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Preface

Nanoimprinting is a new technology for fabricating nanometer-
scale patterns. Since it was proposed in 1995 by Prof. Chou,
nanoimprinting has grown rapidly. Now machines, resins, and
molds for nanoimprinting are commercially available worldwide.
And application fields of nanoimprinting are expanding to
not only electronics but also optics, biology, and energy fields
because nanoimprinting is a simple and convenient method for
nanofabrication.

In this book, the fundamentals of nanoimprinting are explained
in terms of materials, processes, and machines, in Chapters 2, 3, and
4. The applications of nanoimprinting in optics, biology, energy, and
electronics are described in Chapter 10. The fundamentals will be
helpful for understanding nanoimprinting from the perspective of
advanced undergraduate and graduate courses. Note that as many
practical examples of nanoimprinting as possible are included in
the book. These examples will be useful for engineers involved in
research and development of various devices using nanostructures.

As the author, I would like to express my appreciation to the
contributors, Prof. emeritus Matsui of University of Hyogo and Prof.
Y. Hirai of Osaka Prefecture University, Drs. H. Hiroshima of the
National Institute of Advanced Industrial Science and Technology, H.
Sato of Canon Inc., and M. Okada of Asahi Kasei Corp. I would also like
to thank the management staff of the Materials Innovation Center,
Hitachi, Ltd. In particular, I have been unfailingly supported for more
than 17 years by the following laboratory managers: Drs. S. Azuhata,
Y. Fukunaga, H. Kodama, Y. Kozono, K. Kimura, H. Kodama, S. Yamada,
T. Miwa, H. Akahoshi, and Y. Aono. I have also been continuously
supported by the following business-department managers: Drs. H.
Sakaguchi and S. Kashimura of Hitachi Cable, Ltd.; M. Kaji of Hitachi
Chemical Co.,Ltd.; K. Takahashiand Y. Kondo of HitachiIndustries, Ltd.;
Dr. K. Souma and K. Sakaue of Hitachi Industrial Equipment Systems
Co., Ltd.; R. Kawabata, H. Koshi, and S. Fukuzono of Hitachi High-
Technologies Corporation; and S. Nishiuchi and M. Nemoto of Hitachi
Ltd. I also wish to thank my coresearchers Profs. S. Matsui, Y. Hirai,
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T. Kubota, M. Shimomura, and K. Tanaka, as well as Drs. H. Hiroshima,
T.Uemura, S. Nomura, and M. Mita. Most of the data in this book were
obtained through the research activities of Hitachi, Ltd. | would also
like to thank the members of the nanoimprint research team Drs. K.
Kuwabara, K. Ohashi, M. Ogino, M. Hasegawa, T. Ando, H. Yoshida, Y.
Tada, S. Ishii, R. Washiya, C. Haginoya, Y. Takamori, and S. Suzuki, as
well as T. Yamasaki, Moriwaki, T. Saito, H. Sonoda, and K. Konishi, of
Hitachi, Ltd. And I acknowledge Stanford Chong of Jenny Stanford
Publishing for giving me the opportunity to publish my research
results on nanoimprinting. Finally, I especially thank my wife,
Nagako, my son, Ryo, and my daughter, Noriko, for their assistance
in many ways.

Akihiro Miyauchi
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Chapter 1

Introduction

AKkihiro Miyauchi

Tokyo Medical and Dental University, 2-3-10 Kanda-Surugadai,
Chiyodaku, Tokyo 101-0062, Japan

miyauchi.ibb@tmd.ac.jp

1.1 Background

Nanofabrication technology can be categorized into two kinds:
bottom up and top down. Bottom-up technology includes self-
organization and/or self-assembly. The most familiar examples of
such technology are found in the human body, thatis, the human body
is generated from a fertilized egg and grows by self-organization.

As for top-down technology, a shape is created on the basis of an
artificial design. A typical example of such atechnologyisalarge-scale
integration (LSI) circuit. LSI circuits are produced by a technology
called lithography. In particular, photolithography is now widely
used for fabricating electric devices and display panels. However,
the cost of extreme ultraviolet (UV) lithography equipment reaches
over 50 million US dollars. Although photolithography can achieve
patterning on a scale of less than 10 nm, its fields of applicability are
limited by its high equipment cost.
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Introduction

Nanoimprinting is one of the top-down technologies, but as
shown in Fig. 1.1, its fabrication cost is considerably lower than
the costs of other lithography methods. It is, therefore, spreading
into application fields in which nanoscale patterns enhance device
characteristics.

PHotolithography

Elgctron beam lithography
I_@off-road map

Conventionalroadma

m
Ke)
c.
g Nanoimprint ]
[
3 .
§ Print ] R
@ I I I | I |
100 10 1 100 10 1
KHm M

Fabricationscale

Figure 1.1 Positioning of nanoimprinting as a fabrication technology.

1.2 Principle of Nanoimprinting

Nanoimprinting is a method of press-molding on the nanoscale.
Nanoscale patterns are fabricated by using a nanomold with fine
concavity and convexity. The nanomold is pressed onto materials
such as a resin layer on a substrate. As shown in Fig. 1.2, two main
kinds of nanoimprinting are available, thermal nanoimprinting and
photonanoimprinting.

Thermoplastic materials, such as polystyrene (PS) and acrylic
resin, are used for thermal nanoimprinting. These polymer materials
easily deform at high temperatures (typically 100°C-150°C). At a
high temperature, the mold is pressed onto a thermoplastic layer
and cooled. After cooling, the mold is removed (demolded) from the
plastic layer. Thermal nanoimprinting is described in Chapter 3 in
detail.
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Figure 1.2 Principle of thermal nanoimprinting and photonanoimprinting.

In photonanoimprinting, photocurable resins are used as
materials to be fabricated. Usually mixtures of monomers, a cross-
linking agent, and a photoinitiator are used as photocurable resins,
which are pressed and irradiated by UV light and cured. After the
materials are cured, the mold is demolded from the materials.
Photonanoimprinting is described in Chapter 4 in detail.

In both thermal nanoimprinting and photonanoimprinting, the
principle is the same: the mold is pressed onto the materials to be
fabricated and after the materials are cured, the mold is removed
from the materials.

1.3 Applications

Nanoimprinting is expected to be applied in the early stages of
manufacturing of electronic devices, such as storage media and LSI
circuits [1-5]. As nanoimprinting progresses, researchers in various
fields are showing a growing interest in nanofabrication.

As shown in Fig. 1.3, optical devices control visible light so
that structures between several tens of nanometers and several
micrometers become necessary to control visible light. The storage
bits should be as small as possible to increase the memory capacity
of the device. Gates and wires in LSI circuits are also becoming
narrower and narrower over successive generations.

3
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Figure 1.3 Nano- and microscale structures for various device fields.

In biology, cells and stretched DNAs are several microns to
several dozen microns in size, so structures that are less than a
micron in scale are attractive for manipulating these biological
materials directly. Applications of nanoimprinting in the fields of
optics, biology, energy, and electronics are described in Chapter 10.
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Template Technology

AKkihiro Miyauchi

Tokyo Medical and Dental University, 2-3-10 Kanda-Surugadai,
Chiyodaku, Tokyo 101-0062, Japan

miyauchi.ibb@tmd.ac.jp

Many kinds of materials are used as nanoimprinting molds, which
are obtained by replicating original templates. The template is
fabricated by photolithography, anodic oxidation, self-organization,
and so on. Multiple molds are replicated from one template.

The molds are usually pretreated to prevent the imprinted
materials (such as polymers and resists) from sticking to the mold.
In this chapter, methods for fabricating templates are introduced and
typical antisticking treatments for molds are explained. The methods
for replicating molds from templates for thermal nanoimprinting
and photonanoimprinting are described in Chapters 3 and 4,
respectively.
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Template Technology

2.1 Template Fabrication

A template is fabricated in several ways. The most suitable method
depends on pattern layout, pattern size, and template materials.
As methods for fabricating the template photolithography, anodic
oxidation, and self-organization are explained in the following
sections.

2.1.1 Photolithography

Several kinds of template materials are available. The most standard
material is silicon because it can be fabricated by a conventional
large-scale integration (LSI) process. As shown in Fig. 2.1, UV light
is partially transmit to the chromium/quartz plate and focused on
the resist layer on a silicon wafer. Fine patterns are formed on the
silicon wafer by the dry etching process. The minimum pattern size
F is given as

Fek2, (2.1)

A
where k is a process-oriented factor (generally 0.5-0.6), A is the
wavelength of the UV light, and N, is the aperture ratio. To form a
fine pattern, A must be short. Light sources and their wavelengths
over each generation are listed in Table 2.1. Advanced integrated
circuits (ICs) created by LSI, known as LSI circuits, are produced by
photolithography using an ArF excimer laser, and photolithography
equipment using EUV (extreme UV) light is now under development.

Table 2.1 Light source and wavelength for photolithography

Light High- High- KrF ArF EUV (under
source pressure pressure excimer excimer development)
mercury  mercury laser laser
vapor vapor
g-line i-line
Wavelength 436 365 248 193 13.5
(nm)

An example of a silicon template is shown in Fig. 2.2. The
diameter of the template is limited by the wafer size used in LSI
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circuit production. The die size is several dozen square millimeters,
and dies are periodically laid out on the silicon wafer. Tiny dots
and lines are formed on the silicon template, so the surface of the
template appears in the colors of a rainbow due to the optical-
grating phenomenon. An example of the surface structure of the
silicon template is shown in Fig. 2.2b. In this example, holes 180 nm
in diameter are formed on the surface. These holes are fabricated by
photolithography and dry etching.

