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Preface

Fabrication of micro- and nanostructure has opened new horizons in science and engineer‐
ing by employing novel lithographic techniques. The success of developing and manufactur‐
ing integrated circuits and micro- and nanodevice prolonged the innovative technological
advancements in nano- and microtechnologies. Nanofabrication is a ‘gating’ technology for
the achievement of all future advanced nanodevices. Lithography is more fascinating and
important to mankind since the prehistoric times are named after the art of printing from
stone to new material. Capitalizing on the latest origination of novel applications of lithogra‐
phy has proffered innovative technological advancements, which are rapidly implemented
for ground-breaking research, especially in the sub-nanoscale, which studies the physical
and chemical properties of lithographic process.

Several optoelectronic micro- and nanodevices and their systems employed in contempo‐
rary industry are decreasing in size and have reached the nanoscale range. Micro-/nanofab‐
rication is critical to the consciousness of the prospective benefits of innovative devices and
their systems for social order. The evolution of inventive lithographic technologies almost
rests on the utilization of the current physico-chemical materials. The basis of contemporary
industrial lithographic technologies that generate employments and superior track record
will be extended with new innovations by showing a significant improvement in compari‐
son with multiple patterning—extreme ultraviolet (EUV) and directed self-assembly (DSA).
In the structural artifact, the process of learning with respect to lithographic techniques
would lead to innovative applications to the scientific community, which has the prospect to
improve the quality of life.

In the present day, the latest lithographic methods provide an energetic, developing scientif‐
ic discipline at the vanguard of thin-film material sciences with good international scope
and connections.

The nanolithography technique is used for patterning in the nanoscale region, and this techni‐
que comprises photolithography, electron beam lithography (EBL), X-ray lithography, ex‐
treme ultraviolet lithography (EUVL), light coupling nanolithography (LCM), scanning probe
microscope lithography (SPM), nanoimprint lithography, dip-pen nanolithography and so
on. Besides semiconductors, non-semiconductor nano- and microtechnologies, e.g. MEMS,
sensors and magnetic storage media, are emerging and will eventually find their place in mar‐
kets as well. Furthermore, lithographic techniques find a wide range of applications in every‐
day life, starting from modern fluorescent lighting to light emitting diodes (LEDs), solar
concentrators and many other electrical and electronic equipments. The lithography necessi‐
ties for these technologies are so often entirely dissimilar from the semiconductor architec‐
tures. As a result, the aforementioned additional techniques of lithography may perhaps be
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employed for these applications. The capability to imitate lithographic patterns from micro‐
scale to nanoscale is of pivotal prominence to the advancement of micro-/nanoscience and its
technologies. This book would form the basis for a better fundamental understanding of the
capabilities and limitations of each type of lithography and may also suggest better, cheaper
or alternative lithography technologies to be considered in different applications.

The objective of this book is to offer timely and in-depth coverage of designated advanced
topics in lithographic techniques by eminent contributors. Also, researchers from various
fields are often working in the field of lithography. This book drives into structural compo‐
nents  concerning the many elements of knowledge necessary to comprehend both quantita‐
tively and qualitatively the cutting-edge subjects in lithographic methods.

The chapters for this book have been contributed by esteemed researchers in fields of litho‐
graphic fabrication and technology and cover the frontier areas of research and develop‐
ments in the field of micro- and nanolithographic science and technology. This book is
focussed at students and researchers wishing to gain a deeper understanding about the
many fundamental concepts that are of concern in relevant fields, and it is our anticipation
that you, the readers, will find this book useful for your work.

This book consists of six chapters covering topics related to the eminence of lithography, the
types of lithography with necessary examples, fabrication and reproduction of periodic
nanopyramid structures using UV nanoimprint lithography for solar cell applications, large-
area nanoimprint lithography and applications, micro-/nanopatterning on polymers, OPC
under immersion lithography associated to novel luminescence applications and EUV/soft
X-ray interference lithography.

I would like to thank all the contributors in this book for their tremendous efforts in deliver‐
ing an outstanding work. Last but not least, I would like to express my sincere gratitude to
Ms. Romina Rovan, IntechOpen publishing process manager, for the effective communica‐
tion and assistance during the preparation of this book. 

Jagannathan Thirumalai
SASTRA Deemed University, India
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1. Introduction

1.1. A laconic antiquity on lithography

Over the last three centuries the term “lithography” (from the ancient Greek lithos, mean‐
ing “stone,” and graphein, meaning “to write”) has been adopted [1]. And photogravure is a 
process that uses a stone (in general lithographic limestone) or the smooth surface of a metal 
plate. The printing technique of lithography was first invented by the German playwright 
and actor Alois Senefelder in the Kingdom of Bavaria in 1796, and was a viable method for 
publishing histrionic works [2, 3]. Lithography could be used to pattern a script or artwork 
on paper or other suitable material [4]. Only the stone parts would absorb the liquid; the 
design parts repelled it. Rolling on ink consisting of soap, wax, oil, and lampblack, the greasy 
material, which was coated over the pattern, could not cover the surface that was repelled by 
moisture in the blank areas. As soon as a sheet of paper was applied over the surface of the 
stone, a clean impression of the design was produced. Lithography established its popularity 
throughout the mid‐1900s because the process inspired printers to discover additional practi‐
cal and quicker techniques of printing drawings [5]. The history of lithography came about 
in four major steps: (1) the invention and early usage of the process; (2) the introduction of 
photography related to the process; (3) the addition of the offset press corresponding to the 
process; and (4) the discovery of the lithographic plate [6].

In 1850, the first steam litho press was invented by R. Hoe in France and was popularised in the
United States in 1868 [7]. Lithographic stones were used to prepare the image and a cylinder
covered with a blanket received the image from the plate, which was transformed to the respec‐
tive substrate. Direct rotary presses used for lithography were comprised of zinc and aluminium
metal plates, which were first produced in the 1890s. The first offset press was developed dur‐
ing 1906 by Ira W. Rubel [8] (who was a paper maker). From a press cylinder, an imprint was

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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inadvertently printed over the impression cylinder's rubber blanket. Once a sheet of paper was 
run along the press, an intense image was printed on it using the imprint that was being coun‐
terpoised on the rubber blanket. A.F. Harris, the inventor of offset lithography, noticed a similar 
effect. He then established an offset press applicable for the Harris Automatic Press Company in 
the same year. Harrold and Wright [9] invented the offset process and created the most familiar 
method of offset lithography from the 1925s to the 1950s using enhanced plates, inks (multico‐
lour), multicylinders, papers, etc. In the late 1950s, offset lithographic printing dominated all 
other offset printing methods because it produced sharper, clearer images than letterpress and 
also cost less when compared to engraving. Currently, the mainstream of offset lithographic 
printing (more than 50%), including newspapers, is mainly produced by using offset printing 
methods. Lithography, as well as the planographic printing method, makes the best use of the 
incompatibility of water and grease. In the offset lithographic technique, liquid/powder ink is 
coated onto a grease‐treated image over the flat printing surface; the blank portions that attract 
moisture repel the lithographic ink. Table 1 summarises the various lithography techniques in 
the nanometer and micrometer ranges and the prediction of innovative occurrences [10–31].

2. Next‐generation lithography in the new skylines of science and 
engineering

Fabrication on micro‐ and nanoarchitectures has opened new horizons in the area of engineer‐
ing, science and technology. The success of improving and yielding micro‐ and nanodevices 
and integrated circuits (ICs) by using photolithography practices is prominently incredible. 
Nanofabrication is considered as a “gating” technology for the accomplishment of all future 
advanced nanodevices. Over the past two decades, photolithography had been broadly used 
for the purpose of microdevices and integrated circuit (IC) technology. However, the wave‐
length of photons and the search for optics and resistance offered by the materials have lim‐
ited the resolution of nanostructures prepared from lithography to about 100 nm. In addition, 
next‐generation lithography (NGL) processes, such as maskless, E‐beam and direct write 
lithography, require specific and expert intervention to open up new product/market combi‐
nations. The movement towards 450 mm wafers presents its own set of challenges. The larger 
wafers require new processes, and equipment cost control is a key concern. The equipment 
needed to support these techniques needs to be as precise and reliable as the chips they make. 
There are five important candidates for NGL [32] technology to ensure rigorous growth: (1) X‐
ray proximity, (2) extreme ultraviolet lithography (EUV), (3) ion projection lithography (IPL), 
(4) scattering with angular limitation projection electron‐beam lithography (SCALPEL), and 
(5) nanoimprint lithography (NIL). NGL technology would be familiarised and alike adept for 
the probable imminent in a mix‐and‐match mode along with optical lithography. Continuing 
developments based on NIL are leading semiconductor manufacturers to use this technologi‐
cal development as a probable auxiliary for optical lithography, but which may be limiting 
due to its reduced capacity [33, 34]. As a consequence, the existing tumult in the fabrication of 
novel technological developments is associated with the development of innovative thoughts 
on the emerging field of nanotechnology, high‐power LEDs, nano/micro‐ICs and so on.  
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inadvertently printed over the impression cylinder's rubber blanket. Once a sheet of paper was 
run along the press, an intense image was printed on it using the imprint that was being coun‐
terpoised on the rubber blanket. A.F. Harris, the inventor of offset lithography, noticed a similar 
effect. He then established an offset press applicable for the Harris Automatic Press Company in 
the same year. Harrold and Wright [9] invented the offset process and created the most familiar 
method of offset lithography from the 1925s to the 1950s using enhanced plates, inks (multico‐
lour), multicylinders, papers, etc. In the late 1950s, offset lithographic printing dominated all 
other offset printing methods because it produced sharper, clearer images than letterpress and 
also cost less when compared to engraving. Currently, the mainstream of offset lithographic 
printing (more than 50%), including newspapers, is mainly produced by using offset printing 
methods. Lithography, as well as the planographic printing method, makes the best use of the 
incompatibility of water and grease. In the offset lithographic technique, liquid/powder ink is 
coated onto a grease‐treated image over the flat printing surface; the blank portions that attract 
moisture repel the lithographic ink. Table 1 summarises the various lithography techniques in 
the nanometer and micrometer ranges and the prediction of innovative occurrences [10–31].

2. Next‐generation lithography in the new skylines of science and 
engineering

Fabrication on micro‐ and nanoarchitectures has opened new horizons in the area of engineer‐
ing, science and technology. The success of improving and yielding micro‐ and nanodevices 
and integrated circuits (ICs) by using photolithography practices is prominently incredible. 
Nanofabrication is considered as a “gating” technology for the accomplishment of all future 
advanced nanodevices. Over the past two decades, photolithography had been broadly used 
for the purpose of microdevices and integrated circuit (IC) technology. However, the wave‐
length of photons and the search for optics and resistance offered by the materials have lim‐
ited the resolution of nanostructures prepared from lithography to about 100 nm. In addition, 
next‐generation lithography (NGL) processes, such as maskless, E‐beam and direct write 
lithography, require specific and expert intervention to open up new product/market combi‐
nations. The movement towards 450 mm wafers presents its own set of challenges. The larger 
wafers require new processes, and equipment cost control is a key concern. The equipment 
needed to support these techniques needs to be as precise and reliable as the chips they make. 
There are five important candidates for NGL [32] technology to ensure rigorous growth: (1) X‐
ray proximity, (2) extreme ultraviolet lithography (EUV), (3) ion projection lithography (IPL), 
(4) scattering with angular limitation projection electron‐beam lithography (SCALPEL), and 
(5) nanoimprint lithography (NIL). NGL technology would be familiarised and alike adept for 
the probable imminent in a mix‐and‐match mode along with optical lithography. Continuing 
developments based on NIL are leading semiconductor manufacturers to use this technologi‐
cal development as a probable auxiliary for optical lithography, but which may be limiting 
due to its reduced capacity [33, 34]. As a consequence, the existing tumult in the fabrication of 
novel technological developments is associated with the development of innovative thoughts 
on the emerging field of nanotechnology, high‐power LEDs, nano/micro‐ICs and so on.  
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A maskless NGL tool could meet the following requirements: cycle time, mask cost, removal 
of the mask input to the compact disk (CD) control, etc. With a comparable industrial price 
for numerous wafers per mask, there would be a need for this NGL implement by means of 
no issue whether the manufactured goods is logic, flash, or Dynamic Random Access Memory 
(DRAM). This trend continues uninterrupted. As followed by Moore’s law, it is required to 
follow the incessant progressions in lithographic steadfastness.

3. Conclusion

In light of the aforementioned discussion, lithography has shown that, with high novel scientific 
achievements and research, it may outshine other innovative applications for the purpose of 
common interest. Among the major notable growth areas are the diverse fields of nanotechnol‐
ogy, photovoltaics/solar cells, displays, LEDs and eco‐friendly materials. Differences in innova‐
tive lithographic printing techniques continue to be improved through novel global progressions 
in spectral imaging, time‐correlated single‐photon counting, noninvasive optical biopsy, visual 
implants and kinetic chemical reaction rates. Hence, research on exclusive lithographic printing 
technological accomplishments would lead the way to more effective techniques, while coating 
thin films at the atomic level may turn out to be the ideal printing technology for the future.
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Abstract

In this chapter, the fabrication and replication of periodic nanopyramid structures suit-
able for antireflection and self-cleaning surfaces are presented. Laser interference lithog-
raphy (LIL), dry etching, wet etching, and UV nanoimprint lithography (UV-NIL) are
employed for the fabrication and replication of periodic nanopyramid structures.
Inverted nanopyramid structures were fabricated on Si substrates by LIL and subse-
quent pattern transfer process using reactive ion etching, followed by potassium
hydroxide (KOH) wet etching. The fabricated periodic inverted nanopyramid structures
were utilized as a master mold for the nanoimprint process. The upright nanopyramid
structures were patterned on the OrmoStamp-coated glass substrate with high fidelity
in the first nanoimprint process. In the second nanoimprint process, inverted nano-
pyramid structures were replicated on the OrmoStamp-coated substrate using the fabri-
cated upright nanopyramid glass substrate as a mold. The replicated inverted
nanopyramid structure on resist-coated substrate was faithfully resolved with the high
accuracy compared to original Si master mold down to nanometer scale. Both upright
and inverted nanopyramid structures can be utilized as surface coatings for light trap-
ping and self-cleaning applications for different types of solar cell and glass surfaces.

Keywords: nanopyramid, laser interference lithography, nanoimprint lithography,
reactive ion etching, wet etching, SEM, AFM, thermal evaporation, oxidation, solar cells

1. Introduction

In the last few decades, nanostructure applications have attracted increasing interest in many
fields ranging from nanoscale electronics to bionanotechnologies [1–4]. Nanostructures can be
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pyramid structures were replicated on the OrmoStamp-coated substrate using the fabri-
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nanopyramid structure on resist-coated substrate was faithfully resolved with the high
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ping and self-cleaning applications for different types of solar cell and glass surfaces.
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1. Introduction

In the last few decades, nanostructure applications have attracted increasing interest in many
fields ranging from nanoscale electronics to bionanotechnologies [1–4]. Nanostructures can be
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fabricated by several techniques including electron beam lithography (EBL) [5], laser interference
lithography (LIL) [6], focused ion beam lithography (FIB) [7], nanosphere lithography (NSL) [8],
block copolymer lithography (BCPL) [9], and nanoimprint lithography (NIL) [10, 11].

NIL’s ability to provide high-resolution, high-throughput, low-cost, and highly repeatable
patterning of nanoscale structures offers potential benefits to numerous electrical, optical,
photonic, magnetic, and biological applications. These include hybrid plastic electronics [12],
organic laser [13], organic light-emitting diode (OLED) pixels [14], nanoelectronics devices in
Si [15], nanoscale protein patterning [16], high-density quantized magnetic disks [17], broad-
band polarizers [18], manipulating DNA in nanofluidic channels [19] and solar cells [20–22]. In
this study, UV nanoimprint lithography (UV-NIL) process was mainly used to replicate
nanopyramid structures for solar cell applications.

This chapter addresses the fabrication and replication of periodic nanopyramid structures by
LIL and UV-NIL. Thus, the fabrication processes of the inverted nanopyramid structures on Si
substrates by LIL and subsequent pattern transfer process using reactive ion etching (RIE),
followed by potassium hydroxide (KOH) wet etching are presented in detail. The development
of the UV-NIL and imprint processes for the replication of upright nanopyramid and inverted
nanopyramid structures on glass substrates are also discussed in detail.

2. Fabrication of inverted nanopyramid structures

In this section, the fabrication process of periodic inverted nanopyramid structures is
discussed step by step. In Section 2.1, the basic theory of LIL and the description of experimen-
tal setup details are presented. The design and preparation of the multilayer stack substrates
for LIL are described in Section 2.2. In Section 2.3, the details of the single and double LIL
exposure process are discussed. Cavity pattern transfer from the soft resist into thermal SiO2

hard mask layer using reactive ion etching and finally the formation of inverted nanopyramid
structures on Si substrate using KOH wet etching are demonstrated in Section 2.4.

2.1. Lloyd’s mirror interference lithography

There are various types of interference lithography methods such as Mach-Zehnder interfer-
ometer [23], Lloyd’s mirror interference lithography (LIL) [24], and scanning beam interference
lithography [25], used for different applications. In this work, LIL was utilized to obtain the
periodic patterns on photoresist over a large area. The significant benefit of this method is that
the period of the pattern can be organized more easily by rotating the stage compared with
other two beam interference methods.

A schematic illustration of LIL optical setup is presented in Figure 1(a). A 50-mW HeCd laser
with a coherence length of 30 cm at 325 nm was used as the light source in this work. A
commercial spatial filter comprises a 5-μm diameter pinhole and a UV objective lens with a
focal length of 5.77 mm, which removes the high-frequency noise of the laser to attain a clean
Gaussian beam profile. The LIL consists of a substrate holder and an aluminum mirror, both
placed perpendicular to each other onto the rotation stage, as shown in Figure 1(b). A UV-
enhanced aluminum-coated mirror was used due to its enhanced reflectance in the UV region
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over a broad range of angles compared to other mirrors. The interference pattern could be
disturbed by any vibrations. In order to suppress the vibrations, the complete optical setup
was built on the actively damped table. The center of the sample holder and aluminum mirror
was located on the optical axis of the laser beam. The coherent laser beam was generated by
using the spatial filter at Lloyd’s mirror interferometer. A coherent beam illuminates both the
mirror and the substrate. There are two parts of the expanded light, which strikes on the
substrate. The part of the expanded light, which is directly illuminating the substrate, inter-
feres with the part of the expanded light that is reflected from the mirror surface. This
interference gives a periodic line pattern given by Eq. (1). The two-dimensional (2-D) arrays
of dots, holes, and variations on them can be recorded with a substrate rotated by 90� during
the second exposure. The structure period depends on the laser wavelength and the incident
angle between the two beams. The periodicity, p, of horizontal standing wave interference
pattern can be represented by Eq. [26]:

p ¼ λ
2 sinθ

(1)

where λ is the laser wavelength and θ is the half angle between the incidence beams. The
period of the pattern can easily be controlled by changing the angle θ which is equivalent to
the rotation of the stage. The greatest advantage of Lloyd’s mirror is the ease of period control.
However, the UV-enhanced aluminum-coated mirror’s quality (related to flatness and perfec-
tions) is a key factor that influences the quality of patterns.

Figure 1. The schematic sketch of optical setup of LIL (a), with the detail of the rotation stage (b).
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The main reason for the formation of an undesired pattern is the possible presence of the
vertical standing wave interference. The primary standing wave formed parallel to the sample,
whereas the second standing wave in the vertical direction formed perpendicular to the
sample, caused by surface reflection as shown in Figure 2. This undesired standing wave is
especially present in highly reflecting substrates such as metals or silicon.

The vertical standing wave period is influenced by the factors mentioned in Eq. (1) and the
refractive index (n) of the photoresist layer. It is given by Eq. (2) [27]:

pvertical ¼
λ

2n cosθ
(2)

The effect of the vertical standing wave can be reduced by decreasing the reflectivity at the
interface. In order to prevent these reflections, an extra layer can be added underneath the
photoresist layer. This layer should absorb the light and also reflect the light without phase
component reflected from the surface. In general, an anti-reflection coating (ARC) is used to
suppress the reflections at the interface. Hence, both the refractive index and the thickness of
the ARC perform a vital role to cut off the vertical standing wave. To simplify the pattern
transfer process, the thin interlayer between the ARC and the photoresist is also used.

2.2. Sample preparation

Silicon wafers were primarily used as samples for the LIL processes. A silicon oxide layer was
thermally grown on the silicon wafer to act as a masking layer during the wet-etching process,
whereas the second silicon oxide layer deposited on the interface between the ARC and photo-
resist layers using thermal evaporation method for further pattern transfer. The overall process
steps involved in the typical sample stack preparation are shown in Figure 3 for LIL process.

2.2.1. Substrate selection and cleaning

Single-side-polished, Czochralski (CZ) grown, 350-μm thick, Boron-doped p-type silicon
wafer with ⟨100⟩ crystal orientation and resistivity of 0.5–1.0 Ωcm was used as substrates. The

Figure 2. Primary and second standing waves formed parallel and perpendicular to the substrate by respective compo-
nents.
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wafer was immersed in a hot mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2)
(3:1 ratio by volume) for 10 min and rinsed with deionized (DI) water [28]. This cleaning
procedure was used to remove the metals and organic contamination. Then, the naturally
formed silicon oxide layer on the wafer was removed by immersing the wafer in diluted
hydrofluoric (HF) acid with DI water (1:10) for 10 s. After that, the wafer was rinsed with DI
water and finally blown with nitrogen gas.

2.2.2. Thermal silicon oxide layer formation

In order to make the inverted nanopyramid structures on Si, silicon oxide layer was used as a
pattern transfer layer and a hard mask during the RIE etching and KOH wet etching without
delamination, respectively. A 100-nm thick thermal oxide layer was grown on the cleaned Si
wafer using quartz tube furnace. The process parameters are listed in Table 1. Oxygen gas was
bubbled through the water at 95�C into the oxidation tube to perform the oxidation in a wet
oxygen environment. The chemical reaction of the wet oxidation is given by

Si solidð Þ þ 2H2O vaporð Þ ! SiO2 solidð Þ þ 2H2 (3)

Parameters Conditions

Temperature 1000�C

Oxidant species Wet O2

Film thickness 100 nm

Oxidation time 12 min

Table 1. Oxidation process parameter.

Figure 3. Schematic diagram of multilayer stack preparation process for LIL exposures.
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2.2.3. Antireflection coating

The pattern results in the LIL process could be affected by the optical reflections at the
interfaces due to the highly reflective silicon substrate. The ARC layer was utilized to reduce
the negative effects of the undesirable optical reflections at the interfaces; details of LIL have
already been discussed in Section 2.1. For this purpose, AZ BARLi II from MicroChemicals
GmbH was used as an ARC resist for the interference lithographic exposures. It is designed to
be used with positive photoresist without intermixing. An ARC (AZ BARLi II) 200-nm thick
was deposited onto the thermal oxide Si substrate by spin coating at 2250 rpm for 60 s. The
sample was then soft baked on a hot plate at 200�C for 60 s to drive the solvent away.

2.2.4. Evaporated silicon oxide mask layer

The sample preparation will vary depending on which pattern transfer method will be
performed for the fabrication of final hard mold. A bilayer stack consisting of ARC at the
bottom layer and photoresist at the top layer is enough for nickel electroplating method, but a
trilayer stack with a thin SiO2 interlayer between ARC and photoresist is essential for pattern
transfer. This layer is required to make subsequent reactive ion etching much easier for silicon
mold fabrication. It solves selectivity problem between photoresist and ARC during O2 plasma
etch for etching the ARC layer. The 50-nm SiO2 deposition onto the ARC layer was performed
using vacuum thermal evaporation (Balzers BA510A). The base pressure of the chamber was in
the range of about 3 � 10�6 mbar and the source material was heated by supplying a high
current to the crucible through the molybdenum aluminum oxide boat.

2.2.5. Photoresist spinning

In this work, commercially available i-line-positive photoresist (AZMiR 701) was used to
record the periodic fringe pattern during LIL process. The undiluted AZMiR 701 resist thick-
ness in the normal spin coating produces thicker layers than the 200–400-nm thickness
required. Hence, it was diluted in a ratio of 1:3 with PGMEA (1-methoxy-2-propyl-acetate) to
achieve a lower resist thickness. In order to improve the adhesion between the photoresist and
SiO2 layer, an adhesion promoter, hexamethyldisilazane (HMDS, [(CH3)3Si]2NH), was
employed to deposit a monolayer on the sample surface. After the deposition of the evapo-
rated SiO2 layer, hexamethyldisilazane was spun onto the substrate, and the 400-nm-diluted
positive resist was immediately spin-coated with a 3000-rpm spinning speed for 60 s and soft
cooked on a hot plate at 90�C for 1 min to remove any adsorbed moisture. After that, the
prepared Si wafer was cut into 2 cm2 samples.

2.3. Pattern definition using LIL and development

Once the sample stack preparation was complete, Lloyd’s mirror setup was performed to
pattern the photoresist. The necessary process steps to record the interference patterns were
as follows: The prepared Si sample was fixed on the substrate holder rotation stage as shown
in Figure 1. The rotation stage angle was set as calculated from Eq. (1) for the targeted pattern
period. The sample was exposed for the required amount of time using a 50-mW HeCd laser
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beam operating at 325 nm. A time-controlled shutter was placed between the spatial filter and
the rotation stage to control the exposure time during each exposure. The line pattern on
photoresist was recorded by the single exposure. Holes, dots, and variations of patterns were
recorded by a double exposure with a sample rotated by 90� after the first exposure.

After the exposure, the exposed sample was immersed and carefully agitated in diluted
Microchemicals AZ MIF 326 developer solution for 30 s. At this stage, the exposed part of the
photoresist was dissolved, leaving the required pattern on the photoresist. The sample was
rinsed immediately with deionized water and finally blown with nitrogen gas. The developed
samples were examined by scanning electron microscope (SEM). More details will be
presented in Sections 2.3.1 and 2.3.2.

2.3.1. Single exposure pattern

For positive photoresist use in LIL, in a single exposure and development step, periodic line
grating pattern will be produced. In this section, a significant parameter of the LIL process the

Figure 4. SEM images of 900-nm period line grating pattern on photoresist with different line widths and exposure time:
(a) 520 nm and 120 s, (b) 310 nm and 240 s, and (c) 250 nm and 360 s.
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Figure 4. SEM images of 900-nm period line grating pattern on photoresist with different line widths and exposure time:
(a) 520 nm and 120 s, (b) 310 nm and 240 s, and (c) 250 nm and 360 s.
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so-called “duty-cycle” (DC), is presented in order to evaluate the exposure results. The DC is
defined as the ratio of the pattern line width (Wline) generated by LIL to the period (Pgrating) of
the pattern and is represented by Eq. (4). As described in Eq. (1), the period of the pattern relies
on the laser wavelength and the laser beam incident angle

DutyCycle DCð Þ ¼ W line

Pgrating
(4)

In this case, the laser wavelength (325 nm) is a constant value. The pattern line width value
could be modified by changing the DC value for a fixed period, which relies on the exposure
dose. The exposure dose (D) in energy per unit area was calculated by multiplying the time of
exposure (t) and the incident laser beam intensity (I0). It can be concluded that the exposure
time and the intensity of the laser beam can impact the exposure results. The intensity of the
incident laser light at a fixed incident angle could be considered as a constant value. Thus, the
exposure dose is directly proportional to the exposure time. The DC value can be controlled by
varying the exposure time at a fixed incident angle.

Figure 4 shows the SEM images of the 900-nm period line grating pattern with a different
exposure time of 120, 240, and 360 s. In this case, the intensity of exposure (0.15 mW) and the
rotating angle of the sample holder (θ ¼ 10

�
240) remained constant. As shown in Figure 4, the

pattern line width/DC value decreased by increasing the exposure times at a fixed incident
angle and intensity. Therefore, it can be concluded that the exposure time can impact the final
pattern results at a fixed incident angle.

For LIL exposures for different periods, one cannot merely assume a constant exposure time,
even under identical exposure conditions. As shown in Figure 5, the light density on the
sample surface at a normal incidence is higher than that of oblique incidence due to increasing

Figure 5. Schematic illustration of the exposed area at (a) normal incidence and (b) oblique incidence for fixed laser
intensity. The sample area illuminated by the beam is smaller at normal incidence.
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the exposed area at oblique incidence angles. As described in Eq. (1), the incident angle for a
larger period is smaller than that for a smaller period. It can be deduced that longer exposure
times are required for smaller structure period.

In this work, well-ordered experiments were employed in order to find the relationship
between the angle of incidence and exposure time. Figure 6 shows the resulting SEM images
of line grating pattern having 900-, 700-, and 300-nm periods with the exposure time of 120,
150, and 270 s, respectively. In order to achieve periods of 900, 700, and 300 nm, the angles of
incidence were adjusted to 10�240, 13�250, and 32�470, respectively. The exposure time has to
increase from 120 to 270 s by using a higher angle of incidence. Thus, larger incident angle
(smaller period) requires longer exposure times.

2.3.2. Double exposure pattern

For positive photoresist LIL system, after the double exposure and development, periodic
holes or dots will be obtained. Figure 7 shows the developed pattern of resist holes and dots
with a period of 700-nm square array. The patterns were formed by double exposure IL with
the sample rotated by 90� between the two exposures. Exposure times of 70–120 s with a 10-s

Figure 6. SEM images of line grating pattern on photoresist with different periods and exposure time: (a) 900 nm and
120 s, (b) 700 nm and 150 s, and (c) 300 nm and 270 s.
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�
240) remained constant. As shown in Figure 4, the

pattern line width/DC value decreased by increasing the exposure times at a fixed incident
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Figure 5. Schematic illustration of the exposed area at (a) normal incidence and (b) oblique incidence for fixed laser
intensity. The sample area illuminated by the beam is smaller at normal incidence.
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the exposed area at oblique incidence angles. As described in Eq. (1), the incident angle for a
larger period is smaller than that for a smaller period. It can be deduced that longer exposure
times are required for smaller structure period.

In this work, well-ordered experiments were employed in order to find the relationship
between the angle of incidence and exposure time. Figure 6 shows the resulting SEM images
of line grating pattern having 900-, 700-, and 300-nm periods with the exposure time of 120,
150, and 270 s, respectively. In order to achieve periods of 900, 700, and 300 nm, the angles of
incidence were adjusted to 10�240, 13�250, and 32�470, respectively. The exposure time has to
increase from 120 to 270 s by using a higher angle of incidence. Thus, larger incident angle
(smaller period) requires longer exposure times.

