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Printed photonic elements: nanoimprinting
and beyond
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In order to manufacture large-scale photonic devices of various dimensions at a low cost, a number

of patterning techniques have been developed. Nanoimprint lithography is among the most promising

given its unique advantages, such as high resolution, fast processing speed, high throughput,

compatibility with diverse materials, and low cost. This review covers various aspects of nanoimprint

lithography, including its operational principles, material requirements, and different ways of implementation.

Nanoimprint lithography facilitates numerous high-performance and low-cost photonic elements, including

optical interconnects, sensors, solar cells, and metamaterials. In addition, other related patterning techniques,

together with their utilization for photonic device fabrication and their integration with nanoimprint

lithography, are briefly discussed.

1. Introduction

Future photonic and optoelectronic devices should be compact
in size for high-density on-chip integration. In addition, engi-
neering their configurations at the micro- or nano-scale, i.e., as
photonic crystals or metamaterials, can improve their properties
and create new device functionalities. These advances demand
highly precise techniques to fabricate structures of various sizes
using a wide range of materials at low cost and in high
throughput.

So far, various microlithography and nanolithography techni-
ques have been developed, many driven by the continuous
demands from the semiconductor industry to manufacture
smaller transistors and denser integrated circuits. They can
be roughly categorized into: (a) photon-based lithography
(optical lithography,1 deep-UV/extreme-UV lithography,2,3

X-ray lithography,4 and plasmonic lithography5,6); (b) charged
particle-based lithography (electron-beam lithography7,8 and
focused-ion-beam milling9); (c) printing-based lithography
(nanoimprinting10 and micro-contact printing11,12); (d) direct
laser writing;13 (e) tip-based lithography (dip-pen litho-
graphy14,15 and thermal tip lithography16); and (f) various

self-assembly methods.17,18 Photon-based lithography is currently
widely used in industry, but the resolution is limited by the light
diffraction effect. To further increase the resolution, both light
sources with shorter wavelengths and the corresponding photo
resists need to be developed. At the same time, lithography
systems are getting more and more complicated with the decreasing
feature size (e.g., the use of an immersion type lithography system).
Charge particle-based lithography (electron-beam, ion-beam)
provides high resolution, but suffers from issues, such as a slow
speed, low throughput, and complicated tool setup. Moreover,
patterning can only be performed over a limited area due to the
intrinsic low speed. In comparison, printing-based lithography
is compatible with rich groups of materials and can be scaled
to pattern structures over large areas. In addition, its through-
put is high and many of the printing methods do not reply on
complicated tool designs, making the fabrication highly efficient
and inexpensive.

Nanoimprint lithography (NIL) is an important member of the
printing-based lithography family. It was proposed in the 1990s by
Chou and co-workers.19,20 The technique involved a modification
of the manufacturing process of compact disks and was also
similar to a molding process developed by Japanese researchers
in the 1970s.21 In the nineties, nanoimprinting’s demonstration of
10 nm feature sizes made it a promising alternative to the
expensive UV optical lithography for the semiconductor industry.
It is worth noting that this technique is not limited to patterning
nano-scale features only; it can also fabricate structures of various
dimensions, ranging from sub-10 nm to the micrometer or even
millimeter scale. Thus, in the following discussions, ‘‘nano-
imprinting’’ and ‘‘imprinting’’ are used interchangeably.
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Although NIL has been in existence for over 20 years, several
critical issues are still being identified and solved so that it can
be employed in the highly demanding semiconductor industry.
First, NIL is conducted with a 1� mask (typically called the
imprinting mold/template). Therefore, in order to perform NIL,
an expensive and high-precision mask needs to be prepared
first. Also, NIL is a contact process, wherein defects can easily
be generated and pattern distortions can happen during the mold/
substrate separation (de-molding) process. Moreover, there is
usually a residual layer left on the substrate after NIL, which needs
to be removed before subsequent processing. However, the above
constraints can be well tolerated by other applications, such as
photonics, magnetics (e.g., patterned media), sensors, micro-/
nano-fluidics, and biology. Indeed, NIL’s high resolution, great
repeatability, low cost, and high-throughput ability make it an
advantageous approach for both research prototype fabrication
and future large-volume manufacturing for these applications.

In this review, NIL as well as its applications in photonic devices
are discussed in detail. Its operational principle, processing
methods, and materials will be explained, and various imprinted
photonic elements will be surveyed. Imprinting has numerous
advantages, including a simplified fabrication, high resolution,
great fidelity, and increased throughput. Also, this method is
capable of processing various kinds of materials on diverse
substrates. All these unique features enable its application in
high-performance printed photonic devices, including optical
interconnects, photonic sensors, transparent conductors, and
metamaterials. At the end of this article, other related techniques
are also described, such as direct laser writing and dip-pen
lithography, together with their applications in fabricating
photonic elements.

2. Nanoimprinting: methods and
materials

The originally proposed NIL used a hard mold to deform
thermal plastic polymers through heating and applied pressure,
creating a reverse replica of the mold pattern on the polymer
layer.19,20 Subsequently, UV-NIL was developed, where a
UV-curable precursor was used as the resist material.22,23

Compared with thermal-NIL, UV-NIL is performed at room
temperature; also it has better overlay accuracies. Now, commercial
NIL tools are available from various manufacturers, such as
Nanonex, EVGroup, Obducat, Molecular Imprints, Eulitha,
Sematech, and NIL Technology.

2.1 Mold preparation

Molds play a key role in the imprinting process. They can
be made from hard materials, such as silicon (Si);24 dielectrics,
such as silicon oxide and silicon nitride;25 metals, such as nickel;26

soft materials, such as polydimethylsiloxane (PDMS)27–30 and
perfluoropolyether-based (PFPE) polymers;31–33 and UV-curable
resins.34,35 Fig. 1a and b show the scanning electron micrographs
(SEMs) of two Si hard molds (one-dimensional (1D) gratings and
two-dimensional (2D) meshes), while Fig. 1c shows the picture of a
large-area flexible PDMS mold. Compared to hard molds, soft
molds are usually cheaper and provide better contact with the
substrate, even when the substrate is curved or has irregular
patterns. In addition, de-molding is usually easier for soft molds,
especially in the case of large-area imprinting. However, the critical
dimension achieved by a soft-mold is not as high as that of a hard
mold, due to its low Young’s modulus, and subsequent mold
distortion during the imprinting process. Imprinting molds can be