Chromium mask
: Quartzplate

T~ uviight

Resist

I e Silicon wafer
| o

Figure 2.1 Schematic diagram of photolithography.

(a) Outlook of silicon template (b) SEM image of Si template

Figure 2.2 Outlook of silicon template and its SEM image. SEM, scanning
electron microscopy.
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The dry-etching process is shown schematically in Fig. 2.3. A
chemically treated clean silicon wafer is prepared, and a resist layer
is formed on the wafer by spin coating (step b). The resist layer is
partially cured by photocuring using a mask (step c). After the cured
resist stabilizes, it is rinsed and the noncured area is removed by
organic solutions (step d). When the UV-irradiated areas remain,
the resist is called “negative resist.” On the other hand, if the UV-
irradiated areas are dissolved during the development process, the
resist is called “positive resist” After the resist is developed, the
silicon wafer is etched by the plasma of CF, or C,F¢ (step e). The
areas of the silicon surface that are covered by the resist are not
etched. After the resist is stripped off, tiny holes are formed on the
silicon surface (step f). The patterns on the silicon surface, such as
lines and corners, can be designed by the mask patterns used in the
photocuring process.

UV light

g Cr
N Quartz
T glass

L

vyY

(a) Preparation of Siwafer (b) Spin coat the resist (c) Photo-cure process

i

CTT ] =
[Siwafer ]

=
(d) Development (e) Dry etchingthe Si (f) Resist stripping

Figure 2.3 Dry process sequence of hole fabrication on a silicon wafer.

As shown in Fig. 2.4, a transparent material, such as glass, can
also be fabricated by this photolithography method. A transparent
template is suitable for photonanoimprinting, which is described in
detail in Chapter 4.

2.1.2 Self-Organization by a Block Copolymer

Fabricating the template by photolithography is convenient because
it is an established fabrication process allowing a high degree of
design freedom. However, the fabrication area by photolithography
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is limited by the exposure area of the lithography equipment.
Moreover, the maximum diameter of the silicon wafer is 300 mm.

(@)

Figure 2.4 SEM image of quartz template for photonanoimprinting. Line pitch
is (a) 100 nm and (b) 80 nm. SEM, scanning electron microscopy.

To form a fine pattern over a large area, self-organization is a well-
known method as a bottom-up technology. As shown in Fig. 2.5a, a
block copolymer (which consists of two different natural polymers)
is used as a source material. Polymer chains A and B interact
differently with a solvent, and a so-called )y parameter defines the
segregation of these chains in a solvent. The initial state of the block
copolymers, namely randomly distributed, is shown in Fig. 2.5b.
On annealing, as shown in Fig. 2.6, the block copolymers make self-
organized structures. The driving force of the shape formation is the
difference in the affinity of each polymer with the solvent and with
the other polymer. The cylindrical and lamellar structures are used
in nanoimprinting templates.

Polymerchain A Polymerchain B QQ-L)

(@) (b)

Figure 2.5 Schematics of (a) a single block copolymer and (b) block copolymers
in random state.

9
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Figure 2.6 Typical structures of self-organization of block copolymers. (a)
Sphere, (b) cylinder, (c) bicontinuous, and (d) lamellar.

2.1.3 Self-Organization by Anodic Oxidation

Anodic oxidation is a well-known process for forming a periodic
hole pattern. A schematic diagram of anodic-oxidation equipment
is shown in Fig. 2.7. An aluminum sample and a carbon electrode
are dipped in an electrolytic solution, such as oxalic acid or diluted
sulfuric acid. A voltage is applied between the aluminum sample and
the carbon electrode; as a result, an anodic oxidation film is formed
on the aluminum surface. Tiny holes with a high aspect ratio are
formed on the aluminum surface by this process. The hole layout is
random, but the diameter and pitch of the holes can be controlled by
adjusting the acid concentration and the voltage, respectively.

An example of anodic oxidation of aluminum is shown in Fig. 2.8
[1]. A pattern of periodic holes was obtained (image a), and each
hole has a very high aspect ratio (image b).

Atemplate made by anodic oxidation of aluminum is mechanically
durable, so the aluminum template itself can be used as an imprinting
mold for mass production. An aluminum-roll template has been used
in photonanoimprinting, but reduced lifetime due to hole clogging by
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the photocurable resin is a problem. Release treatment is thus very
important in cost reduction using an anodic-oxidation template.

Power
source

Electrode Electrode
(aluminum) /7/(carbon)

Anodic-oxidation Anode Cathode
coating Acid
&« solution

Figure 2.7 Schematic diagram of equipment for anodic oxidation.

2pm

Figure 2.8 SEM images of anodic oxidation film. (a) Plane and (b) cross
section. SEM, scanning electron microscopy. Republished with permission
of The Electrochemical Society, from Ref. [1] copyright (2004); permission
conveyed through Copyright Clearance Center, Inc.

2.1.4 Interference Exposure

Interference exposure is also suitable for obtaining alarge-area mold.
It uses interference of two coherent lights. A schematic diagram of

11
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interference exposure is shown in Fig. 2.9. Interference exposure
generally uses two laser lights, and interference on the resist surface
causes strong and weak exposure lines periodically. These periodical
exposure lines can be used to form a line-and-space or a dot pattern
in a large area. This method uses interference of two coherent lights,
so the periodicity is limited by the wavelength of the laser.

Beam 1 Beam 2

Photocurable resin layer

Substrate

Figure 2.9 Schematic diagram of interference exposure.

2.2 Release Process

Nanoimprinting involves a contact process between a mold and an
imprinted material. Integrity of the demolding process is, therefore,
a critical issue for defect generation. In nanoimprinting, molds are
processed by a release treatment before mold pressing. The release
treatment of the mold and its degradation and a solution to recover
the release property are described in this section.

2.2.1 Release Layer

One of the most important processes in nanoimprinting is
demolding, that is, separating the mold and the molded resin. In
general, separation of the two materials depends on the surface
energies of the materials. In the case of a liquid on a solid substrate,
as shown in Fig. 2.10, the state of the liquid becomes either wetting
or de-wetting. The preferable state depends on the total energy of
the system. The contact angle between the solid and the liquid, 6, is
described by Young'’s formula as

Ys = YsL + Y1 cos 6, (2.2)
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where ys, y51, and y;, are the surface energies of the solid, the liquid,
and the interface between the solid and the liquid, respectively.
Equation 2.1 indicates that the state of the liquid is de-wetting, that
is, “easy” separation mode, when ys is small. Therefore, to separate
the mold from the resin layer, the surface energy of the mold surface
should be low. In nanoimprinting, the mold surface is generally
covered by a low-surface-energy layer, that is, a release layer.

Material 1 (liquid) Material 1 (liquid)
\/\ yL yL
ySL d vS ?\ Vs
| Mool 2 (solidﬂ [ Wewerar2 (o) |
(a) Wetting (b) De -wetting

Figure 2.10 Schematics of two states of liquid on a solid surface. (a) Wetting
and (b) de-wetting.

OCH;
CF3-CF2-CF2~(O-CF2-CFz-CFz)—O—CFz-CFz-CHz-CHz—Si—OCH3
. Sy
(@)

Quartz substrate

Silane coupling
rou
(b) group

Figure 2.11 (a) Molecular formula and (b) structure of the typical release
molecule, polyfluoroether (PFE), with a silane coupling group. The thickness is
about 2 nm. The molecular structure is calculated by first-principles calculation.

The molecular formula and structure of a typical release
molecule, for example, polyfluoroether (PFE) with a silane coupling
group, are shown in Fig. 2.11. The main structure of this material
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is a CF, chain, and CF, chains cover the mold surface (i.e., a quartz
substrate, as shown in Fig. 2.11) and reduce the mold surface energy.
The silane coupling group reacts with the hydroxyl group of a mold
surface. After dehydration synthesis, PFE molecules stick strongly on
the mold surface by covalent bonds. Several other release molecules
are reported [2]. The molecules with shorter CF, chains have the
advantage of conformal coverage, and Cl-coupling groups are more
strongly connected to metal surfaces. Release materials should be
selected properly on the basis of the mold materials, patterns, and
imprinted materials.

2.2.2 Degradation of the Release Layer

The release layer is exposed to severe conditions during
nanoimprinting: thermal stress in thermal nanoimprinting, radical
attack in photonanoimprinting, and mechanical stress during the
release process. Atomic force microscopy (AFM) images of the 1st
and the 150th nanoimprinting are shown in Fig. 2.12. The imprinted
pattern is a pillar structure. The 150th imprint lacks some pillars,
namely defects. These defects are generated by the resin’s plugging
up the holes of the mold due to degradation of the release layer.

Defects

B

500 nm

(a) 1st nanoimprint (b) 150th nanoimprint

Figure 2.12 Defect generation during the nanoimprinting cycle. AFM images
of nanoimprinting sample. AFM, atomic force microscopy.

