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Method of Making A Substrate Having Multi-Layered

Structures

Technical Field
The present inventlion generally relates to a method
of making a substrate having multi-layered structures
thereon. The present invention also relates to a substrate

having multi-layered structures thereon and uses theresof.

Background

Over the yesars, many researchers have Investigated
the mechanism of the optical effects of incident light
reflected from butterfly insect wings. However, only in
recent years have significant advances begen made to
understand the mechanism behind this effect. The mechanisnm
for creating the bright iridescence in butterfly wings has
now been found te be the combined effects of diffraction
and interference of light from elaborate arrays of
rultilayered sub-micrometer structures. These multilayered
structures are present in an overlapping patiern, and form
a dominc-like photonic nanostructurs.

As the development of a new type of photonic element
by mimicking the butterfly’'s wings is very alluring, there
have Dbesn attempts to imitate and reproduce  the
multilayered structures. One technigue that has Dbeen
utilised 1n an attempt to create z structure that mimics

the optical effects of butterfly insect wings is the use

&)

f focused i1on beam induced chemical wvapcur deposition
(FIB-CVD}! to manufacture such micre-structures. However,
FIB-CVD has a number of disadvantages. One disadvantage is
that the use of FIB-CVD lzcks potential scalability and
cost effectiveness. As such, commercilal-scale manufacture

using FIB~CVD i1s not economically viable.
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Another method is the generation of nanometer-scale
stepped patterns consisting of alternately TiC; and 5i0;
thin films, by the combination of lithography and electron
beam deposition. However, the disadvantage of this method
is that it reguires multiple deposition steps of materials
with different refractive indexes to obtain a multi-
layered stacked structuré. As- such, the method is both
complicated and time-consuming.

Despite the methods described above to emulate and
replicate the multilayered structures on the butterfly
wings, the development of cost-effect methods that can
closely imitate the structural complexity of the butterfly
wings still represents ocne of the technical challenges
facing fabrication of such structures.

There 1s a need to provide a method of meking a
substrate having multi-layvered structures that overcomes
or at lezst ameliocorates one or more of the disadvantages

described above.

Summearv

According to a first aspect, there is provided a
method of making & substrate having multi-layered
structures thereon, the method comprising the steps of:

a2} applying a mold having an imprint forming surface
+o the substrate to form an array of dimprint structures
that projects from said substrate; and

p) applying a lateral <Zorce that 1s substantially
normal to said projecting imprint structures to cause said
imprint structures ‘to move angularly towards said
substrate and thereby form =z pattern of multi-layered
structures therson

Optionally, the applying step (b) may bs undertaken

during mold release and while the imprint structures are
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partially within said mold. In ancother embodiment, <tThe
applying step (b) may be undertaken before mold relsase.

Advantageously in one embodiment, each of said
imprint structures is moved in step (b) such That the
array of imprint structures 1s configured to reflect
incident light thereon. The imprint structures have a
longitudinal axis and during sald applying step (b}, may
be moved such that their longitudinal axis is disposed at
an obligque angle relative to a horizontal plane of said
substrate,

Advantageously, the method may optionally exclude any
chemical treatment or chemical depesition toe Zform the
multi-layered structures on the substrate surface. The
method advantageously may be a physical modification of
the optical properties of the substrate.

Advantageously, the method may alter the optical
properties of the substrate having multi-layered
structures therson. The method may not affect the thermal
or chemical properties of the substrate. According to a
second aspect, there is provided a patterned substrate
comprising an array of imprint structures disposed on the
substrate, each of said dimprint structures having a
longitudinal axis and wherein sach imprint is disposed at
an obligue angle relative to a horizontal plane of said
substrate, wherein the array of imprint structures is
configured to reflect light incident thereson.

Advantageously, the obligue angle is selected such
that imprint structures, that are adjacent to each other,
partially overlap when viewed £from a horizontal plane
above the imprint structures.

Advantageocusly, the array of imprint structures on
+he substrate may be able to manipulate light that is
incident on the substrate through optical interference or

diffraction and thereby reflect light having different
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wavelengths from the substrate. The different wavelengths
present in the reflected light result in variation in the
type of colours and colour intensities in the reflected
light. Accordingly, the array of imprint structures on the
substrate may result in tunable colour and colour pattern
variations. |

According to a third aspect, there is provided the
use of a substrate as defined above, or a substrate made
in a method as defined above, to reflect 1ight in an
optical detection system. 7

Advantageously, the optical detection system may be
used to detect the presence of a target chemical in a test

sample. The substrate having multi-layered structures

thereon may be capable of detecting vapours in the test

sample Dby comparing the optical response of light
reflected from the multi-layered structures when an
incident light is shone thereon of the test sample with
that of a control sample. Any variations in the optical
response between the two samples may be indicative of the
presence of a vapour in the test sampls. The optical
response of the test saﬁple or the wvariation from the
optical response of the control sample can be compared to
a reference optical response in order to identify the type
of vapour present in the test sample. |

According to a fourth aspect, there is provided a
substrate having multi-layered structures thereon, ths
substrate being made in a method comprising the steps of:

a} applying a mold having an imprint forming surface
to the substrate to form an array of imprint structures
that project from saild substrate;

b) applying & lateral force that is substantially
normal To saild projecting imprint structures te cause said

imprint structures to move angularly towards said
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substrate and thereby form a2 pattern of multi-layered

structures thereon.

Definitions

The following words and terms used herein shall have
the meaning indicated:

The terms “collapse”, “collapsing” and grammatical
variations thereof, with respect to imprint structures and
in the context of this specification, refers to projecting
imprint structures having a longitudinal axis which are
angularly moved towards a horizontal plane of the
substrate. Typically, after c¢ollapse of the imprint
structures, imprint structures that are adjacent to each
other partially overlap when viewed from a horizontal
plane above the imprint structures. Collapse does not
necessarily mean that the imprint structures are no longer
free—-standing or that their longitudinal axis is parsllel
with the horizontzl plane of the substrate, as the Imprint
structures may be at an obligue angle relative tc the
horizontal plane of the substrate.

