the DFB and DBR lasers, these 2D crystals can form
resonators, as shown in Figure 14b. For example, deposition
of the host Alq3 and the laser dye DCMII (concentration of
0.5-2 wt %) on the surface of the embossed structure forms
a 2D photonic crystal-based organic waveguide laser. The
film acts as a planar waveguide with Alq3:DCMII (core) and

the air and ORMOSIL (cladding) layers. Pumping the device
with the output of a pulsed nitrogen laser (∼2 ns, 337 nm)
induces lasing output (Figure 14c) due to Bragg reflections
caused by the photonic lattice embossed in the ORMOSIL.11

Embossed 2D structures in other dielectric materials, such
as polyurethane, can play a similar role in laser devices
formed by deposition of uniform coatings of organic gain
materials.12 Figure 14d displays the far-field image of a laser
consisting of a Alq3:DCMII layer on a polyurethane crystal
similar to that of Figure 14b. For a triangular lattice, laser
output emerges along six corresponding directions in the
plane of the waveguide, consistent with the observation
shown in Figure 14d. The absence of significant amounts of
scattered light in this emission pattern provides evidence of
the very high quality of the resonator structures that can be
formed by embossing.

2D gratings formed in the gain media through multiple,
repeated embossing processes can also be used, in principle,
to create laser devices as shown above. For example, 2D
photonic crystal-like patterns can be created in films of
conjugated compounds, such as a red-, a green-, and a blue-

Figure 14. 2D photonic crystals for laser devices. (a) Lattice pattern
of a photonic crystal with triangular symmetry. (b) SEM image of
a 2D crystal structure embossed in a thin (2µm) film of ORMOSIL
with cylindrical wells (50 nm in depth) and lattice parameters same
as shown in (a). (c) Emission spectrum from a photopumped laser
that incorporates the structure shown in (b) covered with a layer
of Alq3:DCMII. (Reprinted with permission from ref 11. Copyright
1999 Optical Society of America.) (d) Photograph of the far-field
emission pattern from a 2D photonic crystal laser constructed with
a film of Alq3:DCMII on a layer of polyurethane film embossed
with a 2D structure similar to that shown in (b). The diameter of
the holes is 0.52µm, and lattice constanta ) 0.72µm. (Reprinted
with permission from ref 12. Copyright 1999 American Institute
of Physics.) (e) AFM image of 2D grating pattern in a conjugated
polymer embossed twice with a 1D grating mold and the fluorescent
spectra (f) collected from a sample using a red-emitting polymer.
(Reprinted with permission from ref 119. Copyright 2005 American
Chemical Society.)
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emitting polymer.119 Figure 14e gives an AFM image of a
2D grating of square posts with edge lengths of 500 nm and
heights of 28.7 nm patterned in the polymer film. Experi-
mental results indicate that the structuring of active materials
by embossing can be achieved without degrading their
luminescent properties. Although laser action was not
reported, the dependence of the fluorescent spectra of the
red-emitting polymer (i.e., poly[{2-methoxy-5-(2-ethylhexyl-
oxy)}-1,4-(1-cyanovinylenephenylene)-co-{2,5-bis(N,N′-diphen-
ylamino)-1,4-phenylene}]) on the collection angle related to
the sample surface shows interesting effects (Figure 14f).
For example, the emission peak of the embossed DFB
microcavities shifts from 736 nm (at 55°) to 649 nm (at 73°),
with a strongly enhanced and narrowed peak at 663 nm (at
69°). The dependence of the diffraction peak on the collection
angle is attributed to the wavelength dependence of the
effective refractive index,neff, inside the organic slab. The
increase of the quantum yield emitted at a particular angle
(i.e., 69°) for the patterned film and the enhancement of the
output light is due, at least in part, to the matching of the
Bragg periodicity of the embossed grating to the emission
wavelength of the polymer.

3.2.4. Nonlinear Optical Polymer-Based Electro-optic
Devices

Nonlinear optical (NLO) materials that use organic small
molecules and/or polymers have potential applications in a
range of optoelectronic devices, such as frequency converters,
high-speed electro-optical modulators, and switches, because
of their high NLO susceptibility, fast response time, low
dielectric constant, small dispersion in the index of refraction
from DC to optical frequencies, possibilities for structure
modification, and ease of processability. The versatility of
the embossing technique for patterning organic/polymeric
materials enables electro-optical devices to be fabricated with
NLO polymers with easy processing steps and experimental
setups. For example, polymeric Mach-Zehnder interferom-
eter-based modulators can be fabricated by patterning the
core material of a second-order NLO polymer composed of
CLD-1 (a highly nonlinear optical chromophore) and APC
(1:4 ratio in weight) using a PDMS mold.120 Panels a and b
of Figure 15 illustrate top and side views of the modulator.
UV-cured epoxy UV15 and low-refractive-index epoxy Epo-
Tek OG-125 served as the lower cladding and upper cladding
of the integrated device, respectively. In the geometry shown
in Figure 15, input light splits into two beams propagating
in separate arms of the modulator. The multilayered structure
(Figure 15b) in one or both of the arms controls, using an
applied voltage, the relative phase of light emerging from
each arm. The induced phase change is given by∆æ )
(πrn3LE/λ), where n is the refractive index of the NLO
polymer film, r is its electro-optical coefficient,L is the
propagation length (i.e., waveguide length),λ is the operation
wavelength, andE is the applied electric field. The phase
mismatch between the two beams leads to a variation of the
amplitude of the combined output, controlled by the applied
voltage to the electrodes. Figure 15c shows voltage-intensity
characteristics of the interferometer with CLD-1/APC, clearly
showing good modulation. The minimum voltage necessary
to create a phase mismatch ofπ is called the half-wave
voltage,Vπ, and is given byVπ ) (dλ/rn3LΓ), whered is the
waveguide thickness andΓ is a correction factor close to 1.
The value ofVπ of the modulator shown in Figure 15 is∼80
V. Modulators with operating speeds up to 200 GHz have
been demonstrated.121 In addition to electro-optical devices,

waveguides consisting of core NLO polymer (such as
Disperse Red 1 doped PMMA) films embossed with gratings
can serve as optical switching devices on the basis of the
intensity-dependent refractive index associated with the NOL
polymer.122 For additional information, we refer interested
readers to other reviews that have been written on these
topics.123-127

3.2.5. Light-Emitting Devices
Unlike organic lasers and modulators, OLEDs form the

basis of existing and expanding commercial product lines,
in the form of emissive display systems. Embossing tech-
niques can be applied to build patterned OLEDs.13 In one
example, fabrication begins by spin-casting a 50-150 nm
thick layer of p-xylenebis(tetrahydrothiphenium chloride)

Figure 15. (a) Top view and (b) side view of a polymeric Mach-
Zehnder interferometer-based modulator. (c) Dependence of output
intensity on the applied electrode voltage of a modulator device
with a core NLO polymer of CLD-1/APC. (Reprinted with
permission from ref 120. Copyright 2004 American Chemical
Society.)
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(a precursor to the electroluminescent polymer poly(p-
phenylenevinylene) (PPV)), onto a glass substrate coated with
a uniform layer of indium tin oxide (ITO, serving as electrode
of LED). Laminating a PDMS mold wetted with a thin layer
of methanol onto the surface of precursor film causes the
partially dissolved precursor to wick into the cavities in the
mold. Evaporation of methanol through the gas-permeable
PDMS, followed by removal of the stamp, leaves a film of
the precursor with surface relief complementary to that of
the mold. Baking the precursor at 260°C in a vacuum (∼10-6

Torr) for 10 h converts the material to PPV, without
substantial loss of the embossed relief features. Evaporation
of Ca (∼40 nm) and Al (∼200 nm) (electrode of LED) onto
the PPV completes the fabrication of an LED. The LED
emits light in a geometry defined by the PDMS mold due to
the much higher turn-on voltages of the thick regions of the
PPV than in the thin regions. Panels a and b of Figure 16
show the emission image and surface relief profile (as
measured by AFM) of such a device, respectively. At
moderate applied voltages, emission is highest at edges of
posts, due to a combination of enhanced output coupling,
high electric fields, and locally thin areas in these regions.
The broader features of the emission patterns correlate well
with the variations in thickness. The widths of the light-

emitting areas in these devices can be small; in the sample
shown in Figure 16a they are<800 nm.

Embossed grating or scattering structures in the active or
passive components of OLEDs can increase their external
quantum efficiency by causing photons that would otherwise
be trapped in waveguide modes associated with the device
structure to be deflected out of the device. In one example,
an aqueous solution of poly(3,4-ethylenedioxythiophene)-
polystyrene sulfonate (PEDOT-PSS) was drop-cast onto ITO-
coated glass and then embossed with a Bragg grating using
a PDMS mold. Spin-casting a film of OC1C10-PPV in a 1,2-
dichlorobenzene solution on the embossed film of PEDOT-
PSS followed by thermal evaporation of Ca and Ag
completes the device. The results show that one-dimensional
(1D) gratings increase the efficiency by>15% with respect
to similar devices without gratings. Devices modified with
2D gratings further increased the efficiency by 25%. In this
example, the introduction of the gratings did not change other
properties of the devices, such as turn-on voltage.128

3.3. Imprint Lithography
Embossing produces relief structures in films or on

substrate surfaces. Many applications such as transistors,
diodes, and other components benefit from isolated features.

Figure 16. OLEDs fabricated by embossing and imprint lithography. (a) Optical image of emission from OLEDs that incorporate embossed
films of PPV and (b) AFM image of the surface of the PPV structure. The intensity of the emitted light correlates with the thickness
measured. (Reprinted with permission from ref 13. Copyright 1998 American Institute of Physics.) (c) Optical micrograph of light emission
from a pixel array of OLEDs (with glass/ITO/PEDOT-PSS/polyfluorene/Al geometry) fabricated by patterning electrodes with imprint
lithography and (d) current and luminous flux versus applied voltage. (Reprinted with permission from ref 16. Copyright 2002 American
Vacuum Society.) (e) Optical images of LEDs with structure of ITO/CuPc/NPB/Alq3/LiF/Al on plastic PET substrates. The image shown
in the right picture indicates the mechanical flexibility of the devices. (Reprinted with permission from ref 18. Copyright 2005 IEEE.)
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Imprint lithography combines embossing of films with a
subsequent etching step that removes the thin regions to
produce these types of isolated features (Figure 11b).86

Typically, the etching step should be highly anisotropic, with
much higher etch rates out of the plane than in the plane.
However, the etching rates of polymeric resists are the
same in the thick and thin regions. As a result, the ratio
of the height (H) of the embossed relief to the thickness
(h) of the thin regions and the spatial uniformity of this
ratio across the patterned sample are important param-
eters. Careful control of process parameters can achieve
favorable results, routinely. Commercial imprint lithography
tools are now available from several vendors and are
common in academic and industrial research cleanroom
facilities.

Some of the earliest imprint methods used thermally
softened materials of polymers such as PMMA and high
pressures for the embossing.15-19 Although this approach can
work well, challenges associated with achieving good overlay
registration in a high-temperature and high-pressure process
and the slow flow rates associated with most of the polymers
that have been explored led several groups to develop means
for room temperature and low-pressure approaches.20 One
such method, known as “step and flash imprint lithography”
(SFIL),15,19,129uses a low-viscosity UV-curable material on
top of a traditional resist. The top fluid layer can quickly
fill the relief features on the molds (even with relatively high
aspect-ratio relief) at room temperature and with low
pressure. Irradiation of the precursor with UV light, often
transmitted through the mold itself, induces a polymerization
reaction that solidifies the molded top layer in the geometry
of the mold. Acrylate-based materials are often used because
they provide high etch contrast with respect to the bottom
resist layer films in O2 reactive ion etching (RIE). The
resulting isolated features in the top layer can be transferred
directly to the bottom organic layer by using the top layer
as an etch mask. Furthermore, the bottom thermoplastic/or
thermoset polymer layer with transferred patterns can serve
as a mask for etching underlying materials or for patterning
other materials by lift-off processes. This type of approach
has the potential for large-area, low-cost fabrication on both
flat and nonflat substrates with low pressure and at room
temperature.17 Although most efforts in imprint lithography
focus on electronic and photonic devices made with tradi-
tional materials, opportunities and some examples exist in
the area of organic devices. Active organics can, in principle,
be patterned directly in this way. Most demonstrations,
however, use imprint to define inorganic components of
devices that use active organic layers, with several repre-
sentative cases in LEDs and TFTs, as described in the
following.

3.3.1. Light-Emitting Devices

Unlike the directly embossed layers in the OLEDs of
Figure 16a,b, imprint lithography typically forms resist masks
for patterning isolated electrodes for these devices, rather
than the active organic layers. For example, a glass slide
with a uniform ITO layer can be coated with a layer of
PMMA resist, imprinted with a rigid Si mold and then used
as a template to build LEDs with patterned emission. In one
example, a hole-transporting layer, that is, PEDOT-PSS, and
a red-emissive polyfluorene derivative polymer layer con-
secutively spin-cast form the transport and emission layers.16

Al evaporated on top forms the cathode, with the ITO as

the anode. Here, the PMMA layer with imprinted holes
serves as a template to isolate the LED pixels; that is, light
does not emit from the PMMA-coated regions due to the
inability of charge to be injected from the anode. Figure 16c
displays a gray-scale optical micrograph of emission from
an array of red LEDs with pixel sizes as small as 2× 2
µm2. Figure 16d shows the characteristics of these LEDs.
The data indicate that the turn-on voltage and the corre-
sponding current are∼5.5 V and∼30µA, respectively, with
a luminous flux of up to∼10-3 lm.

Similar processing of ITO-coated plastic substrates, such
as polyethylene terephthalate (PET), produces mechanical
flexible OLEDs.18 Here, imprinting of PMMA and etching
of the ITO itself forms isolated anodes where the PMMA
acts only as a sacrificial resist. Sequential deposition of a
hole-injection layer of copper phthalocyanine (CuPc), a hole-
transport layer ofN,N′-di(naphthalen-1-yl)-N,N′-diphenyl-
benzidine (NPB), an electron transport and emission layer
of Alq3, and a cathode layer of lithium fluoride (LiF)/Al onto
the PET substrate with patterned ITO anodes generates
arrayed pixels of OLEDs. Figure 16e shows a series of
optical images for a two seven-segment light-emitting
patterns on a PET film for a numerical display. The right
frame shows a similar display bent to a radius of curvature
of 1 cm. The characteristics of these devices are comparable
to those fabricated using standard means. The turn-on voltage
was 7.5 V for achieving both current and light emission.
The luminous efficiency reached 1.13 lm/W (3.04 cd/A) at
a luminance of 3.8 cd/m2, and luminance increased to a
maximum of 244 cd/m2 at a drive voltage of 30 V. Luminous
efficiencies as high as 25 lm/W can be achieved in state of
the art white OLEDs.130,131

Although patterning electrodes by imprint lithography is
useful, most realistic display systems also benefit from
patterning of the emissive layers. We are unaware of any
published reports of imprint lithography for this process, in
working OLEDs. On the other hand, the influence of the
imprinting process on the luminescent properties of various
organic materials has been investigated.132-136 Additional
work will be needed to optimize material choices and process
parameters to eliminate the adverse effect of imprinting on
OLED device performance.