Fig. 1 Various imprint molds: (a) 1D grating mold on a Si substrate; (b) 2D mesh on a Si substrate; (c) a large-area, 4 inch PDMS flexible mold. (d) SEM
picture of a lotus leaf. Reproduced with permission ref. 43. Copyright 2011, Beilstein Journal of Nanotechnology. (e) SEM picture of a cicada wing.
Reproduced with permission ref. 41. Copyright 2006, John Wiley and Sons. (f) SEM picture of a Blu-ray movie disk. Reproduced with permission ref. 42.
Copyright 2014, Nature Publishing Group.
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fabricated by photolithography (for large-scale features) or
electron-beam lithography (for small-scale features). Interference
lithography has been employed to produce nano-scale patterns
(such as 1D gratings) over a large area, and this method is usually
faster and cheaper than electron-beam lithography.36,37 Molds
with complicated patterns can also be generated from molds with
simple patterns, such as 1D gratings. For example, 2D pillars or
meshes can be fabricated by performing imprinting twice with
the 1D grating mold.10,38 A new 1D grating mold with half the
pitch of the original 1D mold can be generated using the method
called ‘‘spatial frequency doubling’’.39 Interestingly, some plants,
animals, and our daily supplies also provide useful templates for
making the imprint molds. For example, lotus leaves (SEM shown
in Fig. 1d) and butterfly wings contain nano-scale features
(e.g., gratings, pillars, and meshes), and can be used to fabricate
non-wetting (self-cleaning) surfaces.40 Cicada wings (SEM shown
in Fig. 1e) have periodic nanopillars arranged in a hexagonal
fashion, and provide imprint molds to fabricate anti-reflection
coatings.41 Blu-ray movie disks (SEM shown in Fig. 1f) provide
imprint templates for quasi-random nanostructures to enhance
light trapping in solar cells.42

Since imprinting is a high fidelity process, imperfections
(such as edge roughness) on the mold can be transferred onto
the imprinted structures, resulting in a degrade in device
performance. Several methods have been studied to mitigate
this issue, including resist reflow, thermal oxidation, and laser
liquefaction. Resist reflow is applied before using the resist
as an etching mask to transfer the patterns onto the mold
substrate. Here, the exposed and developed resist undergoes a

thermal treatment, which helps to smooth out the resist line
edge roughness induced by the lithography step.44 Thermal
oxidation is usually used to improve the quality of Si molds: the
mold is kept in a high temperature furnace (filled with either
air or oxygen), where the outside layer of the silicon is converted
to thermal oxide (SiO2), and this oxide layer is subsequently
removed by a buffered hydrofluoric acid (BHF) etch (wet-etching).
After this treatment, the Si mold sidewall roughness is significantly
reduced.45 Chou et al. proposed another method called ‘self-
perfection by liquefaction’.46 In this process, a short laser pulse
(duration of hundreds of nanoseconds) selectively melts the
nanostructures (for example, gratings and pillars made of
silicon or chromium), and at the same time, a set of boundary
conditions (for example, one or more plates placed in contact
with or in a gap above these structures) is applied to guide the
flow of the molten materials into the desired geometries before
their solidification, thereby significantly reducing the line edge
roughness.

2.2 Imprinting procedures

After the molds are fabricated, they are coated with self-assembled
fluoro-containing monolayers for surface energy reduction,47

which facilitates the subsequent de-molding process. Imprinting
can be generally categorized into thermal and ultraviolet (UV)
imprinting, with the relevant schematics shown in Fig. 2a and b,
respectively. In thermal imprinting, a layer of thermal plastic resist
is mechanically deformed by the mold under pressure at an
elevated temperature.19,20 In practice, the temperature is set at
about 70–90 1C above the polymer’s glass transition temperature

Fig. 2 Schematics of various imprinting methods: (a) thermal imprinting; (b) UV imprinting; (c) reverse imprinting; (d) substrate conformal imprinting.
Reproduced with permission ref. 50. Copyright 2010, Elsevier.
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(Tg) so that the polymer material reaches a viscous flow state.48

For some applications where the resists are functional polymers,
high temperatures can potentially cause polymer degradation.
In addition, if the mold and substrate are made of different
materials and have mismatched thermal expansion coefficients,
high imprinting temperatures will also cause mold–substrate
misalignments. The above issues can be mitigated by UV
imprinting, wherein a layer of UV-curable monomer is deformed
by the mold at room temperature and is simultaneously cross-
linked by UV radiation.22,23,49 Compared to thermal imprinting,
UV imprinting has the advantages of a reduced imprinting
pressure, room temperature operation, fast processing speed,
and better alignment accuracy.

Substrate conformal imprint lithography (SCIL) is a recently
developed imprinting method based on the principle of UV-NIL.50

In SCIL, a flexible mold (usually made of PDMS) is mounted on
a rigid glass carrier and kept in place by vacuum grooves.
Imprinting is performed onto the substrate by the sequential
release of each of the vacuum grooves between the PDMS mold
and the glass carrier in a single direction. This results in
minimized air inclusions, even over large areas. After the resist
is cured, the mold is separated from the substrate by resealing
the vacuum grooves in a reverse manner. The sequential separa-
tion of the stamp and substrate avoids excessive forces during
imprinting and allows for a clean and reliable de-molding
without inducing damage to the patterned structures (Fig. 2d).
SCIL combines the advantages of large-area imprinting facilitated
by soft molds and high resolution provided by rigid molds. This
SCIL technique was developed by Philips Research (Eindhoven,
the Netherlands) and SUSS MicroTec (Munich, Germany), and its
toolkit can be installed on SUSS Mask Aligners.

When the substrate is not suitable for resist spin-coating or
has a pre-defined surface topography, it is difficult to perform
imprinting based on the previously described methods. Reverse
nanoimprinting has consequently been developed to address
these situations.51,52 Here, instead of directly coating the resist
on the substrate, it is spin-coated on the mold first and thus,
a replica of the mold pattern is created in the resist layer.
Afterwards, the patterned resist layer is transferred from the
mold onto the substrate by performing imprinting (usually with
a lower temperature and pressure than with normal nano-
imprinting). The key to this successful transfer is that the mold
has a lower surface energy than the substrate, and therefore,
the resist layer has a better adhesion to the substrate. By
performing multiple reverse imprintings, 3D nanostructures
can be fabricated. Some metals, such as gold (Au) and silver
(Ag), have weak adhesion with the Si surface. This property can
be utilized to form Au or Ag nanostructures on Si surfaces first,
and then these nanostructures can be transferred to other
substrates by reverse printing.53–55

