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Abstract: Nano-scale or micro-scale structured surfaces have been proven fundamental
for high-performance microelectronics. With the development of the microelectronics
market, there is an increasing demand for higher-performance, smaller size, energy
saving products. Roll-to-roll nanoimprint lithography (R2R UV NIL) provides
possibilities for mass production of nanoimprinted surfaces. In the process line, the
coated web passes one or more nip sets which are formed by a rigid roller and a rubber
roller. The nip mechanics have proven that the nip contact would induce an increase in
the web tension, which was called nip-induced tension (NIT). Under some conditions,
this increase of web tension causes slippage between the imprint roller and the resin
which distort or destroy the nanofeatures. Additionally, successful extraction of imprints
from molds on imprint rollers is also an important facet of the R2R UV NIL process.
Nanofeatures that fracture during the extraction leave an imperfection in the imprinted
surface and the residual may cause an imperfection that repeats with each revolution of
the imprint roller. Internal stresses within the imprinted features increase and can exceed
the strength of the cured resin which would result in fracture of the feature and an
imperfection in the imprinted surface. The objective of this research is to develop
simulation tools that can predict whether defect-free nanofeatures will be produced or
not. This will enable UV NIL manufacturing to move from a trial-and-error approach to a
predictive mode where defect-free processes can be determined prior to moving to the
manufacturing industry. Manufacturers of UV resins typically will provide their estimates
of shrinkage, tensile strength and modulus properties for their resin. The simulation tools
include a macro-scale and a nano-scale numerical models. The first model is developed to
predict the slippage in the whole pattern of the R2R NIL processes, while the second one
is established to predict the quality of the extraction process. Most of the properties
needed for simulations of the UV curable resin system employed in the current project
are unknown prior to this work. Methods for characterizing the properties of the UV resin
will either be developed or adopted from standards.
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CHAPTER I

l. Introduction

Nano-scale or micro-scale structured surfaces have been proven fundamental for high-
performance microelectronics[1]. With the development of the microelectronic market, there is an
increasing demand for higher-performance, smaller size, energy-saving products. The application
of nanostructures is not only beneficial in microelectronics, but has spread into many other fields
including biology[2], organic electronics[3], chemistry, medicine, and optical
communications[4]. Therefore, the ability to fabricate nanostructures with high accuracy in a
wide range of materials is of significance for advancing nanotechnology and nano-science. Due to
the huge demand for nanostructured products in many fields, developing a low-cost mass
production method has a high priority. In contrast to traditional scanning electron beam
lithography, X-ray lithography, a low cost method was first developed in 1995 by Chou[5]. This
method is known as nanoimprint lithography (NIL). The NIL can be classified into thermal
nanoimprint lithography (T-NIL), and ultraviolet nanocimprint lithography (UV-NIL) by the
material used for imprinting nanostructures. The schematic diagram of processes for T-NIL and
UV-NIL is shown in Fig. I-1. Compared to T-NIL, UV-NIL has many advantages, such as low
imprinting pressure required, no temperature cycle required, and fast fabrication speed. However,
with the recent development of nanotechnology, the discrete UV-NIL method cannot satisfy the

demand for nanostructured products. Additionally, higher output means lower cost, which is a
1
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consideration for both industry and academic institutions. The discrete stamping fabricating method
has limitations to produce nanostructured surfaces. To solve these limitations, a continuous roll-to-
roll nanoimprint lithography (R2R NIL) method is in development. This manufacturing method
enables imprinting on flexible substrates while drastically increasing the production of
nanostructures. This boosts the nanoimprint lithography to an entirely new level, increasing the
manufacturing speed at least a hundred times[7]. At the beginning of R2R NIL, the fabrication speed
was limited to around 1m/min due to a limited understanding of the whole continuous manufacturing
process and the low-curing-rate UV curable resist material. With the development of imprinting
materials (UV curable resist), UV light source exposure, mold fabrication, and web transportation, a

higher speed of continuous manufacturing is achieved, which leads to higher output and lower cost of

the nanostructured products.

The continuous R2R UV NIL process consists of resist mold filling, UV exposure, and releasing or
peeling from the mold. A schematic of the R2R UV NIL process is shown in Fig. I-2. Resist mold

filling step is fundamental for the successful transfer of the nanofeatures onto the flexible substrate.



To obtain high-quality nanopatterns on the substrate, a backup roller is introduced to provide
imprinting pressure for resist filling into the cavities of the mold. The backup roller is pressed to the
imprint roller, forming a nip contact zone. Thus, in this document, the backup roller will be referred
to as the nip roller. The nip roller not only provides pressure for resist filling but also has several
other functions. First, the nip roller induces or prevents slippage between the imprint roller and the
flexible substrate, which prevents the destruction of the nanopattern replications. Second, the high-
speed winding web causes air entrainment between the web and the imprint roller, which hinders the
resist filling into the cavity and causes air bubble defects in the nanostructures. Moreover, the nip
roller provides uniform pressure in the traverse direction of the imprint roller, which assures the
quality of nanopattern replications across the width of the imprint roller. In the nip contact zone, the
low viscosity resist in the liquid state, which combined with the nip pressure, serves to fill the mold
cavities. Fluid dynamics has been utilized to analyze the mold filling time[8]. Due to the duplication
of the nanostructures, the analysis focused on the filling of one mold feature. The mold filling time is
found to be determined by the resist viscosity, the pressure provided by the nip roller, and the
geometry of the cavity on the imprinting mold. The mold filling time can be a key to determine the

web velocity, which directly affects the production and cost of the nanostructured products.
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Fig. I-2 Schematic of R2R UV NIL process
Defects can be the result of inadequate mold filling or inadequate curing prior to slippage or peeling.

Slippage is common with impinged rubber covered rollers such as the backup and peel rollers in Fig.
I-2. The impinged rubber will have a contact surface velocity higher than that of the imprint roller
surface and the potential for inducing slip. The pressure provided by the nip roller is one of the
parameters which determine the resist filling time. Additionally, the reasons mentioned above
explained the importance of the nip roller. Studies pertaining to the science of contact mechanics in
the nip contact zone is involved in this report. Many works have been done for the nip mechanics in
the nip contact zone since 1966[9]. The nip mechanics have proven that the nip contact would induce
an increase in the web tension, which was called nip-induced tension (NIT). The slippage between
curing or cured resist should be avoided because it destroys the nanofeatures built on the flexible
substrate. The nip is capable of inducing slippage between the resist and the imprint roller, which
must be avoided Therefore, a nip roller is required to fill the mold but is also a potential source of
defects due to induced change in the web tension and slippage. As a nip roller is required for several
reasons in the R2R UV NIL process, it is necessary to deal with the nip-induced tension in the
flexible substrate to obtain high-quality nanopatterns. The increase of the web tension induced by NIT
can be reduced or eliminated by adjusting the exit tension in the web. To find out if this method can

eliminate the slippage, dynamic numerical simulations are developed in several different situations.

The UV curable resist curing process can be separated into stages, such as induction, vitrification,
gelation, and post cured[10]. At the induction stage, the photoinitiators are activated by the radiation
of the UV light. The reaction rate of polymerization is accelerating. A criterion to determine the
vitrification onset is the deceleration of the polymerization rate. After the vitrification, the reaction
goes into a diffusion- controlled stage, where G' = G"'. The resist is in a gel state. For the cationic
resist, the reaction keeps going on after the gelation, which is called the “post cured” stage. The first

three stages are happening quite faster than the post-cured stage. Moreover, the mechanical properties



of curing resist are changing as a function of exposure of UV light in the first three stages. The
varying modulus affects the shear stresses produced by tangential behavior between the resist and the
imprint roller. The shear stress and strength of the resist have impacts on the success of nanopattern
transfer. Demolding the cured or curing resist from the mold is another issue that causes failure of
nanostructures fabrication. To achieve the high production objective, especially for high aspect ratio
production, demolding must be reliable and repeatable without any damage to the nanoimprints and
the mold. Therefore, more attention must be paid to the demolding process. The demolding of the
cross-linked nanostructured polyacrylate from a fluorine-based mold is not an easy job[11]. Two
important phenomena of interaction between the UV curable resin and the mold make the demolding
complicated. An increase of adhesive strength at the interface as well as the shrinkage due to cross-
linking of polymerization occur simultaneously during the UV curing. Excessive UV curing causes
the high shrinkage of the polyacrylate and increases the possibility of initiation of the cracks in the
nanostructures. Insufficient curing leads to low shear strength which is tremendously important for
the cured nanoimprints to maintain a high-fidelity quality. The UV curable resin used in the current
project has a max shrinkage ratio of 2%[12], which is relatively low to other materials[13, 14]. The
adhesive strength has also been studied vastly in the thermal NIL[11, 15-19]. Finding an optimal way
to release the mold is also of importance to obtain high-quality outcome of nanostructured products.
Simulations performed for roll-to-roll NIL has been studied little due to its recent development as
well as the complexity by introducing the dynamic effect. When the interface between the mold and
UV curable resin breaks apart, the friction behavior at the interface performs a role to affect the
mechanic in the nanoimprints. Therefore, the demolding process of roll-to-roll NIL is a study
combining the adhesive strength, shrinkage, as well as friction behavior at the interface. The defects
that are witnessed result from the shearing and tensile stresses while in contact and during peeling

from the imprint roller, as shown in Fig. 1-3. The ability of the resin without failing depends on



strength of the resin which is dependent on the level of curing. Therefore, numerical models are

developed to study the mechanism during the peeling and in contact with the imprint roller.

M
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Fig. I-3 (a) and (b) peel defects by Scanning electron microscope (SEM)
To compute tearing failures, the modulus and tensile and shear strength and the shrinkage of the resin

in addition to the adhesion toughness and friction at the interfaces between the resin and the mold
must be known. The maximum principal stress criterion is used to determine if the nanoimprints are
distorted or fall apart. The maximum principal stress is defined as the highest value of principal stress
all over the nanoimprints through the history of the demolding in the numerical model. This
maximum principal stress will then be compared to the ultimate tensile and shear strength of the resin

which is also tested under various process speeds. In this paper, the UV curable resin we used in the



current project (funded by NSF) is UV15%, an acrylate-based cationic epoxy. The mechanical
properties mentioned above are varied by increasing the curing level. Additionally, the acrylate-based
cationic epoxy UV curable system has a “dark-curing” effect[20, 21]. Once the polymerization
started, the reaction continued until the cross-linking was done. However, the high process speed of
production provides a relatively narrow time-span for the demolding process. The UV curable resin
cannot reach its fully cured state when the demolding process starts. Therefore, the properties during
the demolding are what we concerned. The tensile and shear strength, shrinkage, adhesion toughness,
and friction for a consistent cure level for demolding are measured in this study. A numerical
simulation model is established to analyze the stress distribution caused by shrinkage, adhesion as
well as friction. If the maximum principal stress exceeds the ultimate strength, the demolding process
can be considered unsuccessful due to the failure of some part of the nanoimprints. This comparison

provides a quantitative way to estimate the success of demolding.

The focus of this research is to develop simulation tools that can predict whether defect-free
production can be produced. The simulation tools include macro-scale and nano-scale in dimension.
This will enable those who design imprinted surfaces based on geometric requirements to predict
whether that surface can be commercially produced. This will enable UV-NIL manufacturing to move
from a trial-and-error approach to a predictive mode where extraction success can be known prior to
moving to the manufacturing environment. Manufacturers of UV resins typically will provide their

estimates of shrinkage, full cured tensile strength, and modulus properties for their resin.

In this report, literature describing the whole R2R UV NIL process has been reviewed in chapter 2. A
series of experiments for determining the mechanical properties including rheology, shear strength,

friction and adhesive properties at the interface between the resin and the mold as a function of

1 Master Bond Inc., 154 Hobart St, Hackensack, NJ 07601, USA
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exposure dosage of UV light has been done in chapter 3. The results of the mechanical property tests
are used for improving the accuracy of the simulation model. In chapter 4 and 5, the numerical
models are used to analyze the mechanism during the nanoimprint lithography (NIL). To thoroughly
study the whole process, micro-scale and nano-scale numerical models are established. In chapter 4,
we have built a macro-scale model to simulate the continuous R2R UV NIL process. The simulations
for different situations have been investigated to reduce or even eliminate slippage between the resist
and imprint roller. In chapter 5, a nano-scale numerical model is established to analyze the stress
distribution of the nanofeatures imprinted on the flexible substrate. Moreover, a series of preliminary
trial tests for continuous R2R UV NIL have been done which will be shown in chapter 6. And a
20m/min manufacturing speed has been achieved. The parameters, such as nip pressure, downstream

web tension, set for operation of R2R UV NIL will be optimized by the results of the simulations.



CHAPTER II

Il. Literature Survey

The nanostructure patterning technology is fundamental for all high-performance
microelectronics. The semiconductor industry and integrated circuits (ICs) industry has a great
need for high-resolution nanostructured products. The application for nanostructure has also
spread to many other fields, such as, biology[2, 22], organic electronic[3], chemistry,
medicine[23], and optical communications[4]. 5G (5th generation of cellular mobile
communications) targets at high data rate, reduced latency, cost efficiency and massive device
connectivity. With the development of 5G, there will be a huge demand for microchips, organic
electronic products, optical elements in light-emitting diodes (LED) and patterned media.

Therefore, it is urgent to develop a low-cost high precision nanostructured patterning technology.

Nanoimprint lithography (NIL) is a promising method to massively produce surfaces with
nanofeatures. It is a process method which uses a hard mold that contains nanostructures to
emboss a thermoplastic material under certain temperature and pressure, thereby creating
different thickness[24]. The schematic of nanoimprint lithography is shown in Fig. 11-1(a). NIL
was first published by Chou[5, 23, 25] in 1995. This method is also known as thermal-NIL (T-

NIL). It is an attractive and widely researched field because it demonstrated ultrahigh



resolutions[26], and high reliability. However, the resist, a thermal plastic, would be deformed by
embossing the mold with nanostructures on its surface during the imprint step. Therefore, the
resist is required to be heated above its glass transition temperature to get low viscosity. Later, the
mold will be removed, when the plastic is cooled down below glass transition temperature. An
etching process is followed to remove the residual resist to complete pattern transfer[23]. The
whole process of NIL is time-consuming due to the cycling of temperature. To build uniform
patterns, maintaining pressure uniformly is required through the whole process. Avoiding stick
and defect problems due to traditional contact printing is also required for successful demolding
for the large-area imprint. Residual stresses will be produced associated with wide change of

temperature during the imprinting.

In 1996, Haisma[27] from Philips Research Laboratories, first introduced Ultraviolet
Nanoimprint Lithography (UV-NIL). The schematic of UV nanoimprint lithography is shown in
Fig. 11-1(b). They used UV curable resin which has a high curing rate, sufficiently low viscosity
and good adhesive to the substrate. An essential addition in the UV curable resist as photoinitiator
can absorb UV light and then initiate the photopolymerization process. The resist used in UV-
NIL will be further discussed in the next subsection. Similar to T-NIL process, there are two steps
for replication in UV NIL. A thin layer of UV curable material is spin coated on a silicon
substrate due to the low viscosity of resin. Then a mold with the nanostructure is pressed on the
thin resin layer while it is still in a liquid state. The resist is solidified under UV curing with
exposure of UV light, followed by removing of the mold. An etching process is applied after
removing the mold. The pattern transfer process is completed. Contrary to the T-NIL process, the
mold is imprinting on a liquid layer of the resist in the UV-NIL process. The solidification of
resist is a cross-linking reaction in a polymer instead of controlling phase change of a
thermoplastic with temperature[28]. The UV-NIL process, thus, has several advantages to the T-

NIL. First, while the T-NIL process requires to elevate the temperature, the UV-NIL process can
10



be conducted at room temperature, which helps to avoid the issues due to thermal expansion

variations between the resist, the mold and the substrate [28-32]. Furthermore, imprinting on a

low viscosity photoresist requires lower pressure conducted on the mold compared to T-NIL [33-

38]. In addition, lower viscosity photoresist also has a better capability to fill the cavity of the

mold in a shorter time. Additionally, elimination of temperature cycle can increase process

output[34]. However, the sticking and defects produced by traditional contact printing cannot be

avoided. Residual stress due to polymerization has appeared in nanostructures[39]. The UV-NIL

process is also known as step and flash imprint lithography (SFIL). The process is also attractive

to IC semiconductor industry, because it can be carried out at room temperature[40].
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The T-NIL and UV-NIL methods discussed thus far have the same contact type. They both are
plate to plate contact (P2P). To meet the requirement for high throughput and low cost, the
imprint area needs to be large. The entire imprinting area is imprinted in a single imprint cycle.
However, the imprint process typically requires large forces to provide uniform pressure for the
entire imprint area, which may reach to 20kN for an 8-in wafer[41]. Air bubble entrapment
problems have been reported in P2P NIL[41]. As the air in the gaps between the imprint mold
cavity and the resist have no room to escape, it is trapped in the resist, resulting in defects on
nanostructures. To avoid the air entrapment problem, some researchers observed that conducting
the imprint process under vacuum can effectively prevent the trapping of air bubbles[36, 41].
However, it is hard to achieve vacuum or reduced air environment when applying a continuous
nanoimprint on the web. Hiroshima and his team introduced a method to eliminate air bubbles by
conducting the nanoimprint in a condensable gas ambient environment [42-45]. They eliminated
the air bubble defects by using pentafluoropropane gas, which has a vapor pressure of 0.15 MPa
at 25 Celsius degree. Increasing the gas pressure can effectively reduce the pressing time[46]. In
2016, Lai and his team from Shanghai Jiao Tong University thoroughly reported parameters
which cause air bubble defects by both experiment and simulation[47, 48]. The temperature and
the web speed play more important roles for air bubble defects. They also reported a method to

produce bubble free products.

Chou’s team[49] introduced roller nanoimprint lithography as an alternative method to plate to
plate imprint in 1998. They reported two approaches for roller nanoimprint. One of them imprints
using a cylinder mold, the other using a flat mold which is pressed by a rotating roller. The
schematic of roller nanoimprint lithography is shown in Fig. 11-2.The cylinder mold was made by
a bended thin metal film mold on a roller. During the roller NIL, the cylinder mold is pressed into
the resist and the rotation of roller will push the sample forward, shown in Fig. 11-2 (a). The mold

and imprint result are shown in Fig. 11-2 (b). This method is able to replicate the mold pattern into
12



the PMMA resist continuously. The flat mold method uses a flat Si wafer mold of 0.5mm
thickness placed directly on the substrate. A smooth roller is rotated over the mold, then the
patterns on the flat mold is imprinted onto the resist under pressure, shown in Fig. 11-2 (c). The
flat mold has a large grating pattern of 190nm period and 180nm height. After roll NIL, the
imprinted pattern has 190nm period and 40nm depth. The imprinted results are shown in Fig. 11-2
(d). However, the accuracy of the replication of the rolling method is not as good as the flat mold
method. Because the whole process is still T-NIL. It needs long period of time to complete the
pattern transferring process due to temperature cycling, while the rotating roller mold has limited
time contacting on the PMMA.. Nevertheless, the flat method is actually P2P T-NIL. It has
enough time for the PMMA to fill into the cavity of flat mold. Although the results obtained by
Chou’s team showed limited accuracy, this roller nanoimprinting method does provide a
possibility of continuous manufacturing process and has an inspiration for the next generation of

roll-to-roll nanoimprint lithography (R2R NIL).
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Fig. II-2 Schematic of roller nanoimprint lithography (a) imprint using a cylinder mold: bending
a compact master disk into cylinder shape, mounting it around the roller, and rolling the roller on the
substrate (b) Left: AFM graph of a compact disk mold before bending into a cylinder; Right: PMMA
imprinted by a cylinder mold, showing sub-100nm accuracy in pattern transfer. (c) imprint with a flat
mold: putting the mold directly on the substrate, and rotating the roller on top of the mold (d) PMMA
imprinted by flat mold: it has large area grating with 190nm period and 40nm depth [49]
In the contrary to conventional nanoimprint lithography facing the high cost of large-scale flat
mold and uniformity and releasing problems, R2R NIL has been introduced by Shinill Kang and
his team from Yonsei University in 2006[50]. The schematic diagrams of the UV roll
nanoimprinting system are shown in Fig. 11-3. The UV roll nanoimprinting system can be
identified as rigid substrates or flexible substrates (shown in Fig. 11-3 (a) and (b) respectively).
Both UV nanoimprinting system have similar components. A dispensing unit is used for coating
UV curable resins onto the substrate; the thickness of coating material is controlled by viscosity
of UV curable resin, nozzle size, ejection pressure as well as the feeding speed of substrate. A
pair of flattening rollers are introduced to ensure the uniformity of resin on the substrate. The
thickness of the final replica can be controlled by varying the contact pressure of the contact
roller with the substrate and indirectly with the roller stamper. It can also be controlled by
choosing various UV curable resins with different viscosity. The contact roller and pattern roll
stamper form a passive gap control system. The UV light illumination unit exposes UV light onto
the curing region where roller stamper and photopolymer contact. The cavity of the roll stamper
is filled by photopolymer. An ellipsoidal reflector is used to collimate the UV light from the lamp
with wavelength ranging from 265 to 420nm. The condensing lens is used to concentrate UV
light to a narrower region where contact happens. For the flexible substrate system, the contact
region increases significantly, because the flexible substrate can be wrapped on the pattern roll
stamper. Increased contact region means faster feeding speed, which also means higher
throughput. Shinill Kang and his team demonstrated the imprinting results on a flexible substrate.

Polyethylene terephthalate film was used as the substrate. Pattern roller stampers with two

different nanopatterns were used to test the replication ability of nanopatterns for their device.
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The pattern roller mold is fabricated by the electroforming process which is the traditional nano-
forming technology. Scanning electron microscope (SEM) and focused ion beam (FIB) section
images of line structures with width of 500nm, pitch of 2000nm, height of 900nm on stamper and
imprinted pattern. The nanopattern of line structure was transferred on the resist by UV roll
nanoimprinting, shown in Fig. 11-3 (c). SEM images and atomic force microscope (AFM) profiles
of imprinted nanopillars with diameter of 50nm, pitch of 150nm and height of 35nm are shown in
Fig. 11-3 (d). The deviations of nanopillars on the stamper and imprinted pattern were found to be
less than 3nm. Therefore, the results shows UV roll nanoimprinting process has the ability to
replicate sub-100nm scale nanopatterns with high surface quality. Lan and several researchers[51]
published a survey on the international conference on smart manufacturing application in 2008.
They introduced development of roller-type nanoimprint lithography process at that time. It

mainly included Chou’s and Kang’s setup.
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roll stamper and imprinted patterns, respectively (d) SEM images and AFM profiles of imprinted
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nanopillars[50]
Later in the same year, Guo and Ahn reported high speed R2R NIL on the flexible plastic

substrates[7]. The ability to coat nanometer-scale structures on flexible substrates can enable new
applications in the field of photonics and organic electronic. The process and production of NIL
(on the order of minutes per wafer) still cannot meet the huge demand of many applications. This
is another reason to move to the continuous manufacturing process. R2R NIL can enable
imprinting nanostructures on a flexible film with drastically increased output, leading the
nanoimprint lithography to a brand new level. It inherits the high-resolution feature from
traditional NIL process because it is still based on an embossing approach. However, the
manufacturing speed of the nanofeature can be increased up to one hundred times [7]. On the

other hand, by contrast to conventional NIL process, R2R NIL have several other advantages:

In conventional NIL process, embossing a large-area mold into the resist requires a large force
applied uniformly. R2R NIL requires a much smaller force to transfer nanopatterns because the

imprinting conducted in a narrow region transverse to the web moving direction.

Large-contact area between mold and nanostructures also produces a large adhesive force, which
makes demolding from the substrate without damaging substrates or nanostructures difficult or
even impossible. R2R NIL uses the roller mold which makes demolding like a “peeling” process.
Thus, it is much easier to demold and causes less defects produced by demolding. In addition,
fluorinated anti-stick coatings are always used on the mold surface to reduce the detachment force
required under NIL. However, in the continuous manufacturing process, the small demolding
force does not require anti-stick coatings except when imprinting of high aspect ratio
nanostructures. Furthermore, spraying the fluorinated anti-stick coatings can also increase the
cycle time since anti-stick coating is required for each imprint. Anti-stick coatings can be sprayed

continuously on the imprint roller in the R2R UV NIL process.
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In T-NIL, if the mold and the substrate made by different thermal expansion coefficients
materials, the residual stress between the mold and the substrate may be built up during a thermal

cycle, which may damage the imprint when releasing from the mold.

In the large area NIL, presence of dust particles can affect uniformity around the large
surrounding area, while it can be potentially limited in one dimension by the contact linewidth in
R2R NIL. The other issue is the air entrapment. Gas can be trapped under the entire imprinting
mold since there is no path to escape for the gas trapped away from the edge. However, in R2R
NIL, gas can only be trapped along the contact linewidth. The applied pressure by backup roller

tends to squeeze out air bubbles along either side of the contact line[52].

Guo reported the schematic of their R2R NIL method including a coating process and an imprint
process. The schematic is shown in Fig. 11-4 (a). A roller keeps rotating in the resist. The resist
adherents on the roller then transfers onto a continuous feeding flexible substrate (PET web) after
being flatted by a doctor blade. The coating unit is shown in Fig. 11-4 (b). The web with coating
resist then goes through the imprinting unit, which contains an imprint roller and backup rollers
as well as radiation of UV light. The contact zone between backup roller and imprint roller is
commonly called nip, which will be discussed in the next section. The imprint unit is shown in

Fig. 11-4 (c).
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Fig. II-4 (a) Schematic of the R2R NIL process, and the continuous fabrication of a metal wire-
grid polarizer as one of its applications (the metal deposition process is carried out in a separate
evaporator) (b) Schematic of coating unit and (c¢) imprinting unit of R2R NIL[7]
In the work of Guo, they introduced R2R NIL including R2R thermal NIL[7] and R2R UV NIL.