3.3.2. Thin-Film Transistors

In addition to OLEDs, imprint lithography has potential
applications in OTFTs, particularly for defining the channel
lengths, where the extremely high-resolution capabilities and
low-cost operation of imprint are most valuable. In this mode
of use, imprint lithography defines the electrodes of the
devices. In one example, such procedures defined source and
drain electrodes of polymer TFTs with channel length as
small as 70 nm.137 In the fabrication sequence, an imprinted
polymeric resist layer on a heavily dopedn-type silicon
substrate (serving as a gate electrode for OTFTs) with a
thermally grown oxide layer of 5 nm in thickness (serving
as a dielectric layer for OTFTs) serves as a mask for
deposition of Au to form patterned source and drain
electrodes on the substrate by lift-off. Spin-coating or -casting
p-type semiconducting polymer of P3HT completes the
OTFTs. The SEM images shown in Figure 17a illustrate
high-quality electrodes and channels with uniform dimen-
sions of 70 nm and sharp edges. The results demonstrate
that OTFTs with channel lengths varying from 1µm to 70
nm can be fabricated by imprint lithography. Figure 17a gives
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the I-V curves of the transistors with channel lengths of 1
µm, showing good overall performance. Although the current
densities significantly increase by∼10 times when the
channel length decreases from 1µm to 70 nm, effects of
contact-limited performance become apparent. Also, the
saturation mobilities are fairly low, that is, 8× 10-4 cm2/
V‚s. This behavior, which is similar to that in previously
described devices formed by optical soft lithography with
channel lengths in this same range, is important because it
illustrates that high-resolution patterning techniques are not
sufficient to realize fully the performance improvements that
can, in principle, be obtained from reducing the length of
the channel. Other materials and technologies, such as contact
doping in this case, are required.

Integrating or probing short-channel OTFTs such as those
shown in Figure 17a often requires larger scale electrode
pads and interconnect lines. In practice, it can be difficult
with imprint lithography to form features with a wide range
of sizes, due to challenges associated with filling completely
the raised regions of the molds and yielding thin layers with
uniform thicknesses.138 A class of hybrid molds that include
both narrow relief structures suitable for imprinting and wide
mask patterns for photolithographic processes overcome
some of these challenges.139 The inset of the left frame of
Figure 17b shows an imprint mold integrated with large-
area photomask pads (in red). The substrate of this hybrid
mold-mask (HMM) is transparent to UV light. The fabrica-
tion process begins with a triple-layered structure formed
by spin-casting a PMMA layer, thermally evaporating a Ge
layer, and spin-coating a layer of resin resist (i.e., SU-8) on
a highly dopedn-type silicon wafer (serving as bottom gate
electrode) covered with a 200 nm thick thermal oxide layer
(serving as gate dielectric). The SU-8 layer is imprinted by

mechanical impression and cross-linked via UV irradiation.
Pressing the HMM into the SU-8 layer, exposing the system
to UV irradiation, developing the unexposed resist, removing
the thin residual layer with O2 RIE, etching away the Ge
layer, overetching the exposed PMMA layer, depositing
metal (e.g., Au) film, and lifting off the resist layer leave
metal patterns containing finger electrodes separated by a
nanoscale gap (∼50 nm) for source and drain connection
and large metal pads (∼150µm) for probing. The left frame
of Figure 17b presents an SEM image of OTFTs fabricated
in this manner, where pentacene is the semiconductor. The
right frame of Figure 17b shows the electrical characteristics,
clearly illustrating good modulation. The saturation mobility
was ∼1 × 10-2 cm2/V‚s, in the range of similar devices
fabricated with conventional means.

OTFTs formed by imprint lithography typically use a
bottom common gate configuration,137,139,140which can be
difficult to integrate into advanced circuits. Multiple-step
imprint processes with registration and alignment can solve
this problem and, at the same time, enable top gate device
configurations. Work in the area of imprint for silicon
microelectronic applications demonstrates that accurate
registration is possible, but typically on small chip scale
areas.141 Registration over the large areas that represent the
target of many organic optoelectronic applications, especially
in systems where the dimensional stability of the plastic
substrates is often low, requires additional work. In addition,
as with OLEDs, there is reason to explore the potential to
use imprint for patterning the organic active material (i.e.,
the semiconductor). Indirect implementations of imprint will
likely be necessary because the etching process as applied
directly to the semiconductor can cause catastrophic degrada-
tion of electrical properties.

Figure 17. OTFTs fabricated by imprint lithography. (a) SEM images of an interdigitated finger-type OTFT with channel length of 70 nm
and channel width of 4µm (left frame); typical electrical characteristics (right frame) of an OTFT with geometry similar to that shown in
the left frame, with a channel length of 1µm. (Reprinted with permission from ref 137. Copyright 2002 American Institute of Physics.) (b)
SEM image of an OTFT device constructed with finger-shaped nanoelectrodes and large probing pads (left frame) and electrical characteristics
(right frame) of the device shown in the left frame with pentacene as semiconductor. (Reprinted with permission from ref 139. Copyright
2006 IOP Publishing Ltd.)
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3.4. Capillary Molding
Laminating a mold against a flat substrate forms micro-

fluidic channels, into which liquid materials (e.g., solutions,
liquid metals, liquid prepolymers) can be filled, either by
capillary force (often referred to as micromolding in capil-
laries, MIMIC) or external pressure (Figure 11c). After the
liquid is solidified through solvent evaporation or curing, or
after solid objects carried by the liquid are delivered to the
substrate surface, the mold is removed to complete the
fabrication. This technique is usually performed with elas-
tomeric molds, such as those made of PDMS, because they
can form reversible, liquid-tight seals against flat surfaces.
This kind of process offers the ability to pattern organic films
as well as other conductive films with geometries comple-
mentary to the mold relief, to yield active devices of various
types.

As an example, source and drain electrodes for OTFTs
can be patterned using the MIMIC method. Figure 18a

illustrates the procedures.23 Conducting carbon in ethanol
(with a concentration of∼2 wt % of solid carbon) orm-cresol
solutions of PANI fill capillary channels created by contact

of a suitably designed PDMS mold against a substrate.
Evaporation of the solvent through the PDMS, followed by
removal of the PDMS mold, yields solid electrodes of carbon
or PANI to form source/drain of transistors with channel
lengths as small as 2µm. In this case, the molding was
performed on top of a layer of P3HT that served as the
semiconductor. Wires with widths on the sub-micrometer
scale composed of conducting polymer (e.g., PEDOT-PSS),
semiconducting polymer (e.g., poly(3-(2′-methoxy-5′-oc-
typhenyl) thiophene, POMeOPT), and semiconducting lu-
minescent polymer (e.g., poly(3-[(S)-5-amino-5-carboxyl-3-
oxapentyl]-2,5-thiophenylene hydrochloride, POWT) have
also been molded in this way.21 Figure 18b shows an AFM
image of POWT wires. Although this technique provides
high printing resolution, formation of densely integrated or
isolated features can be challenging because each structure
must be connected to an inlet access hole. In addition, with
high-viscosity inks or narrow fluidic channels, the capillary
filling rates can be slow. The filling rate can be dramatically
enhanced by applying a vacuum to an end of the channel142

or by heating the liquid to decrease its viscosity.22 Figure
18c shows a pattern of polypyrrole on a flexible polyimide
substrate molded with the assistance of vacuum.142

Not only do these microfluidic channels provide means
to pattern solid structures of active materials, but they also
create opportunities for the use of liquid active materials in
devices that, for example, can be tuned by pumping. Organic
transistors with tunable electrical outputs can be achieved,
for example, by controlling the position of mercury source/
drain electrodes,143 as shown in Figure 19a. This device uses
a thin film of pentacene as the semiconductor. Microfluidic
channels formed on top of this layer by conformal contact
of a PDMS mold define, after filling, mercury-based fluid
source/drain electrodes in a top contact geometry. Fluidic
motion alters the channel width of this transistor to tune the
source-drain current in this type of microfluidic organic
transistor.

An extension of this capillary molding approach uses
different fluids that flow inside a single microfluidic channel
to define patterns. In microfluidic systems at moderate flow
rates, the flow is laminar when the Reynolds numbers are
below 2000. As a result, separate fluid streams can flow next
to one another in a single channel, where mixing occurs only
by interfacial diffusion transverse to the flowing direc-
tion.144,145 This technique was recently applied to the area
of organic electronics by using it to pattern aligned films of
SWNTs with controlled density and alignment.146 In this case,
solvent (for example, methanol) and an aqueous solution of
SWNTs dispersed using a surfactant flow in a channel of a
microfluidic system. SWNTs precipitate at the interfacial
diffusion zone, due to local reduction in the concentration
of the surfactant in this region, as shown in Figure 19b. The
precipitated tubes align parallel to flow direction. The flow
duration and rate determine the coverage and width, respec-
tively, of the deposited SWNT stripes. Multiphase laminar
flow streams generate multiple high-coverage SWNT stripes
for arrays of source/drain electrodes in organic transistors
that use pentacene as the semiconductor (Figure 19c). Such
transistors show mobilities and on/off current ratios of 0.01
cm2/V‚s and 1000, respectively, similar to the values of
control devices that use Au source/drain electrodes. SWNTs
deposited in this way or by use of other techniques have the
potential to be useful for various components of organic
electronic and optoelectronic devices. This technique can also

Figure 18. (a) Schematic illustration of steps for using micro-
molding in capillaries (MIMIC) to pattern organic electrodes for
OTFTs. (Reprinted with permission from ref 23. Copyright 1998
American Institute of Physics.) (b) AFM image of semiconducting
luminescent polymer POWT nanowires with widths of 833 nm
fabricated through this MIMIC method. (Reprinted with permission
from ref 21. Copyright 2002 American Chemical Society.) (c)
Photograph of patterned polypyrrole on a flexible polyimide
substrate by vacuum-assisted MIMIC. The inset is a high-resolution
picture showing the quality of the pattern. (Reprinted with permis-
sion from ref 142. Copyright 1999 Wiley-VCH Verlag.)
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define source/drain patterns with tunable channel lengths for
similar devices by flowing water, gold etchant, and water
through the same channel formed between PDMS stamps.147

The resulting electrode patterns can be integrated into
transistors that use networks of SWNTs as channel material
and a wafer substrate covered with a uniform thin Au layer.147

Evaporating or casting organic semiconductor films onto such
electrode patterns can generate OTFTs.

4. Patterning by Printing

“Printing”, as we broadly define it here, refers to methods
in which patterns of materials are supplied to (and sometimes
removed from) a substrate simply by physical contact or
exposure through the mediating use of stamps, nozzles (e.g.,
inkjet printheads), or masks (e.g., silk screens). Printing
methods can be used for each material layer in an organic
optoelectronic device, from the metal contacts to the insulat-
ing elements to the active transport or emissive layers,
whether these materials are supplied in vapor, liquid, or solid
form. Printing methods may be either parallel or serial in
their operation, depending upon how the pattern is defined.
Pattern definition may come, for example, from relief features
on a stamp, from masks that protect regions on a substrate
from exposure to a printed material, or by focused jets that
trace a path across the substrate. Many of these strategies
show promise for large-area, low-cost implementation mostly
due to the simplicity inherent to printing processes (e.g.,
minimization or absence of resists, solvents, and tooling),
but their success depends critically on the ability to engineer
the chemical and materials properties of the printable
components. The following sections review several classes
of printing techniques that have been used to pattern organic
optoelectronic systems, either in research laboratories or in
manufacturing/prototyping facilities. The descriptions include
characteristics of the techniques, with an emphasis on their
capabilities for forming devices that rely critically on organic
materials for the device layers or their supporting substrate.
Numerous stamp-based approaches in which materials are
supplied by physical contact between two bodies are
discussed in section 4.1. Section 4.2 describes methods that
use scanned laser beams to deposit materials in a serial
fashion. Section 4.3 reviews the use of physical masks and
stencils to pattern materials from solution (i.e., screen
printing) or from vapors (i.e., shadow mask patterning).
Finally, section 4.4 outlines recent progress in fluid printing
through small nozzles.

4.1. Stamps

Micro- and nanofabrication techniques that use stamps
have been successfully applied to many areas of organic
electronics and optoelectronics. Their ability to pattern large
areas in a single process step (i.e., their parallel operation)
and their high resolution represent key features of these
approaches. Generally, a stamp supplies a chemical or
material (“ink”) to a substrate by physical contact. This
transferred material acts as either a functional layer of a
device, a resist for etching underlying materials, or a catalyst
for directing the deposition or growth of other materials. The
“stamps” used for this process come in widely different forms
and can be made of materials ranging from rigid solids such
as glass or silicon to flexible plastic sheets to soft, viscoelastic
elastomers, most notably polydimethylsiloxane (PDMS) like
those of the soft molds and photomasks described in the

Figure 19. Fluidic-based approaches to organic transistors. (a)
Schematic angled view of a PDMS mold with relief on its surface
and a substrate that supports the semiconductor, gate dielectric,
metal contact lines, and gate electrode for TFT (left top). Image in
left bottom shows a schematic illustration of the assembled device
as viewed from the top through the transparent PDMS. The right
frame presents optical micrographs of the transistor region with
mercury (white) pumped into the channel on the left-hand side to
various degrees. The extent to which the mercury fills the channels
defines the effective transistor channel width. (Reprinted with
permission from ref 143. Copyright 2003 American Institute of
Physics.) (b) Diagram ofin situdeposition and patterning of SWNTs
by laminar flow and controlled flocculation (left). AFM image of
the deposited SWNT array (right). Here, SWNTs align parallel to
the flow direction (white arrow) due to shear flow. (c) SEM image
of two SWNT stripes patterned in a microfluidic channel using
three-phase laminar flows (left). These two stripes served as source/
drain electrodes of an OTFT.IDS-VDS characteristics of the as-
fabricated transistor with pentacene semiconductor (right). (Re-
printed with permission from ref 146. Copyright 2006 Wiley-VCH
Verlag.)
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previous sections. Resolution limits are often very good,
limited by the resolution of the stamps themselves or the
materials characteristics of the inks. In many instances,
stamping methods reduce the number of process steps by
minimizing the use of sacrificial layers or even eliminating
them by employing purely additive approaches. In addition,
many of the methods are noninvasive, thermally and chemi-
cally, leading to simplicity in process engineering and
sometimes to increased performance in devices.