In general, the imprint mold consists of a combination of
nano-scale and large-scale patterns. During imprinting, the large-
scale features need to displace more imprint resist over longer
distances than the nano-scale ones, and therefore, large-scale
patterns are more difficult to be imprinted. Consequently,
imprinting with molds with nano-scale patterns next to large-scale

patterns can be challenging.56 If a low pressure is used during
imprinting, there will be no bending in either the mold or the
substrate, and the patterns on the mold will penetrate into the
resist layer on the substrate in a parallel fashion. Because of
the viscous resist flow, it takes a much longer time (sometimes
even impractically long in the timeframe of NIL) for the large-
scale patterns to fully protrude into the resist layer and thus,
this leads to an incomplete molding (Fig. 3a). In contrast, if
a high pressure is applied instead, either the mold or the
substrate will bend and there will then be conformal contact
between them. As a result, nano-scale features penetrate deeper
into the resist layer than the large-scale ones (non-uniform
residual layer thickness), which can cause problems for the
subsequent residual layer etching and pattern transfer (Fig. 3b).
Similarly, molds with complex patterns will give rise to a
random distribution of the recessed areas on the molds, and
some patterns cannot be truthfully duplicated on the resist. For
example, Fig. 3c shows a scenario where nano-scale patterns are
next to large-scale patterns on the mold, and the imprinted
structure has incompletely filled-in central parts. To avoid the
above issues, one approach is to put some dummy features
around the pattern areas in order to achieve the same ‘‘fill factor’’
over a large area. Researchers have also used NIL to define the
nano-scale features first, and then used photolithography (with
alignment) to subsequently define the large-scale features.

Another novel approach to fix the above limitation is the
‘‘combined-nanoimprint-and-photolithography (CNP)’’ technique
(Fig. 4a). In CNP, the hybrid mold is made of UV transparent
materials, and act as both a NIL and photolithography mask.
Protrusions are made on the mold for imprinting nano-scale
features, while metal pads are fabricated on the mold as a mask
for photolithography. The mold is first imprinted into the
resist, which can be either a UV-curable monomer or negative
tone photoresist, and then the whole mold–substrate assembly
is exposed to UV radiation. After de-molding, the substrate is
immersed in a developer solution to remove the un-exposed
area. As a result, both the nano-scale and large-scale features
on the mold can be faithfully transferred onto the substrate.
The CNP approach can also be applied to create imprinted
structures free of residual layers (Fig. 4b).57 Molds with thin

Fig. 3 (a) Non-uniform pattern height during NIL; (b) non-uniform residual
layer thickness during NIL; (c) incomplete pattern transfer during NIL.
Reproduced with permission ref. 56. Copyright 2004, Elsevier.
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metal layers on top of the protruding patterns are prepared
first. During imprinting, the area underneath the protruding
nanostructures are not exposed, and therefore, they are fully
removed by the developer after de-molding.

Imprinting can also be carried out directly on substrates
without using any resist. Buzzi et al. proposed using Si molds to
pattern metal films (such as Ag and Au) at a high temperature
(400 1C) and pressure (300 MPa), with the Si molds subsequently
removed by wet-etching.58,59 This method can be thought of as
a micro-scale metal embossing/forging, and is effectively the
same technique used to make coins. Varghese et al. improved
the above method and demonstrated a low pressure (o4 MPa)
and temperature (25–150 1C) imprinting of Ag and Au plasmonic
nanostructures with Si molds, which could be recycled multiple
times.60 Here, although the applied imprinting pressure is low,
the contact area between the mold and metal film is so small that
the local pressure is orders of magnitude higher. When the
pressure is higher than the metal’s yield strength, the plastic
flow of the metal film allows the mold to protrude into it. Chou
and Cui et al. proposed ‘‘laser assisted direct imprinting’’, where
an excimer laser is first used to melt the surface of Si or metal
films, and then a quartz mold (which is transparent to the excimer
laser light) is pressured onto the substrate.61,62 The demonstrated

resolution was better than 10 nm and the embossing time was as
short as hundreds of nanoseconds.

To attain faster processing speed, roll-to-roll imprinting
has been gaining increased attention. Fig. 5 demonstrates a
scalable fabrication process of small-scale structures through
continuous roll-based nano-patterning techniques. Fig. 5a
depicts the roll-to-roll (R2R) imprinting of subwavelength-scale
dot patterns on a metal–insulator–metal (MIM) stacked polymer
film using a flexible stamp with the inverse profiles.63,64 As the
rolling proceeds under conformal contact between the stamp
roll and the substrate roll, the stamp continuously imprints
the patterns on a linearly-fed substrate typically coated with
UV-curable resins, which are subsequently cured by UV light at
the outlet of the contact zone. Not only can the R2R principle be
utilized in a continuous nanoimprinting, it can also be adopted
to scale up the traditional contact-based photolithography.
Photo roll lithography (PRL)65 is one such example. Fig. 5b
illustrates its process schematics: a flexible photomask is
attached to a hollow quartz roll within which a downward-
collimated UV light is mounted. A photoresist-coated substrate
is then fed underneath the roll, under conformal contact or in
proximity, and is continuously illuminated by the UV light. The
patterning step is completed by feeding the substrate through

Fig. 4 (a) Schematic of CNP using a hybrid mold to fabricate both nano-scale and large-scale features simultaneously. Reproduced with permission
ref. 56. Copyright 2004, Elsevier. (b) Schematic of CNP using a mold with light-blocking layers on top of the protruding patterns to fabricate residual-
layer-free imprinted structures. Reproduced with permission ref. 57. Copyright 2004, Elsevier.

Fig. 5 (a) Schematic of roll-to-roll (R2R) nanoimprinting for the continuous fabrication of plasmonic dot patterns on a metal–insulator–metal (MIM)
stack. Reproduced from ref. 64. Copyright 2012, the American Institute of Physics. (b) Schematic of the photo roll lithography (PRL) processing of Al metal
mesh patterns on PET film. Reproduced from ref. 65. Copyright 2013, John Wiley and Sons.
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the developing module. By controlling the relative motion between
the mask and substrate, identical or elongated patterns can be
produced. A variety of thin-layered, geometrically-tunable photonic
structures can therefore be fabricated by R2RNIL and PRL in a
continuous and scalable fashion, including wire-grid polarizers,66

color filters,67 solar cells,68,69 flexible electronic devices,70,71

and optical filters.64,65

In addition to the aforementioned roll-based methods, a series
of other methodologies have also been inspired by continuous
and dynamic printing principles (i.e., pullout, pressing, indenting,
and forging), as shown in Fig. 6. Dynamic nano-inscribing (DNI)72

realizes a continuous creation of seamless grating structures over
substrates of any length, by sliding the cleaved grating mold edge
over a compliant polymer substrate under conformal pressure
and proper heating (Fig. 6a). DNI can be applied to many polymer
films, and the resulting pattern profiles can be controlled by the
localized heating. The nature of the conformal line (i.e., the tool
edge) in the contact-based patterning of DNI enables continuous
patterning on flat or curved surfaces, as well as along circular or
bent paths (Fig. 6c).72 Another technique, vibrational indentation-
driven patterning (VIP) (Fig. 6b),73 can achieve the real-time pitch-
tunable fabrication of grating structures on various polymer

