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METHOD OF GENERATING A METAMATERIAL, AND A METAMATERIAL
GENERATED THEREOF

CROSS-REFERENCE TO RELATED APPLICATIONS
[001] This application makes reference to and claims the benefit of priority of an
application for “Flexible Vis-IR Metamaterials and Their Applications in Highly Sensitive
Chemical and Biological Sensing” filed on June 7, 2011, with the United States Patent and
Trademark Office, and there duly assigned serial number 61/494,099. The content of said
application filed on June 7, 2011, is incorporated herein by reference invits entirety for all

purposes.

~ TECHNICAL FIELD
[002] " The invention relates to a method of gerierating a metamaterial and a metamaterial

generated thereof.

BACKGROUND
[003] Metamaterials have been shown as an effective way to enhance the engineering
and manipulating of plasmon and photon in the area of optics. By using “artificial atoms”
such as split ring resonators (SRRs) within a metamaterial, metamaterials: with optical
properties beyond the limitations of conventional, naturally occurring material or composites

may be obtained. Realization of electromagnetic response for metamaterials in the visible and

- infrared (vis-IR) regions may open up a whole new range of photonic application areas, such

as security imaging, remote sensing, and switchable and transformable optical frequency
resonant devices.

[004] Provision of flexibility to metamaterials in various applications, in particular,
sensing is also of interest. Integration of functional, high-performance electronic devices onto
mechanically flexible and deformable substrates offers significant promise in flexible
electronics, such as flexible displays, solar cells, nanowire electronics, and sensing circuitry.
Compared to rigid substrates such as silicon and glass, flexible and stretchable plastic or
clastomer based substrates exhibit great advantages of flexibility, transparency, lightweight,
portability, low cost, conformable manipulation, and biocompatibility. On the other hand,

recent development of transformation optics based on topological design and manipulation of
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light renders flexible functional optics an attractive option to control optical waves, which
may in turn lead to integration of functional flexible photonic devices as demonstrated in
strained tunability applications. In other application areas, for example, flexibility in
metamaterials may make it possible to “wrap” light-weight, transparent metamaterials around
important objects to function as an optical cloak. Current state of the art methods to fabricate
metamaterials, in particular metamaterials based on flexible materials, include use of an
indirect transfer method to embed metamaterials into flexible elastomeric matrix after the
metamaterials have been fabricated onto rigid and flat substrates, such as silicon ana quartz.
However, these methdds suffer from drawbacks, such as limitations relating to resolution of
metamaterials obtained, and the lengthy process sequences required. This is paﬁicularly in

the case for applications in the visible and infrared range, given the extremely high resolution

- of metamaterials required.

[005] In view of t'he'above,' there is a need for an 'improvled method to generate a
metamaterial and a metamaterial generated thereof that alleviates at least some of the above-

mentioned problems.

SUMMARY OF THE INVENTION

[006] In a first aspect, the invention refers to a method of generating a metamaterial
operable in the visible-infrared range. The method comprising

a) depositing a layer of a conductive material on a substrate;

b) forming a layer of electron beam resist on the layer of conductive material;

c) patterning the layer of electron beam resist using electron beam lithography to form

a patterned substrate;

d) depositing a layer of a noble metal on the patterned substrate; and

€) removing the resist.
[007] In a second aspect, the invention refers to a metamaterial generated by a method
according to the first aspect. |
[008] In a third aspect, the invention refers to a metamaterial operable in the visible-
infrared range comprising split-ring resonators having a least line width of about 20 nm to

about 40 nm on a substrate.
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[009] In a fourth aspect, the invention refers to a transparent photonic device or a sensor
for chemical or biological sensing comprising a metamaterial according to the second aspect
or the third aspect. | | »

[0010] In a fifth aspect, the invention refers to use o.f a metamaterial according to the
second aspect or the third aspect in optical filter, magnetd filter, polarization detector,

photonic device and sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011]  The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-iimiting examples and the acéompanying
drawings, in Wh_ich: | » : ‘