The release layer is extremely thin, so its thickness is evaluated
by X-ray reflectivity (XRR). The principle of XRR is shown in Fig. 2.13.
An incident X-ray beam is reflected at the surface of the release layer,
and the interface between the release layer and the substrate. As
shown in Fig. 2.14, the reflected X-ray beams interfere and make a so-
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called beat in the X-ray-diffractively curve, where q is the scattering
vector, 6 is the incident angle, and A is the wavelength of the X-ray
beam. The thickness and electron density of the thin layer can be
calculated from the period and amplitude of the beat, respectively.
In this calculation, the thickness and the density of the PFE release
layer were 2.2 nm and 1.7 g/cm3, respectively.

reflected X-ray

incident X-ray
\9{\/ /
release layer \/
AR LUl RN

0:incidentangle

Figure 2.13 Principle of XRR. XRR, X-ray reflectivity.
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Figure 2.14 Observed XRR. The beat is observed in the sample with a release
layer. XRR, X-ray reflectivity.

The XRR and calculated thickness of the release layer are plotted
in Fig. 2.15 as a function of the number of nanoimprinting cycles.
Clearly, as the number of nanoimprinting cycles increases, the beats
in the X-ray diffractively become smaller, as shown in Fig. 2.15a. In
other words, the release layer becomes thinner with an increasing
number of nanoimprinting cycles. The calculated thickness of the
release layer becomes about half at the 150th nanoimprinting
cycle. This decrease in the release layer thickness generates the
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sticking of the resist to the mold, and the defects appear as shown
in Fig. 2.12. There are several ways to prevent the degradation of
the release layer, such as modifying the molecular structure of the
release layer, choosing the coupling group optimized in regard to the
chemical states of the substrate surface, and incorporating a release
component in the resin material. The durability of the release layer
relates to the defect generation and is a key factor in mass production
with nanoimprinting.
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Figure 2.15 Measured thickness of release layer by XRR. (a) XRR and (b)
obtained release layer thickness as a function of nanoimprint cycles. XRR, X-ray
reflectivity.

2.2.3 Recovery of the Release Layer

As described in the previous section, the durability of the release
layer is a key factor in high-quality nanoimprint. In this section, one
of the methods to recover the release layer is introduced.

A reduction in the release layer thickness during thermal
nanoimprinting is shown in Fig. 2.16. As for thermal nanoimprinting,
the details are described in Chapter 3. In this process, the silicon
wafer with a release layer is pressed onto a polystyrene (PS) film.
As shown in the figure, the release layer thickness monotonically
decreases with the number of nanoimprinting cycles. Atomic
fractions of fluorine atoms on the imprinted PS films are shown in
Fig. 2.17. New PS films are inserted in every nanoimprinting process
in the experiments. The amount of fluorine atoms is measured by
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X-ray photoelectron spectroscopy (XPS). The highest amount of
fluorine atoms is observed at the first nanoimprinting cycle, after
which the amount of fluorine atoms on the PS films gradually
decreases. Comparing the data in Fig. 2.16 with that in Fig. 2.17
reveals that the release layer on the mold transfers to the surface of
the PS film during the nanoimprinting. Therefore, keeping enough
thickness of the release layer on the mold is one way to maintain the
release property.

[ Siwafer
14 | Releaselayer, .
12 I Transferred
T release agent Polystyrene film

1‘:\.\
0.8 |

06 |

04 [

02 f

Mean thickness of release layeron Si
wafer(a.u.)

o [ 1 1 1
0 1 2 3 4
Number of nanoimprintcycles

Figure 2.16 Reduction of release layer during thermal nanoimprinting. The
normalized thickness of the release layer on a Si mold is evaluated by XRR. XRR,
X-ray reflectivity.

A simple method to recover the release layer is introduced
as follows [3]. The experimental setup for release layer recovery
is shown in Fig. 2.18. The nanoimprinting process of the sheet-
nanoimprinting system is described in Chapter 3. The mold used
for sheet-nanoimprinting is belt shaped and rotates. The film is
transferred from the left to the right in the figure. The mold and
the film are pressed together by the press roll. The belt mold is
pretreated by the previously described release treatment before
setting. The unique point of this system is having a unit to supply
the release agent. This unit sprays the release agent onto the belt-
mold surface during a nanoimprinting cycle. The release molecules
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described in Section 2.2.1 have a reaction group, such as a silane
coupling group. However, the release agent without the coupling
group is used in this experiment because there is not enough time
for dehydration synthesis. According to the results concerning the
reduction in the release layer thickness shown in Figs. 2.16 and

2.17, the release layer thickness should be recovered every three
nanoimprinting cycles.

207 Releaselayer _Simold N

Transferred S
F Q release agen?:T
15 Polystyrenefilm

10

Fraction of fluorine atoms on PS
film surface (at %)

0 1 1 1 1 1
0 1 2 3 4 5 6

Number of nanoimprintcycles

Figure 2.17 Atomic fraction of fluorine atoms on the PS film surface as a
function of nanoimprint cycles. The atomic fraction of fluorine was measured
by XPS. PS, polystyrene; XPS, X-ray photoelectron spectroscopy.
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Figure 2.18 Experimental setup of release layer recovery.
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The atomic fraction of fluorine atoms on the imprinted PS
film surface is plotted as a function of the nanoimprinting cycle in
Fig. 2.19. The release agent was sprayed every three nanoimprinting
cycles. The fluorine fraction on the imprinted PS film decreases
during the nanoimprinting cycles, but it is increased by supplying
the release agent. The amount of transferred fluorine is enough
compared to the initial state. Therefore, by repeating the spray
process, it is possible to maintain the release property. The fidelity
of the pillars of 200 m continuous nanoimprinting is shown in
Fig. 2.20.
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Figure 2.19 Fluorine fraction of imprinted PS film surface. The recovery of the
release layer was examined every three imprint cycles.

The average pillar height is 1.05 um, with a standard deviation,
o, of 0.03 um. Continuous nanoimprinting to 1.8 km printing
was confirmed by using the unit to supply the release agent. And
the release layer recovery method described here is expected to
maintain a high fidelity of the continuous nanoimprinted film.
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Figure 2.20 Imprint fidelity using a spray unit in continuous nanoimprinting.
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Chapter 3

Thermal Nanoimprinting

AKkihiro Miyauchi
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Thermal nanoimprinting uses thermoplastics as molding materials.
Since various kinds of thermoplastic materials are available, various
applications using thermal nanoimprinting are expected. In this
chapter, the thermal-nanoimprinting process is explained in terms
of materials, molds, and equipment. An actual application of thermal
nanoimprinting is also introduced.

3.1 Process

The basic process sequence of thermal nanoimprinting is shown
in Fig. 3.1. Thermoplastic resins are generally used as molding
materials. The thermoplastic resin is heated to the nanoimprinting
temperature, which is higher than the glass transition temperature
of the resin. The resin is then pressed by a mold and cooled. When
the mold temperature falls below the glass transition temperature,
the mold is removed from the resin.
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Figure 3.1 Process sequence of thermal nanoimprinting.

A typical elastic modulus G of a thermoplastic resin is plotted
as a function of temperature in Fig. 3.2. Clearly, as the temperature
increases, the elastic modulus of the thermoplastic resin falls
gradually and then decreases drastically at a certain temperature,
called the glass transition temperature. Around the glass transition
temperature, the polymer chains have a high degree of freedom and
start to move. The mold is pressed onto the resin at a temperature
above the glass transition temperature and cooled after the
appropriate press time. When the temperature drops below the
glass transition temperature, the mold can be removed from the
resin because the molecules in the resin become stable. The mold is
usually pretreated by a “release treatment” for easy demolding (as
described in Section 2.2).

A Glass transition
temperature

|

Log G

Temperature

Figure 3.2 General behavior of shear modulus of thermoplastic materials.

3.2 Resin Materials

Some thermoplastic resins are listed in Table 3.1. The typical ones
are polycarbonate (PC), polymethylmethacrylate (PMMA), and
polyethylene terephthalate (PET). These materials are widely used
in various industrial fields; therefore, thermal nanoimprinting is
expected to be applied in a wide range of application fields.
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The refractive indices of air and glass, which are used widely
in optical devices, are 1.0 and 1.4-2.1, respectively. The refractive
index of the resin is, therefore, an important factor in the optical
design of devices. In addition, the water absorption coefficient is
mainly related to the reliability of devices. And, as already described,
the glass transition temperature is an important factor in thermal
nanoimprinting. The linear expansion coefficient of the resin is also
an important factor in the molding and demolding process. Differing
linear expansion coefficients of the mold and resin cause thermal
stress at the interface between them. Moreover, the bending elastic
modulus and the bending strength are related to the mechanical
properties of the resin. During the mold and resin separation process,
several kinds of mechanical-stress-related phenomena, such as
mold bending and sticking, can occur. Accordingly, resins for fine
nanoimprinting must be mechanically tough. In particular, resins
must stretch to their limit, namely breaking elongation, which is a
property of bulk resins. In nanoimprinting, elongation phenomena
occur in a constrained tiny space, so the elongation phenomena
become unusual [4, 5].

The most important characteristic of thermoplastic resins for
nanoimprinting is the glass transition temperature, which can be
measured by a torque rheometer. In this measurement system, a
thermoplastic sample is set between two flat plates, one of which
is rotated by a small angle. The plate temperature is controllable.
Elastic properties (namely storage elastic modulus, loss elastic
modulus, relaxation time, and viscosity coefficient) are obtained as a
function of temperature from amplitude ratio and phase delay.