2.3.2. Double exposure pattern

For positive photoresist LIL system, after the double exposure and development, periodic
holes or dots will be obtained. Figure 7 shows the developed pattern of resist holes and dots
with a period of 700-nm square array. The patterns were formed by double exposure IL with
the sample rotated by 90� between the two exposures. Exposure times of 70–120 s with a 10-s

Figure 6. SEM images of line grating pattern on photoresist with different periods and exposure time: (a) 900 nm and
120 s, (b) 700 nm and 150 s, and (c) 300 nm and 270 s.
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increment for each experiment were used. In order to achieve the period of 700 nm, the angle
of incidence was adjusted to 13�250. As explained in the previous section, exposure dose
depends mainly on the exposure time for constant laser intensity at a fixed incident angle.

Even at the lowest exposure dose, a pattern of holes was formed as shown in Figure 7(a),
although there was a little variation in the size of holes. With increasing exposure dose, the size
of the holes increased and became more uniform as shown in Figure 7(b) and (c), then holes
pattern vanished but some dots pattern still linked together as shown in Figure 7(d). The
exposure dose further increases results in an isolated dot array as shown in Figure 7(f). It can
be seen that exposure time can significantly impact the size and type of pattern structures. In

Figure 7. SEM images of holes and dots pattern on photoresist produced by double exposure IL with a period of 700 nm
and exposure times of (a) 70, (b) 80, (c) 90, (d) 100, (e) 110, and (f) 120 s for each exposure. The samples were rotated by 90�

between the two exposures.
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order to fabricate the inverted nanopyramid on Si substrate, a pattern of resist holes is required
for this task. More details about the pattern transfer and formation of inverted nanopyramid
will be discussed in the next section.

2.4. Pattern transfer and formation of inverted pyramid

The periodic inverted nanopyramid structures were fabricated on Si substrate by laser inter-
ference lithography and subsequent pattern transfer process using reactive ion etching,
followed by KOH wet etching. The schematic illustration of the fabrication process of inverted
nanopyramid structure on Si substrate is shown in Figure 8. After the LIL patterning of
photoresist, the resist pattern of holes was transferred onto the bottom SiO2 layer by a subse-
quent reactive ion etching process. Then, the inverted pyramid structures were formed
by KOH wet etching. KOH has anisotropic etching profile with a selectivity of 400:1 to
⟨100⟩:⟨111⟩ orientations in silicon. Finally, the thermal oxide layer was removed by buffered
hydrofluoric etching. More details of the fabrication process will be discussed in the next
section.

2.4.1. Dry plasma etching

In this work, an Oxford PlasmaLab80 reactive ion etching system was utilized for all the dry
plasma etching steps. The RIE etching process parameters such as flow rate of the processing
gases, pressure, substrate temperature, RF power, and etching time were carefully optimized
for the pattern transfer to form the master mold.

Figure 8. Schematic illustration of the fabrication process of inverted nanopyramid structures on an Si substrate.
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2.4.1.1. Pattern transfer into silicon oxide layer

The resist pattern produced by LIL served as the etching mask for the RIE pattern transfer step
into the thermally evaporated silicon oxide layer. Generally, an ARC layer is etched slower
than the photoresist layer. Hence, the resist pattern of holes produced by LIL cannot be directly
transferred into the thermal oxide layer. The thin evaporated SiO2 layer was deposited
between the ARC and the photoresist in order to get a high-etching selectivity. Before the
SiO2-etching process, the residual photoresist at the bottom of the holes was removed using a
little O2 plasma etching. The CHF3/Ar plasma etching was performed to transfer the pattern of
holes onto the thin SiO2 interlayer. The RIE process parameters for O2 plasma for descumming
the residual resist and transferring the pattern into an SiO2 layer using CHF3/Ar plasma is
illustrated in Table 2.

The SEM image of the developed resist pattern of holes with a period of 650-nm square arrays
is shown in Figure 9(a). In order to achieve a period of 650 nm, the angle of incidence was
adjusted to 14�280. Figure 9(b) displays an SEM image of the pattern of holes transferred into
an SiO2-masking layer. It can be seen that the pattern uniformity remains very high.

2.4.1.2. Pattern transfer into ARC layer

The SiO2 interlayer acted as a masking layer to transfer the holes pattern into the ARC layer.
The O2 plasma etching is performed to transfer the pattern into ARC layer. Table 3 outlines the
optimized RIE parameters of O2 plasma etching for transferring the patterns into ARC layer.
Figure 10 shows the SEM image of patterned ARC layer after the O2 plasma etching.

2.4.1.3. Pattern transfer into thermal oxide layer

The patterned ARC layer served as a masking layer to transfer the holes structure into a thermal
SiO2 bottom layer. Then, CHF3/Ar plasma etching should be performed to transfer the pattern
into ARC layer. Table 4 shows the optimized RIE parameters for CHF3/Ar plasma etching for
transferring the patterns into an SiO2 bottom layer. Figure 11 shows the SEM image of patterned
SiO2 bottom layer after the CHF3/Ar plasma etching. It can be observed that the RIE-etching
process induced a slight enlargement of holes diameter while the uniformity was improved.

RIE parameters Removal of residual resist layer Pattern transfer into SiO2 layer

Gas O2 CHF3/Ar

Flow rate 10 sccm 25/30 sccm

RF power 100 W 150 W

Pressure 100 mTorr 100 mTorr

Temperature 295 K 300 K

Time 10 s 1 min 30 s

Masking material — Photoresist

Table 2. RIE recipes for the removal of residual resist layer and transferring the holes pattern into the SiO2 layer.
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2.4.2. Wet chemical anisotropic etching

After the RIE process, the next process step was anisotropic wet chemical etching in order to
form inverted pyramid structures into the silicon substrate. The anisotropic KOH chemical
etching characteristic of single crystal silicon substrate varies according to the crystallographic
orientation of the substrate bulk material. Anisotropic etchants such as potassium hydroxide,
sodium hydroxide (NaOH), cesium hydroxide (CsOH), ammonium hydroxide (NH4OH),

Figure 9. SEM images showing (a) the developed patterns on resist with a period of 650 nm and (b) patterns transferred
into SiO2-masking layer after CHF3/Ar plasma etching.
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RIE parameters Transferring the pattern into ARC layer

Gas O2

Flow rate 10 sccm

RF power 100 W

Pressure 100 mTorr

Temperature 300 K

Time 13 min 30 s

Masking material SiO2 layer

Table 3. The optimized O2 plasma RIE parameters for pattern transfer into ARC layer.

Figure 10. SEM images of patterns transferred into ARC layer after O2 plasma etching.

RIE parameters Transferring the pattern into SiO2 bottom layer

Gas CHF3/Ar

Flow rate 25/30 sccm

RF power 150 W

Pressure 100 mTorr

Temperature 300 K

Time 3 min 30 s

Masking material ARC layer

Table 4. The optimized CHF3/Ar plasma RIE parameters for pattern transfer into the thermal SiO2 bottom layer.
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tetramethylammonium hydroxide (TMAH), and hydrazine etch specific crystallographic
planes at different etch rates. The etch rate of the (111) plane is significantly low compared to
the (100) plane etch rate mainly due to some dangling bonds in each unit cell [29]. The (111)
plane is denser and has the lowest dangling bond; more back bonds must be broken and
therefore the etch rate is low. The etch rates for anisotropic wet chemical etchants are mainly

Figure 11. SEM images of patterns transferred into SiO2 layer after CHF3/Ar plasma etching.

Figure 12. An anisotropic wet etch on a (100) silicon substrate creates inverted nanopyramid structure.
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dependent on the concentration of the solution and temperature. As schematically illustrated
in Figure 12, the inverted nanopyramid structure could be produced with ⟨100⟩ crystalline
orientation of silicon substrate using anisotropic wet etching. Anisotropic etchants make an
angle of 54.7� for the ⟨100⟩-oriented Si substrate, which is the angle between (100) and (111)
planes.

The chemical etchant for anisotropic wet etching used in this work is typically a 30 wt.% KOH
diluted in deionized water. SiO2 was chosen as a hard mask layer mainly due to the high-etch
selectivity of KOH solution between Si and SiO2 about 100:1. The inverted pyramid structure is
formed on an (100) Si substrate by wet etching in 30% KOH in deionized water solution at
80�C for 170 s. The KOH solution was maintained in a temperature-controlled bath at 80�C.
Figure 13 shows the SEM image of the resulting inverted nanopyramid structure having a
width of about 600 nm and separation of about 100 nm, obtained from the same sample as in
Figure 9.

2.4.3. Removal of silicon oxide mask layer

There were at least two techniques available for the removable of the SiO2 mask layer, wet
etching using buffered HF solution or dry etching using CHF3/Ar plasma. The wet etching
process was used in this work to avoid increased surface roughness or any surface damage. To
remove the SiO2 mask layer from the patterned substrate, the substrate was immersed in
buffered HF (6:1 volume ratio of NH4F solution to 49% HF) for 3 min, washed with DI water,
and blown dry with N2. The SEM image of the formed periodic inverted nanopyramid

Figure 13. SEM images of inverted nanopyramid structures on Si substrate with SiO2-masking layer after KOH wet
etching.
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structures on Si substrate after removal of the SiO2-masking layer is shown in Figure 14. It can
be seen that all the inverted pyramid structures were completely formed and centered without
showing any overlapping between neighbors. It can also be observed that the size of the
inverted pyramid increased slightly compared with a diameter of the nanoholes as in Figure 13
due to undercutting during KOHwet etching. The fabricated inverted nanopyramid structures
on Si Substrate were utilized as a master mold in the nanoimprint replication process. The
replication process of the inverted nanopyramid structures will be introduced in Section 3.

3. UV nanoimprint lithography: replication of nanopyramid structures

Nanoimprint lithography was first proposed and demonstrated by Chou et al. in 1995 alterna-
tive to e-beam lithography and photolithography as a low-cost and high-throughput technique
[30]. NIL can generally be classified into two fundamental categories: hot-embossing lithogra-
phy (HEL) also known as thermal nanoimprint lithography (TNIL) and UV-NIL. Currently,
many different kinds of lithographic methods were established based on NIL, typical examples
include roll-to-roll imprint lithography [31], step-and-flash imprint lithography (SFIL) [32],
laser-assisted NIL [33], microcontact printing [34], reverse imprint lithography [35], and step-
and-stamp imprint lithography (SSIL) [36].

NIL is based on the mechanical deformation of the resist using a mold consisting of micro- or
nanostructures by UV-curing process or thermomechanical process. The UV-NIL method has
several benefits compared to the thermal NIL, which includes the capability of UV-NIL to be
performed at room temperature. The imprinting process at room temperature eliminates the

Figure 14. SEM images of inverted nanopyramid structures on Si substrate after removal of the SiO2-masking layer.
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problems resulting from thermal expansion mismatch between the sample, resist, and mold
[37]. Moreover, the UV-NIL-imprinting process contains a lower viscosity of the photoresist,
which permits the imprinting process to be performed at a lower pressure in comparison with
thermal NIL [38, 39]. The cycle time of the UV-NIL process is shorter than the thermal NIL due
to the elimination of temperature cycle, which improves the process throughput [40]. How-
ever, the UV-NIL process requires either a transparent substrate or a transparent mold. In this
chapter, UV-NIL process was mainly used to replicate nanopyramid structures for solar cell
applications.

In this section, the development of the ultraviolet nanoimprint lithography and imprint pro-
cesses for the replication of upright nanopyramid and inverted nanopyramid structures are
presented. First, the sample preparation processes for UV-NIL are introduced in Section 3.1.
Then, imprint processes for the replication of upright nanopyramid and inverted nanopyramid
structures and patterns analysis are described in Section 3.2.

3.1. Preparation for imprint process

The materials required for UV-NIL are a mold consisting of the fabricated nanostructures and
an appropriate UV-curable resist that could be deformed and hardened to reproduce the shape
of the structures. In this section, the anti-sticking layer preparation of the master mold and UV-
curable resist material preparation on a glass substrate for imprint process are presented.

3.1.1. Master mold fabrication

The mold is one of the essential components of the UV-NIL process as it contains the pattern
information and details. The solid materials with a high hardness and durability properties can
be used as a mold to NIL. A variety of materials including silicon, silicon nitride, silicon
dioxide, quartz, glass, nickel, and so on have been used to make molds to NIL. In this chapter,
the periodic inverted nanopyramid structure on the silicon substrate was used as a master
mold substrate for the imprint process. The periodic inverted nanopyramid structures were
fabricated on Si substrate by LIL and subsequent pattern transfer process using reactive ion
etching, followed by KOH wet etching. The details of the fabrication process of inverted
nanopyramid structures are described in Section 2.

3.1.2. Antisticking layer treatment of mold

A master mold surface to NIL has a high density of nanoscale structures, which efficiently
enhances the surface area. The mold with increased surface area contacts with the imprinted
resist, leading to high adhesion of the mold to the resist. This adhesive effect could be observed
by the sticking of the imprinted resist to the mold without any anti-sticking surface treatment.
The anti-sticking treatment for NIL molds eliminates the adhesion between the mold and
imprint resists which enhances the qualities of the imprint. Moreover, it also improves the
mold lifetime remarkably by avoiding surface damage and contamination. Hence, it is neces-
sary to deposit an anti-sticking layer directly onto the master mold before the imprint process.
The SAM coating with low-surface energies such as silane materials [41] and Teflon [42] has
been reported as an anti-sticking layer to enhance the demolding abilities and to enhance the
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mold lifetime. The most widely used anti-sticking layer approach is a SAM of a fluorosilane
release agent by either a vapor phase or a solution phase deposition.

In this work, a 1H, 1H, 2H, 2H–perfluorooctyl-trichlorosilane (F13-TCS) solution was utilized
as an anti-adhesive coating on the mold for NIL. An anti-sticking coating was formed on the
mold surface with F13-TCS agent via a vapor deposition method inside the desiccator at room
temperature. The mold was cooked in the oven at 90�C for 30 min to completely dehydrate the
mold surface and then cooled down to room temperature. A few drops of the F13-OTCS
solution were added to a small Petri dish which was loaded with mold into a vacuum
desiccator as shown in Figure 15. The substrate was left to react for 2 h at room temperature,
then removed from the desiccator and baked in the oven at 90�C for 1 h.

Figure 15. Schematic representation of the anti-adhesive coating using a vapor deposition method of F13-TCS in a
vacuum desiccator.

Figure 16. The contact angles on the surface of inverted nanopyramid-structured Si substrate before and after the anti-
sticking layer treatment.
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The materials required for UV-NIL are a mold consisting of the fabricated nanostructures and
an appropriate UV-curable resist that could be deformed and hardened to reproduce the shape
of the structures. In this section, the anti-sticking layer preparation of the master mold and UV-
curable resist material preparation on a glass substrate for imprint process are presented.

3.1.1. Master mold fabrication

The mold is one of the essential components of the UV-NIL process as it contains the pattern
information and details. The solid materials with a high hardness and durability properties can
be used as a mold to NIL. A variety of materials including silicon, silicon nitride, silicon
dioxide, quartz, glass, nickel, and so on have been used to make molds to NIL. In this chapter,
the periodic inverted nanopyramid structure on the silicon substrate was used as a master
mold substrate for the imprint process. The periodic inverted nanopyramid structures were
fabricated on Si substrate by LIL and subsequent pattern transfer process using reactive ion
etching, followed by KOH wet etching. The details of the fabrication process of inverted
nanopyramid structures are described in Section 2.

3.1.2. Antisticking layer treatment of mold

A master mold surface to NIL has a high density of nanoscale structures, which efficiently
enhances the surface area. The mold with increased surface area contacts with the imprinted
resist, leading to high adhesion of the mold to the resist. This adhesive effect could be observed
by the sticking of the imprinted resist to the mold without any anti-sticking surface treatment.
The anti-sticking treatment for NIL molds eliminates the adhesion between the mold and
imprint resists which enhances the qualities of the imprint. Moreover, it also improves the
mold lifetime remarkably by avoiding surface damage and contamination. Hence, it is neces-
sary to deposit an anti-sticking layer directly onto the master mold before the imprint process.
The SAM coating with low-surface energies such as silane materials [41] and Teflon [42] has
been reported as an anti-sticking layer to enhance the demolding abilities and to enhance the
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mold lifetime. The most widely used anti-sticking layer approach is a SAM of a fluorosilane
release agent by either a vapor phase or a solution phase deposition.

In this work, a 1H, 1H, 2H, 2H–perfluorooctyl-trichlorosilane (F13-TCS) solution was utilized
as an anti-adhesive coating on the mold for NIL. An anti-sticking coating was formed on the
mold surface with F13-TCS agent via a vapor deposition method inside the desiccator at room
temperature. The mold was cooked in the oven at 90�C for 30 min to completely dehydrate the
mold surface and then cooled down to room temperature. A few drops of the F13-OTCS
solution were added to a small Petri dish which was loaded with mold into a vacuum
desiccator as shown in Figure 15. The substrate was left to react for 2 h at room temperature,
then removed from the desiccator and baked in the oven at 90�C for 1 h.

Figure 15. Schematic representation of the anti-adhesive coating using a vapor deposition method of F13-TCS in a
vacuum desiccator.

Figure 16. The contact angles on the surface of inverted nanopyramid-structured Si substrate before and after the anti-
sticking layer treatment.
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Prior to the imprint process, the contact angle measurements were performed on the inverted
nanopyramid-textured Si substrates before and after the anti-sticking layer treatment to quan-
tify the variations of the surface energies. The contact angle of inverted nanopyramid-textured
Si surfaces before and after an anti-sticking layer treatment is shown in Figure 16. The contact
angle of the inverted nanopyramid-textured Si surface was increased from 87 to 122� after
coated with an anti-sticking layer of F13-TCS which is highly hydrophobic. It can be clearly
seen that F13-TCS SAM coating was enhanced by the anti-adhesive properties on the inverted
nanopyramid-textured Si substrate which is crucial for the imprinting process.

3.1.3. Substrate preparation

The low iron glass with a thickness of 0.5 mm was used as a substrate for UV-curable resist.
The UV-curable resist plays a vital part in the efficient nanoimprint process where sticking
properties between the mold and UV curable polymer should be as low as possible, whereas
the sample and resist should be high [40]. The resist that was used in this work was
OrmoStamp from Micro Resist Technology, which is UV-curable resist with high transparency
for UV and visible light designed for UV imprinting or molding.

The OrmoStamp resist must have a strong interfacial bonding to the substrate, but not stick to
the surface of the mold in the imprint process [43]. In order to obtain a strong adhesion
between the glass substrate and resist, the cleaning process with oxygen plasma treatment
was performed, and also adhesion promoter was added on the glass substrate prior to the
resist spin coating. The OrmoPrime08 from micro resist technology was used as an adhesion
promoter solution based on organofunctional silanes. It has been designed to promote the
adhesion of OrmoStamp, OrmoComp, OrmoClear, OrmoCore, and OrmoClad to various sub-
strates like silicon, glass, and quartz.

The glass substrate was cleaned with acetone, methanol, and isopropyl alcohol (IPA) solvents
in an ultrasonic bath and then rinsed with deionized water and finally dried with nitrogen gas.
Next, the substrate surface was treated with a short time O2 plasma to enhance optimum
adhesion between the OrmoPrime08 and glass interface. After that, the substrate was baked
using an oven at 200�C for 30 min and cooled down to room temperature immediately before
coating. OrmoPrime08 was deposited onto the glass substrate by spin coating at a 4000 rpm
spinning speed for 60 s. The spin-coated film was then baked on a hot plate at 150�C for 5 min
and cooled down to room temperature. Finally, OrmoStamp resist was spin-coated onto the
OrmoPrime08 layer-coated substrate with a 6000-rpm spinning speed for 60 s. After spin
coating, the substrate coated with resist was thermally prebaked on a hot plate at 80�C for
2 min to enhance the uniformity of the resist thickness and to increase the adhesion between
the resist and the substrate.

3.2. Nanoimprint process

In this work, two vacuum-operated in-house built imprint tools were utilized to perform the
imprint experiments on 20 � 20 mm2 and 10 � 10 mm2 samples, respectively. It creates a
vacuum region between the resist and the mold to decrease the air bubbles surrounded in
between them during the imprint process.
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Figure 17. The vacuum-operated in-house built imprint tool utilized for UV-NIL.

Figure 18. AFM images of inverted nanopyramid structured master mold: (a) 2-D view, (b) 3-D view, and (c) cross-
sectional traces.
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Prior to the imprint process, the contact angle measurements were performed on the inverted
nanopyramid-textured Si substrates before and after the anti-sticking layer treatment to quan-
tify the variations of the surface energies. The contact angle of inverted nanopyramid-textured
Si surfaces before and after an anti-sticking layer treatment is shown in Figure 16. The contact
angle of the inverted nanopyramid-textured Si surface was increased from 87 to 122� after
coated with an anti-sticking layer of F13-TCS which is highly hydrophobic. It can be clearly
seen that F13-TCS SAM coating was enhanced by the anti-adhesive properties on the inverted
nanopyramid-textured Si substrate which is crucial for the imprinting process.

3.1.3. Substrate preparation

The low iron glass with a thickness of 0.5 mm was used as a substrate for UV-curable resist.
The UV-curable resist plays a vital part in the efficient nanoimprint process where sticking
properties between the mold and UV curable polymer should be as low as possible, whereas
the sample and resist should be high [40]. The resist that was used in this work was
OrmoStamp from Micro Resist Technology, which is UV-curable resist with high transparency
for UV and visible light designed for UV imprinting or molding.

The OrmoStamp resist must have a strong interfacial bonding to the substrate, but not stick to
the surface of the mold in the imprint process [43]. In order to obtain a strong adhesion
between the glass substrate and resist, the cleaning process with oxygen plasma treatment
was performed, and also adhesion promoter was added on the glass substrate prior to the
resist spin coating. The OrmoPrime08 from micro resist technology was used as an adhesion
promoter solution based on organofunctional silanes. It has been designed to promote the
adhesion of OrmoStamp, OrmoComp, OrmoClear, OrmoCore, and OrmoClad to various sub-
strates like silicon, glass, and quartz.

The glass substrate was cleaned with acetone, methanol, and isopropyl alcohol (IPA) solvents
in an ultrasonic bath and then rinsed with deionized water and finally dried with nitrogen gas.
Next, the substrate surface was treated with a short time O2 plasma to enhance optimum
adhesion between the OrmoPrime08 and glass interface. After that, the substrate was baked
using an oven at 200�C for 30 min and cooled down to room temperature immediately before
coating. OrmoPrime08 was deposited onto the glass substrate by spin coating at a 4000 rpm
spinning speed for 60 s. The spin-coated film was then baked on a hot plate at 150�C for 5 min
and cooled down to room temperature. Finally, OrmoStamp resist was spin-coated onto the
OrmoPrime08 layer-coated substrate with a 6000-rpm spinning speed for 60 s. After spin
coating, the substrate coated with resist was thermally prebaked on a hot plate at 80�C for
2 min to enhance the uniformity of the resist thickness and to increase the adhesion between
the resist and the substrate.

3.2. Nanoimprint process

In this work, two vacuum-operated in-house built imprint tools were utilized to perform the
imprint experiments on 20 � 20 mm2 and 10 � 10 mm2 samples, respectively. It creates a
vacuum region between the resist and the mold to decrease the air bubbles surrounded in
between them during the imprint process.
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Figure 17. The vacuum-operated in-house built imprint tool utilized for UV-NIL.

Figure 18. AFM images of inverted nanopyramid structured master mold: (a) 2-D view, (b) 3-D view, and (c) cross-
sectional traces.
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Figure 17(a) and (b) show the schematic cross-sectional view and the optical image of the imprint
tool used in this work, respectively. The Mask Aligner (MA-6) exposure system was attached to
this imprint tool to perform as a UV-NIL tool. The Mask Aligner system uses i-line 365-nm
wavelength UV source for exposure. The Mask Aligner vacuum system is linked to the imprint
tool that is used to hold the mask onto the imprint holder. The 365-nm wavelength UV illumina-
tions with a vacuum pressure of 4 mbar were employed to perform the imprint process.

In order to replicate the original master mold, two subsequent imprint processes need to be
applied. In this work, periodic inverted nanopyramid-textured Si substrate was used as a master
mold. In the first step of the imprint process, the negative of the pattern on the master mold was
replicated from Si master mold onto resist-coated glass substrate, that is, inverted nanopyramid
structures on Si master mold become upright nanopyramid structures on resist-coated glass
substrate. In the second step of imprint process, the inverted nanopyramid structures were
replicated on resist using upright nanopyramid-patterned glass substrate as a master stamp.
Figure 18 shows the atomic force microscopy (AFM) images and cross-sectional traces of peri-
odic inverted nanopyramid structures on Si. The periodic inverted nanopyramid structures have
features with a width of about 450 nm, a height of about 300 nm, and separation of about 150 nm.

3.2.1. Imprint: Upright nanopyramid structures replication

Figure 19 shows the schematic illustration of the first imprint process steps to create the
upright nanopyramid structures into a UV-curable resist-coated glass substrate from inverted
nanopyramid-structured Si master mold. The F13-TCS SAM-coated Si master mold coated with
F13-TCS SAM/UV-curable resist-coated glass substrate was loaded into the imprint tool. The
SAM-coated Si master mold and the UV-curable-coated glass substrate were prepared as
described in Section 3.1. A vacuum pressure was set to 4 mbar and the Mask Aligner (MA-6)
system was then activated. The resist was cured under a UV exposure for 4 min using 4.4 mW/
cm2 illumination intensity with 365-nm UV source at room temperature. A manual detaching
process was utilized by giving gentle force using a blade at one edge of the substrate in order
to delaminate between the mold and the substrate surfaces. Subsequently, the replicated
substrate was thermally baked in an oven at 150�C for 2 h to improve the film thermal and
environmental stability.

Figure 19. The schematic diagram of the first imprint process steps to replicate the upright nanopyramid structures.
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Figure 20(a) and (b) show the 2-D and three-dimensional (3-D) AFM images of the periodic
upright nanopyramid formed onto the OrmoStamp resist-coated glass substrate as the result
of first imprint process. It can be seen that the upright nanopyramid structures with periodic
features in the order of 500 nm and smooth surfaces have been precisely replicated onto the
OrmoStamp resist-coated glass substrate. The AFM images for the master mold and imprinted
sample were compared and dimensions measured from randomly selected areas but with the
same scanned area of 5 � 5 μm. Figures 18(c) and 20(c) reveal that no significant differences
can be found between the master mold and inverted shape of master mold replica. These
results further confirm that excellent fidelity periodic upright nanopyramid structures can be
achieved by UV-NIL imprinting. This high-fidelity replication offers high flexibility in design-
ing new light-trapping schemes for solar cell applications. The UV-curable resist can be incor-
porated into a range of solar cell configuration because of its low optical absorption [44].
Therefore, the replicated periodic upright nanopyramid structures on the OrmoStamp resist-
coated glass substrate can be utilized as light-trapping and self-cleaning functions in different
types of solar cells such as thin film and polycrystalline materials. This imprinting process can
be continued, and the inverted nanopyramid structures can be created from the upright
nanopyramid-structured glass as a mold for a direct 3-D imprint process. It should be noted
that there is no direct technique for forming periodic and ordered upright pyramid structures
on crystalline silicon because of the limitation imposed by the crystal orientation.

3.2.2. Imprint: inverted nanopyramid structures replication

Figure 21 shows the overall imprinting process steps to create the inverted nanopyramid
structures onto UV-curable resist-coated glass substrate. In this imprinting process, the

Figure 20. AFM images of the upright nanopyramid structures formed on UV transparent OrmoStamp resist-coated
glass substrate after the first imprint: (a) 2-D view, (b) 3-D view, and (c) cross-sectional traces.
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Figure 17(a) and (b) show the schematic cross-sectional view and the optical image of the imprint
tool used in this work, respectively. The Mask Aligner (MA-6) exposure system was attached to
this imprint tool to perform as a UV-NIL tool. The Mask Aligner system uses i-line 365-nm
wavelength UV source for exposure. The Mask Aligner vacuum system is linked to the imprint
tool that is used to hold the mask onto the imprint holder. The 365-nm wavelength UV illumina-
tions with a vacuum pressure of 4 mbar were employed to perform the imprint process.

In order to replicate the original master mold, two subsequent imprint processes need to be
applied. In this work, periodic inverted nanopyramid-textured Si substrate was used as a master
mold. In the first step of the imprint process, the negative of the pattern on the master mold was
replicated from Si master mold onto resist-coated glass substrate, that is, inverted nanopyramid
structures on Si master mold become upright nanopyramid structures on resist-coated glass
substrate. In the second step of imprint process, the inverted nanopyramid structures were
replicated on resist using upright nanopyramid-patterned glass substrate as a master stamp.
Figure 18 shows the atomic force microscopy (AFM) images and cross-sectional traces of peri-
odic inverted nanopyramid structures on Si. The periodic inverted nanopyramid structures have
features with a width of about 450 nm, a height of about 300 nm, and separation of about 150 nm.

3.2.1. Imprint: Upright nanopyramid structures replication

Figure 19 shows the schematic illustration of the first imprint process steps to create the
upright nanopyramid structures into a UV-curable resist-coated glass substrate from inverted
nanopyramid-structured Si master mold. The F13-TCS SAM-coated Si master mold coated with
F13-TCS SAM/UV-curable resist-coated glass substrate was loaded into the imprint tool. The
SAM-coated Si master mold and the UV-curable-coated glass substrate were prepared as
described in Section 3.1. A vacuum pressure was set to 4 mbar and the Mask Aligner (MA-6)
system was then activated. The resist was cured under a UV exposure for 4 min using 4.4 mW/
cm2 illumination intensity with 365-nm UV source at room temperature. A manual detaching
process was utilized by giving gentle force using a blade at one edge of the substrate in order
to delaminate between the mold and the substrate surfaces. Subsequently, the replicated
substrate was thermally baked in an oven at 150�C for 2 h to improve the film thermal and
environmental stability.

Figure 19. The schematic diagram of the first imprint process steps to replicate the upright nanopyramid structures.