[0012] Figure 1A is a schematic diagram of a U-shaped splif-riﬁg resonator (SRR) with
| deﬂoting periodi(.:.ity in the X;direction; Ly dendting periodiéity in the Y—direétidri; S; and Sy
denoting edge dimensions of split-ring resonator in the x-direction and y-direction
respectively; b denoting thickness of the bottom region of the letter “U” as indicated in the
figure; w denoting the least line width of the U-shaped SRR. In an illustrated embodiment, I,
= 504 nm, Ly = 480 nm, Sy = S, = 320 nm, w = 80 nm, and b = 128 nml. Figure 1B is a
schematic diagram showing a decrease of the whole unit size and periodicity of the unit cell
for.operation in the visible regime, where w équals (1) 80 nm, (i1) 70 nm, (iii) 60 nm, (iv) 50
nm, (v) 40 nm, (vi) 30 nm. Figure 1C is a series of scanning electrode microscopy (SEM)

images of the unit cells of the SRRs, where w equals (i) 80 nm, (ii) 70 nm, (iii) 60 nm, (iv) 50

‘nm, (v) 40 nm, (vi) 30 nm (scale bar in the images depicts 100 nm). Figure 1D depicts a

typical scanning electron microscopy (SEM) image (45 ° tilted) of SRRs with w = 80 nm
fabricated on a poly(ethylene naphthalate) (PEN) substrate.

[0013]  Figure 2A is a graph showing experimental transmission spectra of SRRs with
different side widths of w as shown in Figure 1 for silver (Ag) metamaterials. Figure 2B is a
graph showing calculated transmission spectra of SRRs by finite-difference time-domain
(FDTD) for silver (Ag) metamaterials. Figure 2C is a graph showing experimental magnetic
resonance peaks (red triangles), experimental electric resonance peaks (black circles),
calculated magnetic peaks (gréen squares), and calculated electric resonant peaks (blue
unshaded squares) as a function of w for Ag metamaterials. The curves in Figure 2C are

fitting curves as discussed later in the description. Figure 2D is a graph showing
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experimental transmission spectra of SRRs with different side widths of w for gold (Au)
metamaterials. Figure 2E is a graph showing calculated transmission spectra of SRRs for Au
metamaterials. Figure 2F is a graph showing experimental magnetic resonance peaks (red
triangles), experimental electric resonance peaks (black circles), calculated magnetic peéks '
(green squares), and calculated electric resonance peaks (blue unshaded squares) as a
function of w for Au metamaterials. The curves in Figure 2F are fitting lines as discussed
later in the description. |

[0014]  Figure 3A is a picture of a metamaterial fabricated on a flexible substraté (termed
herein aé “Metaflex”) taken with a background of Nanyang Technological University (NTU)
campus magazine to demonstrate the ﬂexibility.. Figure 3B is graph showing transmission
spectra of Metaflex (i) before, and (ii) after applying the strain, showing high tljnability with |
an out-of-plane strain. ‘ | ” '
[0015] Figufe 4Ais a gfaph show'ing transmission s‘pe'ctra of Metaflex (Au film with w =
40 nm) taken in (i) air, (ii) with a layer of poly(methyl methacrylate) (PMMA),‘ and (iii) with
a layer of Shipley 1805. Figure 4B is a graph showing (i) electric, and (ii) magnetic
resonance peak positions as a function of refractive index. Figure 4C is a graph showing
calculated SRRs transmission with (i) PMMA and (ii) without PMMA by FDTD. The values
indicated in both graphs reflect the changes of the electric and magnetic modes with a layer
of PMMA. | |

[0016]  Figure SA is a graph showing transmission spectra of the same Metaflex sample
after different bovine serum albumin (BSA) concentration treatment for (1) 15 puM, (ii) 1.5
M, (iii) 150 nM, (iv) 15 nM, and (v) no BSA (provided as reference). Figure 5B is a graph
showing (i) electric, and (ii) magnetic resonance peak shift as a function of concentration
with SRRs. The solid curves are empirical fittings as discussed later in the description.

[0017] Figure 6A is a schematic diagram of chemical sensing of 2-naphthalenethiol using -
Metaflex. For simplicity, only one 2-naphthalenethiol molecule was drawn on each SRR.
Figure 6B is a graph showing Raman spectra of 2—naphthalenethi01 on a Metaflex sample
with polarization (i) perpendicular or (ii) parallel as shown in Figure 6A; (iii) from 2-
naphthalenethiol powder; (iv) from a clean polyethylene napthalate (PEN) substrate; and (v)
from a | gold film on the same PEN substrate (from top to bottom, spectra were shifted
upwards in the graph for clarity), respectively. Figure 6C is a graph showing transmission

spectra of SRRs (i) without 2-naphthalenethiol, and (i) with 2-naphthalenethiol, the inset is
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- the zoom-in view of the spectra around the magnetic resonance mode. Both peak shifts due to

molecule binding are labeled.