For thermal R2R NIL, a thermal curable liquid resist based on modified PDMS was used. The
material can be crosslinked within a few seconds at 120 °C. However, using a UV-curable low
viscosity liquid epoxy silicone as the imprint resist can further increase the imprinting speed.
They did experiments on both methods of R2R NIL. For easy visualization of the imprinting
results, they chose a grating pattern of 700nm period in the initial experiment, because a well-
replicated grating structure shows strong light diffraction, and therefore, the pattern quality can be
easily estimated by eye. The flexible substrate used for both tests was a PET web. A 200mm long,
300nm line-width and 700nm period grating imprinted by thermal imprinting is shown in Fig.
11-5(a, b). A 570mm long, 700nm period grating structure imprinted by UV NIL is shown in Fig.
I1-5 (c-e). It is not hard to see that the epoxy silicone resist pattern has a higher quality than
thermally cured PDMS resist, which is attributed to the lower viscosity of UV curable resist that

facilitates the filling process.
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Fig. I1-5 R2R T-NIL results: (a) Photograph of 700nm period, 300nm width PDMS grating pattern
imprinted on PET web by using thermal R2R NIL (b) SEM image of grating structure; R2R UV NIL
results: (¢, d) Photograph of 700nm period, 300nm line width epoxy silicone grating pattern imprinted on
PET web by R2R UV NIL, showing better quality than T-NIL (e) SEM image for the replicated pattern[7]

After the initial experiment, they tried to imprint high-aspect-ratio (AR =5.4: 1) grating

structures. Faithfully replicated epoxy silicone pattern imprinted by ETFE mold should have the
same geometry parameters with the original Si mold. Because the ETFE mold has the exact
inverse pattern of Si mold, we can observe a good shape of pattern replication for fine details at
the bottom of grating trenches, by comparing the original Si mold (Fig. 11-6 (a)) and the replicated
pattern (Fig. 11-6 (c)). Fig. 11-6 (d-f) shows their results for thinner and denser grating structures
which are fabricated by R2R UV NIL. However, like we discussed before, the speed of feeding
web determines the output of nanopatterns. When Shinill Kang and his team introduced R2R NIL
process, the optimal imprinting speed was set as 13mm/s[50]. They also mentioned that the
increasing of UV light intensity will increase the manufacturing speed. In later work of Guo from
University of Michigan, their web velocity was 1.3-23.5mm/s[7, 53, 54]. Maury et al.[55]
reported they build flexible electronic by R2R UV NIL. Their manufacturing speed is at
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0.1m/min (1.6mm/s). Apparently, the manufacturing speed is relatively low, which limits the
output of process. It is mainly limited by UV exposure during the resist curing in the cavity of the
mold. The resist cure level is affected by UV exposing intensity and UV exposure dosage. In
2013, H. Yoshikawa and his team successfully increased the speed to 18m/min[56]. The goal
speed in our project is set to 20m/min, which has been achieved. This will be discussed in chapter

5. The relation between resist cured level and UV exposure will be discussed in subsections.

1l
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g

Fig. 11-6 (a) Original Si mold (b, c) Epoxysilicone gratings replicated from the ETFE mold (d, e)
SEM images of 200nm period, 70nm line width epoxysilicone pattern (f) 100nm period, 70nm line
width epoxysilicone pattern fabricated by UV R2R NIL[7]
The schematic of the testbed for R2R UV NIL used by Good[57] is shown in Fig. 11-7 (a). The

main components of apparatus for R2R UV NIL process involves dispensing unit (also called
coating unit), imprint unit (imprint mold, flexible substrate (usually using web), backup roller,
and peel roller), UV illumination unit, as well as storage unit (winding roller). As shown in Fig.
11-7(b), the mechanics in the nip contact zone and flexible substrate will affect the quality of final

nanopatterns transferring. This part will be discussed in next sections. On the other hand, the
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continuous R2R UV NIL process can be separated into filling the cavity of the mold, UV
exposure, peeling from the imprint roller. The properties of UV resist will determine the filling of
the mold, UV curing and release from the mold. We will discuss the UV resist first, followed by

the process review.
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Fig. II-7 (a) Schematic of nanopattern fabrication producing line for R2R UV NIL (b) Schematic of
R2R UV NIL and nip mechanics in nip contact zone[57]

2.1 UV resin

The UV curing resist (also called resin), used in R2R UV NIL, typically contains monomers,
cross-linking agents, photo-initiator, and may contain photosensitizer. Monomers are the basic of
a resist, which are acrylic and epoxy monomers. Cross-linking agents are molecules similar to
monomers but contain more functional group to enable chain reaction for polymer. Photo-
initiators are a kind of molecules which can absorb certain wavelength UV light to activate the
reaction. The resist may also contain a photosensitizer, which is used to widen the absorbing
wavelength of UV light. When the photo-initiator is irradiated by high energy and suitable
wavelength UV light, it can generate free radical or photo-acid, which can activate the cross-
linking and polymerization[39]. Depending on the monomer, the resist can be classified into a

radical curing system (contains acrylic monomers) and a cationic curing system (contains epoxy
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monomers) [39, 52, 58, 59]. The process of photo-polymerization can be classified into initiation
(also called induction), propagation and termination by reaction kinetic[60], as shown below.

P — P+M(initiation) - M+M(propagation) — Polymer(termination)
P: photoinitiator M: monomer

The polymerization process can be identified into induction, gelation, and vitrification processes
by rheological behavior[61, 62]. The rheological behavior can affect the process of
polymerization. In the first stage at a low degree of conversion, the conversion can be considered
as an autocatalytic or auto-accelerated (kinetics controlled) model with propagation reaction
accelerating up to a maximum before decelerating. When the storage modulus equals to loss
modulus (tand=1), it reaches the gel point. The second stage at the high degree of conversion
would be considered as diffusion controlled and occurring partially cross-linked polymer upon
vitrification below the glass transition temperature. A criterion to determine the vitrification onset
from photo differential scanning calorimeter(p-DSC) results was proposed by Schmidt[61] as the
inflexion point between the first and the second stage in the conversion rate versus the conversion

curve tangents crossover point between the deceleration and diffusion governed zones.

The advantages and disadvantages for both types of resist are listed in Table 11-1[58]. lyoshi and
his team reported a hybrid resist which contains both radical and cationic free polymerization
type. The resist showed relatively low shrinkage and less inhibition by oxygen. It also showed a

good mold removability[58].

Table II-1 Comparison between radical curing system and cationic curing system[58]

Radical curing system Cationic curing system
Advantages 1. Storage ability 1. Small or controlled
2. Quick curing rate shrinkage
3. Uninfluenced by | 2. No oxygen inhibition
moisture 3. Generally better adhesion
4. Easy formation of thick to substrates
film
5. A wide range of
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monomers available
Disadvantages 1. Large cured shrinkage 1. Relatively slow curing
2. Oxygen inhibition rate
3. High volatility 2. Inhibited by moisture

Comparing to the free-radical photo-polymerization, the ring-opening polymerization epoxy resist
does not have issues with oxygen inhibition, resulting in very low shrinkage, excellent adhesion
and chemical resistance. Additionally, it also allows dark-curing after photo-initiation and
thermal post-cure due to cationic active centers[63]. The cationic epoxy resist is suitable for
curing in the ambient air, which means it is preferred for continuous R2R manufacturing process.
A vacuum environment for the whole process will increase the cost and inconvenience of R2R
UV NIL. Benefiting from the recent availability of diaryliodonum salt photoinitiators that are
“benzene free”, the cationic systems are stable at room temperature. To achieve higher
manufacturing speed, the process requires higher web feeding speed. It means that the curing time
for resist while the resin in the cavity of the mold has been shortened. The reaction rate, thus,
should be increased to shorten the curing time. L. Yang and J. Yang et al.[63]proposed a
temperature controlled method to shorten the conversion time. During the induction period at
room temperature, the photo initiator transforms to a secondary oxoinium ion species. The
secondary oxoinium ion species are the triggers for chain reaction forming the resin. Moreover,
studies[64] revealed that secondary oxonium ion species are much more stable under low
temperature conditions. The researchers stirred and irradiated the monomer solution with a
cationic initiator at low temperature. The cationic initiator, thus can be photo-activated and form
secondary oxonium ion species. When the temperature control was removed, the secondary
oxonium ions became active with the increasing temperature to the room, which induced fast
polymerization, and the released heat due to exothermal reaction of polymerization further

propelled the reaction. The whole process has a “snow balling” effect.

The resist we are using in the current project is UV 15 supplied by MasterBond Co. Ltd[12]. It is

a high strength, low viscosity, epoxy-based UV curable system for bonding, sealing and coating.
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It is 100% reactive and does not contain any solvents or other volatiles. As it is an epoxy-based
UV curing system, it is completely free of any oxygen inhibition. The photo reactive wavelength
of UV light for UV 15 ranges 320-365nm, with optimum at 365nm. The curing rate depends on
the intensity of the light source and exposure time as well as thickness of the resin. Typically, it
takes 15-30 seconds to cure a few microns to 0.015-0.020 inches resin with a 20-40 mW/cm2 UV
light. The UV 15 also has lower shrinkage (1-2%) and higher temperature resistance than
majority of resin which cures by a free radical mechanism. UV15 has excellent resistance to a
wide variety of chemicals including water, acids, bases, fuels and many solvents. It also has
excellent optical clarity and light transmission properties. As a cationic UV curing system, one
interesting feature needs to be noted. The UV resin can continue reacting even after removing the
UV light source, which is called dark curing. This suggests that the mechanical properties of UV
resin may keep changing after entirely exiting the wrap on imprint roller. UV15 can also be post
cured. The post cure can enhance UV15’s chemical resistance. Both dark curing effect and post
cure can influent the study of storage of our product. Typical properties for UV15 are shown in

Table 11-2[12].

Table I1-2 Typical properties for UV15

Viscosity, 75 °F

115-350 cps

Tensile strength, 75°F

6,000-7,000 psi

Tensile modulus, 75°F

250,000-300,000 psi

Hardness, 75°F >75 Shore D
Hardness after 1000 hours 85°C/85% RH >75 Shore D
Glass transition temperature, 75°F without post cure 90-95°C
Glass transition temperature, 75°F with post cure 125-130°C
Refractive index, 75°F 1.517
Shrinkage 1-2%

Shelf life, in original, unopened containers at 75°F 6 months

Service temperature range

-80°F to +350°F (-62°C to +177°C)

As we are using a cationic UV curing system, there is no oxygen inhibition. Therefore, it is
convenient for the roll-to-roll process since no vacuum environment is required. Furthermore, as

we discussed above, low shrinkage of this resist also leads to a reliable pattern replication.
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Additionally, the resist can be imprinted with low pressure due to its low viscosity. In addition,

the resist can be cured in seconds by focused UV light.

The mold filling process

The resist must completely fill the mold to produce high-quality nanopatterns. Thus,
hydrodynamics plays a key role studying the filling of the cavity on the mold with resist. Before
filling resist into the mold, coating resist on flexible substrate (PET web in current work) is a
topic to be considered. Too thick a resist coating can cause a residual on the imprint mold which
hampers the continuous imprinting. In addition, the imprint roller and backup roller will squeeze
out the excess resist resulting in waste. Too thin a resist coating will cause insufficient resist
filling into the cavity of the mold or cause coating fractures during the demolding process[7]. In
the current apparatus of the project, we adopt a doctor blade on the gravure roller to control the
thickness of resist coating which comes from a resist container, shown in Fig. 11-4 (b). Therefore,

sufficient resist needs to be provided to get high-quality nanostructures.

Other than the coating thickness, filling time is also a main parameter for the resist filling process.
Additionally, filling time can be controlled by adjusting web feeding speed and contact region
length. The filling time is also affected by resin viscosity, applied pressure, initial coating
thickness, web width, contacting length, final coating thickness. The length of the contact region
is directly dependent on Young’s modulus, Poisson’s ratio and thickness of rubber cover for nip
roller, applied pressure, radius of both imprint roller and nip roller. In R2R UV NIL, low
viscosity UV curable resins are used as patterning media. The simplest and most adopted
assumption is that resin spreads as a uniform thin coating on the substrate in contact with the
imprint roller. This arrangement would give simplest flow behavior and most predictable results
in practice. As the thin coating of resist spreads uniformly between substrate and the imprint
roller, the setup can be described as a one-dimensional squeezing flow of a thin coating into a

long channel cavity[52]. In 2004, H. Schift and L. J. Heyderman[65] presented a method to
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calculate the resist filling time by considering NIL as a liquid flow squeezing model. The two-

dimensional model givesa/ax =0 Therefore, both plates should have length LU Sinx

direction. For an infinitesimal cuboid of the size 2L5V52 at the axis 2= 0, shown in Fig. 11-8(b).
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Fig. II-8 Geometrical definitions used for the description of flow process (a) before molding (b)
after demolding (c) Model describes the flow process. Left side: Flow element. Right side: Velocity
distribution in a Newtonian flow. Only the flow of polymer between the centers of two protrusions

contribute to the filling of the cavity of the stamp mold[65]
From the quasi-stationary flow motion equation:

—0;p+V,0; =0 (1I-1)
the shear stress in y-direction can be derived:

o :dp(y)z (11-2)

zy dy
If we consider the flow as a Newtonian flow, here the pressure p is considered to be independent

from the z axis. Newton’s friction law is applied as follows:

dv, . 1 1d
_y:yzy:_o-zy___pZ

dz Mo 17, dy
Integrating equation ( 11-3 ) over z gives velocity field:

(113)

v, (y,2.t)= — Zz_[h(t)Jz dp(y.t) (114

21, 2 dy

with the boundary condition, v, =0,at|z| =h(t)/2. The equation ( -4 ) showed the

distribution of flow velocity of y direction across the z axis. Integration of equation ( 11-5)( 11-4)
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over z with the boundary condition, v, = 0,at |z| =h (t) /2, we introduced the dependence on

time. The half volume flow in y direction, a, (y,t) , Is calculated as follow:

21, dy
(11-5)
h(t)
e _h3(t)dp(y,t)
24n, dt

q,(y.) = j v, (y,2,t)z = IO“‘%L{ZZ_[h(zt)jz}dp(y,t)dz

__Ldn(y )1, MY,
2, dy |3 4

The volume flow in the slot q(y,t) through area y =const results in:

L dp(y.t)
t)=2Lq, =——h*(t)——< 11-6
a(y.t)=2Lq, 2, (t) iy (11-6)
The volume flow in the slot q(y,t) can also be calculated by
dh(t
q(y.t)=-Ly dE) (11-7)

Since the direction of flow is toward negative y direction, thus there is a negative sign for the

volume flow. Combining equation (11-6 ) and ( 11-7),

L @00 dhi)

gA)=- 11-8
I =5 dy dt ()
Integrating over y results in hydrostatic pressure as a function of the film thickness h(t):
dp(y,t) 12n,y dh(t
PLY.t) 120y d(t) (119
dy h*(t) dt
12,y dh(t dh(t 2
J‘/ oY y ?770 ( ) yz_(ij (IL10)
*(t) dt h*(t) dt 2

with the boundary condition p(s/2,t)=0.

Integrating equation ( 11-10 ) over the width of a single stamp and multiply the length of mold, we

get force:

27



3
s/2 S
F=L[  p(y.t)y=—Ln, {W} (T-11)

Finally, from equation ( 11-11 ) we can solve for film thickness h (t)as a function of time under a

constant force F.

L 1, eF,
h(t) h pLs’
When the resist has fully inserted into the cavity of the imprint mold, the height of film thickness

(11-12)

ish, =h (tf ) . Combining with equation ( 11-12 ), we get the embossing time:

L 3
t, = =S iz—iz (1I-13)
2F | h? K

For most practical cases, we applied pressure on the imprint mold. Then we can get resist filling

time as format of equation ( 11-13).

Other research based on work of H. Schift and L. J. Heyderman[65], developed the UV NIL resist
filling time calculation method. Hong. H. Lee and his team reported filling time for R2R UV
NIL[66].To obtain the equation for filling time, several assumptions should be made. First, the
diameter of the imprint roller should be much bigger than contact length L so that the curvature of
the mold does not affect flow behavior. Second, the distribution of the press is assumed to be
uniform through the length of the contact region. Third, the flow of resist is assumed to be purely

viscous, the resin is incompressible. Then, we get the following equation for t

T)S? (1 1
t; =M — = (1I-14)
2P(t) | h,® hy
1 (T) is the resist viscosity at temperature, T, P(t) is applied pressure by a backup roller, hf and h0O
are the final and initial thickness of resist coating, respectively, S is the pattern size in the

machine direction. The viscosity is considered as a variable dependent on temperature, while the

applied pressure is thought to be dependent on time. Fig. 11-9(a) shows that the PUA mold as a
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substrate film is flexible, but is rigid enough to be a mold for imprinting. If the cavity is filled

entirely, the final thickness can be calculated by

WH
h. =h,— 11-15
=W ( )
W is line width, S is pattern width, H is depth of pattern, shown in Fig. 11-9(b).
(b)
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Fig. I1-9 (a) SEM image of a flexible PUA mold that was replicated from a hard mold. (b) Schematic
illustration of imprinting with PUA mold. The PUA mold moves at a speed of V and the pressure is applied
to the PDMS buffer layer.[66]
Hong. H. Lee and his team reported filling time for R2R UV NIL[66]. They developed equation (

11-14 ) to predict if the filling time is adequate. For continuous imprinting, L is the length of the
contact region, and V is the web speed. Thus, the time from web moving into the contact zone to
out of the contact zone should be greater than the filling time required to fill resist into the cavity.

It can be described as

Vv 2P(t) hf2 ho2
As shown in Fig. 11-9 (b), the protruding part of the imprint roller obliquely penetrates into the

T 2
Ez_”( )S [i_i] (1-16 )

resist when it first contacts the resist on the substrate. This oblique contact can help reduce
entrapment of air bubbles. This is another reason that a backup roller is required for the resist

filling unit of R2R UV NIL additionally providing pressure.
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Heyderman et al. also used this model to calculate the filling time for NIL[67]. Heyderman used
this method for plate to plate nanoimprint of thermal plastic. It is obvious that the increasing
embossing pressure or reducing the viscosity of the polymer (by increasing temperature) can
decrease the filling time by equation ( 11-14 ). Furthermore, to reduce the filling time, we can
increase the polymer thickness or decrease the ratio of cavity volume to stamp width. Similar to
thickness of the resist coating we discussed before, the film thickness should be thin enough for
subsequent pattern transfer but thick enough to fill into the mold. All of these factors should be

taken account to optimize the NIL mold filling process.

We mentioned above that a backup roller is required for providing pressure, and eliminating air
bubbles. The imprint roller and backup roller form a contact zone which would commonly be
called the nip contact zone. In 2009, S. H. Ahn and L. J. Guo from University of Michigan
created dynamic elastic roller contact model[53]. The thickness of the product or residual layer
thickness (RLT) is of importance for metal wire-grid polarizer and solar cells in optical
applications since they will affect the absorption of light or film birefringence. In addition, most
semiconductor applications generally need thinner RLT to decrease the impact on nanostructured
profile. Guo and Ahn zoomed in the contact area between the imprint roller and the backup roller,
regarding the contact region as two planar plates squeezing the liquid resist. The schematic of
liquid resist being squeezed by contact rollers is shown in Fig. 11-10 (a). Thus, resist filling time

can be calculated by similar method of NIL.

na’(1 1) pa®L{1 1
tZE(F‘h—z ToF MW (1
0 0

Where 1 is the resist viscosity. In the UV nanoimprint process, the reaction can produce heat,

however the temperature cycle is not as much as the T-NIL process. Thus, an average viscosity is
adopted in the equation. P is applied pressure by backup roller, F is the applied force for the

plates, a is the length of contact area, L is the width of planar panel. h and hO are final and initial
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thickness of resist coating, respectively. Since they are impacted by the residual layer thickness

(RLT), therefore, the equation for calculating RLT is as follows.

oF 1 e
h— (1I-18)

77a LV h0

Ea
o
&

Fig. II-10 (a) Schematic diagram of the liquid resist being squeezed by the contact rollers (b) modeled
as rigid plates (c) modeled as elastic cushion layers (the pressure distribution is given by Hertz contact

solution). (d) the dynamic elastic roller contact model[53]
Many researchers worked on the study of residual layer thickness. In 2005, Lee worked on

exploring the effect of imprinting pressure and viscosity of resist polymer. He found that a near-
zero-residual layer can be achieved with assists of high-pressure imprint, regardless of the initial
resin thickness. Additionally, highly fluidic imprint resin is helpful to achieve a near-zero-
residual layer[68]. Lee et al. reported a specular x-ray reflectivity as a powerful metrology to
quantify the nanostructure height, residual layer thickness as well as aspect ratio[69]. Later in
2007, Schimiit et al. also used equation ( 11-14 ) to predict the resist filling time[70]. However,
they suggested that in the case of the initial resist thickness being much bigger than final resist

thickness, the final thickness of resist can be simplified as
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In 2019 IWEB conference hold by Oklahoma State University, Dr. Pagilla from Texas A&M
University reported their progress in the mold filling process in R2R NIL[71]. A model utilized to
investigate the effect of web speed, fluid film thickness, viscosity, stress relaxation time, mold
pattern geometry and size was developed. Time-dependent pressure distribution was applied in
the model instead of existing results where a priori assumption were made. The mold filling
process is highly dependent on the interactions between the material properties, especially the

stress-relaxation time A and free-surface energy v.

Many scholars also showed interests in simulating resist filling process by molecular dynamic
method (also known as stochastic simulation). In 2007, K.W. Kim et al. reported using molecular
dynamic method to study the pattern transfer of NIL. They studied adhesion and frictional force
for different aspect ratio pattern[72]. Masaaki et al. from Osaka Prefecture University studied the
relation between the press force required to fill the resist in the cavity and the size of the
cavity[73].They also reported that the sidewall roughness may affect the press force. M. Koyama
et al. simulated the resist filling process. They mainly considered reactions between
monomers[74]. This finding shows that the effect of film thickness on conversion ratio is much

smaller than the data obtained by experiments.

The resist filling process has been studied by many researchers with different methods. In
summary, sufficient resin should be provided to entirely fill the cavity of the mold. A backup
roller (nip roller) is necessary for continuous roll-to-roll nanoimprint lithography. Since
introducing a nip roller is unavoidable, a model to deal with nip pressure and resist flow has been

reviewed.
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UV exposure
The curing process of UV curable resist is directly influenced by UV dosage received during

imprinting process. Too low the dosage will result in unmatured resist which may lead to pattern
transfer failure, while too much the dosage will cause overcooking, resulting in higher shrinkage
ratio, brittleness, residual stress, and difficulty of the demolding. Therefore, proper UV light
exposure is strongly recommended for high-quality nanostructures. It also limits web transporting
speed to achieve high-speed roll-to-roll nanoimprint lithography. On the other hand, UV light
intensity can affect the curing rates. Generally, higher UV light intensity can increase the curing

rate of UV resist. In this section, we will consider the distribution of UV intensity.

Jian and Zhao reported simulation of light distribution of a UV lamp with a parabolic cylinder
reflector on the workpiece surface[75]. They built a physical model, which had a good agreement
with the real situation. In addition, the simulation can help adjust the parameters of the UV
radiation system. Many researchers studied UV light intensity distribution in UV disinfection,
which is similar to Jian and Zhao’s work[76-78]. Zhang and Chen reported a unique radiation
characteristic of UV LED array for inquiring the photocatalytic odor abatement process[79]. They
neglected the scattering and reflection due to their narrow-slit gaseous reactor. The photon flux
overlapping can affect the radiation field due to directivity of LED lamps. Additionally, the LED
lamps are assembled as arrays. They built a model to calculate the intensity distribution of LED
array based on geometric relationship. Zhang and Chen reported a photocatalytic degradation in a
LED continuous reactor[80]. Their LED lamp is 3*9 arrays. The directivity of the LEDs was
20°for 50% of total irradiation energy. They fixed the LED at a distance of 3.5cm directly above
the reactive film. They determined light intensity projected onto reactive film by averaging 20
measurements at varying positions on the plate. The uniformity of UV light distribution is
determined by the standard deviation of measured intensity which is within +20%. Moreover,

Shibata[4] and Hirai[81] reported simulation of UV distribution throughout the profile of resist.
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Maxwell’s equation was numerically solved by finite-difference time-domain method (FDTD). It

shows the electromagnetic propagation of the UV light irradiation.

To successfully obtain nanostructures, we want the UV light exposing on resist as much as
possible when the resist is pressed into the cavity of the imprint roller. However, other areas,
especially resist coating area prior to imprint roller, can be under unintentional exposure. Such
exposure could cause chain reaction in the resist prior to resist filling process, which would
increase viscosity of resin and lead to unsuccessful pattern transferring. Guo also mentioned
about this pre-exposure effect in his work[53]. Kirchner et al. reported the influence on resist pre-
exposure[82]. They used demolding force as an indirect measurement of resist curing. Successful

pattern transfer can be achieved before a threshold value of accumulated UV light dose.

It is also important to understand the UV curing process since we need rapid curing, less
shrinkage, and low adhesion. Obviously, there is a relation between UV light intensity and
conversion rate, UV light dosage and final conversion ratio. This part of review is closely related
to another group of papers which is about measurement of mechanical properties as a function of

percent cured. Thus, we will discuss the UV curing in the following section.

Based on current review of UV light distribution, it is not enough to build a model for our project
since we are using two LED lamps with arrays. The reactive film is not a plate but a lateral
surface of a cylinder. However, experimental measurement could be a good solution to obtain the

accurate UV light intensity distribution around the cylinder.

Demolding process
After the resist filling process and UV curing process, there is another challenge to accomplish

successful pattern transferring, which is the mold releasing step. When the UV resist fills into
cavity of mold, it is in liquid phase. Thus, it is easy for the resin to be filled into the nano-channel

on the mold, resulting in promising high aspect ratio nanostructures. Successful demolding of the
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pattern from the mold without any damage will be hard after resist is cured by UV exposure. The
challenge will be even greater when the aspect ratio is increasing. Considerable research works
have been done in this field. These studies are mainly classified into two groups by considering

whether the anti-stick additive is added or not.

The crosslinking level determines both shrinkage and modulus of cured resist. With the increase
of crosslinking level, the shrinkage as well as modulus will be increased. Shrinkage can either
impede demolding or break the interface between mold and resist to assist demolding.
Furthermore, a relatively high modulus of resist can help avoid damage from demolding[39].

Therefore, shrinkage level needs a compromise consideration.