3.3 Molds

In thermal nanoimprinting, a mold is heated up and pressed onto
a resin. As described in Chapter 2, the template is usually made of
silicon because silicon is commonly used in photolithography. In
thermal nanoimprinting, however, silicon is unsuitable for pressing
because a silicon mold is a crystal, so tiny solid particles in the press
area cause the silicon to fracture. Therefore, a nickel mold is standard
in thermal nanoimprint because nickel has fracture toughness and
nickel plating is a well-established technology in injection molding,
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metal coating, and so on. Although not discussed in detail here, a
carbon mold is used for glass nanoimprinting because of its thermal
durability and good release property.

Nickel molds are obtained by electroplating. It is not preferable
to plate nickel directly on a silicon template because a silicon
template is easily damaged during the release process of nickel and
silicon. Therefore, as shown in Fig. 3.3, a polymer replica is used as
a buffer replica for nickel plating. A lot of polymer replicas can be
obtained from one master template because a polymer replica is soft
and seldom destroys the tiny structures on the silicon template. The
polymer replicas are obtained by thermal nanoimprinting.

Master template Polymer replicas Ni replica molds

AvARwsRW, |<“
| e a2 a
N~ ' '<“

< T

Figure 3.3 Schematic diagram of template replication.

Nickel replica molds are obtained by electroplating. A schematic
diagram of nickel electroplating is shown in Fig. 3.4. A polymer replica
is set as a cathode electrode. A polymer is an insulator, so metals
like platinum are predeposited on the surface of the polymer replica
by sputtering. A nickel electrode is immersed in the electroplating
solution. Nickel ions are dissolved by applying a DC voltage. The
dissolved nickel ions segregate on the surface of the polymer replica.
The spatial resolution of nickel electroplating is quite high, so
nanoscale replication is possible by nickel-ion segregation. After the
nickel plating, the nickel foil is removed from the polymer replica
and a nickel replica mold is obtained.

The appearances of the silicon template, the polymer replica, and
the nickel replica mold are shown in Fig. 3.5. The silicon template is
the size of a 200 mm wafer. A thermosetting polymer was used as the
polymer replica material in this case because it is relatively stable in
acid solutions. Scanning electron microscopy (SEM) images of each
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surface are shown in Fig. 3.6. Holes 180 nm in diameter are formed
on the silicon template. By fine replication with a polymer, pillars
with a diameter of 180 nm and a height of 400 nm are formed on
the replica surface. The depth of the holes on the silicon template
is designed to be 400 nm, so the height of the pillars is also 400 nm.
After nickel electroplating, the same surface morphology as that
of the silicon template was obtained. The polymer replica can be
obtained from the silicon template many times; therefore, once an
expensive and complex silicon template is fabricated, the replication
process reduces the cost of the mold drastically.
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Figure 3.4 Schematic diagram of Ni electroplating.
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Figure 3.5 Appearance of a Si template, polymer replica, and Ni replica mold.
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Figure 3.6 SEM image of each surface of Fig. 3.5. SEM, scanning electron
microscopy.

3.4 Equipment

There are mainly two types of nanoimprinting equipment for both
thermal nanoimprinting and photonanoimprinting, the parallel
press and the roll press. Images of parallel-press nanoimprinting are
shown in Fig. 3.7. In this case, the mold is pressed parallel to the
substrate; consequently, the mold patterns are usually transferred
at one time, as shown in Fig. 3.7a. When relatively large imprints are
necessary, because the mold size is limited, the mold is repositioned
and sets of imprints are pressed one by one to obtain a large imprint
area, as shown in Fig. 3.7b. In the case of Fig. 3.7b, the positioning of
the mold on a prepatterned area—called alignment—is an important
factor.

The other type of nanoimprinting, using the roll press, is shown
in Fig. 3.8. Three types of mold are used: a patterned-roll mold (Figs.
3.8a and 3.8b), a rotating-belt mold (Figs. 3.8c and 3.8d), and a fixed-
foil mold (Fig. 3.8e).

In Figs. 3.8a and 3.8b, a roll mold is used. The roll mold can be
manufactured by two methods: (i) sticking a thin sheet mold around
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a roll [1] and (ii) forming patterns directly on the roll surface by
electron beam lithography (EBL) [2] or anodic oxidation. Method
(i) uses a patterned round sheet, so a boundary appears at the sheet
edge. Method (ii) has no boundary on the roll surface, so continuous
patterning is possible.

In Figs. 3.8¢c and 3.8d, a belt-shaped mold is necessary. An
example of this type is explained in the next section.

In Fig. 3.8e, the mold is a conventional foil type but the pressing
is done by a roll press. When a roll press is used, air does not get
trapped between the mold and the substrate because the mold is
in contact with the substrate linearly, not as a plane. However, the
printable area is limited by the size of the foil mold.

7/

(@) (b)

Figure 3.7 Press image of parallel press—type nanoimprint. (a) The pattern is
formed at one time, but the patterned area is limited by mold size. (b) A large
area can be imprinted by the step-and-repeat action of the mold, but alignment
is necessary to control the mold position.

Figure 3.8 Press image of roll press—type nanoimprint. A roll surface has
structure (a, b); the foil pattern rotates and is pressed (c, d); and press a foil
pattern by roll (e).

From an industrial viewpoint, roll-press nanoimprinting is
attractive for mass production. The tact time is drastically reduced
in roll pressing compared to parallel pressing because the heat
capacity of the mold in roll pressing is smaller than that of the mold
in parallel-press imprinting due to the small press area. However,
the cooling time is quite short, so controlling the pattern fidelity is
difficult.
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3.5 Example of Thermal Nanoimprinting: Sheet
Nanoimprinting

Practical fabrication of a film by thermal nanoimprinting is explained
as follows in terms of examples of processes, materials, molds,
and equipment. In this section, continuous film fabrication by roll
pressing is explained [3].

3.5.1 Experimental

A schematic diagram of the sheet-nanoimprinting system is shown
in Fig. 3.9. The system uses two closed-loop molds, called “belt
molds” hereafter. The belt molds are rotated, heated, pressed onto a
film, and cooled as they rotate. The thermoplastic film is transferred
by a reel-to-reel mechanism. The film is pressed by press rolls,
cooled by the belt molds, and rolled up. The basic process of thermal
nanoimprinting, namely heating, pressing, cooling, and separation, is
continuously executed by just rotating the belt molds in this system.

Belt-mold

Heating roll Press roll
Polymer Detachment
sheet ~ ., FOII

(@) o

Reel

) ™1 1
Heating Cooling Separation

Pressing

Figure 3.9 Schematic diagram of sheet-nanoimprinting system.

The overall appearance of a sheet-nanoimprinting machine
and a close-up shot are shown in Fig. 3.10. The heating rolls and
pressing rolls are covered by silicone rubber to compensate for the
microroughness of the film and molds.

As shown in Fig. 3.11, the belt mold is composed of a stainless-
steel belt and nickel foils, which are formed from a silicon template
fabricated by photolithography or EBL. Twenty nickel foils are
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attached to the stainless-steel belt surface. The nickel foils are
obtained by the replication process described in Section 3.3.

Figure 3.10 Appearance of sheet-nanoimprinting system.

SUS belt

Figure 3.11 Appearance of the belt mold. The Ni molds are mounted on the
SUS belt surface.

The nanoimprinting conditions are listed in Table 3.2. The
pressure exerted by the rolls is in the typical range of thermal
nanoimprinting. The film is polystyrene (PS), with a glass transition
temperature of about 100°C. The film speed is 0.3 m/min. Another
important process factor is press time. In a sheet-nanoimprinting
system, as shown in Fig. 3.12, the press rolls are covered with
silicone rubber to generate the appropriate contact width with
the PC film. The silicone rubber deforms, as shown in the inserted
figure, and a contact width, a so-called nip width, is formed. Under
this experimental condition, the nip width was 10 mm. Since the film
speed was 0.3 m/min., the press time was 2 s.



Example of Thermal Nanoimprinting: Sheet Nanoimprinting

Table 3.2 Nanoimprinting conditions

Pressure (MPa) Temperature (°C) Film speed (m/min)
1.2 122-148 0.3

Beltnano-mold Contactwidth (10 mm)

Silicon

rubber press

roll

PCfiIm’

Figure 3.12 Contact status of mold and film in the sheet-nanoimprinting
machine. The silicone rubbers of press rolls deform like the inserted figure. The
deformed rubbers generate the contact width of pressing for securing the press
time.

3.5.2 Results and Analysis

The PS film was imprinted by the sheet-nanoimprinting system
under the conditions listed in Table 3.2. An example of an imprinted
PS film is shown in Fig. 3.13. The imprinted length is 1.3 m. Several
patterns appear on the belt mold, ranging in scale from submicrons
to microns, and fine imprinted patterns were confirmed by SEM. It
was also demonstrated that the imprinted length reaches the order
of kilometers by using the mold-release technique described in
Section 2.2.3. The sheet-nanoimprinted 25 nm pillar pattern on the
PS film is shown in Fig. 3.14. The imprinted length is 10 m, and 25
nm diameter pillars at three points on the sheet were confirmed by
atomic force microscopy (AFM).