[0018]  Figure 7 is a series of schematic diagrams of SRRs with Ly = 200 nm, L, = 350

nm, Sy =S, =200 nm, w=50nm,a=c= 100_nm,b=50nmanddx=dy= 100 nm for (A) S-
shape, (B) H-shape, and (C) Y-shape. Figure 7D is a schematic diagram of SRRs with L, =
200 nm, Ly =200 nm, Sy =Sy =200 nm, w = 50 nm, a = 100 nm, and dx = dy, = 100 nm for V-

shape. The whole unit size and the periodicity of the unit cell were decreased accordingly in

* order to push to visible regime. The actual width w values have been specified in the boxes

on the right of each ﬁgure.

[0019]  Figure 8 are graphs showing Raman spectra of 2-naphthalenethiol on rhetamaterial
samples with polarization perpendicular or parallel as shown in (A) S-shape, (B) H-shape,
(C) V-shape, and (D) Y-shape.vThe Raman spectra from .2-Naphthal‘enethiol'powder, and
from a gold pad film on the same substrate also are shown. Figl'lres' 8(E), (F), (G) aiid (H)
correspond respectively to the SEM picture of metamaterials with w = 50 nm for the different
geometry shapes with Raman spectra shown in Figures 8(A), (B), (C) and (D). The scale bar
in Figures 8(E), (F), (G) and (H) denote a length of 100 nm. |

DETAILED DESCRIPTION OF THE INVENTION
[0020] In a first aspect the present invention refers to a method of generating a
metamaterial operable in the visible-infrared range.

[0021] ~ As used herein, the term “metamaterial” refers generally to an artificial material

~that is engineered to exhibit and/or to provide electromagnetic behavior that is not found in a

natural material. For example, metamaterials may be designed to provide electric or magnetic
resonances where there are no equivalent materials in nature. This may be carried out by
patterning one or more elements that are comprised in a metaméterial in one or more
dimensions, with each element having physical dimensions less than or on the order of an
incident wavelength in the direction of wave propagatidn. In so doing, each of the elements
comprised in the metamaterial may be patterned to exhibit specific electric and magnetic
polarizations in response to an applied electromagnetic field.

[0022]  For example, a metamaterial may be configured to simultaneously possess negative
permeability and negative permittivity, such that electromagnetic waves passing through this

medium exhibit certain “unnatural” characteristics. One of these unnatural characteristics
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may be in the form of a reversal in the right-handed rule, in which electric and magnetic

fields follow with regards to the propagation vector of the wave. In these metamaterials, a

left-handed relationship may exist between these vector quantities. Accordingly, such

metamaterials may be termed as “left-handed materials (LHM)”. In another example, a
metamaterial may be configured to exhibit a negative refractive index. Accordingly, such
metamaterials may be termed as ""negative index materials (NIM)”. Equipped with such
attributes, these metamaterials are useful in ellecromagnetics, where they may be used in
fabricating novel antennas, filters and waveguides for electromagnetic corhmunicatioﬁs.

[0023]  Examples of metamaterial include, but are not limited to, lattices formed from
straight wire conductors and arrays of split-ring résonators, both of which may be fabricated

on a suitable substrate. The terms “element”, “unit cell”’, and “resonator” are used

- interchangeably herein, and refer to a structure having, or capable of having, a desired

mechanical or electro-mechanical vibration.

[0024] The method of generating a metamaterial operable in the Visible-ihfrared region
may be carried out on rigid substrates such as silicon or quartz, and on flexible substrates
such as a polymer. The method of the invention may be used to generate metamaterials
having dimensions which are sufficiently small for use in the visible-infrared range. In
particular, it has been demonstrated herein that an electron-beam lithography (EBL)
nanofabrication method may be used to generate flexible metamaterials operable in the
visible-infrared region.

[0025]  The method of the invention includes depositing a layer of a conductive material

on a substrate. The conductive material may be electrically conductive. In various

embodiments, the conductive material comprises a transparent material, such as a material
having high transparency in the visible and/or infrared wavelength range. As used herein, the-
visible range of the electromagnetic spectrum refers generally to electromagnetic waves
having.a wavelength in the range of about 380 nm to about 780 nm. The infrared range of the
electromagnetic spectrum, on the other hand, refers to electromagnetic waves having a
wavelength that is greater than 780 nm.