A large volume of studies for optimizing the demolding process of thermal NIL has been
conducted[16, 17, 19, 83-86]. The demolding of the cross-linked nanostructured polyacrylate
from a fluorine-based mold is not an easy job[11]. Two important phenomena of interaction
between the UV curable resin and the mold make the demolding complicated. An increase of
adhesive strength at the interface as well as the shrinkage due to cross-linking of polymerization
occur simultaneously during the UV curing. Excessive UV curing causes the high shrinkage of
the polyacrylate and increases the possibility of initiation of the cracks in the nanostructures.
Insufficient curing leads to low shear strength which is tremendously important for the cured
nanoimprints to maintain a high-fidelity quality. The UV curable resin used in the current project
has a max shrinkage ratio of 2%[12], which is relatively low to other materials[13, 14]. The
adhesive strength has also been studied vastly in the thermal NIL[11, 15-19]. Amirsadeghi et al.
reported a parallel demolding process in UV NIL by numerical simulation[87]. The parameter
needed for simulation involving Young’s modulus, coefficient of friction, crack initiation stress,
fracture toughness and demolding energy were obtained by experiments. The fracture strength

would increase with higher concentration of cross-linking agents since the cross-linking net
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structure can increase the mechanical properties of the resin. Meanwhile the fracture stress also
increases with an increase of the concentration of cross-linking agents due to the increasing
Young’s modulus. When both curing and demolding stresses were considered, the optimum
cross-linking agent concentration had been found out, seen in Fig. 11-11. Yeo et al. reported peel
demolding instead of parallel demolding for a micro-pattern with an aspect ratio of 14[15]. The
parameters governing the demolding process were peel angle, pre-crack condition, tensile
modulus and strength, shrinkage, and interface fracture toughness. They used a numerical
analysis of cohesive zone modeling (CZM) to simulate the demolding process. They used thermal
strain effects to mimic shrinkage caused by UV curing. The fully cured polymer was peeled off
by applying displacement. The failure criterion was the ultimate tensile strength. However, in
their simulation, they considered polymer as a liner elastic polymer which affect the accuracy of
simulation. Later, Yeo et al. used a hyper elastic material model and rate-dependent cohesive
zone modelling in the simulation[88]. The accuracy of simulation was enhanced. They also
increased the aspect ratio from 5 to 10, and the results indicated optimal shrinkage increased from
0.9% to 1.9%. T. Tochino et al. reported the impact of shrinkage on template releasing process in
UV NIL[89]. Unlike Amirsadeghi and Yeo, they built a single symmetric structure and focused
on shrinkage induced residual stress and partial separation. As a result, the demolding force
increases as the thickness of residual layer decreases. The maximum demolding force depended
on aspect ratio. The release force increases as aspect ratio increases. This finding is in line with
that of previous researchers’ work. Y. Hirai et al. reported impact of stiffness of template for
NIL[90]. They used both numerical analysis and experiments to compare failure rate with
different stiffness templates. They reported release force is not the only factor to take into
account. The stiffness of template is another factor which impacts the demolding. Furthermore,

Z.C. Song et al. reported that simulation for demolding process of T-NIL[91]. They also built a
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simple structure with only one single symmetric model and studied the stress and deformation in

polymer during cooling and demolding process.

FEEEEEEERE
1=y

Fig. II-11(a) FEM model and the boundary conditions: The interface between resist (top) and silicon
stamp (bottom) was modeled as cohesive zone elements. Simulation was done in two steps: First, a
pseudothermal contraction was used to simulate the polymerization shrinkage upon curing while resist was
constraint on x direction. Second, the resist was pulled out of the stamp cavity by applying a vertical
displacement. (b) Von Mises stress evolution during curing (stagel) and demolding (stage 2)[87]
The numerical analysis method for parallel demolding and peel demolding for UV NIL has been
discussed earlier in this report. Some other researches also reported demolding process by
experimental method. Ye et al. reported effects of exposure time on defects and demolding
force[92]. With increasing exposure time, the degree of curing and demolding force was
measured. They modelled the resist as a linear viscoelastic material, which helped explain the
increase of demolding force when curing time was increased. M.Shira et al. reported effects of
elastic modulus on demolding force[93]. They measured storage modulus and demolding force by
a rheometer. They suggested that the increase of demolding force is mainly caused by vertical
surface of nanostructures. The optimization of elastic modulus of cured resist is important for
defect-free demolding process in UV NIL. On the other hand, some researchers also pointed out a
novel multi-step demolding process. They suggested that unfully cured resist could not only
successfully transfer pattern but also reduce the demolding force. Jiang et al. presented a two-step
curing method for demolding[94]. In the first UV exposure, they released mold when the pattern

could stay stable. After demolding, a second UV exposure was applied to acquire sufficient

pattern rigidity. Later, the same team proposed the two-step curing method with multistep loading
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and demolding process[95, 96]. This method increased output with reducing demolding force and

avoiding to pull up the residual layer.

To reduce the demolding force, some scholars proposed using anti-sticky coatings. Many kinds of
antiadhesion coatings have been reported.[26, 97]. As a specific imprint mold and a substrate are
used in this work, other antiadhesion coatings are not discuss here. The imprint mold we are using
is made of a flexible fluoropolymer, ethylene-tetrafluoroethylene (ETFE). ETFE mold is
replicated from an original Si mold by a thermal NIL process. In addition, ETFE mold has an
exceptional anti-sticky property (surface energy of 15.6 dyn/cm). However, it is also challenging
when the high aspect ratio patterns are continuously imprinted by roll-to-roll method. Therefore,
a few drops of fluorosurfactant were added into the resist[7]. Additionally, L. J. Guo et al.
reported that traverse or parallel peeling can affect the pattern transferring[98], shown in Fig.
11-12. The energy release rate kept constant where peeling was perpendicular to the
nanostructures. In the contrary, when peeling direction is parallel to nanostructures on the mold,
the energy release rate changes with time. Thus, they concluded peeling perpendicular to the
nanostructure orientation results in better quality than the parallel one. In roll-to-roll nanoimprint
lithography, the demolding process can seem as a peeling process. During the whole R2R UV
NIL process, we need to avoid slippage between the imprint roller and the uncured resist, because

the slippage can destroy the nanopatterns.
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(a) Peeling perpendicular to the gratings

(b) Peeling parallel to the gratings

Fig. 11-12 Schematic of two different mold separation methods: (a) peeling parallel to the grating
orientation and (b) peeling perpendicular to the grating orientation. Pictures on the right show that “peeling
perpendicular to the grating orientation” provides better pattern quality for 200nm period grating

pattern[98]
2.2 Nip Mechanics

In the continuous R2R UV NIL process, a backup roller is required for several reasons: (1) a
backup roller can provide pressure required to fill UV curable resist into cavity of the mold on the
imprint roller. (2) To achieve our high-speed continuous manufacturing goal, the air entrainment
can happen on the web substrate. Thus, a backup roller is needed to effectively squeeze out the
incoming air layer[99]. On the other hand, the backup roller can also help eliminate air bubble
defects in the resist filling process. (3) In the continuous manufacturing process, the
nanostructures need to be replicated on a web substrate. Therefore, the contact between the
imprint roller and the web is a line-contact. Thus, a cross machine direction (CMD) needs to be
considered. A backup roller can provide uniform pressure across the substrate. Based on the
above reasons, a backup roller is required for the R2R UV NIL process. As mentioned in section

1.1 of the literature review, the apparatus of R2R UV NIL always contains a backup roller.
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Nip Contact Mechanics

A backup roller covered with elastomer and an imprint roller with hard surface form a rolling nip
pair. The rolling nip pairs have been widely used in web manufacture for a long time. It was
mainly used for preventing slip between rollers. Such roller pairs are also used for pressing two or
more sheets together for manufacturing laminated products. The rolling nip pairs can remove air
on the surface layer of web and increase web tension through the nip contact zone. The increased
web tension will increase wound roll tightness, which could prevent failure during wound roll
storage and transportation. How to control this increased web tension drew researches’ and
manufactures’ attention at earlier times. Studies about the nip contact mechanics have been done
by many researchers. The rolling contact can be traced back to 1882. The Hertz theory[100]
assumed elastic contact of frictionless surface. Thus, there was no tangential surface traction
across the interface. E.I. Radzimovshy[101] developed Hertz theory. He reported stress
distribution and strength condition of two rolling cylinders pressed together. To determine the
strength in contact zone of two cylinders rolling together, the variation of stress during loading
cycle should be taken into account. He also presented progresses made by other researchers at
that time (1953). Bentall and Johnson reported slip in the rolling contact of two unidentical elastic
rollers[102]. They considered unsymmetrical stress distribution due to tangential forces
transmitted or micro-slip occurring in the contact zone. After the numerical computation, they
reported that there were three regions for micro-slip in the contact zone of two dissimilar rolling
elastic cylinders: one at each edge of the contact and a third toward the opposite of slip direction.
A difference in elastic constants can lead to a different peripheral speed. In the next year, Bentall
and Johnson[103] presented an elastic strip passing through a rolling nip pair. They first assumed
there was no slip between contacting surfaces. Thus, a shear stress was produced on interface. A

micro-slip must exist within nip contact zone by comparing these shear stresses with the normal
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stresses. They also reported their results of contact stresses, the indentation of strip, contact width,
and the speed of strip passing through rolling nip pair with relation to nip roller rotating speed.
Hahn and Levinson[104, 105] reported a frictionless contact between an elastic layer covered
cylinder and a rigid cylinder without strip. They also analyzed the situation which assumed
slipping over the entire contact surface based on Coulomb’s friction law. Batra [106, 107] studied
a compressible rubberlike layer bonded to a rigid roller and indented by a rigid rolling using
boundary element method. He found out the pressure on contact surface depended on thickness of
rubberlike layer and the Poisson’s ratio of the layer. Soong and Li [108] studied steady rolling
state for two cylinders with a thin sheet in the nip, each covered with an elastic layer to a rigid
core. The thin sheet was incompressible in its thickness. They found out that the speed
differential would develop an asymmetric shear stress on the contact surface and the nip geometry
would be adjusted. The local slippage would not affect the speed ratios when the coefficient of
friction was not too low. Later they considered that the asymmetric stress distribution was caused
by a pushing or pulling force applied on end tail of the sheet. The local slippage in the contact

interface was studied by enforcing exact contact conditions[109].

Nip Induced Tension in Web

Many researchers have conducted studies on the mechanism inside the rolling nip contact zone.
On the other hand, the tension in web can be increased after the web passes through the nip.
Pfeiffer first described this phenomenon of increasing tension due to nip pressure called nip-
induced tension in 1966[9]. He also gave a new term to describe nip-induced tension as wound-in
tension (WIT). In the later literature, Good introduced the definition as the tension in the
outermost lap of a winding roll and renamed the term as wound-on-tension (WOT). The term
WIT and WOT are identical. Since the WOT is more commonly used, thus it is preferred in this

document.
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One group of studies in the literature mainly focus on empirical study of WOT with various ways
to measure WOT in a winding roll. Rand and Eriksson [110], and Pfeiffer [111] introduced a
direct measurement method for WOT. Pfeiffer’ arrangement is shown in Fig. 11-13 (a). The web
tension before entering nip contact zone was measured by a load cell which was located at the
upstream of web. The nip-induced tension was measured by another load cell after the web went
through the nip contact zone. The nip load was controlled by a cylinder/cable system. However,
later in 1999, Good et al. [112] proved it was a interfering method. Shortcomings include (1) the
inability to determine if the WIT was constant throughout the wind and (2) the signal to noise
ratio in the experimental measurement blocked it to be a candidate for measuring WIT during
winding. A WIT apparatus was developed at the Web Handling Research Center, as shown in
Fig. 11-13 (b). The web tension was controlled by a tension controlling unit. The brake at
unwinding roll provided the braking torque resulting in tension in web which was measured by a
load cell. Then, the web went through the nip contact zone. An idle roller and the nip roller
travelled together on a mount which could move on a rail. The nip load was closed-loop
controlled by a swing arm. Since the web wrapped the nip roller 180 degrees, the setup prevented
web tension affecting the nip load. The WIT at the outer layer of web was measured by another
load cell. Pfeiffer reported experimental data of a rolling nip on a stack of paper, which simulated
a rolling nip cylinder with an infinite radius cylinder[113]. He observed the outer layer of paper
stack moved towards the direction of rolling nip, while the layer beneath outer layer moved the
opposite direction. He concluded that there must be an instantaneous center rotation under the
contact interface. To understand the mechanism of nip-induced tension in wound rolls, Good and
Wu used the same apparatus to measure web tension, which is shown in Fig. 11-13 (c). To
minimize the effects of elastic hysteresis, an aluminum strip was employed instead of rubber or
plastic due to its lower hysteresis but relatively high Young’s modulus. Since the deformations of

the aluminum strip would be small, a precise method to measure the elongation and nip-induced
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tension was necessary. In the experiment apparatus, an aluminum strip was rigidly clamped at one
end of the test table. A dead weight was applied to the opposite end of the aluminum strip to
provide tension in the web. Aluminum nip roller with different diameters rolled through the strip
at various nip loads. The nip-induced tension was measured using strain gages on the aluminum
strip. Good and Fikes [114] proposed an indirect measurement method for measuring the wound-
on-tension (WOT) with winding models. They used force sensing resistor (FSR) to measure the
WOT. The increase of nip pressure resulted in increasing of radial pressures and also increasing
the winding tension in constant tension center-wound rolls. With known web properties, a
modified Haklel’s model[115, 116] can be used to predict winding tension. The maximum

wound-on-tension, WOT, for a center roller with an undriven nip roller is

WOT =T, +NIT=T,_, + % (I1-20)
where NIT is the nip induced tension, p is the coefficient of friction, N is the nip pressure in units
of load per unit width, and h is the web caliper which yields units of stress for the tension. The
expression worked well for kinds of web materials and winding conditions. The limitations of the
expression were unknown. Later, Good et al. [112] and Steve [117] found that the estimation of

expression (11-20) was too large for increasing nip load.
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Fig. II-13 (a) Schematic of Pfeiffer’s experiment apparatus[111] (b) Schematic of test equipment
developed by WHRC[112] (c¢) Schematic of measurement of nip-induced tension in aluminum strip
[116] (d) Schematic of non-contact laser doppler velocimetry method[118]
Good, Kandadai and Markum [118] developed a non-contact method to measure the WOT by

applying laser doppler velocimetry (LDV). The method is based on change in deformation of the
web. It picked up a first location upstream of the winder where the tension could be measured and
a second point where the web had become the outer layer of a wound roll. The difference of
velocity divided by upstream velocity gave an approximate MD strain change between two
picked sites. Using the strain change multiplied by Young’s modulus and cross section can
produce the estimated change of web tension between the upstream location where the tension is
known and the site where it had become the outer layer of a wound roll. Thus, the final WOT can
be the sum of the tension known at the first point and the change of the web tension. The method
is based on no slippage between the outer layer of a wound roll and the layer beneath. However,

the slippage does exist. Therefore, the second site for velocity measurement must be picked at
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several different points to determine where the slippage is located. Jiang [119] developed a non-
interfering method to measure the WOT. He used the core pressure and the winding model to

infer WOT.

Many researchers also tried to explain the mechanism of WOT or nip-induced tension (NIT).
Good and Wu [120] gave their explanation of NIT in their paper published in 1993. A Hertzian
normal stress distribution moves along the machine direction on the upper surface of the web in
finite element analysis. On the other hand, the lower web surface was refrained by frictional
force. An elongating machine direction strain due to compressive Hertzian-like contact stress,
which is under the nip roll location, is distributed through the depth of web. As the elongating
strain advanced with the moving nip roll, web material attempted to advance in front of the nip. If
the web material in the back of the nip is constrained, a net increase in the web tension will result.
Good and Wau first provide a basic understanding of elongating machine direction strain.
However, their model used Hertzian contact model which does not consider the shear stress at the
upper surface of web material due to rolling contact with friction. Later work done by Jorkama
[121, 122] showed that Poisson’s ratio is not responsible for the slippage. He developed a
rigorous contact model for the winding nip, which can calculate the slippage and the NIT in the
outer layer. He found out NIT is nearly independent of Poisson’s ratio but sensitive to the shear
modulus of rigidity. This indicated shear stress and strain are the main reasons for the slippage
which results in NIT. In 2001, Good [123] developed a model for predicting NIT which had been
proving to agree with trends measured in the laboratory. The model required the input of
Poisson’s ratio, which is small and difficult to measure. It assumed slippage between the nip
roller and the web hardly affected the NIT since the coefficient of friction between web layers is
smaller than the one between the web and the nip roller. Arola and Hertzen [124, 125] used the
FEM method to analyze the mechanism of NIT by studying layered structure of the paper stack

like Pfeiffer’s experiment[113]. The slip-and-stick pattern in all contacting surface had been
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presented. A detailed movement of interlayer paper sheets is given. They identified the
mechanism of NIT as a result of shear stress and opposing frictional force. Kandadai and Good
[126, 127] presented a new method of wound roll analysis using an explicit finite element
method. In their model, the results showed NIT is proportional to the coefficient of friction of the

web layers and the nip load.

Literatures about the pressure distribution in the rolling nip contact zone and nip induced tension
(NIT) have been reviewed. To successfully obtain nanopatterns in continuous R2R UV NIL
process, slippage between the resist and the web, which can significantly destroy the
nanofeatures, must be avoided. The pressure distribution affects the filling time of the resist and
also NIT in the web. In addition, the increasing web tension due to NIT could cause slippage in

the wrapped area other than the nip contact zone. This slippage also needs to be avoided.

2.3 Measurement of curing UV resist
To accomplish the goal of high speed R2R UV NIL with high-quality nanofeatures on the

substrate, it is significant to characterize the mechanical properties of UV curable resist during
curing. As we have mentioned above, the resist is filling into the cavity of the mold when it is in
liquid phase. Right after the resist-filling step, exposure of UV light will initialize the photo-
polymerization. The resist will keep reacting till fully cured. Mechanical properties including
Young’s modulus, shear modulus, tensile strength and shear strength are of interest because the
resist would be deformed and have interaction with the imprint roller during the imprinting step.
Due to the interaction between the resist and the imprint roller happening when the resist is
reacting, the mechanical properties need to be measured as a function of percent cure. In addition,
there could also exist tensile failure of cured or pre-cured nanofeatures during the de-molding
process, especially when nanostructures have a high aspect ratio. The pre-cured state of
nanostructures is due to the lack of exposure time or low UV light intensity. It is also feasible to

reduce the demolding force by releasing mold when the resist is at a pre-cured state[94], followed
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by an additional UV exposure step after the demolding process. Additionally, the cationic epoxy
curing resin has a dark-curing effect, resulting in polymerization of resin remaining even out of
irradiation of the UV source, which would increase the mechanical properties of nano-pattern on
the substrates. On the other hand, the shrinkage of the resist by polymerization could affect the
demolding process[89], and it may reduce the demolding force and stresses in the nanostructures.
The shear behavior between the resist and the imprint roller is due to the friction. Therefore,
measuring the coefficient of friction as a function of the conversion ratio would be helpful to
increase the accuracy of predicting shear stresses on the resist surface while the nanofeatures are
leaving the imprint roller. Comparing the shear stress on the resist surface and the shear strength

of a certain percent cured resist can help us to evaluate the potential damage of nanofeatures.

Measuring mechanical properties as a function of the conversion ratio is difficult to accomplish,
because the conversion ratio of the polymerization of the resist needs to be measured by
equipment, such as a photo differential scanning calorimeter (pDSC)[128-130], a fourier
transform infrared spectroscopy (FT-1S)[59, 131, 132] and etc. The conversion rate and the final
conversion ratio are directly affected by the UV light intensity as well as the exposure time. A.
Maffezzoli et al. [128]reported time-temperature and time-irradiation intensity superposition for
photo-polymerization of an epoxy based resin in 2005. They proposed a new time-intensity
superposition principle for a cationic epoxy resin to associate a more traditional time-temperature
superposition principle. The master curve obtained by experimental data indicated that the
temperature or the irradiation intensity have similar effects on the curing process. J.E Manson et
al. presented time-intensity transformation[10, 129]. They drew the same conclusions.
Additionally, they found there are three stages for the polymerization: the initial stage, gelation,
and vitrification. During the gelation, the monomers can move freely with diffusion, while the
monomers are relatively fixed in the vitrification stage. Higher intensity increases the rate of the

polymerization, which would develop the internal stress. However, the stress built-up can help to
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delay the vitrification, thereby higher final conversion ratio. Many researchers reported the same
phenomena[133, 134]. Additionally, scholars who cared about mechanical properties as a

function of conversion ratio conducted the tests with the x-axis as exposure time under a certain
UV intensity. Thus, the production of the exposure time and the UV light intensity will result in

the UV exposure dosage.

Measurement of modulus and demolding force
R2R UV NIL was first introduced by Shinill Kang in 2006[50]. Before 2006, most researchers

devoted their focus on UV NIL, as a stationary molding process. Therefore, the variation of
modulus by conversion ratio did not raise the attention of scholars who studied on UV NIL.
However, the curable resist has been widely used for coating, lithography and other fields. S. A.
Khan and his team first published the device for measuring rheological parameters of UV curing
resist in 1992[135]. They presented a controlled, in situ method to rheologically monitor the
material properties when the resin transforms from liquid state through gel point to a solid state.
They also use differential photocalorimetry as a complementary method to relate the mechanical
properties to reaction conversion. Their device is shown in Fig. 1I-14(a). J. E. Manson et al.[136]
used a rheometer coupled with a UV-light generator to characterize UV curable systems for
coating. They measured storage modulus and loss modulus as a function of time. Due to the high
reaction rate (50% conversion in less than 0.3s) of the UV curable resist, they also measured
viscosity with UV-pulse irradiation. The setup called photo-rheometer was also used to measure
rheological and viscoelastic properties of a series of star-branched polyester resins[137]. The
setup is shown in Fig. 11-14(b). F.A. Houle et al.[130, 138] used a rheometer to measure the
storage modulus, but they did not give out the setup. They also did nanoindentation on fully cured
resin to measure the viscoelasticity. Other than the modulus they also measure the demolding
force and the fracture energy release rate with or without anti-stick layer. R. Suzuki et al.[131]

reported storage modulus and loss modulus measured by a rheometer. The setup used a quartz
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stage as a substrate for rheometer due to ability of high transmittance of UV light. See Fig.
11-14(c). The UV source irradiated to the resist through the quartz stage beneath the substrate.
This setup is simpler than J.E. Manson’s since they need to introduce light through a mirror and a

tube inside the rheometer. They also presented the viscoelastic modulus is a function of the

effective exposure time \/l—[t (1'is the intensity of the UV source, t is the exposure time). Later in

2012, they proposed the kinetic of polymerization and developed a model of conversion ratio as a

function of \/l—[t [139].
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Fig. II-14 (a) Schematic diagram of rheological setup that allows in situ gelation of photosensitive
materials. UV radiation from the liquid light guide is reflected by the mirror onto the sample placed
between two quartz windows[135] (b) Photo-rheometer by J.E. Manson[136] (c) Rheometer by R.
Suzuki[131](d) The stress measurement apparatus: a controlled environment combination draw-down
coater and cantilever stress measurement device[140]

The kinetics of photo polymerization is briefly explained as follows[141]: Radical chain

polymerization is a chain reaction consisting of a sequence of three steps, namely, initiation,
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propagation, and termination. The derivation of the rate expression for this polymerization is

under a steady-state condition, where the rate of initiation is equal to the rate of termination.

The initiation reaction velocity VR is expressed as

d|IR
V, = % =2k, f[Ci] (I1-21)
where kg, f, [R] and [Ci] are reaction velocity constant (decomposition rate constant, typically
measured by experiments), coefficient of UV absorption, radical concentration and initiator

concentration, respectively.

On the other hand, the velocity of polymerization reaction V, is expressed as

V :—¥=kp[R][M] (11-22)

where k, and [M] are propagation rate constant and monomer concentration, respectively. Also,

the termination velocity Vis expressed as

V, =k [R][R] (11-23)
where k; is reaction rate constant. In steady state, V,and V; are balanced with each other. Thus,

radical concentration [R] is expressed as

CEEANG e

k

Substituting (11-24) into equation (11-22), V, can be expressed as

Vp:_dgiﬂ]:kp{ziif}[lw]\/m
=K[m]|fc]

(11-25)

2k f 1/2
Where K:kp[ kd }

t
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As a result of the polymerization between the monomers, the reaction rate of monomers can be

expressed as

V, = d [M ] (11-26)
P dt
Then, the time dependent monomer concentration is expressed as

d[M]
dt
When the photo initiator is enough in the resin and degradation is ignored, the monomer

=K[M]y[Ci] (11-27)

concentration is derived as

[M]:[Mo]exp(—K\/W-t) (11-28)

Where [Mq] is initial concentration of monomer. As a result the monomer conversion ratio CR
can be expressed as
M]
CRzl—mzl—exp(—Kﬂ/[Ci]-t) (11-29)
0
In addition, the rate of photochemical ignition is given by
R =20l (11-30)
Where |, is intensity of absorbed light and @ is the number of propagating chains initiated per

light photon absorbed. Then the photo initiator concentration [Ci] is given as

R =20l (I1-31)
[C.]oc2@1 < [C, ]I (11-32)
Where [Cq] is the concentration of primary initiator in the resin. Therefore, the conversion ratio

can be expressed as

CR =1—exp(—\/l_-t/r) (11-33)
Like we mentioned above, \/TDI is effective time, and z is related time constant of the

polymerization. The thickness shrinkage was also measured in each experiment which can be
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calculate total shrinkage ratio for the resist. For the cationic epoxy resin, the polymerization rate

was yielded as:

% %
R, =k, [M ][%] =k, [M ]% (%) (11-34)

t
A method of measuring stress development is also reported by J.A Payne and L.Francis[140].

They measured the curing resin as a coating on a rigid substrate. The stress measurement
apparatus was based on a cantilever deflection measurement principle to study the stress

development.

The final conversion ratio and the conversion rate are also strongly dependent on the thickness of
resin. B. Golaz and V. Michaud et al.[10] reported the conversion rate and the final conversion
ratio decreased with the increasing thickness. Most of activated photoinitiator molecules for the
polymerization are produced near the irradiated surface due to light absorbance and must diffuse
through the thickness of curing the bulk, especially, in the case of low light intensity. The
thickness dependence of conversion was assumed to result from absorption of light described by

the Beer-Lamber equation,

1(A,2)=1,(4) exp(—uz) (11-35)
Where | is the transmitted light intensity after a path length z, 10 is the incident light intensity of

wavelength A, and [ is the attenuation coefficient. The average conversion @ ina sample of
thickness h was obtained by integrating and averaging equation(l1-35) through the thickness.
Other assumptions are also made. A conversion rate constant is dependent on the UV
intensity[133, 142], and the UV light is assumed as a monochromatic light, as expressed in

equation

(11-36)

B
. oc(lo(l_ezﬁ(‘ﬂh))J
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Where the exponent f is the power-law parameter that will further be determined by p-DSC

results. Their conversion ratio versus thickness results are shown in Fig. 11-15.
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Fig. II-15(a) Conversion ratio versus time for epoxy at 30°C for two UV intensities (17 and 50
mW/cm?) and four sample thickness; (b) Conversion versus thickness for epoxy at 30°C for two UV
intensities (17 and 50 mW/cm?) and three UV-exposure time. The lines are fits in equation (11-36).[10]

S. Nobuiji et al. also reported a measuring method for the uniaxial demolding force. They

measured the demolding force for a flat mold. The schematic diagram of demolding force
measurement is shown in Fig. 11-16 (a).The photo of experimental setup is shown in Fig. 11-16 (b)
The resist underwent spin coating on the quartz substrate, and Si mold was pressed on the resist
with an anti-stick layer (fluorocarbon molecular layer) coating. The UV source was put beneath
the quartz substrate. The UV light, thus, can expose through the quartz substrate. The demolding
force as a function of dosage was reported [143]. Y. Hirai et al. from the same university
investigated the relation between the conversion ratio of resist, the demolding force and the
elastic modulus. They used storage shear modulus as the elastic modulus. They reported that the
increment of the elastic modulus was not synchronized with the conversion ratio. Additionally,
the demolding force was not stable till 90% cured. Moreover, the elastic modulus of cured resist
before this point was not hard enough for a successful nanopattern transferring. R.Suzuki et
al.[144] used the same setup to measure the demolding force and suggested the demolding force

as a function of effective exposure time. They made a modification of the setup by adding a
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flexible joint between the force gauge and the base of the substrate. The schematic of the setup is
shown in Fig. 11-16 (c). M. Shirai et al. [93] also studied the relation between the demolding force
and the elastic modulus. They measured the demolding force on the same apparatus for
measuring rheological behavior and shear moduli, which would reduce the interfering parameter
to increase the accuracy of measurement. The demolding force is measured right after the UV
resist is cured on the quartz plate. However, it may not be applicable when they were curing a
rather thin sample due to its high conversion ratio leading to a higher demolding force. They
found out that the demolding force decreased with increasing storage modulus for a smooth
surface. One interesting phenomenon they reported is that the demolding force would increase
with increasing storage modulus when using a L/S (similar to the line grating pattern) patterned
mold. The demolding force required for the vertical surface is ten times higher than the one for

the horizontal surface. The demolding force for vertical surface would produce shear stress for

the resist.
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Fig. II-16 (a) Schematic diagram of the demolding force measurement (b) Exact experimental
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equipment for measuring the demolding force[143] (c) Schematic diagram of demolding measuring
apparatus[144] (d) Measuring the demolding force after curing process on rheometer[93]
The demolding process for continuous R2R UV NIL is more like a peel process. Although

uniaxial demolding forces can be a tentative reference, a more accurate measuring method and
relative parameters for the demolding process need to be provided. Additionally, an anti-adhesion
layer have been applied for the imprint mold to acquire promising nanopatterns transferring. F. A.
Houle et al.[97, 130], studied various anti-adhesion layers. They concluded that low reactivity but
not low surface energy was of importance for effective releasing. They measured adhesion
energies using a double cantilever beam method (DCB) and X-ray photoemission spectroscopy
(XPS) to determine the location of the crack path. However, a more specific method to evaluate
the demolding process would provide promising accuracy for describing the releasing step. It also
increases the complexity of the assessment system. A comprehensive on-line measuring method
is lacking now. As we discussed above, the elastic modulus and tensile strength should be enough
to evaluate if the nanopatterns can be transferred successfully. On the other hand, shrinkage is

also an important factor to affect the demolding process, which we will discuss later.