The ferm “multi-layered” is  to be interpreted
broadly, when wused in conjunction with the imprint
structures on a substrate, fTo refer to¢ ftwo or morse layvers
of structures that partially overlap, one on top of the
other, when viewed from a horizontal plane above the
impriht structures. In the multi-~layered configuration,
the imprint structures are dispeosed at an cbligus angle
relative to a horizontal plane of the substrate.

The term “lateral force” is to be interpreted broadly
to include any force that has a direction substantially
normal to a longitudinal axis of the imprint structures
that protrude from the substrate surface.

The term ‘“nanoimprinting lithography” is to Dbe

interpreted broadly tc include any method for printing ox
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creating a pattern or structure on the micro/nanoscale on
the surface of a substrate by applying a mold with &
defined imprint pattern or structure on the surface at
certaln temperature and  pressure. B method of
nanoimprinting lithography can be referred from US Patent
Number 5,772,905,

The term “microscale” is to be interpreted te include
any dimensions that are in the range of about 1 {(pm} to

about 100 pm. The term “microstructures” as used herein,
refers to imprint structures comprising “microscale”
features.

The term “nanoscale” is to be interpreted to include

any dimensions that are below about 1 um. The term
“nanostructures” as used herein, are imprint structures
comprising “nanoscale” or “submicron” features.

The +term “three dimensional” is to be interpreted
broadly to include any structures, structural features,
imprint structures or patterns that have both lateral
variations (thickness) as well as variations with depth.

The term “glass transition temperature” (Tg) is to be
interpreted to include any temperature of a polymer at
which the polymer lies between the rubbery and glass
states. This means that above the Ty, the polymer becomes
rubbery and can underge elastic or plastic deformation
without ZIracture. above this temperature, such polymers
can be induced to flow under pressure. When the
temperature of the polymer falls below the Tg, generally,
the polymer will become more inflexible but can be
deformed when a stress is applied to the polymer. It
should be noted that the Tg; is not a sharp transition
temperature but a gradual transition and 1s subject to
some variation depending on the experimental conditions
le.g., film thickness, tacticity of the polymer, etc. ).

The actual Ty of a polymer film will vary as a function of
o
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film thickness. The T, will be defined herein as being the
bulk glase—transition temperature of the polymer
substrate. The bulk glass transition temperature i1s a
specific wvalue that Is widely agreed wupon in the
Literature. Glass transition temperature values of
polymers may be obtained from PPP Handbeok™ software
edited by Dr D. T. Wu, 2000.

The term “thermoplastic” refers to a materlial that
softens when sufficient heat and pressurs is applied to
rhe material and hardens as it cools down. When the term
“thermoplastic” is 1sed to refer to a polymer, the
thermoplastic polymer softens at a temperature above the Tq
and hardens when the temperature 1s decreasad until below
the Ty, As the thermoplastic peolymer cools from the Tg, the
thermoplastic polymer becomes less moldable or deformable
as compared to the state of the thermoplastic polymer in
the first applying step (a) when the mold is applied to
the polymer substrate.

The term “plasma treatment” is tce be interpreted
broadly to include any exposure of a surface to plasma
such that organic contaminants on the surface are at least
partially destroyed. Generally, such plasma 1s a low-
pressure oxidative plasma such as oxygen (O}, argon, and
mixtures of oxygen and argon that is generated by a radio
freguency (RF} or microwave source.

The word “substantially” does not exclude
“completely” e.g. a composition which 1is “gubstantially
free” from Y may be completely free from Y. Where
necessary, the word “substantially” may be omitted £from
the definitlon of the invention.

Unless specified otherwise, the terms "comprising"
and "comprise”, and grammatical variants thereof, are

intended to represent "open” or "inclusive" language such
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that they include recited elements but also permit
inclusion of additional, unrecited elements.

As used herein, the term "about", in the context of
concentrations of components of the formulaticns,
typically means +/- 5% of the stated value, more typically
+/— 4% of the stated wvalue, more typically +/- 3% of the
stated value, more typically, +/- 2% of the stated value,
even more typically +/- 1% of the stated value, and even
more typically +/- 0.5% cof the stated value.

Throughout this disclosurse, certain embodiments may
be disclosed in a range format. It should be understood
that the description 4in range format is merely for
convenience and brevity and should not be cecnstrued as an
inflexible limitation on +the scope of +the disclosed
ranges. Accordingly, the description of a range should be
considered to have specifically disclosed all the possible
sub-ranges as well as individual numerical values within
that range. For example, description of a range such as
from 1 to & should be considered to-have speciflically
disclosed sub~ranges such as from 1 to 3, from 1 to 4,
from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6 etc.,
as well as individual numbers within that range, for
example, 1, 2, 3, 4, 5, and 6. This applies regardless of

the breadth of the range.

Disclosure of Optional Embodiments
Exemplary, non-limiting embodiments of a method of
making a substrate having multi-layered structures thereon
will now be disclosed.
The method comprises the steps of:
a) applving a mold having an imprint forming surface
to the substrate to form an array cf imprint structures

that project from said substrate; and



20

30

WO 2009/151405 PCT/SG2009/060208

b} applving a lateral force that i1s substantially
normal to sald projecting imprint structures to cause said
imprint  structures toe move angularly towards  said
substrate and thereby form a pattern of multi-layered
structures thereon.

In one embodiment, tThe applying step (b)) may be
undertaken during mold release and while the imprint
structures are partially within said mold. In another
embodiment, the applying step (b) may be undertaken before
mold release.

The imprint structures may be generally longitudinal
in shape, each of the imprint structures extending about a
longitudinal axis.

The lateral force applied may be a shear force. The
amount or magnitude of lateral force that can be applied
is dependent on the material of the substrate used, the
relative temperature at which the lateral force i1s being
applied, the aspect ratic of the imprint structures, the
density of the imprint structures and the total area of
the substrate being patterned by the imprint structures.
Typicalliy, in an embodiment where polycarbonate is used as
the substrate having a patterned area of 2 mm® and imprint
structures that are 200 nm wide and 1.2 mm long, the
amount or magnitude of lateral force that can be applied
is in the range of sbout 10 to 20 N.

The applying step (b) may comprise the step of moving
the imprint structures such that ithe longitudinal axis of
the imprint structures 1s angularly moved towards the
substrate from a substantially vertical axis relative to a
herizontal plane of the substrate. That is, the imprint
structures are caused to collapse.