Fig. 6 Schematic of (a) dynamic nano-inscribing (DNI) and (b) vibrational indentation patterning (VIP) processes. Reproduced from ref. 74. Copyright
2014, Royal Society of Chemistry. (c) Various patterning examples fabricated by DNI. Reproduced from ref. 72. Copyright 2009, American Chemical
Society. (d) Various patterning examples fabricated by VIP. Reproduced from ref. 73. Copyright 2013, John Wiley and Sons. (e) Multidimensional nano-
patterning schemes and representative SEM images, enabled by the combination of DNI and VIP. Reproduced from ref. 74. Copyright 2014, Royal Society
of Chemistry.
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materials. It utilizes the high-frequency vertical vibration of
a rigid flat edge to periodically create indentations of line
patterns on a horizontally-moving substrate. By adjusting the
tool angle, vibration frequency, and the substrate moving
speed, diverse grating patterns, such as pitch-variable chirped
gratings, and angle-variable blazed gratings, can be created in a
continuous and high-throughput manner (Fig. 6d). Moreover,
DNI and VIP can be combined to fabricate various 2D and
multidimensional micro- and nano-scale patterns, as demon-
strated in Fig. 6e.74 Many photonic applications, especially
those that require nonlinear, tunable, and multidimensional
pattern architectures, may benefit from such processes.

2.3 Imprint resists

After imprinting is completed, the patterned resist can be
subsequently employed as a mask to transfer the patterns to
the substrate beneath (by etching or lift-off), or the resist itself
can directly function as part of the photonic devices. Compared
to other lithography techniques, nanoimprinting is capable of
processing a variety of materials. Table 1 lists some commonly
used imprint resists and their processing conditions. High-
refractive-index materials (refractive index of around 2 or even
higher) are promising for building compact micro- and nano-
scale photonic devices and light circuitry. However, such a high
refractive index is not easily attainable in organic materials.
Toward this end, titania-based NIL resists using sol–gel chemistry
have been developed.75,76 Lastly, the properties of imprinting
resists can be further enriched by doping them with functional
groups, such as quantum dots and organic dyes.77–79

3. Imprinted photonic elements
3.1 Optical interconnects

Traditional electronic interconnects have constraints, such as a
limited operating speed, electromagnetic interference, and power

and heat dissipation issues at high operating frequencies.93,94

Optical interconnects not only can address the above issues, but
also provide additional benefits, such as wavelength-division
multiplexing capabilities and a reduced power consumption.95,96

Polymer-based photonic devices are attractive candidates for
low-cost and high-performance optical interconnects due to their
compatibility with Si and GaAs fabrication technologies,97,98 and
ability to be integrated with various passive and active devices.99

In addition, the refractive index of most polymers (1.5–1.7) is
nearly matched to that of glass optical fibers (1.5–1.6), resulting
in only a small Fresnel reflection loss at the interfaces in the
butt-coupling of waveguides and input/output fibers. Also, single
mode polymer waveguides have lower index contrast and thus
provide better mode-matching with single mode fibers compared
to silicon waveguides. Moreover, there are a range of low-loss
optical polymers in the telecommunication band, such as
poly(methyl methacrylate) (PMMA), SU8, polystyrene (PS), orga-
nically modified ceramics (ORMOCERs), etc., and their absorption
loss can be below 0.1 dB cm�1.100 At last, polymers are spin-on
films so they can be easily spin-coated onto various substrates,
which simplifies the fabrication.

One common method to fabricate polymer-based optical
interconnects is to use lithography techniques (e.g., photo
lithography) to define patterns into the resist first, and then
to transfer the patterns from the resist to the optical polymer
via plasma etching.101,102 This method is straightforward, but
not cost-effective due to the complicated fabrication process
and low throughput. Another approach is to directly pattern a
low-loss UV-curable polymer by lithography. However, this
method has limitations of poor dimension and profile control
(e.g., results in a rough surface morphology of the patterned
resist) due to the effects of wave diffraction, as well as interface
and substrate scattering in the lithography step. In addition,
UV photo bleaching is another method to form a photonic
waveguide by creating a refractive index variation of the polymer
core in the passive regions of the waveguide; however, the polymer

Table 1 Commonly used imprint resists and their processing conditions

Name Imprinting condition Notes

Poly(methyl methacrylate) PMMA Thermal (140–180 1C, 600–1900 PSI80) One of earliest imprint resists, and also a popular positive tone
Ebeam resist

Polystyrene (PS) Thermal (180 1C, 600 PSI81,82) Has been used to make waveguide devices, such as a microring
resonator

Polycarbonate (PC) Thermal (220 1C, 1066 PSI82) Tough polymer material that can endure the de-molding forces after
NIL

NEB22 Thermal (120–140 1C, 725 PSI83) Formulated by SUMITOMO chemical, and also works as a negative
tone Ebeam resist

PVPK Thermal (90 1C, 101 PSI84) Better etching resistance than PMMA
Cyclic olefin copolymer (COC) Thermal (170 1C85) Highly transparent, chemically resistant, and low water absorption
MR series Thermal, UV or combined thermal

and UV
Commercial imprint resists from Micro Resist Technology Inc.

SU8 Combined thermal and UV56,86 Commonly used negative tone photo resist
Cytop Thermal (150 1C, 600 PSI87) Formulated by ASAHI Glass. Low surface energy. Used for fabricating

imprint molds88 or nanofluidic channels87

UV15 series UV89 Commercial product from Masterbond Inc.
Ormostamp UV90 Commercial imprint resists from Micro Resist Technology Inc.