Measurement of shear strength and shrinkage
The shear strength of the resist plays an important role since frictional behavior and potential

slippage could occur in the interaction between the curing resist and the mold on the imprint
roller. The shear strength can be measured in many ways, such as single lap joint test, thin wall
tubular test and etc. However, the shear strength of resist needs to be measured at different UV
dosages, in another word, the conversion ratio. Therefore, the test adherend must be UV
transmissible. The UV curable resist, as an adhesive, drew attention of researchers for a long
time. R.W. Bryant and W. A. Dukes [145] proposed the design of adhesive joints in 1964. When
two thin-walled tubes are jointed coaxially by an adhesive which is normal to axis and of uniform
thickness, a simple shear stress distribution would occur. They did the test on steel adherends of
various dimensions and reported several parameters which would affect the strength of the joint.
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Now this method has developed to a standard measuring method, as known ASTM E229[146].
Other scholars preferred single lap joint tests, because the required test machine is more common.
Only universe tensile test machine is needed for this kind of test. Lu and Youngblood [60]
reported shear strength measurement for carbon fiber reinforced composite. They did the test to
estimate the strength of repaired carbon fiber reinforced composite structure. ASTM D5868 was
followed due to the adherend material. One of interesting point they suggested is dark curing of
resist as we mentioned before. Since the carbon fiber would block UV lights, they can only cure
the resist by exposing it to the UV light for a certain time and then press the adherend on the
adhesive to complete the curing process. P. Jojibabu et al. [147]explored shear strength of an
adhesive based on epoxy matrix. They followed ASTM D1002[148] since the adhesive can be
cured without UV light. A similar standard in Europe is AFERA 4012[149]. The literature of
measuring shear strength for UV curable resist with increasing exposure dosage is lacking.
However, as the single lap joint test has been widely applied to measure the shear strength of
adhesives, a series of standards can help us to determine the test method for the current project.

The method will be discussed in the next chapter.

The shrinkage of UV curable resist must happen due to cross-linking of monomers in both
cationic epoxy system and free radical system. The shrinkage of resist is of importance because it
can affect many mechanical properties and the final quality of nanopatterns. On micro scale level,
a correct size of nanopatterns cannot be achieve due to excessive shrinkage. Too much shrinkage
would also cause distortion for the nanofeatures as well as internal residual stress which could
affect the durability of commercial products. In the demolding step, too low a shrinkage level
cannot break mold-resist interface to assist demolding, too high a shrinkage level could lead to
higher demolding displacement. Therefore, shrinkage level has been always concerned by
researchers as we mentioned in previous sections. Only measuring method will be discussed here.

R. Suzuki et al. [131]used their rheometer to measure the storage modulus and shrinkage in
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thickness as well. To measure the shrinkage in a more precise way, Gee and Davidson [150]
designed a modified dilatometer for continuous recording of volumetric polymerization shrinkage
of composite restorative materials. Measurement of volume change can also be applied by using a
dilatometer with a mercury-filled capillary for monitoring polymerization processes[151]. Other
researchers test the shrinkage by assessing the change of thickness like R. Suzuki. J.A Manson
used a laser interferometer to measure the change of thickness of resist[152]. J. Park et al.
[153]measured the shrinkage of thickness by a linometer. Briefly, a certain amount of resist was
placed on a stainless steel plate and covered with a slide of glass which is fixed. The axial
shrinkage would be measured by movement of the steel plate by a displacement sensor and

transducer over time.

Measurement of adhesion behavior
A huge volume of methods to estimate the strength of adhesive bonds at the interface between the

materials have been developed[154-156]. Researchers made a distinction between methods. The
intrinsic and unvarying property of the material pair measured by one specific method[154, 156],
may be different from the strength measured by other method[155, 157]. Therefore, a method of
assessing adhesion strength in a more accurate way to simulate the conditions of the real situation
of interest is a key criterion for selecting the test method. Some of the well-established adhesion
measurement methods are evaluated by how well they emulate the conditions of the demolding in

practical applications.

Tension or pull tests are straightforward in concept and simple in execution. There are standards
came from ASTM C633, D2095. The ends of two cylinders are bonded, and specimen is
subjected to a normal tensile load. Then tensile strength at where the bond fails is taken to be the
strength of the adhesive joint. Tension test have a significant advantage of simplicity. However,
the specimen we are testing needs to be exposed to the UV light. The cylinders cannot be

transmittable for the specific range of UV light. Pull tests have been applied to measure the
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intrinsic adhesion between polymers and mold materials in nanoimprint lithography[87, 158,
159], and to measure the demolding forces in NIL[18, 91, 93, 96, 160]. However, in the practical
roll-to-roll situation, the nanoimprints are always peeled from the mold roller. The separation

starts by the edge of exit area of the imprint roller, rather than pure normal forces.

Blister test is another common test to evaluate the adhesive strength of a resin. The hydrostatic
pressure is applied to the adherend through an hole in the substrate in a blister test[155, 161]. As
the UV 15 is a low viscosity liquid before irradiating by the UV light, the uniformity of UV 15
cannot be assured during applying the fluid pressure. Moreover, the strain energy release rate

increases with increasing blister radius, resulting in unstable test condition[161].

Razorblade or wedge test (ASTM D3762) as well as cantilever beam test (ASTM D3433, D3807)
are requiring the substrates have a certain thickness, which is not the practical situation for roll-

to-roll NIL.

Peel test is commonly used to assess the strength of adhesion. Some peel tests are applicable for a
stiff substrate and a flexible adherend. For example, pressure-sensitive tape test (ASTM D3330),
90 degree peel test, 180 degree peel test for adhesion to metals (ASTM D903). Peel tests have
been applied to evaluate the adhesive strength in flexible materials such as UV-cured acrylate
[15] and PDMS[162]. T-peel testing was used to assess the failure modes of PDMS-PDMS
integrity[163]. In the T-peel test, the adherends are both flexible substrates. The bonded area is
easily to be accessed for the UV light. The bonding strength characterization in terms of two
parameters are commonly used in linear elastic fracture mechanics (LEFM): fracture energy and
the surface energy at the bonded interface (toughness). The T-peel test is applied in this report

and described in details.
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2.4 Research Summary

Literature Summary
From the above literature review, the development of continuous R2R UV NIL process and the

main challenges we are facing have been shown. In the first part of review, it is obvious that R2R
UV NIL process can be a promising high-output manufacturing method for high-quality, low cost
nanostructured products. Many studies have been done for various steps in the R2R UV NIL
process. The resist filling quality can be determined by adjusting the resist filling time. The nip
contact is required for several reasons and it would be a potential source of defects in the
manufacturing process. Therefore, in the second part of the review, the nip mechanics has been
discussed for this reason. After the resist fills into the mold, it passes to the UV curing step,
which is affected by the distribution of the UV light. Works for simulating and calculating UV
light distribution of LED arrays and the cylindrical mercury vapor lamps have been reviewed.
The resist is in contact with the ETFE mold wrapped on the imprint roller. The mechanical
properties which would have impact on tensile or shear stress and strain are necessary to be
measured as a function of curing level. The curing level is directly related to the process speed. In
the third part of the review, the research focused on measuring mechanical properties have been
reviewed. However, some of the mechanical properties measuring methods are lacking. The
demolding step is of importance, though it is the last step of the continuous manufacturing. To
accomplish high-quality nanopatterns transferring, the nanofeatures cannot be destroyed by
demolding force. Many studies have been done for the nanoimprint lithography in last decades

since it was first invented. There are still blanks and new challenges for the R2R UV NIL.

® Since the resist is an adhesive, it thus may stick into the cavity of the mold. Therefore, the
coefficient of friction and the adhesive properties at the interface between the resist and the imprint

roller is of importance to be measured for perfecting our model of simulation. The measurement
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of coefficient of friction for a curing resist or some other materials whose properties vary with UV
exposure dosage is lacking.

® The shear strength of the curing resin is an important criterion to determine if there is damage or
distortion on the nanoimprints. The method to measure the shear strength of a curing resin at a
certain strain-rate is lacking.

® The demolding of the cross-linked nanostructured polyacrylate from a fluorine-based mold is not
an easy job. To study the mechanism during the demolding process, a nano-scale numerical model
involving adhesive and friction properties at the interface, shrinkage of the polyacrylate needs to

be established. Literatures about this kind of numerical model for roll-to-roll NIL process is lacking.

Research Objectives
The focus of this research is to develop simulation tools that can predict whether defect-free

production can be produced. The simulation tools include two dimensional scales: macro-scale
and nano-scale. The simulation tools will enable those who design imprinted surfaces based on
geometric requirements to predict whether that surface can be commercially produced. This will
also enable UV-NIL manufacturing to move from a trial-and-error approach to a predictive mode
where extraction success can be known prior to moving to the manufacturing environment.
Manufacturers of UV resins typically will provide their estimates of shrinkage, tensile strength

and modulus properties for their resin. The research objectives will be to:

® Characterize the properties of a UV resin (UV 15) as a function of process speed. Establish a
material model which can describe the material behaviors on the manufacturing process line.

® Conduct macro-scale simulations with practical contact conditions, where the objective is to adjust
operating parameters to eliminate slip between the cured resin and the imprint roller.

® [Establish a nano-scale numerical model to analyze the mechanism during the demolding process,
where the objective is to predict if defect-free nanoimprints can be produced.

® Conduct R2R UV NIL trials in the laboratory to validate the prediction of the simulation tools.
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CHAPTER IlI

II. Characterization of UV 15

The characterization of UV curable resist as a function of the curing level is important for
conducting meaningful simulations. The curing level is mainly determined by the process speed.
Based on the literature review, the curing rate and final cured ratio are determined by UV
intensity and dosage. In this chapter, the experimental equipment and methods used to
characterize the properties of UV curable resist are described. Based on the literature survey, the
UV resin has an optimal wavelength for curing, which is centered about 365nm. Cationic resins
that curing is also related to the square root of the UV light intensity (1) times time (t). UV
exposure is typically quantified as the product of UV intensity and exposure time. The rheometer
UV light accessory has a limit to a maximum intensity of 150mW/cm? which is much less than
the UV light intensity used on the process line. Currently, in our UV-NIL R2R tests in the
laboratory, an intensity of 2600mW/cm? is used. This find allows us to project the storage and
loss modulus data taken in the rheometer to the intensity of 2600mW/cmz2, which is the practical
condition in the R2R UV-NIL tests that are being conducted in the lab. To compute the stress
distribution, the shrinkage, modulus, and adhesion toughness, as well as the friction at the
interfaces between the resin and the mold are necessary to be studied. The tensile strength and

shear strength are necessary to analyze the tearing failure of the nanoimprints. As the UV resin
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have different properties at the various curing levels. A consistent curing level is determined by
the effective irradiation energy dosage of UV light. The UV curable resin used in the current
project is called “UV 15” which is provided by Master Bond Inc. It is a low viscosity, one
component, UV curable epoxy-based system. However, most of the mechanical properties of this
UV curable system are blank. Therefore, various methods for characterizing the properties of the
UV resin is applied. As we have mentioned in the introduction, the epoxy-based UV curable
system has a so-called “dark-curing” effect. Once the cross-linking of the polymer has started, the
reaction will continue until the end of cross-linking even if the UV irradiation source is removed.
Additionally, the high speed of the manufacturing process narrows the time-span for curing the
UV resin. Therefore, traditional measuring methods may not be applicable to this project. The
functional requirements and detailed arrangement of the experimental apparatus are discussed,
and the fabrication methods of producing specimens are presented. The procedures of

experiments are described which are according to ASTM standards.

3.1 Measurement of rheology behavior of UV 15

The UV 15 is a kind of UV curable resist which has a low viscosity. Therefore, measuring its
viscoelastic modulus by a rheometer is a good choice to determine its rheology behavior.
Meanwhile, to measure the storage modulus as a function of percent cure, continuous UV
exposure is required to maintain the polymerization of the resin. To accomplish the measurement
of mechanical modulation of resin characteristics by UV exposure, a traditional rheology meter

with a quartz stage is used.

Rheology meter setup

The setup of the experiment is similar to R.suzuki’s[131]. The schematic diagram of the UV
rheometer is shown in Fig. I11-1 (a). The UV resin is dropped on the quartz stage which has a
high capability to transmit 365nm UV light. A rotating rod with a steel plate is placed on the

resin. This rotating rod is connected to the actuator and torque sensor. Then the rod starts to
62



rotate, the torque is applied to the resin by the steel plate. The response torque signal which is
used to calculate the stress is recorded by the same rotating rod. After a few seconds, the
rheological response of the resin tends to be steady. Then UV LED light switches on and
irradiates through the quartz. The applied torque and the response including phase lag are

measured by the sensor under a certain rotational frequency.

All the rheology tests were conducted using a strain-controlled rheometer (TA Instruments) with
a UV curing accessory, as shown in Fig. 111-1(b) and (c). The diameter of the parallel plate is 20
mm. Note that large plate sizes are not commercially available since it is difficult to provide
radially uniform intensity at larger diameters through LED arrays. The UV LED in the UV curing
accessory can provide a 365nm wavelength with peak intensity of 150mW/cm?. There is no decay
in the intensity of UV light. All the experiments were monitored using small amplitude dynamic

oscillatory time sweeps, where time 30s represents the start of UV irradiation.
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Effect of UV Curing Intensity

Fig. I1I-1 (a) Schematic diagram of apparatus of UV-Rheometer (b) Photograph of theometer (bottom
part in the circle was replaced to UV curing accessory (¢) Schematic of the structure of the UV curing
accessory ( contains purge gas unit, Quartz plate, UV LED unit, and output cables)

All rheological experiments were conducted by J. Wallace from Mechanics of Smart and Soft

materials lab in OSU.
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Experiment results and discussion
The reaction rate is related to the intensity of the UV light. It is also beneficial for us to find out if

higher intensity can accelerate the polymerization. Therefore, the tests are conducted under

different intensities, which is shown in Table I11-1.

Table I1I-1 Intensity of UV irradiation source for tests

Test number Intensity (mW/cm?)
1 5.8
2 30.8

The storage modulus and loss modulus are mainly concerned. The results of test 1 and 2 are
shown in Fig. I11-2. Time zero is when the monitoring starts. A 30s period is used for the test
machine to reach a steady state. After the 30s, the UV irradiation source is switched on. Based on
the results of rheology tests, when the UV light does not turn on, the UV resin is still in a liquid
state. The sample behavior shows typical solution characteristics. The loss modulus is higher than
the storage modulus. When the UV light is switched on, the storage modulus and loss modulus
increased steeply. The results showed its value for the time-intensity superposition. Based on the
kinetics of polymerization for cationic resins, the reaction ratio is related to the effective
exposures instead of the energy of exposure[141]. In section O of the literature review, the

deduction was shown.

R, =k, [M ][kif —k,[M]* (%)y

v v (TI-1)

where Ry, kp, [M], ki ,R; are ratio of polymerization, reaction velocity constant, the concentration
of monomer, UV absorption constant, and polymerization ratio for the initial stage, respectively.
Therefore, the polymerization ratio is directly related to/7 - t instead of the energy of

exposure, I - t.
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here t and to are superposed time and test time, respectively. | is the objective intensity, and lo is
test intensity. In Fig. 111-2, it takes 200s when storage modulus and loss modulus reach its peak
for 5mW/cm?, while 100s for 30mW/cm?. The comparison of the effective energy and the energy
are shown in Table 111-2. Obviously, the effective energy of both tests is close to each other.

Therefore, equation ( 111-2 ) can be a valid method for time-intensity superposition.

Table I1I-2 Comparison of effective energy and energy

SmW/cm? 30mW/cm?
Effective energyVI = t 383 380
Energyl * t 2100 850

Rheology test is a practical and continuous method to measure the mechanical properties of UV
15 with its phase transfer. In the manufacturing line, the process speeds of 6, 10, and 14mpm are
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most concerned. The process speeds are corresponding to the exposure time of 5, 3, and 2
seconds. The storage modulus and loss modulus for the equivalent exposure time are shown in
Fig. 111-3 and Fig. I11-4. The equivalent exposure time is calculated by equation( I11-2 ). The

superposed storage modulus and loss modulus show a good agreement.

Storage modulus and loss modulus measured for
equivalent exposure time

4000 - 1200
2 - 1000 Z
Z 3000 = o 2
= — %
S 2000 - 600 3
£

400 E
(¢B]
o -
5 O 2 3 5 - O

Equivalent exposure time(s)

-=75mW/cm2 7.5mW/cm2

Fig. 111-3 Storage modulus and modulus for intensity of 7.5 and 75mW/cm? at the equivalent
exposure time of 2, 3, 5s

66



Loss factormeasured for equivalent exposure time

2 3 5

Equivalent Exposure Time(s)

——75mW/cm2 7.5mW/cm2

Fig. 11I-4 Tan delta for intensity of 7.5 and 75mW/cm? at the equivalent exposure time of 2, 3, 5s

3.2 Experimental characterization method considering

dark curing
The UV curable resin is, once cured, easily characterized with classical viscoelastic

measurements such as Dynamic Mechanical Analysis tests, measuring the storage and loss
moduli, which can lead to the identification of the Generalized Maxwell model parameters.
Generally, curing of resin with UV radiation is divided into four stages: Induction, vitrification,
gelation, and post-cured[10]. In the UV-NIL process, UV curable resin reaches the post-cured
stage when it is still in contact with the imprint rollers after the UV exposure. The extremely short
and high energy UV exposure initiates the crosslinking process but the curing keeps occurring
after this exposure and the material properties evolve for a day after curing. This phenomenon,
called dark curing, is accentuated by the extremely short time scale of the UV exposure in the
nanoimprinting process. Because web handling processes happen at a relatively high speed to

increase productivity, the nanoimprinted web will be subject to mechanical loading in a short
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time after the UV exposure. The high process speed will result in a high strain-rate in the
nanoimprints during the extraction. To characterize the viscoelasticity of the UV 15, a multi-wave
method specifically addressing the concerns raised by the presence of substantial dark curing in

the UV resin was designed.

Experimental method
The experiments are performed using a Dynamic Mechanical Analysis apparatus (TA Instruments

RSA-G2). The time decoupling is achieved by using the normal time scale as the dark curing time

and the frequency of the imposed strain sinusoidal waves as the viscoelastic time.

A specimen of resin of 30mm length, 9.6mm width, and 1.183mm thickness is placed in the
apparatus right after UV exposure (67 seconds). An arbitrary wave &(t) combining multiple
sinusoidal signals of varying frequency (equation( I11-3)) is imposed to the material for a period

of 60 minutes.

N
e(t)= 2.3 sin(27 ) (1113 )

where fi and a; are the chosen frequencies and corresponding signal amplitude constants. The
coefficients defining the imposed wave are a; = 0.05% for all terms and f, = 1Hz, f, = 5Hz, f3 =

10Hz, and f4 = 15Hz.

The stress is continuously recorded through time during 60 minutes. During these 60 minutes,
dark curing occurs in the resin, influencing its stress response to the arbitrary strain wave. By the

definition of linear viscoelasticity, the stress response will be of the form

N
o(t)=Y bsin(2zft+s) (111-4)
i=1
The stress signal is then processed in MATLAB® with a Fast Fourier Transform to isolate the

response to each frequency and determine the norm of the complex modulus ||E || = b;/a;, and

loss factor tan 6.
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From the norm of the complex modulus and the loss factor, one can compute the storage modulus
E’ and the loss modulus E”. which are material properties fully characterizing the viscoelastic
behavior. Finally, the coefficients of the resin relaxation modulus can be identified from the storage
and loss moduli using equation( 111-5) and ( 111-6 ).

. n E 2 .2
E'(w)=E, +Zi—1l+la;)2:2 (1115 )
" n Eia)z'i
E"(0)=2, e (111-6)

where w is the angular frequency.

The experiments were conducted by Manogna Jambhapuram[164] from Mechanics of Smart and

Soft materials lab in OSU.

Results and discussion
The data has been acquired on UV15 resin and shows the increase of modulus during dark curing

for all frequencies from 1 to 15Hz. The evolution of the storage modulus and the loss factor of the
resin during dark curing are shown in Fig. I11-5 and Fig. 111-6, respectively. In all time scale, the
storage modulus shows a trend of increasing with the increase of frequency. The loss factor
shows a decreasing trend with the increase of frequency. An assumption that the trend of the loss
factor will continue with a higher frequency. In the practical process line, the UV resin will
mainly show elastic behavior due to the high strain-rate of the nanoimprint during the extraction.

The material model used in the simulation of the extraction is based upon this assumption.
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Fig. 11I-5 Evolution of the storage modulus of the resin during dark curing.
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Fig. I11-6 Evolution of the loss factor of the resin during dark curing
3.3 Measurement of shear strength and modulus for UV
15

Since there can be shear stress between the curing resin and the mold on the imprint roller,
knowledge of the shear strength of the resin is important in determining if the nanofeatures could
be fractured by these shear stresses. There are several methods to measure the shear strength for
adhesives, such as lap joints test, thin-wall tubular test, and so on. However, measuring shear
strength as a function of curing level for resist needs the adherend to be UV transmittable. Due to
the limitation of choice for adherend and feasibility of the test, a single lap test is conducted in

this document.
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Single lap joint setup

UV 15 is a low-viscosity UV curable epoxy-based system. The UV 15 is in a liquid state without
any adhesion at the interface between the flexible substrate and the mold. A vertical single lap
joint is not only facing the difficulty of self-alignment but also hard to produce the specimen
assembles without pre-irradiation of the UV light. Therefore, a vertical single lap joint with a
continuous UV source is not feasible. To conquer the difficulties, a horizontal single lap joint is
designed, shown in Fig. 111-7. The platform is driven by a DC motor and a screwed driven
system. The speed of the platform is controlled by an adjustable power supply system. The
measurement of the testbed is monitored by a program of LabView. The schematic diagram of the
control and monitor program is shown in Fig. I11-8. The picture of the testbed is shown in Fig.

11-9.
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Fig. I1I-7 Setup of horizontal single lap joint shear test

72



Top Platen

Movement (Glass)
i Actuator uv 15

Bottom
UV light Platen (PET)
source
: \oltage
I ;--{ Displacement
: Sensor
. i
EERRREEEEEEEEETY I [VS-JoC CR
: ] "l 5 [Acg. Module
. LabView  f
i Virtual o ,
' Instrument =t {_| Stress Voltage |__ [ “S” type a
I ' simulator Load cell
' Program !
U
PC

Displacement
sensor

/ A’ Steel block &
. i ' We

73



Fig. I1I-9 Photo showing testbed including plates mounted on the screw, motion system, UV
irradiation source

In the technique sheet of UV 15, there is no requirement for surface treatment for clear glass,
acrylics, and polycarbonates. Nevertheless, it is better to clear the surface of the webs. Physical
treatment by wiping with methanol at room temperature is required according to ASTM D2093.
After clearing the surface, a small drop of UV15 is dropped onto the PET web, followed by
putting the glass top plate on the adhesive as settled in Fig. 111-9. The UV LED array moved right

above on the glass plate to assure the intensity of the UV light was 2600mW/cm?.

Before an experiment, the computers that monitor the test are booted and the software is executed
(LabView). The glass plate is mounted to the load cell. The PET web is mounted on the steel
platform of the testbed. The bottom plate is aligned to a suitable position. The displacement is
zeroed by adjusting the parameter in the LabView. Once the testbed is prepared as above, a drop

of UV 15 is placed onto the PET web. The glass plate is aligned by eye.

Results of the shear test

The load at failure and the type of failure (cohesion or adhesion) for each specimen were recorded
by the software. All failing loads were expressed in the unit of psi. Calculate the shear stress and

shear strain with the equation ( 111-7 )Error! Reference source not found..

(111-7)

~ | Ig|<

7/:

where V is the failure load, bL is the area in shear, d is the failure displacement and t is the
thickness of the resin. A typical shear force versus displacement curve at a process speed of
6mpm was shown in Fig. 111-10. The shear force increased monotonically once the bottom plate
started to move until the upper plate was pulled apart from the PET web. The maximum shear
load was the load of UV 15 that can withstand under the condition of 2600mW/cm? for 5s. The

typical failure mode of the single lap joint test was a cohesive failure, as shown in Fig. 111-11,
74



which provided a good estimate of the shear strength. Table 111-3. The shear strength is calculated

by equation( 11-7), as shown in Table I11-3.

Shear Force(lbf)

Table I11-3Shear modulus and shear strength under process speeds

Process Exposure Shear Shear
speed(mpm) time(s) modulus(psi) | strength(psi)
6 4.8 2861 511

10 2.88 2519 302

14 2.05 1464 208

Shear Strength test under 2600mW/cm? for 5s

12

Fig. I1I-10 Shear force versus displacement under 2600mW/cm? for 5s

Max shear load

0.05

Displacement(in)

75

0.1

0.15



Fig. I1I-11 The diameter measurement of the single lap joint. The failure mode is cohesive
failure.