The applying step (b} may comprise the step of moving
the substrate in a direction opposite to the direction in

which the imprint structures are caused to collapss.
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As the imprint structures collapse, the imprint
structures stack and overlap on top of each other when
viewed from a  Thorizeontal plane above the imprint
structures. In one embodiment, the overlapping imprint
structures may be in physical contact with each other.
Hence, ©the collapsing step may result in each of the
imprint structures abutting, or bes in closer proximity to,
an adjacent imprint structure. In another embodiment, the
overlapping imprint structures may not be iIn physical
contact with each other. This occurs i1f the elastic
modulus of the substrate is larger <than its ritical
elastic modulus, as defined further below.

The longitudinal axis of the imprint structures may
be at an oblique angle relative to the horizontal plane of
the substrate during the collapsing step. This angle may
be dependent on the elastic modulus of the type of
substrate used. This angle can be selected from the group
consisting of more than about C° %o about 60°, more than
about 0° to about 20°, more than about 0° to about 40°,
about 20° to about 60°, about 40° to about 60°, about 25°
to about 35° and about 40° to about 50°. In one
embodiment, the obligue angle is selected from the group
consisting of about 10° to about 60°, about 10° to about
20° and about 10° to about 40°., In another embodiment, the
angle between the imprint structure and the substrate
surface is about 30°. In a further embodiment, the angle
betwsen the imprint structure and the substrate surface is
about 45°.

In order for the imprint structures to overlap and
form the multi-layered structures, the height of the
imprint structures should be greater than the distance
between two adjacent imprint structures arranged side-by-
side. The height may be at least two times the spacing

distance in order to ensure a single overlap. Multiple

10
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overiaps may alsc occur 1f the height of the imprint
structures is substantially greater tThan twe times the
spacing distance between two adjacent imprint structures.
By “muitiple overlap”, it is meant that when viewsd from a
horizontal plane above the substrate, this occurs when an
imprint structure is viewed as partially lying on top of
two or more imprint structures but so that the portion of
the underlving structures that are not overlapped can
still be viewed. The number of imprint structures that is
below the top imprint structure may be from 2 to 4 or from
2 tce 3. The presence of multiple overlaps may increase
the intensgity of The interference effect.

The method may be capable of forming imprint
structures with a high aspect ratlio. The aspect ratio may
be taken to be the height to width ratic of the imprint
structures, The aspect ratio may be selected from the
group consisting of about 5 to about 10, about 5 to about
7, a&bout 5 to about Y9, about 7 to a&bout 10, about 9 to
about 10 and about 5 to about 7. In one embodiment, the
aspect ratio 1s about 6.

The height of the imprint structure may be in the
microscale. The height of the imprint structures may be
selaected from the group consisting of about 1 micron to
about 10 micrens, about 1 micron to about 3 microns; about
1 micron fto about 5 microns, abeout 1 micron to about 7
microns, about 1 micron to about 9 microns, about 3
microns to about 10 microns, about 5 microns to about 10
microns, about 7 microns to about 10 microns and about 9
microns to about 10 microns. In ocone embodiment, the
height of the Imprint structure may be selected from the
range of about 1 micron to about Z microns or about 1
micron to abpout 1.5 microns. In another embodiment, the
height o©f the imprint structures mey be selected from

about 1 micron to abeout 3 microns.

11
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The width of the imprint structure may be in the
nanoscale. The width of the imprint structures may be
selected from the greup consisting of about 100 nm to
about 300 nm, about 100 nm to about 140 nm, abkbout 100 nm
to about 180 nm, about 100 nm to about 220 nm, about 100
nm to about 260 nm, akout 260 nm to about 300 nm, about
220 nm tc about 3060 nm, about 180 nm Lo about 300 nm,
about 140 nm to about 300 nm and about 150 nm to about 250
nm. In one embodiment, the width of the imprint structure
is abkout 200 nm. Where the dimprint structure 1is
cvlindrical in shape, the width of the imprint structure
refers to the diameter of the cvliindrical-shaped imprint
structure.

As mentlioned above, the distance between two adiacent
imprint structures (or spacing) is smaller than the height
of the ilmprint structure. Hence, it is to be appreciated
that a person skilled in the art would be capable of
selecting an appropriate value for tThe spacing without
undue experimentation based on the height of the imprint
structure and the desired extent of coverlap between the
imprint structures upon collapse onto the substrate.
Typically, the spacing may be selected from the group
ceonsisting of about 300 nm to about 900 nm, about 200 mm
to about 500 nm, about 300 nm to about 700 nm, about 500
nm to about 900 nm, about 700 nm to about 900 nm and about
450 nm to about 550 nm. In one embodiment, the spacing is
about 500 nm. It is to be appreciated that as the imprint
structures collapse, the spacing between two adjacent
imprint structures may change gradually from the bottom ¢f
the imprint structure (ie at the point of contact with the
substrate surface) to the other end of the imprint
structures. Hence, the spacing between two collapsed
imprint structures at the ends may be significantly

smaller than the spacing between two imprint structures

12
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when measured at the bottom of the imprint structures.
This wvariation in the spacing between different points
along the longitudinal axis of the imprint structures may
further affect the property of the reflected light when a
light is incident on the collapsed imprint structures.

The extent of overlap between an imprint structure on
the bottom and an imprint structure on the top depends on
the height of the imprint structure and the spacing
between two adjacent imprint structures.

The substrate may be a polymer substrate. The
polymer substrate may be & tThermoplastic polymer. The
thermoplastic polymer may comprise ocone o©r more monomers

selected from the groups consisting of acrylates,

phthalamides, acrylonitriles, cellulosics, styrenes,
alkyls, alkyls methacrylates, alkenes, halogenated
alkenes, amides, imides, aryletherketones, butadienes,

ketones, esters, acetals and carbonates.

In one embodiment, the thermoplastic polvmer 1s st
least one of a polyethersulfone and a polycarbonate.
Exemplary monomers To form the thermoplastic polymer may

be selected from the group consisting of methyls,

ethylenes, propylenes, methyl methacrylates,
methylpentenes, vinylidene, vinylidene chloride,
eTtherimides, ethylenechlorinates, urethanes, athylene

vinyl alcchols, fluoroplastics, carbonates, acrylonitrile-
butadiene-styrenes, etheretherketones, ilonomers,
butylenes, phenylene oxides, sulphones, ethersulphones,
phenylene sulphides, elastomers, ethyléme terephthalate,
naphthalens terephthalate, ethylene naphthalene and
combinaticns therecf.