Micro/Nanolithography - A Heuristic Aspect on the Enduring Technology34

Figure 20(a) and (b) show the 2-D and three-dimensional (3-D) AFM images of the periodic
upright nanopyramid formed onto the OrmoStamp resist-coated glass substrate as the result
of first imprint process. It can be seen that the upright nanopyramid structures with periodic
features in the order of 500 nm and smooth surfaces have been precisely replicated onto the
OrmoStamp resist-coated glass substrate. The AFM images for the master mold and imprinted
sample were compared and dimensions measured from randomly selected areas but with the
same scanned area of 5 � 5 μm. Figures 18(c) and 20(c) reveal that no significant differences
can be found between the master mold and inverted shape of master mold replica. These
results further confirm that excellent fidelity periodic upright nanopyramid structures can be
achieved by UV-NIL imprinting. This high-fidelity replication offers high flexibility in design-
ing new light-trapping schemes for solar cell applications. The UV-curable resist can be incor-
porated into a range of solar cell configuration because of its low optical absorption [44].
Therefore, the replicated periodic upright nanopyramid structures on the OrmoStamp resist-
coated glass substrate can be utilized as light-trapping and self-cleaning functions in different
types of solar cells such as thin film and polycrystalline materials. This imprinting process can
be continued, and the inverted nanopyramid structures can be created from the upright
nanopyramid-structured glass as a mold for a direct 3-D imprint process. It should be noted
that there is no direct technique for forming periodic and ordered upright pyramid structures
on crystalline silicon because of the limitation imposed by the crystal orientation.

3.2.2. Imprint: inverted nanopyramid structures replication

Figure 21 shows the overall imprinting process steps to create the inverted nanopyramid
structures onto UV-curable resist-coated glass substrate. In this imprinting process, the

Figure 20. AFM images of the upright nanopyramid structures formed on UV transparent OrmoStamp resist-coated
glass substrate after the first imprint: (a) 2-D view, (b) 3-D view, and (c) cross-sectional traces.
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replicated upright nanopyramid structure on UV-curable resist-coated glass substrate was
used as a mold in order to form the inverted nanopyramid structures on UV-curable resist-
coated glass substrate. A very thin F13-TCS SAM was used as an anti-adhesive layer on the
upright nanopyramid-structured glass substrate. It was deposited on a resist-coated glass
surface as described in Section 3.1.2.

The OrmoStamp-coated substrate was prepared as explained in Section 3.1.3 and the upright
nanopyramid-structured glass substrate coated with F13-TCS SAM/the OrmoStamp-coated
substrate was loaded into the imprint tool as shown in Figure 21. The inverted nanopyramid
structures were replicated on the OrmoStamp-coated substrate by the same UV-imprinting
method as described in the first imprinting process using upright nanopyramid-patterned
glass substrate as a master mold.

In order to determine the accuracy of the replication by the nanoimprint process, AFM images
of the master mold and replicated substrates were taken. Figure 22(a) and (b) show the 2-D
and 3-D AFM images of the periodic inverted nanopyramid structures formed onto the
OrmoStamp resist-coated glass substrate as the result of second imprint process with a
scanned area of 5 � 5 μm. It can be seen that the inverted nanopyramid structures with
periodic features and smooth surfaces have been precisely reproduced onto the OrmoStamp
resist-coated glass substrate with high fidelity. Figure 22(c) illustrates the AFM image cross-
sectional traces of the replicated inverted nanopyramid structures on resist-coated substrate. It
shows that the replication from the upright nanopyramid on the resist-coated substrate is very
similar and high accuracy compared to original Si master mold as illustrated in Figure 18(c).

There are some issues which might come up during the development of the UV-NIL process.
The adhesions between the resist and substrate are critical issues when no adhesion promoter
is added to the substrate before the resist spin-coating process. In order to resolve the adhesion
problem between the resist and the substrate, OrmoPrime08 from micro resist technology is
used to enhance the adhesion of the OrmoStamp resist to the substrate. It is observed that the
F13-TCS SAM-coated master mold can be used several times in the imprint process, whereas
imprint process will not be successful without F13-TCS SAM coating due to the sticking and

Figure 21. The schematic diagram of the overall process steps to replicate the inverted nanopyramid structures from
upright pyramids mold.
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particles contamination. SAM coating enhances the imprint qualities and also improves the
mold lifetime remarkably by precluding surface damage and contamination. It is also
observed that the adhesion between the mold and the replica is stronger when higher exposure
dose is used during the imprint process. This effect may be correlated to higher shrinkage of
the resist when exposed to higher UV exposure dose. In this case, it is preferred to maintain
constant UV exposure dose (1000 mJcm�2) prior to the demolding, and additional UV expo-
sure and hard baking must be done after demolding.

The inverted nanopyramid structures, which are utilized for light trapping in solar cells, can be
transferred to the resist-coated substrate by the nanoimprint process without any structural
losses. The inverted nanopyramid structures replicated by nanoimprint process can be used in
different configurations (upright, inverted, within, or on top of substrates) to enhance the solar
cell performance or antireflection coatings on glass are used.

4. Conclusions

In this chapter, the fabrication and replication of periodic nanopyramid structures by LIL and
UV-NIL are presented. The inverted nanopyramid structures were fabricated on the Si sub-
strates by LIL and subsequent pattern transfer process using reactive ion etching, followed by
KOH wet etching. The pattern of nanoholes is recorded on AZMiR 701 i-line positive photore-
sist using LIL by double exposure. The CHF3/Ar plasma etching is performed to transfer the

Figure 22. AFM images of inverted nanopyramid structures formed on UV transparent OrmoStamp resist-coated glass
substrate after the second imprint: (a) 2-D view, (b) 3-D view, and (c) cross-sectional traces.
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replicated upright nanopyramid structure on UV-curable resist-coated glass substrate was
used as a mold in order to form the inverted nanopyramid structures on UV-curable resist-
coated glass substrate. A very thin F13-TCS SAM was used as an anti-adhesive layer on the
upright nanopyramid-structured glass substrate. It was deposited on a resist-coated glass
surface as described in Section 3.1.2.

The OrmoStamp-coated substrate was prepared as explained in Section 3.1.3 and the upright
nanopyramid-structured glass substrate coated with F13-TCS SAM/the OrmoStamp-coated
substrate was loaded into the imprint tool as shown in Figure 21. The inverted nanopyramid
structures were replicated on the OrmoStamp-coated substrate by the same UV-imprinting
method as described in the first imprinting process using upright nanopyramid-patterned
glass substrate as a master mold.

In order to determine the accuracy of the replication by the nanoimprint process, AFM images
of the master mold and replicated substrates were taken. Figure 22(a) and (b) show the 2-D
and 3-D AFM images of the periodic inverted nanopyramid structures formed onto the
OrmoStamp resist-coated glass substrate as the result of second imprint process with a
scanned area of 5 � 5 μm. It can be seen that the inverted nanopyramid structures with
periodic features and smooth surfaces have been precisely reproduced onto the OrmoStamp
resist-coated glass substrate with high fidelity. Figure 22(c) illustrates the AFM image cross-
sectional traces of the replicated inverted nanopyramid structures on resist-coated substrate. It
shows that the replication from the upright nanopyramid on the resist-coated substrate is very
similar and high accuracy compared to original Si master mold as illustrated in Figure 18(c).

There are some issues which might come up during the development of the UV-NIL process.
The adhesions between the resist and substrate are critical issues when no adhesion promoter
is added to the substrate before the resist spin-coating process. In order to resolve the adhesion
problem between the resist and the substrate, OrmoPrime08 from micro resist technology is
used to enhance the adhesion of the OrmoStamp resist to the substrate. It is observed that the
F13-TCS SAM-coated master mold can be used several times in the imprint process, whereas
imprint process will not be successful without F13-TCS SAM coating due to the sticking and

Figure 21. The schematic diagram of the overall process steps to replicate the inverted nanopyramid structures from
upright pyramids mold.
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particles contamination. SAM coating enhances the imprint qualities and also improves the
mold lifetime remarkably by precluding surface damage and contamination. It is also
observed that the adhesion between the mold and the replica is stronger when higher exposure
dose is used during the imprint process. This effect may be correlated to higher shrinkage of
the resist when exposed to higher UV exposure dose. In this case, it is preferred to maintain
constant UV exposure dose (1000 mJcm�2) prior to the demolding, and additional UV expo-
sure and hard baking must be done after demolding.

The inverted nanopyramid structures, which are utilized for light trapping in solar cells, can be
transferred to the resist-coated substrate by the nanoimprint process without any structural
losses. The inverted nanopyramid structures replicated by nanoimprint process can be used in
different configurations (upright, inverted, within, or on top of substrates) to enhance the solar
cell performance or antireflection coatings on glass are used.

4. Conclusions

In this chapter, the fabrication and replication of periodic nanopyramid structures by LIL and
UV-NIL are presented. The inverted nanopyramid structures were fabricated on the Si sub-
strates by LIL and subsequent pattern transfer process using reactive ion etching, followed by
KOH wet etching. The pattern of nanoholes is recorded on AZMiR 701 i-line positive photore-
sist using LIL by double exposure. The CHF3/Ar plasma etching is performed to transfer the

Figure 22. AFM images of inverted nanopyramid structures formed on UV transparent OrmoStamp resist-coated glass
substrate after the second imprint: (a) 2-D view, (b) 3-D view, and (c) cross-sectional traces.
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nanoholes pattern into thin SiO2 interlayer. Then, O2 plasma etching is performed to transfer
the pattern into ARC layer with thin SiO2 as a mask. The pattern is transferred into the thermal
oxide layer using CHF3/Ar plasma etching. The inverted pyramid structures are formed on Si
substrate by KOH wet etching, and the SiO2 mask layer is removed by buffered HF etching.
The fabricated inverted nanopyramid structures on Si substrate are utilized as a master mold
in the nanoimprint replication process.

In the first nanoimprint process, the upright nanopyramid structures are formed on the
OrmoStamp-coated glass substrate using Si master mold with high fidelity. The upright
nanopyramid-structured glass substrate could be used as cover glass for solar cell application
and as a mold for the second imprint process. In the second nanoimprint process, the inverted
nanopyramid structures are fabricated on the OrmoStamp-coated substrate using the upright
nanopyramid-structured glass substrate as a mold. The replicated inverted nanopyramid
structure on a resist-coated substrate is faithfully resolved with the high accuracy compared
to original Si master mold. The upright and inverted nanopyramid structures by the
nanoimprint process can be utilized as light-trapping and self-cleaning surfaces for different
types of solar cells.
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nanoholes pattern into thin SiO2 interlayer. Then, O2 plasma etching is performed to transfer
the pattern into ARC layer with thin SiO2 as a mask. The pattern is transferred into the thermal
oxide layer using CHF3/Ar plasma etching. The inverted pyramid structures are formed on Si
substrate by KOH wet etching, and the SiO2 mask layer is removed by buffered HF etching.
The fabricated inverted nanopyramid structures on Si substrate are utilized as a master mold
in the nanoimprint replication process.

In the first nanoimprint process, the upright nanopyramid structures are formed on the
OrmoStamp-coated glass substrate using Si master mold with high fidelity. The upright
nanopyramid-structured glass substrate could be used as cover glass for solar cell application
and as a mold for the second imprint process. In the second nanoimprint process, the inverted
nanopyramid structures are fabricated on the OrmoStamp-coated substrate using the upright
nanopyramid-structured glass substrate as a mold. The replicated inverted nanopyramid
structure on a resist-coated substrate is faithfully resolved with the high accuracy compared
to original Si master mold. The upright and inverted nanopyramid structures by the
nanoimprint process can be utilized as light-trapping and self-cleaning surfaces for different
types of solar cells.
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Abstract

Large-area nanoimprint lithography (NIL) has been regarded as one of the most prom-
ising micro/nano-manufacturing technologies for mass production of large-area micro/
nanoscale patterns and complex 3D structures and high aspect ratio features with low
cost, high throughput, and high resolution. That opens the door and paves the way for
many commercial applications not previously conceptualized or economically feasible.
Great progresses in large-area nanoimprint lithography have been achieved in recent
years. This chapter mainly presents a comprehensive review of recent advances in large-
area NIL processes. Some promising solutions of large-area NIL and emerging methods,
which can implement mass production of micro-and nanostructures over large areas on
various substrates or surfaces, are described in detail. Moreover, numerous industrial-
level applications and innovative products based on large-area NIL are also demon-
strated. Finally, prospects, challenges, and future directions for industrial scale large-
area NIL are addressed. An infrastructure of large-area nanoimprint lithography is
proposed. In addition, some recent progresses and research activities in large-area NIL
suitable for high volume manufacturing environments from our Labs are also intro-
duced. This chapter may provide a reference and direction for the further explorations
and studies of large-area micro/nanopatterning technologies.

Keywords: large-area nanoimprint lithography, large-area micro/nanopatterning, full
wafer NIL, roller-type NIL, roll-to-plate NIL, roll-to-roll NIL

1. Introduction

Mass producing nanostructure over large areas is critical to the commercial applications of
nanotechnology. Large-area nanopatterning has demonstrated great potential which can signifi-
cantly enhance the performance of many devices and create innovative products, such as LEDs,
solar cells, hard disk drives, laser diodes, displays, sub-wavelength optical elements, anti-
reflective glass with moth’s eye structures, flexible electronics, OLED, etc. [1–7]. For example, the
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1. Introduction

Mass producing nanostructure over large areas is critical to the commercial applications of
nanotechnology. Large-area nanopatterning has demonstrated great potential which can signifi-
cantly enhance the performance of many devices and create innovative products, such as LEDs,
solar cells, hard disk drives, laser diodes, displays, sub-wavelength optical elements, anti-
reflective glass with moth’s eye structures, flexible electronics, OLED, etc. [1–7]. For example, the

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.72860

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



solar cells with submicro anti-reflective coating exhibited higher photocurrent and higher power
conversion efficiency compared to those without nanostructures [8]. Nano-patterned sapphire
substrates (NPSS) and photonic crystals (PhC) have been considered as the most effective
approaches to improve the light output efficiency (internal quantum efficiency and external
quantum efficiency) of LEDs and beam shaping [9, 10]. However, mass producing large-area
nanostructures, particularly nanopatterning on various curved or non-flat surfaces or fragile sub-
strates or flexible substrates, are particularly difficult using current patterning methods. Further-
more, a variety of existing micro/nano-manufacturing technologies such as optical lithography,
electron beam lithography, focused ion beam lithography, interference lithography, etc., cannot
cope with all the practical requirements of industrial scale applications with respect to high
resolution, high throughput, low cost, large-area, especially patterning on non-flat and curved
surface. It is now still a challenging issue to produce large-area micro/nanoscale structures with
low cost, high throughput for existing micro/nano-manufacturing technologies [11].

Nanoimprint lithography (NIL) has now been regarded as a promising nanopatterning app-
roach with low cost, high throughput, and high resolution, especially for fabricating the large-
area micro/nanoscale patterns and complex 3D structures and high aspect ratio features. Due
to these outstanding strengths and unique capabilities, it was accepted by International Tech-
nology Roadmap for Semiconductors (ITRS) in 2009 for 16 and 11 nm nodes, scheduled for
industrial manufacturing in 2013. Toshiba has validated NIL for 22 nm and beyond. NIL has
been listed as one of 10 emerging technologies that will strongly impact the world by MIT’s
Technology Review. The resolution potential has been demonstrated by the replication of
2.4-nm features. It is expected to play a critical role in the commercialization of nanostructure
applications [12–14]. In particular, a variety of emerging large-area NIL processes (e.g. wafer-
scale soft UV-NIL process, roll-to-plate NIL, roll-to-roll NIL process) provide ideal solutions
and powerful tools for mass producing micro/nanostructures over large areas and continuous
patterning at low cost and high yield rate for the industrial scale applications in compound
semiconductor optoelectronics, wafer-level optical element, and nanophotonic devices, espe-
cially for LED patterning using full wafer NIL and anti-reflective films or coatings by roll-to-
roll nanoimprint process. That opens the door and paves the way for many commercial
applications not previously conceptualized or economically feasible.

A large number of studies and efforts regarding large-area nanoimprint lithography have been
carried out by both academia and industries. Great progresses in large-area nanoimprint
lithography have been achieved in recent years. This chapter focuses on the significant pro-
gresses in large-area NIL processes and industrial applications. The rest of the chapter is
organized as follows. Typical and emerging large-area NIL processes are discussed in detail
in Section 4. Furthermore, Section 3 presents some industrial applications of large-area NIL.
Prospects, challenges, and future directions for industrial scale large-area NIL are elaborated in
Section 5. Finally, Section 6 summaries this chapter.

2. Large-area NIL processes

A variety of large-area NIL processes have been proposed and developed by both academia
and industries. According to the types of used molds, type of imprint contact, and imprinting
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continuity, large-area NIL technology can be classified into two fundamental categories: the
full wafer NIL and roller-type NIL. Roller-type NIL can be further divided into two sub-
classes: roll-to-plate (R2P) NIL and roll-to-roll (R2R) NIL. The R2R NIL process has shown a
highly promising future to be implemented as a full-scale production process due to their high
throughput and large-area patterning capability. The continuous roller-pressing process has
been currently applied in many industrial fields [15–17].

2.1. Full wafer NIL (plate-to-plate type NIL, batch press type)

In full wafer NIL, a (flexible) flat mold/stamp is utilized to press into a resist layer on a rigid
substrate, resulting in a full field contact. In order to pattern a whole wafer area without the
high imprinting forces and demolding force, soft UV-NIL using a flexible (or soft) mold has
been proven to be a very promising approach for producing large-area patterns up to wafer-
level in the micrometer and nanometer scale. The process possesses the following outstanding
strengths: (1) flexible mold using; (2) sequential imprinting; and (3) peel-off demolding. Sub-
strate conformal imprint lithography (SCIL) developed by Philips Research and SUSS Micro-
Tec, is a novel large-area wafer-scale nanoimprint method with nanoscale resolution. It bridges
the gap between small rigid imprint stamp for best resolution and large-area soft imprint with
limited resolution. NIL is mainly limited by practicable reasons in imprint area due to the
waviness of the substrates. To implement full wafer NIL, the SCIL adopted the composite
mold and the sequential imprinting method. The composite mold is composed of two rubber
layers on a thin glass support. The in-plane stiffness of the stamp avoids pattern deformation
over large areas, while out-of-plane flexibility allows conformal contact to underlying surface
features. SCIL is based on a sequential imprinting principle, whereby the soft mold is placed
gradually on the substrate and is then removed (see Figure 1). The wavelike progression of the
contact front minimizes air inclusions even on large areas, and the sequential separation of the
mold and substrate (peel-off demolding) allows for a clean and reliable disconnection that
does not damage the patterned structures. Currently, the SCIL has achieved sub-10-nm reso-
lution on wafer-scale areas (6 inch wafer). The SCIL technology can well cope with non-flat
substrates and implement full wafer nanoimprinting in a single step. For the SCIL process, the

Figure 1. Schematic diagram of substrate conformal imprint lithography (SCIL), composite mold, and photo of imprinted
patterns [1, 18].
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Technology Review. The resolution potential has been demonstrated by the replication of
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cially for LED patterning using full wafer NIL and anti-reflective films or coatings by roll-to-
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applications not previously conceptualized or economically feasible.

A large number of studies and efforts regarding large-area nanoimprint lithography have been
carried out by both academia and industries. Great progresses in large-area nanoimprint
lithography have been achieved in recent years. This chapter focuses on the significant pro-
gresses in large-area NIL processes and industrial applications. The rest of the chapter is
organized as follows. Typical and emerging large-area NIL processes are discussed in detail
in Section 4. Furthermore, Section 3 presents some industrial applications of large-area NIL.
Prospects, challenges, and future directions for industrial scale large-area NIL are elaborated in
Section 5. Finally, Section 6 summaries this chapter.
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A variety of large-area NIL processes have been proposed and developed by both academia
and industries. According to the types of used molds, type of imprint contact, and imprinting
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continuity, large-area NIL technology can be classified into two fundamental categories: the
full wafer NIL and roller-type NIL. Roller-type NIL can be further divided into two sub-
classes: roll-to-plate (R2P) NIL and roll-to-roll (R2R) NIL. The R2R NIL process has shown a
highly promising future to be implemented as a full-scale production process due to their high
throughput and large-area patterning capability. The continuous roller-pressing process has
been currently applied in many industrial fields [15–17].

2.1. Full wafer NIL (plate-to-plate type NIL, batch press type)

In full wafer NIL, a (flexible) flat mold/stamp is utilized to press into a resist layer on a rigid
substrate, resulting in a full field contact. In order to pattern a whole wafer area without the
high imprinting forces and demolding force, soft UV-NIL using a flexible (or soft) mold has
been proven to be a very promising approach for producing large-area patterns up to wafer-
level in the micrometer and nanometer scale. The process possesses the following outstanding
strengths: (1) flexible mold using; (2) sequential imprinting; and (3) peel-off demolding. Sub-
strate conformal imprint lithography (SCIL) developed by Philips Research and SUSS Micro-
Tec, is a novel large-area wafer-scale nanoimprint method with nanoscale resolution. It bridges
the gap between small rigid imprint stamp for best resolution and large-area soft imprint with
limited resolution. NIL is mainly limited by practicable reasons in imprint area due to the
waviness of the substrates. To implement full wafer NIL, the SCIL adopted the composite
mold and the sequential imprinting method. The composite mold is composed of two rubber
layers on a thin glass support. The in-plane stiffness of the stamp avoids pattern deformation
over large areas, while out-of-plane flexibility allows conformal contact to underlying surface
features. SCIL is based on a sequential imprinting principle, whereby the soft mold is placed
gradually on the substrate and is then removed (see Figure 1). The wavelike progression of the
contact front minimizes air inclusions even on large areas, and the sequential separation of the
mold and substrate (peel-off demolding) allows for a clean and reliable disconnection that
does not damage the patterned structures. Currently, the SCIL has achieved sub-10-nm reso-
lution on wafer-scale areas (6 inch wafer). The SCIL technology can well cope with non-flat
substrates and implement full wafer nanoimprinting in a single step. For the SCIL process, the

Figure 1. Schematic diagram of substrate conformal imprint lithography (SCIL), composite mold, and photo of imprinted
patterns [1, 18].
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curing of sol-gel resist relies on the diffusion of solvents into the PDMS stamp. Depending on
the operation and preparation conditions, the curing time varies from 5 to 15 min. In order to
shorten curing time of the process, a UV-enhanced SCIL process using UV curable material has
been developed. Fader et al. introduced UV-SCIL with purely organic UV-curing materials
showing curing times of 17 s [1, 18–19]. The SCIL technology can well cope with non-ideal
substrates and implement full wafer imprinting in a single step. The excellent performance of
SCIL in respect to substrate conformity and pattern fidelity over large areas enables this
nanoimprint technology which is a powerful tool, especially for applications like LED/VCSEL,
photonic crystal LEDs, three-dimensional (3D) photonic structures, nano-patterned sapphire
substrates, optical elements, or patterned media [1].

Lan et al. reported a full wafer soft UV-NIL using a composite mold with tri-layer structure. The
composite mold comprises of a thin layer of fluoropolymer-based material as the patterning
layer, a thick layer of s-PMDS as intermediate flexible or cushion layer, and a thin PET (or glass
sheet) as the support layer. Figure 2 illustrated the schematic diagram of the proposed full wafer
soft UV-NIL process. The imprinting process is performed by a sequential and micro-contacting
solution starting from the center to two sides of the mold. The separation process employs a
continuous ‘peel-off’ demolding mode starting from two sides to the center of the mold. Com-
pared to the SCIL, the distinct advantages of the process include: (1) the imprinting and
demolding procedure take the mold center as axis of symmetry, are carried out at the same time

Figure 2. Schematic of full wafer nanoimprint lithography with a tri-layer composite mold and imprinted patterns (a-h).
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on two sides with higher throughput and easier eliminating trapped air bubble; (2) an enhanced
demolding approach is adopted; and (3) since the imprinting procedure is performed under a
low vacuum pressure environment, it can better remove the trapped air bubbles and provide
completely conformal contact [11].

Lan et al. proposed a new full wafer soft UV-NIL based on two air chambers. The imprinting
and demolding processes are conducted by the close collaboration between the switching
positive pressure and negative pressure in two air chambers and the upward and downward
movement of substrate stage. Figure 3 illustrated the basic principle and work flowchart of the
proposed full wafer UV-NIL process and imprinted patterns. Compared to other full wafer soft
UV-NIL, it has several outstanding advantages such as more compact configuration, easier
operation, higher yield rate, easy to control, etc.

By integrating the imprint technology and roll-to-roll technology, which is based on extruder’s
coater technology, Toshiba Machine developed a nanoimprint equipment ST50S-LED for high-
brightness LEDs. Figure 4 shows the schematic diagram of the UV imprinting equipment. This
imprinter enables UV imprint on the whole surface of a curved wafer in film mode, and has the
features of high-precision control of the press position and press force. To support imprinting
on a warped substrate or depositing defect substrate, a flexible resin mold is used in order to
enable imprinting with high accuracy of form and less dispersion of residual resin layer. The
rolled resin mold made by the roll-to-roll UV imprinting machine (CMT series) is used for
automatic successive imprinting. A ST Head is employer to prevent un-uniform contact caused
by parallelism difference between the substrate and mold to enable uniform transcription on
the surface. This can enable automatic whole-surface UV imprint to form a fine-shape pattern
of nanometer-order on a curved LED substrate. The maximum throughput of this equipment is
45 wafers/h [20, 21].

Figure 3. Schematic diagram of the principle of full wafer nanoimprint lithography with dual chambers, and imprinted
patterns (a-l).
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low vacuum pressure environment, it can better remove the trapped air bubbles and provide
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UV-NIL, it has several outstanding advantages such as more compact configuration, easier
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coater technology, Toshiba Machine developed a nanoimprint equipment ST50S-LED for high-
brightness LEDs. Figure 4 shows the schematic diagram of the UV imprinting equipment. This
imprinter enables UV imprint on the whole surface of a curved wafer in film mode, and has the
features of high-precision control of the press position and press force. To support imprinting
on a warped substrate or depositing defect substrate, a flexible resin mold is used in order to
enable imprinting with high accuracy of form and less dispersion of residual resin layer. The
rolled resin mold made by the roll-to-roll UV imprinting machine (CMT series) is used for
automatic successive imprinting. A ST Head is employer to prevent un-uniform contact caused
by parallelism difference between the substrate and mold to enable uniform transcription on
the surface. This can enable automatic whole-surface UV imprint to form a fine-shape pattern
of nanometer-order on a curved LED substrate. The maximum throughput of this equipment is
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A roller press mechanism is also used to in full wafer NIL process. Since a roller press mecha-
nism is utilized, the actual contact area during imprinting is only a line along the roller in contact
with the substrate rather than the entire mold area. Furthermore, the roller-based NIL process
has the advantage of reduced issues regarding trapped air bubbles, thickness variation, and dust
pollutants, which also greatly improve its replication uniformity. Youn et al. reported the proto-
type development of a roller-based imprint system and its application to large-area polymer
replication for a microstructured optical device. Figure 5 demonstrated its basic principle and
process layout. A roller is utilized to press a flat flexible mold supported by several coil springs
onto the polymer substrate. As the roller imprints onto the substrate via platform movement,
pullers will be automatically elevated to lift and separate the flexible mold from the substrate.
The systemhas the capacity to replicate ultra-precision structures on an area of 100mm� 100mm
at the scanning speed range of 0.1–10 mm/s. Feature sizes down to 0.8–5 μm have been reported
to be successfully imprinted [15, 22].

ESCO in Japan developed a Roller Press Scan® method (pressing sequentially using a roller), as
shown in Figure 6. A roll is utilized to directly press the substrate that is placed onto resin-
coated mold rather than the flexible mold. The maximum imprint area is 450 mm � 500 mm.
The process has been applied to many fields such as moth-eye sheet, photonic crystal, optical
waveguide (several tens of micrometers), micro-lens array (few millimeters), etc. [23].

Figure 4. Schematic diagram of the UV imprinting equipment, resin mold (roll type) and imprinted patterns [20, 21].

Figure 5. Process flow chart of the roller-based NIL process [22].
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Soft UV-NIL has been considered as one of the most promising methods for mass producing
micro- and nanoscale structures on the entire wafer at low cost for the applications in compound
semiconductor optoelectronics and nanophotonic devices, especially for LED patterning.

Traditional plate-to-plate type NIL using a large mold is the simplest way for producing large-
area nanostructures, but commonly requires high pressure that increases the possibility of
mold deformation even the damage of the mold and the substrate. Further, the thickness
variation on a mold or substrate can be as large as a micrometer on a large wafer area, and it
is hard to be compensated. During imprinting, non-conformal contact occurred by the local
flatness distortion in the mold causes the reduction of replication uniformity and leads to a
huge stress concentration, resulting in the warping or distortion of the stamp. Therefore, soft
UV-NIL by using a flexible mold has been proven to be a cost-effective high volume
nanopatterning method for large-area structure replication up to wafer-level (up to 300 mm)
in the micrometer and nanometer scale, fabricating complex 3D micro/nanostructures, espe-
cially making large-area patterns on the non-planar surfaces even curved substrates at low cost
and with high throughput.

As a result, in order to better implement the full wafer NIL, some critical issues and promising
solutions are described as follows. For the imprinting process, four important issues must be
considered: (1) achieving uniform pressure distribution across the full wafer; (2) ensuring
entirely conformal contact on the imprinting full field; (3) avoiding trapped air bubble defects;
and (4) reducing imprinting forces. Applying gas-assisted press, sequential contact, vacuum
imprint environment, and composite flexible mold may be effective solution. For the demol-
ding process, peel-off demolding, fluoropolymer-based mold, and PVA-based thin-film mold
can be used to avoid demolding defects and mold damage. For full wafer NIL, how to fabricate
a large size wafer-level master has been became as the most challenging issue.

2.2. Roller-type NIL

In full wafer NIL (P2P), the entire imprint area is imprinted in a single imprinting cycle
regardless of its size. However, this method is unsuitable for very large imprinting areas as it
would require especially large imprint force, which may reach 20 kN of force for an 8-in. wafer
[15]. The roller-type NIL (RIL) provides a unique solution to these challenging issues encoun-
tered in the conventional wafer-scale NIL process, because only a line area is in contact during
imprinting, thus requiring a much smaller force to replicate the patterns. Moreover, because

Figure 6. Schematic of the Roller Press Scan® method and imprinted patterns [23].
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cially making large-area patterns on the non-planar surfaces even curved substrates at low cost
and with high throughput.

As a result, in order to better implement the full wafer NIL, some critical issues and promising
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entirely conformal contact on the imprinting full field; (3) avoiding trapped air bubble defects;
and (4) reducing imprinting forces. Applying gas-assisted press, sequential contact, vacuum
imprint environment, and composite flexible mold may be effective solution. For the demol-
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regardless of its size. However, this method is unsuitable for very large imprinting areas as it
would require especially large imprint force, which may reach 20 kN of force for an 8-in. wafer
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the stamp used in R2R NIL is in the form of a roller shape, the stamp-substrate separation
proceeds in a “peeling-off” mode, which requires very small demolding force.