Since the strain-rate for a shear test is a parameter that we concerned, the shear test for different
shear strain-rates were conducted as well. Due to the limitation of the capability of the testing
equipment, the strain-rate was ranged from 0.26s to 0.75s%. The shear strength was plotted in
Fig. 111-12. The shear strength under the strain-rate range from 0.26s to 0.75s* does not show a
big difference. Since on the practical process line, the strain-rate of the nanoimprint is much
higher, the elastic behavior will be shown in the material is assumed. Thus, the shear strength of

UV under various process speed will be used, as shown in Table 111-3.

76



Shear strength different strain-rate
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UV dosage

® Strain-rate 0.308911 ® Strain-rate 0.7454
® Strain-rate 0.5813 Strain-rate 0.2691
® Strain-rate 0.3263  ® Strain-rate 0.7562

Fig. ITI-12 Shear strength of UV 15 under exposure time of 2, 3, 5s with different strain-rate

3.4 Measurement of coefficient of friction
With the increase of curing level of the UV 15, the friction behavior at the interface between the

resin and the mold differs. The variation of coefficient of friction plays an important role in
affecting the stress distribution in the nanoimprint. To predict the failure of the nanoimprint, a
measurement of coefficient of friction shows necessity. In the current numerical simulation,
Coulomb friction in user subroutine FRIC using the penalty method is applied. Therefore, a

measure of Coulomb friction according to ASTM D1894 is designed to satisfy the requirement.

Experimental setup
As we have discussed in section 0, UV 15 is a low-viscosity UV curable epoxy-based system.

According to ASTM D1894, a testbed is built to complete the experiment. It is the same testbed
we used in the shear strength measure test, shown in 0.( Fig. I11-7, Fig. 111-8and Fig. I11-9). In the
shear strength test, the area coating with resin is relatively much smaller than the friction test. The

resin will be applied to the whole area of the glass plate to assure that the measurement of the
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friction is the interface of resin (UV15)/substrate (PET). Additionally, based on Coulomb’s

friction law, the area does not affect to the coefficient of friction.

The motion system was started once the UV light was switched on. Therefore, an increase in the
dynamic coefficient of friction was monitored by the software. The specimen was placed on the
desktop under the UV LED. A dropper was used to place the UV 15 at the coating area. The UV
15 flowed for a few seconds and bubbles were removed inside the coating. The glass plate was
put on the coating area, and then a steel block which weighs (1.21b) was placed onto the glass
plate to provide load in the normal direction. The residual resin was wiped by clear cloth with
methanol. The UV light was irradiated on the specimen with the time recorded. At the same time,
the motion system was driven by a speed of approximately 150 mm/min. The load and

displacement were monitored by the software program.

Results of friction test
The friction coefficient measurement of UV 15 under 2600mW/cm? was as shown in Fig. 111-13.

Before the UV resin was irradiated, the resin showed a function as a lubricant. The friction
coefficient was as low as less than 0.1. Comparing the tests without any UV resin, the coefficient
was much smaller. When the UV light turned on, the cross-linking of the UV resin was initiated.
At the beginning of the curing, the coefficient did not increase steeply. Once the cross-linking
reached a certain degree, the coefficient started to surge. As shown in Fig. 111-13, a linear part
was shown after the coefficient increased steeply. During the linear part, the ETFE film was stuck
with the PET web. The load cell was measuring the shear deformation of the cross-linking UV

resin. Thus, the coefficient friction of this test is 0.132 to 4.24 for purpose of simulation.
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Fig. ITI-13 Friction coefficient measurement of UV 15 under 2600mW/cm2 for 1s

3.5 Measurement of adhesion behavior of UV 15
A huge volume of methods to estimate the strength of adhesive bonds at the interface between the

materials has been developed[154-156]. Researchers made a distinction between methods. The
intrinsic and unvarying property of the material pair measured by one specific method[154, 156],
may be different from the strength measured by other methods[155, 157]. Therefore, a method of
assessing adhesion strength in a more accurate way to simulate the conditions of the real situation
of interest is a key criterion for selecting the test method. Some of the well-established adhesion
measurement methods are evaluated by how well they emulate the conditions of the demolding in

practical applications.

Tension or pull tests are straightforward in concept and simple in execution. There are standards
that came from ASTM C633, D2095. The ends of two cylinders are bonded, and the specimen is
subjected to a normal tensile load. Then tensile strength at where the bond fails is taken to be the

strength of the adhesive joint. Tension tests have a significant advantage of simplicity. However,

79



the specimen we are testing needs to be exposed to UV light. The cylinders cannot be
transmittable for a specific range of UV light. Pull tests have been applied to measure the intrinsic
adhesion between polymers and mold materials in nanoimprint lithography[87, 158, 159], and to
measure the demolding forces in NIL[18, 91, 93, 96, 160]. However, in the practical roll-to-roll
situation, the nanoimprints are always peeled from the mold roller. The separation starts with the

edge of the exit area of the imprint roller, rather than pure normal forces.

Blister test is another common test to evaluate the adhesive strength of a resin. The hydrostatic
pressure is applied to the adherend through a hole in the substrate in a blister test[155, 161]. As
the UV 15 is a low viscosity liquid before irradiating by the UV light, the uniformity of UV 15
cannot be assured during applying the fluid pressure. Moreover, the strain energy release rate

increases with increasing blister radius, resulting in unstable test conditions[161].

Razorblade or wedge test (ASTM D3762), as well as cantilever beam test (ASTM D3433,
D3807) are requiring the substrates to have a certain thickness, which is not practical situation for

roll-to-roll NIL.

Peel test is commonly used to assess the strength of adhesion. Some peel tests are applicable for a
stiff substrate and a flexible adherend. For example, pressure-sensitive tape test (ASTM D3330),
90-degree peel test, 180-degree peel test for adhesion to metals (ASTM D903). Peel tests have
been applied to evaluate the adhesive strength in flexible materials such as UV-cured acrylate
[15] and PDMS[162]. T-peel testing was used to assess the failure modes of PDMS-PDMS
integrity[163]. In the T-peel test, the adherends are both flexible substrates. The bonded area is
easy to be accessed for the UV light. The bonding strength characterization in terms of two
parameters are commonly used in linear elastic fracture mechanics (LEFM): fracture energy and
the surface energy at the bonded interface (toughness). The T-peel test is applied in this report

and described in detail.

80



Experimental preparation
The nanoimprint mold used in the current project was ETFE, and the PET web was used as the

flexible substrate. The bonding between the ETFE web and the PET web was carefully made by
placing a piece of paper between the contact region. The UV 15 was placed at the ends of both
webs, as shown in Fig. 111-14(a). The dimension of the bonding area was shown in Fig. 111-14(b).
The bonding area was 30 mm2. The UV irradiation source was placed on one side of the bonding
specimen from a certain distance. The detailed intensity and irradiation time will be elaborated on
in the next subsection. One should notice that the UV 15 was a low viscosity liquid with low
adhesive ability. Thus, the PET web and the ETFE web cannot be bonded together before
irradiation. The alignment of the two strips was the key to assure the liquid UV 15 remaining in
the bonding area. Additionally, the gap between two pneumatic grips was small to make the webs
bending, as shown in Fig. I11-15 (a) and (b). After the UV light irradiating on the bonding area for
a certain time, the upper grip started to move up till the failure of the adhesive joint of PET and
ETFE webs. The assembled specimens were exposed to the ambient environment while in a
queue for testing. The specimens prepared from the same batch of UV 15 were tested on the same

day.
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Fig. I1I-14 (a) PET and ETFE sample on Instron 5942 machine (b) Schematic diagram of the
setup of T-peel test.
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Fig. I1I-15 Photo showing mounting specimen onto the Instron machine including (a) slack
specimen, liquid UV 15 at the bonding area between PET and ETFE webs (b) front look of the
mounting the specimen (c) specimen under loading

The T-peel test is conducted to pull apart the assembled PET and ETFE specimen at a constant
displacement rate, which is different from the traditional peel test in that a constant load is
applied for measuring the fracture toughness of the adhesive joint[165]. In each test, the PET and
ETFE web were clamped with the grips of the Instron machine (Instron 5942 system) at about 44
mm from the edge of bonding, and loading is applied as shown in Fig. 111-14 (b). Each test
specimen remained slack while installing on the clamps as well as placing the UV 15. Then the
UV light started to irradiate the bonding area. Once the test started, the specimen became taut by
moving the upper grip at a constant rate of 200mm/min until the assembly was pulled apart. Since

the UV 15 had a short time to be cured on the process line of roll-to-roll NIL, the fracture

toughness of the adhesive approaching the time when the UV light stopped irradiating on the
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bonding area was preferred. Because the UV 15 has a “dark-curing” effect, which means the UV
15 remained cross-linking once irradiated by the UV light until all the molecules had done the

reaction. The Instron machine automatically recorded a load-extension curve.

The two grips were moved to a gap of around 50mm to make sure the PET web and ETFE web
bending to have a contact area. Then, a small drop of UV 15 was placed at the bonding area, and
the UV 15 spread to fill the whole bonding area. Next, a UV irradiation source was provided to
the bonding area, as shown in Fig. I11-16 (b). The upper grip started to move upward until the

assembly was pulled apart.
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Fig. I1I-16 Photos of the test procedure (a) installing the PET and ETFE web onto the Instron machine
and create a contact area (b) Place the UV 15 in the contact area and UV irradiation on the bonding area (c)
Start the test (upper grip moving upward as a constant displacement rate) (d) the test stops until the
assembly specimen was pulled apart
Due to the space limitation of the Instron machine, a high UV intensity (2600mW/cm2) cannot be

provided to the bonding area. Thus, the UV LED was placed as close as possible under the
condition of avoiding interfering with the test. The UV intensity was measured by a radiometer
(provided by DYMAX cooperation), read as 430~460mW/cmz2. Based on the equation we have

discussed before,
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Jht =1t (1118

One can calculate

L I11-9
_ N 9)
SN (

Where 11 and 12 are UV intensity of the UV source, t1 and t2 are exposing time of UV source,
respectively. Since in the practical situation, we were using the UV exposure dosage as
2600mW/cm2*5s. By calculation, the time for exposing under the intensity of 450mW/cm2 was

13s. This calculation was limited to the current UV curable resin.

Results of the T-peel test

All the test results of the load-extension curve showed a common shape as schematically shown
in Fig. 111-17. When the test started, the load increased monotonically until reaching the
maximum value. The specimens became taut until the load reached its maximum value as shown
in Fig. 111-16. After reaching the maximum load, the slope became zero or negative, which means
the stiffness of the assembly was reducing. The extension at point “b” in Fig. I11-17 marks the
end-point of the test, while the specimen was completely pull-apart. The max load and the
initiating maximum nominal stress of 10 tests are shown in Table I11-4 Max load and max
nominal stress for T-peel tests. The average max nominal stress for initiating crack was

0.006MPa.
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T-peel test under UV intensity 450mW/cm? for 13s
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Fig. IT1I-17 Load-extension curve of T-peel test for PET and ETFE substrate
Table I11-4 Max load and max nominal stress for T-peel tests
1 2 3 4 5 6 7 8 9 10 Average
Max 0.796 0.140 0.087 0.274 0.052 0.204 0.101 0.060 0.070 0.029 | 0.181
load(N)
Max 0.0261 0.004 0.002 0.0091 0.001 0.007 0.003 0.002 0.002 0.001 | 0.006
nominal
stress (MPa)

Fracture energy is also called critical strain energy. During the test, the uniaxial tensile load was

completely converted into strain energy stored in the assembled specimen, which is area A shown

in Fig. 111-17. The area under the load-extension curve before point “a” (area A) represents the

maximum strain energy that a specimen can withstand before cracking, debonding, or a mixed-

mode of failure. Therefore, the value of area A can be served as a metric for the resistance of the

bonded specimen to failure. The strain energy in area A is defined as critical strain energy. This

definition of critical strain energy was the same as the definition of fracture energy [166, 167] in

linear elastic fracture mechanism (LEFM). The fracture energy was the maximum elastic energy a

bulk material can withhold before a crack initiate. The critical strain energy density was attained

by divided by the bonding area (which is 30mmz2) in the current experiment.
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All tests terminated at the point when the specimens were pulled apart. Only one failure mode
was shown in all the test results: adhesive failure, as shown in Fig. 111-18. Due to the low surface
energy of ETFE, the failure mode was an adhesive failure. The cured UV resin remained on the
PET substrate, as shown in Fig. 111-18 (a) and (b). On the bonded area of the ETFE substrate,
there is no UV cured resin left, as shown in Fig. 111-18 (c). The pulled apart specimens were

shown in Fig. 111-18 (d).

(b)
Bonded area with
cured UV 15

Bonded area
without any cured

T

Fig. I1I-18 Adhesive failure mode on the substrates (a) Front look of bonded area on PET web (b)
side look of the bonded area on PET web (c) the bonded area on ETFE web (without any cured UV
resin on the bonded area) (d) All test specimens (adhesive failure mode)
Since the adhesive failure mode is the only failure mode occurred in the peel tests, the surface

energy at the bonding interface can be estimated. The surface energy of the bonding area was
estimated by using the energy balance principle from LEFM for a specimen that failed by
adhesive failure. As shown in Fig. 111-17, the debonding of adhesive started at the point “a” where
the specimen reached the maximum load. The debonding process was unstable as evidenced by
decreasing load in a very short time at a constant peeling rate. The debonding process continued
until the load was reduced to zero when the specimen was completely deboned. In the energy
balance principle (Griffith theory)[168, 169], the total work done by Instron during the debonding
process (/) is equal to the change of in strain energy (6U) and the energy required to create an

additional cracking surface (Goa):
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oW =0U +Goa (11-10)
Where G is toughness or critical strain energy release rate in fracture mechanics, has a unit of

Jim? (also N/m). Here Géa is the surface energy at the bonding interface. The work done to the
specimen during the debonding process is area B (from point a to point b under the load-
extension curve), as shown in Fig. 111-17.

oW =areaB (II-11)
For simplicity, no plastic work[170] was stored in the strain energy so that the strain energy
stored in the specimen was completely released at the end of tests. Therefore, the change of strain
energy in the bonding area at the interface is

oU =—areaA (II-12)
Therefore, the surface energy is

Godoa =0oW —oU =areaB+areaA (1I-13)
Where area A and area B are referring to Fig. 111-17. Equation( 111-13 ) shows the surface energy
Gda of at the bonding interface. In the calculation, da is the bonding area (30mm2), which can be
used to estimate the critical strain energy release rate G. The calculated surface energy of 10 runs
for the same UV intensity and exposing time is shown in Fig. 111-19. The toughness at the
interface between the resin and the ETFE was calculated by averaging the toughness of 10
samples. The average adhesive toughness for the interface of PET/ETFE was 0.011mJ/mm2,

which would be input into the Abagus numerical model in the next section chapter.
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Fig. I1I-19 Adhesive properties of the bonding interface of PET and ETFE (a) surface energy of the
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bonding area (b) Toughness (or surface energy density of the bonding area)

3.6 Summary
Characterization of UV 15 with the curing level is necessary and challenging. Based on the tests

of rheological measurement, viscoelasticity, shear strength test, coefficient measurement as well
as adhesive toughness test, a full characterization of the resin is established. The parameters can
be used to build a numerical model to simulate the real-world process of roll-to-roll NIL. Based
on the comparison of the results of the ultimate shear strength data and the dynamic simulation,

we can tell if the UV resin can produce defect-free nanostructures during the imprinting.
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CHAPTER IV

V. Dynamic simulation of R2R UV NIL

Finite element simulation was used for predicting the quality of nanoimprints on the product. The
numerical simulation for the roll-to-roll NIL process should include the whole pattern of the
process. As we have discussed in the introduction, the roll-to-roll NIL process consisted of three
steps, such as resist filling, UV exposing as well as demolding. The backup roller, also known as
nip roller, was necessary for not only assisting the resist filling into the cavities on the mold, but
also broaden the contact area for the resist and the mold. However, the nip roller caused nip-
induced tension on the flexible substrate, which would induce slipping at the interface between
the resin and the imprint roller. The nip-induced tension would be studied in the roll-to-roll NIL
dynamic simulations which included imprint roller, nip roller with a rubber cover, peel roller as
well as the flexible web in macro-scale. The demolding process was also a key step to determine
if we can obtain high-quality products. Even if the resin could fill into the cavities on the mold
perfectly, the damage or distortion during the demolding step would lead to defects on the
nanoimprints. Two important phenomena of interaction between the UV curable resin and the
mold contributed to the complexity of the demolding step. An increase of adhesive strength at the
interface as well as the shrinkage due to cross-linking of polymerization occur simultaneously

during the UV curing. Excessive UV curing caused the high shrinkage of the polyacrylate and
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increased the possibility of initiation of the cracks in the nanostructures. Insufficient curing led to
low shear strength which was tremendously important for the cured nanoimprints to maintain a
high-fidelity quality. To study the combination of the friction and adhesive as well as shrinkage, a
simulation in nano-scale should be established. It was apparent that only dynamic simulation of
the R2R NIL process line or nano-scale simulation would not be enough to study the mechanics.
Since the numerical simulations were not in the same geometry scale, a macro-scale and a nano-
scale simulation were proposed. The macro-scale numerical simulation was conducted for the
whole NIL process. The nano-scale numerical simulation was built for the demolding process. As
we have mentioned in the literature review, numerical models for predicting the quality of
nanopatterns on the surface of the products for roll-to-roll NIL process were lacking.
Combination analysis of the macro-scale and nano-scale numerical model was built to predict the

quality of the nanopatterns on the flexible substrate.

The main goal of the dynamic simulation was to predict the slippage and shear stresses which
would potentially distort or destroy the nanofeatures. In the current project, the machine direction
(MD) stress in the web and the contact stress produced by the interaction between the resist
surface and the imprint roller were the points we mainly pay attention to. Therefore, defects of
cross machine direction (CMD), such as buckling or wrinkling for the web which may cause the
failure of the imprinting nanofeatures, were not considered in this report. The assumption that the
web had no thickness variation across the roll width, and alignment of rollers was perfect was
made to simplify the model. Thus, it was reasonable to simulate the continuous R2R UV NIL
process as a two-dimensional model, which can significantly reduce the computation cost. Thus,
this less computational resource required model allows us to simulate the process implicitly,
which can provide unconditional stable solutions to analyze the equilibrium state of the process.
Moreover, the reduced dimensional model would help us focus on the interaction between the nip

roller and the imprint roller, the resist and the imprint roller, slip-stick behavior, and the shear
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deformation of the resist during wrapping on the imprint roller and in the nip contact zone. The
R2R UV NIL process simulations using commercial finite element software were capable of
modeling the real process with the assumptions. In the R2R UV NIL process, an imprint roller
and a rubber covered nip roller were built as a nip contact zone. A web with a thin layer of resist
coating was built to go through the nip contact zone and to wrap on the imprint roller till it exits
the imprint roller. The web and the resin layer were first subjected to the web tension and then
pressed by nip, finally wound on the imprint roller when the process initiated. It allowed the
guantities like stresses and strains through the web and the resist to respond as the process goes
on. The slippage was allowed between the imprint roller and the resist, and the bottom web
surface and the rubber cover by contact algorithms. Nevertheless, there were several limitations
of this model. First, the UV curable resin was a low viscosity liquid at room temperature before
being exposed to UV light. The resin was modeled as an elastic isotropic solid. It mainly affected
the results of simulation because the nip contact would produce the shear traction for tension on
wound roll which was called nip-induced tension. In the current situation, it was the best choice
for us to simulate the liquid state resin as a low Young’s modulus solid. The dimension of the
nanofeatures was another limitation of this simulation. The height of nanofeatures was at the
order of magnitude to tens of nanometers. It was much smaller than the dimension of the R2R
NIL process line. Therefore, modeling the imprinting mold and the resist surface as a flat surface
with frictional behavior was a compromise. Focusing on the shear deformation due to tangential
behavior and potential slippage was the main goal to predict if the nanofeatures would be

destroyed or distorted.

The difficulties of the simulation mainly include dealing with the expensive computational cost
while modeling the material of the resin with high accuracy. Interactions between the surface of
the resist and the imprint roller as well as the web and the rubber cover introduce nonlinearity

into the boundary conditions. The stable time increment is set to a small number due to the thin
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thickness of the web and the resist layer, which results in a large computation time. The
nonlinearity and small stable time increment may cause convergence difficulty in the implicit
method. Moreover, the mechanical properties of the resin are changing during the curing process.
Predicting the slippage and the shear deformation on the resist surface is the main goal of this
simulation. Based on the results of the simulation, controlling the external parameters of the setup
can help us reduce or eliminate the slippage between the resist and the imprint roller. Therefore,
how to create a balance between the accuracy of the simulation and computational cost, how to
model the varying mechanical properties of resin material, how to reduce or eliminate the

slippage and the shear deformation need to be explored.

In the macro-scale numerical model, a theory calculation is used to validate if the simulation is
correct. Then, to explore the best control of slippage and frictional behavior, various operational
parameters were applied to the simulation. After the previous research period, an improvement of
the process line was made. Thus, an improvement of the numerical simulation was also updated.
Finally, by the finding of simulation, the tangential behavior between the UV resin and the
imprint roller was mainly affected by the coefficient of friction at the interface. A numerical
model that describe the varying COF in the process line was established. Based on the results of
this varying COF numerical model, a relatively precise simulation that can predict the tangential

behavior in the manufacturing environment was developed.

4.1 Model setup

Geometry
A 2D model is built to simulate the R2R UV NIL process. A 2D model adopts a plane condition

assumption to describe the web behavior of the CMD dimension. The web has a thin membrane
geometry subjected to the web tension. Before entry of the imprint roller, the web already has a

negative CMD strain due to web tension and Poisson’s effect. This negative CMD strain remains
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constant since the web has enough width. Therefore, the web is under a pseudo plane strain

condition.

The geometry of the R2R NIL model is shown in Fig. 1V-1(a). The web first goes through the nip
zone formed by the rubber covered nip roller and the imprint roller. The web then wraps the
imprint roller. After the web exits the imprint roller, an idle roller is used for guiding the direction
of the web. The material of the thin web is chosen as PET. The thickness of the web is 0.004” to
approach reality. The length of the web is sufficient for the simulation to achieve an equilibrium
state. The schematic diagram of the model and the detailed dimensions of the apparatus are
shown in Fig. IV-1(b). The wrapping angle of the web on the imprint roller is around 260° to

provide more time for the resin to be cured.
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Fig. IV-1 (a) Practical apparatus for R2ZR UV NIL (b) Schematic of geometry for the model

Material

The web in these simulations was given properties that are common for PET films. Since the core
used for imprinting the mold and the rubber cover is far stiffer than the web and the rubber cover,
the core of the imprint roller and the nip roller are simplified as rigid analytical surfaces in
Abaqus. The resin is curing uniformly on the flexible substrate. The strain of the resin should be
equal to the strain of the web due to the formation of the resin happening when the web is
stretched. The web and the resin thus are modeled as a part with two partitions in the simulation.

However, the thickness of the UV resin is one thousand thinner than the PET web. The contact
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behavior of the UV resin may be ignorable. Thus, the necessity of a thin layer of UV resin needs
to be explored. The interaction properties between the resin and the ETFE mold will be further

explored.

The rubber cover on the nip roller is modeled as an isotropic elastic material. It is completely
defined by Young’s modulus and Poisson’s ratio. Rubber is often characterized by hardness in
units of international rubber hardness degree (equivalent to Shore A). Good [171] provided the
following equation to convert rubber hardness to Young’s modulus of elasticity which is proved

by the testing of many synthetic rubber types and samples.

E, = 20.9760%%RH0 (1V-1)

Good also proved Poisson’s ratio for rubber was 0.458 through additional tests for the same group
of test samples. The characterization of this method has been proven to be accurate for large
deformations while other characterizing methods have convergence difficulties for the implicit

scheme. The properties of the web and rubber are shown in Table IV-1.

Table IV-1 Mechanical properties for web and rubber

Young’s modulus of web E,, 700000psi

Poisson’s ratio of web vy, 0.3

Young’s modulus of rubber (IRHD 50) E, 350psi

Poisson’s ratio of rubber v 0.458
Solution techniques, boundary conditions, loadings, and
interactions

Since the main goal of these simulations is to predict the tangential behavior between the resist
and the imprint roller, it can be regarded as a static or a quasi-static problems. There is a “Static
General” analysis in Abaqus to solve static problem. When the problem involves nonlinear large
deformation and dynamic problems, the “Dynamic implicit” method can be used to solve quasi-
static problems in Abaqus. There are two solver codes in Abaqus, one is Abaqus/Standard and the
other is Abaqus/ Explicit. They can be used to solve different types of problems.
Abaqus/Standard uses an implicit scheme, specifically the New-Raphson method or quasi-
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Newton method. Linear and nonlinear static problems are solved by this method. The governing
equation used in a static problem is the equilibrium equation ( 1V-2). K is the stiffness matrix, u
is the displacement vector, and R is the external force of the system. For the nonlinear situation,
these three terms of matrix or vector become variables dependent on deformation history. The
tangential stiffness matrix and iteration are required to get a converged solution. The advantages
of this method are more accurate solutions and bigger time increments. One drawback of the
method is that during the Newton-Raphson iterations one must update and reconstruct the
stiffness matrix for each iteration, which can be computationally costly.

Ku=R (IV-2)
Moreover, Abaqus/Explicit solver is designed to solve dynamic and transient problems. It can be
used when the implicit method meets a convergence difficulty. We will not discuss this method

further since it is not a focus in this report.

When a R2R NIL process initiates, tension is introduced into the web on both ends. Then the nip
load is applied by pressing the nip roller upward to contact with the imprint roller. After the nip
load is applied, the imprint roller starts rotating to continuously imprint nanofeatures on the web.
To approach the real situation of the manufacturing process, the loading procedure is divided into
three steps: pretension, applying the nip load, and rotating the imprint roller. The boundary
conditions and loads are shown in Fig. I\VV-2 and Fig. 1VV-3. In the pretension step, the horizontal
displacement is allowed for both ends of the web, while all degree of freedoms (DOFs) of cores
are restrained. The vertical or rotational displacements of the web are also restrained to avoid
introducing dynamic effects into the whole model. A constant tension Ty, is prescribed on both
ends of the web and is maintained through the whole simulation. In the second step, the vertical
displacement of the core of the nip roller is released and a concentrated force is applied on the
center point of the core. The other restraints remain the same. In the third step, the rotational DOF

of z-axis for all the cores is released. An angular velocity o is introduced to the core. All other
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loads and boundary conditions propagated from the previous step. The value of web tension and

angular velocity used in the simulation is shown in Table IV-2.