Used for imprint mold duplication
Ormocore/clad UV91 Commercial imprint resists from Micro Resist Technology Inc.
NOA series UV92 Commercial UV-curable resins from Norland Inc.
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material has to be electro-optically (EO) active, which limits this
method’s wider application.103,104 Instead, imprinting can
effectively overcome the above shortcomings. Imprint molds
can be carefully prepared to have smooth profiles (such as by
resist reflow or thermal oxidation, as discussed in Section 2.1),
and therefore, the imprinted structures can have significantly
improved profiles compared to their counterparts fabricated
by plasma etching or direct photon/electron exposure.45,105

Moreover, imprinting is compatible with various thermal or
UV-curable materials (details discussed in Section 2.3), and at
the same time, provides roll-to-roll (R2R) patterning capabilities at
both the micro- and nano-scale. Therefore, imprinting provides
a viable solution for the high-rate manufacturing of low-cost
polymer-based optical interconnects.

Various polymer-based optical interconnects have been
demonstrated, including both passive and active devices. Passive
devices include waveguides, splitters, combiners, interferometers,
directional couplers, resonators, tapers, filters, and mode con-
verters.75,106–113 Multiple-layer interconnects can also be fabricated
through aligned multiple steps of imprinting.91 By employing
polymers whose properties can be modulated by external
stimuli (e.g., by heating, electrical current, etc.), active optical
interconnects, such as modulators and switches,89,114–116 can
be implemented. Here, a printed electro-optic (EO) modulator
will be discussed as an example. EO modulators are capable of
encoding electric signals onto optical carriers, and have various
applications in high-speed communication networks, radar
systems, high-frequency optical chopping, RF wave sensing,
etc.117–119 They can be made of different configurations, such as
microring resonators,120 Mach–Zehnder interferometers (MZIs),89,121

directional couplers,102 etc. A schematic of an EO modulator
based on a Mach–Zehnder interferometer is shown in Fig. 7a.
A voltage applied on the modulating arm causes a change in the
refractive index of the constituent EO polymer, leading to a
propagation phase change when light travels through this arm.
Such a phase modulation ultimately translates to an intensity
modulation at the output port of the MZI.

To fabricate such a device, a transparent mold made of
epoxy silsesquioxane (SSQ)198 was duplicated from a silicon
hard mold first. Then, the transparent flexible mold was used
to imprint the core region in a UV-curable resin (UV15LV),
serving as a bottom cladding layer coated on a substrate with
pre-defined Ag bottom electrodes. Afterwards, a layer of EO
polymer (AJ-CKL1) was spun on the printed bottom cladding,
which not only filled the imprinted core trenches, but also
formed a planar top surface for the subsequent processing.
Next, the top cladding layer made of UFC-170A was spun-coated
and cured by UV radiation. Finally, the top silver electrodes
were patterned using ink-jet printing, which concluded the
device fabrication. Fig. 7b shows a cross-sectional SEM of the
fabricated EO modulator. Note that the spin-coating method
can easily be replaced with the ink-jet printing method for
creating an ‘all-printed’ device platform.

To achieve EO activity, the EO polymer is poled first, wherein
an electrical field (about 80 V mm�1) is applied between the top
and the bottom Ag electrodes. The temperature is increased
from room temperature to the glass transition temperature
of the EO polymer (B140 1C), and then quickly decreased to
room temperature. For measuring the fabricated structure, a
TM-polarized light at 1550 nm wavelength is launched into the

Fig. 7 (a) Schematic of a printed EO modulator. (b) Cross-sectional SEM of the fabricated EO modulator. (c) 100 KHz triangular electrical driving signal,
and the corresponding modulated optical output signal from the EO modulator. Reproduced with permission ref. 89. Copyright 2013, Optical Society
of America.
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device using a single mode lensed fiber, and the output light is
collected by another lensed fiber. Fig. 7c shows the modulated
output signal when a 100 KHz triangular wave is applied across
the electrodes.

3.2 Optical sensors

Optical sensors have many advantages over conventional electro-
nic sensors, such as high sensitivity, compact size, multiplexing
capability, and robustness against electromagnetic interference.
On-chip optical sensors have various forms, such as photonic
crystals,122–124 plasmonics,125,126 metamaterials,127,128 and micro-
resonators.129–131 Their sensing mechanism can be generally
understood to be due to the devices’ optical characteristics (e.g.,
transmission, reflection or absorption) being affected by external
stimuli, which may be biochemical/gas molecules,132–134 mechanical
vibrations,135,136 temperature variations,137 electromagnetic
waves,101,119,138 etc. Low-cost and large-scale sensors that can
be manufactured at high volumes are in demand. Fortunately,
these requirements can be easily met by the simplified fabrication,
increased throughput, and improved reproducibility of NIL.10 As
an example, a printed optical microring resonator as well as its
applications in refractometric sensing and acoustic wave detection
are discussed below.

Fig. 8a shows the schematic of a microring resonator. The
device consists of a straight waveguide and a circular waveguide
in close proximity.139 A microring with this configuration can
be treated as a miniature Gires–Tournoise etalon (reflection
type Fabry–Perot interferometer), wherein one end of the bus
waveguide serves as the input and the other end as the output.
Light is coupled in and out of the ring in the small gap region
between the ring and the straight waveguide. At certain input
wavelengths, there are constructive interferences inside the
ring, leading to transmission intensity dips at the output.105

The resonant wavelengths are determined by various factors,
including the ring diameter, the cross-section area, and the
refractive indices of both the ring itself and its surrounding
media. Any perturbation of the above factors will lead to

resonant wavelength shifts of the device, which is the foun-
dation of optical sensing with microring resonators.

Two sensing schemes can be utilized by looking at the device
transmission behavior: monitoring the resonant wavelength
shift with input light of tunable wavelengths (Fig. 8d), or
monitoring the output intensity variation with input light of a
fixed wavelength (Fig. 8e). The former scheme provides a wider
detection range, but requires a complicated setup for the
spectrum measurements. For the latter scheme, the input laser
wavelength is fixed at the slope of the ring resonance curve, and
therefore, a tiny shift of the resonant wavelength will be
converted to a varied output intensity. However, this method
is limited to a narrow detection region, which is about half of
the resonant bandwidth or even narrower. For both schemes,
the detection sensitivity is closely related to the device’s quality

factor (Q factor), defined as
l
Dl

, where l is the resonant

wavelength and Dl is the full width half maximum (FWHM)
of the resonance curve. A high Q factor denotes a sharp
resonance curve, and thus, a higher detection sensitivity.

There are various ways to fabricate polymer microrings,
including using electron-beam lithography, photolithography,
or imprinting to directly pattern the polymers, or by first using
the above techniques to define features on different materials
and then subsequently transferring the patterns onto the polymers
by etching. Compared with other methods, imprinting can pattern
features of various dimensions in high fidelity and with great
repeatability. By carefully optimizing the mold fabrication process
(as explained in Section 2.1, particularly with thermal reflow and
thermal oxidation), Si molds with smooth sidewall profiles can be
obtained.44,45 High quality molds contribute to printed polystyrene
microrings with Q-factors in the order of 105 (Fig. 8b and c).140

Moreover, imprinting could be expanded to roll-to-roll configura-
tions for high-volume productions.