The behavior of the resin during thermal nanoimprinting was
analyzed. The pillar height is plotted as a function of nanoimprinting
temperature (when 400 nm deep holes were used) in Fig. 3.15.
Clearly, as the imprint temperature increases, the pillar height
increases because the viscosity of the resin is reduced at a high
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temperature. This resin-filling behavior can be understood by the
simple analysis explained as follows.

m

i

i

Figure 3.13 Appearance of sheet-nanoimprinted PS film. The imprinted length
is 1.3 m, and the film thickness is 80 um.

50nm H
25nm

Onm

4-mpoint 8-m point 10-mpoint
(b)
Figure 3.14 (a) Appearance of 10-m-length sheet-nanoimprinted PS film with

25-nm-diameter pillar pattern and (b) AFM observation of three locations of
film surface structure. AFM, atomic force microscopy.

A simple model of resin flow into a hole is shown in Fig. 3.16. In
general, the filling volume of the viscous flow into a tube is given by
the Hagen-Poiseuille equation as

_ar*ApP

R (3.1)
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where v is the viscosity of the resin, L is the depth of the mold hole, Q
is the flow volume per unit time, r is the radius of the mold hole, and
AP is the pressure difference between the inlet and the outlet of the
tube. The Hagen-Poiseuille equation assumes an open tube, so AP
indicates the pressure difference for an open tube. The value of AP is
assumed to be “nanoimprint pressure.” Q is given as

_ nréh

Q , (3.2)

T,

where r is the hole radius, h is the pattern height, and T, is the
imprinting time (2 s in this experiment).

350 f

300 |
’ $

250 | o
200 |

150 F

Pillar height (nm)

100 |

50 f

0 t . . A . .
100 110 120 130 140 150 160

Imprinttemperature (°C)

Figure 3.15 Pillar height as a function of imprint temperature. As imprint
temperature increases, viscosity of PS decreases, so the pillar height increases.

.
AP

O
L B

Figure 3.16 Resin flow model. The resin is pressed by pressure difference AP
and flows into the hole with radius r and depth L. The filled volume of resin per
unit time is defined as Q.
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The relation between the viscosity of the PS and the imprinted
pillar height is shown in Fig. 3.17. Viscosity was controlled by film
temperature, that is, the nanoimprinting press temperature.

1000
400
R Depth of
IS mold hole
S
5 100
(0]
<
5
o Viscosityrange of
120 G-150 C
10
10° 10* 10°
Viscosity (Pass)

Figure 3.17 Prediction line and experimental plots of pillar heights. The
viscosity was controlled by heating roll temperature.

The plots indicate experimentally measured data, and the solid
line indicates the predicted pillar height when using the flow model
based on the Hagen-Poiseuille equation with r = 100 nm. The
measurement plots are on the line given by the Hagen-Poiseuille
equation, so it is concluded that the flow behavior of the polymer
obeys the Hagen-Poiseuille equation (at least in the submicron-
scale space used for the model).
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Photonanoimprinting uses photocurable resins as molding
materials. The process temperature is room temperature, so a high
fidelity can be expected due to small changes of thermal expansion.
In this chapter, photonanoimprinting is explained in terms its
process, materials, and equipment. And a practical example of
photonanoimprinting is described.

4.1 Process

The basic process of photonanoimprinting is shown in Fig. 4.1.
First, the photocurable resin is coated on the substrate. Then,
the transparent mold is pressed onto the resin and the resin is
cured by ultraviolet (UV) light. After curing, the mold is removed.
This sequence is basically the same as thermal nanoimprinting,
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except the resin used in photonanoimprinting is UV curable, not
a thermoplastic. Since the resin is cured by UV light, the mold or
substrate must be transparent in the UV region. In general, glass or
polymer materials are used as transparent molds.

UV light

Template (mold) ‘
1 rmd
1
- Y T T Ty T oy Ny Y o O
Resin
Substrate

(a) (b) (c)

Figure 4.1 Process sequence of photonanoimprinting: (a) the resin layer and
template (mold) are prepared, (b) the resin is irradiated with UV light, and (c)
the template is released.

Figure 4.2 Comparison of pattern fidelities produced by (a) photo-and (b)
thermal nanoimprinting. The same mold with rectangular grooves was used in
both cases. Rectangular lines are formed by photonanoimprinting; in contrast,
thelines perpendicular to the radial direction formed by thermal nanoimprinting
are deformed as a result of the difference in thermal expansion coefficients of
the mold and substrate.

The process temperature of photonanoimprinting is room
temperature, so pattern deformation by thermal expansion is quite
small. A high fidelity in regard to pattern formation is, therefore,
expected. Scanning electron microscopy (SEM) images of photo- and
thermal nanoimprints formed on a circular silicon substrate (silicon
wafer) are shown in Fig. 4.2. The mold has rectangular grooves, so
the imprinted patterns are rectangular lines, as shown in Fig. 4.2a.
However, in the case of thermal nanoimprinting, Fig. 4.2b, the lines
perpendicular to the radial direction are deformed. This deformation
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is caused by the difference in the thermal coefficients of the mold
and substrate. Photonanoimprinting is thus suitable for fabricating
fine devices with high pattern fidelity.

For UV curing, a high-pressure mercury lamp or UV light-emitting
diodes (LEDs) are used as the light source. The optical design of a
photonanoimprinting system differs from that of photolithography
systems. That is, resolution is defined by the mold pattern used
in photonanoimprinting, so only light-intensity distribution is
considered in the optical design of photonanoimprinting. The cost
of nanoimprinting machinery is, therefore, considerably lower than
that of photolithography machinery.

4.2 Materials

In photonanoimprinting, the materials used are categorized as UV-
curable resins, coupling agents, mold-release agents, and molds.
The mold-release materials are described in Section 2.2. The
mold materials are explained in Section 4.3. UV-curable resins and
coupling agents are described in this section.

4.2.1 UV-Curable Resin

Various kinds of UV-curable resins are commercially available, and
the suitable photocurable resin is chosen on the basis of the required
device fabrication process.

Characteristics of photocurable monomers are listed in
Table 4.1 [1]. Curing is categorized into two main types, radical and
cationic. (Note that another type, anion curing, is not mentioned
here.) When UV light irradiates the photocurable resin, radicals
or acid is generated in the resin by a photoinitiator and a curing
reaction occurs. The reaction rate of radical curing is higher than
that of cationic curing. However, radicals are easy to deactivate, and
cationic reactions continue after UV radiation, so dark reactivity
of cationic curing is higher than that of radical curing. Radicals are
also deactivated by oxygen, so it is difficult to cure the resin if it is in
contact of an oxygen-containing gas such as air.
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Viscosity is important because the UV-curable resin fills the mold
cavities by capillary action. The viscosity of commercially available
UV-curable resin for photonanoimprinting is around several mPa:-s,
so the resin is almost like water in terms of viscosity.

Toxicity is also important. Conventional photocurable resins
used in photolithography are removed after etching. Consequently,
the cured resins do not remain in the final products, such as large-
scale integration (LSI) circuits and liquid-crystal display (LCD)
panels. However, in some applications, the cured resins remain and
act as devices. For example, in the case of cell cultures in biology,
cells are cultivated on nanoimprinted resin structures, so toxicity is
a very important factor in choosing nanoimprint resins.

As mentioned before, many kinds of UV-curable resins are
commercially available. Each resin has unique characteristics;
accordingly, on the basis of the characteristics of monomers in the
resin, it is necessary to choose which resin is suitable for fabricating
a target device.

4.2.2 Coupling Treatment

The key factor in high-quality nanoimprinting is controlling the
release of the mold and resin. The release property is basically
governed by the balance of sticking forces between the substrate
and the resin and between the resin and the mold. This sticking
force balance is explained schematically in Fig. 4.3. When the mold
is removed from the resin, the resin has to remain on the substrate,
so the sticking force between the resin and the substrate must be
higher than that between the mold and the resin. To achieve this
sticking force balance, release treatment of the mold and coupling
treatment of the substrate are generally used in nanoimprinting. The
mold-release treatment is standard in both thermal nanoimprinting
and photonanoimprinting.

As for the coupling treatment, the chemical state of the substrate’s
surface is an important factor due to the reaction between the surface
and coupling agents. Substrates for nanoimprinting are generally
cleaned by chemical wet treatment before nanoimprinting because
the substrate surface is usually contaminated by contaminants
such as organics, metals, and tiny particles. In general, substrates
are cleaned by using acid, alkali, and organic solvents. The final
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wet treatment is generally rinsing with ultrapure water. After the
ultrapure-water rinse, the substrate surface is covered by hydroxyl
groups, with which the coupling agent reacts. An example of a
coupling agent, 3-acryloxypropyltrimethoxysilane, is shown in
Fig. 4.4. This coupling agent reacts with the surface hydroxyl groups,
thereby forming acrylic groups on the substrate surface. The acrylic
groups then react with the resist components and form covalent
bonds. As a result, as shown in Fig. 4.5, the substrate and the resin
molecules are covalently bonded via the coupling agent.

mold

nnnnnr |
mold/resin
e A

resin
> resin/substrate

substrate

Figure 4.3 Balance of sticking forces between nanoimprint materials. Sticking
force between the resin and the substrate must be stronger than that between
the mold and the resin.

H3CP
Figure 4.4 Typical coupling molecule: 3-acryloxypropyltrimethoxysilane
(ATMS).