The choilce of thermoplastic polymer for the substrate
depends on the surface and mechanical properties of the
substrate. These properties of the substrate can aid in

obtaining dimprint structures with high aspect ratio and

13
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result in successful lateral collapse of the 1imprint
structures. The thermoplastic polymer should have a
sufficiently low elastic modulus at an elevated

temperature for easy filling of the conduits in the mold

whilst maintaining the mechanical stability to generate

regular patterns of collapsed dimprint structures upon
application of the lateral force. In addition,
thermoplastic polymers with high <{ensile strength and
elongation at break are preferred 1n order T0o obtain
almost uniform patterns of collapsed imprint structures.
Hence, such thermoplastic polymers can be subjected to a
high amount of tensile stress on application of the
lateral force and can sustain a high stretch-ratio before
failure. It should be ncted that use of a hard polymer,
that is a polymer material that 1z in a relatively
inelastic state, will inhibit the formation cf overlapping
imprint structures. Conversely, if the substrate is too
brittle, the imprints structures are susceptible to
breakage from the substrate base (cohesive failures) after
the lateral force is applied. The ideal material for the
imprinted structures is a relatively strong material that
is deformable at elevated temperatures and which has high
resistance tc fracture under shear and which is subject to
the various properties mentioned above.

The tengile strength of the thermoplastic polymer may
be selected from the group consisting of about 40 MPa to
about 120 MPa, about 40 MPa to about 60 MPa, about 40 MPa
to about 80 MPa, about 40 MPa to about 100 MPa, about 60
MPa to about 120 MPa, about 80 MPa to akout 120 MPa, about
100 MPa to about 120 MPa, and about 50 MPa to about 60
MPa. In one embodiment, when polycarbonate is used as the
thermoplastic polymer, the tensile strength of
polycarbonate 1s about E5 MPa when measursd at room

temperature (about 25°C). 1In another embodiment, when
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polyethersulfone is used as the thermoplastic polymer, the
tensile strength of polyethersulfone is about 80 MPa when
measured at room temperature (about 25°C).

The elongation at break of the thermoplastic polymer
may be selected from the group consisting of about 60% to
about 170%, about 60% to about 150%, about 60% to about
130%, about 60% to about 110%, about 60% to about %0%,
about 90% to about 170%, about 110% to about 170%, about

130% to aboult 170% and about 130% to about 170%. In one
ambodiment, when polycarbonate ig used as the
thermoplastic polymer, the elongation at break of

polycarbonate is about 80% to 130%.

When a thermoplastic polymer 1is used as the
substrate, the height and width of the imprint structures
can be chosen in order to substantially prevent complete
collapse of the imprint structures upon application of the
iateral force. The height and width of the dimprint
structures can be used to calculate the critical elastic
modulus E* of the imprint structure. In cne embodiment,
the imprint structure is cylindrical in shape and hence
the E* is calculated based on the height h and diameter d
of the cylindrical-shaped imprint structure, as estimated
by:

oo Vintw
)

where # is the work of adhesion and Vv 1s the Poisson

E*

ratio. If the elastic modulus of the thermoplastic
polymer is significantly larger than its critical elastic
modulus E* as calculated above, complete collapse of the
imprint structures can be substantially prevented such
that the imprint structures will lean at an angls upon
application of the lateral force. If the elastic modulus
of the thermoplastic polymer is significantly lesser than
its critical elastic modulus E* as calculated above, the

15
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imprint structures tend to collapse completely when the
substrate 1s removed Ifrom the mold and do not form an
angle with the substrate surface.

A hydrophobic substrate may be used to substantially
prevent contact between the collapsed Imprint structures
and helps to preserve alr gaps between the imprint
structures. An exemplary hydrophobic substrate is
polycarbonate.

The method may comprise the step of selecting a
temperature that is the same as or above the glass
transition temperature (Tg) of the polymer substrate
during the applying step (a). 4t this temperature, the
polymer softens and may conform to the shape of the mold
such that imprint structures are created on the surface of
the peclymer as the polymer 1is cooled and subsequently
hardened. For example, if the mold has conduits, when the
polymer substrate is applied to the mold, the softenad
polymer 1s able to flow into the condults of the mold.
Hence, imprint structures that preject £rom tThe polymer
substrate are formed in applying step (a).

The temperature used when applying a substrate to =z
mold is dependent on the type of thermoplastic polymer
used. Typically, the temperature may be selected from the
group consisting of about 120°C to about 200°C, about 140°C
to about 200°C, about 160°C to about 200°C, about 180°C to
about 200°C, about 120°C to about 140°C, about 120°C to
about 160°C, about 120°C to apout 180°C and about 150°C to
about 160°C. In cne embodiment, where polycarbonate is used
as the substrate, the temperature used during applying
step (a) 1s about 155°C.

The pressure used when applying a substrate to a mold
is dependent on the type of thermoplastic polymer usead.
By applying a pressure to the substrate, the softened

polymer substrate can be driven into the conduits of the
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mold under pressure, assisted by the capillary and/or
gravitational forces. Typically, the pressure may be
selected from the group consisting of about 4 MPa to about
8 MPa, about 4 MPa to about 5 MPa, about 4 MPa to about ©
MPz, about 4 MPa to about 7 MPa, about 5 MPa to about §
MPa, about 6 MPa to about 8 MPa and about 7 MPa to zbout 8
MPa. In one embodiment, the pressure is about & MPa.

The time period used when applying a substrate to a
meold is dependent on the type of thermoplastic polymer
used and the complexity of the imprint forming surface.
Typically, the time period may be in the range of about 5
minutes to about 45 minutes, about 5 minutes to about 15
minutes, about 5 minutes to about 30 minutes, about 15
minutes to about 45 minutes, about 30 minutes to about 45
minutes and about 10 minutes to about 30 minutes. In one
embodiment, the time period is about 30 minutes.