4.1.1. Microcontact Printing Chemical Templates

One of the earliest demonstrated strategies for stamp-based
micro-/nanofabrication is known as microcontact printing
(µCP).148 This section will use the termµCP to refer to
stamping methods in which the ink serves as a chemical
template for the patterning of functional device components
as either an etch mask, a (de)wetting site, an electrochemical
insulator, or a catalyst. Stamping methods that involve the
direct patterning or transfer of solid inks or functional
components of devices are often referred to as variations of
µCP (e.g., nanotransfer printing, nTP); those methods are
discussed in section 4.1.2. Many inks commonly employed
by µCP are chosen to form self-assembled monolayers
(SAMs) after or during the printing. Some of these include
alkanethiols for SAMs on noble and coinage metals,148-151

alkanephosphonic acids on aluminum,152,153and organosilanes
for SAMs on silica.154

“Print and etch” approaches use these layers as ultrathin
masks for subsequent wet etching to form metal electrodes
for organic thin-film transistors (OTFTs). Figure 20a shows
a schematic illustration of the process. This type of approach
requires (i) a stamp that can make direct molecular contact
with the metal and (ii) an ink that can bind sufficiently
strongly to the metal and serve as a protective mask against
a wet etchant for the metal. Stamps for microcontact printing
stamps are elastomers and are similar to the molds and
photomasks described previously. Contact is driven by
generalized adhesion forces74-76 and typically does not
require externally applied force. The stamps are composed
of PDMS, with only a few exceptions.155 PDMS absorbs a
significant amount of ink when brought into contact with a
solution of small, hydrophobic molecules such as alkanethiols
that can diffuse through the stamp.156 A variety of methods
exist for inking a PDMS stamp with thiols, ranging from
applying the ink solution to the surface of the stamp, and
then blowing it dry, to using another PDMS stamp as an
“ink pad”.157 Because the SAM layers often present non-
wetting surfaces to the inks (i.e., the systems are autopho-
bic)158,159and the formation of the SAM is self-limiting, the
uniformity of the ink applied to the stamp usually does not
affect the quality of the printed monolayers, provided that
sufficient ink is present at all locations. Inking stamps with
hydrophilic inks requires additional treatments to ensure good
loading onto the (usually hydrophobic) PDMS by rendering
its surface hydrophilic. This condition can be achieved by
oxidation153 and, optionally, functionalizing the surface of
the stamp.160

Remarkably, molecularly thin organic films can serve as
reliable masks against wet etchants.161 The most commonly
printed etch masks for microcontact printing are hydrophobic
SAMs of alkanethiols printed onto Au,150,162 Ag,151,163

Cu149,152,162,164(after oxide removal), and Pd152,165-167 The
SAMs formed from hexadecane thiol (HDT) on gold serve
as effective etch masks for ferricyanides and Fe3+/thiourea.152

Figure 20. Metal patterning byµCP and etching. (a) Schematic
for µCP and etching. A self-assembled monolayer of hexadecane
thiol (HDT) is printed onto gold from the relief features on a PDMS
stamp. Removal of the stamp and wet etching yields micro-/
nanoscale patterns in the gold. (Adapted from “Crawford” and
“Woodhead” chapters.) (b) Active matrix backplane (12× 12 cm)
of pentacene OTFTs with bottom contacts patterned byµCP and
etching. (Reprinted from ref 173. Copyright 2001 PNAS.) (c) 15
cm substrate with patterns of Ag/Mo defined byµCP and etching
using a wave-printer. (Reprinted with permission from ref 169.
Copyright 2005 American Chemical Society.) (d) Electronic paper-
like display that uses electrophoretic ink and an active matrix
backplane with electrodes fabricated byµCP and etching, as in (b).
(Reprinted with permission from ref 173. Copyright 2001 PNAS.)
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Other alkanethiol SAMs form etch masks, but HDT is the
most effective.168 Printed, annealed SAMs of hexadecane-
phosphonic acid can protect aluminum from NBSA/PEI, as
well as other etchants.152,153Other metals may be patterned
by µCP and etching using one of the above listed metals as
a second etch mask.169,170

When applied to organic transistors,µCP and etching
usually defines the source and drain electrodes, normally for
bottom contact geometries. The distance between source and
drain electrodes defines the channel length in OTFTs, which
is generally the most demanding feature of the device pattern
in terms of resolution.µCP and etching can easily achieve
submicrometer resolution, limited by (besides the stamp
feature size) the spreading and vapor-phase transport of the
printed ink into noncontacting regions during and after
printing,171 by edge disorder that occurs in the patterned
SAMS, and by the wet etching step. As a result, inks
composed of heavier molecules with relatively low diffusivity
and short contact times can improve resolution.171 In the case
of µCP and etching using alkanethiols, the practical limits
of resolution are about 100 nm. Channel lengths comparable
to this value have been achieved in bottom-gate OTFTs of
RR-dihexyl quaterthiophene (DH4T).172 The performance of
organic devices fabricated usingµCP and etching is generally
comparable to that of devices produced using more conven-
tional approaches (e.g., evaporation through a shadow
mask)173 for both polymer (e.g., P3HT174,175) and small
molecule (e.g., pentacene,173,176F16CuPc,151 CuPc,176 dihexyl
quinquethiophene151,176) semiconductors, and OTFTs fabri-
cated usingµCP and etching have been used to build
sexithiophene/F16CuPc complimentary inverter circuits174 and
polymer-dispersed liquid crystal (PDLC)177 and electro-
phoretic paperlike displays driven by bottom-contact pen-
tacene OTFTs.173

Significant research has been directed toward engineering
development ofµCP and etch approaches. Simple reel-to-
reel implementations have been demonstrated for the fabrica-
tion of polymer thin-film transistors made using the semi-
conductor P3HT.175 The most advanced demonstrations of
large-areaµCP and etching for organic electronics have
planar configurations, with applications in flexible displays.173

Other related work illustrates the use ofµCP for electrode
lines in conventional backplane circuits.178 Figure 20 illu-
strates some examples of large-area substrates patterned by
µCP and etching in planar configurations. Figure 20b dis-
plays an array of 256 pentacene transistors on a flexible
plastic substrate patterned byµCP and etching of gold
electrodes,173 and Figure 20c displays patterns ofµCP and
etched Ag/Mo.169 The prototype black and white display in
Figure 20d uses the array in Figure 20b to drive an
electrophoretic ink.173

Some of the most significant challenges associated with
scalability of µCP are the difficulties related to achieving
accurate multilevel registration in the presence of mechanical
and thermal distortions that can appear during the use of the
stamps. In the simplest approach to this problem, these
distortions can be reduced by minimizing the extent of stamp
handling in a printing process. Distortions of<50-100µm
can be achieved across 12 cm flexible plastic substrates by
carefully laminating the substrate by hand against a stabilized
PDMS stamp173 (Figure 20b). Distortions can also be
minimized by stamp constructions that use high-modulus
mechanical backings.26,28,179For large-area application, these
rigidly backed stamps should be thin to enable bending that

can facilitate their removal from both a master after molding
and from rigid, nonflexible device substrates, such as thick
glass or semiconductor wafers. Even with such stabilized
stamps, registration can be challenging because alignment
must be performed before contact. An inventive solution,
known as wave printing,29,169,180(Figure 20c), accomplishes
registration better than 2µm across 15 cm substrates by
suspending a thin, glass-backed stamp a small distance (∼100
µm) away from the device substrate during alignment and
using an array of pneumatic valves to drive contact and
separation. Arrays of pentacene OTFTs fabricated by wave
printing and etching exhibit high yields (>90%) for mi-
crometer-scale channel lengths.180

In addition to etch masks, microcontact printed chemicals
can serve as templates for patterning functional organic
optoelectronic materials by serving as (de)wetting patterns,
catalysts, or as electrochemical insulators. Figure 21 illu-

strates the general principle of depositing functional materials
in patterns predefined by printed chemical templates (Figure
21a) with examples of patterned organic conductors (PANI,
Figure 21b)181 and semiconductors (P3HT, Figure 21c).182

TheseµCP methods are additive and can be less chemically
invasive than print and etch approaches. Typical inks include
all of those discussed in section 4.1.1 for printing onto metals,
as well as a variety of others that are suitable for printing
onto nonmetals, including organosilanes that form SAMs on
silica and some other oxides, as well as non-SAM-forming
inks. In contrast to inks for etch resists, inks for additive
µCP processes can often function well even with high levels
of defects. Consequently, a wide variety of printable materials

Figure 21. Patterning functional materials by selective deposition
on microcontact printed chemical templates. (a) Illustration of
selective deposition of functional materials, here shown using a
stamp-printed SAM as a template. (b) Patterns of PANI (dark)
wetting a hydrophilic substrate. PANI dewets from patterns (light)
rendered hydrophobic byµCP of OTS.181(Reprinted with permission
from ref 181. Copyright 2005 American Institute of Physics.) (c)
P3HT on SiO2 patterened by dewetting from printed siloxane
oligomers. (Reprinted with permission from ref 182. Copyright 2006
American Chemical Society.)
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are employed for these approaches. For example, hydropho-
bic siloxane oligomers present in common PDMS elastomer
transfer onto contacted substrates.182,183Those oligomer films
can function as dewetting templates for patterning organic
semiconductors (P3HT, 5-chlorotetracene) and conductors
(PEDOT) with resolutions as good as 1µm.182 The solutions
of organic semiconductors wet the unstamped, hydrophilic
surfaces upon removal from solution but leave the printed,
hydrophobic surfaces dry. This method is thus “inkless” in
that the stamp is loaded with usefully printable material
(siloxane oligomers) even without an intentional inking step,
and it can be used to make OTFTs on flexible plastic
substrates.µCP and dewetting methods can also employ OTS
SAMs on oxidized silicon wafers to pattern polyaniline in a
“stamp-and-spin-cast” method181 to produce bottom contacts
for pentacene transistors that perform as well as transistors
that use evaporated gold electrodes. OTS on SiO2 and
hexadecylhydroxamic acid on ZrO2, along with other hy-
drophobic printed templates, can serve as dewetting patterns
for hybrid organic/inorganic semiconductors ((C6H5C2H4-
NH3)2SnI4) in TFT geometries that yield mobilities as high
as achievable by other methods for this material, about 0.5
cm2/V‚s.154 In another example, regions on a gold film
between printed patterns of alkanethiols are filled with
another SAM molecule (terphenylthiol) that serves as a
template for the growth of large (∼100µm) oligoacene single
crystals from solution.184 In all of these methods, the
functional (semi)conducting materials remain on the un-
stamped, hydrophilic regions of the substrate and dewet from
or otherwise avoid the hydrophobic, stamped template
regions during a spinning/drying step. Organic semiconduc-
tors patterned by deposition mediated by patterned surface
templates can also produce good performance in OTFTs. For
example, large (∼3 µm) crystal pentacene films deposited
by organic physical vapor deposition methods selectively
onto a transistor structure exhibit high (1.2 cm2/V‚s) mobil-
ity.185 In this example, the templating of the surface was
implemented without a stamp, but the same treatment can
in principle be accomplished byµCP. In addition, stamped
dewetting patterns of hydrophobic silanes on glass186 and
polyethylene naphthalate (PEN) treated with tetramethylam-
monium hydroxide (TMAH)187 can also inhibit metallization
in those regions by metal-organic chemical vapor deposition
or by electroless deposition for the fabrication of gate
electrodes in OTFTs.

Microcontact printed templates can also be used as wetting
patterns in which materials are deposited on the printed
regions and not on the bare regions, in contrast to the
aforementioned methods. Examples include deposition solu-
tion polymerization of organic conductors, polypyrrole (PPy)
and polyanaline (PANI) on OTS SAMs,188 and electroless
metal deposition selectively onto microcontact printed cata-
lytic templates of Pd-containing colloids and organic
complexes.189-191 Printed inks can also template organic
optoelectronic elements electrochemically. Microcontact
printed thiol SAMs on gold can serve as insulators for
patterned electropolymerization of PPy and polyethylene-
dioxythiophene (PEDOT) if the SAM is sufficiently thick.192,193

Thin SAMs of trifluoroethanethiol are not thick enough to
impede electropolymerization but can be used as antiadhesion
coatings for subsequent removal of electropolymerized PPy
films. OTS SAMs on ITO can serve as partially effective
barriers for PPy electropolymerization, but OTS-coated
regions on Si wafers actuallyfacilitateelectropolymerization

of PPy.194 In a related method, printed SAMs on ITO at
elevated temperatures serve as hole-blocking templates for
patterning TPD/Alq3 OLED electroluminescence.195

4.1.2. Direct Patterning with a Stamp

In a set of methods that we refer to as “transfer printing,”
the materials printed from a stamp are the actual functional
materials for organic optoelectronics or other applications.
Advantages of this approach include, in many cases, the
ability to pattern several types of material on a single device
substrate without exposing it to solvents or other invasive
processing and levels of resolution that exceed those possible
with traditional µCP. The requirements for these methods
are similar to those forµCP: (i) a stamp that can support a
functional ink and can be contacted to a target substrate and
(ii) some mechanism for the transfer of this ink from the
stamp to the substrate. These substrates can use special
surface chemistries, conformable adhesive layers, or other
means to guide preferential adhesion. Vacuum, solution, or
solid transfer strategies provide means for preparing a
printable material on the stamp (“inking the stamp”). Stamps
suitable for transfer printing often comprise soft elastomers,
such as PDMS, and also hard backings, especially when
pressure is applied to guide the transfer and/or when the
target/receiving substrate has a soft, conformable surface to
facilitate contact. The features of relief on the stamps usually
define the patterns in the transfer printed materials. Materials
that are transfer-printed can form many of the layers of an
organic optoelectronic system, from conductors to semicon-
ductors to dielectrics. The following subsections summarize
recent developments in transfer printing materials relevant
to organic optoelectronics and some complimentary tech-
nologies, namely, metals and their precursors, conducting
polymers, carbon nanotubes, and organic semiconductors,
as well as ultrathin crystalline inorganic materials that are
suitable for use in areas of application commonly explored
for organics, for example, large-area, flexible electronics.

4.1.2.1. Metals and Other Conductors.Transfer printing
of metals, often referred to as nanotransfer printing (nTP),
offers levels of resolution that exceed those ofµCP and can
be employed, for example, to form the source and drain
electrodes in OTFTs196-203 or the electrodes in OLEDs204-206

and organic photovoltaics.199 The printing in this case begins
usually with evaporation of metal onto a stamp, as illustrated
in Figure 22, optionally with an adhesion-reducing, nonstick
layer to aid release of the metal ink. The inked stamp contacts
a substrate, and the ink binds to the substrate by chemical
bonds, by preferential physisorption, or by means of an
adhesive layer. Figure 22b displays the device characteristics
of a P3HT OTFT that uses electrodes printed in this
manner.197 When the ink is a solid, vapor-phase transport
and other ink-spreading mechanisms inherent toµCP and
etching do not limit the resolution of printed metal features.
Instead, the metallic grain structure limits the resolution (edge
roughness down to∼10 nm),199,201allowing high-resolution
(∼100 nm) metal patterning.199,201,207,208In the context of
organic optoelectronics fabrication, Al patterns with features
as small as 80 nm209 and pentacene OTFTs with 1µm
channels199 have been demonstrated. Additionally, the ad-
ditive printing, in which metals are transferred directly onto
an organic substrate, avoids the penetration of metal into
the organic that occurs during evaporation210,211and the loss
of resolution that occurs during the etching step of “print
and etch”µCP methods. The performance of the devices
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fabricated by printing metals directly from a stamp usually
reaches levels comparable or nearly identical to those
obtained by more conventional approaches (typically as
compared to shadow-mask evaporation), with some varia-
tions. Indeed, CuPc devices made with transfer printed gold
electrodes show performance virtually identical to that of
control devices.199 In certain cases, the improved pattern
definition inherent to the transfer printed metal methods can
show improved performance relative to devices with shadow-
mask evaporated electrodes.197 Although these transfer print-
ing approaches offer attractive features in terms of manu-
facturing simplicity and very good resolution, they are
relatively new, and the extent to which these methods have
been applied to organic optoelectronics is thus far limited
to single devices (e.g., cathodes for OLEDs; source-drain
electrodes for OTFTs), small passive matrix OLED dis-
plays,204,205 and simple circuits (e.g., pentacene/F16CuPc
complementary inverters201).