Biochemical sensing utilizes the evanescent wave outside
the ring resonator to probe analytes on the sensor surface or in
its surrounding medium. The presence of analytes modifies the

Fig. 8 (a) Schematic of a microring resonator. (b) SEM picture of an imprinted polystyrene (PS) microring resonator. Reproduced with permission ref. 81.
Copyright 2014, American Chemical Society. (c) Transmission spectrum of a microring around 780 nm with a Q factor of 4 � 105. Reproduced with
permission from ref. 140. Copyright 2011, AIP Publishing LLC. (d) Schematics of sensing by monitoring the resonant wavelength shift with input light of
tunable wavelengths. (e) Schematics of sensing by monitoring the intensity variation with input light of a fixed wavelength.
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effective refractive index experienced by the optical mode
propagating inside the ring, thus changing the device’s resonant
wavelengths.132 Polymers as constituent materials have the
advantages of rich surface functionality as well as low cost and
simple processing.82 As mentioned earlier, the sensing can be
implemented by either monitoring the resonant wavelength shift
or by monitoring the output intensity change for a fixed laser
wavelength. Based on the latter scheme, an imprinted polystyrene
(PS) microring acts as a high-performance acoustic sensor. In this
application, the incident ultrasound waves modulate the polymer
refractive index (by the elastic-optic effect141), as well as deform
the ring waveguide geometry, both of which change the device
resonant wavelengths. If the probe laser wavelength is fixed at the
sharp slope of the resonance curve, the ultrasound waves will be
faithfully recorded using the time-varying output intensity from
the microring output. The device has a flat frequency response
from nearly DC up to B350 MHz at �3 dB, as well as a low noise
equivalent pressure (NEP) of 105 Pa over this band. Such a broad
bandwidth leads to a record-high sub-3 mm axial resolution in
photoacoustic imaging.81 Microrings have been applied in various
photoacoustic imaging systems, such as microscopy142,143 and
tomography,135 as well as in non-imaging systems, such as real-
time terahertz (THz) detection.138,144

3.3 Solar cells

Solar cells convert sunlight into clean electrical power, and
provide a virtually unlimited supply of energy. To boost their
power conversion efficiencies, one commonly used strategy is
light management: i.e., optimizing light absorption efficiency
in the photoactive layer. This is especially important for thin-
film based solar cells (e.g., organic solar cells, thin silicon
cells, etc.),145,146 which have much thinner light absorption
layers than their wafer-based crystalline counterparts. Various
nanostructures have been proposed for light management in
solar cells, for which Brongersma et al. provided an efficient

and incisive summary.147 NIL is a powerful tool to fabricate
these nanostructures in a cost-effective and scalable fashion.
One commonly used type of these approaches is textured
substrates, which can scatter/diffract the incident sunlight
and thus, increase its optical path in the absorbing layers.
UV-NIL has been employed to transfer the nanostructures from
a self-textured ZnO film into a UV-curable resin coated on glass
substrates, and thin Si solar cells built upon such substrates
have shown enhanced power conversion efficiencies (Fig. 9a).148

Besides the advantages of repeated use of ZnO nano-textured
molds, this imprinting method also avoids high temperature
operation and is applicable in building solar cells on inexpensive,
flexible polymer substrates (e.g., PET).149 To further reduce the
cost of nano-textured molds, Blu-ray movie disks have been
investigated as imprint templates. Interestingly, their quasi-
random nanostructures, which were designed for optimizing
data compression and error tolerance, are also nearly optimized
for photo management in solar cells as well.42 Besides the
scattering effect, optical resonance has also been explored to
enhance solar cell performance. For example, 1D silver (Ag)
nanowires fabricated by NIL have been applied as semi-transparent
anodes in organic solar cells (Fig. 9b).150 When properly designed,
the Ag nanowires can effectively couple the incident light to
surface plasmon (SP) waves, which are enhanced electro-
magnetic fields at the interface between the metal and dielectric
layers. Since the thickness of semiconductor layers in organic
solar cells is typically tens of nanometers and is within the decay
length of the surface plasmon resonance (SPR), SPR enhancement
will boost light absorption in the photoactive layer and thus,
enhance the power conversion efficiency (Fig. 9c). Parallel to
light management, which promotes device performance from
the ‘‘optical’’ perspective, there are also efforts to optimize
the photoactive layer morphology in order to increase the
exciton dissociation rates, as well as to facilitate charge carrier
transport.151,152 A vertically bi-continuous and inter-digitized

Fig. 9 Various imprinted structures in solar cells: (a) cross-section view of a Si solar cell with an imprinted textured substrate. Reproduced with
permission ref. 148. Copyright 2010, American Chemical Society. (b) Schematic and SEM cross-section of a small molecular weight organic solar cell with
a nanoimprinted Ag nanowire anode. (c) Simulated electric field profiles of Ag nanowire and ITO devices for TM- and TE-polarized incident light at the
wavelength of 530 nm. There is enhanced light field in the active layer for the Ag nanowire solar cells. Reproduced with permission ref. 150. Copyright
2010, John Wiley and Sons. (d) High aspect ratio 15 nm scale imprinted organic semiconductor nanopillars: poly[N-900-hepta-decanyl-2,7-carbazole-alt-
5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)] (PCDTBT), and a small molecular organic semiconductor fullerene derivative. Reproduced with
permission ref. 153. Copyright 2015, John Wiley and Sons.
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heterojunction between donor and acceptor has been regarded
as one of the ideal structures for efficient charge separation and
transport, and such structures can be fabricated by thermal
NIL. This process could be further extended to solution-based
soft-printing lithography, and in line with this, high aspect
ratio polymer semiconductor nanopillars with a diameter of
15 nm were successfully demonstrated by utilizing a PDMS
nanohole-type soft stamp (Fig. 9d).153 Finally, to move toward
the scalable fabrication of nanostructures over large areas, R2R
NIL and SCIL have been employed.154