The roller-type NIL (RIL), first proposed by the Chou group [24], has now become one of the
most promising candidates for rapid patterning on a very large-area substrate. Typical RNIL
has a roller-shaped mold which contacts to a counter roller. A substrate goes through it and
micro/nanostructures are transferred from the roller-shaped mold to the substrate. This tech-
nique can realize continuous imprinting, and can transfer patterns to the rigid or flexible
substrates. Compared to P2P NIL, RNIL has the advantages of better uniformity, a lower
imprint force, and the ability to repeat the patterning process continuously on a large sub-
strate. Additionally, due to the line contact, the roller-based NIL process has the advantage of
reduced issues regarding trapped air bubbles, thickness variation, and dust pollutants, which
also greatly improve its replication uniformity.

2.2.1. Roll-to-plate type NIL

The roll-to-plate (R2P) NIL process uses a roller mold to pattern large-area rigid substrate. A
roller mold is employed to imprint various rigid substrates such as glass substrates. The
typical applications include flat panel displays, solar cells, anti-reflective glasses, etc. In 1998,
Steven Chou’s group firstly demonstrated a R2P thermal NIL process. A roller mold, which
was made by wrapping a 100 μm thick nickel compact disk master mold with sub-micron
features around the smooth roller, is imprinted and rolled on the substrate. Sub-100 nm
resolution pattern transfer has been achieved using this method [24].

Ahn et al. described a R2P UV-NIL process for fabricating large-scale nano- and micropatterns
on rigid substrates, as shown in Figure 7. The UV roll nanoimprinting system has the follow-
ing components: a dispensing unit, a pair of flattening rollers, a UV light illumination unit, gap

Figure 7. Schematic of R2P UV-NIL process for a rigid and transparent substrate developed by Ahn et al. [25].
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control contact rollers, and a roller mold. The pair of flattening rollers enables the uniform
coating of the photopolymer onto the substrate, which is achieved by controlling the size of the
gap between the rollers. To obtain thickness uniformity, passive gap control by pressing the
contact roller against the roll stamper was used. However, there is a limitation of the process
since the substrates used should be transparent [25].

Park reported a R2P UV-NIL tool and process using double-layered soft cylindrical stamp to
replicate nanoscale patterns on a Si substrate, as shown in Figure 8. 30 nm dot array patterns
have been obtained. The R2P UV-NIL tool consists of a transparent quartz cylinder controlled
by two synchronized motors, a passive compliant stage, a pressing unit in the Z direction, a
UV system with a wavelength of 365 nm, and a fine stage with 3 nm resolution. Because of the
synchronized motors used, there is no slip or misalignment between the replica and the quartz
cylinder due to the tight fitting and compliant stage of the imprinting process. The trapped air
problem is continually eliminated by means of the line of contact between the cylinder and the
flat substrates from the first contact position to the last contact position. Ahn and Guo demon-
strated large-area (4 in. wide) continuous imprinting of nanoscale structures by using a newly
developed 6 in.-capable roll-to-plate (R2PNIL) apparatus. The grating patterns with 300 nm
line width have been continuously transferred on glass substrates with greatly enhanced
throughput [26].

Hitachi, Ltd. developed a sheet nanoimprint technology which enable 100 times higher pro-
ductivity of nanoscale patterns, as shown in Figure 9. The enormous productivity is enabled
by continuous processing of heating, pressing, cooling and separation using belt-shaped nano-
mold. A 200 nm in diameter and 240 nm tall dots (aspect ratio 1.4) were formed directly onto a
15 m-long polystyrene film. The process has some outstanding advantages such as extending
cooling time, without size limitation of the mold [27].

In order to achieve transferred micropatterns with a precise profile yet no residual layer on the
substrate, a roller-reversal imprint (RRI) process was proposed as shown in Figure 10. The
resist is dispensed onto the roller mold using slot die instead of being coated onto the sub-
strate, allowing it to fill in the mold cavities. A doctor blade is employed to remove excessive
resist from the roller mold as it rotates. Upon contact with the substrate, the resist is transferred
onto the substrate in a similar manner to a gravure printing. The transferred resist will then be

Figure 8. R2P UV-NIL using double-layered soft cylindrical stamp [26].
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on rigid substrates, as shown in Figure 7. The UV roll nanoimprinting system has the follow-
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developed 6 in.-capable roll-to-plate (R2PNIL) apparatus. The grating patterns with 300 nm
line width have been continuously transferred on glass substrates with greatly enhanced
throughput [26].

Hitachi, Ltd. developed a sheet nanoimprint technology which enable 100 times higher pro-
ductivity of nanoscale patterns, as shown in Figure 9. The enormous productivity is enabled
by continuous processing of heating, pressing, cooling and separation using belt-shaped nano-
mold. A 200 nm in diameter and 240 nm tall dots (aspect ratio 1.4) were formed directly onto a
15 m-long polystyrene film. The process has some outstanding advantages such as extending
cooling time, without size limitation of the mold [27].

In order to achieve transferred micropatterns with a precise profile yet no residual layer on the
substrate, a roller-reversal imprint (RRI) process was proposed as shown in Figure 10. The
resist is dispensed onto the roller mold using slot die instead of being coated onto the sub-
strate, allowing it to fill in the mold cavities. A doctor blade is employed to remove excessive
resist from the roller mold as it rotates. Upon contact with the substrate, the resist is transferred
onto the substrate in a similar manner to a gravure printing. The transferred resist will then be
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solidified by either UV or thermal curing. Feature sizes ranging from 20 to 130 μm in line
width and 10–100 μm in depth have been successfully patterned using the roller-reversal
imprint method [28].

While R2P NIL methods have great advantages over conventional P2P NIL in terms of imprint
force, throughput, and size of equipment, it still has several limitations in realizing a continu-
ous imprinting process.

2.2.2. Roll-to-roll type NIL

For the R2R NIL process, a roller mold is utilized to imprint onto a flexible substrate (or resist-
coated flexible substrate) on a supporting roller instead of a flat plate in R2P NIL processes.
The entire process is based on the roll-to-roll manufacturing concept, which has the advan-
tages of continuous process, large-area patterning, and high throughput. It provides a highly
promising solution for industrial scale applications. Therefore, the continuous R2R NIL tech-
nique offers a promising solution for high-speed large-area nanoscale patterning with greatly
improved throughput. Moreover, it can overcome the challenges faced by conventional NIL in
maintaining pressure uniformity and successful demolding in large-area imprinting [5, 15].
R2R NIL processes can be generally separated into two groups: thermoplastic roller imprinting
and UV-curing roller imprinting.

Figure 10. Schematic diagram of roller-reversal imprint process [28].

Figure 9. Schematic of sheet NIL developed by Hitachi and imprinted high aspect ratio pattern [27].
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2.2.2.1. R2R thermal NIL

Continuous imprinting of thermoplastics with a roller mold is a promising technique because of
its simplicity in terms of tool setup and materials. All that is required for patterning is adequate
heat and mechanical pressure, a suitable roller mold and a thermoplastic web that can be
patterned directly; thus avoiding the need to deposit a patterning medium (resist) onto a sub-
strate and all the issues arising from the additional processing steps. In addition, the technique is
flexible in terms of materials and substrate selection. Various materials for the roller mold and a
wide variety of thermoplastic materials can be used as either cast films on a substrate or as a
stand-alone web [5]. In addition, functional materials such as semiconducting or light-emitting
polymers can be directly patterned with this technique. In particular, with a roller mold seamless
patterning is achievable and this is very useful for large-area low cost manufacturing applica-
tions such as anti-reflection coatings, micro-lens arrays and wire grid polarizers (WGPs).

Existing investigations on thermal roller imprinting revealed poor pattern transfer fidelity,
especially for high aspect ratio features. The traditional R2R imprinting process suffers from
the lack of an effective holding and cooling stage so that the adverse effects from the viscoelas-
tic nature of polymers are not managed. To solve this problem and further improve the
production rate, a new extrusion roller imprinting process with a variotherm belt mold was
proposed, as shown in Figure 11, and its prototype was also developed at a laboratory scale.
The major components of the R2R tool include an extruder, a belt mold, a roll-to-roll setup, and
an induction heating unit. The extruded polymer film is imprinted between the belt mold and
the pressure roller. Due to the variotherm capability, the imprinted film is effectively cooled
before it is released from the belt mold. The experimental results demonstrated that a 30 μm
sawtooth pattern can be faithfully transferred to extruded polyethylene film at take-up speeds
higher than 10 m/min [29].

3D and multilayered nanostructures are becoming important with the technological advances in
nanodevices such as nanoelectromechanical systems, nanofluidic devices, and nanophotonics.
Nagato et al. from University of Tokyo proposed an iterative roller imprint method of multilay-
ered nanostructures by combination of imprinting and bonding process. Thermoplastic polymer
film is imprinted using a nanostructured mold and heated rollers (first layer). The next imprinted
thin film is thermally bonded on the backside of the first layer using other rollers. By repeating
these processes, a multilayered nanostructure was fabricated. By this method, multilayered

Figure 11. Schematic of extrusion roller imprinting process with a variotherm belt mold, imprinted structures [29].
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solidified by either UV or thermal curing. Feature sizes ranging from 20 to 130 μm in line
width and 10–100 μm in depth have been successfully patterned using the roller-reversal
imprint method [28].

While R2P NIL methods have great advantages over conventional P2P NIL in terms of imprint
force, throughput, and size of equipment, it still has several limitations in realizing a continu-
ous imprinting process.

2.2.2. Roll-to-roll type NIL
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The entire process is based on the roll-to-roll manufacturing concept, which has the advan-
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promising solution for industrial scale applications. Therefore, the continuous R2R NIL tech-
nique offers a promising solution for high-speed large-area nanoscale patterning with greatly
improved throughput. Moreover, it can overcome the challenges faced by conventional NIL in
maintaining pressure uniformity and successful demolding in large-area imprinting [5, 15].
R2R NIL processes can be generally separated into two groups: thermoplastic roller imprinting
and UV-curing roller imprinting.

Figure 10. Schematic diagram of roller-reversal imprint process [28].

Figure 9. Schematic of sheet NIL developed by Hitachi and imprinted high aspect ratio pattern [27].
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patterned directly; thus avoiding the need to deposit a patterning medium (resist) onto a sub-
strate and all the issues arising from the additional processing steps. In addition, the technique is
flexible in terms of materials and substrate selection. Various materials for the roller mold and a
wide variety of thermoplastic materials can be used as either cast films on a substrate or as a
stand-alone web [5]. In addition, functional materials such as semiconducting or light-emitting
polymers can be directly patterned with this technique. In particular, with a roller mold seamless
patterning is achievable and this is very useful for large-area low cost manufacturing applica-
tions such as anti-reflection coatings, micro-lens arrays and wire grid polarizers (WGPs).

Existing investigations on thermal roller imprinting revealed poor pattern transfer fidelity,
especially for high aspect ratio features. The traditional R2R imprinting process suffers from
the lack of an effective holding and cooling stage so that the adverse effects from the viscoelas-
tic nature of polymers are not managed. To solve this problem and further improve the
production rate, a new extrusion roller imprinting process with a variotherm belt mold was
proposed, as shown in Figure 11, and its prototype was also developed at a laboratory scale.
The major components of the R2R tool include an extruder, a belt mold, a roll-to-roll setup, and
an induction heating unit. The extruded polymer film is imprinted between the belt mold and
the pressure roller. Due to the variotherm capability, the imprinted film is effectively cooled
before it is released from the belt mold. The experimental results demonstrated that a 30 μm
sawtooth pattern can be faithfully transferred to extruded polyethylene film at take-up speeds
higher than 10 m/min [29].

3D and multilayered nanostructures are becoming important with the technological advances in
nanodevices such as nanoelectromechanical systems, nanofluidic devices, and nanophotonics.
Nagato et al. from University of Tokyo proposed an iterative roller imprint method of multilay-
ered nanostructures by combination of imprinting and bonding process. Thermoplastic polymer
film is imprinted using a nanostructured mold and heated rollers (first layer). The next imprinted
thin film is thermally bonded on the backside of the first layer using other rollers. By repeating
these processes, a multilayered nanostructure was fabricated. By this method, multilayered

Figure 11. Schematic of extrusion roller imprinting process with a variotherm belt mold, imprinted structures [29].
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nanostructures with a pitch of 800 nm and a depth of 300 nm were fabricated using PMMA.
Figure 12 illustrated the iterative roller imprint method of multilayered nanostructures and
imprinted multilayered nanogaps with five-layered nanostructures [30].

In 2013, EVG releases the industry’s first roll-to-roll thermal NIL tool (EVG®570R2R) which
can mass produce films and surfaces with micro- and nanometer-scale structures for a variety
of medical, consumer, and industrial applications, including microfluidics, plastic electronics,
and photovoltaics. Recently, an EVG750® R2R hot embossing system was released, as shown
in Figure 13. The EVG750R2R’s innovative design provides excellent temperature and pres-
sure uniformity for micro- and nanoscale patterning on a broad range of materials. It is
designed to deliver the highest flexibility for R&D applications with a clear vision for auto-
mated mass manufacturing of flexible devices [31].

There are two challenging issues for R2R thermal NIL processes. One issue related to the
imprinting of thermoplastic materials generally is the flow behavior in the vicinity of large or
strongly nonuniform mold features. Another issue that must be solved is an effective cooling
solution prior to demolding.

2.2.2.2. R2R UV-NIL

Although R2R thermal NIL has the advantage of simplicity and flexibility in terms of tool
setup and materials, the process involves relatively high pressure (typically at least 5 MPa) and
high temperature (typically about 100–300�C) due to the high viscosities of thermoplastic
materials imprinted. Unlike with the imprinting of thermoplastic materials with R2R thermal
NIL, R2R UV-NIL does not require elevated temperature or large applied pressures to create
patterns which has shown higher throughput and lower product cost, because low pressures
are used in UV roller imprinting, it is easier to protect the roller mold from accumulating
defects due to particles and residues; thus improving mold lifetime and the overall quality of

Figure 12. Schematic of roller imprint system for multilayered nanostructures, imprinted multilayered nanogaps with
five-layered nanostructures [30].
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replication [5]. In addition, low pressure requirements enable the use of soft mold materials
such as ETFE, PDMS without risk of feature distortion.

Figure 14 illustrated a typical R2R UV-NIL system. It mainly consisted of the following
functional components such as a dispensing unit, a doctor blade (or a pair of flattening rollers),
a UV source unit, a roller mold, pressure rollers, a demolding roller, etc. [5]. A dispensing
system is utilized to deposit a UV curable liquid resin either as a pattern of drops or as a
continuous film. Following deposition of the resin, a variety of thickness control measures can
be employed, such as a doctor blade. Multiple pressure rollers are often used to ensure

Figure 13. Photo of the EVG750® R2R hot embossing system, imprinted, SEM image of 10 μm and 30 μm microfluidic
structures replicated into PMMA, 500 nm holes replicated into PMMA [31].

Figure 14. Schematic of a typical R2R UV-NIL system [5].
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can mass produce films and surfaces with micro- and nanometer-scale structures for a variety
of medical, consumer, and industrial applications, including microfluidics, plastic electronics,
and photovoltaics. Recently, an EVG750® R2R hot embossing system was released, as shown
in Figure 13. The EVG750R2R’s innovative design provides excellent temperature and pres-
sure uniformity for micro- and nanoscale patterning on a broad range of materials. It is
designed to deliver the highest flexibility for R&D applications with a clear vision for auto-
mated mass manufacturing of flexible devices [31].

There are two challenging issues for R2R thermal NIL processes. One issue related to the
imprinting of thermoplastic materials generally is the flow behavior in the vicinity of large or
strongly nonuniform mold features. Another issue that must be solved is an effective cooling
solution prior to demolding.

2.2.2.2. R2R UV-NIL

Although R2R thermal NIL has the advantage of simplicity and flexibility in terms of tool
setup and materials, the process involves relatively high pressure (typically at least 5 MPa) and
high temperature (typically about 100–300�C) due to the high viscosities of thermoplastic
materials imprinted. Unlike with the imprinting of thermoplastic materials with R2R thermal
NIL, R2R UV-NIL does not require elevated temperature or large applied pressures to create
patterns which has shown higher throughput and lower product cost, because low pressures
are used in UV roller imprinting, it is easier to protect the roller mold from accumulating
defects due to particles and residues; thus improving mold lifetime and the overall quality of
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replication [5]. In addition, low pressure requirements enable the use of soft mold materials
such as ETFE, PDMS without risk of feature distortion.

Figure 14 illustrated a typical R2R UV-NIL system. It mainly consisted of the following
functional components such as a dispensing unit, a doctor blade (or a pair of flattening rollers),
a UV source unit, a roller mold, pressure rollers, a demolding roller, etc. [5]. A dispensing
system is utilized to deposit a UV curable liquid resin either as a pattern of drops or as a
continuous film. Following deposition of the resin, a variety of thickness control measures can
be employed, such as a doctor blade. Multiple pressure rollers are often used to ensure
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uniform spreading of the resin and filling of the roller mold cavities prior to UV exposure. A
demolding roller is used to peel the cured patterns off the roller mold. How to extend roller
mold lifetime is a challenging issue for the real commercialization or industrial applications of
roller-type NIL. The roller mold should have good wear resistance properties. The mold
material used should have low surface energy to ensure that the resist does not adhere to the
mold surface during the demolding process, and to reduce friction during imprinting. A
release coating on the roller mold surface can effectively prolong roller mold lifetime by
preventing the adhesion of the resists. However, this release coating gradually deteriorates as
the number of repetitions of NIL transfer increases. It is therefore important to maintain the
lifetime of the release agent. A roller mold generally need be coated with a fluorinated silane
anti-sticking layer to prevent sticking problems. In addition, mixing of various types of release
agent is also an effective way in increasing the lifetime of the roller mold [15].

Guo et al. presented a R2R UV-NIL process for the fabrication of metal wire grid polarizers
with nanoscale structures (down to 70 nm line width and 100 nm pitch) on a flexible substrate.
Figure 15 demonstrated the schematic of the R2R UV-NIL process for fabricating metal wire
grid polarizer and imprinted patters. The system is composed of three functional modules:
coating module, imprinting module, and metal deposition module. An ETFE flexible fluoro-
polymer stamp wrapped around a stainless steel roller is adopt to be the roller mold for the UV
R2R NIL. The benefit of using ETFE is that it has good anti-stick properties (critical surface
tension of 15.6 mN m�1, cf. PDMS 19.6 mN m�1) that do not deteriorate over many imprint
cycles or from exposure to UV light, unlike fluorinated SAM anti-stick coatings [32].

A self-aligned imprint lithography (SAIL) was proposed by HP for solving alignment problem
in R2R imprinting process, as shown in Figure 16. The SAIL has been used to fabricate
precision electronic devices that require multiple alignment steps on a large dimensionally
unstable substrate by incorporating a single imprinting step. The technique solves the problem
of precision interlayer registry on a moving web by encoding all the geometry information
required for the entire patterning steps into a monolithic three-dimensional imprint with

Figure 15. Schematic of R2R UV-NIL process for fabricating metal wire grid polarizer and imprinted patters [32].
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discrete thickness modulation. It can enable the patterning and alignment of submicron-sized
features on meter-scaled flexible substrates in the R2R environment. The SAIL provides an
effective way for mass producing flexible electronics and flexible display backplanes in partic-
ular for commercial production [33, 34].

Due to the limitations of current roller mold materials used for R2R NIL, John et al. described a
large-area, continuous R2R nanoimprinting with PFPE composite molds. A R2R Nano Emboss
100 was also developed using the PFPE composite molds to address the challenge of fabricat-
ing nanostructured thin films on a high-speed, high-reliability platform. The tool consists of
five sections, namely unwind, coating, imprinting, metrology/coating, and rewind, as shown
in Figure 17. John et al. showed the efficiency, reliability, and durability of the PFPE-based

Figure 16. Photo of roll-to-roll coating and imprinting apparatus, imprinted active-matrix backplanes [33].

Figure 17. Photo of the custom designed R2R nanoimprinter; SEM images of 230 and 70 nm imprinted gratings on PET
[35].
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precision electronic devices that require multiple alignment steps on a large dimensionally
unstable substrate by incorporating a single imprinting step. The technique solves the problem
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features on meter-scaled flexible substrates in the R2R environment. The SAIL provides an
effective way for mass producing flexible electronics and flexible display backplanes in partic-
ular for commercial production [33, 34].

Due to the limitations of current roller mold materials used for R2R NIL, John et al. described a
large-area, continuous R2R nanoimprinting with PFPE composite molds. A R2R Nano Emboss
100 was also developed using the PFPE composite molds to address the challenge of fabricat-
ing nanostructured thin films on a high-speed, high-reliability platform. The tool consists of
five sections, namely unwind, coating, imprinting, metrology/coating, and rewind, as shown
in Figure 17. John et al. showed the efficiency, reliability, and durability of the PFPE-based
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composite molds in replicating 1D and 2D micron to sub-100 nm features with high fidelity
over successive imprinting cycles in a dynamic large-area high-speed roll-to-roll nanoimprinting
process [35]. The experimental results have exhibited that the PFPE composite mold replicated
nanofeatures with high fidelity and maintained superb mold performance in terms of dimen-
sional integrity of the nanofeatures, nearly defect-free pattern transfer and exceptional mold
recovering capability throughout hundreds of imprinting cycles [35].

A roll-to-roll type UV imprinting machine has been developed for mass producing resin molds,
wire grid polarizers, flexible solar cells, etc. Figure 18 illustrated the schematic of the R2R UV-
NIL and imprinted products. An “intermittent coating” technology employing a gravure roll to
mold UV curable resin coated on film is introduced. Sub-100 nm patterns, especially sub-30 nm
patterns, onto ultraviolet (UV) curable resin on film substrate have been obtained. They also
have investigated the potential of R2R UV-NIL for future wearable devices that would require
large-area nanopatterning. This result indicates that the process has the potential to make sub-
30 nm patterns on film [36].

Ahn and Guo illustrated large-area (4 in. wide) continuous imprinting of nanogratings by using
a developed apparatus capable of roll-to-roll imprinting (R2R NIL) on flexible web and roll-to-
plate imprinting (R2PNIL) on rigid substrate. For the proposed process, a belt-type mold is
wrapped around two rolls. Either a flexible or rigid substrate coated with a resist mounted on
another roll or a flat conveyer is then fed into the contact zone where a mold continuously
imprints the replica pattern onto the substrate under conformal pressure [37]. The instant UV
curing is followed at the outlet of the mold-substrate contact zone to finish the patterning. The
300 nm line width grating patterns can be continuously transferred on either glass substrate (roll-
to-plate mode) or flexible plastic substrate (roll-to-roll mode) with greatly enhanced throughput.
Figure 19 showed the R2R NIL process and fabricated products [16, 35].

One significant advantage of the R2R NIL technique is that it inherited the high resolution
pattern fidelity benefit from the traditional NIL technique with a drastically increased through-
put. The possibility of defect generation during the mold-substrate separation process is con-
siderably lower in the R2R NIL technique due to the peeling mode in which the substrate

Figure 18. Schematic of R2R UV-NIL NIL developed by Toshiba, imprinted products (resin mold) [36].
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separates from the roller mold assembly as compared to the conventional NIL technique. In
particular, R2R NIL has the unique capability of continuous patterning.

3. Applications of large-area NIL

Nanostructing has been one of the most promising and enabling technologies to enhance the
performance of various products and devices ranging from high-brightness LEDs, high effec-
tive solar cells, high density storage to high clearness (HD) display. NIL has proven to be the
most cost-efficient way to enable fabrication of nanopatterns on large areas as it is not limited
by optical systems and can provide the best pattern fidelity for the smallest structures. Various
types of large-area nanostructures and patterns including one-, two- and three-dimensional
structures fabricated by NIL have been applied to diverse devices and products to enhance
their performances. Large-area NIL technology paves the way for real-world nanotechnology
products and innovative applications. Large-area NIL has now been utilized to fabricate
various micro/nanostructures and devices for nanoelectronics, optoelectronics, nanophotonics,
optical components, nanostructured glass, biological applications, etc. Figure 20 demonstrated
representative industrial applications and products with large-area NIL. Moreover, it has
become a perfect match for some emerging application fields that are in great need of large-
area patterning of submicro and nanoscale features at a low cost, such as patterned magnetic
media, high-brightness light-emitting diodes (HB-LEDs), anti-reflective coatings or films, flex-
ible electronics, printed electronics, OLED, wire grid polarizer, flat panel display, microfluidic
devices, etc. In particular, this technique has demonstrated great commercial prospects in
several market segments, HB-LEDs, anti-reflective coatings or films with moth-eye structures,
flexible electronics, solar cells, architectural glass, WGP, optical elements, patterned media,
micro-lens arrays, and functional polymer devices [1–5, 38–41].

Figure 19. (a) Schematic descriptions of R2R NIL process (top) for flexible substrates and R2P NIL mode (bottom) for
rigid substrates; (b) a PET film; and (c) a glass plate [35].
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composite molds in replicating 1D and 2D micron to sub-100 nm features with high fidelity
over successive imprinting cycles in a dynamic large-area high-speed roll-to-roll nanoimprinting
process [35]. The experimental results have exhibited that the PFPE composite mold replicated
nanofeatures with high fidelity and maintained superb mold performance in terms of dimen-
sional integrity of the nanofeatures, nearly defect-free pattern transfer and exceptional mold
recovering capability throughout hundreds of imprinting cycles [35].

A roll-to-roll type UV imprinting machine has been developed for mass producing resin molds,
wire grid polarizers, flexible solar cells, etc. Figure 18 illustrated the schematic of the R2R UV-
NIL and imprinted products. An “intermittent coating” technology employing a gravure roll to
mold UV curable resin coated on film is introduced. Sub-100 nm patterns, especially sub-30 nm
patterns, onto ultraviolet (UV) curable resin on film substrate have been obtained. They also
have investigated the potential of R2R UV-NIL for future wearable devices that would require
large-area nanopatterning. This result indicates that the process has the potential to make sub-
30 nm patterns on film [36].

Ahn and Guo illustrated large-area (4 in. wide) continuous imprinting of nanogratings by using
a developed apparatus capable of roll-to-roll imprinting (R2R NIL) on flexible web and roll-to-
plate imprinting (R2PNIL) on rigid substrate. For the proposed process, a belt-type mold is
wrapped around two rolls. Either a flexible or rigid substrate coated with a resist mounted on
another roll or a flat conveyer is then fed into the contact zone where a mold continuously
imprints the replica pattern onto the substrate under conformal pressure [37]. The instant UV
curing is followed at the outlet of the mold-substrate contact zone to finish the patterning. The
300 nm line width grating patterns can be continuously transferred on either glass substrate (roll-
to-plate mode) or flexible plastic substrate (roll-to-roll mode) with greatly enhanced throughput.
Figure 19 showed the R2R NIL process and fabricated products [16, 35].

One significant advantage of the R2R NIL technique is that it inherited the high resolution
pattern fidelity benefit from the traditional NIL technique with a drastically increased through-
put. The possibility of defect generation during the mold-substrate separation process is con-
siderably lower in the R2R NIL technique due to the peeling mode in which the substrate

Figure 18. Schematic of R2R UV-NIL NIL developed by Toshiba, imprinted products (resin mold) [36].
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separates from the roller mold assembly as compared to the conventional NIL technique. In
particular, R2R NIL has the unique capability of continuous patterning.

3. Applications of large-area NIL

Nanostructing has been one of the most promising and enabling technologies to enhance the
performance of various products and devices ranging from high-brightness LEDs, high effec-
tive solar cells, high density storage to high clearness (HD) display. NIL has proven to be the
most cost-efficient way to enable fabrication of nanopatterns on large areas as it is not limited
by optical systems and can provide the best pattern fidelity for the smallest structures. Various
types of large-area nanostructures and patterns including one-, two- and three-dimensional
structures fabricated by NIL have been applied to diverse devices and products to enhance
their performances. Large-area NIL technology paves the way for real-world nanotechnology
products and innovative applications. Large-area NIL has now been utilized to fabricate
various micro/nanostructures and devices for nanoelectronics, optoelectronics, nanophotonics,
optical components, nanostructured glass, biological applications, etc. Figure 20 demonstrated
representative industrial applications and products with large-area NIL. Moreover, it has
become a perfect match for some emerging application fields that are in great need of large-
area patterning of submicro and nanoscale features at a low cost, such as patterned magnetic
media, high-brightness light-emitting diodes (HB-LEDs), anti-reflective coatings or films, flex-
ible electronics, printed electronics, OLED, wire grid polarizer, flat panel display, microfluidic
devices, etc. In particular, this technique has demonstrated great commercial prospects in
several market segments, HB-LEDs, anti-reflective coatings or films with moth-eye structures,
flexible electronics, solar cells, architectural glass, WGP, optical elements, patterned media,
micro-lens arrays, and functional polymer devices [1–5, 38–41].

Figure 19. (a) Schematic descriptions of R2R NIL process (top) for flexible substrates and R2P NIL mode (bottom) for
rigid substrates; (b) a PET film; and (c) a glass plate [35].
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3.1. Patterning LEDs

Light efficiency enhancement and manufacturing cost reduction have always been regarding
as the two most crucial issues in LED industry, particularly for the large-scale realization of
solid state lighting. Compared with other technologies improving the LED performance, two
emerging techniques, photonic crystals and nano-patterned sapphire substrate (NPSS), have
shown higher potential in output efficiency enhancement and beam shaping. NPSS and pho-
tonic crystal-based LEDs have become the most promising solutions for high-brightness LEDs
(HB-LEDs). The typical characteristics of LED epitaxial wafers and sapphire substrates are
with large variation in wafer topography (varying TTD), high bow and warp, surface rough-
ness with surface protrusions with micron size and particle contaminations, etc. And these
materials tend to be fragile or brittle. Due to the non-planar and rough nature of the LED
epitaxial wafer and substrate, existing nanopatterning technologies cannot well meet the
requirements of producing these nanostructures in both technology and cost level which
mainly originated form the new challenging issues form LED patterning. Due to a very small
depth of focus, optical lithography techniques have insufficiently fidelity for LED patterning.
As warpage increases with larger wafer sizes, the ability of the photolithography tool to
compensate for substrate warpage becomes even more critical. Interference lithography is

Figure 20. Typical industrial applications and products with large-area NIL.
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another method of generating periodic patterns over large areas at low cost. Although the
patterns made by IL are highly uniform and have superior long-range order, these patterns are
usually in very simple geometric forms of grating lines and 2D dots, and their dimensions are
difficult to reduce to sub-100 nm due to light diffraction. Furthermore, it is unsuitable for high
volume production processes because the optical configuration has to be modified to realize
different patterns. In addition, this approach requires a strict control of the environment to
maintain stable fringe patterns. Full wafer NIL (soft UV-NIL with flexible mold) has the
capability of nanopatterning on non-flat surface over large areas and is less-sensitive to the
production atmosphere. Compared to ICs industry, the LED application is much more relaxed
than IC’s for overlay and defect density. Therefore, full wafer NIL has been considered as one
of the most suitable solution for LED patterning. Due to its cost-effectiveness combined with
superior processing performance, full wafer NIL will play a crucial role in moving the LED
industry into a new realm of nanopattered LEDs with ultra-high efficiency. Figure 21 showed
some cases related to LED patterning using full wafer NIL. In addition, some commercial
companies such as SUUS, Obducat, EVG, Toshiba, Aurotek, Luminus, etc. have been develop-
ing the process and equipment of full wafer NIL for high volume producing PhC LEDs and
NPSS [17–20].