Chemistries for good surface binding include surface
condensation reactions between (-OH) groups,201,208thiol-
metal reactions,207,210,211and cold welding.199,204,208,212Cold
welding occurs when two clean gold or silver surfaces meet
and they are allowed to conform to each other. Such
conformability can be supplied by applied pressure,199,204or
it can be supplied by a soft supporting layer behind one or
both of the metal layers.208,212 A metal layer on the target
substrate, the so-called “strike” layer, deposited to bond to
the printed metal by cold welding, may be removed after
printing to form functional devices.199,212In most implemen-
tations, regardless of the binding chemistry, at least one
highly conformable (e.g., PDMS) or moderately conformable
(e.g., heated PMMA) layer is used. Metal thicknesses are

usually small (about<50 nm), because thick (>100 nm)
metal layers can impede conformability.213 Antiadhesion
layers useful for metal ink release from a stamp include
perfluorinated SAMs,205,214fluorinated ethylene propylene,209

and Alq3.199 PDMS stamps often do not require an additional
antiadhesion layer for ink release, especially for gold.207,208

Alternatively, stamps with sticky or adhesion-promoting
layers strongly bound to the stamps’ surfaces may be used
to remove metals from surfaces in subtractive patterning
approaches to produce organic optoelectronic devices.202-204

Non-covalent transfer printing of metals is possible when
there is a physical interfacial energy mismatch between the
ink-stamp and the ink-substrate interfaces, allowing trans-
fer without extra surface functionalization or activation
steps.197,215 The method is thus an additive process that
requires no additional chemicals or materials. As the ink is
less strongly bound to the target substrate surface than it is
in covalent transfer printing methods, low roughness on the
surfaces is important for good transfer.197 When printing gold
from PDMS, mild heating and extended contact time can
enhance efficiency, possibly by strengthening the ink-target
substrate interface and/or by allowing siloxane oligomers to
segregate to the ink-stamp interface to facilitate release.197

Siloxane oligomers can severely degrade the conductivity
of copper films prepared on a PDMS stamp but not that of
gold films prepared in the same way.216 Printing gold
electrodes in this manner directly onto P3HT and other
semiconductors provides a method for practically noninvasive
fabrication of top-contact OTFTs, with characteristics equal
or superior to those of similar OTFTs prepared by shadow-
mask evaporation.197 The on/off ratios of these P3HT devices
produced by non-covalent transfer-printed electrodes are
significantly higher than those for devices prepared using
shadow-mask evaporation techniques, possibly due to im-
proved channel definition.197

Printing metals onto a conformable adhesive layer provides
a means to achieve reliable transfer of metal from a stamp
by ensuring full contact between the ink and the receiving
substrate,217 especially when the stamp or ink is rigid.
Conformability of the substrate surface is an additional
constraint on the system, but it can be supplied by materials
with broad compatibility, for example, by heated PMMA,215

which can serve further as a gate dielectric, or by semicon-
ductors, such as P3Ht,202,203 to form OTFTs and Alq3205 or
4,4′-bis[N-(1-naphthyl)-N-phenylamino] biphenyl (R-NPD)
(the authors of the original work refer to this material as
NPB)209 for the production of OLEDs. The conformable layer
may be supplied on the target substrate or on the inked
stamp.209,218Conformability may also be enhanced by printing
nanocrystalline219 or even liquid precursors to metals.220

Thermal treatment converts these precursors to solid, con-
ductive electrodes. Chemical functionality may be incorpo-
rated into the precursors before stamping to reduce contact
resistance in resulting OTFTs. For example, poly(3,3′′′-
didodecylquarterthiophene) devices (PQT-12) fabricated us-
ing electrodes derived from printed oleic acid stabilized silver
nanoparticle films exhibit mobilities (0.12 cm2/V‚s) more
than twice as high as those of similar devices prepared from
vacuum-deposited silver electrodes.219 Conformability to the
substrate may also be supplied by printing soft organic
conductors, such as PEDOT, with or without adhesive
additives for OLEDs206 and for high-performance top-gate
pentacene TFTs (µ ) 0.71 cm2/V‚s; on/off ∼ 106).200 The
increased performance of these pentacene devices relative

Figure 22. Patterning by direct transfer printing of metals. (a)
Schematic of nanotransfer printing (nTP) using a PDMS stamp (i).
Electron beam evaporation deposits metal on the stamp (ii), which
is then brought into contact (iii) with a target substrate. Covalent
bonds, metallic bonds, or non-covalent surface forces pull the metal
from the stamp when it is separated from the substrate (iv). (b)
I-V characteristics of a P3HT top contact TFT with source-drain
electrodes transferred directly onto the semiconductor from a PDMS
stamp. (Reprinted with permission from ref 197. Copyright 2004
American Institute of Physics.)
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to control devices made using shadow-mask evaporation is
attributed to the improved carrier injection in the PEDOT/
pentacene system relative to Au/pentacene.200 Printing
PEDOT electrodes in this manner also enables the fabrication
of all-organic TFTs that use pentacene as a semiconductor
and very thin (<2 µm) mylar substrates as the gate
dielectric.196

4.1.2.2. Organic Semiconductors.Most conventional or-
ganic semiconductors, polymers or small molecules, may be
printed using stamps. Figure 23 illustrates the principle with
several examples in whichR-NPD (Figure 23a),221 P3HT
(Figure 23b),222 and pentacene (Figure 23c)215 are deposited
from a stamp to form functional devices. Other examples in
this figure (Figure 23d-f) illustrate devices and patterns in
organic semiconductors formed by removing regions in them
using subtractive stamping methods (see below). Although
the resolution capabilities are very good (80 nm patterns
achieved209), the greatest advantage of direct stamp-based
transfer/patterning organic semiconductors is that the materi-
als may be patterned and deposited without the use of
solvents, sacrificial masks, etc., that can interfere with the
delicate chemistry and physical structure of the device
components, for example, by unwanted interaction of solution
processable gate dielectrics and P3HT during OTFT solution
processing.223 By printing P3HT onto smooth polyimide
surfaces prepared by spin-coating, OTFTs (∼0.02 cm2/V‚s;
on/off ) 103 or 104) can be produced.222 These printing
approaches begin with vacuum evaporation221,224or solution
deposition222,223,225that form layers of active organic materials
on stamps. Transfer is driven by non-covalent binding and,
as with other non-covalent transfer methods, extended contact
times (several minutes to a few hours) at slightly elevated
temperatures improve transferability. Additionally, swelling
the inks and receiving surfaces with solvent can strengthen
the bond by allowing polymer chain interpenetration for the
transfer of, for example, organic light emitting films (8-
hydroxyquinoline/poly (9-vinycarbazole) (Alq3/PVK) and
(C6H5C2H4NH3)2PdI4 (PhE-PdI4/PS)).226,227 In one method,
PDMS stamps are cured with an imbedded ink that serves
as a green-emitting dye (3-(2′-benzimidazolyl)-7-(dipheny-
lamino)-2H-1-benzopyran-2-one), which diffuses into the
target during printing at slightly elevated temperatures for
blue to green conversion of electroluminescent materials in
OLEDs.228 Substrates onto which the organic semiconductors
are printed are typically rendered hydrophobic to more
efficiently receive the ink. In some instances, an adhesion-
promoting “strike layer” may be used in a manner analogous
to the transfer printing of metals by cold welding (see section
4.1.2.1). For example, bonding between twoR-NPD layers
may drive the transfer of ink off of a PDMS stamp treated
with a well-adhered thin gold film as an antiadhesion layer
for the fabrication of OLEDs.221 The preparation of Al
cathodes and active organic layers terminating withR-NPD
(the authors of the original work refer to this material as
NPB) on a polyurethaneacrylate (PUA) mold and subsequent
printing onto ITO enables RGB OLED pixel fabrication with
nanoscale resolution.209 OLEDs fabricated in this manner
show slightly less current than devices made by conventional
means due to trapped air and imperfect interfaces produced
during printing, but slight heating (60°C) during printing
can improve both the transfer fidelity and the electrical
quality of the interface.221 Application of pressure and/or
temperature can help transfer when the receiving interface
is near or above itsTg, especially when the stamp is rigid.215

A number of subtractive stamping methods have been
developed for patterning organic semiconductors after depo-
sition onto a device substrate. These methods use a structured

Figure 23. Direct stamp-based patterning of organic semiconduc-
tors. (a) Schematic illustrating the transfer of an emissive layer (R-
NPD) from a stamp onto a glass substrate using an adhesion-
promoting organic “strike layer.” (Reprinted with permission from
ref 221. Copyright 2005 American Institute of Physics.) (b) Bottom-
contact OTFTs on plastic fabricated using P3HT printed directly
from a PDMS stamp. (Reprinted with permission from ref 222.
Copyright 2002 IEEE.) (c) Device characteristics and inset optical
micrograph of an all-components-printed pentacene transistor on
PET transferred using applied heat and pressure from a rigid stamp.
(Reprinted with permission from ref 215. Copyright 2005 American
Institute of Physics.) (d) Schematic illustrating subtractive stamping
patterning approaches. (e) OLED made fromR-NPD (the authors
refer to this material as NPB) patterned by subtractive stamping
using PDMS. (Reprinted with permission from ref 229. Copyright
2005 Wiley-VCH.) (f) AFM of CuPc patterned by subtractive
methods using an epoxy stamp. (Reprinted with permission from
ref 230. Copyright 2003 American Chemical Society.)
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stamp to bind to regions on an organic semiconductor film
that are removed from the substrate after it is separated from
the stamp (Figure 23d). Panels e and f of Figure 23 display
patterns inR-NPD229 and CuPc230 patterned in this way.
Subtractive methods in principle do not alter the interface
between the substrate and the active material from its
original, as-deposited state. By contrast, additive transfer
printing approaches often invert the active material, leaving
it “upside-down” on the device substrate and in some cases
leading to reduced performance. In one demonstration,
inversion of pentacene films led to an order of magnitude
decrease in mobility.224Accordingly, the results of subtractive
organic semiconductor stamping methods are OTFTs and
OLEDs with operating characteristics that can be essentially
identical to those of more conventionally fabricated devices.
Partially cured epoxy stamps are useful for the binding and
patterned removal
of organics, including CuPc, metal-free phthalocyanine
(H2-Pc), NPB, and Alq3 from Si and ITO surfaces, yielding
devices with characteristics comparable to conventionally
fabricated structures.230 PDMS is also capable of removing
many active materials from ITO, leaving micrometer resolu-
tion features of small molecule organic semiconductors
including R-NPD (the authors of the original work refer to
this material as NPB), Alq3, rubrene, and others, by a simple
method in which the PDMS is contacted to a film and then
heated to 90°C for on the order of 1 h before removal.229

This effect seems to be governed by the hydrophobic
character of the PDMS, because stamps with oxidized
surfaces are not effective for this subtractive approach.
Polymer semiconductors, on the other hand, are not as easily
removed using this approach, presumably due to the much
higher fracture toughness of the films.229 In these subtractive
methods as well as in others in which the films must be
fractured during patterning, it is possible to engineer the
organic semiconductors to have low-energy end-groups, for
example, isopropyl groups, which can lead to well-defined
fracture regions.224 Low cohesive strength in the organic
material is important for achieving high-resolution patterning.
For example, contacting a polyurethaneacrylate mold to
R-NPD (the authors of the original work refer to this material
as NPB) films for 20 min at 90°C can produce patterns
with features as small as 50 nm.231 Alternatively, the blanket
film for subtractive stamp-based patterning may be liquid.
In one method, a benzyl-trichlorosilane-treated PDMS stamp
contacted to a thin film of poly[(9,9′-dioctyl fluorine)-co-
bithiophene] (F8T2) or poly[5,5′-bis(3-alkyl-2-thienyl)-2,2′-
bithiophene] polymer solution absorbs excess solvent (chlo-
robenzene) and pulls the polymer out of noncontacted regions
by capillary action, leaving the dry polymer film only in the
regions contacted by PDMS.232

4.1.2.3. Thin Films of Carbon Nanotubes.Random net-
works or aligned arrays of single-walled carbon nanotubes
(SWNTs) form effective thin films for flexible electronics.
They can serve as either conductors or semiconductors in
these systems. Such films exhibit several attractive properties,
including extreme levels of mechanical bendability,233 excel-
lent optical transparency,234 high carrier mobilities,235-237 the
ability to establish good interfaces with other organic
electronic materials,32,234and compatibility with direct print-
ing from a stamp.233,234,238-240 Stamps may comprise the
SWNT growth substrate itself215,241or some other substrate
inked by solution238 or by contact to loosely bound SWNTs
on an “ ink-pad” or “donor substrate.”233,234,239,240,242A

recently described method (Figure 24a) for retrieving SWNT
films prepared by chemical vapor deposition (CVD) on a
growth substrate with a stamp is important because the
pristine tubes grown by CVD typically show much greater
electrical properties than those deposited from solu-
tion.233,234,239,240In this method, a metal mesh acts as a carrier
for the SWNTs after an undercutting etch releases them from
the growth substrate. The mesh along with the SWNT film
may be retrieved using a stamp after the undercut. Removal
of the mesh occurs on the target substrate after printing to
yield bare SWNTs. Panels b-d of Figure 24 illustrate the
utility of these materials for flexible and/or transparent
organic optoelectronic devices that consist of transfer-printed
SWNT fims as electrodes and semiconductors.239 Stamp-
based printing of SWNT films has been demonstrated using
conformable stamps, conformable layers on target substrates,
or both. Applied pressure215,241 facilitates complete contact
when the stamp and substrate are both of at least moderate
rigidity, thereby allowing transfer of the SWNT films. The
SWNTs bind to the target substrate by non-covalent van der
Waals forces, and as with non-covalent transfer of metals,
mild heating, extended contact times, and low roughness on
the target substrate can strongly increase the efficiency of
transfer.238 SWNT films prepared by filtration onto alumina
filters (rough) are bound loosely enough to be retrieved using
PDMS stamps and subsequently printed onto smoother target
substrates (Figure 24e).242 As conductors, the carbon nano-
tubes can form good contacts to organic semiconductors such
as pentacene, due partly to the similar conjugated molecular
structures of the two materials,234 which may enable high