3.4 Plasmonic devices and metamaterials

Plasmonic devices and metamaterials, i.e., electromagnetic
structures engineered on subwavelength scales, exhibit extra-
ordinary optical properties not offered by natural optical materials.
The study of these devices has been a thriving research area over
the past decade, and they have demonstrated numerous pheno-
mena, such as extraordinary light transmission,155 super-resolution
imaging,156 negative refraction,157 cloaking,158–160 hyperbolic

dispersion,161 anomalous refraction,162 structural colors,163,164

asymmetric light transmission,165,166 and optical modulations.167–169

To fabricate the constituent nanostructures (especially for devices
working in the visible or NIR), both top-down (Ebeam, FIB, and
NIL) and bottom-up approaches (various self-assembly methods)
have been employed. Compared to other techniques, NIL provides
an efficient and cost-effective way to fabricate plasmonic and
meta-devices over large areas on various substrates. For example,
large-area 1D grating molds manufactured by inexpensive inter-
ference photolithography can be employed to fabricate various
meta-devices whose building blocks (unit cells) are in the ‘‘1D
line’’ form, such as structural color filters (Fig. 10a)163,170 and
hyperbolic metamaterial absorbers (Fig. 10b).171 Moreover,
through performing imprinting twice with two 1D grating molds
(or the same 1D mold) and by controlling the orientation between
them, 2D plasmonic arrays of varied sizes, shapes and spacings
were created (Fig. 10c).172 For more complex patterns, the molds
are usually first fabricated by other nanolithography techniques
(e.g., Ebeam, FIB, etc.). Compared to directly using Ebeam or FIB

Fig. 10 Various imprinted plasmonic and metamaterials: (a) imprinted structural color filters with a corresponding SEM picture in the bottom right
corner. Reproduced with permission ref. 163. Copyright 2013, Nature Publishing Group. (b) Left: Schematic of fabricating tapered hyperbolic
metamaterials through NIL and metal/dielectric deposition and lift-off; right: SEM of the fabricated structure. Reproduced with permission ref. 171.
Copyright 2014, American Chemical Society. (c) Left: Schematic of fabricating a 2D imprinting mold through imprinting twice with 1D molds; right: SEM
of various imprinted plasmonic arrays. Reproduced with permission ref. 172. Copyright 2008, John Wiley and Sons. (d) Left: Printed negative index
metamaterials (NIMs) on a flexible foil; right: SEM of the Swiss-cross NIMs. Reproduced with permission ref. 173. Copyright 2011, IOP Publishing Ltd.
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to fabricate the devices, imprinting can significantly improve the
throughput and can produce large-area samples with a high level
of reproducibility. Based upon this approach, printed negative
refractive index materials (Fig. 10d),173–175 meta-absorbers,176,177

and polarization conversion devices178,179 have been demonstrated.

4. Beyond imprinting
4.1 Direct laser writing

Three-dimensional (3D) printing has attracted tremendous
interest in recent years and is indispensable for rapid proto-
typing in applications ranging from industrial parts to everyday
merchandize. However, the widely known 3D printing techniques
usually cannot achieve resolutions down to the nano- or even
micro-scale levels. Fortunately, direct laser writing (DLW) has the
ability of 3D micro-scale printing (m-printing), which is based on
the nonlinear optical absorption and polymerization of photo-
sensitive materials. Hohmann et al., Fischer et al., and Sugioka
et al. provide comprehensive summaries of this technology.180–182

The originally proposed DLW technique uses a NIR femto-second (fs)

laser incident on the backside of the substrates (schematics
shown in Fig. 11b, left part).183 The laser is focused by an objective
lens into the photosensitive materials (resins) coated on the front
side of the substrate. Both the substrate and resins are trans-
parent to the fs laser, which guarantees minimal attenuation of
the incident fs laser. However, there is a strong optical field at
the focus of the laser beam, and therefore, two-photon (or even
multi-photon) absorption occurs inside this area, which conse-
quently cross-links and solidifies the resins. By scanning the laser
beam with a motorized 3D stage, complex 3D patterns are created.
The achievable height of the written structure is limited by the
working distance of the objective lens system. To further extend
the printing range along the vertical direction, dip-in DLW has
been developed.184 Instead of shining the laser through the
backside of the substrate, the laser is incident directly toward
the front side, and the photosensitive resin serves as both
the immersion media (refractive index matched with the sub-
strates) and the photoresists (Fig. 11b, right part). Based on this
geometry, structural heights up to several millimeters have
been demonstrated.184,185 To further increase the writing speed,
galvanometric-mirror-based scanners have been developed,

Fig. 11 Various schematics of direct laser writing (DLW): (a) galvanometric mirror-based DLW; (b) left: conventional DLW; right: dip-in DLW; (c) STED
DLW; (d) SLM-based DLW. Reproduced with permission ref. 180. Copyright 2015, John Wiley and Sons.
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which tilt the wave-front of the laser beam before it enters
the objective, and therefore achieve accurate displacement of
the focus spot of the laser beam (Fig. 11a). More recent
developments include super-resolution writing, spatial-light-
modulator-based writing, and the adoption of compact and
less-expensive laser sources. Similar to the stimulated emission
depletion (STED) microscopy,186 super-resolution DLW uses two
laser beams, i.e., the structuring beam and the phase modulation
depletion beam. The first beam is for resin polymerization, while
the latter one is for turning the above polymerization process ‘on’
and ‘off’ (Fig. 11c). STED direct writing breaks the light diffraction
limit and further improves the patterning resolution.187 In spatial
light modulator (SLM)-based writing, the SLM modulates the
wave-front of the incident laser beam on a pixel basis before it
enters the pupil of the focusing objective, and thus, achieves
beam steering, aberration correction, and parallel writing at the
same time (Fig. 11d).188,189 To reduce costs, laser diodes have
recently been employed, and have shown similar writing resolutions
to those achieved by complex conventional systems.190,191

Commercial DLW systems are available from vendors such as
Nanoscribe, World of Photonics, and Newport.

DLW enables the creation of various complex 3D photonic
structures, many of which cannot be easily fabricated by other
lithography techniques (Fig. 12). For example, 3D helical meta-
materials can be fabricated through a process based on DLW
combined with gold plating (Fig. 12a).192 Here, first, the helical
polymer cast is created by DLW. The voids in the polymer cast

are then filled with gold through electrochemical deposition.
The remaining polymer template is finally removed by an oxygen
plasma etching. Such devices work as compact IR broadband
circular polarizers by blocking circularly polarized light with the
same handedness as the helices, while transmitting circularly
polarized light of the opposite handedness. Being able to control
light beam propagation at will is useful for many integrated
photonic devices. DLW has been used to fabricate spatially-
variant photonic crystals (SVPCs) in SU-8, whereby the fabricated
device can bend the flow of light around a 901 turn (Fig. 12b).193

To accomplish this, the lattice spacing and fill factor remain
nearly constant throughout the structure, but the orientation of
adjacent unit cells is progressively rotated in order to gradually
guide the flow of light. 3D optical interconnects are useful for
on-chip optical devices, but are not easily fabricated by planar
lithography techniques, such as photolithography, Ebeam litho-
graphy, and NIL. In contrast, DLW is powerful for creating such 3D
structures, and indeed, it can be combined with the aforementioned
planar patterning techniques to fabricate various 2D/3D hybrid
optical devices, such as inter-chip photonic wire bonds194 and
on-chip polarization rotators195 (Fig. 12c and d).