3.2. Photonics (anti-reflective coatings or films, wire grid polarizer)

Recent developments in many applications, such as photonics, HD displays, and flexible
electronics, etc., have observed a rapid increase in demand for a lower cost, higher throughput
and higher resolution micro/nanofabrication techniques. The continuous R2R NIL technique
offers a promising solution for high-speed large-area nanoscale patterning with greatly
improved throughput. In addition, the ability of micro- to nanometer-scale patterning on
flexible substrates can enable many new applications in the area of photonics and organic
electronics. Some typical applications include anti-reflective coatings and films, wire grid
polarizers (WGPs), flexible electronics and flexible display backplanes, nanogratings, light
enhancement coatings and films for displays, etc. Perhaps the application which is closest to
mass production are anti-reflective coatings and films which are unique in that they are
fabricated from homogenous sub-micron moth-eye structures such as cones or pillars. Because
they are sub-micron structures and ideally composed of a single material, traditional roll-to-
roll methods such as flexography or gravure printing cannot be employed. Continuous R2R
UV-NIL is ideally suited, especially if the refractive index of the substrate web and the UV
curable resin can be closely matched over the visible light spectrum. One of the most

Figure 21. LED patterning using soft UV-NIL (a: NPSS-based LEDs; b: PhC LEDs) [19, 20].
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3.1. Patterning LEDs

Light efficiency enhancement and manufacturing cost reduction have always been regarding
as the two most crucial issues in LED industry, particularly for the large-scale realization of
solid state lighting. Compared with other technologies improving the LED performance, two
emerging techniques, photonic crystals and nano-patterned sapphire substrate (NPSS), have
shown higher potential in output efficiency enhancement and beam shaping. NPSS and pho-
tonic crystal-based LEDs have become the most promising solutions for high-brightness LEDs
(HB-LEDs). The typical characteristics of LED epitaxial wafers and sapphire substrates are
with large variation in wafer topography (varying TTD), high bow and warp, surface rough-
ness with surface protrusions with micron size and particle contaminations, etc. And these
materials tend to be fragile or brittle. Due to the non-planar and rough nature of the LED
epitaxial wafer and substrate, existing nanopatterning technologies cannot well meet the
requirements of producing these nanostructures in both technology and cost level which
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As warpage increases with larger wafer sizes, the ability of the photolithography tool to
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another method of generating periodic patterns over large areas at low cost. Although the
patterns made by IL are highly uniform and have superior long-range order, these patterns are
usually in very simple geometric forms of grating lines and 2D dots, and their dimensions are
difficult to reduce to sub-100 nm due to light diffraction. Furthermore, it is unsuitable for high
volume production processes because the optical configuration has to be modified to realize
different patterns. In addition, this approach requires a strict control of the environment to
maintain stable fringe patterns. Full wafer NIL (soft UV-NIL with flexible mold) has the
capability of nanopatterning on non-flat surface over large areas and is less-sensitive to the
production atmosphere. Compared to ICs industry, the LED application is much more relaxed
than IC’s for overlay and defect density. Therefore, full wafer NIL has been considered as one
of the most suitable solution for LED patterning. Due to its cost-effectiveness combined with
superior processing performance, full wafer NIL will play a crucial role in moving the LED
industry into a new realm of nanopattered LEDs with ultra-high efficiency. Figure 21 showed
some cases related to LED patterning using full wafer NIL. In addition, some commercial
companies such as SUUS, Obducat, EVG, Toshiba, Aurotek, Luminus, etc. have been develop-
ing the process and equipment of full wafer NIL for high volume producing PhC LEDs and
NPSS [17–20].

3.2. Photonics (anti-reflective coatings or films, wire grid polarizer)

Recent developments in many applications, such as photonics, HD displays, and flexible
electronics, etc., have observed a rapid increase in demand for a lower cost, higher throughput
and higher resolution micro/nanofabrication techniques. The continuous R2R NIL technique
offers a promising solution for high-speed large-area nanoscale patterning with greatly
improved throughput. In addition, the ability of micro- to nanometer-scale patterning on
flexible substrates can enable many new applications in the area of photonics and organic
electronics. Some typical applications include anti-reflective coatings and films, wire grid
polarizers (WGPs), flexible electronics and flexible display backplanes, nanogratings, light
enhancement coatings and films for displays, etc. Perhaps the application which is closest to
mass production are anti-reflective coatings and films which are unique in that they are
fabricated from homogenous sub-micron moth-eye structures such as cones or pillars. Because
they are sub-micron structures and ideally composed of a single material, traditional roll-to-
roll methods such as flexography or gravure printing cannot be employed. Continuous R2R
UV-NIL is ideally suited, especially if the refractive index of the substrate web and the UV
curable resin can be closely matched over the visible light spectrum. One of the most

Figure 21. LED patterning using soft UV-NIL (a: NPSS-based LEDs; b: PhC LEDs) [19, 20].
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promising applications for R2R thermal NIL is in the large-area fabrication of anti-reflective
films, optical components and structures, particularly micro-lens structures.

LA-NIL has emerged as an effective approach to simultaneously control both the heterojunction
morphology and polymer chains in organic photovoltaics. Currently, in the area of nanoimprinted
polymer solar cells, much progress has been achieved in the fabrication of nanostructured mor-
phology, control of molecular orientation/crystallinity, deposition of acceptor materials, patterned
electrodes, understanding of structure-property correlations, and device performance [8]. Yang
et al. reported low bandgap polymer solar cells with high efficiency of 5.5% can be achieved using
NIL. This investigation indicates that solar cells made on the highest aspect ratio PCPDTBT
nanostructures are among the best reported devices using the same material with a PCE of 5.5%,
and NIL fabrication works better for low bandgap polymer solar cells [42]. Highly efficient
colored perovskite solar cells having 10.12, 8.17, and 7.72% of the PCE for the red, green, and blue
(RGB) colors, respectively, have been demonstrated by Lee et al. [43]. In this study, the large-area
Ag nanogratings were fabricated by NIL-based processes.

In recent years, a number of commercial applications have been discoveredwhich require low cost,
large-area patterning, particularly displays, optical coatings and films, and biological applications
such as anti-fouling surfaces and micro-fluidic devices. Wire grid polarizers (WGPs) are able to
provide effective polarizer with high light transmittance and high contrast ratio. They are also
thermally stable and structurally simple making them ideal for use as integrated polarizer in ultra-
slim high performance display. Roller-type NIL has been utilized to mass produce the WGPSs on
both the flexible and rigid substrates. A R2R UV-NIL process has been employed to fabricate the
metal wire grid polarizers with nanoscale structures on a flexible substrate [4–8, 14–16].

4. Prospects and challenges of LA-NIL

Large-area NIL has been considered as a promising technology for cost-effective fabrication of
sub-micron and nanopatterns over large areas. This technique has exhibited great potential
and promising prospects in LEDs and HDD, and patterned substrates for full wafer imprint-
ing, anti-reflective coatings or films with moth-eye structures, flexible electronics, andWGP for
roll-to-roll imprinting, nanostructured glass for roll-to-plate type imprinting. Perhaps the
application which is closest to mass production is anti-reflective coatings and films. LA-NIL
has made great progress toward volume production.

Table 1 presented the summary and comparison of various large-area NIL processes. We can
see that each process has its strength and weakness. According to the substrate type, imprint
area, resolution, throughput, etc., it is necessary to determine the most suitable process for
specific applications. Compared to the full wafer NIL, the roller-type NIL process possesses
some distinctive advantages (lower imprint force and demolding force, better replication
uniformity) because only a line area is in contact during imprinting. The line contact between
the mold and the substrate during imprinting reduces the force for the complete filling, the
effects of thickness unevenness and dust. Moreover, the roller-type NIL has more flexibility in
the choice of replication geometry. In particularly, it has the unique capability of continuous
patterning. R2R NIL process shows the highest yield rate.
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Large-area imprinting technologies have made significant progresses. However, there are still
many challenging issues, for example, defect, establishing an infrastructure, mold lifetime, large
size master fabrication, uniformity of patterns and residual layer thickness across imprint field,
discovering new applications and products especially suitable for large-area NIL, etc. Full wafer
NIL is capable of wafer-scale processing at nanoscale resolution with relatively low cost. But the
replica area is limited by the master mold size. It is difficult to ensure large-area conformal
contact between the mold and substrate, especially for rigid stamp and non-flat substrate. For
R2R UV-NIL process, it faces the following challenging issues: obtaining thin and uniform
coatings, fabricating multi-layer nanostructures on flexible substrate, producing seamless cylin-
drical imprint molds and roller mold lifetime, functional imprinting materials with fast curing,
low viscosity, and shrinkage. To address these challenges, an infrastructure of large-area imprint-
ing should firstly be established. Figure 22 illustrated an infrastructure proposed by author. It
mainly includes three aspects: the fundamental theory, the enabling technologies, and various
industrial and potential applications. Practical demands form specific applications are main
driving forces push large-area imprinting development and advances. The continuous and
further research on fundamental theory and enabling technologies provide mass production
capability for a variety of commercial applications.

Item NIL process

Full wafer NIL (plate-to-plate
type NIL)

Roller-type NIL

Roll-to-plate type NIL Roll-to-roll type NIL

Substrate Rigid substrate Rigid substrate Flexible substrate

Mold Flat molds (rigid, flexible, or
thin-film mold)

Roller mold or belt-style mold
(flexible mold)

Roller mold (rigid or flexible mold)

Imprinting
area

~300–400 mm2

(450 mm � 500 mm)
1 m � 0.3 m (extremely large-
area)

300 mm (width) (13 inch)

Resolution Sub-20 nm 40 nm Sub-30 nm

Continuous
patterning

No Yes Yes

Throughput Moderate (350 disks/h) High Very high (Web 30 m/min)

Industrial
application

LED, HDD, wafer-level optical
component

Solar cell panel, architectural
windows, flat panel displays

Anti-reflective film and coating,
flexible electronics, solar cells,
displays, resin mold, WGP

Representative
company or
institute

SUSS, MII, Toshiba, Samsung,
ESCO, AIST

Hitachi, Rolith IMRE, EVG, Toshiba, HP, U
Michigan, U Mass, U Tokyo

Distinctive
features

Surface contact, non-flat
substrate, peel demolding, gas-
assisted or roller press force

Line contact, ultra-large-size
rigid substrate, belt-type mold,
extending cured time

Line contact, high throughput,
large-scale production process,
roller mold

Challenging
issue

Large-area demolding, large size
master fabrication

Belt-type mold fabrication,
conformal contact

Seamless roller mold fabrication,
coating method

Table 1. Summary and comparison of various large-area NIL processes.
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promising applications for R2R thermal NIL is in the large-area fabrication of anti-reflective
films, optical components and structures, particularly micro-lens structures.

LA-NIL has emerged as an effective approach to simultaneously control both the heterojunction
morphology and polymer chains in organic photovoltaics. Currently, in the area of nanoimprinted
polymer solar cells, much progress has been achieved in the fabrication of nanostructured mor-
phology, control of molecular orientation/crystallinity, deposition of acceptor materials, patterned
electrodes, understanding of structure-property correlations, and device performance [8]. Yang
et al. reported low bandgap polymer solar cells with high efficiency of 5.5% can be achieved using
NIL. This investigation indicates that solar cells made on the highest aspect ratio PCPDTBT
nanostructures are among the best reported devices using the same material with a PCE of 5.5%,
and NIL fabrication works better for low bandgap polymer solar cells [42]. Highly efficient
colored perovskite solar cells having 10.12, 8.17, and 7.72% of the PCE for the red, green, and blue
(RGB) colors, respectively, have been demonstrated by Lee et al. [43]. In this study, the large-area
Ag nanogratings were fabricated by NIL-based processes.

In recent years, a number of commercial applications have been discoveredwhich require low cost,
large-area patterning, particularly displays, optical coatings and films, and biological applications
such as anti-fouling surfaces and micro-fluidic devices. Wire grid polarizers (WGPs) are able to
provide effective polarizer with high light transmittance and high contrast ratio. They are also
thermally stable and structurally simple making them ideal for use as integrated polarizer in ultra-
slim high performance display. Roller-type NIL has been utilized to mass produce the WGPSs on
both the flexible and rigid substrates. A R2R UV-NIL process has been employed to fabricate the
metal wire grid polarizers with nanoscale structures on a flexible substrate [4–8, 14–16].

4. Prospects and challenges of LA-NIL

Large-area NIL has been considered as a promising technology for cost-effective fabrication of
sub-micron and nanopatterns over large areas. This technique has exhibited great potential
and promising prospects in LEDs and HDD, and patterned substrates for full wafer imprint-
ing, anti-reflective coatings or films with moth-eye structures, flexible electronics, andWGP for
roll-to-roll imprinting, nanostructured glass for roll-to-plate type imprinting. Perhaps the
application which is closest to mass production is anti-reflective coatings and films. LA-NIL
has made great progress toward volume production.

Table 1 presented the summary and comparison of various large-area NIL processes. We can
see that each process has its strength and weakness. According to the substrate type, imprint
area, resolution, throughput, etc., it is necessary to determine the most suitable process for
specific applications. Compared to the full wafer NIL, the roller-type NIL process possesses
some distinctive advantages (lower imprint force and demolding force, better replication
uniformity) because only a line area is in contact during imprinting. The line contact between
the mold and the substrate during imprinting reduces the force for the complete filling, the
effects of thickness unevenness and dust. Moreover, the roller-type NIL has more flexibility in
the choice of replication geometry. In particularly, it has the unique capability of continuous
patterning. R2R NIL process shows the highest yield rate.
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Large-area imprinting technologies have made significant progresses. However, there are still
many challenging issues, for example, defect, establishing an infrastructure, mold lifetime, large
size master fabrication, uniformity of patterns and residual layer thickness across imprint field,
discovering new applications and products especially suitable for large-area NIL, etc. Full wafer
NIL is capable of wafer-scale processing at nanoscale resolution with relatively low cost. But the
replica area is limited by the master mold size. It is difficult to ensure large-area conformal
contact between the mold and substrate, especially for rigid stamp and non-flat substrate. For
R2R UV-NIL process, it faces the following challenging issues: obtaining thin and uniform
coatings, fabricating multi-layer nanostructures on flexible substrate, producing seamless cylin-
drical imprint molds and roller mold lifetime, functional imprinting materials with fast curing,
low viscosity, and shrinkage. To address these challenges, an infrastructure of large-area imprint-
ing should firstly be established. Figure 22 illustrated an infrastructure proposed by author. It
mainly includes three aspects: the fundamental theory, the enabling technologies, and various
industrial and potential applications. Practical demands form specific applications are main
driving forces push large-area imprinting development and advances. The continuous and
further research on fundamental theory and enabling technologies provide mass production
capability for a variety of commercial applications.

Item NIL process

Full wafer NIL (plate-to-plate
type NIL)
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Substrate Rigid substrate Rigid substrate Flexible substrate

Mold Flat molds (rigid, flexible, or
thin-film mold)

Roller mold or belt-style mold
(flexible mold)

Roller mold (rigid or flexible mold)

Imprinting
area

~300–400 mm2

(450 mm � 500 mm)
1 m � 0.3 m (extremely large-
area)

300 mm (width) (13 inch)

Resolution Sub-20 nm 40 nm Sub-30 nm

Continuous
patterning

No Yes Yes

Throughput Moderate (350 disks/h) High Very high (Web 30 m/min)

Industrial
application

LED, HDD, wafer-level optical
component

Solar cell panel, architectural
windows, flat panel displays

Anti-reflective film and coating,
flexible electronics, solar cells,
displays, resin mold, WGP

Representative
company or
institute

SUSS, MII, Toshiba, Samsung,
ESCO, AIST

Hitachi, Rolith IMRE, EVG, Toshiba, HP, U
Michigan, U Mass, U Tokyo

Distinctive
features

Surface contact, non-flat
substrate, peel demolding, gas-
assisted or roller press force

Line contact, ultra-large-size
rigid substrate, belt-type mold,
extending cured time

Line contact, high throughput,
large-scale production process,
roller mold

Challenging
issue

Large-area demolding, large size
master fabrication

Belt-type mold fabrication,
conformal contact

Seamless roller mold fabrication,
coating method

Table 1. Summary and comparison of various large-area NIL processes.
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Future trend for large-area imprinting process may be: film mold-based UV imprinting process,
belt-type imprinting, R2R UV-NIL, fluoropolymer and PVA-based composite mold, large size
seamless roller mold. Functional imprinting materials may be frequently used. Further enlarging
imprinting area, improving resolution, and enhancing throughput and quality are needed.

5. Conclusions

NIL has over the two decade gone from being a new and exciting research topic, to be a
technology used in the most advanced parts of various industries. Large-area NIL has been
proven to be a cost-effective high volume nanopatterning method for large-area structure repli-
cation in the micrometer and nanometer scale, fabricating complex 3D micro/nanostructures,
especially producing large-area patterns on the non-planar surfaces even curved substrates at
low cost and with high throughput. In particular, it provides an ideal solution and a powerful
tool for mass producing micro/nanostructures over large areas at low cost and high yield rate for
the applications in HB-LEDs, anti-reflective coatings or films with moth-eye structures, flexible
electronics, solar cells, architectural glass, optical elements, patterned media, micro-lens, OLED,
wire grid polarizer, and functional polymer devices. That opens the way for many applications
not previously conceptualized or economically feasible.

Figure 22. An infrastructure of large-area nanoimprinting.
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Full wafer NIL is a promising large-area wafer-scale nanoimprint method with nanoscale
resolution. R2R NIL is attracting interest by both academic and industry around the world
because of its inherent advantages of low cost, high throughput, and large-area patterning.
Future advances in R2R nanoimprinting and its utilization in commercial applications strongly
depends on the development and fabrication of new roller mold and resist materials that can
maintain the fidelity of the replicated features and deliver an almost defect-free pattern trans-
fer for long process cycles in a high volume manufacturing process. Unlike the full wafer NIL,
during the R2R NIL process the mold material undergoes a severe test of its reliability,
durability, robustness, mold recoverability, and the ability to maintain the fidelity of pattern
transfer throughout the continuous process. Therefore the roller mold is one of the most
important components that can determine the outcome of the entire process [35].

R2R NIL has been regarded as the closest process for the industrial application of NIL. In
particular, the applications in anti-reflective coatings or films, flexible electronics, and wire
grid polarizer have demonstrated significantly commercial prospect. Large-area NIL will
become more and more important for many applications in large-area patterning, fabricating
3D micro/nanostructures and creating patterns on the non-planar or curved surface. There is a
plenty of room to enhance the resolution, patterning area, mold lifetime, and yield for the
promising patterning method.
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Future trend for large-area imprinting process may be: film mold-based UV imprinting process,
belt-type imprinting, R2R UV-NIL, fluoropolymer and PVA-based composite mold, large size
seamless roller mold. Functional imprinting materials may be frequently used. Further enlarging
imprinting area, improving resolution, and enhancing throughput and quality are needed.

5. Conclusions

NIL has over the two decade gone from being a new and exciting research topic, to be a
technology used in the most advanced parts of various industries. Large-area NIL has been
proven to be a cost-effective high volume nanopatterning method for large-area structure repli-
cation in the micrometer and nanometer scale, fabricating complex 3D micro/nanostructures,
especially producing large-area patterns on the non-planar surfaces even curved substrates at
low cost and with high throughput. In particular, it provides an ideal solution and a powerful
tool for mass producing micro/nanostructures over large areas at low cost and high yield rate for
the applications in HB-LEDs, anti-reflective coatings or films with moth-eye structures, flexible
electronics, solar cells, architectural glass, optical elements, patterned media, micro-lens, OLED,
wire grid polarizer, and functional polymer devices. That opens the way for many applications
not previously conceptualized or economically feasible.

Figure 22. An infrastructure of large-area nanoimprinting.
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Full wafer NIL is a promising large-area wafer-scale nanoimprint method with nanoscale
resolution. R2R NIL is attracting interest by both academic and industry around the world
because of its inherent advantages of low cost, high throughput, and large-area patterning.
Future advances in R2R nanoimprinting and its utilization in commercial applications strongly
depends on the development and fabrication of new roller mold and resist materials that can
maintain the fidelity of the replicated features and deliver an almost defect-free pattern trans-
fer for long process cycles in a high volume manufacturing process. Unlike the full wafer NIL,
during the R2R NIL process the mold material undergoes a severe test of its reliability,
durability, robustness, mold recoverability, and the ability to maintain the fidelity of pattern
transfer throughout the continuous process. Therefore the roller mold is one of the most
important components that can determine the outcome of the entire process [35].

R2R NIL has been regarded as the closest process for the industrial application of NIL. In
particular, the applications in anti-reflective coatings or films, flexible electronics, and wire
grid polarizer have demonstrated significantly commercial prospect. Large-area NIL will
become more and more important for many applications in large-area patterning, fabricating
3D micro/nanostructures and creating patterns on the non-planar or curved surface. There is a
plenty of room to enhance the resolution, patterning area, mold lifetime, and yield for the
promising patterning method.
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Abstract

Microfabrication is essential in the field of science and technology. The development and
innovations in this field are already prominent in the society through microelectronics
and optoelectronics. The lithography or transfer of pattern to the substrate/surface of a
layer is an important process step in microfabrication and is usually carried out with
photolithography. Though photolithography is a well-established technique, it suffers
from drawbacks such as limited feature size due to optical diffraction, requirement of
high-energy radiation for small features, and high-cost involvement for sophisticated
instruments. Also, it cannot be applied to nonplanar surfaces. Soft lithography is com-
plement to photolithography which overcomes the above-mentioned drawbacks. Soft
lithography is a simple and inexpensive method, and also, it suits to wide range of
materials and very large surface areas. High-quality micropatterns or nanopatterns can
be made using a patterned elastomeric stamp. This article briefly describes the various
soft lithography techniques to obtain high-resolution structures for nanofabrication.

Keywords: soft lithography, polydimethylsiloxane, SU8, UV lithography, photoresist

1. Introduction

Microfabrication is essential in the field of science and technology. The development and
innovations in this field are already prominent in the society through microelectronics and
optoelectronics. The lithography or transfer of pattern to the substrate/surface of a layer
required in microfabrication is usually carried out with photolithography. Photolithography
is the basic technology used for making all microelectronic systems. Photolithography is
limited to materials for various layers or substrates due to the etching chemistry. Also, photo-
lithography is limited to geometries it can produce. At the same time, photolithography
technique is expensive and can only pattern a small area at any given time. Also, the feature
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size of the pattern is limited by diffraction of light. As photolithography is confined to
extremely flat silicon substrates, one cannot fabricate electronic circuits on a plastic sheet or
curved surface. Soft lithography is an alternate technology which provides a good control over
an infinite range of structures and chemistries. The dimension can be defined from nanoscale
to mesoscale, and it finds applications in developing devices in different fields from consumer
product to life sciences and industrial processes.

Conventional photolithography has its own disadvantages such as the following:

i. The feature size is limited by optical diffraction

ii. Complex facilities and technologies for high-energy radiation needed for small feature
sizes (EUV, E-beam, or X-ray lithography techniques)

iii. The system is very expensive

iv. Not suitable for nonplanar surfaces

v. No control over the chemistry of patterned surfaces

Due to the above difficulties in photolithography, nonphotolithography technique called soft
lithography came into picture, which overcomes the above problems. It does not have the
diffraction limits and provides access to three-dimensional structures, chemically inert, inex-
pensive, and simple processes suitable for molecular scientists. A high quality of patterns with
lateral dimensions of about 30 nm–500 μm can be obtained using this technique. Soft lithogra-
phy is a complement to conventional lithography system and has numerous advantages such
as possibility to pattern UV sensitive materials without degrading the performance, to pattern
nonplanar surfaces, to pattern large surfaces, to control the chemistry during patterning,
ideally does not have any diffraction limits, short time between idea and prototype, clean
room free operation, etc.

This chapter explores the fabrication of micromolds with polydimethylsiloxane (PDMS).
PDMS is a Si-based organic polymer that has found wide applications in MEMS for soft
lithography. PDMS has several desirable properties, which are:

i. Visco-elasticity: PDMS is flexible

ii. Biocompatibility

iii. High chemical inertness

iv. Optical transparency

v. Adhesion to metals: Applications as inert substrate material

Initially, the fabrication of polymer molds has been investigated to explore the nonconven-
tional lithography technology called “soft lithography.” As this technique requires the cycle
time of less than 24 hours from design to implementation, many researchers are using this
technique for rapid prototype development. The use of polymers for microfluidics is the major
research area in the field of Medical Diagonostics and Tissue Engineering. Soft lithography
using PDMSmolds had been first developed byWhitesides in 1998 at Harvard University [1, 2].
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The disadvantages of conventional optical lithography and the advantages of soft lithography
had been well demonstrated by his team. He also established the various soft lithography
techniques to get the feature size in the range of 30 nm to 500 μm. Many researchers reported
on the various techniques of soft lithography in detail [3–8]. Research has been carried out to
develop various microdevices using this technique in the field of optics and biosensors. Huang
et al. reported about the replication of polymeric microring optical resonators with soft lithog-
raphy and found an excellent agreement in the optical properties between molded replicated
devices and master devices [9]. Chang-Yen reported on PDMS waveguide system using soft
lithography [10]. The attenuation and temporal stability were excellent at low cost, low toxicity,
and biocompatibility with yield of 96%. Golden et al. reported on array biosensor with PDMS
mold which can be used for the simultaneous detection of multiple targets in multiple samples
within 15–30 minutes [11]. Liu et al. have reported the fabrication of microchannels, in which
with the aid of Si-reinforced PDMSmolds, Au dots and wires have been successfully generated
on the sidewalls and bottom surfaces of microchannels through hot-embossing processes [12].
Tarbague et al. discussed about the development of new PDMS microfluidic chip molding for
Long Wave Biosensor to realize a detection cell of bio-organisms in liquid media [13].

2. Various methods of soft lithography

There are various methods of soft lithography to get precise micropatterns or nanopatterns on
the planar or nonplanar surfaces. The following soft lithography process methods have beenwell
established for various commercial devices: (i) replica mold (REM) technique (ii) Microcontact
printing (μCP) technique (iii) Micromolding in capillaries (MIMIC) (iv) Solvent-assisted
micromolding (SAMIM) (v) Microtransfer molding (μTM) and (vi) Hot embossing technique.

2.1. Replica mold (REM) technique

Replica molding is a very old, simple, and reliable method, in which the micro- or
nanopatterns on the surface of the prime (master) mold is duplicated on the polymer material
[14]. The minimum feature size of less than 100 nm can be accurately replicated using this
technique. It has been successfully used for mass production of devices such as compact disks
(CDs) [15, 16], diffraction gratings [17], holograms [18], and microtools [19]. The prime or
master mold is generally fabricated on a rigid material (silicon, nickel, glass, or SU8 photore-
sist) using a standard photolithography and micromachining techniques. The elastomeric
stamp or replica mold is fabricated by cast-molding technique. A prepolymer of the elastomer
is poured over the master, cured, and then peeled off. Poly(dimethylsiloxane) (PDMS) is a
widely used elastomer all over the globe compared to other elastomers such as polyurethanes,
polyimides, and Novolac resins. PDMS is a unique combination of an inorganic siloxane and
organic methyl groups. Since the glass transition temperature of PDMS is very low, it is
available in the form of fluid at room temperature. This can be readily converted into solid
elastomers by cross-linking. Nowadays, PDMS is readily available in the market as a two-part
material containing prepolymer and curing agent.
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Micro/Nanolithography - A Heuristic Aspect on the Enduring Technology70

The disadvantages of conventional optical lithography and the advantages of soft lithography
had been well demonstrated by his team. He also established the various soft lithography
techniques to get the feature size in the range of 30 nm to 500 μm. Many researchers reported
on the various techniques of soft lithography in detail [3–8]. Research has been carried out to
develop various microdevices using this technique in the field of optics and biosensors. Huang
et al. reported about the replication of polymeric microring optical resonators with soft lithog-
raphy and found an excellent agreement in the optical properties between molded replicated
devices and master devices [9]. Chang-Yen reported on PDMS waveguide system using soft
lithography [10]. The attenuation and temporal stability were excellent at low cost, low toxicity,
and biocompatibility with yield of 96%. Golden et al. reported on array biosensor with PDMS
mold which can be used for the simultaneous detection of multiple targets in multiple samples
within 15–30 minutes [11]. Liu et al. have reported the fabrication of microchannels, in which
with the aid of Si-reinforced PDMSmolds, Au dots and wires have been successfully generated
on the sidewalls and bottom surfaces of microchannels through hot-embossing processes [12].
Tarbague et al. discussed about the development of new PDMS microfluidic chip molding for
Long Wave Biosensor to realize a detection cell of bio-organisms in liquid media [13].

2. Various methods of soft lithography

There are various methods of soft lithography to get precise micropatterns or nanopatterns on
the planar or nonplanar surfaces. The following soft lithography process methods have beenwell
established for various commercial devices: (i) replica mold (REM) technique (ii) Microcontact
printing (μCP) technique (iii) Micromolding in capillaries (MIMIC) (iv) Solvent-assisted
micromolding (SAMIM) (v) Microtransfer molding (μTM) and (vi) Hot embossing technique.