Figure 24. Printing carbon nanotubes. (a) Schematic illustration
of the transfer printing method using a metal carrier mesh and a
PDMS stamp. (b) Illustration of a mechanically flexible TFT array
that uses semiconductors and electrodes comprising SWNT net-
works. (c) SEM image of the contacts and channel region of the
SWNT TFTs illustrated in (b). (d)I-V characteristics of the TFTs
in (b) and (c) with a channel 225µm long and 750µm wide.233,234

(e) Film of SWNT transferred from an alumina filter to a flexible
PET sheet. (Reprinted with permission from ref 242. Copyright
2006 American Institute of Physics.)
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carrier mobilites even for short-channel devices and high-
frequency OTFT operation. As either semiconductors or
conductors, the films offer excellent mechanical strength (i.e.,
the films can survive strains at least as high as 20%233) and
good optical transparency,234,238,239 suggesting that these
materials might provide promising alternatives to ITO
(fracture strain∼ 1%)239 and other brittle materials (e.g.,
other semiconducting oxides) for application in transparent,
flexible electronics. As semiconductors, SWNT films can
exhibit high device-level carrier mobilities in TFTs, owing
to the very high intrinsic mobilities of the SWNTs them-
selves, limited by the density and degree of alignment in
the film and the resistances associated with tube-tube
contacts. The presence of metallic tubes can present prob-
lems, due to their contributions to current in the off state of
the transistors. Approaches exist, however, for eliminating
the effects of these tubes by chemical243,244and/or electrical
means.197,245Transfer printed SWNT network films used as
semiconductors routinely exhibit carrier mobilities of∼15-
30 cm2/V‚s,233,239,245and in some cases can approach values
of ∼100 cm2/V‚s and greater.235,246 More recent research
indicates that devices based on highly aligned arrays of
nanotubes can reach as high as 100-1000 cm2/V‚s.236,237,247,248

4.1.2.5. Inorganic Semiconductors.Some attractive fea-
tures of organic optoelectronics (low cost, large area,
mechanical flexibility, etc.) can be achieved with devices
made using inorganic materials with special form factors.
In particular, micro-/nanowires and ribbons generated by top-
down approaches on semiconductor wafers249-265 may be
printed using stamps onto flexible or glass substrates for
technologies that complement and offer improvements over
organic electronics in terms of lifetime, reliability, and
performance. Methods for transfer printing these inorganic
semiconductor micro-/nanostructures involve (i) the fabrica-
tion of the structures on a donor wafer, including optional
high-temperature steps, for example, doping,251 usually
followed by an undercutting wet etch to render them at least
partially freestanding (Figure 25a-d); (ii) the application of
an elastomeric stamp to the surface of the donor wafer and
retrieval of the structures (Figure 25e); and (iii) transfer
printing the structures onto a target substrate (Figure
25f-h). The methods can thus transfer the micro-/nano-
structures to a target substrate (flexible plastic or glass, etc.)
in their original patterns/orientations, as defined during the
fabrication process. Retrieval of the structures from the donor
may be facilitated by chemical treatment254 or by kinetic
amplification of van der Waals bonding between the ink
structures and the elastomeric stamp.256 Transfer of the
structures onto the target substrate is mediated usually by a
curable glue layer or by conformal contact and non-covalent
surface forces. These methods provide flexible forms of
silicon and other semiconductors for electronics on plastic
that exhibit mobilities as high as 600 cm2/V‚s,260 logic
circuits261 and ring-oscillators operating in the MHz regimes,
and single GaAs devices with GHz operation.253Furthermore,
the additive nature of these stamp-based printing methods
enables the generation of heterogeneously integrated cir-
cuits262 (Figure 26a,b) on plastic substrates, with active
regions on multiple layers comprising any combination of
silicon, GaN, GaAs, SWNTs and other semiconductor
microstructures, and other interesting systems, such as
stretchable semiconductor forms (Figure 26c).255,263,264The
stretchability of the devices shown in Figure 26c derives from
strain-induced buckling in the thin inorganic semiconductors.

The printable semiconductors in these cases can come from
relatively inexpensive bulk semiconductor wafers252,257and
can be dispersed across larger substrates through an area
multiplication, repetitive stamping scheme.263,265Direct stamp-
based transfer thus supplies a method to join two distinct
and dissimilar classes of materials together, namely, single-
crystal organic semiconductors and plastic substrates, to form
patterned systems with unique properties to compliment the
capabilities of organic optoelectronics.

4.1.3. Lamination
Often in organic optoelectronics, two or more device

components must be prepared using incompatible processes.
Fabrication of a device in two separate parts that can be
joined together offers process flexibility. This strategy is the

Figure 25. Printable single-crystal organic semiconductor forms.
(a) Generation of micro/nano wires of InP and (b) ribbons of silicon
by anisotropic wet etching. (c) Released, flexible GaAs micro/
nanowires and (d) Si ribbons. (Reprinted with permission from ref
252. Copyright 2005 Wiley-VCH Verlag. Reprinted with permission
from ref 257. Copyright 2006 American Institute of Physics.) (e)
Method for selective retrieval and transfer of semiconductor
structures from a donor substrate to a target substrate using a
patterned PDMS stamp. (f) Silicon structures distributed across a
large PET substrate using the method described in (e). (Reprinted
with permission from ref 265. Copyright 2005 Wiley-VCH Verlag.)
(g) Thin kapton substrate housing transfer printed silicon top-gate
transistors. (h)I-V characteristics of a top-gate silicon transistor
printed onto kapton with a channel 9µm long and 200µm wide.
(Reprinted with permission from ref 260. Copyright 2006 IEEE.)
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principle of lamination. Lamination is similar to stamp-based
printing approaches in the sense that two bodies are joined
for the fabrication and patterning of the materials, but in the
case of lamination, the devices are formed by the union of
the two bodies and no materials are transferred.

Lamination methods offer, for example, powerful op-
portunities for studying single-crystal organic materials,
which cannot be processed in the same ways as uniform thin

films. The study of OFETs made from high-quality organic
molecular crystals (OMCs) offers insight into the intrinsic
electronic properties of organic semiconductors.266,267Fab-
rication of these devices requires unconventional methods
that can accommodate the fragile OMCs, which are incom-
patible with conventional processing. To avoid damage of
the active channels in single-crystal OFETs by vacuum
deposition of field-effect components (e.g., sputter deposition
of gate dielectrics), researchers often form OFETs on OMCs
by laminating them against a substrate that supports FET
structures or other electrical probes. Examples of such
devices are displayed in Figure 27. This substrate may

comprise a rigid Si wafer (Figure 27a) with integrated
dielectrics and electrodes (usually gold), or it may comprise
a soft elastomeric stamp with analogous features (Figure
27b). Rubrene devices such as those illustrated in Figure 27b
exhibit the highest device-level mobilities to date of transis-
tors that use small-molecule organic semiconductors.268 The
use of a rigid substrate requires a thin crystal (<1-5 µm)
or applied pressure for good lamination266 (countersunk

Figure 26. Unusual capabilities of transfer-printed semiconductor
systems. (a) Confocal microscopy image (false color) of multiple-
active layer single-crystal silicon TFT array. The transistors in this
array exhibit mobilities of>450 cm2/Vs.262 (b) Heterogeneous
integration of SWNT network (p-type) and single-crystal silicon
(n-type) transistors that comprise a complimentary inverter.262

[Reprinted with permission fromScience(http://www.aaas.org), ref
262. Copyright 2006 American Association for the Advancement
of Science.] (c) Wavy, stretchable silicon photodiodes prepared by
transfer from a silicon-on-insulator substrate to prestrained PDMS.255

[Reprinted with permission fromScience(http://www.aaas.org), ref
255. Copyright 2006 American Association for the Advancement
of Science.]

Figure 27. Laminated single-crystal OFETs. (a) OFET built by
laminating a thin (∼1 µm) pentacene single crystal against an
oxidized silicon wafer with integrated electrodes. (Reprinted with
permission from ref 271. Copyright 2003 American Institute of
Physics.) (b) OFET with a free-space dielectric built by contacting
a rubrene crystal against a metallized PDMS “transistor stamp.”
(c) I-V characteristics of a device of the kind illustrated in (b).
(Reprinted with permission from ref 268. Copyright 2004 Wiley-
VCH Verlag.)
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electrodes may also help by minimizing step edges on the
substrate’s contact surface269), but soft stamps can laminate
to any thin or thick crystal that has at least one smooth
surface. The contacting surface of the laminated substrate
may be chemically modified to improve the performance of
the devices, for example, by treating electrodes with SAMs
(e.g., trifluoromethylbenzenethiol) to reduce contact resis-
tance or by treating the dielectric surface with SAMs (e.g.,
OTS) to reduce interfacial trapping sites (such as surface
deep level states; for more detail, see refs 270 and 271) or
by depositing PMMA to enable ambipolar behavior.272

Additionally, patterned stamps may serve to form single-
crystal OFETs using free-space dielectrics to minimize or
eliminate effects of the semiconductor-dielectric interface,
thus enabling the fabrication of rubrene FET having normal-
ized subthreshold swings as low as 0.38 V‚nF‚decade-1cm-2.268

OFETs fabricated in this manner can be very sensitive to
active species in the environment.273 The substrate and the
OMC join in a reversible lamination process by which the
interface is bound by van der Waals forces. The OMC can
be separated and relaminated on the stamp for probing of
the crystals along different crystallographic orientations.274

The resulting devices can exhibit interesting properties,
including p-mobilities in the range of 10-20 cm2/V‚s268 (in
rubrene single crystals, slightly better than values obtained
with similar devices fabricated in other ways275,288), and
n-mobilities greater than 1 cm2/V‚s (for tetracyanoquin-
odimethane).268

Lamination methods also provide interesting capabilities
for the fabrication of amorphous and polycrystalline organic
devices. The principle is to separate a device into two halves
to avoid damage to each half caused by processing of the
components in the other half, as illustrated in Figure 28a,
for both high-performance OTFTs (Figure 28b) and OLEDs
(Figure 28c). The lamination can be designed to be a
permanent mechanical support and encapsulation strategy
with robustness introduced by covalent bonds,276 or it can
be reversible, held by van der Waals adhesion between the
two halves.79 Reversibility provides unique opportunities to
study changes in interface properties due to operation of the
devices. For the fabrication of polymer EL and photovoltaic
devices, lamination methods can prepare homo- (MEH-PPV)
and heterojunction (R-NPD/poly(9,9-bis(octyl)-fluorene-2,7-
diyl) (BOc-PF)) devices with high-performance and well-
defined interfaces that result from solvent-free methods.277

Bonding between organic layers may be facilitated by heating
and mild pressure and/or by inducing roughness in one of
the layers.277 Depositing a layer of MEH-PPV or BOc-PF
and cathode materials onto a rough ITO substrate and
subsequently removing those layers from the ITO using an
adhesive tape transfers the roughness into the newly exposed
polymer surface. This enhanced roughness can improve the
bonding and device operation after lamination to a hole-
transport material.277 Improved electroluminescence79,278and
lifetime278 can be accomplished in organic electroluminescent
devices by separating the metal evaporation step from the
active layers. Lamination of a substrate that supports
electrodes and interconnects to a substrate that supports
organic materials prevents in-diffusion of metal and the
introduction of quenching centers into the active layer that
can occur during evaporation.79,278In OTFT fabrication, the
same laminated electrodes can exhibit lower contact resis-
tance than evaporated source and drain contacts.279 Transis-
tors fabricated in this manner represent a type of metal

contact, bottom280 or top-contact device that is robust against
harsh treatment,276 compatible with both p- (pentacene) and
n-type (F16CuPc) organic semiconductors for complimentary
inverters,201,276 and can have channel lengths smaller than
200 nm.77 Lamination of a stamp prepared with an integrated
gate metal and elastomeric gate against a fully fabricated
pentacene top-contact device produces a double-gate structure
for simultaneous study of transport properties through field-
effect measurements on both the bottom and top interfaces
of the organic semiconductor.281 Both interfaces on these
double-gated devices showed similar performance, although
the top interface showed a slightly reduced mobility (0.1-
0.2 cm2/V‚s) and degraded in ambient conditions much more
quickly than the bottom.281

4.2. Laser Printing and Imaging
Laser printing and imaging refers to methods that use a

laser to direct the deposition of templates or functional
materials onto a device substrate. Like common office laser
printers, these methods can rapidly pattern large areas, even
though the operation is serial in nature. In fact, office laser
printers may be used to generate functional devices. Toner
deposited from a laser printer may be used as a polymer
dielectric282 or as a sacrificial lift-off template for patterning
solution-processed SWNT films.283,284 Organic conductors

Figure 28. Laminated thin-film organic optoelectronics. (a)
Schematic illustrating a process for the fabrication of an OTFT by
joining a “top part” housing source and drain electrodes and a
“bottom part” containing the remaining components. (b)I-V
characteristics of a pentacene TFT with a channel 250µm long
and 5 mm wide fabricated by soft-contact lamination (ScL) of
electrodes on a PDMS stamp and by a control device with electrodes
evaporated directly onto the pentacene. The laminated devices
exhibit higher current levels owing to high-quality conctacts.
(Reprinted with permission from ref 77. Copyright 2002 American
Institute of Physics.) (c) Electroluminescence from a polyfluorene
derivative with a laminated electrode on PDMS patterned by a
printed SAM. (Reprinted with permission from ref 79. Copyright
2003 PNAS.)
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and sensors may be patterned in this way. More sophisticated
methods may be used to print many kinds of functional
organic materials in techniques referred to as thermal transfer
and laser-induced thermal imaging (LITI). Figure 29a depicts

the general process flow. In these methods, donor and target/
device substrates (usually PET films or glass) are registered
to each other and brought into contact. A laser illuminates
and locally heats the donor substrate and thus induces transfer
of a functional ink, or transfer material, onto the target

substrate in the exposed regions. A layer that efficiently
absorbs light for conversion to heat, either carbon black285

or thin metal,30,31 is usually present, along with other
interlayers for the protection of the transfer material286 or
for other purposes. These methods allow good resolution
(better than 10µm) and large-area patterning of functional
organic materials in which the target substrate is not exposed
to solvents or etchants. Several mechanisms for transfer are
possible, including the vaporization/ablation of an organic
interlayer that propels the transfer materials to the target
substrate30,31,176,287,288or simply heating the transfer material
above Tg to bond it to the substrate.285,286,289 Types of
materials patterned by these methods include high-conductiv-
ity organic conductors and electroluminescent materials, both
small molecules and polymers. One particularly interesting
high-conductivity organic conductor that can be patterned
by this process is a composite composed of PANI doped
with dinonylnaphthalene sulfonic acid (DNNSA) and SWNT
(Figure 29b-e).30,31,176,287,288Other conductive polymers such
as PEDOT or otherwise doped PANI degrade due to the high
temperatures involved in the transfer process. DNNSA/PANI,
however, can withstand the transfer without significant
degradation, and loading the material with 3 wt % SWNT
can improve the conductivity of the resulting composite by
4 orders of magnitude.288 This composite material can be
patterned to form electrodes defining channels as small as 7
µm30 (Figure 29b) and forms very low resistance contacts
to semiconductors such as pentacene, sexithiophene, and
quaterthiophene,31,176,288 even with bottom-contact geom-
etries, and the resulting devices can outperform those with
top-gate electrodes made of gold (0.3 cm2/V‚s for pentacene
versus 0.15 for Au31). Pentacene deposited over these printed
PANI electrodes assumes large crystallite morphologies at
the boundaries of the channel;32 50 × 80 cm backplanes
consisting of 5000 such pentacene/printed PANI electrode
OTFTs have been generated, as shown in Figure 29e.31