4.2 Dip-pen nanolithography

Dip-pen nanolithography (DPN) was proposed by Chad Mirkin
and co-workers in 1999.15 It is one kind of the scanning tip
lithography,16 and employs atomic force microscope (AFM) tips to
deliver materials to the substrates via capillary transport (Fig. 13a).

Fig. 12 Various photonic devices fabricated by DLW: (a) left: schematic of gold helical wire fabrication using DTW and gold plating; right: SEM of the
fabricated structure. Reproduced with permission ref. 192. Copyright 2009, The American Association for the Advancement of Science. (b) False color
SEM of spatially-variant photonic crystals for directing the flow of light through a 901 turn. Reproduced with permission ref. 193. Copyright 2014, Optical
Society of America. (c) Inter-chip photonic wire bond fabricated by DLW. Reproduced with permission ref. 194. Copyright 2012, Optical Society of
America. (d) Mode evolution-based polarization rotator fabricated by DLW. Reproduced with permission ref. 195. Copyright 2014, Nature Publishing Group.
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The deposited materials can be either molecular inks typically
made of small molecules, which are coated onto the DPN tip and
delivered to the surface through a water meniscus; or liquid inks,
which can be any material that is in liquid form during deposition.
Besides being directly used as a part of the devices, these deposited
materials can also act as etching masks to transfer patterns to the
layers beneath.196

Compared with other lithography techniques, such as photo-
lithography and NIL, DPN is a rather slow process, except when
massive AFM tips are used to write on a substrate simultaneously.
However, DPN is attractive for quick prototyping, since it is a
mask-less process performed in an ambient environment.
Moreover, DPN can directly print various materials onto existing
nano- and micro-structures with nano-scale registrations, and the
substrates can be any material (including soft or insulating ones).
Although DPN is not widely used to fabricate photonic devices, it
can be combined with other lithography techniques to ‘‘decorate’’
exiting structures in a site-specific fashion. For example, DPN
is employed for the functionalization of wafer-scale diamond
integrated optical circuits using lipid mixtures, with a resolution
down to 100 nm.197 Here, transparent diamond thin films are first
deposited on oxidized silicon wafers by chemical vapor deposition
(CVD), resulting in diamond-on-insulator wafers. Ebeam litho-
graphy and reactive ion etching (RIE) are then applied to fabricate
the ring resonators on these wafers. Afterwards, the DPN tips are
used in parallel to modify the surfaces of several rings together.
Finally, 4 nm high, curved florescent lipid lines are written on the
waveguides, and these waveguides are evaluated by fluorescence

measurements (Fig. 13b). Such a method enables a site-specific
surface modification (coloring) of nanophotonic systems, without
the need to immerse the entire device in liquid solutions.

4.3 Combining imprinting with other lithography techniques

The functionalities of NIL can be further enhanced by combining
it with other lithography techniques. The continuous R2R
fabrication of photonic devices can be envisioned by utilizing
various lithography techniques, as shown in the schematics
of Fig. 14. Here, photolithography and ink-jet printing are
employed to fabricate micro-scale features, and NIL is then
used to pattern both the micro- and nano-scale ones. Laser
direct writing and Dip-pen nanolithography can be used for
‘‘decorating’’ the fabricated devices by adding 3D structures,
inter-chip optical connects, etc. With the aid of alignment
marks as well as quality inspections between steps, reasonable
alignment accuracies and layer qualities can be assured. The
development of such a high-rate manufacturing process enables
a new suite of high-performance, lightweight, and low-cost
integrated photonic systems to be developed.

5. Conclusions

Nanoimprinting provides a viable solution for fabricating high-
performance and low-cost micro-/nano-scale photonic devices
using a variety of materials on different substrates. By carefully
preparing the imprint molds, the fabricated structures can
be made with good profiles and smooth side-walls, which
contribute to the manufacturing of low-loss optical interconnects
and high quality factor optical resonators. Also, imprinting is
capable of processing various materials, including thermoplastic
polymers, UV-curable resins, and even metals. To move toward
fast processing speeds, roll-to-roll (R2R)-based imprinting has
been developed; and such a R2R processing scheme can be further
enhanced by combining imprinting with other complementary
lithography methods. It is worth studying how to incorporate these
new schemes into the existing product manufacturing process. In
the future, imprinting will continually be utilized to realize various
designs of emerging photonic devices. At the same time, new
imprinting resists as well as process schemes are to be investi-
gated. In the case of imprinting resists, for example, materials with
simpler imprinting requirements, better etching robustness, and
improved or new functionalities are desired. Imprinting schemes
with faster processing speed, better overlay accuracies, and less

Fig. 13 (a) Schematic of DPN, which employs an AFM tip to deliver
materials to the substrate via capillary transport. Reproduced with permission
ref. 14. Copyright 2007, Nature Publishing Group. (b) Schematic of using
DPN to ‘‘decorate’’ a diamond integrated optical circuit using lipid mixtures
(top), together with the fluorescent microscope micrograph showing the
result of three rings functionalized at the same time with three different
fluorescent inks using DPN (bottom). Reproduced with permission ref. 197.
Copyright 2014, John Wiley and Sons.

Fig. 14 Schematic of a continuous R2R fabrication process for photonic devices utilizing various lithography methods.
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defect generations are currently being developed. Printed photonic
components and even complete circuits can be envisioned in the
future.
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Efficient Guiding of Microtubule Transport with Imprinted
CYTOP Nanotracks, Small, 2005, 1, 409–414.

88 J. Bian, T. Yang, C. Yuan, H. Ge and Y. Chen, Sub-50 nm
UV-curing nanoimprint based on fluoropolymer, CYTOP,
mold, Appl. Phys. A: Mater. Sci. Process., 2013, 116, 79–84.

89 X. Lin, T. Ling, H. Subbaraman, X. Zhang, K. Byun and
L. J. Guo, et al., Ultraviolet imprinting and aligned ink-jet
printing for multilayer patterning of electro-optic polymer
modulators, Opt. Lett., 2013, 38, 1597–1599.
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