2.1. Replica mold (REM) technique

Replica molding is a very old, simple, and reliable method, in which the micro- or
nanopatterns on the surface of the prime (master) mold is duplicated on the polymer material
[14]. The minimum feature size of less than 100 nm can be accurately replicated using this
technique. It has been successfully used for mass production of devices such as compact disks
(CDs) [15, 16], diffraction gratings [17], holograms [18], and microtools [19]. The prime or
master mold is generally fabricated on a rigid material (silicon, nickel, glass, or SU8 photore-
sist) using a standard photolithography and micromachining techniques. The elastomeric
stamp or replica mold is fabricated by cast-molding technique. A prepolymer of the elastomer
is poured over the master, cured, and then peeled off. Poly(dimethylsiloxane) (PDMS) is a
widely used elastomer all over the globe compared to other elastomers such as polyurethanes,
polyimides, and Novolac resins. PDMS is a unique combination of an inorganic siloxane and
organic methyl groups. Since the glass transition temperature of PDMS is very low, it is
available in the form of fluid at room temperature. This can be readily converted into solid
elastomers by cross-linking. Nowadays, PDMS is readily available in the market as a two-part
material containing prepolymer and curing agent.

Micro/Nano Patterning on Polymers Using Soft Lithography Technique
http://dx.doi.org/10.5772/intechopen.72885

71



Figure 1 shows the process flow for the fabrication of master mold. The master is made up of
SU8–2075 negative photoresist (Microchem, USA), which helps us to get high-aspect ratio
structures precisely. SU8–2075 is spin coated on flat silicon substrate for the required thickness.
For example, to get the photoresist thickness of 100 μm, spinning was carried out with the spin
speed of 2230 rpm for spin time of 30 sec with an acceleration of 500 rpm for 5 sec. The sample
was soft baked for 5 minutes at 65�C then for 12 minutes at 95�C. Now, the mask plate (written
by laser writing on Chrome coated glass plate) was kept above the sample, and UV light
(365 nm wavelength) was exposed for 15 seconds using Karl Suss Mask Aligner. Then, the
sample was post baked for 5 minutes at 65�C then for 10 minutes at 95�C. Then, it was
developed for 7 minutes using SU8 developer solution. Finally, the sample was hard baked
for 1 hour at 95�C, and the patterns on SU8 photoresist were observed under the microscope.
The master made on SU8 can be used repeatedly for more than 50 times to make polymer
replicas.

Figure 2 shows the process flow for the fabrication of PDMS stamps using the master. The
elastomeric stamp or mold is prepared by cast molding. PDMS elastomer Sylgard 184 was

Figure 1. Process flow of master mold fabrication using UV lithography. (i) Silicon substrate (ii) SU8 is spin coated on
silicon wafer for required thickness and (iii) exposure of UV light and (iv) pattern obtained after developing.

Figure 2. Process flow of PDMS stamps fabrication (i) SU8 master mold on silicon substrate (ii) PDMS prepolymer
poured on SU8 (iii) peeling off PDMS replica after curing (iv) fabricated PDMS stamp.
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obtained from Dow Corning. It comes as a two-part material containing the silicone base and a
curing agent. The base and the curing agent were taken in the ratio of 10:1, and vigorous
agitation by manual stirring is required for mixing. During this process, air bubbles may form
in this mixture. To remove the air bubbles, the mixture was kept in vacuum desiccators for
1 hour. Then, it was poured on the SU8 master mold structure and cured at 70�C for 3 hours.
After cooling down to room temperature, the PDMS layer was peeled off from SU8 pattern.
The resulting PDMS micromold pattern is a reverse pattern of SU8 structure. Figure 3 shows
the SEM images of three different master molds made up of SU8–2075, and Figure 4 shows
their corresponding PDMS replica patterns.

Replica molding is extensively used to fabricate microfluidic devices as a rapid prototype
[20–25]. The microchannels are formed on the PDMS mold with SU8 as prime mold. Then, this
PDMS structure is placed on a glass cover plate and bonded together by oxygen plasma
treatment of both surfaces. The PDMS is punched to form inlet and outlet ports, and tygon
tubes with luer connectors are inserted on the ports. The photograph of the microfluidic device
fabricated using the above method is shown in Figure 5.

Replica molding technique has been adapted for the fabrication of topologically complex,
optically functional surfaces that would be difficult to fabricate with other techniques.
Experimenting with various feature size of photo lithography and test the replica molding for
its best replication is also necessary. PDMS shrinks by approximately 1% upon curing. Also,

Figure 3. SEM images of three different SU8 master mold patterns (i), (ii), and (iii).

Figure 4. SEM images of three different PDMS mold patterns: (i)–(iii) corresponding to SU8 master mold patterns shown
in Figure 3 (i)–(iii).

Micro/Nano Patterning on Polymers Using Soft Lithography Technique
http://dx.doi.org/10.5772/intechopen.72885

73



Figure 1 shows the process flow for the fabrication of master mold. The master is made up of
SU8–2075 negative photoresist (Microchem, USA), which helps us to get high-aspect ratio
structures precisely. SU8–2075 is spin coated on flat silicon substrate for the required thickness.
For example, to get the photoresist thickness of 100 μm, spinning was carried out with the spin
speed of 2230 rpm for spin time of 30 sec with an acceleration of 500 rpm for 5 sec. The sample
was soft baked for 5 minutes at 65�C then for 12 minutes at 95�C. Now, the mask plate (written
by laser writing on Chrome coated glass plate) was kept above the sample, and UV light
(365 nm wavelength) was exposed for 15 seconds using Karl Suss Mask Aligner. Then, the
sample was post baked for 5 minutes at 65�C then for 10 minutes at 95�C. Then, it was
developed for 7 minutes using SU8 developer solution. Finally, the sample was hard baked
for 1 hour at 95�C, and the patterns on SU8 photoresist were observed under the microscope.
The master made on SU8 can be used repeatedly for more than 50 times to make polymer
replicas.

Figure 2 shows the process flow for the fabrication of PDMS stamps using the master. The
elastomeric stamp or mold is prepared by cast molding. PDMS elastomer Sylgard 184 was

Figure 1. Process flow of master mold fabrication using UV lithography. (i) Silicon substrate (ii) SU8 is spin coated on
silicon wafer for required thickness and (iii) exposure of UV light and (iv) pattern obtained after developing.

Figure 2. Process flow of PDMS stamps fabrication (i) SU8 master mold on silicon substrate (ii) PDMS prepolymer
poured on SU8 (iii) peeling off PDMS replica after curing (iv) fabricated PDMS stamp.

Micro/Nanolithography - A Heuristic Aspect on the Enduring Technology72

obtained from Dow Corning. It comes as a two-part material containing the silicone base and a
curing agent. The base and the curing agent were taken in the ratio of 10:1, and vigorous
agitation by manual stirring is required for mixing. During this process, air bubbles may form
in this mixture. To remove the air bubbles, the mixture was kept in vacuum desiccators for
1 hour. Then, it was poured on the SU8 master mold structure and cured at 70�C for 3 hours.
After cooling down to room temperature, the PDMS layer was peeled off from SU8 pattern.
The resulting PDMS micromold pattern is a reverse pattern of SU8 structure. Figure 3 shows
the SEM images of three different master molds made up of SU8–2075, and Figure 4 shows
their corresponding PDMS replica patterns.

Replica molding is extensively used to fabricate microfluidic devices as a rapid prototype
[20–25]. The microchannels are formed on the PDMS mold with SU8 as prime mold. Then, this
PDMS structure is placed on a glass cover plate and bonded together by oxygen plasma
treatment of both surfaces. The PDMS is punched to form inlet and outlet ports, and tygon
tubes with luer connectors are inserted on the ports. The photograph of the microfluidic device
fabricated using the above method is shown in Figure 5.

Replica molding technique has been adapted for the fabrication of topologically complex,
optically functional surfaces that would be difficult to fabricate with other techniques.
Experimenting with various feature size of photo lithography and test the replica molding for
its best replication is also necessary. PDMS shrinks by approximately 1% upon curing. Also,

Figure 3. SEM images of three different SU8 master mold patterns (i), (ii), and (iii).

Figure 4. SEM images of three different PDMS mold patterns: (i)–(iii) corresponding to SU8 master mold patterns shown
in Figure 3 (i)–(iii).

Micro/Nano Patterning on Polymers Using Soft Lithography Technique
http://dx.doi.org/10.5772/intechopen.72885

73



the cured PDMS gets swelled while treating with organic solvents such as toluene and hexane.
Due to low Young’s Modulus and thermal expansion of PDMS, there are variations in the
dimensions especially while working with multilayered structures. Also, while fabricating
PDMS with microstructures, if the aspect ratio (h/l) is too high or too low, the elastomeric
character of PDMS will cause the defects in the microstructures as shown in Figure 6. During
fabrication, stress is induced on PDMS due to gravity, adhesion, or capillary forces and
generates defects in the pattern that is formed. Main technical problems are given below [1]:

i. If the aspect ratio is too large, the PDMS microstructures fall under their own weight as
shown in Figure 6. Figure 6 A(i) shows the expected structure, and A(ii) shows the
resultant structure due to high aspect ratio. Aspect ratios between 0.2 and 2 are the best
to get defect-free stamps.

Figure 5. Photograph of the spiral microfluidic device fabricated using replica molding on PDMS.

Figure 6. Defects in patterns due to high or low aspect ratio structures: A(i) expected structure with high aspect ratio (ii)
resultant collapsed structure; B(i) expected low aspect ratio structure with (ii) resultant sagged structure.
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ii. If the aspect ratio is too small, the relief structures are not able to withstand the compress
forces and adhesion between the stamp and the substrate. This will lead to sagging as
shown in Figure 6 B(i) and (ii). Nonfunctional posts or rigid supports have to be included
in the design to avoid sagging.

2.2. Microcontact print (μCP) technique

Microcontact printing (μCP) is a simple and efficient method for precise microscale pattern
transfer for biotechnology applications. This technique enables tailoring the properties of
surface at molecular level using self-assembled monolayers (SAMs). SAMs can be easily
formed by immersion of the stamp in the solution containing a ligand (Y(CH2)nX) reactive
toward the surface or by exposure of the stamp to the vapor of a reactive species [2]. The
thickness of a SAM can be controlled by change in the number (n) of methylene groups in the
alkyl chain. Changing the head group X can modify the surface of the monolayer. The binding
of the anchoring group Y is selective to substrate material. Well-established methods of SAMs
of alkanethiolates on Au and Ag and alkylsiloxanes on hydroxyl-terminated surfaces such as
Si/SiO2, Al/Al2O3, glass, mica, and plasma-treated polymers are reported.

Figure 7 shows the process steps for microcontact printing. A thin metal film such as gold
(Au), silver (Ag), copper (Cu), palladium (Pd), or platinum (Pt) is deposited on the substrate by
physical vapor deposition (thermal evaporation or e-beam evaporation). PDMS stamp (as
shown in Figure 7(a)) is wetted with a hexadecanethiol in ethanol (as shown in Figure 7(b))
and is brought into contact with the surface of Au for 10:20 seconds. The hexadecanethiol
transfers from the stamp to the gold upon contact resulting in a hexadecanethiolate and
generates patterns of SAMs on the surface of gold as shown in Figure 7(c).

Figure 7. Process steps for microcontact printing (a) PDMS stamp (b) PDMS stamp immersed in hexadecanethiol solution
and (c) SAM pattern transferred to the substrate with gold coating by bringing the stamp in contact upon the substrate.
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2.3. Micromolding in capillaries (MIMIC)

Micromolding in capillaries (MIMIC) is another technique of generating microstructures using
PDMS stamps. In this method, top portion of microchannel structures is made on the PDMS
stamp. Then, this stamp is placed on a substrate with the channel structure facing down on the
substrate. This forms capillaries on the substrate. When a polymer material such as polyure-
thane or epoxy is placed at one end of the channel, it started flowing into the channels due to
capillary action. After some time, the capillaries are filled by the above material. Finally, this
polymer material is cured by UV or heat or using a curing agent. Once the polymer is cured,
the PDMS stamp can be removed. The fill rate of the polymer inside the capillary depends on
viscosity of the fluid, radius of the channel, pressure difference at the ends of the capillaries,
surface tension, contact angle, and the length of the capillary. Figure 8 shows the process flow
for micromolding in capillaries (MIMIC).

2.4. Solvent-assisted micromolding (SAMIM)

In solvent-assisted micromolding (SAMIM) technique, a PDMS mold with microchannels is
placed on a substrate. As PDMS is hydrophobic in nature, it is treated with oxygen plasma to
improve its wettability. A good solvent that can dissolve a polymeric material without affect-
ing PDMS mold is allowed to fill the microchannels. The solvent gets evaporated and the
resulting fluid or gel which solidifies and made available in the molded structures defined by
the PDMS mold. The solvents such as methanol, ethanol, Iso-propane alcohol, toluene, and
acetone having high surface tension are generally being used. The problem with SAMIM is the
formation of a very thin film at the bottom of the structure. This film has to be removed by RIE
or by a suitable etchant before use for the preferred application. Figure 9 shows the step-by-
step process flow for the SAMIM technique of patterning.

Figure 8. Process flow for micromolding in capillaries (a) PDMS mold with microchannels on silicon substrate (b)
Polyeurathane or epoxy in the form of fluid at the end of the microchannels (c) fluid flows inside the microchannels by
capillary force and (d) cured epoxy and removal of the PDMS mold.
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2.5. Microtransfer molding (μTM)

Microtransfer molding (μTM) is a simple soft lithography technique to form patterned micro-
structures of polymers such as organic polymers or polyeurathane on a large area. The poly-
mer may also be doped with florescent material like rhodomine. In this method, the patterned
surface of a PDMS mold is filled with a prepolymer of required polymer material as shown in
Figure 10(a). The excess fluid is removed by another flat PDMS block to get a flat surface as
shown in Figure 10(b). This combined block is turned upside down and placed on a substrate
as shown in Figure 10(c). Now, the prepolymer is cured by UV light or by heating. Once the
prepolymer is solidified, the PDMSmold is peeled out leaving the patterned polymer structure
on the surface of the substrate as shown in Figure 10(d). In this method, a very thin layer
(100 nm) of polymer is formed in-between the raised structure. This can be etched by reactive
ion etching (RIE). This method is established for the fabrication of optical waveguides, cou-
plers, and interferometers.

2.6. Hot embossing

Hot embossing also referred as soft embossing denotes stamping of micropatterns onto a
polymer softened by raising the temperature just above its glass transition temperature. The
stamp used to define the pattern may be made up of a hard material such as Silicon or metal

Figure 9. Process steps for SAMIM (a) PDMS mold (b) solvent assisted polymer on a substrate (c) polymer mold placed
on the solvent (d) solvent evaporates and (e) microstructures of solidified polymer after solvent evaporation.
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using any of the micromachining technique like bulk silicon etching or LIGA. The preferred
polymer materials suitable for making the replicas using this technique may be polystyrene
(PS) or poly methyl methacrylate (PMMA) or polycarbonate (PC). In this method, dimensions
of micropatterns less than 1 μm are highly possible.

The process involves three steps namely heating, embossing, and demolding as shown in
Figure 11. During the first step of heating, the metal or silicon mold and the polymer substrate
are aligned and placed in between two stainless steel supporting plates. This setup is brought
into a heating chamber, and the sample is kept at the specified embossing temperature for a
soaking time of 30 minutes. During the second step of embossing, the load is applied gradually
by a pneumatic (servomotor controlled) press and hold at a specific load for few minutes. This
is followed by gradual unloading. The third step is demolding, in which the temperature is
gradually reduced. After it is cooled down, the mold and the polymer replica are taken out of

Figure 10. Process flow for the fabrication of polymer microstructures using microtransfer molding technique (a) PDMS
mold filled with prepolymer (b) excess fluid is removed and the surface is flattened (c) the mold with prepolymer is kept
on the substrate with upside down (d) Prepolymer is cured and the PDMS mold is peeled off.

Figure 11. Process flow of hot embossing technique: (a) Step 1: prepare the metal mold and keep over the required
polymer sheet; (b) Step 2: apply pressure and heat for hot embossing; (c) Step 3: cool and detach the polymer replica.
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the chamber and separated out. For better precision, a vacuum chamber is preferred which
maintains the temperature and helps for perfect embossing of microstructures.

3. Challenges

Though soft lithography seems to be simple and promising low-cost technique to achieve
nanostructures, there are many challenges in bringing this technique to market. The major
problem is the distortion of elastomeric materials, which limits high-resolution registration in soft
lithography. This problem can be reduced by using thick samples and rigid supporting structures.
The micropatterns or nanopatterns in the stamp or mold may distort due to pairing, sagging,
swelling, and shrinking of elastomer. The process may also introduce defects due to dust parti-
cles, poor adhesion to substrate, or poor release from the stamp and bubbles in the prepolymer.
The presence of thin film of polymer in soft lithography is generally removed by reactive ion
etching. But, this may damage small features. Soft lithography is still in its early stage of devel-
opment, and researchers and manufacturers of microdevices are working in establishing this
technology toward reliability, reproducibility, and stability of the micro/nanostructures.
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using any of the micromachining technique like bulk silicon etching or LIGA. The preferred
polymer materials suitable for making the replicas using this technique may be polystyrene
(PS) or poly methyl methacrylate (PMMA) or polycarbonate (PC). In this method, dimensions
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is followed by gradual unloading. The third step is demolding, in which the temperature is
gradually reduced. After it is cooled down, the mold and the polymer replica are taken out of

Figure 10. Process flow for the fabrication of polymer microstructures using microtransfer molding technique (a) PDMS
mold filled with prepolymer (b) excess fluid is removed and the surface is flattened (c) the mold with prepolymer is kept
on the substrate with upside down (d) Prepolymer is cured and the PDMS mold is peeled off.

Figure 11. Process flow of hot embossing technique: (a) Step 1: prepare the metal mold and keep over the required
polymer sheet; (b) Step 2: apply pressure and heat for hot embossing; (c) Step 3: cool and detach the polymer replica.
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the chamber and separated out. For better precision, a vacuum chamber is preferred which
maintains the temperature and helps for perfect embossing of microstructures.

3. Challenges

Though soft lithography seems to be simple and promising low-cost technique to achieve
nanostructures, there are many challenges in bringing this technique to market. The major
problem is the distortion of elastomeric materials, which limits high-resolution registration in soft
lithography. This problem can be reduced by using thick samples and rigid supporting structures.
The micropatterns or nanopatterns in the stamp or mold may distort due to pairing, sagging,
swelling, and shrinking of elastomer. The process may also introduce defects due to dust parti-
cles, poor adhesion to substrate, or poor release from the stamp and bubbles in the prepolymer.
The presence of thin film of polymer in soft lithography is generally removed by reactive ion
etching. But, this may damage small features. Soft lithography is still in its early stage of devel-
opment, and researchers and manufacturers of microdevices are working in establishing this
technology toward reliability, reproducibility, and stability of the micro/nanostructures.
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Abstract

Based on the coherent radiation from an undulator source, extreme UV interference 
lithography (EUV-IL) technology is considered as the leading candidate for future nodes 
of high-volume semiconductor manufacturing. The throughput of this technique is much 
higher than that of traditional lithography methods such as e-beam lithography (EBL) 
and laser interference lithography (LIL). Different types of interference schemes based on 
reflection mirrors and transmission diffraction masks have been described in this chapter. 
Achromatic Talbot lithography (ATL) and the soft X-ray interference lithography (SXIL) 
with different photon energies have also been developed to produce highly dense, high-
resolution periodic nanostructures. Two scan-exposure techniques, one is the method 
employing the broadband Talbot effect and the other based on the multi-grating EUV-IL 
with an order sorting aperture (OSA), have been used to obtain periodic nanostructures 
over large areas. Applications of EUV-IL on EUV-resist testing and  nano-science have 
been illustrated.

Keywords: EUV, interference lithography, achromatic Talbot lithography, soft X-ray 
interference lithography, periodic nanostructures

1. Introduction

1.1. EUV interference lithography

Based on the coherent radiation from an undulator source, extreme ultraviolet interference lithog-
raphy (EUV-IL) has been proven to be a powerful tool for high-resolution periodic nanostructure 
fabrication. The throughput of this technique is much higher than that of traditional lithography 
methods such as e-beam lithography (EBL) and laser interference lithography (LIL). Based on the 
interference of two or more coherent beams, interference lithography (IL) is usually used as a simple 
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method for large-area periodic nanostructure fabrication. Through a combination of advantages 
of IL and the short wavelength of EUV, EUV-IL technology has been proved as a powerful tool for 
high-resolution nanostructure fabrication over large areas. So far, several EUV-IL beamlines have 
been built in different synchrotron facilities, such as the XILII beamline in swiss light source (SLS) 
[1], the EUV-IL beamline in shanghai synchrotron radiation facility (SSRF) [2], the EUV-IL beam-
line in New SUBARU synchrotron radiation facility [3], the EUV-IL beamline at the University of 
Wisconsin-Madison [4] and the EUV-IL beamline in the national synchrotron radiation research 
center (NSRRC), Taiwan [5]. Up to now, the highest-resolution line structures with 6-nm half pitch 
(HP) have been afforded in PSI XILII [1]. During the last decade, a number of interference schemes 
were investigated including Lloyd’s mirror, two-grating and multi-grating schemes.

1.2. Different types of EUV-IL

1.2.1. Interference with reflection optics

Figure 1a illustrates the general scheme of a Lloyd’s mirror interferometer. The single-plane 
mirror is the key component in the interference scheme. A part of the incident beam is reflected 
by this mirror which interferes with the unreflected part of the beam to form interference 
fringes. Line structures with periods as small as 38 nm have been fabricated by this method 
at the Synchrotron Radiation Center (SRC), as shown in Figure 1b [6, 7]. Mirrors coated by 
the resonance multilayer are often used to split and reflect the soft X-rays. The extremely high 
requirements on mirror surface quality and the limited coherence of the soft X-ray sources 
complicate the implementation of such interferometers.

1.2.2. Interference with diffraction optics

Figure 2 illustrates the general scheme of the IL method with transmission diffraction optics. 
Under normal illumination from a spatially coherent EUV source, diffracted beams through 
the transmission mask interfere together at a certain distance from the mask. Line-space struc-
tures and 2D periodic structures will be fabricated by the two- and four-beam transmission 

Figure 1. (a) The general scheme of a Lloyd’s mirror interferometer. (b) Line structures with 38-nm period fabricated by 
SRC using the Lloyd’s mirror interferometer (reproduced from [6], with the permission of AIP publishing).
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diffraction IL method [8]. The period of the fringe pattern is related to the mother gratings that 
generate the fringe pattern [9, 10]. For the two-beam diffraction method, the incident beam is 
diffracted by each grating in certain angles, θm, given by: sinθm = mλ/Pg, where m is the dif-
fraction order and Pg is grating periodicity. When the two gratings are illuminated with the 
same beam intensity, in the area where the diffracted beams interfere, the periodicity, P, of the 
aerial image is given by: P=Pg/2 m. Due to the lower diffraction efficiency of diffraction with 
higher order, only the 1rd diffraction is used for the usual two-beam interference lithography. 
Thus, the periodicity of the interference beams is given by: P=Pg/2. For the four-beam diffrac-
tion method, the periodicity of the interference beams is given by: P=Pg/√2.

Grating is one of the key parts of the XIL techniques. Dry-etching and lift-off processes are 
usually used for the grating fabrication process. Smooth and steep Cr or Au line structure can 
be fabricated by using the dry-etching process. However, a poisonous gas such as Cl2 is usu-
ally used during the dry-etching process. Cr grating with 80-nm line period has been fabri-
cated by this process. And line structures with 40-nm period have been printed in a calixarene 

Figure 2. The general scheme of the two-beam (a) and four-beam (b) transmission-diffraction IL method (reproduced 
with permission from [8] ©(2009) COPYRIGHT Society of Photo-Optical Instrumentation Engineers (SPIE)).

Figure 3. (a) An SEM image of the two beam grating and (b) an SEM image of the exposure result on PMMA resist. The 
scale bars are 1000 nm in (a) and 500 nm in (b).
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diffraction IL method [8]. The period of the fringe pattern is related to the mother gratings that 
generate the fringe pattern [9, 10]. For the two-beam diffraction method, the incident beam is 
diffracted by each grating in certain angles, θm, given by: sinθm = mλ/Pg, where m is the dif-
fraction order and Pg is grating periodicity. When the two gratings are illuminated with the 
same beam intensity, in the area where the diffracted beams interfere, the periodicity, P, of the 
aerial image is given by: P=Pg/2 m. Due to the lower diffraction efficiency of diffraction with 
higher order, only the 1rd diffraction is used for the usual two-beam interference lithography. 
Thus, the periodicity of the interference beams is given by: P=Pg/2. For the four-beam diffrac-
tion method, the periodicity of the interference beams is given by: P=Pg/√2.

Grating is one of the key parts of the XIL techniques. Dry-etching and lift-off processes are 
usually used for the grating fabrication process. Smooth and steep Cr or Au line structure can 
be fabricated by using the dry-etching process. However, a poisonous gas such as Cl2 is usu-
ally used during the dry-etching process. Cr grating with 80-nm line period has been fabri-
cated by this process. And line structures with 40-nm period have been printed in a calixarene 

Figure 2. The general scheme of the two-beam (a) and four-beam (b) transmission-diffraction IL method (reproduced 
with permission from [8] ©(2009) COPYRIGHT Society of Photo-Optical Instrumentation Engineers (SPIE)).

Figure 3. (a) An SEM image of the two beam grating and (b) an SEM image of the exposure result on PMMA resist. The 
scale bars are 1000 nm in (a) and 500 nm in (b).
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negative resist at the XIL II beamline in PSI [11]. By means of electron beam evaporation and 
lift-off processes, smooth Au line structure can also be fabricated. An Au grating with 200-nm 
line period has been fabricated by this process, Figure 3a. And line structures with 100-nm 
period have been printed in PMMA resist at the XIL beamline in SSRF, Figure 3b.

2. Broad bandwidth IL based on synchrotron radiation source

2.1. BW multi-grating EUV-IL

2D nanopatterns such as s holes, posts, sparse hole arrays or rings can be obtained when the 
number of interference beams exceeds three. The resultant pattern intensity depends strongly 
on the relative phases of the beams. Versatile periodic nanostructures can be obtained by 
changing the number of interfering beams and by controlling the relative phases of the beams 
[10]. Figure 4 illustrates the principle of the four-beam interference lithography. The trans-
mission gratings were written on a single mask. The diffracted beams from different gratings 
overlap to yield a desired pattern. The phases of the diffraction beams are controlled by the 
precise control of the positions of the gratings, that is, αi, i = 1,⋯, 4, in the figure [10]. Thus, 
an EBL machine with an interferometer-controlled stage is necessary for the mask-writing 
process. Two distinct patterns with different contrasts can be obtained in the four-beam case 
by controlling the phases of the gratings. The incoherent addition of the diffraction beams 
occurs when δx − δy = (n + 1/2)π, where n is an integer and δx = (α1 − α2)/2 and δy = (α3 − 
α4)/2. The other pattern distribution with high contrast is obtained when δx − δy = nπ. Figure 
5 illustrates the simulation results demonstrating the influence of phase difference mentioned 
above during four-beam interference. A four-beam grating with 100 nm is simulated to show 

Figure 4. Multiple beam interference lithography with four-beam diffraction gratings (reproduced with permission from 
[10] ©2005 Elsevier B.V.).
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the influence of the phase. Square grids with low-intensity contrast in a 50-nm period (p/2) 
and a high-intensity contrast in a 70-nm period (p/√2) are demonstrated in Figure 5a and 5b.

The exposure results of several masks with different grating arrangements are shown in 
Figure 6. A negative-tone resist, HSQ, was used during exposure. Line-space patterns with 
22-nm HP have been obtained by using a typical two-beam grating mask (Figure 6a). The 
exposure of three- and four-beam grating masks will result in hexagonal lattice and square 
lattice dot arrays in HSQ resist, Figure 6b and 6c. The exposure result of an incoherent illumi-
nation mask is shown in Figure 6d. Hole arrays with 25-nm HP is obtained in HSQ resist. In 
this configuration, the two-crossed pair gratings have different periodicities, which resulted 
in the incoherent addition of the diffraction beams. Figure 6e shows a six-grating mask con-
figuration that results in the so-called Kagome lattices [12].

Figure 5. Simulation results demonstrating the influences of phases in four-beam interference. (a) δx − δy = (n + 1/2)π, 
the fringe period in the simulation result is 50 nm. (b) δx − δy = nπ, the fringe period in the simulation result is 70 nm.

Figure 6. Schematic of different configurations for multiple-beam EUV-IL (first row) and SEM images of corresponding 
exposures in HSQ photoresist (reproduced with permission from [12] ©2015 Elsevier B.V.).
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and a high-intensity contrast in a 70-nm period (p/√2) are demonstrated in Figure 5a and 5b.
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22-nm HP have been obtained by using a typical two-beam grating mask (Figure 6a). The 
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in the incoherent addition of the diffraction beams. Figure 6e shows a six-grating mask con-
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Figure 6. Schematic of different configurations for multiple-beam EUV-IL (first row) and SEM images of corresponding 
exposures in HSQ photoresist (reproduced with permission from [12] ©2015 Elsevier B.V.).
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2.2. Achromatic Talbot lithography

Under monochromatic coherent light illumination, Talbot first noticed that self-images of the grat-
ings were produced at periodic distances away from a transmission diffraction grating [13]. The 
periodic distance between the self-image planes (Talbot distance, ZT) is equal to: ZT = 2p2/λ, where 
p is the grating period and λ is the illumination wavelength. Under the broadband illumination 
with a spectral bandwidth, the imaging result is very different. Achromatic and stationary pat-
terns of a 1D periodic line structure can be obtained behind the distance ZA = 2P2/Δλ [14]. Figure 7 
shows the scheme of the achromatic and stationary imaging for periodic grating under the broad-
band illumination with a spectral bandwidth (Δλ). It is called as achromatic spatial frequency 
multiplication (ASFM) or achromatic Talbot lithography (ATL). The achromatic Talbot distance 
of the square lattice grid should be ZA = 2P2/Δλ, while the achromatic Talbot distance of the hex-
agonal lattice grid should be ZA = 3/2P2/Δλ [15]. ATL has been proved to be a very robust, highly 
efficient and simple technique to produce highly dense, high-resolution periodic nanostructures 
down to 15-nm feature size [16, 17].

Figure 7. Schematic of the achromatic Talbot lithography. (Reproduced with permission from [16] ©2016 Elsevier B.V.).
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During ATL, all of the diffraction orders from different wavelengths overlap together, which 
makes full use of the beam power. This method is suitable for broadband EUV sources, that 
is, the majority of EUV sources, and for low-intensity or brightness sources. Two-dimensional 
periodic patterns in transmission masks with high resolution and uniformity are required 
to produce dot/hole arrays with high resolution and uniformity. The rectangular transmis-
sion grating is very important for the exposure results with high contrast. The nickel or gold 
electroplating process is utilized to obtain rectangular transmission grating. By using the rect-
angular transmission grating produced by the nickel electroplating process, nanodot arrays 
with dot size at 20 and 40 nm in the 106-nm period have been obtained on HSQ resist, as 
shown in Figure 8.