Table IV-2 Loads and BCs

Web Tension, T 500psi
Angular Velocity, @ 4rad/s
Nip load 10pli
(a) (b) ©

-«

Web rigid core

contact ;‘J fs"“l
Jj .‘/I
s '@
@ e @ |
R »| cof)taz-: “ A 4 +~—
500 pst 500 pst

)
i 500 psi
+ 500 psi 1500 pst P

Fig. IV-2 (a) Boundary conditions for the pretension step (b) Applying nip load step (c) Applying
rotating speed for the imprint roller
(a) (b) (©)
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Fig. IV-3(a) Boundary conditions of tension on both ends of the web and the nip load applied on
the nip roller (b) Zooming in the tension applying step (c) Boundary condition of rotating speed of the
imprint roller

The rubber cover and the core of the nip roller is bonded together. All other contacts are defined
by a penalty contact pair algorithm and the coefficient of friction is 0.3 both for the web to the
rubber cover and the resist surface to the imprint roller. Here is another inaccurate factor which
would be introduced into the model. As we discussed above, the mechanical properties of the

resist can be varied by different curing level. The coefficient of friction should also be spatial-

depended for the resin.
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The relation between maximum frictional (shear) stresses across an interface to the contact
pressure between contacting bodies is modeled by Coulomb friction law. Two contacting surfaces
can react shear stress up to a certain magnitude before the slipping happened, which is the state of
stick. Coulomb’s friction model defines this certain magnitude as critical shear stress. When the
shear stress is smaller than the critical shear stress, two surfaces are at a stick state, otherwise,

they are slipping.

7, = uP(x) = slip
_ (IV-3)
7, < uP(X) = stick

The equation ( 1V-3) determines the slip/stick state for a point in the contact region.

Elements and Mesh

Abaqus has a wide range of elements in the library providing flexibility in modeling different
geometries and structures, such as continuum (solid) elements, shell elements, beam elements,
etc. A family of continuum quadrilateral elements is used to model plane problems. Second-order
guadrilateral elements are not suitable for contact problems. Convergence difficulties may arise
with these elements. First-order elements were used in the project. Quadrilateral elements with
full integration may cause a problem which shearing the element rather than bending it. This
problem is called “shear locking”. Abaqus provides a reduced integration form of elements which
is known as CPE4R or CPS4R for plane problems. These elements eliminate shear locking but
they have a defect which is called hourglassing. The deformation of this kind of element
consumes zero-energy. Hourglassing can propagate easily through a mesh of first-order reduced
integration elements, which can cause unreliable solutions. The method to solve this problem is a
finer mesh and multiple elements through the thickness. Therefore, a study of mesh convergence

is necessary for the model.

To test the mesh convergence, a simpler case that can achieve the equilibrium state faster was

developed. The geometry of the model is shown in Fig. IV-4. This model avoids the contact
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between the bottom surface of the web and the rubber cover. It significantly reduces the cost of
computation for nonlinear contact. For this reason, the model can achieve the equilibrium state
faster than the former case. In the reality, the resin is a coating on the web. Therefore, a 0.0006in
thickness resin is coating on the PET web. The dimension of the imprint roller and nip roller
remain the same. The diameter of the idle roller which is also called peel roller is 1 in due to the
arrangement of the whole apparatus. Other than the geometry, the boundary conditions, loadings,
interactions, and analysis steps remain the same. To accurately approximate the deformation and
stress state of the web on machine direction, the length of elements on machine direction is set to
0.009 in. As we discussed earlier, CPE4R elements are not reliable on the thickness direction due
to unlimited propagated deformation. Therefore, the number of elements through the thickness of
the web affects the accuracy of the simulation. Hence, the mesh convergence in the thickness

direction is studied. The dimension and type of elements are shown in Table IV-3.

¢ =2.52in
¢ =1in
Resin: t2 = 0.006 in
% ¢ = 1.38in
Web:t1l = 0.0014 in
¢ =0.79in

Fig. IV-4 Schematic diagram of geometry for the study of mesh convergence
Table IV-3 Element size in convergence study

Mesh Type Mesh Size (in)

CPE4R: 0.009X1 Web: 0.009*0.0014; Resin: 0.009*0.0006
CPE4R: 0.009X2 Web: 0.009*0.0007; Resin: 0.009*0.0003
CPE4R: 0.009X3 Web: 0.009*0.0046; Resin: 0.009*0.0003
CPE4R: 0.009X4 Web: 0.009*0.0035; Resin: 0.009*0.0002

It was found that the stress on thickness direction was not affected by the layers of the element.

The tangential stresses (MD stress) were affected by the varying layers of elements. Additionally,
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the tangential stresses were the key parameters to determine the slippage between the resist and
the imprint roller. Therefore, the MD stress was selected as the criterion for evaluating the
performance of the mesh size in Table 1\V-3. In the Abaqus, the calculation was based on the
integration point of each element. The values of stresses and strains on nodes of an element were
obtained by interpolation. Thus, in this study, the average values of the bottom nodes and top
nodes of the web and the resin were used to represent the MD stress at that location. Fig. IV-5 (a)
showed the MD stress varies with different mesh sizes, especially when there was just one layer
of the element both for the web and the resin. The MD stress had a little difference when the layer
of ®lement for the web increase from 2 to 4. It showed the MD stress convergence. The impact of
mesh size on contact pressure in the nip contact zone was much less than the MD stress. In other

words, the tontact pressure also showed convergence by increasing the density of the mesh. For

MD stress(psi)

N
o
o
H
o

20 30

MD location(i _
——Mesh Size 0.009*0.0Q035in

MeshSize 0.009*0.00046in
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(b)  Contact pressure for straight model with
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Fig. IV-5 (a) MD stress for different mesh sizes through the contact zone (b) Contact pressure for
different mesh size at the nip contact zone.

4.2 Results and discussion

Results of numerical simulation of R2ZR NIL
The PET web went through the nip contact zone formed by rubber covered nip roller and the

imprint roller. Then, the web wrapped on the imprint roller till exiting. Nip load applying step
was first analyzed to assure that the pressure was provided steady. Additionally, the analysis of
the nip load and the deformation of the rubber could help to find a suitable model for the nip
contact zone. The MD stress was used to analyze the tension in the web. The contact pressure and
tangential stresses were used to analyze the slippage zone between the web and the imprint roller.
To show the tangential behavior of the web, 3 layers of mesh were adopted. The data was

harvested by averaging the values of nodes of the top and the bottom surface of the web.
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Nip load for bending web model Rubber Engagement for bending model
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Fig. IV-6 (a) Nip load applied by the backup roller and reaction force on the center of the imprint
roller (b) Rubber cover deformation correspond to the nip load
The nip load was applied up to 10pli by the nip roller with a ramp step starting at 5.5s. It

remained 10pli till the end of the simulation, shown in Fig. IV-6(2). The reaction force at the
center of the imprint roller was also shown in Fig. IV-6(a). There was the reaction force when the
tension was first introduced onto the web. The reaction force reached 1.7pli due to the tension in
the web. The direction of the reaction force was determined by the tension in the web. At the time
when nip load was applied onto the imprint roller, the reaction force was determined by the
vector sum of web tension and the nip load, which was 8.3pli as shown in Fig. IVV-6(a). The
change of reaction was 10pli which equaled the nip load applied by the nip roller. The rubber
cover on the nip roller would be deformed while applying force on the rubber. The deformation in
the normal direction of rubber had a direct relation to the applied nip load. In Fig. IV-6(b), the
relation between nip load and rubber deformation on the normal direction as shown. The nip
contact zone was shown in Fig. IV-7 (a). This relation was a contact model created by Johnson in
1985[172] in his book *“ Contact Mechanics”. By his contact model, we can also analyze the

contact pressure distribution at the nip contact region:

(1-v) E, a x?
P(x) = r) o 1-2 (1V-4
() 1-2v, 1-0? 2Rtr( azj :

Where the nip contact zone width is 2a, R is the equivalent radius in contact defined as:
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1
R_ﬁ (IV-5)
— +
R R

nip impr int

Rnip @and Rimprint are the radius of the nip roller and the imprint roller, respectively. x is a coordinate

whose original point is centered in the contact zone and ranges from —a to +a, shown in Fig.
IV-7(b). t; is the thickness of the rubber cover. Eq is Young’s modulus of the rubber cover. From
the equation ( IV-4), an average pressure of the contact can be obtained which will be used to

determine the resist filling time.

_(1_Ur) EO a (1V-6)
" 1-2v, 1-0? 3Rt
The half width of the contact zone can be calculated by
3FRt, (1-2v,)(1-0]
a=3 al ,)(2 ) (IV-7)
2E,(1-v,)
(@) Nip gLoad F
] B: 1c1'11p +n gh&r

coating

thickness A 4.‘ J“hr ibber Cover
e *

lmprint g Roller

Fig. IV-7 (a) the schematic of the nip contact zone formed by the imprint roller and the nip
roller[57] (b) an elastic layer on a rigid substrate indented by a rigid cylinder[172]
Fig. IV-8(a) showed the numerical simulation of the nip contact zone. The length of the contact
width was calculated by Johnson’s contact model. The contact pressure calculated by equation (
IV-7) is shown in Fig. IV-8 (b). The contact pressure on the top and bottom surface of the web
approximately equaled to each other. However, the contact pressure for the top surface of the web
was oscillating, while the one for the bottom surface was smooth. This was because the top

surface contacted with the rigid roller. Since the rigid roller cannot be deformed, the rubber

covered nip roller deformed and contacted with the rigid roller. Thus, the web contacted the
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deformed rubber cover prior to entry of the nip contact zone. This entrance condition was one of
the reasons causing oscillatory behavior. Moreover, the mesh size for the tangential direction was
0.09 in. This rough mesh size also contributed to the vibration of the contact pressure for the top
surface of the web. On the other hand, the contact pressure for the bottom surface was much
smoother than the one for the top surface. Both contact pressures had a good agreement with
Johnson’s model. The maximum contact pressure calculated by the model was a little bigger than
the one of the simulations. However, the lengths of the contact width were almost the same. We
could also see that the contact pressure for the bottom surface was not zero at the entering point
of the nip contact zone. This was because the web wrapped the rubber covered nip roller.
Therefore, the bottom surface of the web contact with the rubber before entering the nip contact
zone.

(b)

Contact pressure distribution

80 ' Nip contact zone
70

w b g D
o O O O
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o

Contact Pressure(psi)
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o

0 bbbk
1022 obs 23 235 24 245 25
Web bottom MD location(in)

-+-Topweb botweb —Johnson'smodel

Fig. IV-8 (a) numerical simulation of the nip contact zone; the bottom left picture is the amplified area
of resin and the web (b) contact pressure distribution along with the MD location in the nip contact zone
(Topweb: top surface of the web, botweb: bottom surface of the web)
The contact width of the simulation was 0.12 in, while the width calculated by equation ( 1V-7)

was 0.107in. The results of the contact width showed good agreement. The average contact
pressure calculated by equation ( 1V-6 ) was in line with that of the numerical simulation, shown

in Table IV-4. The average pressure for the simulation was calculated by
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P = ijress*dx (IV-8)
Where Cpress IS the contact pressure for each n:de on the top or bottom surface. dx is the length of
each element. By comparing the average pressure and distribution of contact pressure, the contact
pressure for the top and bottom surfaces were the same. The average pressure obtained from the
simulation and the equation ( IV-7 ) showed a good agreement with each other. Therefore, the
average pressure calculated from Johnson’s model could be used for purpose of designing the

time for resist filling into the model.

Table IV-4 Average contact pressure of simulation and Johnson’s model

Average pressure (psi) Top surface Bottom surface
Simulation 42.3 42.5
Johnson’s model 46.3 46.3

The normal contact behavior was studied by both numerical simulation and theoretical
calculation. Compared to the normal contact behavior, the tangential behavior of the web was
more concerned. However, a suitable theoretical model for the current dynamic situation was
lacking. Thus, a dynamic implicit method was used to analyze the tangential behavior of the web.
Moreover, the slippage between the web and the imprint roller was examined by simulation and
Capstan formula. Before we evaluated the MD stress in the web, a steady-state of all parameters
needed to be achieved in the simulation. Fig. 1V-9 (a) showed that several points at different
locations when the web was wrapping on the imprint roller. The MD stress for the points at
various locations was the criterion if the whole model achieved a steady-state. As shown in Fig.
IV-9 (b), the MD stresses at each point achieved plateau at the time of the third second. This
phenomenon shows that the simulation reaches the equilibrium state. The solution of the

simulation can be used to analyze the dynamic tangential behavior of the web.
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Fig. IV-9(a) Pick 4 points at different locations on the web during the web wrapping on the imprint
roller (b) MD stresses for the points at different locations
In the dynamic simulations, the MD stress varied at different locations. Therefore, the web was

separated into several zones by different locations, shown in Fig. IV-10 (a). The MD stress at
different locations showed various stress levels, shown in Fig. IV-10(b). The upstream tension
kept constant at 500 psi. Therefore, at the beginning location of the web, the MD stress started at
500 psi due to the tension applied on both ends of the web. The tension is required for web
transportation. Then, the MD stress increased to 780 psi during the bottom surface of the web
slipping on the rubber covered nip roller prior to the web entering the nip contact zone. Later, the
MD stress increased to 900 psi after the web went through the nip contact zone. This increase in
MD stress was due to the nip induced tension (NIT) phenomenon[111, 113]. The NIT and the
impact of NIT on the web tension after the nip contact zone are shown in Fig. IV-10 (b). The NIT
is affected by the slippage in the nip contact zone. The slippage will be shown in Fig. IV-11(c).

The web tension, in the units of stress, can be calculated as followed:

=T +NIT (IV-9)

entry

T

out

The MD stress remains steady during the web wrapping on the imprint roller. The increase in MD
stress must decrease to the MD stress associated with the downstream web tension to achieve an
equilibrium state. This could occur only by slippage for the thin webs. The spatial slippage

between the web and the imprint roller is shown in Fig. I\VV-10 (a).
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Fig. IV-10 MD (a) various contact situation of the web going through the processing different
locations on the web (b) MD stress at different locations on the web (zoomed picture on the right: the
impact of NIT on the web tension) (¢) numerical simulation results at the nip contact zone (d) The
name for web tensions at different locations
The increase of the MD stress at the rubber slippage area was coincident with the slippage shown

in Fig. 1IV-11(b). The slippage could also be calculated by Capstan formula. The equation relates

the hold-force to the load-force if a flexible line is wound around a cylinder.

T =T e“ (IV-10)

in — entry
Where Tin is the applied tension on downstream of the web. Teny is the resulting tension on the

upstream of the web.  is the coefficient of friction between the web and the imprint roller. 8 is

the angle of the arc of slippage. The slippage, therefore, can be predicted by:

; Rnip Tin
slippage =—In| —/ (IV-11)
entry

The slippage at the rubber slippage area was 0.900in obtained by the simulation, while the

slippage acquired by the equation ( 1\VV-10 ) was 0.9326in. The results obtained by the dynamic
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simulation and the estimated method showed a good agreement with each other. The increase in
MD stress was also coincident with the slippage at the entry and exit regions of the contact zone,
shown in Fig. IV-11(c). As we mentioned, the increased MD stress must decrease to the MD

stress associated with the web tension to achieve equilibrium, the slippage was happening at the
exiting area of the imprint roller. The slippage zone was evident as shown in Fig. IV-11(d). The

slippage at the exiting area can be evaluated by:

T t
—out (IV-12)
T J

exit

R .
slippage = — In(
)7,

The slippage at the exiting area was 2.376in by the simulation, while the slippage was 2.46in
calculated by Capstan formula. At this slippage zone, the imprinted nanofeatures should be cured
by the time the web exits the imprint roller so that they can release without damage. The contact
shear stresses must be minimized to avoid damage to the imprinted nanofeatures. Therefore, the
slippage zone at the exiting area could be a potential part to damage or ruin the imprinted

nanofeatures.

Ilpprint roller Steady
(a) slippage Area wrapping
T area
_‘1;_ Nip contact
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Idle roller / .
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(b) Friction Envelope for rubber slippage zone
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(d) Friction Envelope for wrapping zone
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Fig. IV-11(a) Spatial contact zone classified by contact situation (b)Shear traction and friction
envelope for the bottom surface of the web and rubber covered nip roller (c) Shear traction and friction
envelope for the top surface of the web and the imprint roller (d) Shear traction and friction envelope when

the web was wrapping on the imprint roller
After the web exited the imprint roller, the tension in the web remains 500psi except passing

through the idle roller as shown in Fig. IV-10 (b). It is because the bending of the web being
restricted by the frictional force as it conforms to the roller. It is obvious that this minor increase
in MD stress also decayed back to the tension level at the exit of the peel roller. However, this
part of slippage was not concerned because the surface that being contacting the peel roller was
the bottom surface of the web. The bottom surface does not have the imprinted nanofeartures.
Nevertheless, this does not mean the slippage can always be ignored since imprinted features may

be in contact with the roller in the process line.

Parameters affect the MD stress
To determine the parameters which can affect the tangential behavior of the web, several cases

were established. Each of these cases just changed one of the parameters but remained the rest.
Therefore, one could find out which parameters would affect the stress state of the web. The

evaluation of results included tangential behavior of the web, average normal contact pressure in
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the nip contact zone, and the length of the slippage area. The change of parameters in each case

was shown in Table IV-5.

Table V-5 Cases of simulation for different parameters

Case Nip load (pli) Texipsi) Vy E,(IRHD) Cofl
1 10 500 0.458 50 0.3
2 10 500 0.458 40 0.3
3 10 500 0.458 30 0.3
4 10 500 0.3 50 0.3
5 10 500 0.2 50 0.3
6 10 990 0.458 50 0.3
7 10 500 0.458 50 0.1
8 10 500 0.458 50 0.5
9 2 500 0.458 50 0.3
10 5 500 0.458 50 0.3

Case 2 and 3 were similar to Case 1. These two cases were built to explore the influence of

different rubber cover hardness for the nip roller. Case 4 and 5 were to explore the effect of low

Poisson’s ratio elastomers that were achievable with open and closed cell foams. As we have

discussed in the literature review, Poisson’s ratio is one of the key parameters which could induce

the NIT (nip-induced-tension). Case 6 was built to explore if one can reduce and even eliminate

the slippage by controlling the downstream web tension. Case 7 and 8 were to explore the effect

of frictional behavior between the resin and the imprint roller. The coefficient of friction between

the resin and the imprint roller would change while the resin was curing. Therefore, Case 7 and 8

could give results of the effect of the frictional behavior. Case 9 and 10 were to study the

influence of the nip load.

Table IV-6 Results of simulation cases

Case Average Pressure (pli) Nip contact area a (in) Slip (in)
Simulation Equation( IV-6) Simulation Equation( IV-7) Simulation Equation( IV-11)

1 43.97 46.39 0.216 0.216 -2.83 -2.91

2 33.94 38.49 0.140 0.130 -2.61 -2.83

3 34.20 32.01 0.324 0.312 -2.91 -3.08

4 41.88 31.20 0.225 0.320 -0.93 -1.19

5 40.25 29.27 0.234 0.341 -0.54 -0.73

6 42.09 46.39 0.225 0.216 0 0

7 41.86 46.39 0.225 0.216 -5.58 -5.57
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8 41.97 46.39 0.225 0.216 -1.58 -1.77
9 5.97 10.94 0.182 0.276 -0.75 -0.85
10 19.63 20.17 0.171 0.188 -1.62 -1.81

The results of these simulations were shown numerically in Table 1\VV-6. The average pressure in
the nip contact zone, the width of the contact area, and the slip of the web at the exit of the
imprint roller were the main parameters to be concerned. Table IV-6 also showed the ability of
equation ( IV-6) and ( IV-7) to predict the average pressure and the width of the contact region.
The equations performed well except Case 4 and 5 which has lower Poisson’s ratio. Equation (
IV-11) was used to predict the length of slippage at the exit of the imprint roller. The results of
the simulation for slipping showed a good agreement with the equation. Based upon all the results
of numerical simulations presented in Table V-6, they are useful for predicting the mold filling
process. Also, note that the slip results in Table IV-6 had signs. A positive sign was defined as
slippage of the web forward with respect to the imprint roller surface towards the exit. A negative

slip was defined as the web slipping upstream with respect to the imprint roller surface.

The slip results in Table V-6 showed the effect of variables on slip while other parameters
remained constant. The effect of hardness of the rubber cover for the nip roller was small since
the length of the slippage varied not much. The comparison of MD stress in the web was shown
in Fig. IV-12 (a). The MD stress in Case 1, 2, and 3 showed little sensitivity to the different
hardness of rubber cover. Additionally, it was impossible to force the slippage to vanish by
selecting various elastomers. Based on the results of Case 1, 4, and 5, lower Poisson’s ratio would
reduce the slippage. It is noticeable that even the Poisson’s ratio was as low as 0.2, the slippage
still happened at the exit of the imprint roller. As shown in Fig. 1VV-12 (b), one interesting
phenomenon was that the direction of the slippage between the bottom surface of the web and the
rubber cover was the opposite. This opposite slippage caused a decrease in the web tension.
However, lower Poisson’s ratio elastomer caused higher nip-induced tension in the web during

going through the nip contact region. This phenomenon is in line with the literature of
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Johnson[102, 103]. Based on the results, even the Poisson’s ratio was 0.2, it was still impossible
to eliminate the slippage at the exit of the imprint roller. Additionally, the bottom surface of the
web would slip drastically when the web enters the nip contact zone. Thus, the selection of low
Poisson’s ratio elastomer was not a preferred way to eliminate the slippage. Case 6, 7, and 8
showed that controlling the downstream web tension could be an effective way to reduce or
eliminate the slippage. The MD stress distribution for various downstream web tension was
shown in Fig. IV-12 (c). It was apparent that the MD stress in the web and the slippage area at the
exit of the imprint roller could be controlled by manipulating the downstream web tension. As
shown in Fig. IV-12 (c), the slippage at the exit of the imprint roller was controlled by
manipulating the downstream web tension. One interesting phenomenon was that there was
slippage at the idle roller. The slippage on the idle roller was controlled by the tangential
properties of the interaction between the web and the rigid idle roller. The slipping angle on the
idle roller was 34.83°, which means the downstream web tension was 1.2 times to the exit web
tension on the imprint roller, calculated by equation ( IV-10 ). Therefore, controlling the
downstream web tension could be a very effective way to eliminate the slippage. Case 9 and 10
showed the slippage was strongly affected by the coefficient of friction between the resin and the

imprint roller.
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(a) Comparison of MD stress for rubber cover hardness
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Fig. IV-12 (a) Comparison of MD stress for various rubber cover hardness (b) Comparison of MD
stress for regular rubber and lower Poisson’s ratio elastomers (c) Comparison of MD stress for various
downstream web tension (d) Comparison of MD stress for various interaction properties

4.3 Improvement of UV-NIL process machine and

simulation
The roll-to-roll UV NIL project is concerned with scaling UV NIL to production levels by

performing the process continuously with a speed of 20 m/min on R2R machines. The results of
our trial tests in the laboratory indicate that inadequate curing level of UV resin prior to slippage
or peeling will result in defects on the nanofeatures. The rubber cover is required to broaden the
nip contact zone and provide the pressure and contact duration needed to force the uncured resin
into the cavities on the mold. The slippage and shear motion are beneficial for filling the cavities
on the mold. However, this shearing slippage after the nip contact zone will induce defects which
depends on the curing level of the UV resin. These defects can be reduced by curing the resin to a
higher level and increasing the strength of the nanoimprinted features prior to extraction from the
mold. The slippage between the resin surface and the imprint roller prior to extraction from the

mold has been discussed in section 0. The ability of the resin to react stresses without failing
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depends on the strength of the resin which is dependent on the curing level of the resin. Increased
process speed has a result of decreasing exposure and strength of resin prior to peeling. The
inadequate curing level on the previous testbed is mainly caused by a short time of irradiation.
Therefore, a new R2R UV NIL process testbed was built at Web Handling Research Center
(WHRC) in Oklahoma state university, which is shown in Fig. IV-13(a). Fig. IV-13(b) shows the
diagram of the geometry of the new testbed. Comparing to the previous testbed, the diameter of
the imprint roller is increased to 8 inches, which will provide higher irradiation energy due to the
increase of irradiating time. Since the geometry of the imprinting process line has been changed,
a new numerical model had to be established to provide accurate simulation. Additionally, to
improve the precision, a code that can provide friction coefficient varying as a function of cure
level is introduced into the numerical model.
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Fig. IV-13 (a) New UV NIL process testbed (b) diagram of the new testbed
As we have discussed in section 0, the main goal of the simulation is to predict the slippage and

shear stresses which can potentially distort or destroy the nanofeature on the flexible substrate.
The machine direction (MD) stress in the web and the contact stress produced by interactions

between the resist surface and imprint roller are mainly concerned. Therefore, simulating the
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continuous R2R UV NIL process as a two-dimensional model is reasonable. The two-
dimensional model can also significantly reduce the computational cost, which allows us to
simulate the process implicitly. The complexity in the simulation arises from the changing
physics and properties of the resin between the entry and exit of the imprint roller. The resinis a
liquid which serves potentially as a hydrodynamic lubricant between the polyester web and the
imprint roller in the nip contact zone. After exiting the nip contact zone, UV exposure begins, and
the resin first transfers to a gel state and finally a solid with strength increasing with the curing
level. Comparing to the wrapping area of the web on the imprint roller, the broaden nip contact
zone caused by the rubber cover is relatively ignorable. The liquid state of the resin plays a tiny
important part in the whole process line. Therefore, the resin is treated as a layer of continuum

elastic elements that is attached to other layers of finite elements that represent the polyester web.