[0026] Examples of conductive materials that may be used in the method of the invention
include, but are not limited to,v indium tin oxide, indium zinc oxide, tin oxide and alloys
thereof. In various embodiments, the conductive material comprises indium tin oxide. In

some embodiments, the conductive material consists of indium tin oxide.
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[0027] The conductive material may be deposited by any suitable thin film coating
method. Examples of coating methods that may be used include sputtering, vapor deposition
and electron beam deposition. In one embodiment, sputtering is used. Generally, the
conductive material may be of any thickness, so long as it is able to alleviate or eliminate the
charging effect as a result of action of electron beam on the substrate. Accordingly, in various
embodiments, the conductive material referred to herein is an electrically conductive material.
The layer of conductive material may be sufficiently thin so as not to affect the transparency
of the resulting metamaterial. In embodiments where indium tin oxide ié use& as the
conductive material, for example, the thickness of the indium tin oxide layer may be about 50
nm to about 200 nm, such as about 50 nm to aboﬁt 150 nm, about 50 nm to about 100 nm, or

about 100 nm to about 200 nm. In one erhb‘odirrient, the thickness of the indium tin oxide

- layer is about 100 nm.

[0028] The method of the invention includes forniirig a llayef of electron beam resist on
the layer of conductive material. The electron beam resist may comprise at least one of
poly(methyl methacrylate) and polymethylglutarimide. In various embodiments, the electron
beam resist comprises substantially of poly(methyl methacrylate). The electron beam resist
may be formed by any suitable coating method such as, but not limited to, spin-coating,
painting, dip-coating, spray coating, and screen painting. In | various embodiments, the
electron beam resist layer is formed by spin-coating. '

[0029]  The layer of electron beam resist is patterned using electron beam lithography to
form a patterned substrate. Electron beam lithography refers to a method of patterning a
surface using a beam of electrons. By directing an electron beam onto the layer of electron
beam resist, a specific pattern may be written onto the resist layer. In embodiments whereby a
polymeric substrate is used, electric charge that may be induced on the substrate as a result of:
patterning by the electron beam may be alleviated by the layer of conductive material
deposited thereon. After a corresponding development step, depending on the type of resist
used, either of the exposed or unexposed portions of the resist material may be removed to
leave behind the corresponding unexposed or exposed portions of the resist layer.

[0030] In various embodiments, the patterned resist defines a template or mold for
subsequent formation of an arfay of elements or resonators of the metamaterials. In some
embodiments, the elements or resonators are arranged in an orderly or periodic sequence,

such as that shown in Figure 1D. The patterned resist may cover portions of the substrate
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upon which the resonators are not formed. In various embodiments, the resonators may be
split-ring resonators. In general terms, a split-ring resonator refers to a type of resonator,
comprising a conductive ring that is broken in at least one location on the ring by a non-
conductive gap of air or other dielectric material. When the split-ring resonator is placed in an
electro-magnetic field, fluctuation of the electro-magnetic field causes a circular electric
current to be induced in the conductive ring, which in turn results in charge accumulation
across the gap(s) in the ring. The electric field that builds due to the charge at the gap
counteracts the circular current, leading to storage of substantial amounts of energy in the
vicinity of the gaps. Iﬁ addition, magnetic field energy is concentrated in the region enclosed
by the ring. Accordingly, a split ring resonator may be considered as a resonator that reacts to

a perpendicular magnetic field, and may be characterized by the effective capaéitance of the

- gaps and effective inductance of the loop defined by the ring.

[003 1] To form the resonators on the substfate, a Iayér of a noble metal is deposited on the
patterned substrate. The noble metal may be deposited by any suitable methods, such as
thermal evaporation or electron beam evaporation. Some of the noble metal deposited may be
present on the patterned resist, while some portions of the noble metal layer may be present
on the substrate that is not covered by the resist. By removing the patterned resist layer in a
subsequent step, the noble metal that is coated on the patterned resist is removed as well,
leaving behind the noble metal layer present on portions of the substrate, which are not
covered by the resist, to form the resonators. Examples of a noble metal include silver (Ag),

palladium (Pd), gold (Au), platinum (Pt), iridium (Ir), osmium (Os), rhodium (Rh) and

~ruthenium (Ru). In various embodiments, the noble metal comprises gold, silver, or alloys

thereof. In one embodiment, the noble metal consists substantially of gold. The thickness of
the noble metal layer may range from about 5 nm to about 500. nm on the surface of the.
patterned substrate, such as about 5 nm to about 200 nm, about 5 nm to about 100 nm, about
5 nm to about 50 nm, about 5 nm to about 20 nm, or about 30 nm. .