The interference patterns in ATL exposure are much sharper than that in multi-grating IL 
because there are much more waves with different wave vectors. ATL technique has a long 
focal length, as well as that of multi-grating one, because of broadband EUV/soft X-rays. 
However, ATL mask is more difficult to be fabricated than the other since the 0th order light 
must be blocked completely by the mask.

3. Large-area stitching EUV-IL

Large-area periodic nanostructures are required in many scientific research areas such as 
nano-magnetics, nano-optics, nano-device fabrication, industrial applications and so on. As 
mentioned above, large-area periodic nanostructures can be obtained by a single XIL expo-
sure, but the patterned area is limited by the mask area. The area with nanostructures is 
equal to or less than the area of one grating in the mask. Usually, the grating area is about 
~100 × 100 μm2. This is not large enough for some researches because the spot size of some 
detecting instruments is already several millimeters. Furthermore, this area is also too small 

Figure 8. SEM images of the nanodot arrays with dot size at 20 and 40 nm on HSQ resist with a 106-nm period.
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to fabricate a practical device. Unfortunately, it is difficult to stitch the exposure area one by 
one because the patterned area is surrounded by the area exposed by the 0th order diffraction 
beams from the mask.

In order to obtain larger exposure-area nanostructures, two scan-exposure techniques have 
been developed, one is the method employing the achromatic Talbot lithography [17] and 
the other is based on the BW multi-grating EUV-IL with an order sorting aperture (OSA) 
[18, 19].

3.1. Step-and-repeat ATL

Compared with EUV-IL, the exposure area of ATL is very similar to that of the mask area, 
with only small no-interfering areas left on the four sides of the pattern area [17]. To obtain 
periodic nanopatterns over a large area, step-and-repeat strategy is utilized during ATL. With 
step-and-repeat ATL, uniform nanopatterns with high uniformity can be produced in the 
dimension of fabrication capabilities [17]. As mentioned above, ATL makes full use of the 
beam power. A few seconds is required during the single-shot ATL exposure over an area 
of about 500 × 500 μm2. Using step-and-repeat exposure, 15-nm dot arrays over an area of 
1 × 1 cm2 were obtained in just about 5 min by stitching multiple fields [17]. Line arrays up 
to 5 × 5 mm2 have also been fabricated by the beam scanning techniques [20]. Comparing to 
the beam scanning techniques, ATL with step-and-repeat exposure has its advantages. Mask 
fabrication above the main writing field size of EBL often has challenges and this exacerbates 
for 2D patterns such as hole or dot arrays. While during ATL with step-and-repeat method, 
the full use of the beam power make sure the short exposure time for a single-shot exposure 
over large area. And the large sinle-shot exposure area with small no interfering areas on 
the four sides enable the easily step-and repeat stitching of multiple exposure fields. This 
method enables the fabrications of nanopatterns with high resolution and high throughput 
over large areas.

3.2. Stitching multi-grating EUV-IL

In an EUV-IL, the 0th order diffraction beams from the mask make stitching of the single-shot 
exposure area impossible. An OSA and an in-situ alignment system are applied to solve this 
problem in the XIL beamline at SSRF [18]. To block the 0th order diffraction beams through 
the mask, the OSA size is larger than the pattern area but less than the distance between the 
grating pairs, as shown in Figure 9. The in-situ alignment system contains two parts: a one-
dimensional motion motor which is used along the Z direction to adjust the distance between 
the OSA and the wafer and a two-dimensional motion stage in the XY direction used to  
align the position of OSA with respect to the mask. By applying this OSA in-situ alignment 
system, the 0th order diffraction beams could be blocked effectively and the exposure area 
could be stitched one by one.

Figure 10 shows the stitching result of a four-beam transmission mask with 170-nm period. The 
2D nanostructures are exposed over an exposure area of 2 cm x 2 cm by this stitching method, 
Figure 10a. Stitching gaps with no patterns are also shown in Figure 10b with less area. It has 
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little impact for some applications for its smaller portion to the total exposure area. These 2D 
nanostructures show good uniformity with the period of 120 nm, as shown in Figure 10c.

4. Soft X-ray IL based on SR

At an EUV photon energy of 92.5 eV, it is difficult to obtain nanopatterns with high aspect 
ratio due to the strong absorption of conventional photoresist. Normally, the aspect ratio 
of usual nanopatterns done by EUV-IL is at most ~2 [21]. To improve the aspect ratio of the 
exposed nanopatterns, soft X-ray interference lithography (SXIL) with higher photon energy 
is recognized as a better method due to the higher transmission rate in photoresist. Soft X-ray 
interference lithography with higher photon energies, such as 190, 250 and 450, has already 
been employed for nanopattern fabrication with higher aspect ratios [12, 22]. High aspect 
ratio nanopatterns’ exposure with high resolution and high uniformity are affected by the 
incident photon energy, the quality of the mask and the stability of the lithography system. 
Higher photon energy may decrease the whole optical efficiency of the system, resulting in 

Figure 9. OSA schematic diagram.

Figure 10. Large-area stitching exposure result: (a) 2 cm × 2 cm total exposure area; (b) stitched exposure blocks; (c) 120-nm 
period 2D nanostructures in a single block (reproduced from [18], with the permission of AIP publishing).
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lower photon flux. A high-absorbed layer is necessary during the exposure with higher pho-
ton energy, which makes the masks more fragile. To satisfy a high transmission rate in PMMA 
with balancing consideration of high photon flux, soft X-ray interference lithography (SXIL) at 
an energy of 140 eV was carried out at the XIL beamline (BL08U1B) at SSRF [23]. The nanohole 
array with 200-nm period was successfully obtained in a 300-nm thickness positive PMMA 
resist,  Figure 11a. The aspect ratio of the pattern can be up to 3, Figure 11b. Compared with 
the EUV-IL, SXIL can provide a bigger process window for the latter pattern transfer process.

5. Applications

5.1. EUV photoresist evaluation

EUVL with a wavelength of 13.5 nm is thought to be the leading candidate for future nodes of 
high-volume semiconductor manufacturing. The most important challenges in EUVL include 
the EUVL system, mask and photoresist. ASML has made great progress toward the high-
volume production of the EUVL system. The EUVL system, NXE:3350, is used to expose 1368 
wafers per day. ASML expects the first IC manufacturers to start using EUV for chip produc-
tion from 2018. EUV mask is an integral part of EUV lithography. Intel has installed its pilot 
production line for EUV mask manufacturing, fixing and detecting. In photolithography, a 
single defect ruins the chip. Defects on the EUV mask should be detected very clearly. Defects 
on the EUV mask can be detected by the scanning coherent diffractive imaging methods or by 
the high-resolution EUV Fresnel zone plate microscope [24].

Photoresist performance is one of the key parameters affecting the performance of EUVL. Due 
to the really high price of an EUVL system, it is not so easy to evaluate the new resist mate-
rial by using the practical and affordable optical system. Available projection tools are usu-
ally used by researchers to invest in the performance of new resist. However, the resolution 
of these tools is limited due to the numerical aperture of the projection optics. Based on the 
coherent radiation from an undulator source, EUV-IL can be used to study the resolution (half 
pitch, HP), sensitivity (dose) and line-edge roughness of new EUV resist material. In addition 
to the main challenge of developing high-power EUV sources, EUV-IL has proved to be the 
best candidate for high-resolution EUV resist evaluation.

Figure 11. The SEM image of the SXIL exposure result (reproduced with permission from [23] ©2016 Elsevier B.V.).
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EUV-IL enabled the characterization and development of new EUV resist materials before 
commercial EUV exposure tools became available. EUV resist has been performed on the 
EUV-IL beamline at SLS [25] and on the XIL beamline at SSRF [26]. Line structures of new 
EUV resist material with HP of 12 nm have been fabricated at the EUV-IL beamline at SLS, as 
shown in Figure 12. Line structures of new EUV resist material with LWR of 2 nm have been 
fabricated at the XIL beamline at SSRF, as shown in Figure 13. An outgassing test system has 
been built on the XIL beamline at SSRF too.

5.2. Nano-science

Surface-enhanced Raman scattering (SERS) [27, 28]: Surface-enhanced Raman scattering has 
been promisingly used in the field of biosensor fabrication with high sensitivity. The enhanced 
electromagnetic field which happens at the “hotspots” is intimately associated with the high 
sensitivity. Hotspots can be increased by increasing the density nanoarrays, tuning the shape 
of nanoparticles or reducing the nanogap between two nanoparticles. Due to its high density 
and uniformity, EUV-IL has been used for large-area SERS biosensor fabrication.

Large-scale Au nanodisk arrays have been produced on the XIL beamline at SSRF [27]. 
Nanohole arrays in a 200-nm period were fabricated on the PMMA resist, followed by the 
Au electron-beam vapor deposition. R6G as low as 10−8 M with an enhancement factor of 106 
has been detected on the Au nanodisk array. High sensitivity with high reproducibility and 
stability has been verified on the Au nanodisk arrays SERS-active substrates. A total of 32 spot 
SERS spectra were also collected on the Au nanodisk arrays. The values of RSD of vibrations 
1313, 1366 and 1512 cm−1 are 18.1, 15.5 and 13.4%. Due to its high density and uniformity, 
XIL nanofabrication appears to be a promising method for SERS-active substrates’ fabrication 
with high sensitivity and reproducibility.

Metal plasmonic nanostructures with sub-10-nm channels have been fabricated on the 
EUV-IL beamline at SLS [28]. The SERS signal can be increased by reducing the nanogap 

Figure 12. The EUV resist test result, done by XIL-II at SLS (reproduced with permission from [25] ©(2015) COPYRIGHT 
Society of Photo-Optical Instrumentation Engineers (SPIE)).
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of these tools is limited due to the numerical aperture of the projection optics. Based on the 
coherent radiation from an undulator source, EUV-IL can be used to study the resolution (half 
pitch, HP), sensitivity (dose) and line-edge roughness of new EUV resist material. In addition 
to the main challenge of developing high-power EUV sources, EUV-IL has proved to be the 
best candidate for high-resolution EUV resist evaluation.

Figure 11. The SEM image of the SXIL exposure result (reproduced with permission from [23] ©2016 Elsevier B.V.).
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EUV-IL enabled the characterization and development of new EUV resist materials before 
commercial EUV exposure tools became available. EUV resist has been performed on the 
EUV-IL beamline at SLS [25] and on the XIL beamline at SSRF [26]. Line structures of new 
EUV resist material with HP of 12 nm have been fabricated at the EUV-IL beamline at SLS, as 
shown in Figure 12. Line structures of new EUV resist material with LWR of 2 nm have been 
fabricated at the XIL beamline at SSRF, as shown in Figure 13. An outgassing test system has 
been built on the XIL beamline at SSRF too.

5.2. Nano-science

Surface-enhanced Raman scattering (SERS) [27, 28]: Surface-enhanced Raman scattering has 
been promisingly used in the field of biosensor fabrication with high sensitivity. The enhanced 
electromagnetic field which happens at the “hotspots” is intimately associated with the high 
sensitivity. Hotspots can be increased by increasing the density nanoarrays, tuning the shape 
of nanoparticles or reducing the nanogap between two nanoparticles. Due to its high density 
and uniformity, EUV-IL has been used for large-area SERS biosensor fabrication.

Large-scale Au nanodisk arrays have been produced on the XIL beamline at SSRF [27]. 
Nanohole arrays in a 200-nm period were fabricated on the PMMA resist, followed by the 
Au electron-beam vapor deposition. R6G as low as 10−8 M with an enhancement factor of 106 
has been detected on the Au nanodisk array. High sensitivity with high reproducibility and 
stability has been verified on the Au nanodisk arrays SERS-active substrates. A total of 32 spot 
SERS spectra were also collected on the Au nanodisk arrays. The values of RSD of vibrations 
1313, 1366 and 1512 cm−1 are 18.1, 15.5 and 13.4%. Due to its high density and uniformity, 
XIL nanofabrication appears to be a promising method for SERS-active substrates’ fabrication 
with high sensitivity and reproducibility.

Metal plasmonic nanostructures with sub-10-nm channels have been fabricated on the 
EUV-IL beamline at SLS [28]. The SERS signal can be increased by reducing the nanogap 

Figure 12. The EUV resist test result, done by XIL-II at SLS (reproduced with permission from [25] ©(2015) COPYRIGHT 
Society of Photo-Optical Instrumentation Engineers (SPIE)).
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between two nanoparticles. Double-layer plasmonic nanostructures were fabricated by 
depositing metal normally onto patterned photoresist layers, which were exposed at the 
EUV-IL beamline. Metal plasmonic nanostructures with sub-10-nm channels could be pro-
duced if the metal layer extended above the photoresist layer, as shown in Figure 14. By a 
comparison with the single-layer antenna, the Raman scattering signal of the double layers 
with sub-10-nm channels could be improved by a factor of 60. Period nanostructures with 
high resolution can be done by EUV-IL over a large area at a low cost. Followed by the 
extended metal layer deposition, high-sensitive SERS-active substrates can be obtained 
with low cost over large areas, which will be applicable in the near future.

Enhanced light extraction of scintillator [29]: Scintillators are usually used in the radiation 
detection system. Luminescence in ultraviolet or visible emission can be excited on scintillators 
by radiation from X-ray, c-ray, electrons, protons and neutrons. Periodic nanostructures over 
an area of 5.6 × 5.6 mm2 have been fabricated on the surface of the Bi4Ge3O12 (BGO)  scintillator 

Figure 13. EUV resist test result done by XIL at SSRF.

Figure 14. Ballistic simulation of the evaporated cross-section for a double-layer pattern with a nanogap channel 
(reproduced with permission from [28] ©2014 American Chemical Society).
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by the four-beam stitching EUV-IL technique [18]. Combined with conformal deposition of 
TiO2 by atomic layer deposition, photonic crystal structures over a large area are fabricated. 
The emission spectra for this photonic crystal with different emergence angles under the exci-
tation at 360 nm have been analyzed. An enhancement factor of 95.1% has been achieved. 
Photonic crystal structures with large-area and high-index contrast have been fabricated by 
this method.

Large-area plasmonic color filters [30]: Color filters based on plasmonic nanostructures have 
received prominent attention in recent years due to their capability of controlling the inten-
sity, phase and polarization of light. Conventional lithography techniques such as electron 
beam lithography (EBL) and focused ion beam (FIB) are usually used for the plasmonic color 
filter fabrication. However, the small exposure area and the little throughput of these meth-
ods restrict their applications. By the four-beam stitching XIL technique, periodic hole arrays 
over large areas can be easily fabricated [18]. Followed by the e-beam evaporation of Ag, 
plasmonic color filters can be produced over large areas. The fill factor of nanostructures can 
be controlled by changing the dose of exposure. By changing the fill factor, the color can be 
controlled flexibly. Figure 15 shows a blue filter device over a large scale fabricated by this 
method.

High-resolution Fresnel zone plate fabrication [31]: High-resolution Fresnel zone plates (FZPs) 
are often used in high-resolution x-ray microscopy. The resolution of the x-ray microscopy is 
limited to its outermost zone of the FZP which is used as a lens. EBL is usually used for the 

Figure 15. One blue filter device fabricated by stitching XIL, held by fingers (reproduced with permission from [30] 
©2016 Optical Society of America).
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FZP fabrication with high resolution. Based on the self-imaging (ASFM) property of gratings, 
high-resolution Fresnel zone plates (FZPs) have been fabricated on the EUV-Il beamline in 
PSI. ASFM is also known as ATL. Under wide-band illumination with spectral width Δλ, ach-
romatic and stationary imaging of the original grating can be obtained beyond the distance 
ZA = 2P2/Δλ. Under broadband EUV illumination, a radially oscillating intensity distribution 
with double the spatial frequency of the parent ZP is produced. This intensity distribution is 
observed in a certain distance range, which can be used to record daughter ZPs with half the 
zone width of the parent ZPs. FZPs with zone widths as low as 30 nm have been fabricated, 
as shown in Figure 16. FZP fabrication with high resolution and high throughput can be fab-
ricated in this way.

6. Conclusion(s)

Extreme UV interference lithography (EUV-IL) is a useful tool to fabricate periodic nano-
structures and is considered as an ideal method for EUV photoresist evaluation. Synchrotron 
radiation beamlines provide stable sources with full spatial coherence, which are enough 
to support EUV-IL and necessary to further support soft X-ray interference lithography 
(SXIL) with higher photon energies. The diffraction schemes are limited to achromatic 
ones (SXIL) in usual multi-grating interference lithography because the synchrotron radia-
tion beams have limited bandwidths. However, the limited bandwidth is essential to be 
employed in achromatic Talbot lithography (ATL) with a large focal length. Based on the 
two interference lithography methods, step-and-repeat ATL and stitching Multi-grating 
EUV-IL/SXIL have been developed to fabricate centimeter-scale periodic structures. Many 
nano-science applications have been illustrated, with EUV-IL as fabrication tools.

Figure 16. SEM images of the outer zones of a parent mask and the corresponding daughter ZP are shown in the SEM 
images. Inset shows the full ZP on the mask. (reproduced with permission from [31] ©2011 Optical Society of America).
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Abstract

As advanced technology nodes continue scaling down into sub-16 nm regime, optical
microlithography becomes more vulnerable to process variations. As a result, overall
lithographic yield continuously degrades. Since next-generation lithography (NGL) is
still not mature enough, the industry relies heavily on resolution enhancement tech-
niques (RETs), wherein optical proximity correction (OPC) with 193 nm immersion
lithography is dominant in the foreseeable future. However, OPC algorithms are getting
more aggressive. Consequently, complex mask solutions are outputted. Furthermore,
this results in long computation time along with mask data volume explosion. In this
chapter, recent state-of-the-art OPC algorithms are discussed. Thereafter, the perfor-
mance of a recently published fast OPCmethodology—to generate highly manufactured
mask solutions with acceptable pattern fidelity under process variations—is verified on
the public benchmarks.

Keywords: immersion lithography, optical proximity correction (OPC), mask,
edge placement error (EPE), process variability band (PV band), runtime, mask
manufacturability, kernel

1. Introduction

Optical microlithography provides a feasible solution in the foreseeable future for advanced
technology nodes patterning with its relatively cheap equipment, if compared with other
fabrication techniques. An integrated circuit (IC) design level elements are represented as a
set of polygons that are carved onto a pixelated template, called the mask. Mask image is then
projected onto a photoresist coating the silicon wafer through an exposure tool. If sufficient
light intensity is projected onto the resist, it is chemically exposed. Exposed regions are then
etched to form the target circuitry pattern onto the silicon wafer [1, 2].
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Complex circuit is made up by repeating lithographic operation for each layer. With the
continuous shrinkage of critical dimensions (CDs) of advanced technology nodes following
Moore’s law, IC dimensions are being pushed into sub-16 nm according to the International
Technology Roadmap for Semiconductors (ITRS) [3]. Thus, light diffraction and interference
impact becomes pronounced during circuit printing, which results in wafer image quality
degradation. For example, corners are rounded and lines are shortened. Such distortions in
the wafer image impact circuit functionality and performance. Besides, it could result in circuit
malfunction [4, 5].

To reduce the minimum printable CD, wavelength of the illumination source of the optical
system had been steadily reduced till it reached its practical limit at 193 nm due to high
instability and strong birefringence of lens materials [6]. Immersion lithography has been
introduced to improve the resolution through filling the gap between wafer and projection
lens with purified water for higher numerical aperture. However, CD of technology nodes
continues scaling down to become small fractions of the wavelength. This makes 193 nm
immersion lithography insufficient for modern ICs printing [7].

Resolution enhancement techniques (RETs) aim to improve wafer image quality through
manipulating the amplitude and phase of the optical wave to pre-compensate wafer image
distortions [8]. Since next-generation lithography (NGL) is still not mature enough, the indus-
try relies heavily on RETs, wherein optical proximity correction (OPC) is dominant, to print
sub-16 nm technology nodes in the foreseeable future [9].

In OPC, a mask pattern is iteratively adjusted to obtain an acceptable wafer image quality.
However, a lithographic process is susceptible to raw process variations, which result in litho-
graphic yield degradation. Since finding an optimal mask solution with acceptable wafer image
quality under all possible process conditions is infeasible, the industry defines a process window
including a set of process conditions upon request. The most probable process condition is often
defined as nominal process condition under which acceptable wafer image quality is desired
with minimizing the variations between different images within the process window [10, 11].

To keep pace with advanced technology nodes, model-based OPC algorithms get increasingly
more aggressive. Consequently, complex mask solutions are outputted, which results in mask
manufacturability degradation along with explosion in mask data volume [12, 14].

OPC computation time forms another crucial factor. For example, brute force algorithms to
find optimal mask solutions are infeasible for industrial cases, wherein, mask data have to be
prepared in a matter of hours to cover the huge number of target circuitries [10, 13].

In this chapter, recent state-of-the-art OPC algorithms are discussed. Thereafter, a recently
published algorithm in [15, 16] is deeply analyzed and its performance is verified in terms of
pattern fidelity under process variations, mask manufacturability, and computation time.

The rest of this chapter is organized as follows: Section 2 briefly discusses recent OPC algo-
rithms and their main shortcomings. Section 3 describes lithographic terminology and mask
evaluation metrics. Sections 4 and 5 discuss intensity modeling and the to-be-evaluated OPC
methodology, respectively. Experimental results are proposed in Section 6, and Section 7 con-
cludes the chapter.
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2. Recent research

Several algorithms have been proposed to minimize edge placement error (around wafer
image contours) in model-based OPC. Mask error enhancement factor (MEEF) matrix has been
widely adopted to guide edge shifting following EPE changes in each fragment control point
[17, 18]. However, such algorithms slowly converge for advanced technology nodes. Source
and mask optimization has been proposed in [19] at the cost of long computational time. A fast
intensity-based algorithm has been proposed in [20]. However, this algorithm considers only
sparse patterns, while recent dense patterns are more challenging. Adaptive fragments refine-
ment has been proposed to improve wafer image quality without significantly considering
process variations [21].

Process window OPC algorithms consider both EPE and process variations [22, 23]. However,
wafer image has to be simulated under each process condition, which is time-consuming.

Retargeting has been adopted to improve pattern fidelity through modifying the target pattern
itself along with the mask at the cost of long computation time [24]. Process variations have
been effectively considered through including the intensity slope in the cost function in simul-
taneous mask and target optimization (SMATO) algorithm [25].

Inverse lithography technology (ILT) has been extensively exploited to find optimal mask
solutions based on rigorous mathematical models [26, 27]. However, ILT masks are hard to be
manufactured due to ILT pixel-based behaviors.

Sub-resolution assist features (SRAFs) insertion has been widely exploited to increase mask
robustness against dose variations [28, 29]. Consideration of multiple process conditions is
required upon SRAF insertion/sizing.

To improve mask manufacturability without sacrificing lithographic yield, design aware OPC
algorithms include a set of restricted design rules (RDRs) in the OPC recipe. RDRs define the
minimum dimensions in mask geometry [30, 31]. Although including RDRs in the OPC pre-
serves acceptable pattern fidelity with less complex masks, long computation time is expected
due to the low stability and slow convergence of the algorithm.

To accelerate OPC computation, a fast method has been proposed in [32] to simulate wafer
image with less number of kernels. However, using more kernels is required in further itera-
tions. Intensity difference map has been recently proposed in [15] and its performance has been
confirmed in [33].

Recently, an effective Process Variation Aware OPC algorithm, namely PV-OPC, has been
proposed with good results in terms of pattern fidelity under process variations, computational
time, and with considering mask notch rule for higher manufacturability through exploiting
variational EPE, and adaptive fragmentation [9]. Furthermore, PV-OPC effectively reduces the
number of needed simulations. Mask Optimization Solution with Process Window Aware
Inverse Correction (MOSAIC) algorithm has been recently proposed as an ILT algorithm with
exploiting variational EPE under each process corner. MOSAIC has two versions: fast and exact
[34]. However, complex masks are outputted from this algorithm. A robust approach for process
variation OPC has been recently published in [35] at the cost of outputting complex masks.
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Recently, a novel intensity-based OPC methodology has been published in [15]. This algorithm
outperforms the most recent effective algorithms on the public benchmarks in terms of pattern
fidelity under process variations and runtime. Besides, this algorithm has been extended to
improve mask manufacturability in [16] with preserving its effectiveness. This algorithm is
analyzed in this chapter and its effectiveness is numerically verified through comparing it with
other recent algorithms on the most challenging public benchmarks.

3. Lithographic terminology and problem description

A lithographic process is susceptible to raw process variations resulting in lithographic yield
degradation. Dose and focus variations are dominant in this context. Thus, a set of dose and
focus process conditions that are requested to be considered are defined as a process window Pw.

3.1. Lithographic pattern terminology

Given a region of pixels R wherein a target pattern T is defined such that T ⊂ R. Similarly, a
mask pattern M is defined in R such that M ⊂ R.

A pattern consists of a set of nonoverlapped rectilinear polygons where a polygon consists of a
set of connected pixels. Let S be a polygon. If a pixel p is contained in S, it is denoted by p ∈ S.
Furthermore, if p ∈ S ∈ T, it is denoted by p ∈ T. The same notation is applied for a pixel p ∈ S ∈
M, which is simply denoted by p ∈ M.

An edge on the boundary of a polygon is either a horizontal or vertical line connecting two
corners. Let ET and EM be the set of edges along the boundary of all polygons in T and M,
respectively. Let l(e) denote the length of an edge e and D(ei, ej) denote the Manhattan distance
between edges ei and ej in a target/mask pattern.

Target pattern: A set of target design rules are defined to be satisfied. This includes: (1)
minimum allowable line width, denoted by Lw. (2) Minimum spacing between different poly-
gons, denoted by Ls. Note that, ∀e ∈ ET; l(e) ≥ Lw.

A corner on the boundary of a polygon in the target is either positive or negative. A positive
corner forms 90� angle outside the polygon, while a negative corner forms 270� angle inside
the polygon. Figure 1(a) illustrates a target pattern with both types of corners [15].

Mask pattern: Mask pattern polygons are classified into three types: core-polygon, serif, and
SRAF. Figure 1(b) shows these types. A core-polygon that corresponds to a polygon S ∈ T is
obtained from S by fragmenting its boundary to segments and shifting them. A segment
located on a corner in the target pattern is said to be a corner segment. A serif on a positive
corner is a squared feature added outside of the polygon, while, a serif on a negative corner is a
square picked from the polygon. An SRAF (scatter bar) is a long bar parallel to an edge of a
polygon in the target [15].

A notch is either peak or valley in the polygon geometry, as illustrated in Figure 2(a) [36]. From
mask manufacturing perspective, thin notches are forbidden. A jog is the orthogonal edge
between two neighboring edges in the mask boundary. Small jogs in an OPC mask typically
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exist, as shown in Figure 2(b). However, such small features increase shot count during mask
writing [12]. Moreover, they increase mask manufacturing process variations, which turns out
into pattern fidelity degradation.

Mask design rules define a set of constraints to be satisfied in a mask pattern for higher mask
manufacturability. In this chapter, the following mask design rules are considered: (1) mask
notch rule, which defines the minimum allowable edge length in the mask boundary, denoted
by dn. (2) Mask spacing rule, which defines the minimum allowable spacing between patterns
in the mask pattern, denoted by ds.

3.2. Lithographic model

A mask M is transformed through an optical and projection system into an aerial image. This
image is an intensity map holding a set of light intensities floating onto the resist. The set of
exposed pixels within the intensity map forms the image onto the silicon wafer. Let IPc(M) and
GPc (M) represent the intensity map and wafer image of mask M under process condition Pc ∈
Pw, respectively, as illustrated in Figure 3.

Figure 1. (a) Target pattern T. (b) Mask pattern M [15].

Figure 2. (a) Notch types and width and (b) jogs in the mask boundary.
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between two neighboring edges in the mask boundary. Small jogs in an OPC mask typically
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exist, as shown in Figure 2(b). However, such small features increase shot count during mask
writing [12]. Moreover, they increase mask manufacturing process variations, which turns out
into pattern fidelity degradation.

Mask design rules define a set of constraints to be satisfied in a mask pattern for higher mask
manufacturability. In this chapter, the following mask design rules are considered: (1) mask
notch rule, which defines the minimum allowable edge length in the mask boundary, denoted
by dn. (2) Mask spacing rule, which defines the minimum allowable spacing between patterns
in the mask pattern, denoted by ds.

3.2. Lithographic model

A mask M is transformed through an optical and projection system into an aerial image. This
image is an intensity map holding a set of light intensities floating onto the resist. The set of
exposed pixels within the intensity map forms the image onto the silicon wafer. Let IPc(M) and
GPc (M) represent the intensity map and wafer image of mask M under process condition Pc ∈
Pw, respectively, as illustrated in Figure 3.

Figure 1. (a) Target pattern T. (b) Mask pattern M [15].

Figure 2. (a) Notch types and width and (b) jogs in the mask boundary.
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Sum of coherent systems (SOCS) is often used in OPC to roughly estimate the intensity map
[38]. In SOCS model, the optical system is decomposed into a set of coherent kernels working
as low pass filters. Each kernel has an eigenfunction, which represents its filtering behavior
and eigenvalue and its weight for intensity estimation. For a maskM, intensity map, IPc(M, K),
under process condition Pc is defined as given in Eq. (1), where K denotes the set of all kernels

in a lithographic system, σkpc and ϕPc
k represent the eigenvalue and the eigenfunction for

kernels k ∈ K under process condition Pc, respectively, and ⊗ denotes convolution operation.

Ipc Mð Þ ¼
X

k∈K
σkpc ϕPc

k ⊗M
�� ��2 (1)

Once intensity map is obtained, it undergoes resist modeling. Constant threshold resist (CTR)
is one of the commonly used resist models, wherein intensity threshold of exposure Ith is
predefined. Wafer image GPc (M) is the set of pixels whose intensities are greater than or equal
to Ith, as given in Eq. (2), where IPc (M, p) represents the intensity in pixel p by mask M.

GPc Mð Þ ¼ p∈RjIPc Mð Þ ≥ Ithf g (2)

3.3. Representative lithographic process conditions

Wafer image gets wider with higher positive dose values. On the other hand, it gets thinner
with negative values. Defocus impact causes wafer image to be thinner than its form under

Figure 3. Intensity map and wafer image for a given mask pattern.
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nominal focus condition [9]. Thus, for a process window Pw, three representative process condi-
tions are defined as follows (illustrated in Figure 4):

1. Innermost process condition: Includes the maximum negative dose value and defocus
under which innermost intensity map Ii(M), is defined. Innermost wafer image Gi(M) is
extracted from Ii(M).