The mold may have a defined surface to create three-
dimensional imprint structures during applying step (a).
The three-dimensional imprint structures may be
dimensioned in at least one of the microscale and the
nanoscale.

The mold may have a solid body with an array of
conduits extending through the solid body. The mold may
be made of any suitable materizl that is chemically inert
and may be harder than the softened substrate when used at
the respective temperature. The mold may be made from a
material selected from the group consisting of silicon,
metal, glass, gquartz and ceramic. In one embodiment, the
mold may be made of silicon nitride.

The method may comprise, before the applying step
(a), the step of treating the mold with an anti-stiction
agent. The anti-stiction agent may be a silane-based

anti-stiction agent such as a fluorosilane release agent.
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The method may comprise, before the applyving step
{(b), the step of partially removing a portion, but not
all, of the substrate from the mold. This may enable the
substrate to be securely gripped in order to carry out the
applying step (b). Further, this may allow the substrate
to be detached easily from the mold.

Accordingly, in one embodiment there 1s provided a
method of making a peolymer substrate having multi-lavered
structures thereon, the method comprising the steps of:

a) applying & meld having an imprint forming surface
to the polymer substrate while in a thermoplastic state,
to form an array of polymer I1mprint structures that
project from szid substrate;

b} partially removing the imprint structures from the
mold;

¢} after step (b)), allowing the temperature of the
polymer imprint structures to cool and thereby strengthen
the polymer imprint siructures;

d) applying a lateral force that 13 substantially
normal to said partially removed  polymer imprint
structures to cause sald imprint structures to move
angularly towards said polymer substrate;

£} removing said pelymer imprint structures from said
mold, wherein the array of imprint structures forms a
pattern of multi-layered structures therson.

The method may comprise the use of nanoimprinting
lithography. The method may form imprint structures with
high patterning yield and may be highly reproducible.

There 1s alsc provided a patterned substrate
comprising an array of imprint structures disposed on the
substrate, each of the imprint structures has a
longitudinal axis and wherein each imprint may be disposed
at an oblique angle relative to a horizontal plane of the

substrate, wherein the arra of imprint structures is
Y
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configured to reflect light incident thereon. The array
of imprint structures may form a grating structure on the
substrate which serves to diffract or interfere with the
incident light such that the reflected light may be of
varying wavelengths. Hence, due to the varying
wavelengths, different colours and colour intensities may
be detected by an optical detector. There is also
provided a substrate having multi-layered structures
thereon that is made by the process as disclosed herein.
The collapsed imprint structures may create a grating
structure on the substrate which may be sultable for
reflecting light for detection by an optical detector.
Accordingly, the substrate may be used to reflect light in
an optical detection system. The optical detection system

may be a vapour detection sensor.

Brief Description Of Drawings
The accompanying drawings i1llustrate a discleosed
embodiment and serves tTo explain the principles of the
disclesed embodiment. It is to bs understood, however,
that the drawings are designed for  purposes of
illustration only, and not as a definition of the limits

of the invention.

Fig. 1 is a schematic diagram of a method of making a
polymer substrate in accordance with an embodiment
disclosed herein, in which the polyvmer substrate has

multi-layered structures.

Pig. 2 is a schematic diagram of an additional in an

i

alternative method from that disclesed in Fig. 1.

Figs. 3A and 3B are top view SEM images of polymer
substrates manufactured by the method of Fig. 1.

Fig. 3C is a cross sectional view SEM image of the

polymer substrate of Fig. 3A.
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Fig. 4 is a schematic diagram showing an experimental
setup to illustrate the reflective optical properties of
the polymer substrate manufactured by the method of Fig.
1.

Fig. 5 is &a series of optical microscope images

ocbtained by the experimental setup of Fig. 4.

Fig. 6 shows a schematlic diagram of a measurement
system to obtain a reflectivity spectrum of natural
butterfly wings from a butterfly insect and the polymer

substrate of Fig. 3A.

Fig. 7 is a graph showing reflection intensity
distribution data over a series of reflected light angles:
{a) relates to “synthetic wing structures” ar
microstructures made in the method disclosed with respect

to Fig. 1; and (b} relates to butterfly wing structures.

Detailed Description of Drawings

Fig. 1 is & schematic diagram of a method 100
according to a disclosed embodiment for making a polymer
substrate 10 having multi-layered structures. The multi-
layered structures comprise an array of imprint structures

12 that projects from the substrate 10.

The method 100 comprises the step shown in Fig. 1({a)}
of applying a moid 14 to a surface of a polymer substrate
10. The mecld 14 has a patterned surface of a plurality of
conduits 16 disposed within the mold 14. In Fig. 1(k), the
polymer substrate 10 is pressed against the mold 14 using
an Obducat nanoimprinter, at a temperature ¢that is the
same a&s or above the T, of the polymer substrate 10. Under
the elevatsd temperature, the polymer substrate 10 is in a
thermoplastic state and the softened material of the

polymer substrate 10 is driven into the conduits 16 of the
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mold 14 by applied pressure 18 and is also assisted by

gravity.

In Fig. 1l{c), the mold 14 and the substrate 10 are
cocled down and the polymer substrate 10 within the
conduits 16 of thé mold 14 partially hardens, but stays
deformable, to form the array of imprint structures 12
that projects from the substrate 10. To initiate the
detachment o©f the imprint structures 12 from the conduits
16, a wvertical force 20 is applied at the edges of the
interface between the polymer substrate 10 and the molid
14. This allows for the partial removal of a portion of

the polymer substrate 10 from the mold 14.

In Fig. 1(d), a lateral force 22 1s applied to the
polymer substrate 10. The lateral force 27 ie
substantially normal relative to a longitudinal axis 50 of
said imprint structures 12 (note for illustration, only
one longitudinal axis i1s shown for one of the dimprint
structure 12). The horizental translation of the polymer
substrate 10 creates a shear force between the array of
imprint structures 12 and the mold 14. As a result of the
shear force, the array of imprint structures 12 collapses
in parailel in that the longitudinal axis 50 1is moved
angularly towards the substrate 10. The imprint
structures 12 partially overlap each other when viewed
from a horizontal plane 54 above the substrate and thexrsby
form a pattern of multi-layered structures on the polymer
substrate 10 as shown in Fig. 1(e). The imprint structures
1z ara angularly moved sucnh  that the collapsed
longitudinal axis 50’ of the dimprint structures 12 is
moved towards the substrate 10 from a substantially
vertical axis 52 relative to a horizontal plane 54 of the

substrate 10.
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The resulting substrate 10 comprises an array of
imprint structures 12 disposed on the substrate 10, in
which the ancgularly moved longitudinal axis 507 is at an
oblique angle (©) relative to the horizontal plane 54 of

the substrate.