[0032] In various embodiments, the method of the invention includes depositing an
adhesion layer on the patterned substrate prior to deposition of the noble metal layer. The
adhesion layer may be deposited to improve adhesion of the noble metal to the patterned
substraté. Examples of material that may be used as the adhesion layer include chromium,
titanium, and alloys thereof. In various embodiments, the adhesion layer comprises chromium.

In one embodiment, chromium was used as the adhesion layer. The adhesion layer may be
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deposited using any suitable methods, such as thermal evaporation or electron beam

evaporation. In one embodiment, thermal evaporation was used to deposit a layer of

-chromium on the patterned substrate. The thickness .of the layer of chromium may be of any

suitable value that is able to improve adhesion of the noble metal to the patterned substrate.
In various embodiments, the thickness of the chromium layer is about 1 nm to about 10 nm,
such as about 5 nm to about 10 nm or about 1 nm to about 5 nm. In one embodiment, 2 nm of
chromium was deposited on the patterned substrate. -

[0033]  After the noble metal is deposited on the patterned substrate, the resisf may be
removed. For examplé, the resist may be removed using a suitable solvent. Depending on the
type of resist used, the resist may additionally or‘alternative"ly be removed using‘ plasma. By

removing the patterned resist layer, the noble metal layer, that is present on the substrate not

- covered by the resist and which is left behind on the substrate, form the resonators.

Acéordingly, in reniovivn.g the bpaitterr'led resist from the Substfate, a metamaterial opéfable in
the visible-infrared range may be obtained. |

[0034] In a second aspect, the invention refers to a metamaterial operable in the visible-
infrared range generated by a method according to the first aspect. The invention also relates,
in a further aspect, to a metamaterial that is operable in the visible-infrared range comprising
split-ring resonators having a least line width of about 20 nm to about 40 nm on a substrate.
[0035] The split-ring resonators comprised in the metamaterial of the invention have a
least line width of about 20 nm to about 40 nm. The term “least line width” refers to the

smallest dimension on the periphery of the split-ring resonator. Reférring to Figure 1A, for

.. example, where a U-shaped split-ring resonator is shown, the least line width is denoted by

the letter w. In various embodiments, the split-ring resonators have a least line width of about
20 nm to about 25 nm. In one embodiment, the split-ring resonators have a least line width of
about 30 nm. Even though Figure 1A denotes a U-shaped split-ring resonator, other shapes -
may be used. For example, the split-ring resonator may be formed from the letter “O” and
having a gap in the letter. For such a shape, the least line width may correspond to the width
of the split-ring resonator at the gap portion.

[0036]  Generally, split-ring resonators which are composed from a basic shape of “U” or
“V” méy be used. For example, the split-ring resonator may be formed from a single “U”

arranged in any orientation, such as C-shaped, reverse C-shaped (i.e. mirror image of a C-

shaped), U-shaped, reverse U-shaped (i.e. mirror image of a U-shaped, or n-shaped), or a U
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shape oriented at any angle to the vertical axis. As another example, the split-ring resonator
may be formed from a single “V” arranged in aﬁy orientation, such as V-shaped, reverse V-
shaped, >-shaped, <-shaped, ora V shape oriented at any angle to the vertical axis. The split-
ring resonator may also be formed from.a plurality of “U”,”’V”, or their icombination. For
example, the split-ring resonator may be formed from two “U” and/or two “V” arranged in
any orientation, such as E-shaped, H-shaped, [-shaped, M-shaped, S-shaped, W-shaped, Y-
shaped, Z-shaped, or their reverse. In various émbodiments, the split-ring resonators are C-
shaped, E-shaped,‘H-shaped, S-shaped, U-shaped, Uébar shaped (i.e. “U”), V-shéped, W-
shaped or Y-shaped. Each of the two “U” and/or “V” may be of thé same size or a different
size. For example, where two “U” are arranged to form a S-shaped resonator, thé top portion

of the S-shaped resonator (the ﬁrsf “U”) may be smaller than the bottom portion of the S-