The sticking forces between mold and resin and between resin
and glass are plotted in Fig. 4.6. The mold-resin sticking force was
0.17 MPa. Accordingly, the resin-glass sticking force must be higher
than 0.17 MPa to keep the resin on the glass substrate. The resin-
glass sticking force glass was 0.25 MPa, which was not high enough
to prevent the resin from peeling off. However, it was considerably
increased (to 70 MPa) by the coupling treatment. Accordingly, the
resin sticks to the glass substrate with a force 410 times stronger
than the force with which it sticks to the mold. The effect of the
coupling treatment in a practical case is explained in Section 4.4.
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Figure 4.5 Model of chemical bonding of a photocurable resin and a substrate
surface via a coupling layer.

resin/coupling
layer/glass
resin/glass
mold/resin
0.1 1 10 100
Sticking force (MPa)

Figure 4.6 Sticking force at each interface. Sticking force between the resin
and glass is significantly increased by coupling treatment.

4.3 Molds

In photonanoimprinting, the resin is cured by UV light, so the
mold or the substrate must be transparent. Two kinds of mold for
photonanoimprinting are described in this section.

4.3.1 Glass Mold

The standard mold for photonanoimprinting is made of glass
(often quartz), as shown in Fig. 2.4, for high fidelity. The glass
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mold is generally fabricated by photolithography or electron beam
lithography (EBL). Since glass is an insulator, metals (like chromium)
are often deposited on the glass surface to prevent charge-up during
EB writing and/or dry etching.

A glass mold (namely quartz) is standard in photonanoimprinting
for LSI applications because it achieves a high fidelity. The demerit
of a glass mold is defect generation by solid particular contaminants
between the mold and the substrate (as shown in Fig. 4.7). When
both mold and substrate are solids, a large noncontact area is
formed when a solid particle gets between them. This noncontact
phenomenon causes nonfilling of the resist into the mold cavities,
thereby generating “pattern-missing” defects. Ultraclean technology
is, therefore, important for high-yield production using glass molds.

Non-contactarea
Particle  (non-filling of resist)
Glass mold Particle .

1 1

Substrate Non-contact  Resin
area

(a) (b)

Figure 4.7 Schematic diagram of defect generation by particle contamination.
(a) The solid glass mold is hard, so a large noncontact area is formed if a solid
particle is inserted between the mold and the solid substrate. (b) Around
the particle, the mold cannot contact the substrate, and a nonfilling defect is
generated.

4.3.2 Soft Mold

As mentioned before, a noncontact area is generated by a solid
contaminant particle when both mold and substrate are rigid. If the
mold is soft, like a polymer, the noncontact area can be reduced. A
mold made of polymer is called a “soft mold.”

A typical structure of a soft mold and the result of
nanoimprinting when a solid contaminant particle is present are
shown in Figs. 4.8a and 4.8b, respectively. The soft mold consists of
a poly(dimethylsiloxane) (PDMS) layer and a glass substrate. As a
contamination particle, a 1 um diameter silica bead was used. The
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particle causes a noncontact diameter of only 2.2 um. Reduction of
the noncontact area by a soft mold is shown in Fig. 4.9. In this case,
pillars are formed in line on the substrate as contaminants. The
diameter and height of each pillar is 10 um and 7.6 pm, respectively.
When the imprint pressure is 0.5 MPa (Fig. 4.9a), a noncontact area
is formed linearly and the noncontact width is about 104 um. On
increasing the imprint pressure, to 1.0 MPa, the noncontact area is
reduced and is limited to the vicinity of each pillar. These results
demonstrate that the soft mold effectively reduces the noncontact
area formed by solid contaminants between mold and substrate.

(@) (b)

Figure 4.8 (a) Typical structure of a soft mold and a deformation model for
the inserted particle. (b) SEM image of the pattern imprinted by using the soft
mold. Diameter of the noncontact area is 2.2 um in the case of a 1-um-diameter
particle. SEM, scanning electron microscopy.

Pillars

Figure 4.9 Reduction of noncontact area by using a PDMS mold. A line
of pillars is formed. The pillar diameter and height are 10 um and 7.6 um,
respectively. Nanoimprinting pressure is (a) 0.5 MPa and (b) 1.0 MPa. PDMS,
poly(dimethylsiloxane).

4.4 Equipment

As with thermal nanoimprinting, two types of photonanoimprinting
equipment are mainly used: parallel press and roll press. The
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difference between the two typesin mechanical termsis the pressure-
loading mechanics. In thermal nanoimprinting, nanoimprinting
pressure is on the order of megapascals. Under such high pressure,
air entrapped between the mold and the substrate is compressed
and the volume is negligible. However, in photonanoimprinting,
the nanoimprinting pressure is low for the glass mold and the
resin mainly fills the mold cavity by capillary force, not mechanical
pressure. In photonanoimprinting, therefore, the sequence of the
pressing process is important to avoid entrapment of air.

4.4.1 Parallel Press

A parallel press is a standard machine for both thermal
nanoimprinting and photonanoimprinting. A parallel press for
photonanoimprinting mainly consists of press stages and a UV light
source. The press stage is driven by oil pressure or servo motor, both
of which are suitable for high-pressure and high-precision pressure
control, respectively.

A parallel press presses the mold onto a flat substrate at one
time, so there is a risk of atmospheric gas getting entrapped. To avoid
such gas entrapment, either a chemical or a mechanical approach is
taken.

As for the chemical approach, the atmospheric gas around mold
and substrate is controlled. It is well known that helium has a small
atomic radius and relatively high solubility in monomers. Some
photonanoimprinting machines use helium as an atmospheric gas
around mold and substrate. Use of liquid gas has been reported
to eliminate air bubbles. For example, it was reported that the
pentafluoropropane (PFP, CHF,CH,CF3) gas effectively eliminates
air bubble defects [4]. The vapor pressure of PFP gas is 0.1495
MPa at 25°C; therefore, PFP gas becomes liquid during the pressing
process, thereby preventing generation of air bubble defects. Details
are described in Appendix C.

As for the mechanical approach, it is important to control contact
distribution between mold and substrate. A schematic diagram of
the press sequence to avoid air entrapment is shown in Fig. 4.10. The
mold is a soft mold, so it is flexible. The soft mold is pressed from its
backside by the spherical glass press and bends in a convex shape.
Then, the substrate gets attached to the mold from the center to the
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edge and, finally, the whole mold surface comes in contact with the
substrate. Air is pushed out by this action; so as shown in Fig. 4.11,
no air is entrapped.

)
Bufferlayer c— — lg 2‘
Softmold {T—mwrnren—T B —

Crate T ' ' j e
Substrate—"T= | [ |

Press stage (a) (b) (c)

Figure 4.10 Schematic diagram of press sequence for avoiding air entrapping:
(a) pressing the buffer layer by a spherical glass press, (b) bending the soft mold
to form a convex shape, and (c) contacting the mold and substrate from center

to edge.
Contactarea .
Substrate
(a) (b)

Figure 4.11 (a) Schematic diagram of contact area distribution and (b)
appearance of imprinted wafer without air bubbles.

4.4.2 Roll Press

A roll press can also push out atmospheric gas during the pressing. A
typical roll system is shown in Fig. 4.12. It is based on a conventional
2P (photopolymerization) roll system. The film is transferred by a
reel-to-reel process, as follows. A photocurable resin is coated on the
film surface by a die coater. The resin layer is pressed by the roll
mold and cured by UV light, so a patterned resin can be obtained
continuously. The coated resin layer comes in contact with the roll
mold gradually, so no air is entrapped between the resin and the roll
mold. A high-pressure mercury lamp or UV LED is used as a light
source. Compared with a high-pressure mercury lamp, an LED light
source is very small and generates little heat. An LED chip is several
millimeters square, so the position of each LED chip is designed by
optical simulation to get the required light-intensity distribution.
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Compared with the optical design of a photolithography machine,
that of a photonanoimprint machine is quite simple, because the
pattern fidelity is defined by mold morphology, not by light paths.

™

UV light source UV light

Cured and
patterned resin

Photocurable resin

Dye coater

Figure 4.12 Schematic diagram of roll-type photonanoimprinting machine.

4.5 Example of Photonanoimprinting

Photonanoimprinting is suitable for nanoscale patterning. However,
several tips concerning successful photonanoimprinting should be
considered. In this section, as an example, fabrication of an aluminum
film by photonanoimprinting is explained.

4.5.1 Process Sequence

The process sequence of aluminum fabrication as an example of
photonanoimprinting is shown in Fig. 4.13. An aluminum layer
is deposited on a glass substrate by sputtering or EB evaporation.
The thickness of aluminum is 135 nm. The resist is spin coated on
the aluminum layer. The resist thickness is 90 nm. The soft mold
is pressed onto the resist layer. The soft mold has a groove pattern
with a groove depth of 120 nm. After UV curing, the soft mold is
demolded. The aluminum layer is then fabricated by dry etching. By
this dry etching, the residual layer of the resist is etched away. After
the dry etching, the remaining resist is removed.
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Figure 4.13 Processing sequence for fabricating aluminum by
photonanoimprinting: (a) spin-coating the resist on the aluminum/glass
substrate, (b) pressing the soft mold and irradiating by UV light, (c) demolding
the soft mold after curing, (d) dry-etching the aluminum layer, and (e) removing
the resist.