The friction property between the polyester web and the imprint roller starts very low while the
resin has a liquid physical form, it serves as a hydrodynamic lubricant. As the curing level
increasing during the UV exposure, the cured resin is adhered to the mold before peeling. The
results in 0 show that the coefficient of friction between the resin surface and the imprint roller
affects the slippage and stresses in the web. A user subroutine where the friction coefficient can
vary as a function of curing level results in a more accurate numerical model. When the contact
pressure reduces to zero, the web with imprinted nanofeatures is free to release from the mold on
the imprint roller. However, this simulation cannot study the peeling tensile and shear defects
resulting from the extraction of nanoimprints from the mold. To study the defects -resulting from
the demolding, a numerical model in a nanometer scale is helpful. The nano-scale demolding

numerical model will be discussed in the next chapter.
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Model setup of the improved numerical model
As we have discussed thoroughly the numerical model in section 0, the details of the new model

would not be elaborated. Except for the geometry, the rest of the model remained the same. The

geometry of the new numerical model is shown in Fig. 1\VV-14.
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Fig. IV-14 Schematic of geometry for the model
As the reduced integrational elements are not reliable on the thickness direction due to unlimited

propagated deformation, the number of elements through the thickness of the web affects the
accuracy of the simulation. The mesh convergence in thickness direction has been studied in
section 0. The major difficulty of the simulation is dealing with the expensive computational cost
while modeling the material of the resin with high accuracy. To pursue the most efficient mesh
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size with the highest computational accuracy, the convergence test for mesh length was also
applied. The stress in the machine direction is the parameter we concerned most, thus, S11 was

used to examine the convergence. The mesh length as 0.04 was chosen as the mesh size with the

best efficiency.
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Fig. IV-15 Mesh convergence test for new numerical model

Results of new setup simulation
The case without resin coating was always a good start to learn the mechanism in the process of

UV NIL. The slippage at the rubber cover part and nip induced tension at nip contact zone 1 was
the same as the previous model, as shown in Fig. IV-16 (a). One should notice that there was a
phenomenon that happened at the nip contact zone 2. The MD stress decreases down below 500
psi first and then returned to 500 psi by the slippage between the web and the top rubber. Based
on the nip contact mechanism, the impinged rubber will have a contact surface velocity higher
than that of the imprint roller surface. The tangential contact stress was negative at the negative x-

axis and increased to positive due to the difference of velocity for the rubber surface and the
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imprint roller, as shown in Fig. IV-16(b). In the chart, the only way to adjust the tension variation

in a thin web was slippage. Therefore, the slippage happened at the exit area of the imprint roller.
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Fig. IV-16 (a) MD stress distribution for the case without resin coating (b) instruction for the
corresponding area for the MD stress distribution

The MD stress distribution of the case with resin coating on the flexible substrate was shown in
Fig. IV-17(a). It was obvious that there was a linear decrease right before the exit area of the
imprint roller, which was called “imprint slip”. This slippage was in line with the contact friction
envelope, which was shown in Fig. IV-17(c). The slippage length was 3.37in which was in line
with the S11 chart. The slippage that caused increase tension at nip contact zone 1 was shown in
Fig. IV-17(b). The comparison between the cases with and without resin coating showed a good

agreement in the MD stress distribution, as shown in Fig. I\V-18. Therefore, simulating the UV

resin as a thin layer was not necessary.

118



(a)
Rubber slip 1

1000 \

800
600
400
200

0

S11(Psi)

-10

©

[EN

Impri

f.
slip |

10 30
MD location(in)

Nip contact zone 2

mb\er slip 2

50

Nip contact zone 2

o

[
(RN

Contact pressure(psi)

—e—Cshear

27 28

Imprint slip

MD location(in)

—e—mu*cpress —e—(-)mu*cpress

~
(=)}
~

Nip contact zone 1

10104 11.4

-20

—e—Cshear

Contact pressure(psi)

MD lpcation(in)

—e—mu*cpress ‘—e~(-)mu*cpress

(d)
Imprint roller

slippage Area Rubber slip

9
Yfaop

Nip contact
zone 1

Nip contact
zone 2

/

4rad/s
-
Steady

wrapping area

Fig. IV-17 (a) MD stress for the web with the coating resin at different locations (b) shear traction and
friction envelope at the nip contact zone 1(c) shear traction and friction envelope at the wrapping contact
zone (d) instruction for the corresponding area for the MD stress distribution

W b 0O o
o

MD stress(psi)

Comparison for a thin layer of UV resin

10 15

20 25 30 35

MD location (in)

—S11-without coating

—S11-coating E100psi
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As shown in Fig. 1V-14, a rubber covered peel roller was arranged on the top of the imprint roller.
Since a vertical load was applied on the rubber cover, a nip induced tension was also introduced
at the top nip set. As shown in Fig. IV-19, the nip roller truly reduced the slippage length between
the resin and the imprint roller. However, the slippage still happened in the nip contact area. This
slippage at the nip contact zone 2 could also destroy or distort the nanofeatures on the substrate. If
we replaced rubber covered roller with a rigid roller, and adjusted the downstream tension to 770
psi, the slippage at the exit part of the imprint roller was eliminated, which was in line with the
results of section 0. Thus, by adjusting the operating parameters and arrangement of the process

machine, the slippage between the resin and the imprint roller can be eliminated.
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Fig. IV-19 MD stress distribution for finding optimal operation parameters

4.4 Spatial-dependent COF

In the previous section, we have shown that the results are the same between the case with
modeling the resin coating as a thin layer and the case without a resin coating. In chapter 3, we

have demonstrated how the properties of the UV cured resin are not attained instantaneously on
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exposure to UV light[173]. Modulus and tensile strength as well as the contact properties at the
interface between the resin and the ETFE mold increase initially with exposure where cross-
linking of the polymer resins initiate but also increase with dark curing time where the cross-
linking between polymer chains continue after exposure. To characterize the tangential behavior
at the interface between the UV resin and ETFE mold on the roll-to-roll manufacturing process
line, a coulomb friction contact model is established as a function of curing level. The curing
level is directly related to the UV intensity and exposure time (see section 0). Since the UV light
is provided by four LED UV arrays arranged uniformly on the process line, the UV intensity is
assumed to be constant on the roll-to-roll process line. Commercial UV-NIL processes that are
economically successful require speed and productivity which are attributes of roll-to-roll (R2R)
manufacturing processes. The exposure time of the UV light is inverse proportional to the process
speed. Thus, a coulomb friction contact model is developed as a function of process speed. To
apply the contact model in the commercial finite element package Abaqus/standard, a user
subroutine named FRIC is necessary. By applying the user subroutine FRIC, a practically

numerical simulation of the roll-to-roll NIL manufacturing process is established.

Coulomb friction in user subroutine FRIC with penalty
method

The ideal frictional behavior between two contacting bodies is following the coulomb friction
law, as shown in Fig. IV-20. In Fig. 1V-20, it is apparent that if the tangential shear stress less
than critical shear stress, there will be no relative motion. In the penalty formulation method of
the friction, a condition of no relative motion is approximated as a stiff elastic behavior, as shown
in Fig. 1V-21. Thus, a small amount of elastic slip |y!| < ., is allowed although there should
be no slippage at all. The elastic slip is, therefore, related to the frictional shear stress through the
relation

=k (IV-13)
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where

ks(p)zﬁzﬂ_p (IV-14)
ycrit 7crit
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Fig. IV-20 Ideal frictional behavior between two contact surfaces
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Fig. IV-21 Stiff elastic friction behavior when applying penalty formulation of Coulomb friction
model
The behavior remains elastic until |t| < 7. Linearize the equation( 1V-14),

el
dr=k.dy® +L— sdp (IV-15)
7crit

The equation ( 1V-15) is valid in the stiff elastic region, |t| < .. If |T] = T¢prie, the frictional

shear stress is given by

T:lz—crit:l:up (IV-16)
7]
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where y is the total slip. Note that the y/|y| is the direction of the frictional shear stress. The

elastic slip is calculated by

ST (IV-17)

The incremental plastic slip which is denoted as A,* is calculated as

Ay :;eI+A7_k1 (IV-18)

S

—el
where y is the elastic slip at the start of the iteration, and Ay is the current slip increment passed

to user subroutine FRIC. The elastic predictor is defined as

=k, (7_/9' +Ay) (IV-19)

The increment of the plastic slip can also be written as

Ayt =——— (IV-20)
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Fig. IV-22 Computation of incremental slip

Characterization of contact properties in the simulation
The tangential behavior at the interface between the UV resin and ETFE mold on the roll-to-roll

manufacturing process line is characterized by a coulomb friction contact model as a function of
curing level. The coefficient of friction at the interface increases with the curing level, which has
been discussed in chapter 3. Moreover, the curing level is directly related to the intensity of the
UV light and the exposure time. Since the UV irradiation source is uniformly provided by four
LED arrays, the UV intensity on the process line can be regarded as constant. The exposure time
is dependent on the process speed. To characterize the coefficient of friction (COF) as a function

of the curing level, a spatial-dependent coefficient of friction method is applied. This method
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precisely describes the increasing COF as a function of the curing level of the UV resin. As we
have shown in section 0, the COF is defined as a function of exposure time. Since the process
speed is known, the exposure time can be defined as a function of spatial coordinate. The contact
properties at the interface between the resin and the ETFE mold increase initially with exposure
where cross-linking of the polymer resins initiate and increases steeply in a few seconds. It is
reasonable to use the average COF to represent the transit COF in a short range of time, as shown
in Fig. IV-23. The polymerization causes the UV resin to transfer from liquid to gel to solid. In
the COF test, it is apparent that the phase transfer phenomenon is occurring. The linear part of the
curve is measuring the shear deformation of solid resin, as we discussed in section 0. Thus, the
UV resin is tangentially bonded with the imprint roller when the COF reaches the linear part. One
should note that the purpose of this simulation is to predict if the slippage will occur on the
process line. Thus, the COF is defined as a constant after the point to predict whether the contact
shear stress at the interface will exceed the shear strength of the UV resin or not. If the contact
shear stress exceeds the shear strength, the failure of the resin would happen, then the slippage
would occur. The spatial-depend COF under process speed of 14mpm, 10mpm, and 6mpm are

shown in Fig. IV-23,Fig. IV-24 and Fig. IV-25, respectively.
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Fig. IV-23 (a) Spatial-depend coefficient of friction in the roll-to-roll nip mechanics simulation under
process speed 14mpm (b) corresponding coordinate with the average COF in a short range of time
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Fig. IV-24(a) Spatial-depend coefficient of friction in the roll-to-roll nip mechanics simulation
under process speed 10mpm (b) corresponding coordinate with the average COF in a short range of
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Fig. IV-25(a) Spatial-depend coefficient of friction in the roll-to-roll nip mechanics simulation
under process speed 6mpm (b) corresponding coordinate with the average COF in a short range of
time

Results of spatial-depend COF model

Since the tangential behavior at the interface between the UV resin and the imprint roller, the
stress in the machine direction is mainly concerned. The stress distribution in the machine
direction on the process line for a process speed of 14mpm is shown in Fig. IV-26. To find out if
the thin resin layer will affect the MD stress distribution through the process line, a comparison

between the models with and without a resin layer is made. As shown in Fig. 1V-26, the MD
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stress distribution is close for both models. Thus, it is reasonable to regard the resin coating layer

as a spatial-dependent COF tangential behavior.

Comparison of simulation with spatial dependent COF
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Fig. IV-26 Comparison of MD stress distribution for the case with and without resin coating under
process speed 14mpm
To find out if there is any slippage occurring adjacent to the exit area of the imprint roller, the

friction envelope plot is shown in Fig. I\V-27(a). The slippage is occurring in the nip contact zone,
which will assistant the liquid UV resin to fill into the cavities of the ETFE mold. The stepped
increase of normal contact pressure reflects that the COF increases with the curing level of the
UV resin. The contact shear stress is always less than the COF times normal contact pressure at a
certain location. Thus, the slippage will not happen until the web traveling through the tangential
exit point of the imprint roller. Moreover, the maximum contact shear stress is 5.63psi located
adjacent to the tangential exit point, which is still much smaller than the shear strength
(approximately 205 psi) of UV resin under the process speed of 14mpm. Therefore, the adhesive
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between the UV resin and the imprint roller will not fracture, which prove that using the upper

limit of the COF is acceptable.
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Fig. IV-27 (a) Friction envelope for the model with spatial-dependent COF under the process
speed 14mpm (b) Corresponding spatial-dependent distribution of COF
The MD stress distribution for models under process speed 10mpm and 6mpm are shown in Fig.

IV-28 and Fig. IV-29, respectively. The comparisons validate that a spatial-dependent COF
contact model is adequate to study the stress distribution on the process line for various process

speed.
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Comparison of simulation with spatial dependent
COF for the case with resin coating and without
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Fig. IV-28 Comparison of MD stress distribution for the case with and without resin coating under
process speed 10mpm
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Fig. IV-29 Comparison of MD stress distribution for the case with and without resin coating under
process speed 6mpm
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The friction envelope plots for the model with process speed 10mpm and 6mpm are shown in Fig.
IV-30 and Fig. 1V-31, respectively. Both plots show that no slippage occurring until the web
traveling to the tangential exit point of the process line. Thus, the defects viewed in the
nanoimprints is occurring during the extraction. This is the reason that a nano-scale extraction
simulation needs to be established to predict whether defect-free production can be produced. The

nano-scale simulation will be elaborated in the next chapter.
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Fig. IV-30 (a) Friction envelope for the model with spatial-dependent COF under the process
speed 10mpm (b) Corresponding spatial-dependent distribution of COF
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Fig. IV-31 (a) Friction envelope for the model with spatial-dependent COF under the process
speed 6mpm (b) Corresponding spatial-dependent distribution of COF
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Higher commercial process speed leads to higher production output. The simulation tool has the
capability the predict the slippage due to the nip mechanics in the manufacturing process line. A
representative prediction by the simulation at process speed of 28mpm is plotted in Fig. 1V-32and
Fig. IV-33. In the friction envelope, the contact shear stress is equal to the product of the
coefficient of friction and contact normal stress. Based on Coulomb’s friction law, the
corresponding area is slipping at the interface. The length of the slippage predicted by the
simulation is 0.420in. By calculating the variation of web tension with Capstan Formula ( IV-11
), the slippage length is 0.419in, which has a good agreement with the prediction by friction

envelope.
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Fig. IV-32 MD stress distribution for the case at process speed 28mpm
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(a) Friction envelope for spatial-dependent COF for 28mpm (b)
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Fig. IV-33 Friction envelope for the model with spatial-dependent COF at the process speed
28mpm (b) Corresponding spatial-dependent distribution of COF

4.5 Summary
In this chapter, a series of numerical simulations were built to predict the normal and tangential

behavior of the web and the resin coating. The normal contact behavior and the slippage were
verified by theoretical calculations. The main purpose of the simulation is to study the tangential
behavior at the interface of the resin and ETFE mold. To conquer the limitations of the
simulation, the tangential behavior of the resin was regarded as a spatial-dependent contact
property. To the best of our knowledge, the spatial-dependent COF model described the

tangential behavior of the resin closely to reality.

As we have discussed at the beginning of this chapter, a macro-scale numerical model helps us
study the whole pattern of the roll-to-roll NIL manufacturing process. The simulations guided us
that the slippage induced by the nip mechanism can be eliminated. However, the macro-scale
model cannot reach the details of the topology of the nanofeatures during the demolding step. To
study the mechanics in the demolding step, a nano-scale numerical model had to be established.

This part would be elaborated on in the next chapter.
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CHAPTER V

V. Nano-scale simulation of the mold extraction process

As we have discussed in Chapter 0, the dynamic simulation for the roll-to-roll NIL process can
describe the whole pattern of the process line. In this chapter, the mechanism during the
demolding step will be focused on. A nano-scale numerical model will be established to study the
stress distribution for the nanofeatures imprinted on the flexible substrate. The shrinkage of the
resin induced normal and shear stress at the interface between the resin and the mold. The
adhesive properties also contribute to the stress distribution during the demolding process. When
the interface between the mold and UV curable resin breaks apart, the friction behavior at the
interface performs a role to affect the mechanic in the nanoimprints. The demolding process of
roll-to-roll NIL is a study combining the adhesive strength, shrinkage, as well as friction behavior
at the interface. To compute tearing failures, the modulus and tensile and shear strength and the
shrinkage of the resin in addition to the adhesion toughness and friction at the interfaces between
the resin and the mold must be known. The maximum principal stress criterion is used to
determine if the nanoimprints are distorted or fall apart. The maximum principal stress is defined
as the highest value of principal stress all over the nanoimprints through the history of the

demolding in the numerical model. This maximum principal stress will then be compared to the
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ultimate tensile and shear strength of the resin which is also tested. In this paper, the UV curable
resin we used in the current project is UV15, an acrylate-based cationic epoxy. The mechanical
properties mentioned above are varied by increasing the curing level. Additionally, the acrylate-
based cationic epoxy UV curable system has a “dark-curing” effect[20, 21]. Once the
polymerization started, the reaction continued until the cross-linking was done. However, the
high process speed of production provides a relatively narrow time-span for the demolding
process. The UV curable resin cannot reach its fully cured state when the demolding process
starts. Therefore, the properties during the demolding are what we concerned. The tensile and
shear strength, shrinkage, adhesion toughness, and friction for a consistent cure level for
demolding are measured in this study. A numerical simulation model is established to analyze the
stress distribution caused by shrinkage, adhesion as well as friction. If the maximum principal
stress exceeds the ultimate strength, the demolding process can be considered unsuccessful due to
the failure of some part of the nanoimprints. This comparison provides a quantitative way to

estimate the success of demolding.

5.1 Description of the model

A 2-dimensional model shown in Fig. V-1 was consisted of a PET web, a UV curable resin layer
as well as an ETFE mold in a sandwich structure. A plane strain assumption is justified by the
fact that the dimension of the grating channels was in higher orders of magnitude than the width
and height of the ETFE mold and the PET web. Since the resin can freely shrink in the direction
parallel to the channels, the plane stress assumption was applied to the nanoimprints. A web with
a thin layer of resin coating was built to go through the nip contact zone and wrap on the imprint
roller till it exited the imprint roller. The web and the resin layer then peeled from the imprint
roller. Since the radius of the peel roller is five orders of magnitude larger than the thickness of
the PET web, it was reasonable to regard the boundary condition on the top surface of the PET

web as a vertical displacement instead of the peeling with a certain angle. To study the stress
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distribution experienced through history during the demolding in the nanoimprints, a single
nanofeature was built. The schematic diagram and dimension for the numerical model is shown in
Fig. V-1 (c). The model consisted of an ETFE mold with a 180nm cavity at the center. The UV
curable resin filled into the cavity with a 360nm residual thickness. The PET web was the flexible
substrate with a thickness of 10um. The simulation was conducted in three steps: In the first step,
a pseudothermal contraction was applied to mimic the shrinkage of the UV curable resin during
the curing process. The mold was constrained at the bottom surface and left side; In the second
step, a bending load was applied on the PET web to simulation the bending caused by peel roller;
In the third step, the resin was pulled out vertically by applying a real-time velocity on the PET

web to simulate the peeling action by the peel roller.
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Fig. V-1 (a) Schematic diagram of the roll-to-roll NIL process line (b) amplified demolding process
(c) amplified a single nanofeature and boundary conditions. (the interface between the resin and the mold
was modeled as surface-based cohesive property. Simulation was conducted in two steps: 1% Pseudothermal
contraction was applied to mimic the shrinkage of the UV curable resin during curing process. The mold
was constrained at the bottom surface. 2" the resin was pulled out vertically by applying a displacement on
the PET web.)
Line gratings have horizontal and vertical contact walls. The release of these walls had different

fracture modes and time sequence during extraction. The elaborated fracture mode will be
described in interaction property. For clarity, the name for each wall is identified here. As shown

in Fig. V-1, the interface between the residual layer of resin and the mold was called “top wall”,
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which will be first fractured by shrinkage of the UV curable resin due to the curing process. The
vertical contact surface between the nanoimprints and the mold was regarded as “sidewall”,
which will suffer shear stress combining the adhesive and friction behavior. The bottom surface

of the nanoimprints was named after “bottom wall”, which had similar property to the top wall.

Abaqus provides a huge variety of elements in its library. A family of continuum quadrilateral
elements was used to model plane problems. Second-order quadrilateral elements were not
suitable for contact problems due to the convergence difficulties. Reduced integration form of
elements which were known as CPE4R and CPS4R for plane strain and plane stress problems.
These elements eliminate shear locking but they had a defect which is called hourglassing. The
deformation of this kind of element consumes zero-energy. Hourglassing can propagate easily
through a mesh of first-order reduced integration elements, which can cause unreliable solutions.
However, multiple layers of the reduced integration elements can overcome the problem for
causing unreliable solutions. The element was controlled by an algorithm of the structured
guadrilateral. The element size was balanced by considering the accuracy and the computational

cost.

Interactions between the resin surface and the mold including adhesive and friction behavior
introduced nonlinearity in the numerical model. The stable time increment was set to a small
number due to the small dimensions of the nanoimprints, which resulted in a large computation
time. The nonlinearity and small stable time increment may cause convergence difficulty in the
implicit method. Predicting the distortion, deformation, and internal stresses within the
nanoimprints was the goal of these simulations. When the internal stresses surpassed the strength
of the resin in its cure state at extraction, failures of imprint features could be expected which

would degrade the quality of the imprint.
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5.2 Material property

The PET web and the ETFE mold in the simulation were given properties that are common for
PET films and fluorine-based plastic. The resin was liquid before UV exposure. Under UV
irradiation, the resin started polymerization from liquid to solid. The UV curable resin is under
the phase transition in the process line. Different process speed provided different exposure time
of UV light. At the point in time where extraction of the imprint from the mold occurs, the resin
had achieved a state of curing level that provides strength. This is achieved by ensuring adequate
UV exposure of the resin by adjusting UV intensity, the wrap of the resin/web about the imprint
roller, the diameter of the imprint roller to sustain a desired R2R production velocity. In the
extraction process, the strain-rate of the nanoimprint is high due to the high process speed. The

average strain-rate of the nanoimprint during the demolding process is shown in Table V-2.

Table V-1 Mechanical properties for web and rubber

Young’s modulus of ETFE mold E,, 1500Mpa
Poisson’s ratio of ETFE mold v, 0.45
Young’s modulus of PET web E,, 4826Mpa
Poisson’s ratio of PET web v, 0.3
Table V-2 Material property of UV resin under different process speed
Process Exposure Extraction Strain-rate(s” | Shear Shear
speed(mpm) time(s) time(s) D) modulus(psi) | strength(psi)
6 4.8 0.0011 88 2861 511
10 2.88 0.00066 139 2519 302
14 2.05 0.00047 208 1464 208

Based on the DMA test results, the loss factor of the UV 15 showed a trend of decreasing when
applying higher frequency load. As discussed in section 3.2, an assumption that the UV 15
follows the trend that the loss factor would decrease with increasing frequency was made. Since
the strain-rate in the process line is several orders of magnitude higher than the DMA test, an

assumption that the UV 15 behaved its elastic property in the process line during the demolding
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process was made. Thus, the UV curable resin was modeled as an elastic solid as shown in Table

V-2.

5.3 Interaction property

The surface energy at the interface between the resin and the PET web was much higher than that
between the ETFE and the resin, as proven by the T-peel tests. The PET web was bonded with the
resin, while the interaction between the resin and the mold was defined as surface-based cohesive
behavior. The cohesive surface was zero thickness cohesive elements embedded at the
interface[174]. The property of the cohesive behavior involves two parameters: (1) initiation
crack stress which is regarded as fracture strength obtained by experiments; (2) Fracture energy
which is the adhesive toughness (see section0). The traction-separation law was applied to the

cohesive surface, which is shown in

Fig. V-2. The element behaves elastically before reaching the initial failure stress, which is also

known as maximum nominal stress in the ABAQUS. Before the point A (see

Fig. V-2), the unloading curve follows the path of loading and this is called “elastic region”[11].
Beyond the initial failure stress, the unloading path goes directly back to the point O, as path BO
shown in Fig. V-2, which is called “softening region”. In this region, the cohesive elements are
not pulled apart. While the separation continues to increase, reaching point C, the elements fail.
This is the “fail region”. The properties of the cohesive surface tested in section 0 are not time-
dependent. The loading is assumed to be taken place in a way that the equilibrium condition was
reached instantaneously at every point in the system. Adhesive failure is applied to the mixed-
mode fracture (Mode I and 1) in the model. Mode I fracture is known as opening mode and
occurs when tensile stress is perpendicular to the plane of the crack area. Mode |1 fracture
happens when the shear stress acts parallel to the plane of the propagating crack. The dominant

fracture mode of the demolding process on the horizontal interface is mode I. The fracture mode
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on the vertical interface is mixed by mode I and Il. On the vertical sidewalls, the shrinkage of the
UV curable resin causes normal stresses which will lead to a mode | fracture. The vertical
displacement boundary condition induces shear stresses, resulting in mode Il fracture. The
properties of mode | and Il fracture were assumed to be similar for simplification. Based on the
results of literature [11, 18, 175, 176], this simplification is reasonable to get a reliable result of
numerical simulation. Based on the results of the experiments in section0, the average maximum
nominal stress was 0.006MPa, the fracture toughness was taken as 0.011 mJ/mm2. The traction

separation stiffness coefficient was adjusted to acquire convergence[19].
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Fig. V-2 Loading and unloading curve of the cohesive area applied by traction-separation law.
The numerical modeling faced difficulties due to the nonlinearity by introducing the cohesive

behavior. At the point where the interface started to break, only a small stable increment of load
and time can be obtained. However, the small increment would cause the failure of the cohesive

element occurred in a sudden way. The maximum principal stresses were expected just before the
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failure of the cohesive surface because the stress cannot increase any further when the interface
started to break. A small time increment for the expected breaking period was required to obtain

the maximum principal stress.

After the adhesive failure occurred at the interface between the resin and the ETFE mold, the
resin may suffer friction at the interface. Here, the UV curable resin reached the same curing level
as the tests conducted for adhesive toughness. The relation between maximum frictional (shear)
stresses across an interface to the contact pressure between contacting bodies is modeled by
Coulomb friction law. Two contacting surfaces can react shear stress up to a certain magnitude
before the slipping happened, which is the state of the stick. Coulomb’s friction model defines
this certain magnitude as critical shear stress. When the shear stress is smaller than the critical

shear stress, two surfaces are at a stick state, otherwise, they are slipping.

7, = uP(x) = slip
. (V-1)
7, < uP(X) = stick

The equation ( 1V-3) determines the slip/stick state for a point in the contact region.

5.4 Boundary conditions for the extraction process of

roll-to-roll manufacturing
Moving the discrete UV nanoimprint lithography (UV NIL) manufacturing method to the

continuous roll-to-roll manufacturing method yields higher efficiency. The demolding process of
the discrete UV NIL was simulated as a uniform vertical velocity applied to the whole surface of
the substrate. However, moving this discrete method in the roll-to-roll process line caused the
extraction speed to be nonuniform. The extraction movement of the boundary condition was in
compliance with the roll-to-roll process. The vertical component of the peripherical line speed of
the imprint roller and peel roller. The diverging speed of the imprint roller and the peel roller was
near zero adjacent to the tangent exit of the imprint roller, and then rose rapidly as the imprint

roller and peel roller surfaces diverge. The diverging vertical velocity of two rollers increased as a
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function of process speed. Since the dimension of the nanoimprints is several orders of magnitude
smaller than the imprint roller and peel roller, the variation of the velocity distribution across one
nanoimprint is negligible. As shown in Fig. V-1 (b), the extraction of a single nanoimprint just

yields 0.018°. Thus, an assumption that the velocity on the surface of the substrate was uniformly

distributed was made. A schematic diagram of the diverging velocity of the imprint roller and

peel roller is shown in Fig. V-3.

Fig. V-3 Schematic diagram of the diverging velocity applied on the surface of the substrate
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The diverging velocity was calculated by

{vy =V, +V, =Vsin(amt)+Vsin(w,t)
1 2 (V-2)

R =o,R,
where Vy is the diverging velocity of the imprint roller and the peel roller, Vy: and Vy, are the

vertical component of the line speed of the imprint roller and the peel roller, respectively. The w:
and w; are the angular speed of the imprint roller and the peel roller, respectively. t is the time

when the substrate traveling through the process line.