- shaped resonator (the second“‘U”). Accordingly, the least line width w of each “U” or wyr

that is used tb form the S-'shaped resonator ma.y. be the same or different. When tﬁey are
combined and arranged to form a single shape “S”, the least line width of vthe S-shaped
resonator corresponds to the smallest dimension on the periphery of the split-ring resonator,
which may be the smaller w of each of the two “U” or “V”. As discussed herein, although the
split-ring resonators are generally formed from two “U” and/or “two “V”, the split-ring
resonator may also be formed from three, four or five “U” and/or “V” arranged in any
orientation, so long as the least line width of the formed shape is about 20 nm to about 40 nm,
thereby rendering it operable in the visible-infrared range.

[0037]  Figure 7 shows the corresponding split-ring resonators having the least line width

~w indicated in the figure. In one embodiment, the split-ring resonators are Y-shaped. The Y-

shaped split-ring resonators may have a least line with of about 30 nm. It has been
surprisingly found by the inventors of the invention that Y-shaped split-ring resonators, such:
as that shown in Figure 7C, with least line width of 30 nm provide the highest enhancement
of surféce enhanced Raman scattering (SERS) signal compafed to the split-ring resonators of
the other shapes. v

[0038]  The split-ring resonators may comprise a noble metal, which may be present in the
form of a layer of noble metal on the surface of the split-ring resonators. Examples of noble
metals have already been described above. In various embodiments, the noble metal is

present as a layer having a thickness of about 5 nm to about 500 nm on the surface of the
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split-ring resonators. In one embodiment, the thickness of the layer of noble metal is about 30
nm. ) _ |

[0039] A layer of conductive mateﬁal may be present between thé layer of noble metal
and the substrate. In various embodiments, the conductive material may be a transparént
material, for example, a material that is highly transparent in the visible or infrared range.
The conductive material may be an electrically conductive material. By virtue of the layer of
conductive material, electron beam lithography' may be used to form the split-ring resonators
on a non-conductive substrate, for example. Examples of conductive materials thaf may be
used in the method of the invention include, but are not limited to, indium tin oxide, indium
zinc oxide, tin oxide and alloys thereof. In vari‘ous embodiments, the conductive material
comprises indium tin oxide. In some embodiments, the conductive material consists of
indium tin oxide. A | '
[0040] Metamaterials according to various embodiments of the invention may be based on
either rigid substrates, such as silicon or glass, or transparent flexible substrate, for example,
a polymer such as polyethylene naphthalate (PEN) and polyethylene terephthalate (PET). In
some embodiments, the substrate may be a non-electrically conductive material, which may
be rigid or flexible. The substrate may comprise a transparent material. In various
embodiments, a flexible substrate such as polyethylene naphthalate is used. PEN may be
preferred in some applications as it has a higher glass transition temperature compared to

other polymers, and is solvent-, acid- and base-resistant. Depending on the type of application,

other types of polymer may be used.

[0041] The split-ring resonators may be arranged in a periodic array. In various

embodiments, the periodicity along the x-axis of the split-ring resonators is in the range of
about 50 nm to about 1000 nm. For example, the periodicity along the x-axis of the split-ring.
resonators may be about 50 nm to about 500 nm, about 50 nm to about 250 nm, or about 50
nm to about 100 nm. In various embodiments, the periodicity along the y-axis of the split-
ring resonates is in the range of about 50 nm to about 1000 nm, such as about 50 nm to about
500 nm, about 50 nm to about 250 nm, or about 50 nm to about 100 nm. As mentioned earlier,
it has been demonstrated herein that an electron-beam lithography nahofabrication method
may be -used to generate flexible metamaterials operable in the visible-infrared region. In this

regard, the use of a method of the present invention is particularly advantageous in generating
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metamaterials comprising split-ring resonators with dimensions which are sufficiently small
for use in the visible-infrared range.

[0042] The metamaterials according to various embodiments of the invention have been
demonstrated to possess high sensitivity, high tunability,l flexibility, and multiplex sensing
application in the visible-infrared region. Depending on the intended application, the
metamaterial may be based on a flexible substrate or a rigid substrate. Due to the small
feature size of elements or resonators on the metamaterials for operating in the visible-
infrared region, the use of electron-beam lithography greatly enhances the resolution and
yield of the metamaterial generated. This is particularly in the case for.ﬂexible substrates
such as polymers, where the application of electroh beam processes is not utilized, as a result

of detrimental charging effects of the electron beam on the polymeric material. The method

_of the invention addresses this issue through the deposition of a conductive.layer on the

pblymeric substrate, which e‘lllleviate'sv or eliminates the charging effect as a result of
bombardment of the electron beam on the substrate. Furthermore, use of the electron beam
lithography process allows the size and geometry of the metamaterial structure to be easily
customized to suit specific applications, since both the absorption band and the local field
enhancement contour can be tuned or controlled simultaneously.