Fig. 2 is a schematic diagram of the additional step
in a method 100' according te¢ another embodiment for
making a polymer substrate 10 having malti-lavered

structures.

The method 100’ comprises of the same steps as the
method 100 and the same numerals are repeated except that
they have the prime symbol (’). In method 1007, after the
lateral force 22’ is applied to the substrate 107 in the
x—direction, the mold 14 is turned by 90°. A lateral force
22a’ is then applied to the substrate 10’ in the y-
direction, creating a shear force between the array of
imprint structures 12 and the mold 14. As a result, the
array of imprint structures 12 is pulled in both the x-
and y- directions and a pattern oI multi~lavered
structures with periodicity in both the x- and y-

directions is formed on the polymer substrate 107.

EXAMPLES

Mold Preparation

A silicon nitride mold (200-nm circular holes with an
aspect ratioc of 1:6) was processed by traditional
lithography and etching process, which yielded a high
definition of structures on the surface of the mold. The
meld was cleaned in a piranha sclution (a 3:1 mixture of
96% sulfuric acid with 30% hydrogen peroxide) at 120 °C
for 30 minutes, rinsed with deionized water, dried in a

stream of dry nitrogen, and put in a clean oven at 100 °C
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for one hour. The mold was then exposed To oxygen plasma
for 10 minutes in RIE I Etcher, Sirus {(Trion), operated at
200 mTorr oxygen pressure, 1l0-sccm oxygen flow rate, and a
power of 100 W. The mold was further treated with a
fluorosilane release agent tThrough an covernight vapor

=y

deposition of 1H, 1H, 2H, 2B~perflucrodecyl~trichlorosilane

gself-assembled monoclavyer.

Nanoimprint Lithography (NIL)} Process

The NIL process was performed wusing an Obducat
nanoimprinter. Two materials were used in the expsriments:
polycarbonate (PC) and polyesthersulfone (PES). PC and PES
were obtained from Goodfellew Corporation of OCakdale,
Pennsylvania of the United States of America. R PC shest
with a thickness of 1 mm was cut slightly smaller than the
mold size, and placed on top of the mold. The mold and PC
sheet were heated up to 15% "C and a pressure of & MPa was
then applied for 20 minutes to let the PC flow slowly into
the conduits of the mold. The ilmprint process was ended by
cocling down the temperature to 80 °C and releasing the
pressure from the moid. The imprinted PC sheet was
subseguently detached from the mold by creating a small
crack at one edgs of the mold and applying a lateral force
in the mold-release step to tip the imprint structures
onte one side. The same experimental procedures were
carried out to obtain PES imprint structures, except that '
the mold and PES sheet were heated up to a temperature of
230 °C instead of 135 °C.

Characterization

High resolution 8EM imaging was carried out with a

JEOL Field Emission Scanning Electron Microsceope (FESEM)

JSM~67C00F. A collimated white light beam was used to shine
23



o1

10

15

20

25

30

WO 2009/151405 PCT/SG2009/000208

the structure in different angles to the surface normal.
The reflection was observed using a sterec-microscope
placed at the normal direction to the sample surface and
connected to a Charge-Coupled Device (CCD) camera. An Art
laser emitting at a wavelength of 532nm was made incident
normal to the sample surface and the angular reflection
intensity property was measured using a $i detector across
a 180° angle. A slit opening of about 100 pm was pult in
front of the detector. And the detector moved in a circle

with the sample in the center.

Example 1

The method 100 of Fig. 1 was used in this experiment
uging a polycarbonate (PC) substrate. The PC substrate .
used in the experiment had a tensile strength of
approximately 55 MPA and an elongatiocn at break of 80-
150%. These allow the material to be subjected to a high
amount of tensile stress on shearing and to sustain a high
stretch-ratic before fallure.

During the NIL process, the PC substrate 10 was
pressed against tThe silicon nitride meld 14 using an
Obducat nancimprinter. The mold 14 and PC substrate 10
were then heated up +to 155 °C, Under the elevated
temperature, the softened material of the PC substrate 10
was driven into the conduits 16 of the mold 14 by an
applied pressure 18 of 6 MPa. The pressure 18 was applied
for 30 minutes to let the PC substrate 10 flows slowly

into the conduits of the mold.

The NIL process was ended by cooling down the
temperature to 80°C and releasing the pressure 18 from the
mold 14. The softened material of the polymer substrate 10
was trapped in the conduits 16 of the mold 14 and formed

the array of imprint structures 12 that projected from the
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substrate 10. The patterned arez of the PC substrate 10 is

about 2mm?.

To initiate the detachment of the imprint structures

12 from the conduits 16, a perpendicular force 20 relative

"to the horizontal plane 54, sufficient to detach the BPC

substrate 10 from the mold 14, was applied at the =dges of
the interface between the PC substrate 10 and the mold 14.
A lateral force 22 in the range of 10-20 N was *then
appllied to the PC substrate 10. The horizontal translation
of the PC substrate 10 created a shear force betwesaen the
array of imprint structures 12 and the mold 14. 2As a
result of the shear force, the arrav of imprint structures
12 colliapsed in parallél and cveriapped each other to form
a pattern of multi-~layered structures on the PC substrate

10,

The same method 100 of Fig. 1 was carried out again
but with =& polyethersulfone (PES) substrate instead.
During the heating step, the mold 14 and PES substrate 10
were heated up to 155 °C. The rest of the steps remained
the same. PES has similar mechanical properties to PC that
are important in obtaining uniform patterns of sheared
nanogstructurses, Firstly, their high tensile strength
allows them To be subjected to high amount of tensile
stress on shearing. Secondly, their high elongation-at-
break allows them to deform elastically and sustain a high
stretch-ration before 1t breaks.