The equation ( V-2) yields

. (7 . (23 9
V, =Vsin(mt)+Vsin| —at | =V sin| —ajt |cos| —— ot
16 32 32 (V3)
Thus, equation ( V-3) shows the diverging velocity for extraction on the roll-to-roll nanoimprint

lithography process line.

The commercial finite element package Abaqus does not have the capability to directly describe
the calculated diverging velocity. Therefore, a user subroutine named UAMP was coded to satisfy
this boundary condition. The UAMP allows to define the current value of amplitude definition as
a function of time. All data passed in the subroutine for information or to be updated are values at
the beginning of that increment. AmpValueNew defines the current value of the amplitude.
Time(iStepTime) and time(ITotalTime) define the current value of step time and total time,
respectively. The diverging speed applied in the simulation had a close agreement with the

equation (V-3 ), as shown in Fig. V-4.

142



Vertical speed for peeling off the PET for
process speed 6mpm

_.400

£ 200 i

= .

G) i =

g).)_ 0

- 0 0.002 0.004 0.006
2 Time(s _

g: ——Abagus By Equation

Fig. V-4 Comparison of diverging speed by equation ( V-3 ) and the simulation
In the roll-to-roll manufacturing process, the UV curable resist was a coating on the flexible

substrate. The polymerization was occurring in the UV resist while the coating layer was
traveling through the process line with the substrate. As the uncured resin is applied to the web
there is no internal strain. The web coated with resin conforms to the imprint roller and the resin
is exposed to UV light and curing begins. As the imprinted web approaches the exit of the imprint
roller we will first consider the case where no peel roller is present. As the web leaves the imprint
roller and moves into the exit span, tensile bending strains of approximate magnitude h/(2Rg)
will occur in the resin. Here h is the thickness of the web and is assumed very largely compared
to the resin coating thickness and Rr is the radius of the imprint roller. If a peel roller is
employed the bending strain will increase to a higher level of h/(2Rir) plus h/(2Rer) Where Rer is

the radius of the peel roller. The bending strain is calculated by

h h
&= +
2* RIR 2 * RPR
The bending strain at the interface of the PET web and UV resin is 0.0016. The bending stress in

(V-4)

the resin will be whatever the modulus of the resin is at the stage of curing at the exit (E) times
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the total bending strain. If that bending stress exceeds the ultimate tensile stress of the resin, also
dependent on the stage of curing at the exit, cracks will result in defects in the imprinted resin. To
simulate the bending strain caused by the roll-to-roll process line, pressure is applied to the PET

web which assures the resin is under the equivalent bending strain.

5.5 Results and discussion
One goal of developing this numerical model is to explore an imprint which is known to be

challenging to extract. High aspect ratio nanoimprints are known to be such a challenge. The
success of imprint mold extraction is important in producing high-quality imprints and
maintaining the cleanliness of the mold, resin debris left in the mold from unsuccessful
extractions will cause additional imprint defects. The liquid UV curable resin was first filled into
the cavity of the mold with the assistance of shear force provided by the nip contact between the
backup and imprint roller (see Fig. I-2&Fig. IV-13). As the resin is exposed to UV light, the
liquid resin gel will shrink proportionately with the curing level. The factors such as adhesive and
friction at the interface, the shrinkage of the resin, as well as the parameters of the materials are
investigated. The principle maximum stress in the nanoimprints experienced throughout the

whole history during the demolding was studied by the numerical simulations.

Simulation of the mold extraction process
As discussed in the description of the numerical model (see section 0), the simulation was

separated into two steps. In the first step, the shrinkage of the resin caused by UV exposure was
simulated. This shrinkage was increasing in process as the web/resin transited the wrap of the
imprint roller during which the UV exposure kept increasing. The shrinkage was simulated by
thermal contraction which can provide a uniform and homogeneous shrinkage typical during the
polymerization of the UV resins. This method was widely applied by works done for thermal or
UV NIL demolding simulation by Yeo[18], Chan-Park[11], Shibata[177], and Dirckx[19]. The

UV curable resin was regarded as part which was assigned a pseudothermal expansion
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coefficient. Master Bond specifies the maximum shrinkage of UV 15 during curing to be 2%. The
equivalent shrinkage of 2% was applied by providing a linear temperature decrease in the resin
part. Although the polymerization of the resin is an exothermic process[31, 63], the actual heat
produced by the reaction was negligible because the heat was dissipated fast through the thin
layer of the mold to the steel imprint roller. Therefore, it was reasonable to assign the
pseudothermal expansion coefficient to the resin to simulate the shrinkage phenomenon. A
contraction strain contour plot was shown in Fig. VV-5(a). Due to the bonded interface between the
PET web and the resin, the contraction strain adjacent to the interface was small. However, the
nanoimprints which were relatively far from the interface had little influence by the bonded
interface. Global polymerization shrinkage of the UV curable resin with curing level was
measured by a method developed by Hudson et al[178]. The shrinkage was measured in volume
after curing. This volumetric shrinkage needed a cubic root to be converted to linear shrinkage
strain for the simulation purposes[87]. The relationship between volumetric and linear shrinkage

was as follows:

1-g =3l-¢, (V-5)

where g and g, are linear and volumetric shrinkage, respectively. In the 1st step of the simulation,
the adhesive layer was not fractured. The strain in the first (e11) and second direction (e22)

shown in Fig. V-5(b) was a description of the shrinkage due to polymerization.
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Fig. V-5(a) Shrinkage strain during the cross-linking process loading and demolding. The strain
was caused by polymerization shrinkage of the resin in step 1. A spot that has little impact by the
bonded PET web was chosen. (b) The shrinkage strain during the contraction stage.
The maximum principal stress experienced through the whole demolding process in the

nanoimprints was calculated by the numerical model. Due to the low surface energy of
fluorinated materials[7, 53, 179], the stresses at the interface reached the fracture criterion during
the shrinkage stage. In Abaqus, there is a variable that tells the percentage of maximum traction
damage initiation criterion, called “CSMAXSCRT”. Fig. V-6 (a) showed a contour plot of the
ratio for stresses at the interface and the maximum nominal stress. Since the shrinkage contracted
towards the PET web, the top wall first reached the fracture criterion. The far end of the
nanoimprints reached a lower ratio of the fracture stress. At the end of the shrinkage stage, all the
cohesive elements at the interface reached the initial fracture stress, as shown in Fig. V-6(b). The
percentage of stress over the maximum nominal stress was plotted in Fig. VV-6(c). Next, once the
zero-thickness cohesive elements reached the fracture toughness criterion, the adhesive layer

failed.
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Fig. V-6 (a) contour plot of the ratio of stresses at the interface and the fracture stress criterion (the top
wall reaches first reaches fracture stress criterion) (b) all the walls reached fracture criterion (c) the percent
ratio of stresses and the fracture stress plotted by time sequence
The initiation of crack at the interface was started during the shrinkage stage. The degradation of

the zero-thickness cohesive elements was monitored as a ratio of work potential over fracture
energy, as shown in Fig. V-7(a). Once the ratio of fracture energy in the cohesive elements
approached 100%, the elements would fail. The fracture ratio increased as the location moved
downward, this was caused by the far end of the nanoimprints accumulated more contraction
which increased the fracture energy in the cohesive elements at the bottom wall. During the
shrinkage stage, the contraction of the UV resin cause separation between the resist and the mold.
Thus, the fracture energy accumulated as the time lapse, as shown in Fig. V-7 (b). Next, applying
the bending strain to the resin caused fracture energy to increase. Eventually, as the separation at
the interfaces increased, the work potential reached the fracture energy criterion, then the

cohesive elements failed. The nanoimprints were detached from the ETFE mold.
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Fig. V-7 (a) scalar stiffness degradation for the cohesive surface at nodes (CSDMG) contour plot,

the degradation percent was approaching 100% (.b) degradation percent with time at the circle location
During the extraction process, the maximum plrli]rfggbal stress in the nanoimprints was a high
concern, which determined if the nanoimprints would be released without distortion or damage.
Typical stress distribution contour plots during the extraction were shown in Fig. V-8(a) and (b).
Stresses adjacent to the right sidewall of each nano-channel were relatively high due to the
contraction of the polymer and bending stress. Fig. V-8(c) showed stress components experienced
through the history of the whole demolding process. One should notice that the time axis in Fig.
V-8(c) is not the actual time of the extraction process. The first two seconds are used to apply the
boundary conditions for the numerical model. The extraction started at the time scale of 2.0s.
During the shrinkage stage, the stresses increased linearly because the thermal contraction was
applied uniformly. In the second stage, the stress in the second direction and the shear stress
increased because of the contact between the resin and ETFE mold. Once extraction started, the
cohesive elements were almost reached the fracture criterion, the stress caused by adhesive was
reduced following the unloading path as shown in Fig. V-2. Due to the shrinkage and adhesive at
the interface, as well as the stress concentration, the maximum principal stress was located at the
spot shown in Fig. VV-8(a). The value of the maximum principal stress was about 4.83MPa, which

was mainly attributed to S22. Since the tensile strength of the resin is 5.73MPa, the nanoimprint

can be released without any distortion or damage. One should notice that the stress reduced
148



steeply when the extraction started. This was because the process speed was high, which led to a
high demolding speed. The extraction was happening 0.006s, thus, the Fig. V-8 (c) with the scale

of time showed a steep reduction of stress.
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Fig. V-8 (a) Contour plot of maximum In-plane principal stress for the nanoimprints before extraction
(b) Contour plot of maximum In-plane principal stress for the nanoimprints during extraction (c) Stress
components and max principal stress experience through the history of the whole process for stress
concentration spot at (a)

Extraction Process under various Process speed
As we have mentioned in chapter 2, the objective of this research is to develop simulation tools

that can predict whether defect-free production can be produced. To achieve the objective of
high-speed roll-to-roll manufacturing, the process speed is the most important parameter to be
guaranteed. The process speed also affects many other parameters that have an impact on the roll-
to-roll manufacturing process, such as, exposure time, curing level of the UV resin, material
parameters as well as extraction speed. Therefore, in this section, the extraction process under
various process speed will be explored. The prediction of whether defect-free production can be

produced will be made.

Hundreds of thousands of line grating nanoimprints exist on the ETFE mold, to fulfill a

simulation of the whole scale of the mold will cost a huge amount of computational resource. The
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stress distribution showed replicability in the channels of the nanoimprints. A comparison
between the simulations with 12 channels and 6 channels showed that the maximum principal
stress convergence to a certain range of the values, as shown in Fig. V-9. To balance the
computational cost and accuracy of the results, a representative simulation with 6 channels of the

nanoimprints were conducted for various process speed.
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Fig. V-9 Comparison of simulations with 6 channels and 12 channels.
Under the process speed of 14mpm, the exposure time of UV light is approximately 2.08s. The

material model is shown in Table V-2 Material property of UV resin under different process
speed The results of the maximum principal stress throughout the whole history of the demolding
process are shown in Fig. V-10. Since the maximum stress in the nanoimprints exceeds the tensile
strength, the nanoimprints will be destroyed. The manufacturing process is based on a roll-to-roll
continuous imprinting process. Thus, each of the nanoimprints will travel the failure channel,

which means all nanoimprints will be destroyed or distorted.
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Max principal stress in the nanoimprints at 14mpm
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Fig. V-10 Maximum principal stress throughout the whole history of the demolding process under
process speed of 14mpm
Under the process speed of 6mpm and 10mpm, the exposure time of UV light is approximately

4.8s and 2.88s respectively. The material model is shown in Table V-2 Material property of UV
resin under different process speeds. The results of the maximum principal stress throughout the
whole history of the demolding process under process speed of 6mpm and 10mpm are shown in
Fig. V-11 and Fig. V-12, respectively. Under the process speed of 10mpm, the maximum stress in
the nanoimprints exceeds the tensile strength, the nanoimprints will be destroyed. However,
under the process speed of 6mpm, the maximum stress in the model throughout the whole history
of the extraction process does not exceed the tensile stress. Therefore, the nanoimprints will be

released from the ETFE mold successfully, so that defect-free production will be produced.
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Fig. V-11 Maximum principal stress throughout the whole history of the demolding process
under process speed of 6mpm
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Fig. V-12 Maximum principal stress throughout the whole history of the demolding process
under process speed of 10mpm
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Effect of the aspect ratio of the nanoimprints
As indicated in the introduction, nanoimprints with a high aspect ratio (AR) are preferred not only

in the microelectronics industry but also in many other fields[7, 53, 180, 181]. Investigating
various aspect ratios of the grating nanoimprints is one of the purposes in this project. Therefore,
the aspect ratio of one and five which are currently being manufacturing are investigated.
Additionally, an even higher aspect ratio of 10 is also studied. Fig. V-13 (a) and (b) showed the
stress distribution and the location of the maximum in-plane principal stress. The maximum
principal stress in each numerical model experienced through the history of the whole demolding
process was plotted in Fig. V-14. As the aspect ratio of the nanoimprints increased from 1 to 5,
the maximum principal stress increased steeply. However, the increase of the max principal stress
was relatively small from AR 5 to AR 10. The final maximum in-plane stress was the stress in the
nanoimprints when cohesive elements fractured, as shown in Fig. VV-7. The final stress showed
the same trend as the maximum principal stress. Fig. V-14(b) showed the percentage of maximum
principal stress over ultimate tensile strength. The maximum principal stress levels indicate the
nanoimprints were not close to failure. Therefore, the nanoimprints of high aspect ratio can be
released from the mold without any distortion or damage under the current curing level given the

cured resin strength and shrinkage of UV15.
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5.6 Summary
A method of exploring imprint extraction from imprint roller molds was developed. The method

employs the finite element method simulation. The maximum stresses occurred in the root areas
of the nanoimprints in contact with the ETFE mold. The internal stresses in the imprints are
affected by resin shrinkage as well as friction and adhesion at the interfaces during extraction.
The process speed of the continuous roll-to-roll manufacturing can influence the potential for
imprint damage during extraction. Once the process speed reached a certain level, the internal
stress in the nanoimprints would exceed the tensile strength, which led to failure. The simulation
method will assist in scaling of UV-NIL R2R manufacturing to commercial production velocities
that can be limited by the resin cure level at the peel roller where imprint extraction is occurring.
The numerical simulation model can be an effective tool to predict whether defect-free
production can be produced. This tool can also provide guidance to optimize the operating

parameters in the manufacturing and structure of the equipment for roll-to-roll manufacturing.
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CHAPTER VI

VI. Laboratory experimental validation

6.1 Introduction
In the research that has been conducted it has become apparent how UV resin selection affects

machine development and ultimately the ability to conduct the process successfully at speeds that
will support commercial viability. In chapter 3, we have demonstrated how the properties of the
UV cured resin are not attained instantaneously on exposure to UV light[173]. Modulus and
tensile strength increase initially with exposure where cross-linking of the polymer resins initiate
but also increase with dark curing time where the cross-linking between polymer chains continue
after exposure. Commercial UV-NIL processes that are economically successful require speed
and productivity which are attributes of roll-to-roll (R2R) manufacturing processes. To achieve
success requires the strength of the curing UV resin to be sufficient that (1) the nanoimprints can
be extracted from the mold on the imprint roller without damage and (2) the imprinted resin
adhered to a carrier web must be able to withstand the bending stresses that result from peeling
from the imprint roller without failure. Extraction failures are nano failures wherein imprinted
nanofeatures cannot be extracted from the mold without local failure of the features. These types
of failures have been documented to increase with the aspect ratio of the imprinted

nanofeatures[182]. Extraction failures will be the focus of this section. As we have discussed in
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Chapter 5, a numerical simulation is established to predict if the defect-free production can be
produced. In this section, the focus will be on failures related to peeling that can affect the
commercial productivity of a UV-NIL R2R manufacturing process. The experimental results will
be a validation for the extraction simulation. The development of a UV-NIL demonstration

surface using R2R manufacturing processes will also be shown.

The experimental effort and results presented were produced as a result of a combined effort by
Good[183] and Lucca research teams at Oklahoma State University and Guo research team at the

University of Michigan[184].

6.2 Experimental setup
The experimental setup used in this project was developed at Oklahoma State University, as

shown in Fig. VI-1 and Fig. IV-13. Our earlier research had employed a reverse gravure coater to
apply UV resin to a polyester prior to entry of the nip between the backup and imprint rollers. We
found that we could better control imprint quality by nip coating where we would introduce a
reservoir of UV resin at the convergence of the web on the backup roller with the imprint roller.
To maintain a reservoir of resin with increased process speed required us to meter additional resin
at the convergence. We employed this coating method in this research.

The purpose of a peel roller is to control the point of separation between the imprinted resin/web
and the imprint roller. Without a peel roller control of web tension is very difficult. Consider an
adhesive tape dispenser whereby hand we extract a needed amount of tape. A jerking motion
while extracting the tape is common and is associated with the point of separation oscillating at
the tangent exit of the tape web from the roll. This jerking motion will not allow a steady
extraction of the imprinted web from the mold on the imprint roller resulting in imprint defects.
Thus, a peel roller is a necessary entity but it does introduce other complexities to the strains the

curing resin is subjected to. The UV resin used in this research was UV15, a cationic resin
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developed by Master Bond?. The imprint mold was a St. Gobain® ETFE (ethylene
tetrafluoroethylene) polymer film that had been thermally imprinted with a wire grid pattern by
the Guo team at the University of Michigan. The ETFE has low surface energy and the mold was
bounded by 3M* 5461 tape which is also low surface energy to enhance the release of the cured
imprinted resin from the mold. Here the goal is for the UV15 resin to adhere to the polyester web
and not to the mold or the imprint roller. As the uncured resin is applied to the web there is no
internal strain. The web coated with resin conforms to the imprint roller and the resin is exposed
to UV light and curing begins. As the imprinted web approaches the exit of the imprint roller we
will first consider the case where no peel roller is present. As the web leaves the imprint roller
and moves into the exit span, tensile bending strains of approximate magnitude h/(2Rr) will
occur in the resin. Here h is the thickness of the web and is assumed very largely compared to the
resin coating thickness and Rir is the radius of the imprint roller. If a peel roller is employed the
bending strain will increase to a higher level of h/(2Rr) plus h/(2Rer) Where Rer is the radius of
the peel roller. The bending stress in the resin will be whatever the modulus of the resin is at the
stage of curing at the exit (E) times the total bending strain. If that bending stress exceeds the
ultimate tensile stress of the resin, also dependent on the stage of curing at the exit, cracks will

result in defects in the imprinted resin.

2 Master Bond Inc., 154 Hobart St, Hackensack, NJ 07601, USA
3 St. Gobain Specialty Films, 717 Plantation Street, Worcester, MA 01605, USA
4 3M Company, 2501 Hudson Rd, Maplewood, MN 55144, USA
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Fig. VI-1 OSU UV-NIL R2R process machine

6.3 Experimental results
The test results in Fig. VI-2 demonstrate that imprint quality and bending failure cracks are

dependent on the R2R process speed, which is in line with our numerical simulation. In Fig. VI-2
note that diffraction patterns are witnessed over the width of the replicate areas at 4.5 and 6 mpm
process speeds. The diffraction patterns are a quick visual means of determining whether the
imprint mold has successfully been replicated. Note at process speeds of 10-20 mpm that (1)
diffraction patterns have diminished and (2) that bending failure cracks have appeared. Both
artifacts are indications that the resin was insufficiently cured when the web/resin was peeled
from the imprint roller. This demonstrates how the mechanical properties of the resin at the time
of peel are important in determining the quality of imprint at the nano-scale in terms of diffraction

and at the macro-scale in terms of visible crack flaws.
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Fig. VI-2 Test results as a function of process speed

Imprints from the 3 mpm trial and the used imprint mold were provided to the Dr.Lucca team at
OSU. Five imprints were provided and were labeled with numbers from 6 to 10. Imprints 6
through 9 were measured with atomic force microscopy (AFM) since the 10th was not complete.
For each imprint 2 or 3 AFM scans were performed using a scan size of 10 um by 5 um. Cross-
sections of the AFM scans were used to measure the period and depth of the imprinted gratings.

The ETFE mold used to create the imprints was also measured with AFM.

Horizontal 1-D power spectral density (PSD) analysis performed with the AFM software showed
all the gratings had a 1.25 um period. Measurements of the period from individual sections
averaged around 1.26 um. The periodicity was consistent across the measured areas and the
measured values are summarized in. The depth measured along the cross-sections tended to vary,
but the maximum depth ranged from 120 nm to 180 nm. The mold and imprints displayed similar

characterization as expected. The characterization was consistent with the silicon wafer mold that
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produced the mold and ultimately the imprints. The maximum depth of the mold and imprints
was somewhat less than the 240 nm depth of the silicon wafer grating, an indication that the

thermal imprinting did not fully replicate the wafer in the ETFE film.

Table VI-1 Summary of measured period and maximum depth of imprints processed at 3mpm

Period (um) Maximum Depth (nm)
Area 1 1.25 175
Mold Arca 2 125 180
Area 1 1.28 180
Imprint 6 Area 2 1.27 185
Area 3 1.26 180
fmprint 7 Area 1 1.27 150
Area 2 1.26 145
Imprint 8 Area 1 1.26 120
Area 2 1.26 175
Imprint 9 Area 1 1.25 165
Area 2 1.26 155

The mold could not be scanned with AFM near the center since it was not possible to obtain a
stable contact between the mold and the stage, but it was possible to scan close to the edge. Two
scans of 10 um by 5 um were measured, using the same settings used for the imprints, with
exception of the speed which was halved. Horizontal 1-D PSD analysis and individual cross-
sections indicated a period of 1.25 um. The maximum depth of the mold was consistent with the
maximum depth of 180 nm found on the gratings. The depth varied across the scanned areas of
the mold. Fig. VI-3 displays the data acquired on Imprint 6 and is demonstrative of the data

acquired for Imprints 7-9 and the mold.
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Fig. VI-3 Example Characterization of the Mold and an Imprint

6.4 Validation of extraction simulation
The geometry of nano-scale extraction simulation is based on the period and depth of the ETFE

mold and nanoimprints, as shown in Fig. VI-3. As we discussed in section 0, the internal stress of
the nanoimprints as a function of process speed is demonstrated. The maximum principal stress
throughout the whole history of demolding cannot exceed the tensile strength of the UV 15 at the
curing level under the process speed of 6mpm. Fig. VI-4 shows the comparison between the
numerical simulation and the experiment on the process line. Since each nanofeatures will travel
through the channel where the nanofeature will be failed, all the nanofeatures are potentially

distorted and destroyed.
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Fig. VI-4 Result of extraction simulation and the experiments in the process line at process speed of
Fig. VI-5 and Fig. VI1-6 demonstrate the corlnt?r)il:on of maximum principal stress in the
nanoimprints predicted by the extraction simulation under the process speed of 10mpm and
6mpm, respectively. Under the process speed of 10mpm, the simulation predicts the failure of
nanoimprints, which is in line with the results of the experiment. As shown in Fig. VI-6, the

simulation predicts that the nanoimprints can be extracted without defects. The pattern of the

experiment result also shows good visual diffraction.

(a)Max principle stress in the nanoimprints at 10mpm (b)
6
5 Process speed 10mpm tensile strength
Eg 4 3.44 MPa
%3
w
22
[%2]
1
0
1 2 3 4 5 6

Channel number (#)

10mpm

Fig. VI-5 Result of extraction simulation and the experiments in the process line at process speed of
10mpm
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Fig. VI-6 Result of extraction simulation and the experiments in the process line at process speed
of 6mpm

6.5 Summary
Laboratory trials have shown that the diffraction of the nanoimprints is a simple way to check if

nanoimprints are produced. Based on the results of the experimental validation, the prediction of
the numerical simulation tool developed in chapter 4 and chapter 5 demonstrates a good

agreement with the results of trials in the laboratory.
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CHAPTER VII

VIl.  Conclusion, Findings and Future work

7.1 Conclusions
Roll-to-roll UV NIL is a highly complex process. The imprinting part involving nip contact and

resin curing is simulated by the macro-scale model. Successful extraction of nanoimprints from
molds is also an important facet of R2R UV NIL processes. A nano-scale simulation tool that can
predict whether extraction will be successful or not is also developed. Based on the results of the

experiments and numerical simulations, several conclusions can be drawn as follows:

® The macro-scale simulation provides a method to investigate the slippage between the resin
and the imprint roller. The slippage could be eliminated by adjusting the operation
parameters. The predominant parameter in controlling slippage is the imprinted web exit
tension.

® A method of exploring imprint extraction from imprint roller molds under various process
speeds, which can predict extraction defects, was developed. Higher aspect-ratio
nanoimprints have more difficulties to be extracted from the mold.

® Experimental means were developed to determine the material mechanical properties,
such as, Young’s modulus, adhesive properties, friction properties, as well as the

ultimate shear strength, as affected by process speed, that were necessary input for the
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simulations.
® The diffraction of the nanoimprints is a method to check the defects rapidly. The
experimental nano-imprint trial results are consistent with the prediction of the simulation
tools under the process speeds of 6mpm, 10mpm, and 14mpm.
® By combining these two numerical models at different scales, the simulation tool can fully
predict the success of producing defect-free nanoimprints. This simulation tool provides a
guide for manufacturers to reach optimal operation parameters.
This will enable those who design imprinted surfaces based on geometric requirements to predict
whether that surface can be commercially produced. This will also enable UV-NIL manufacturing
to move from a trial-and-error approach to a predictive mode, where extraction success can be

known prior to moving to the manufacturing environment.

7.2 Future work
To get high-quality nanofeatures on the web, there are unknown areas of the process to be further

explored.

® In the semiconductor industry, the high aspect ratio nanoimprints with various shapes are preferred
to build smaller transistors. Simulations of typical aspect ratio line grating nanoimprints were
explored. However, for the practical semiconductor industry, higher aspect ratios with other typical
shapes of the nanoimprint need to be explored.

® The assumption that the UV resin behaves elastically under the current manufacturing process
prevents the simulation of a wider range of process speeds. If the process speed decreases, the UV
resin may behave differently. To conquer this limitation, the material behavior of the UV resin
should be further explored. Based on the current knowledge of this resin, time-resolved mechanical
spectroscopy (TRMS) measurements on the rtheometer during curing can fully characterize the
material properties of the UV resin, although at relatively long times compared to the industrial

process. In addition, further measurements of the dynamic moduli for a broader range of frequency
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at the same UV intensity need to be conducted to develop a relevant viscoelastic model.

® The adhesive property at the interface between the resin and the imprint roller was represented
by a friction law using a penalty method. The resin stuck to the ETFE mold after a certain
amount of UV irradiation. Characterizing the contact property combining friction with
adhesive properties should improve the accuracy of the simulation. The author met
convergence difficulties when attempting to develop such simulations. This model coupling

the friction and adhesive properties in a dynamic simulation needs to be explored.
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