Electroluminescent organics printed by LITI (Figure 29f,g)
have been integrated onto the active matrix backplane of a
17 in. OLED display.286 Detailed modeling285 of the thermal
profiles in the donor substrate show that the temperatures
during laser exposure can reach 350°C, but the time that
the materials are heated to above 100°C is less than a couple
of milliseconds. In the case of printing emissive layers it
was found that high-Tg materials (200°C) were better suited
to LITI processing than low-Tg materials (∼90 °C), which
showed significant degradation of performance when pat-
terned by LITI relative to control samples patterned by
evaporation directly onto a target substrate.285 LITI patterns
also showed better morphology when high-Tg materials were
used. Defects introduced by heating during the LITI process
cause leakage currents that are responsible for the low
performance in low-Tg materials. LITI patterns of high-Tg

materials, however, perform virtually identically to control
devices in terms of efficiency, especially at realistic opera-
tional (high) luminance levels. Further improvements in
pattern transfer fidelity may be made by controlling the
cohesive strength in the transfer material film. The extent
of cohesion must be large enough to maintain continuity of
the printed features but also not so large as to prohibit the
separation from the unexposed regions of transfer material
on the donor. Small molecules, for example, are more readily
patterned by LITI than polymeric light emitters owing to
the higher fracture toughness of the latter. Lower molecular
weight polymers are thus easier to pattern, as well as phase-

Figure 29. Thermal transfer and laser-induced thermal imaging
(LITI). (a) Schematic illustration of thermal transfer and LITI. A
donor film laminated against a target/device substrate is exposed
to laser irradiation. Local heating induces exchange of the transfer
material to the target. (b)<10 µm channel separating DNNSA-
PANI/SWNT composite electrodes patterned by thermal transfer.
(Adapted from “Woodhead” and “Crawford” chapters.) (c)I-V
characteristics of a pentacene transistor with electrodes like those
in (b). (Reprinted with permission from ref 176. Copyright 2003
Society for Imaging Science and Technology.) (d) SEM electrodes
like those in (b) revealing SWNT ropes extending beyond the PANI
matrix. (Reprinted with permission from ref 288. Copyright 2003
Wiley-VCH Verlag.) (e) Array of organic electrodes for several
thousand OTFTs patterned by thermal transfer. (f) Lines of Covion
blue light emitting polymer blended with poly(acenaphthylene)
patterned by LITI. (Reprinted with permission from ref 289.
Copyright 2004 Wiley-VCH Verlag.) (g) 17 in. AMOLED display
with OLEDs fabricated by LITI. (Reprinted with permission from
ref 286. Copyright 2004 SPIE).

Micro- and Nanopatterning Techniques Chemical Reviews, 2007, Vol. 107, No. 4 1147



separated polymer blends,289 both of which show better edge
roughness in patterned features than pure higher molecular
weight light-emitting polymers. In practice, the selection of
polymer transfer material for LITI must balance the ease of
fabrication against reduction in operating lifetime and higher
operation voltages that come with polymer blends and low
molecular weight polymers.286

4.3. Physical Masks
Electronic materials in fluidic form, either as solutions or

vapors, can be patterned through openings in physical masks
or nozzles to produce various components (i.e., active layers
or passive elements) of electronic devices. Many demonstra-
tions of these capabilities exist, for fabricating organic
transistors, light-emitting devices, and other systems. This
section provides several examples based on screen printing
and shadow masking.

4.3.1. Screen Printing
Screen printing is a simple and low-cost process which

relies on a screen that consists of a mesh with patterned areas
that block the flow of printed inks. The process begins by
tensioning this screen on a frame to pull it slightly away
from the substrate to form a small contact gap. An implement
that resembles a squeegee then pushes a layer of solution-
based ink deposited on the upper surface of the screen
through openings in the mesh and, at the same time, forces
the screen into physical contact with the substrate. Removing
the screen leaves a pattern of ink in the geometry of the
openings in the mesh. The viscosity of the ink, its wetting
of the substrate, and other parameters govern the operation
of this method. Typically the features associated with the
mesh itself, which often consists of polyester (thickness)
30-385 µm) or stainless steel wires (thickness) 40-215
µm) with meshings of 30-200 threads/cm, do not appear in
the printed patterns, but these dimensions can limit the
resolution.

Attractive features of screen printing for organic opto-
electronics include its simplicity of use, existing applications
and commercial manufacturing systems for electronics
(printed circuit boards (PCBs), primarily), versatility and
compatibility with a range of organic electronic materials,
and cost-effectiveness. Commercial devices, such as PCBs
and solar cells, can be screen printed over large areas (often
larger than 50× 50 cm2) in a few seconds. PCBs (30 cm×
30 cm size) are printed in 5 s with 100µm pitch sizes using
commercial screen printers (Dualcon screen printer of EKRA
GmbH). The relatively modest resolution in the patterns (∼75
µm290) represents a disadvantage, especially for forming
critical dimensions in transistors, for example.

Most demonstrations in organic optoelectronics involve
screen printing to form various components of thin-film
transistors, diodes, capacitors, and light-emitting devices. In
an early example, screen printing defined source, drain, and
gate electrodes of a graphite-polymer mixture ink (Elec-
trodag 423 from Acheson Colloids Co.) for a flexible all-
polymer transistor with a channel length of 200µm and a
width of 2 mm on a polyester substrate that served also as
a gate dielectric (1.5µm thickness).291 This device, which
used a 40 nm thick layer ofR,ω-di(hexyl)sexithiophene
semiconductor, exhibited a mobility of 0.06 cm2/V‚s in the
linear regime. In a more recent example, screen-printed
source/drain electrodes of a conductive silver ink formed an
organic TFT with a thin film of pentacene as the semicon-

ducting layer.292 The materials flexibility of screen printing
was demonstrated through the fabrication of organic TFTs,
in which a polyimide gate dielectric, a regioregular poly(3-
alkylthiophene) semiconducting layer, and a conducting
silver-polymer mixture for electrodes were all printed.293

Although this example, as well as the others reported in the
literature, involves coarse resolution of∼75 µm, recent
improvements suggest that features as small as∼20 µm can
be achieved. This result and further increases in resolution
are important for defining the channel lengths in transistors,
for example.294

In addition to transistors, screen printing can be used to
form plastic capacitors and resistors with conductive inks
such as those used in the transistor examples and insulators
such as polyimide pastes and other organic packaging
materials.295 OLEDs are also possible. For example, OLEDs
using screen-printed hole-transport layers (HTLs) consisting
of blends ofN,N′-diphenyl-N,N′-bis(3-methylphenyl)-[1,1′-
biphenyl]-4,4′-diamine (TPD) and a polycarbonate and/or
light-emitting layers of MEH-PPV show low light-emitting
voltage (<5 V) and 0.91% peak external quantum ef-
ficiency.296 Through careful control of the solution viscosity,
screen mesh count, and processing variables, very thin and
smooth HTL layers (thicknesses of<15 nm with rms surface
roughness of<1.5 nm) that support high current densities
are possible.297 Related display systems can also be formed
by screen printing. Researchers at Samsung demonstrated
an impressive example: a 9 in. multicolor field emission
display (FED) with screen-printed pixels of SWNTs using a
SWNT paste (mixture of SWNTs, silver powders, and
organic binders such as ethyl cellulose).298,299 The organic
binders can be removed by heating at 350°C for 20 min,
after the printing step.

4.3.2. Shadow Masks (Stencil Masks)

Patterning by depositing vaporized materials through
shadow masks is conceptually similar to screen printing. Like
screen printing, shadow-mask patterning has extensive ap-
plications in existing and emerging electronic systems. In
fact, several companies have fully commercialized or dem-
onstrated organic devices, such as full-color OLED displays
(15 in. active matrix OLED by Kodak-Sanyo, 13 in. active
matrix OLED by Sony, Pictiva OLED display by Osram,
etc) using this approach.300,301In this process, metals or low
molecular weight organic molecules emerge in a directed
flux from a source in a physical vapor deposition system
and travel through openings in masks placed near the surface
of the substrate.302 The deposition typically occurs under high
vacuum (10-8-10-6 Torr) such that the mean free path of
the evaporated species exceeds the distance between the
source and substrate. When this condition is satisfied, the
evaporated material travels in a directional manner through
the gaps in the mask and onto the substrate.303 The technique
is purely additive at the substrate level, which enables
sequential deposition of multiple layers of different materials.
Commercially available shadow masks are constructed of
thin metal foils with openings fabricated using microma-
chining, chemical etching, or laser cutting. The resolution
of such masks is typically∼25-30 µm.290 Although finer
features are possible, practical limits are set by (i) sizes of
openings that can be generated in masks that retain sufficient
rigidity (i.e., thickness) to be mechanical stable, (ii) mask/
substrate separation distances that can be reproducibly
achieved without unwanted physical contact, and (iii) levels
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of directionality in the material flux. Multilevel registration
comparable to the achievable resolution is possible by use
of physical mounting brackets and alignment systems. For
certain applications, improved registration can be achieved
by precisely shifting the position of a single shadow mask
relative to the substrate throughout the deposition process
using a mask translating fixture.304 Multiple organic light-
emitting layers and electrodes can be patterned sequentially
by successive shadow masks with a mask positioning
accuracy of(8 µm over a<1 cm2 substrate. Figure 30a
illustrates a full-color stacked OLED fabricated in this
manner. Other demonstrators include artificial skin prototypes
fabricated on 8× 8 cm2 flexible substrates, which use
pressure/thermal sensors and organic transistor active ma-
trixes readouts. Shadow-masking techniques pattern the
electrodes and organic semiconductors such as pentacene,
CuPc, and PTCDI (3,4,9,10-perylene-tetracarboxylic-di-
imide)305,306 in these systems. The transistors, which use
pentacene for the semiconductor, show saturation mobilities
of ∼1 cm2/V‚s andIon/Ioff ratios of 105-106. The thermal
sensors use organic diodes composed of a CuPc (p-type) and
PTCDI (n-type) semiconducting layer stack.

In spite of these impressive applications, shadow-mask
approaches have shortcomings that include moderate resolu-
tion, inefficient materials utilization, high vacuum environ-
ment requirement, and patterned areas limited by the size of
chamber and of the mask. In addition, continuous traces (such
as circles) cannot be patterned in a single step. The size of
the minimum patternable feature can be reduced using an
angled evaporation setup, but this method requires precise
positioning of the source relative to the substrate and is not
suitable for large-area patterning. Various approaches avoid
at least some of these disadvantages. Recent work shows,
for example, that polymer masks provide some advantages
over conventional metal masks: (i) polymer masks are easy
to make and can have high resolution (minimum aperture
size∼ 5 µm); (ii) the masks can be transparent, and they
can be nondestructively contacted with the substrate, thereby
simplifying the mask-positioning step and increasing the edge
resolution; and (iii) their mechanical flexibility allows
patterning on curved or uneven substrates. For example,
large-area flexible polymer masks made of 25µm thickness
sheets of polyimide (Kapton)307-309 can be formed with
features as small as 10µm, through an ablation process with
an excimer laser (248 nm wavelength). A set of such masks
was used to define patterns of pentacene, alumina and metal,
in a set of four to six aligned layers, for radiofrequency
identification (RFID) circuitry, as shown in Figure 30b,
operating at frequencies between 125 kHz and 6.5 MHz.
Other work described elastomeric polymer masks formed by
spin-coating and curing PDMS against patterns of photore-
sist.310 The lateral dimensions of the photoresist features in
this case define the sizes of apertures in the masks; openings
with sizes as small as 5µm were achieved. Furthermore,
the low modulus of the PDMS allows soft, conformal contact
with a range of substrates. This contact enables patterning
of materials deposited from solution, as well as from the
vapor phase. Figure 30c shows a photoluminescent image
of patterns of Alq3 formed on the curved surface of a glass
rod using a PDMS mask. Arrays of three-color photolumi-
nescent patterns can be formed using two elastomeric masks,
as shown in Figure 30d. Here the red, blue, and green dots
consist of Nile Red and 2-(4-biphenyl)-5-(4-tert-butylphen-
yl)-1,3,4-oxadiazole(PBD):Coumarin 47, PBD:Coumarin 47,

Figure 30. (a) Optical micrograph of a triangular OLED pixel
patterned sequentially with small translational movements of a
single shadow mask (top image) and cross section of the OLED
(bottom). R0, red-emitting layer [([2-methoxy-6-[2-(2,3,6,7-tetrahy-
dro-1H,5H-benzoquinolizin-9-yl)ethenyl]-4H-pyran-4-ylidene]pro-
pane-dinitrile) doped Alq3]; G0, green-emitting layer (Alq3); B0,
blue-emitting layer [bis(8-hydroxy)quinaldine aluminum phenox-
ide]; I1, I2, isolation layer; EB, bottom electrode (ITO); EM, anode
(ITO); EO, cathode (ITO); ET, cap electrode (ITO). (Reprinted with
permission from ref 304. Copyright 1999 American Vacuum
Society.) (b) Large polymeric shadow mask (left in top image) with
printed 6 in.× 6 in. RFID circuit array consisting of 25 rows and
25 columns of circuit cells (right in top), and optical micrograph
of shadow mask-patterned pentacene-based one-bit RF transponder
circuit with a seven-stage ring oscillator, a NOR gate, and two
output inverters (bottom). The gate lengths are 20µm. (Reprinted
with permission from refs 307 and 308. Copyright 2004 American
Chemical Society.) (c) Optical micrograph showing photolumines-
cence (PL) from Alq3 patterned on a glass rod (outer diameter∼
6 mm) using an elastomeric PDMS membrane. (Reprinted with
permission from ref 310. Copyright 1999 Wiley-VCH Verlag.) (d)
Optical micrograph of PL from circular features formed by use of
two PDMS membranes. (Reprinted with permission from ref 310.
Copyright 1999 Wiley-VCH Verlag.) (e) Scanning electron micro-
graph of a carbon nanotube FET (A scale bar indicates 5µm), with
source (S) and drain (D) electrodes patterned by a metal shadow
mask that consists of fine tungsten wires (diameter) 5 µm) and
nickel sheets (50µm × 2 mm slits with a spacing of 50µm). The
two circles are catalyst islands consisting of alumina-supported Fe/
Mo. (Reprinted with permission from ref 312. Copyright 2003
American Institute of Physics.) (f) Schematic illustration of the
fabrication of nanometer sized gaps in a metal wire formed with a
carbon nanotube-based shadow mask (top), and AFM image of a
sub-30 nm gap in a 350 nm wide gold wire fabricated using a
SWNT bundle. (Reprinted with permission from ref 317. Copyright
2000 American Institute of Physics.)
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and Alq3, respectively. Reliable manipulation of these masks,
which have extremely low flexural rigidity, represents a
significant challenge that can be addressed, to some degree,
by using mechanical struts and other support structures.