After the substrates were formed, high resolution SEM
imaging was carried out with a JEOL FESEM JSM-6700F. The
results are shown in Figs. 32 to 3C.

Fig. 3A and 3C respectively show a top view SEM image
and a cross-section view of the PC substrate 10 fabricated
in the experiment. Fig. 3B shows a top view SEM image of

the PES substrate 10 fabricated in the experiment. The
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imprint structures 12A-C are approximately 200nm in
diameter, approximately 1.2 pm in length, and leaning at
an angle of approximately 45° to the substrate 10. The
rows of multilayered nanostructures {imprint structures)
128-C are separated with a regular spacing of
approximately 500nm. The height and spacing bhetween the
nanostructures 12A-C determines the amount of overlap
between the neighbouring structures. The inserts in Fig.
3A and Fig. 3B are SEM images at 3x magnification of a
section of Fig. 3A and Fig. 3B respectively

The PC dmprint structures 123 and 12C were in the
form of piliars. The critical =lastic modulus of the PC
pillars formed was calculated to be about 16.7 MPz and its
elastic modulus was 2.56GPa. Since the elastic modulus of
PC 1is significantly larger <Than its critical wvalue, a
complete collapse of the nanostructures can be avoided and
the pillars were leaning at an angle on shearing.
Referring now to Fig. 3C, it can &lsco be seen from +the
cross-sectional view that the imprint structures 12¢ are
separated by air spaces with thicknesses of approximately

50nm.

Example 2

Referring to Fig. 4, there is shown an experimental
setup for characterizing the PES substrate formed in
Example 1. As shown, =z collimate white light beam 24 was
used +to 1lluminate the PES nanostructures (imprint
structures} 12 on the PES substrate 10 at different angles
(24a and 24b) to the surface normal. The reflection 26 was
observed using a stereo-microscope 28 placed at the normal
direction to the surface of the substrate 10 and connected
to a CCD camera (not shown). A series of optical

microscope images were taken through the CCD camera with
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an objective lens placed on top of the sample and are
shown 1in Fig. 5.

When the incident collimate white light beam 24 was
turned 360° around +he wvertical axis, the colours and
colour patterns from the PES substrate 10 change over a
broad range. When the collimate white light beam 24 was
illuminated te the direction of the imprint structures 12,
a uniform blue colour reflection (labeled A} was observed
from the PES substrate 10. This image i1s shown in the top
image of Filg. 5. When the dirsctions of <*the collimate
white light beam 24 and the imprint structures 12 were not
aligned, a range of colcocurs from blue (labeled A), to
yellow (labeied B} and red (labeled C)} were cbssarved. This
image is shown in the bottom image of Fig. 5.

The wvariations 1in colour and cclour patterns are
related to the arrangement o©f the nanostructures and are
due to the anisotropic nature of the multi-layered
structures in one direction. The multi-layvered structures
have a periodic ridge pattern with multi-layers inside
each ridge due to the inclination of the imprint
structures 12. The periodic ridge arrangement in one
direction makes the structure work like a diffraction
grating, while the multi-layers seen from the top due to
the inclinatlon of the imprint structures 12 gives the
effect of interference and scattering. Both the grating
diffraction and the multi-~layer reflection contribute to

the colour formation.

Example 3

L

Referring teo Fig. &, there 1is shown a schematic
diagram of the experimental procedure for cobtaining a
reflectivity spectrum of the PC substrate 10 formed in
Example 1 having multi-layered structures. As shown, an

Ar+ laser 30 emitting at & wavelsngth of 532nm was made
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incident to the PC substrate 10 through a pinhole on a
white screen. Arrays of diffraction spots were seen
clearly on the screen in the direction perpendicular to
the ridge direction (picture not shown), while broad light
distribution was observed along the ridge direction. In
this example the synthetic wing structures refer to the PC
substrate 10 together with the collapsed imprint
structures 12 that form the multi-layered structures.

The angular reflection intensity property of the
reflected light 32 was measured using a 8i detector (not
shown} across a 180° angle. 2 slit opening of about 100 Lum
was put in front of the detector and the detector moved in
a clrcle with the synthetic wing structures in the center.
The same experiment and measurement was carried out with
natural butterfly wings and the resulls cf  both
measurements plotted in the graphs shown in Fig. 7.

Fig. 7 shows the reflection intensity distribution
versus angle along the ridge direction for both synthetic
and natural wing structures. The reflection spreads over
an angle of nearly 180°. The center part of the curve is
not measured due to the blocking of the incidence laser
beam 30 by the detectcr. The reflectivity of the synthetic
wings was higher at one side zand has two reak regions,
while the other side is relatively weak. The multi-layer
reflection d1s the dominant effect in this broadened
reflection. The weak reflection side corresponds to the
laser beam 30 facipg the collapsed imprint sitructures 12
inclination direction, while the stronger reflection =side
corresponds to the laser beam 30 towards the inclination
direction. The angle-dependent view in fthe synthetic
structures was similar to that found in natural butterfly
wings, where bright and dark zones were observed in the
observation hemisphere over the wing surface, as shown in

the bottom graph of Fig. 7.
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As shown by the two graphs in Fig. 7, the angle-
dependent  iridescent effect of the synthetic wing
structures (7a) fabricated according to the methods above
was found to be similar <o that found in the natursl

butterfly wings (7b}.

Applications

Substrates with multi-layered structures therecon oan
be used in a wvariety cf applications including inncvative
designs of optical devices, optical gas sensors, and
filters for flat-panel displays.

Advantageously, the substrates possess unigque optical
properties which are more pronounced than those produced
by pigments or organic dyes. More advantageously, the
generation of colour via the effsct of structural colour
rather than the use of dyes or pigments, eliminates the
problem of photobleaching and other problems assocciated
with the use of dyes and pigments.

Advantagecusly, the substrates formed mimic the
photonic nancstructures found on butterfly wings. These
nanostructures on butterfly wings can be used as selective
gags or vapour senscrs. Hence, the substrates formed can
also be used as vapour-detection sensors. Advantageously,
optical detection of vapour has a fast response time, and
is easily reproducible.