As can be seen from this sequence, the uniformity of the residual
layer is important to achieve aluminum wires of a uniform height.
The residual layer thickness is determined by the initial volume of
the resist and the total cavity volume of the mold groove pattern. If
the initial resist volume is not enough to fill the grooves on the mold,
faults in the line pattern are generated. On the other hand, if the
initial volume of the resist is too much to fill the grooves on the mold
surface, the uniformity of the residual layer is lost. Therefore, the
spin coating condition is important for forming a uniform residual
layer.

4.5.2 Soft Mold

The silicon template for the soft mold is fabricated by EBL, as shown
in Fig. 4.14. The diameter of the silicon wafer is 200 mm. The pattern
is so-called line and space (L&S). The full pitch, the line width, and
the line height are 135 nm, 55 nm, and 120 nm, respectively.
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200 mm

Figure 4.14 Appearance of a silicon template fabricated by EBL. The diameter
of the silicon wafer is 200 mm. The dark area is the patterned area (line-and-
space pattern). Full pitch, line width, and line height are 135, 55, and 120 nm,
respectively.

The substrate of the soft mold is a glass plate, and patterned
polymer layers were obtained by photonanoimprinting. The polymer
of the soft mold is a cationic curable resin. Here, the resist is usually
a radical curing resin for fast curing. It is important to use different
curing type of resins to prevent the sticking of soft mold and resist.

4.5.3 Coupling Treatment Process

As mentioned in Section 4.2.2, coupling treatment is important
to prevent the patterned resin from peeling. As shown in Fig. 4.6,
the conventional coupling treatment is effective on glass or silicon.
However, the coupling treatment is insufficient for some kinds of
metals or nitrides because the surface density of the hydroxyl group
is low. In the case of an aluminum surface, as shown in Fig. 4.15,
the coupling effect is insufficient and peeling defects are observed
when the agent 3-acryloxypropyltrimethoxysilane (ATMS) is used.
Therefore, the coupling treatment is improved as explained below.
Toincrease the coupling reaction density, 1,2-bis(trimethoxysilyl)
ethane (BTE) is inserted between the ATMS and the aluminum
surface. BTE has three silane-coupling sites at both ends, as shown
in Fig. 4.16. The coupling treatment of an ATMS/BTE/AI substrate
restricts the peeling of the resist, as shown in Fig. 4.17. In Fig. 4.17a,
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the arearatio of peeling defects is plotted as a function of the number
of continuous nanoimprint cycles. Clearly, the area of peeling of the
resist increases with an increasing number of nanoimprint cycles in
the case of ATM/AI coupling treatment. However, after BTE is used,
the area of peeling defects is restricted. Fine L&S patterns were
observed by SEM observation, as shown in Fig. 4.17b.

(b)

Figure 4.15 Peeling defects observed in conventional coupling treatment: (a)
optical microscopy image and (b) SEM image in which the white lines are the
peeling regions shown in (a). SEM, scanning electron microscopy.
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Figure 4.16 Molecular structure of 1,2-bis(trimethoxysilyl) ethane (BTE).
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Figure 4.17 Reduction of peeling defects by ATMS/BTE/Al coupling treatment:
(a) significant reduction of resist peeling by BTE. A fine line-and-space pattern
was observed by SEM. (b) Sample formed by the 90th nanoimprint cycle. ATMS,
3-acryloxypropyltrimethoxysilane; BTE, 1,2-bis(trimethoxysilyl) ethane; SEM,
scanning electron microscopy.
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As mentioned before, resist peeling is a major problem in
photonanoimprinting, so effective coupling treatment is important
for reducing the area of peeling defects.

4.5.4 Dry Etching of Aluminum

Fine nanoimprinted resist patterns are formed as shown in
Fig. 4.17b. The next step is aluminum dry etching. In this example,
the resist residual layer was removed by nitrogen dry etching. After
removal of the residual layer, an aluminum layer is etched by using
chlorine/BCl; mixed gas. Fine dry-etched aluminum nanowires, as
shown in Fig. 4.18, were confirmed by SEM observation.

(b)

Figure 4.18 SEM images of fabricated aluminum nanowires: (a) plane view
and (b) titled cross-sectional view. SEM, scanning electron microscopy.

As described in this section, process problems, such as lack of
photocuring, press nonuniformity, and resist peeling, often occur.
Accordingly, modification of the process and optimization of
materials are important for practical mass production.

Appendix A: Fidelity of a Soft Mold

As described in Section 4.3.2, a soft mold effectively reduces the
defect area. One of the concerns is the fidelity of pattern formation
by a soft mold because the hardness of the mold pattern is less than
that formed by a mold made of glass, nickel, or silicon. The fidelity of
a soft mold was investigated as described below. It was evaluated as
the line edge roughness (LER) of line patterns.

A master silicon mold was fabricated by anti-isotropic etching of
crystalline silicon. The etching rate of the crystal silicon depends on
crystal orientation, so a (111) vertical sidewall is formed by using a
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(110) silicon wafer. The L&S pattern was fabricated by anti-isotropic
etching using a (110) silicon wafer, as illustrated in Fig. 4.19. The
pitch, the line width, and the height of the prepared silicon template
are 100 nm, 50 nm, and 105 nm, respectively.

105nm

100 nm 50nm

Figure 4.19 Schematic diagram of a silicon template prepared by anti-
isotropic etching.

Plane SEM images of a master template (anti-isotropic etched
silicon), a soft mold, and an imprinted resist are shown in Table 4.2.
The features of the master template and the imprinted resist are
identical because of the twice-nanoimprint process. The LER and the
line width roughness (LWR) were evaluated by critical dimension
(CD) SEM. The LER 30 of the master template and the imprinted
resist were 1.5 and 1.9 nm, respectively. The degradation of LER 3¢
is thus 0.4 nm. In other words, degradation of the LER when a soft
mold is used becomes atomic level.

Table 4.2 Degradation of line edge roughness when a soft mold is used

Master template  Soft mold Imprinted resist
SEEEM
images
200nm 200nm
2 S
LW 479 m 47.0 nm
LWR3c 1.5nm — 2.0 nm
LWR3o 1.5nm — 19m

The pitch fidelity has been evaluated by high-resolution grazing-
incidence X-ray diffraction (HRGIXD) [5]. The samples were the
same as those shown in Table 4.2. X-ray-scattering spectra from
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a silicon template and an imprinted resist are shown in Fig. 4.20.
The oscillations in the spectra were generated by interference of
reflected X-rays from sidewall structures. Therefore, the pitch of the
walls can be calculated from the oscillation periods.

The q value (plotted in Fig. 4.21) is defined as

__4msin6

==
where 0 is the incident angle of the X-ray to the sample and A is the
wavelength of the X-ray beam. The fidelity of the line pitch can be
calculated on the angstrom scale by HRGIXD, and the pitch of the
imprinted resist pattern is identical to that of the master template.

(4.1)
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Figure 4.20 X-ray scattering spectra: (a) silicon template and (b) imprinted
resist.
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Figure 4.21 Degree of diffraction.

As described in this appendix, fidelities of nanoimprinted
patterns formed using a soft mold were evaluated by CD SEM and
HRGIXD. These measurements indicate that pattern degradation
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due to the soft mold is less than a few angstroms. It is, therefore,
concluded that a reasonably high fidelity can be obtained by using a
soft mold.

Appendix B: Resin Viscosity in Nanospace

As described in Section 4.5, uniformity of the residual layer thickness
is a key factor in dry etching. A residual layer is formed as a result of
resin flowing between mold and substrate. In photonanoimprinting,
as shown in Fig. 4.22, the residual thickness is several to several
dozen nanometers. Therefore, sufficient resin flow in the nanospace
is crucial for forming a uniform residual layer. In this appendix, the
behavior of a resin in the nanospace is discussed in view of viscosity.

Photocurable

resin $ Pattern

% Residual layer

Figure 4.22 Typical image of a residual layer in photonanoimprinting. A
residual layer is formed as a result of resin flow between the mold and the

Substrate

substrate.

The viscosity of a resin in the nanospace has been investigated
by the resonance shear measurement [6]. A schematic diagram of
a resonance-shear apparatus is shown in Fig. 4.23. (The details of
the equipment and the analysis method are reported in Ref. [7].)
The resin to be measured is inserted between two mica sheets. Each
mica sheet is glued on a semicylindrical silica lens. The thickness
of the resin can be measured from fringes of equal chromatic order
(FECO). FECO are generated by the interference between the resin
layer, mica sheets, and the semicylindrical lens. The apparatus has
upper and lower stages. The lower stage can move upward and
make the resin thin. The force applied to the resin is measured by
monitoring the bending of the cantilever. A piezo tube (not shown
in the figure) is equipped at the upper stage, and the upper stage
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vibrates. When the frequency of the piezo tube is swept, the upper
stage resonates at a certain frequency. The resonance frequency
can be obtained by detecting the oscillation amplitude of the upper
stage. A schematic diagram of the resonance is shown in Fig. 4.24.
Peak (a) is the resonance peak of the upper stage; peak (b) indicates
the resonance peak when the upper stage comes in contact with the
lower stage. These two peaks are separated because the resonance
conditions (such as mass and spring constants) differ when the
upper stage is isolated and when it comes in contact with the lower

stage.
Fringes of equal
LS S M chromatic order

A

| |
Silica
lens

Upper
stage

Mica
sheets

Lower{
stage
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Figure 4.23 Schematic diagram of resonance shear apparatus. The resin
sample is inserted between two mica sheets. The thickness of the resin is
measured by FECO. As the lower stage moves upward, the resin gets thinner.
FECO, fringes of equal chromatic order.
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Figure 4.24 Schematic diagram of resonance shear equipment. The resin
sample is inserted between two mica sheets. The thickness of the resin can be
measured by FECO. The lower stage moves upward, and the resin becomes thin.
FECO, fringes of equal chromatic order.
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The resin used for photonanoimprinting is inserted between
the upper and the lower stages. The viscosity of the resin is about
4 mPa-s (the viscosity of water is about 1 mPa:s), so the vibration
of the upper stage does not transmit to the lower stage. As the resin
layer gets thinner, the upper and lower stages come in contact and
the resonance peak shifts from (a) to (b). Therefore, the viscosity of
a resin in nanospace can be measured by monitoring the shift of the
oscillation peak.