2. Outermost process condition: Includes the maximum positive dose and in-focus under
which maximum intensity map Io(M), is defined. Outermost wafer image Go(M) is
extracted from Io(M).

3. Nominal process condition: Includes average dose and in-focus under which nominal
intensity map In(M), is defined. Nominal wafer image Gn(M) is extracted from In(M).

3.4. Mask evaluation metrics

A mask pattern is evaluated in terms of the pattern fidelity under nominal process condition,
robustness against process variations, mask manufacturability, and the computation time
required to find that mask solution.

Pattern fidelity evaluation: Edge placement error (EPE) is often used for pattern fidelity
evaluation under nominal process condition. EPE is the geometrical distance between a point
on the target boundary and its corresponding point onto wafer image contour. Let epe(M, t)
denote the EPE for a point t ∈ T, as shown in Figure 5. As long as no electric violations occur in
the circuit functionality, EPE evaluation can be relaxed. Let EPEmax be the maximum allowable
EPE distance [10].

Figure 4. Representative wafer images: (a) innermost, (b) nominal, (c) outermost.

Figure 5. EPE evaluation [15].
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nominal focus condition [9]. Thus, for a process window Pw, three representative process condi-
tions are defined as follows (illustrated in Figure 4):
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extracted from Ii(M).
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required to find that mask solution.
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evaluation under nominal process condition. EPE is the geometrical distance between a point
on the target boundary and its corresponding point onto wafer image contour. Let epe(M, t)
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For fast evaluation, EPE is statically measured among a set of tap points defined on the
boundary of T, as given in Figure 5. Let A denote the set of defined tap points. For each t ∈ A,
let t+ ∈ T be a point whose distance from t is EPEmax pixels, which is on the line that passes t
and perpendicular to its edge in the target. Similarly, t� ∈ T is defined but inside the polygon in
T. For a tap point t ∈ A, it is said to be not in EPE state if In(M, t�) ≥ Ith and In(M; t+) < Ith.
Otherwise, t is said to be in EPE state. The number of EPE violations for mask M, denoted by
#EPEV(M), is the number of tap points in EPE state. Pattern fidelity of a mask M is assumed to
be inversely proportional to #EPEV(M) [15].

Process variability evaluation: Process variability (PV) band area is a commonly used metric
for process variations. PV band area is the area denoted by XORing wafer images under all
process conditions within process window Pw.

Innermost and outermost wafer images are exploited to provide a fast and roughly sufficient
estimation for PV band area. For a mask M, PV band area, denoted by PV(M), is the XOR area
between Gi(M) and Go(M). The less the PV band area, the more is the mask robustness against
process variations. Figure 6 illustrates PV band area for a given mask [17].

Mask manufacturability evaluation: Mask manufacturability is evaluated in terms of satisfy-
ing mask notch and spacing design rules. The more the rule violations, the lower is the
manufacturability of the mask. Figure 7(a) illustrates examples of design rule violations. Mask
notch rule defines the minimum allowable edge length in the mask polygons, denoted by dn.
Thus, the number of mask notch rule violations of mask M, denoted by #NotchV(M), is
formulated as in Eq. (3):

Figure 6. (a) Innermost intensity map, (b) outermost intensity map and (c) PV band area.

Figure 7. (a) Design rule violations and (b) comparison pair examples [16].
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#NotchV Mð Þ ¼ ∣ eje∈M; l eð Þ < dnf g∣ (3)

Two edges in the mask boundary violate mask spacing rule if the Manhattan distance between
them is less the minimum allowable spacing distance ds. However, both edges should either
belong to two different polygons or belong to the same polygon without overlapping between
them, as illustrated in Figure 7(b). Such edges are said to be a comparison pair. Consequently,
the number of spacing rule violations, denoted by #SpaceV(M), is given in Eq. (4), where Cp

represents the set of comparison pairs in M. Comparison pairs of a mask can be retrieved by
bounding techniques [16].

#SpaceV Mð Þ ¼ ∣ ei; ej
� �

∣ ei; ej
� �

∈Cp,D ei; ej
� �

< ds∣ (4)

4. Tap point intensity estimation

The purpose of the proposed intensity modeling in [17] is to roughly estimate the intensity
map of a mask using SOCS model within a short time. As lower weight kernel contribution in
intensity value is typically small [32], such contribution in intensity value for each pixel does
not dramatically change much if a mask pattern is slightly modified. On the other hand, top
weight kernel contribution is significantly affected by such mask modifications. Thus, by
utilizing lower weight kernel intensity information of some reference mask, the intensity map
of a general mask can be estimated using only top weight kernel, followed by proper compen-
sation with exploiting the intensity information of the reference mask.

4.1. Top weight kernel intensity modeling

Let F1(d) and F2(d) be the functions that represent the intensity impact induced by a segment to
its own tap point and to the neighbor tap point, respectively, where d represents the shifting
distance of that segment from its original position in the target T. The differences of intensity
impact to a segment tap point and to neighbor tap point between cases when the shifting
distances of that segment are d and d’ are represented by F1(d, d’) and F2(d, d’), respectively. Let
B(w) represent the intensity impact induced by a serif feature on a corner to tap point t located
on a corresponding corner segment, where w represents the width of the serif. The differences
of intensity impact between cases when the widths of the serif are w and w’ are represented by
B(w, w’) [15].

With assuming the linearity of Fj as proposed in [15], Fj(d, d’) = Fj(d’)� Fj(d) = αj (d’� d), where
αj is a constant (j = 1, 2) obtained by regression. Additionally, it is assumed that B is a quadratic
function such that B(w, w’) = B(w’) � B(w) = β (w’ � w)2+γ (w’ � w), where β and γ are constants
obtained through regression.

Let (s0, s1,…, sm) be a sequence of segments defined along the edge between corner c0 and c1 on
the boundary of a polygon in T by fragmentation, and ti be the tap point of si (0 ≥ i ≥ m). Let d’i
and di be the shifting distances from the boundary in the target T for segment si in masksM and
Mref, respectively. In addition, let wj’ and wj be the widths of serif feature on a corner cj in masks
M andMref, respectively (0 ≥ i ≥m, 0 ≥ j ≥ 1). Figure 8 depicts the given situation. With exploiting
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Two edges in the mask boundary violate mask spacing rule if the Manhattan distance between
them is less the minimum allowable spacing distance ds. However, both edges should either
belong to two different polygons or belong to the same polygon without overlapping between
them, as illustrated in Figure 7(b). Such edges are said to be a comparison pair. Consequently,
the number of spacing rule violations, denoted by #SpaceV(M), is given in Eq. (4), where Cp

represents the set of comparison pairs in M. Comparison pairs of a mask can be retrieved by
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4. Tap point intensity estimation
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intensity value is typically small [32], such contribution in intensity value for each pixel does
not dramatically change much if a mask pattern is slightly modified. On the other hand, top
weight kernel contribution is significantly affected by such mask modifications. Thus, by
utilizing lower weight kernel intensity information of some reference mask, the intensity map
of a general mask can be estimated using only top weight kernel, followed by proper compen-
sation with exploiting the intensity information of the reference mask.

4.1. Top weight kernel intensity modeling

Let F1(d) and F2(d) be the functions that represent the intensity impact induced by a segment to
its own tap point and to the neighbor tap point, respectively, where d represents the shifting
distance of that segment from its original position in the target T. The differences of intensity
impact to a segment tap point and to neighbor tap point between cases when the shifting
distances of that segment are d and d’ are represented by F1(d, d’) and F2(d, d’), respectively. Let
B(w) represent the intensity impact induced by a serif feature on a corner to tap point t located
on a corresponding corner segment, where w represents the width of the serif. The differences
of intensity impact between cases when the widths of the serif are w and w’ are represented by
B(w, w’) [15].

With assuming the linearity of Fj as proposed in [15], Fj(d, d’) = Fj(d’)� Fj(d) = αj (d’� d), where
αj is a constant (j = 1, 2) obtained by regression. Additionally, it is assumed that B is a quadratic
function such that B(w, w’) = B(w’) � B(w) = β (w’ � w)2+γ (w’ � w), where β and γ are constants
obtained through regression.

Let (s0, s1,…, sm) be a sequence of segments defined along the edge between corner c0 and c1 on
the boundary of a polygon in T by fragmentation, and ti be the tap point of si (0 ≥ i ≥ m). Let d’i
and di be the shifting distances from the boundary in the target T for segment si in masksM and
Mref, respectively. In addition, let wj’ and wj be the widths of serif feature on a corner cj in masks
M andMref, respectively (0 ≥ i ≥m, 0 ≥ j ≥ 1). Figure 8 depicts the given situation. With exploiting
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top kernel modeling, the intensity IPc (M, ti) of tap point ti under process condition Pc is given in
Eq. (5) for corner segment and in Eq. (6) for non-corner segment, where Δx = x’- x [17].

ð5Þ

ð6Þ

4.2. Lower weight kernel intensity modeling

Intensity difference map (IDM) is introduced as the mathematical difference between two
intensity maps obtained using two sets of kernels [33]. Let Idiff (M, K, K’) be the IDM between
intensity maps I(M, K) and I(M, K’), where I(M, K) denotes the intensity map obtained using set
of kernels K and K’ ⊂ K, respectively, as formulated in Eq. (7).

Idiff M;K;K‵� � ¼ IPc M;Kð Þ � IPc M;K‵� �
(7)

Typically, there is a trade-off between intensity map accuracy and the number of kernels used
to obtain that map. However, with relaxed EPE evaluation, a set of top weight kernels in a
lithographic system can be sufficient to be used for in intensity estimation, and thus, to guide
the OPC response. Let K denotes the set of all kernels and Ksuff ⊂ K denote the set of top
weight kernels roughly sufficient for optimization. Besides, let k0 ∈ K denote the top weight
kernel [15].

In lower weight kernel modeling, intensity map for a mask M is roughly estimated through
using a reference mask Mref (both M and Mref have been derived from the same target) as
follows: The IDM of mask Mref under a certain process condition is obtained using Ksuff and

Figure 8. Top weight kernel modeling situation [17].
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{k0}. To estimate the intensity map of mask M, IDM works as a compensative map to the top
weight kernel intensity map as given in Eq. (8). This modeling reduces effectively the simula-
tion time since only one convolution operation is required [15].

IPc Mð Þ ≈ IPc M; k0f gð Þ þ Idiff Mref ;Ksuff ; k0f g� �
(8)

5. OPC engine framework

Figure 9 illustrates the general framework of the OPC engine proposed in [15, 16]. Before
performing the actual OPC algorithm, a preprocessing phase, wherein, the parameters that
guide OPC algorithm are found through regression. The input of the OPC algorithm is a target
pattern and the output is a mask solution. This algorithm consists of initialization phase, input
intensity modeling, mask correction phase, mask evaluation, and post-OPC phase.

5.1. Initialization phase

This phase aims to accelerate the algorithm convergence through finding an initial mask
solution whose pattern is not much deviated from the final mask solution. Initialization phase
includes the following:

Figure 9. OPC engine framework.
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Layout fragmentation: Edges along the boundary of target T are fragmented into segments.
Segment length Lseg is predefined such that Lseg is greater than the minimum allowable notch
width dn. If a segment length is less than dn, it is equally concatenated with its neighbors. The
center for each segment si on the target is defined as a tap point ti, as illustrated in Figure 10 [15].

Intensity Difference Map (IDM) construction: One extra mask correction step is applied to
generate a mask M[0] whose features are printable around target boundaries. With setting
Mref = M[0] and K = Ksuff, IDM is constructed and exploited as in Eq. (9) to estimate intensity
map of a mask M, where k0 represents the top weight kernel in K [15].

ð9Þ

5.2. Input intensity modeling

An OPC algorithm typically tries to make the nominal intensity curve of a given tap point
crossing the target boundary at Ith, as depicted in Figure 11(a). The distance from the target
boundary to the cross-point of innermost intensity at which Ii = Ith contributes to PV band as

Figure 10. Fragmentation process [15].

Figure 11. (a) Nominal intensity is considered to reach Ith, resulting in PV as PV band area indicator. (b) Adjusted
intensity is considered to reach Ith, resulting in PV2 < P V as PV band reduction [17].
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well as distance from target boundary to the cross-point of outermost intensity. However, the
innermost intensity cross-point to Ith is typically larger from the target boundary than the
outermost intensity cross-point.

With making the cross-point of nominal intensity with Ith slightly outside the target boundary,
PV band area can be reduced (as shown in Figure 11b). This is reasonable because the
innermost intensity cross-point to Ith reaches close to the target boundary, which results in
lesser PV band, since outermost intensity has already been saturated and its cross-point
distance from target boundary is not expected to change significantly.

As an implementation, let Idef (M) denote the intensity map under nominal dose and defocus.
In(M) denotes the nominal intensity under nominal dose and best-focus. In [15], the adjusted
intensity map is defined, denoted by Iadj(M), as the intensity map obtained by averaging both
In(M) and Idef (M), as given in Eq. (10).

∀p∈R, Iadj M; pð Þ ¼ In M; pð Þ þ Idef M; pð Þ
2

(10)

5.3. Mask correction phase

Mask correction phase applies a set of OPC steps on the input mask to optimize both EPE and
PV band area with satisfying design rules. Adjusted intensity map of the input mask drives
segment shifting and corner hammering, while innermost and outermost maps control SRAFs
insertion.

Two-segment shifting: Let si and si + 1 be two neighboring segments with positions Pi and Pi + 1,
respectively, in mask M (see Figure 12(a)). The purpose is to find the new positions of those
segments, denoted by P’i and P’i + 1, such that the estimated intensities of their tap points
become Ith. With exploiting top weight kernel model, the objective is to find (Δ Pi, Δ Pi + 1) in
Eq. (11) such that Δ Pi = P’i -Pi, Δ Pi + 1 = P’i + 1 -Pi + 1. With solving Eq. (11), the new positions P’i
and P’i + 1 are given in Eq. (12). Figure 12(b) illustrates two-segment shifting subroutine [15].

Figure 12. Two-fragment shifting: (a) current situation and (b) subroutine.
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well as distance from target boundary to the cross-point of outermost intensity. However, the
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Two-segment shifting: Let si and si + 1 be two neighboring segments with positions Pi and Pi + 1,
respectively, in mask M (see Figure 12(a)). The purpose is to find the new positions of those
segments, denoted by P’i and P’i + 1, such that the estimated intensities of their tap points
become Ith. With exploiting top weight kernel model, the objective is to find (Δ Pi, Δ Pi + 1) in
Eq. (11) such that Δ Pi = P’i -Pi, Δ Pi + 1 = P’i + 1 -Pi + 1. With solving Eq. (11), the new positions P’i
and P’i + 1 are given in Eq. (12). Figure 12(b) illustrates two-segment shifting subroutine [15].

Figure 12. Two-fragment shifting: (a) current situation and (b) subroutine.
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ð11Þ

ð12Þ

Consider the situation of non-corner segments si-1, si, si + 1 in maskM shown in Figure 13(a). As
illustrated in Figure 13(b), Two-fragShift subroutine is applied first to si-1 and si, followed by
setting their tap point intensities to Ith. I(ti + 1) change due to si shifting is linearly estimated
according to top weight kernel modeling. These data are inputted to Two-fragShift subroutine,
which is then applied to si and si + 1 [15].

Corner hammering: Let c be a corner wherein corner segments ac and bc meet (in target T). A
hammer is formed on c by shifting both ac and bc outside the polygon with distance wc. This
shifting amount is equivalent to the serif width as depicted in Figure 14(a). Thus, the purpose

Figure 13. Edge non-corner fragments shifting: (a) situation and (b) subroutine [15].

Figure 14. (a) Hammer insertion and (b) negative corner hammering [17].
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is to find the serif width w’c such that the average intensity of both corner segments tap points,
denoted by tac and tbc, becomes equivalent to Ith [15]. For a negative corner, both corner
segments are shifted inside and a squared serif is picked from T, as shown in Figure 14(b).

However, due to the nonlinearity of the hammering problem, several solutions might exist.
However, w’c is chosen within the interval [wmin, wmax], which represents the minimum and
maximum allowable serif width, where wmin ≥ dn to satisfy notch rule and wmax is predefined
to neglect oversized serif solutions. This problem is formulated in Eq. (13) [15].

ð13Þ

Segment alignment: Alignment aims to ensure satisfying notch rule during segment shifting.
Thus, a number of parallel lines to each edge in the target are created with dn spacing between
each two consecutive lines. In this way, each segment is aligned to the closest line parallel to it
after shifting, as shown in Figure 15 [16].

SRAF insertion: With increasing the distance between an SRAF and a tap point t, the differ-
ence between outermost intensity and innermost intensity of t does not monotonically
decrease. Therefore, global minimal values of this difference within the decaying intervals are
SRAF candidate locations to ensure reducing Io(M, t) - Ii(M; t), which turns out into lesser PV
band area. SRAF candidate locations are determined during preprocessing stage [15].

5.4. Post-OPC phase

Post-OPC phase aims to improve mask manufacturability through reducing mask data vol-
ume and spacing rule violations resolution. This phase consists of the following:

Segment concatenation: Reducing the segment numbers along the mask boundary helps in
reducing mask data volume along with reducing the shot-count. This is achieved through two-
segment concatenation. However, ad hoc concatenation of neighboring segments badly
impacts pattern fidelity.

Figure 15. Segment alignment [16].
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Consider the situation of non-corner segments si-1, si, si + 1 in maskM shown in Figure 13(a). As
illustrated in Figure 13(b), Two-fragShift subroutine is applied first to si-1 and si, followed by
setting their tap point intensities to Ith. I(ti + 1) change due to si shifting is linearly estimated
according to top weight kernel modeling. These data are inputted to Two-fragShift subroutine,
which is then applied to si and si + 1 [15].

Corner hammering: Let c be a corner wherein corner segments ac and bc meet (in target T). A
hammer is formed on c by shifting both ac and bc outside the polygon with distance wc. This
shifting amount is equivalent to the serif width as depicted in Figure 14(a). Thus, the purpose

Figure 13. Edge non-corner fragments shifting: (a) situation and (b) subroutine [15].

Figure 14. (a) Hammer insertion and (b) negative corner hammering [17].
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is to find the serif width w’c such that the average intensity of both corner segments tap points,
denoted by tac and tbc, becomes equivalent to Ith [15]. For a negative corner, both corner
segments are shifted inside and a squared serif is picked from T, as shown in Figure 14(b).

However, due to the nonlinearity of the hammering problem, several solutions might exist.
However, w’c is chosen within the interval [wmin, wmax], which represents the minimum and
maximum allowable serif width, where wmin ≥ dn to satisfy notch rule and wmax is predefined
to neglect oversized serif solutions. This problem is formulated in Eq. (13) [15].

ð13Þ

Segment alignment: Alignment aims to ensure satisfying notch rule during segment shifting.
Thus, a number of parallel lines to each edge in the target are created with dn spacing between
each two consecutive lines. In this way, each segment is aligned to the closest line parallel to it
after shifting, as shown in Figure 15 [16].

SRAF insertion: With increasing the distance between an SRAF and a tap point t, the differ-
ence between outermost intensity and innermost intensity of t does not monotonically
decrease. Therefore, global minimal values of this difference within the decaying intervals are
SRAF candidate locations to ensure reducing Io(M, t) - Ii(M; t), which turns out into lesser PV
band area. SRAF candidate locations are determined during preprocessing stage [15].

5.4. Post-OPC phase

Post-OPC phase aims to improve mask manufacturability through reducing mask data vol-
ume and spacing rule violations resolution. This phase consists of the following:

Segment concatenation: Reducing the segment numbers along the mask boundary helps in
reducing mask data volume along with reducing the shot-count. This is achieved through two-
segment concatenation. However, ad hoc concatenation of neighboring segments badly
impacts pattern fidelity.

Figure 15. Segment alignment [16].
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Let sa and sb be two neighboring segments with Δhab orthogonal distance between them
(Figure 16(a)). Let epeprea and epepreb denote the predicted EPE in tap points ta and tb, respec-
tively, after concatenation. Concatenation process is performed as follows [16]:

• If epeprea < epepreb and epeprea ≥ epemax, shift sa to concatenate with sb (Figure 16(b)).

• if epepreb < epeprea and epepreb ≥ epemax, shift sb to concatenate with sa (Figure 16(c)).

• If the predicted EPE causes violation, no concatenation is performed.

• If concatenation is done, sa and sb become one segment sab.

Feature movement: Segment/SRAF extra movement aims to resolve spacing violations in the
mask pattern outputted from concatenation process. This is strictly subjected to the constraint
that no additional EPE violations occur, as illustrated in Figure 17 [16].

6. Experimental results and discussion

6.1. Experimental setup

Simulation environment: Lithosim uses industrial optical models with 193 nm immersion
lithography. CTR model is used with intensity threshold of 0:225. Layout patterns are defined

Figure 16. Concatenation process [16]: (a) before concatenation, (b) sa is moving, and (c) sb is moving.

Figure 17. Spacing violation resolution cases [16]: (a) two parallel features, (b) two orthogonal features, (c) SRAF and
segment, and (d) two SRAFs.
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in 1024 � 1024 pixels region, where each pixel represents 1 nm � 1 nm. A set of 24 SOCS
kernels forms the optical model in Lithosim [11].

OPC algorithm parameters: The proposed OPC algorithm in [16] has been implemented on
top of Lithosim. The algorithm was executed on 4 cores 3.6 GHz Linux machine with total
memory of 1,986,912 kB. Segment length has been chosen as 20 nm; minimum allowable mask
notch has been set practically to 5 nm. The maximum allowable hammer width is 80 nm;
maximum allowable SRAF width is 60 nm. The maximum number of iterations has been set
to 10.

Testing benchmarks: Testing benchmarks have been provided by IBM for ICCAD 2013 CAD
contest. Each benchmark is an M1 layout pattern for 32 nm technology nodes. The CD of those
benchmarks ranges from 20 to 80 nm. The number of patterns (polygons) in those benchmarks
ranges between 4 and 34 polygons with layout density ranges from 0.3 to 0.46 due to the pitch
spacing design rules for realistic industrial cases [11].

Mask evaluation: The score function used in ICCAD 2013 CAD contest is used for evaluation
[37]. Given a mask M, the score of M, denoted by φ Mð Þ, is given in Eq. (14), where τ denotes
the computation time to find a mask and ζ represents the number of hole shapes in the
corrected mask. α, β, and γ are set to 5000, 4, and 10,000 following the contest.

φ Mð Þ ¼ α∗#EPEV Mð Þ þ β∗PV Mð Þ þ γ∗ζ Mð Þ þ τ (14)

6.2. Comparison with recent algorithms

The proposed algorithm in [16] has been comparedwith recently published algorithms executed
on the same benchmarks. Table 1 shows a comparison between the proposed algorithm and
state-of-the-art algorithms including: MOSAIC fast [36], MOSAIC exact [36], and PV-OPC [11].

The proposed algorithm in [16] outperformsMOSAIC fast in the overall score and it is 3.76 times
faster. MOSAIC fast is effective in terms of PV band area due to its pixel-based behavior in
finding the mask solution under each process condition. However, it has lack of estimation
accuracy, which turns out into pattern fidelity degradation. MOSAIC exact effectively optimizes
both EPE and PV band area since it simulates wafer image under each process condition using
all kernels. However, this algorithm slowly converges. While the proposed algorithm in [16] has
almost the same cost of MOSAIC exact in terms of EPE and PV band area, it is 22 times faster.
PV-OPC is an effective algorithm as it exploits variational EPE under representative process
conditions with satisfying mask notch rule. Keep out zone (KOZ) concept is exploited as well to
avoid pinching and bridging errors between patterns. Thus, PV-OPC algorithm outperforms [16]
in terms of EPE while [16] has less PV band area due to input intensity modeling and SRAFs
insertion. Additionally, the proposed algorithm in [16] is 1.65 times faster. Note that PV-OPC
does not consider spacing rule violations and mask data volume reduction.

Generally, it seems obvious that the proposed algorithm in [16] outperforms other recent
algorithms, specifically in OPC runtime as it is 1.65 times faster than the fastest algorithm
among others. Exploiting intensity difference map concept is the main reason, which turns out
into minimizing the number of kernels needed for simulation during optimization.
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Let sa and sb be two neighboring segments with Δhab orthogonal distance between them
(Figure 16(a)). Let epeprea and epepreb denote the predicted EPE in tap points ta and tb, respec-
tively, after concatenation. Concatenation process is performed as follows [16]:

• If epeprea < epepreb and epeprea ≥ epemax, shift sa to concatenate with sb (Figure 16(b)).

• if epepreb < epeprea and epepreb ≥ epemax, shift sb to concatenate with sa (Figure 16(c)).

• If the predicted EPE causes violation, no concatenation is performed.

• If concatenation is done, sa and sb become one segment sab.

Feature movement: Segment/SRAF extra movement aims to resolve spacing violations in the
mask pattern outputted from concatenation process. This is strictly subjected to the constraint
that no additional EPE violations occur, as illustrated in Figure 17 [16].

6. Experimental results and discussion

6.1. Experimental setup

Simulation environment: Lithosim uses industrial optical models with 193 nm immersion
lithography. CTR model is used with intensity threshold of 0:225. Layout patterns are defined

Figure 16. Concatenation process [16]: (a) before concatenation, (b) sa is moving, and (c) sb is moving.

Figure 17. Spacing violation resolution cases [16]: (a) two parallel features, (b) two orthogonal features, (c) SRAF and
segment, and (d) two SRAFs.
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in 1024 � 1024 pixels region, where each pixel represents 1 nm � 1 nm. A set of 24 SOCS
kernels forms the optical model in Lithosim [11].

OPC algorithm parameters: The proposed OPC algorithm in [16] has been implemented on
top of Lithosim. The algorithm was executed on 4 cores 3.6 GHz Linux machine with total
memory of 1,986,912 kB. Segment length has been chosen as 20 nm; minimum allowable mask
notch has been set practically to 5 nm. The maximum allowable hammer width is 80 nm;
maximum allowable SRAF width is 60 nm. The maximum number of iterations has been set
to 10.

Testing benchmarks: Testing benchmarks have been provided by IBM for ICCAD 2013 CAD
contest. Each benchmark is an M1 layout pattern for 32 nm technology nodes. The CD of those
benchmarks ranges from 20 to 80 nm. The number of patterns (polygons) in those benchmarks
ranges between 4 and 34 polygons with layout density ranges from 0.3 to 0.46 due to the pitch
spacing design rules for realistic industrial cases [11].

Mask evaluation: The score function used in ICCAD 2013 CAD contest is used for evaluation
[37]. Given a mask M, the score of M, denoted by φ Mð Þ, is given in Eq. (14), where τ denotes
the computation time to find a mask and ζ represents the number of hole shapes in the
corrected mask. α, β, and γ are set to 5000, 4, and 10,000 following the contest.

φ Mð Þ ¼ α∗#EPEV Mð Þ þ β∗PV Mð Þ þ γ∗ζ Mð Þ þ τ (14)

6.2. Comparison with recent algorithms

The proposed algorithm in [16] has been comparedwith recently published algorithms executed
on the same benchmarks. Table 1 shows a comparison between the proposed algorithm and
state-of-the-art algorithms including: MOSAIC fast [36], MOSAIC exact [36], and PV-OPC [11].

The proposed algorithm in [16] outperformsMOSAIC fast in the overall score and it is 3.76 times
faster. MOSAIC fast is effective in terms of PV band area due to its pixel-based behavior in
finding the mask solution under each process condition. However, it has lack of estimation
accuracy, which turns out into pattern fidelity degradation. MOSAIC exact effectively optimizes
both EPE and PV band area since it simulates wafer image under each process condition using
all kernels. However, this algorithm slowly converges. While the proposed algorithm in [16] has
almost the same cost of MOSAIC exact in terms of EPE and PV band area, it is 22 times faster.
PV-OPC is an effective algorithm as it exploits variational EPE under representative process
conditions with satisfying mask notch rule. Keep out zone (KOZ) concept is exploited as well to
avoid pinching and bridging errors between patterns. Thus, PV-OPC algorithm outperforms [16]
in terms of EPE while [16] has less PV band area due to input intensity modeling and SRAFs
insertion. Additionally, the proposed algorithm in [16] is 1.65 times faster. Note that PV-OPC
does not consider spacing rule violations and mask data volume reduction.

Generally, it seems obvious that the proposed algorithm in [16] outperforms other recent
algorithms, specifically in OPC runtime as it is 1.65 times faster than the fastest algorithm
among others. Exploiting intensity difference map concept is the main reason, which turns out
into minimizing the number of kernels needed for simulation during optimization.
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To verify the effectiveness of the proposed OPC algorithm from mask manufacturability
perspective, the algorithm published in [35] and the proposed algorithm in [16] have been
compared in terms of mask notch and spacing rule violations, in addition to the mask data
volume. Table 2 shows this comparison, in which pattern fidelity, process variability, and
computation time are included.

As shown Table 2, the algorithm in [35] effectively tackles pattern fidelity under nominal
process condition. However, it has a relatively large PV band area. Algorithm in [16] out-
performs the overall score of the algorithm published in [35] by 9%. Additionally, it is 2.5 times
faster. Mask notch violations have been totally eliminated due to alignment stage while
spacing violations have been reduced by 92% on average due to features movement. Mask
data volume has been reduced by around 57.6% on average due to segments concatenation
and alignment.

Figure 18 illustrates a target pattern, its generated mask solution using the proposed algorithm
in [16], nominal wafer image, and PV band.

7. Conclusions

In this chapter, we have discussed the recent state-of-the-art OPC algorithms to tackle mask
optimization problem for advanced technology nodes patterning through optical system.

Figure 18. (a) Target pattern, (b) mask solution using [18], (c) nominal wafer image, and (d) PV band.
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Then, we have analyzed the algorithm published in [17, 18] as fast, recent OPC methodology
to generate mask solutions. The analyzed algorithm outperforms other state-of-the-art algo-
rithms in terms of EPE and PV band area reduction due to OPC adjustments guided by
adjusted intensity in addition to SRAFs insertion/sizing. Computation time reduction is evi-
dent due to the fast novel intensity estimation model exploited in the OPC engine. Mask
manufacturability has been significantly improved due to the post-OPC stages, wherein EPE
prediction models are exploited to preserve acceptable pattern fidelity and robustness against
process variations while respecting mask design rule constraints.
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