Advantageously, the method <disclosed herein for
making a substrate having multi-layered structures thereon
may be cost effective and may eliminate the need for
complicated equipment. Furthermore, the method is easy to
carry out and the substrate fcocrmed is congistent and
reproducible. Mores advantageously, the method has
potential scalability, allowing for cecmmercial-scale

manufacture.
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Advantageously, the method discleosed herein
eliminates the need for chemical treatment of substrate
surfaces or multiple depositions of material. Hence, the
method may not lead +to detrimental changes in  the
mechanical dintegrity of the substrate or affect the
thermal, optical or chemical properties of the substrate.

It will be apparent that varicus other modifications
and adaptaticns of the invention will be apparent to the
person skilled 4in the art after reading the foregoing
disclosure without departing from the spirit and scope of
the idnwvention and it is intended that all such
modifications and adaptations come within the scope of the

appended claims.
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Clairgs

1. A method of making a substrate having'ﬁnultiv.‘
layered structures -thereon; the method cémprising the
steps.of:‘ ' ‘

" a} applying a mold.having an imprint forming surface
to the substzate to form -an a:ray of lmprlnt structures
that progects from said substrate, and

b} applying ‘2 .lateral forte that is substantially
normal to said progectlng 1mpr1nt structures to cause
sald lmprlnL structures to move angularly to#atds.éaid
sﬁbsfrate and Lhereby form a patte*n of multl-layerad

‘structures thereon.

2. . The method as claimed in claim 1,. wherein said

apélied‘lateral force is substanﬁially normal relative to

.a longitudinal axis  of  said projecting imprint
structures.
3. The method as ‘claimed in claim 2, whérein said

applylng step comprlses moving the sfructures -such thau
the 1ong1tud1nal ‘ax1s of said ;mprlnt .structures is
angularly 'moved”-,tqwa;ds ksaid 'sgbstrate- from a
substantially _verticai axis :elgtive to a horizontal

Aplaﬁé Qf,séid subhstrate,

-4. The method as claimed iﬁ claim 3, wherein the
' moving step resilts in each of said impfint structures
beiﬁg disposed at ‘an cbligue angle relative to a
ho:izbntal plane of said substrate, wheréiﬁ the'arréy of
imprint st:uétures_ is ‘configﬁred' to ' reflect rlighf_

incident thereon:

 AMENDED S5z
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5. The method as claimed in . any one of the

preceding cléimS, wherein the applying step comprises

moving ‘the substrate in a direction oprosite to ‘the

dlrﬁctlon in which the 1mprlnt structures are caused to

move dngularly

R ‘The ~method 2s claimed in ~any one of the
Dréceding élaiﬁs; wherein said imprint stxhctuxés have a
height to width ratlo selected from the group. consmstlng
of 5 te 10, S to 7 5 to 9, 7 to‘lO, 9 to 10 and 5 to 7.

7.  The method as claimed in any one of the
p:ecediﬁg élaims, ‘wherein the heighf of the imprint
étructuxes is greater than the ' distance beétween two

adjacent imprint str uctures

8. The method as claimed in any ‘one . of the

‘preceding ‘claims, wherein, said imprint structures is

dlmenSLOned in at least one of the microscale and the

nanoscale

B.f The method as claimed in. any one of the.

precedlng clalms wherein. said substrate is a polymer

"substrate.

10. The method as claimed in claim 9, wherein said

polymer substrate is a thermoplastic polymer.

11.- The ﬁethod as claimed in -claim 10% wherein said
tharmoplastlc palymer comprlses monomers selected irom
the group - consisting of acryiates,' phthalamides,

acrylonltrlles,l cellu;osics, _styrenes, alkyls, alkyls

_ methacrylates, alkenes, halogenated alkenes, amides,

32
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imides, aryletherketones, butadienes, ketones, esters,

acetals, carbonates and combinations thereof.

12. The method as cldimed -in claim 9, cdmprising,
during saidjapplying’step {g), the step of éelecting‘a'
temperatﬁre that is -the same asz or above;.ﬁhe. glass -

transition temperature {(Tg) of said polymer substrate.

13. The method as claimed in  .any one of the

_pieceding claims, ‘comprising, during said applving step |

{a), the'step of sélecting & pressure from the range of 4

‘MPa to B MPa.

14, -The: method as c¢lazimed 4n any one of the

preceding claims, comprising the step of ‘providing said
Amold having a solid’ body with an arréy of conduits

‘ extending -through said solid body.

15. The - method. as claimed in any one of the

precediﬁg claims, wherein before said applying step (b},

the fethod comprises the step of:

{c) partiaiiY‘removing'a portiocn, but not all, of

said substrate from said mold.

16. The method as claimed in any one ‘of the

preceding claims, wherein said-nmlti»layered structures

. create a grating' structure . thereon. suitable for

reflecting lightjfgr deétection by an optical detector.-

17., The method as claimed  in any one of. the
preceding blaims} wherein the imprint structures are
thermoplastic polymers‘and the method further comprises

the steps of:
.33
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dy. before éaid,iapplying step (b, the step of
partially rémQVing the pOlyﬁe: imprint éfruc?ures‘ from
the mold while in a thermoplastic state; and

e). after step (d}, allowing the temperatufe of the
imprint structures to partially cool .and  thereby

strengthen-the‘polymer imprint structures.

' 18. A patterned substrate comprising an array of

lmpxlnt structures dlsposed on .the substrate, sach of

said imprint structuies “having a longitudinal axis and
whereln each :me;ln‘c is dispesed at an oblique angle
relatlve to a horizontal plane of said substxate, wherein
the array of imprint structures.is conflgured to reflect

llght incident thereon.

19. ~Use of a substrate as claimed in claim 18 or a

- substrate made in a method according to any one of claims

‘1 to 17, t¢ reflect light in an optical detection system.

200 B supbstrate having  multi- 1ayered imprint

structutes thereon, - the supstrabe belng made in a method.

.TcomprLSLng the steps of:

J'a) applying = mold hav1ng an lmprlnt forming surface
to the substrate to form an array of lmprlnt structures
that progects from said substrate;. '

b) -applying a lateral force that is substéhtially

narmal to - said pIOJectlng lmprlnt structures to cause

said imprint structures to move angularly towards said

substrate and thereby form a .pattern of . mult;»layered

structures thereon. o ' L
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