There are also approaches to reduce the aperture sizes of
shadow masks. For example, a metal shadow mask that
consists of fine tungsten wires (5µm in diameter) and 5×
2 mm slits of nickel sheets (25µm in thickness)311,312 can
reliably form 5µm gaps in evaporated gold contacts to define
the channel length in carbon nanotube TFTs, as shown in
Figure 30e.312 Also, nanoscale stencil shadow masks, based
on a Si or SiN etching process, can produce feature sizes
below 10 nm.313-316 Figure 30f presents a shadow-masking
method that uses multiwalled carbon nanotubes or SWNTs
bundles located between two layers of electron beam resist
(R1 and R2) to generate sub-30 nm gaps in evaporated gold
wires.317 These and other demonstrations clearly illustrate
the ability to form extremely small features by shadow
masking. However, the scale-up of such approaches for
realistic manufacturing might pose significant challenges.

4.4. Scanned Nozzles
Printing of active and passive materials using scanned

small-diameter nozzles represents an attractive method for
organic electronics and optoelectronics, partly because of the
high level of sophistication of similar systems used in graphic
arts. Because of the additive nature of the process, materials
utilization can be high. The materials can be deposited in
either the vapor or liquid phase using, respectively, vapor
jet printing or inkjet methods. Whereas organic vapor jet
printing techniques have been introduced only very recently,
inkjet printing techniques are well-established and already
have worldwide applications. In 2004, a 40 in. full-color
OLED display prototype was fabricated using inkjet printing
of light-emiting polymers.318 The following sections sum-
marize recent developments in organic vapor jet and inkjet
printing techniques applied to the fabrication of organic
optoelectronic devices.

4.4.1. Organic Vapor Jet Printing
Scanned, small-aperture nozzles can provide an alternative

to shadow masking for defining patterns of evaporated
organic materials. Figure 31a illustrates the method, which
is known as organic vapor jet printing (OVJP).319-321 Source
cells that contain the organic material to be patterned connect
upstream to carrier gas inlets and downstream to mixing
chambers. A hot inert carrier gas (e.g., helium or nitrogen)
vaporizes the organic source (such as Alq3 or pentacene) and
carries it to the nozzle, where it emerges in the form of a
vapor jet. This mixed vapor jet impinges onto a cold substrate
in close proximity (10-100 µm) to the nozzle. The light
carrier gas molecules quickly disperse, while the relatively
heavy organic source molecules condense on the substrate.
The printing resolution is a function of the nozzle size,
nozzle-substrate distance, and type and pressure of carrier
gas. Figure 31b shows a pattern of Alq3 printed using a 20
µm diameter nozzle and a nozzle-substrate distance of 20
( 10 µm. In this demonstration, the printing resolution is as
high as 500-1000 dpi, with deposition rates of∼130 nm/s.
Pentacene can be also printed in this manner, as illustrated
by the patterned layer on SiO2 pretreated with OTS shown
in Figure 31c. TFTs formed on this layer using gold source/
drain electrodes defined by shadow-mask deposition show
Ion/Ioff ratios and saturation regime mobilities of 7× 105 and

0.2-0.25 cm2/V‚s, respectively. These values compare
favorably to those obtained using more established deposition
procedures for the pentacene. The morphology of films
deposited by OVJP represents an interesting topic of current
study. Because OVJP is a mask-free process, it avoids many
of the problems of shadow-masking techniques, including
damage of predeposited layers by physical contact of the
rigid metal mask with the substrate, costs associated with
mask fabrication, fixturing, and cleaning, and inefficient
materials utilization. On the other hand, OVJP, like other
scanned nozzle approaches, is serial in its operation, making
multiple nozzles and high scanning speeds necessary for
high-throughput manufacturing.

4.4.2. Inkjet Printing
Nozzles can also be used, of course, to print liquids.

Beginning shortly after the commercial introduction of inkjet
technology in digital-based graphic art printing, there has
been interest in developing inkjet printing for manufacturing
of physical parts. For example, solders, etch resists, and
adhesives are inkjet printed for manufacturing of microelec-
tronics.322-324 Also, inkjet printing enables rapid prototype

Figure 31. (a) Schematic of the organic vapor jet printing (OVJP)
apparatus, shown with two source cells and a modular collimating
nozzle. (Reprinted with permission from refs 319. Copyright 2004
Wiley-VCH Verlag. Reprinted with permission from ref 320.
Copyright 2004 American Institute of Physics.) (b) Image of a
cyclist figure printed by OVJP on silicon using Alq3. The pattern
resolution in this image varies between 500 and 1000 dpi.319,320

(Reprinted with permission from ref 319. Copyright 2004 Wiley-
VCH Verlag. Reprinted with permission from ref 320. Copyright
2004 American Institute of Physics.) (c) Micrographs of a pentacene
pattern (top) and pentacene crystallites printed on SiO2 previously
treated with octadecyltrichlorosilane (OTS) using a 50µm diameter
nozzle at the nozzle-substrate distance of 35( 15 µm and
deposition rate>30 nm/s (bottom).319 (Reprinted with permission
from ref 320. Copyright 2004 American Institute of Physics.)
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production of complex three-dimensional shapes directly
from computer software.325-327 More recent work explores
inkjet printing for organic optoelectronics, motivated mainly
by attractive features that it has in common with OVJP, such
as (i) purely additive operation, (ii) efficient materials usage,
(iii) patterning flexibility, such as registration “on the fly”,
and (iv) scalability to large substrate sizes and continuous
processing (e.g., reel to reel). The following discussion
introduces three different approaches to inkjet printing
(thermal, piezoelectric, or electrohydrodynamic), with some
device demonstrations.

4.4.2.1. Thermal/Piezoelectric Inkjet Printing.Conven-
tional inkjet printers operate in either one of two modes:
continuous jetting, in which a continuous stream of drops
emerge from the nozzle, or drop-on-demand, in which drops
are ejected as they are needed. This latter mode is most
widespread due to its high placement accuracy, controllabil-
ity, and efficient materials usage. Drop-on-demand uses
pulses, generated either thermally or piezoelectrically, to eject
solution droplets from a reservoir through a nozzle. Figure
32a shows a thermal inkjet printhead.328 In this device,

electrical pulses applied to heaters that reside near the nozzles
generate joule heating to vaporize the ink locally (heating
temperature∼ 300°C for aqueous inks). The bubble nucleus
forms near the heater and then expands rapidly (nucleate
boiling process). The resulting pressure impulse ejects ink
droplets through the nozzle before the bubble collapses. The
process of bubble formation and collapse takes place within
10 µs, typically.329-331 As a result, the heating often does
not degrade noticeably the properties of inks, even those that
are temperature sensitive. Thermal inkjet printing of various
organic electronic materials, such as PEDOT, PANI, P3HT,
conducting nanoparticle solutions, UV-curable adhesives,
etc., has been demonstrated for fabrication of electronic
circuits.332 Even biomaterials such as DNA and oligonucle-
otides for microarray biochips can be printed in this
way.333,334 Piezoelectric inkjet printheads provide drop-on-
demand operation through the use of piezoelectric effects in
materials such as lead zirconium titanate (PZT), as shown

in Figure 32b.335 Here, electrical pulses applied to the
piezoelectric element create pressure impulses that rapidly
change the volume of the ink chamber to eject droplets. In
addition to avoiding the heating associated with thermal
printheads, the piezoelectric actuation offers considerable
control over the shape of the pressure pulse (e.g., rise and
fall time). This control enables optimized, monodisperse
single-droplet production often using drive schemes that are
simpler than those needed for thermal actuation.336

The physical properties of the ink are important for high-
resolution inkjet printed patterns. First, to generate droplets
with micrometer-scale diameters (picoliter-regime volume),
sufficiently high kinetic energies (for example,∼20 µJ for
HP 51626A)330,331 and velocities (normally 1-10 m/s) are
necessary to exceed the interfacial energy that holds them
to the liquid meniscus in the nozzle. Printing high-viscosity
materials is difficult, due to viscous dissipation of energy
supplied by the heater or piezoelectric element. Viscosities
below 20 cP are typically needed.33,34Second, high evapora-
tion rates in the inks can increase the viscosity, locally at
the nozzles, leading, in extreme cases, to clogging. The
physics of evaporation and drying also affects the thickness
uniformity of the printed patterns. The large surface-to-
volume ratio of the micrometer-scale droplets leads to high
evaporation rates. Evaporation from the edges of the droplet
is faster than that from the center, thereby driving flow from
the interior to the edge. This flow transports solutes to the
edge, thereby causing uneven thicknesses in the dried film.

Figure 32. (a) Schematic illustration of a thermal inkjet printhead
(bubble jet). Electrical heaters located near an orifice heat the ink
above its boiling point. The vapor bubble produced in this way
ejects ink from the nozzle. Bottom inset shows SEM image of the
thermal inkjet printhead. (Reprinted with permission from ref 328.
Copyright 2003 IEEE.) (b) Diagram of piezoelectric inkjet print-
head. A piezoelectric crystal expands in response to an electrical
driving signal, deforms a membrane, and causes a pressure impulse
within the ink chamber that ejects a droplet from the orifice. In
both thermal and piezoelectric systems, the chamber refills through
the inlet by capillary action at the nozzle. (Reprinted wtih
permission from ref 335. Copyright 2005 IEEE.)

Figure 33. (a) Optical micrograph of metal lines patterned on a
flexible PEN (polyethylene naphthalate) substrate using inkjet
printing of Kemamide wax, which serves as an etch resist (left
image) (reprinted with permission from ref 341; copyright 2005
IEEE) and optical micrograph of active matrix-TFT backplane
using the inkjetted PQT-12 polymer semiconductor (right). (Re-
printed wtih permission from ref 342. Copyright 2004 American
Institute of Physics.) The right image shows part of 128× 128
TFT array in 300µm pixels. (b) Schematic diagram of a top-gate
inkjet printed TFT that uses an F8T2 semiconducting layer and
PEDOT-PSS electrodes (left image) and optical micrograph of the
device (right). Photolithographically defined wetting patterns on
the substrate define the critical dimension (channel length).
[Reprinted withi permission from Science (http://www.aaas.org),
ref 35. Copyright 2000 American Association for the Advancement
of Science.]
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The thickness uniformity can be enhanced by using fast-
evaporating solvents.337 Third, surface tension and surface
chemistry play important roles because they determine the
wetting behavior of the ink in the nozzle and on the surface.
When the outer surface of the nozzle is wet with ink, ejected
droplets can be deflected and sprayed in ways that are
difficult to control.34 Also, the wetting characteristics of the
printed droplet on the substrate can influence the thickness
and size of the printed material. A method to avoid the
variation of printed droplet sizes associated with such wetting
behaviors involves phase-changing inks. For example, an ink
of Kemamide wax in the liquid phase (melting temperature
) 60-100 °C) can be ejected from a nozzle, after which it
freezes rapidly onto a cold substrate before spreading or
dewetting. In this case, the printing resolution depends more
on the cooling rate and less on the wetting properties, and a
minimum size of∼20µm was achieved.338-340Active matrix-
TFT backplanes in a display (e.g., electrophoretic display)
can be fabricated, by using the inkjetted wax as an etch resist
for patterning of metal electrodes (Cr and Au).341 Here, poly-
[5,5′-bis(3-dodecyl-2-thienyl)-2,2′-bithiophene] (PQT-12),
which serves as the semiconductor, is printed using a
piezoelectric inkjet, as shown in Figure 33a. Those OTFTs
show average mobilities of 0.06 cm2/V‚s andIon/Ioff ratios
of 106.342

The wetting behavior, together with the volume and
positioning accuracy of the ink droplets, influences the
resolution. Typical inkjet printheads used with organic

electronic materials eject droplets with volumes of 2-10 pL
and with droplet placement errors of(10 µm at a 1 mm
stand-off distance (without specially treated substrates).33,34,343

Spherical droplets with volumes of 2 pL have diameters of
16 µm. The diameters of dots formed by printing such
droplets are typically 2 times larger than the droplet diameter,
for aqueous inks on metal or glass surfaces. Recent results
from an experimental inkjet system show the ability to print
dots with 3 µm diameters and lines with 3µm widths,
without any prepatterning of the substrate, by use of
undisclosed approaches. Inks of conducting silver nanopar-
ticle paste (Harima Chemical Inc.; particle size∼ 5 nm,
sintering temperature∼ 200°C) and the conducting polymer,
MEH-PPV, were demonstrated using this system.344,345

The resolution can be improved through the use of
patterned areas of wettability or surface topography on the
substrate, formed by photolithographic or other means. This
strategy enables inkjet printing of all-polymer TFTs with
channel lengths in the micrometer range,35 as shown in Figure
33b. The fabrication in this case begins with photolithography
to define hydrophobic polyimide structures on a hydrophilic
glass substrate. Piezoelectric inkjet printing of an aqueous
hydrophilic ink of PEDOT-PSS conducting polymer defines
source and drain electrodes. The patterned-surface wettability
ensures that the PEDOT-PSS remains only on the hydrophilic
regions of substrate.346 Spin-coating uniform layers of the
semiconducting polymer (poly(9,9-dioctylfluorene-co-bithio-
phene) (F8T2)) and the insulating polymer (PVP) form the

Figure 34. (a) Conversion reaction of oligothiophenes from printable form (EtB12T6) into the insoluble molecular structure (EtT6). The
bulky end chains render the precursor soluble. (Reprinted with permission from refs 351 and 352. Copyrights 2006 and 2005, respectively,
IEEE.) (b) Chemical reaction on thermal conversion of pentacene from the soluble form, where theN-sulfinyl group is bonded using
Diels-Alder reaction (left) into the insoluble pentacene molecule (right).353,355,356(Reprinted with permission from ref 353. Copyright 2002
American Chemical Society.) (c) SEM image of a TFT that uses a semiconducting poly-Si layer generated from an inkjet printed pre-
cursor (left) and cross-sectional schematic of this TFT (right). Gate oxide (GOX) is SiO2. [Reprinted with permission fromNature(http://
www.nature.com), ref 360. Copyright 2006 Nature Publishing Group.]
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semiconductor and gate dielectric, respectively. Inkjet print-
ing a line of PEDOT-PSS on top of these layers, positioned
to overlap the region between the source and drain electrodes,
defines a top gate. The width of the hydrophobic dewetting
pattern (5µm) defines the channel length. An extension of
this approach uses sub-micrometer wide hydrophobic mesa
structures defined by electron beam lithography. In this case
the printed PEDOT-PSS ink splits into two halves with a
narrow gap in between, to form channel lengths as small as
500 nm.347 Although these approaches enable high-resolution
patterns and narrow channel lengths, they require a separate
lithographic step to define the wetting patterns.