Measured resonance peaks of the resin are plotted in Fig. 4.25.
The oscillation amplitude at 200 rad/s started to diminish when
the resin thickness became less than 280 nm. The resonance peaks
at each thickness of resin were shifted to 600 rad/s, and when the
resin thickness became less than 100 nm, the peaks approached 600
rad/s.

Separation in air Mica contact

Detection amplitude

200 300 400 500 600 700
Angular frequency, w (rad/s)

Figure 4.25 Shift of resonance peak during resin thinning. The peak shift
occurs at around 200 nm of the distance D (thickness of resin), and the peak
shifts to contacting mode under D less than 100 nm.

The calculated resin viscosity in the nanospace is plotted in
Fig. 4.26.

Clearly, the resin viscosity increases when the distance D,
namely the resin thickness, becomes less than about 150 nm, and
it eventually reaches about 20 Pa-s. The bulk viscosity of this resin
is about 4 mP-s, so the resin viscosity in the nanospace becomes
5000 times higher than the bulk viscosity. As for the increase of
viscosity, it has been reported that water viscosity increases when
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the water layer thickness becomes less than 3 or 8 nm (depending
on the chemical state of the mica surface) due to the structuring of
water molecules [8]. The resin viscosity increases in the nanospace
seemingly because of the loss of freedom of monomer molecules due
to spatial confinement.
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Figure4.26 Calculated viscosity as a function of distance D. Viscosity increases
as D becomes less than about 100 nm.

Appendix C: Restriction of Air Bubbles?

When nanoimprinting is carried out in air, recesses of a mold
naturally tend to trap air. The trapped air certainly degrades pattern
quality for UV nanoimprinting as the air inevitably remaining as
bubble defects although the air hardly impacts patterns fabricated
by thermal nanoimprinting. The bubble defects are inherent in
UV nanoimprinting. Therefore, special techniques against bubble
defects must be used in UV nanoimprinting.

It had been suggested that thermal nanoimprinting should
be done in a vacuum [9]. However, it was later claimed that the
application of a vacuum was not found to be necessary [10]. The
trapped air in the process of thermal nanoimprinting is compressed
to a fraction of its original volume, resulting in trapped gas pressure
much higher than the original pressure (i.e., atmosphere). Thus,
the air can be easily dissolved into the molding material, thanks to

2Appendix C has been provided by Hiroshi Hiroshima Research Center for Ubiquitous

MEMS and Micro Engineering, National Institute of Advance Industrial Science and
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Example of Photonanoimprinting

Henry’s law [11]. It is known that even for thermal nanoimprinting,
when the imprint pressure is released before cooling, the air displays
an explosive behavior and a viscous fingering pattern, which prefers
to grow along the structure edges in a mold, is formed [12].

The imprinting pressure of UV nanoimprinting is 1 to 2 orders
of magnitude smaller than that of thermal nanoimprinting and is
comparable with ambient atmospheric pressure. Therefore, UV
nanoimprinting cannot get the benefits of Henry’s law and the bubble
defect problem is inherent for UV nanoimprinting in air. The bubble
defect problem was hardly mitigated by increasing the imprint
pressure several times; however, interestingly, it was drastically
mitigated by increasing UV resin thickness [13]. In the latter case,
the expected mechanism of bubble defect mitigation is presumably
by transportation of bubbles by the massive flow of resin effusing
out of a mold. In negligible resin effusing conditions (i.e., when the
resin is thin), bubble defects are unavoidable for UV nanoimprinting
conducted in air.

The most natural solution against the bubble defect is to reduce
environmental air pressure (i.e., using a vacuum) [14]. It was
demonstrated that UV nanoimprinting in 1/50 atmosphere always
shows excellent results. Using a vacuum is a sure method. However,
it detracts from the strong point (i.e., nanofabrication at a low cost)
of UV nanoimprinting, as vacuum generation systems are generally
expensive. It is necessary to conduct the nanoimprinting process in
a nonvacuum environment for preserving its strong point.

UVnanoimprinting named J-FIL [15] (the original name was S-FIL
[16]) using a He gas environment [17, 18] combined with dispensing
UV-curable resin droplets by ink-jetting is a viable solution for UV
nanoimprinting in a nonvacuum environment. In the imprinting
process, resin droplets merge with each other [19], preventing He
from being trapped during the molding process, although small
amounts of He trapped in bubbles left behind are dissolved in the
UV-curable resin and diffused into a quartz mold. This method
works well, but it might not be compatible with uniformly precoated
UV-curable resins prepared by spin coating [20].

A unique UV nanoimprinting process using a condensable gas
environment was proposed, and the effectiveness was demonstrated.
The first UV nanoimprinting demonstration was carried out
using trichlorofluoromethane (CFC-11) [21], and afterward
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1,1,1,3,3-pentafluoropropane (HFC-245fa; PFP) [4] was used to
address the ozone destruction problem. Table 4.3 summarizes the
properties of CFC-11 and HFC-245fa (PFP). The most important
characteristic of those gases for the UV nanoimprinting process is
the saturated vapor pressure at room temperature. The values are
slightly higher than atmospheric pressure, namely, these gases are
easily condensed (liquefied) by a little bit of additional pressure
during imprinting.

Table 4.3 Properties of 1,1,1,3,3-pentafluoropropane and trichlorofluor-

omethane

1,1,1,3,3-Pentafluoro- Trichlorofluoro-
propane (HFC-245fa) methane (CFC-11)

Molecular formula CHF,CH,CF3 CCI3F

Molecular weight 134 137.37

Boiling point (°C) 15.3 23.85

Vapor pressure at 25°C  0.1495 0.1056

(MPa)

Flammability limits in None None

air

Flammability limits in None None

air

Toxicity Low Low

Global warming 1030 4750

potential

Ozone depletion 0 1

potential

Figure 4.27 shows the principle of bubble elimination in UV
nanoimprinting using a condensable gas. At the beginning of contact
between the mold and the UV-curable resin, each recess of a mold
traps the condensable gas. The trapped gas is then compressed by
the mold. At first, the gas pressure increases inversely proportional
to the gas volume. However, the relationship breaks down and
condensation (liquefaction) starts when the gas pressure reaches its
saturated vapor pressure (e.g., 0.15 MPa for PFP). Finally, the entire
trapped gas is completely liquefied. In the case of PFP, the liquid
volume turns out to be 1/200 of the gas volume.
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Figure 4.27 Principle of bubble elimination in UV nanoimprinting using a
condensable gas.

Figure 4.28 shows cured resin patterns with widths of 2, 3, 5,
and 10 um obtained by UV nanoimprinting in PFP ambience, where
a 900-nm-thick spin-coated UV-curable resin (PAK-01, Toyo Gosei)
on a Si wafer was imprinted at an imprint pressure of 0.5 MPa by
a mold (NIM-PH-350, NTT-AT) containing patterns with widths of
350 nm to 10 pum and a depth of 350 nm. In the experiment, PFP
was introduced into the imprinting space at a flow rate of 3000
sccm and the estimated PFP concentration in the imprinting space is
approximately 90%. No anomalies are observable in Fig. 4.28. A UV
nanoimprinting pattern fabricated in the same imprinting conditions
except for PFP introduction (i.e., imprint in air) is shown in Fig. 4.29.
Large bubbles exist in 2-3 um pattern areas, and small bubbles exist
in almost every single 10 um pattern. By comparing Figs. 4.28 and
4.29, it is clearly seen that using PFP as the environment of the UV
nanoimprinting process is quite effective. One might suspect that
small liquid PFP droplets would create bubble defects as illustrated
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in Fig. 4.27(3), but in reality, no such defects have been observed
in Fig. 4.28. We think that PFP dissolves in UV-curable resin, or it
remains as a thin layer between the mold and the UV-curable resin.
It is also confirmed that 45-nm-wide L&S patterns can be fabricated
by UV nanoimprinting using PFP [22].

Figure 4.28 Cured resin patterns with widths of 2, 3, 5, and 10 um obtained
by UV nanoimprinting in PFP ambience, where a 900-nm-thick spin-coated UV-
curable resin on a Si wafer was imprinted at an imprint pressure of 0.5 MPa by a
mold containing patterns with widths of 350 nm—10 um and a depth of 350 nm.
PFP, pentafluoropropane.

Figure 4.29 UV nanoimprinting pattern fabricated in the same imprinting
conditions as Fig. 4.28, except for PFP introduction. PFP, pentafluoropropane.
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