Inkjet printing can also be applied to certain organic
semiconductors and gate insulators.348-350 Printing of the
semiconductor, in particular, can be more challenging than
that of other device layers due to its critical sensitivity to
morphology, wetting, and other subtle effects that can be
difficult to control. In addition, most soluble organic
semiconductors that can be inkjetted exhibit low mobilities
(10-3-10-1 cm2/V‚s) because the solubilizing functional
groups often disruptπ-orbital overlap between adjacent
molecules and frustrate the level of crystallinity needed for
efficient transport. Methods that avoid this problem by use
of solution processable precursors that are thermally con-
verted after printing appear to be promising. Figure 34a
shows this conversion reaction for the case of oligothiophene.
Low-cost small-molecule OTFTs with mobilities of∼0.1
cm2/V‚s and 135 kHz RFIDs can be fabricated using this
approach.351,352Soluble forms of pentacene derivatives with
anN-sulfinyl group353 or an alkoxy-substituted silylethynyl
group354 can also be synthesized. The former can be inkjet

printed and then converted into pentacene by heating at 120-
200°C, as illustrated in Figure 34b.355,356This inkjet-printed
pentacene transistor shows a mobility of 0.17 cm2/V‚s and
an Ion/Ioff ratio of 104.

Inkjet printing can also work well with a range of inorganic
inks that are useful for flexible electronics. For example,
suspensions of various metal nanoparticles such as Ag, Cu,
and Au can be printed to produce continuous electrode lines
and interconnects after a postprinting sintering process.357-359

This sintering can be performed at relatively low tempera-
tures (130-300 °C) that are compatible with many plastic
substrates, due to melting point depression effects in metal
nanoparticles. Inorganic semiconductors such as silicon can
be also inkjet printed by using a route similar to the soluble
organic precursor method described in the previous section.
In particular, a Si-based liquid precursor (cyclopentasilane,
Si5H10) can be printed and then converted to large-grain poly-
Si by pulsed laser annealing, as illustrated in Figure 34c.360

TFTs formed in this manner exhibit mobilities of∼6.5
cm2/V‚s, which exceed those of solution-processed organic
TFTs and amorphous Si TFTs, yet, encouragingly, are still
much smaller than values that should be achievable with this
type of approach.

Although substantial efforts in inkjet printing focus on
transistors, the most well-developed systems are OLEDs for
displays and other applications. For the fabrication of
multicolor OLED displays, inkjet printing can simultaneously
pattern subpixels using multiple nozzles and inks without
any damage on the predeposited layer.361-364 For example,
OLEDs can be fabricated by inkjet printing of polyvinyl-
carbazole (PVK) polymer solutions doped with the dyes of

Figure 35. (a) Device structure of multicolor organic light-emitting diodes formed by inkjet printing. Devices A and B are blue-emitting
LEDs with PVK as the active material. Devices C and D are red-emitting devices with DCM as the active material and green-emission
devices with Almq3 as the active material, respectively. (Reprinted with permission from ref 364. Copyright 1999 Wiley-VCH Verlag.) (b)
Atomic force micrograph of polyimide wells for subpixel printing. These wells are patterned by photolithography. The holes in the circle
wells are 30µm in diameter and 3µm in depth. (Reprinted with permission from ref 337. Copyright 2004 Seiko Epson Corp.) (c) 40 in.
full-color OLED display built using inkjet printing to deposit the OLED materials. (Reprinted with permission from ref 318. Copyright
2004 Seiko Epson Corp.)
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Coumarin 47 (blue photoluminescence), Coumarin 6 (green),
and Nile red (orange-red) onto a polyester sheet coated with
ITO. The printed subpixel sizes range from 150 to 200µm
in diameter and from 40 to 70 nm in thickness, with turn-on
voltages of 6-8 V.365 OLEDs can be also patterned by inkjet
printing of HTLs such as PEDOT, instead of the emitting
layers, on ITO before blanket deposition of light-emitting
layers by spin-coating. Because the charge injection ef-
ficiency of the HTLs is superior to the efficiency of ITO,
only the HTL-covered areas emit light.366 Multicolor light-
emitting pixels can be fabricated using diffusion of the ink-
jetted dyes.364 In this case, green-emitting Almq3 (tris(4-
methyl-8-quinolinolato)AlIII ) and red-emitting 4-(dicyano-
methylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM) dye molecules are inkjetted on a pre-spin-coated
blue-emission PVK hole-transport layer (thickness:∼150
nm), as illustrated in Figure 35a. These two dyes diffuse
into the PVK buffer layer. In regions where the Almq3 or
DCM diffuses into PVK, the pixels show green or red
emission, respectively. Otherwise, the device emits blue light.
These devices turn on at around 8 V, with the external
quantum efficiencies of∼0.05%.

Many of the OLED systems use polymer wells to define
subpixel sizes on the substrate surface. For example, Figure
35b shows polyimide wells (diameter) 30 µm, depth) 3
µm) patterned on ITO by photolithography.337 Inks flow
directly into these wells and spread at their bottoms to form
R, G, and B subpixels. Recently, a 40 in. full-color OLED
display was achieved using this inkjet method, as shown in
Figure 35c.318

4.4.2.2. Electrohydrodynamic Inkjet Printing.In thermal
and piezoelectric inkjet technology, the size of the nozzle
often plays a critical role in determining the resolution.
Reducing this size can lead to clogging, especially with inks
consisting of suspensions of nanoparticles or micro-/nano-
wires in high concentration. Another limitation of conven-
tional inkjet printing is that the structures (wetting patterns,
wells, etc.) needed to control flow and droplet movement
on the substrate require conventional lithographic processing.
Therefore, ink-based printing methods capable of generating
small jets from big nozzles and of controlling in a non-
lithographic manner the motion of droplets on the substrate
might provide important new patterning capabilities and
operating modes. A new strategy, aimed at achieving these
and other objectives, uses electrohydrodynamic effects to
perform the printing. Figure 36a shows a schematic illustra-
tion of this technique. A conducting metal film coats the
nozzle in this system, and the substrate rests on a grounded
electrode. When a voltage is applied to an ink solution, by
use of the metal-coated nozzle assembly, surface charges
accumulate in the liquid meniscus near the end of the nozzle.
Whereas surface tension tends to hold the meniscus in a
spherical shape, repulsive forces between the induced charges
deform the sphere into cone. At sufficiently large electric
fields, a jet with a diameter smaller than the nozzle size
emerges from the apex of this cone (Figure 36b). In this
situation, the jet diameter and jetting behavior (for example,
pulsating, stable cone jet, or multijet mode) can be different,
depending on the electric field and ink properties.367 By
controlling the applied voltage and moving the substrate
relative to the nozzle, this jet can be used to write patterns
of ink onto the substrate. Whereas this electrohydrodynamic
inkjet printing method was first explored for graphic art
printing applications in which pigment inks are printed on

papers with relatively low printing resolutions (dot diameter
g ∼20µm),368-371 it has been recently demonstrated for high-
resolution printing of various functional inks for electronic
device fabrications. Figure 36c shows images of the PEDOT-
PSS ink printed in this manner (dot diameters∼ 2 µm). Dot
sizes of<10 µm are possible with a wide range of inks (for
example, high concentration (>10 wt %) gold/silver/Si
nanoparticle solutions, UV-curable polyurethane precursor,

Figure 36. (a) Schematic illustration of electrohydrodynamic jet
(e-jet) printing. (b) Optical micrograph showing the spherical shape
of the liquid meniscus near the nozzle, at no voltage condition (left)
and with voltages large enough to create a jet (right). (c) Optical
micrograph showing e-jet printed patterns of PEDOT-PSS droplets
with diameters of 2µm (left) and AFM image of the droplet (right).
(d) Patterned gold source/drain electrode array after printing a
polymer etch resist onto a flat nontreated gold surface. The bottom
inset shows the minimum channel length of 2µm.
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SWNTs), and complex images can be formed. Also, polymer
etch resists can be printed onto a flat nontreated gold surface,
and electrode lines for electronic devices can be patterned
after etching and stripping steps. For example, Figure 36d
shows the array of source and drain patterned in this way.
A channel length of∼2 µm is achieved without any substrate
pretreatment, as shown in Figure 36d.

If the inks have sufficient viscosity or evaporation rates,
the jet forms fibers rather than droplets, and the printing
technique is known as electrospinning.372,373Organic semi-
conducting nanofibers of binary blends of MEH-PPV with
regioregular P3HT can be electrospun to fiber diameters of
30-50 nm and then incorporated into OTFTs.372 Transistors
based on networks of such fibers showed mobilities in the
range of 10-4-5 × 10-6 cm2/V‚s, depending on blend
composition. The mobility values use the physical width of
the transistor channel. Because the fibers occupy only 10%
of the channel area, these mobilities are 1 order of magnitude
lower than the mobilities of the individual fibers.

5. Conclusion
The economics associated with conventional electronics/

optoelectronics and the resulting importance of the litho-
graphic techniques used for those systems both strongly
suggest that manufacturing approaches for organic devices
will play critical roles in determining the success of the
technology and the range of its applications. The patterning
techniques presented in this review are diverse in their
operational characteristics, their patterning capabilities, and
the materials that they can manipulate. Many represent
adaptations of mature technologies, such as inkjet, thermal
laser transfer, or embossing techniques, that have already
been scaled up for manufacturing in other areas. Others are
newer and remain in a research exploratory phase. The use
of shadow masking for the fabrication of OLED displays
represents a good example of the successful transition to
manufacturing. More exciting, in terms of novel patterning
processes, is the recent emergence of large-area, prototype
OLED displays that use active layers formed by inkjet and
thermal laser transfer printing. As a benchmark of progress
in this area, it is interesting to note that the first liquid crystal
prototypes were demonstrated in 1968 with commercial
production following in 1987. Polymer-based OLEDs were
first reported in 1996 and the first inkjet printed display
prototypes, based on these emissive polymers, were dem-
onstrated in 2004. Although much of the work during this
development period has focused on the materials and their
behavior in active devices, substantial efforts were needed
to invent the printing methods needed to pattern the elec-
troluminescent polymers in cost-effective ways. The associ-
ated pilot line manufacturing systems, which now exist at
large and small companies, suggest that further developed
versions of these methods may have some promise for
commercial scale production. If these efforts achieve their
goal in the next few years, then one could conclude that the
speed of development was comparable to that of liquid crystal
technologies.

Displays, as well as organic solar cells, do not have,
however, the demanding resolution and registration require-
ments (ignoring certain elements such as output couplers and
concentrators and, of course, the circuit components of these
devices) of organic transistors and circuits. For electronics,
the patterning techniques must simultaneously achieve
micrometer resolution and registration, at least for the source/

drain level, together with low-cost, large-area operation on
plastic substrates. These challenging requirements might be
achieved with microcontact printing or imprint lithography
or by the combined use of such approaches with inkjet
delivery of the active materials. In a particular example, high-
resolution relief structures or wettability patterns formed with
the former techniques could control the movement and
position of droplets printed with the latter. In this strategy,
the high-resolution methods, which have limited ability to
pattern active materials, define critical features (e.g., transis-
tor channel lengths) where resolution is of paramount
importance, whereas other methods with lower resolution
capabilities but the capacity to pattern active materials form
the other elements. An overall approach that mixes and
matches different techniques in this manner is attractive
because it exploits the various strengths of the different
techniques. To date, however, no clearly compelling manu-
facturing strategy has emerged for organic electronics, in
spite of several impressive demonstrations of circuits that
involve all or many of the key elements patterned using
printing type processes. Benchmarked against inorganic
transistor technology, the evolution of organic electronics
has been slow: only∼20 years separated the invention of
the first inorganic transistor from mass production of
medium-scale integrated (MSI) circuits containing hundreds
of transistors; but today,∼20 years after the demonstration
of the first organic transistor, systems with hundreds of
organic transistors have been demonstrated, but the path to
mass production is still unclear. The challenges involve
mainly (i) developing manufacturing-ready and cost-effective
patterning techniques for large-area, low-cost systems while
achieving, simultaneously, the necessary resolution and
registration on plastic (which is known to be dimensionally
unstable, at the micrometer level, in large-substrate form)
and (ii) implementing organic semiconductors, the known
versions of which have relatively modest performance and
uncertain reliability. These two challenges are strongly
linked. For example, a high-performance, reliable materials
set would reduce the demands on patterning resolution and
enable large-area printed circuits that could compete ef-
fectively on the basis of cost and, in some cases, performance
with adapted versions of existing electronics technologies.
Partly for this reason, a growing amount of research focuses
on understanding the upper limits in mobilities of small
molecule and polymer semiconductors and, perhaps more
important, on developing new classes of “printable” semi-
conductor materials, such as those based on thin films of
carbon nanotubes and inorganic wires, ribbons, sheets, and
particles. The former efforts are beginning to identify cer-
tain organic systems with interesting performance char-
acteristics (e.g., mobilities in the range of 10-20 cm2/V‚s)
and the underlying physics that governs charge trans-
port.266-275,374-376 The latter work is also yielding significant
progress, based on strategies that involve “bottom up” growth
of wires,377,378 particles379,380 or tubes,233,235-240,243,245-248,381

followed by integration and/or assembly on plastic substrates,
as well as “top down” micromachining of similar structures
from wafers followed by printing.249-254,256,258-260 Such
methods can produce bendable transistors on plastic sub-
strates, with mobilities of several hundred cm2/V‚s and higher
and with operating frequencies in the GHz regime
using GaAs253 wires and hundreds of MHz using Si
ribbons,260 even with modest critical dimensions (microme-
ters). Films of carbon nanotubes, in random networks or
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aligned arrays,236-240,245can offer comparable or even better
performance,236,237,248with other interesting attributes such
as extreme levels of bendability233,239and optical transpar-
ency.234,239At the same time, efforts to integrate large-grained
polysilicon on plastic by use of specialized laser annealing
procedures applied to solution-deposited silicon precursors
are yielding impressive results.360,382,383Circuits that use these
and other high-performance materials can be achieved with
greatly reduced requirements on patterning resolution and
registration. In many cases, these materials also offer paths
to highly robust and reproducible devices, which exploit the
decades of research on wafer-based devices that use similar
materials sets. The compatibility of the printing techniques
reviewed here with these and other materials, as well as the
more heavily explored organics, represents a key strength
that will enhance their likelihood of evolving into meaningful
approaches to manufacturing. In this sense, the development
of unconventional patterning techniques for electronics and
optoelectronics is becoming a field of its own, as the work
broadens from early efforts configured to answer the ques-
tion, “Now that we have organic electronic materials, can
we develop optimized unconventional patterning methods
to form circuits with them?”, to include a related, but much
different question, “Now that we have unconventional
patterning techniques, can we develop optimized electronic
materials to form circuits with them?”
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