[0043] In a fourth aspect, the invention relates to a transparent photonic device, or a
sensor for chemical or biological sensing comprising a metamaterial according to the second
aspect or the third aspect. The sensor according to various embodiments of the invention may

utilize two types of sensing. The first type of sensing is based on the plasmon-related

~transmission change, which may be sensitive to constant changes in micro-environmental

conditions of the dielectric. The second ‘type of sensing is related to surface-enhanced Raman
scattering, which may be used for single-molecular finger-printing identification..
Combination of the two effects, which have not been achieved in state of the art methods,
may be used in the sensor of the present invention.

[0044] The sensor may further comprise linker molecules bonded to the surface of the
metamaterial. In so doing, the metamaterial may be specifically binded or associated with
target analytes via the linker molecules for analysis. In various embbdiments, the linker
molecul.es are covalently bonded to the surface of the metamaterial. The linker molecules
may comprise a functional group selected from the group consisting of thiol, amine, amide,

nitro, carboxylic acid, cyano and halogen. For example, when the metamaterial comprises
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split-ring resonators having gold deposited on the surface of the split-ring resonators, linker
molecules comprising a thiol group may be used.

[0045] By detecting peak shifts in the surface enhanced Raman spectrum obtained of a
sample to that of a reference spectrum, or by comparisons to a spectrum retrieved under '
known conditions, for example, the target analytes in the sample may be identified. The term
"sample", as used herein, refers to an aliquot of material, an aqueous solution or an aqueous
suspension suspected to contain a target analyte. In various embodiments, the sample is
derived from biological material. For example, the samples may comprise cells; tissues,
homogenates, lysates, extracts, and purified or partially purified profeins and other biological
molecules and mixtures thereof. The sample may also be a chemical solution. For example,

the samples may comprise chemical species, such as contaminants in ground water, for

- example, for identification. In various embodiments, the extent of the peak shifts in the

surface enhanced Raman spectrum may be correlated with the amount of tafget 'anaiytes in
the sample.

[0046] In line with the above, the invention relates, in a further aspect, to use of the
metamaterial according to the second aspect or the third aspect in optical filter, magneto
filter, polarization detector and sensor.

[0047]) The invention illustratively described herein may suitably be practiced in the
absence of any element or elements, limitation or limitations, not specifically disclosed

"ow

herein. Thus, for example, the terms "comprising”, "including", "containing", etc. shall be

read expansively and without limitation. Additionally, the terms and expressions employed

“herein have been used as terms of description and not of limitation, and there is no intention

in the use of such terms and expressions of excluding any equivalents of the features shown
and described or portions thereof, but it is recognized that various modifications are possible
within the scope of the invention claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred embodiments and optional
features, modification and variation of the inventions embodied therein herein disclosed may
be resorted to by those skilled in the art, and that such modifications and variations are
considered to be within the scope of this invention. | _

[0048] | The invention has been described broadly and generically herein. Each of the
narrower species and subgenefic gfoupings falling within the generic disclosure also form

part of the invention. This includes the generic description of the invention with a proviso or
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negative limitation removing any subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein.

[0049]  Other embodiments are within the following claims and non- limiting examples. In
addition, where features or aspects of the invention are described in terms of Markush groups,
those skilled in the art will recognize that the invention is also thereby described in terms of

any individual member or subgroup of members of the Markush group.

EXPERIMENTAL SECTION

[0050] Example 1: Split-ring resonance structure design

[0051] The geometrical parameters that describe the U-shape SRRs demonstrated in the

experiments are shown in Figure 1A. Figure 1A is a schematic diagram of a U-shaped split-

- ring resonator (SRR), with L, and L, denoting periodicities of the unit cell of SRR along the

x-direction and y-direction respectively; Sy and Sy denoting edge dimensions of split-ring
resonator in the x-direction and y-direction respectively; b denoting thickness of the lower
region of the letter “U” as indicated in the figure; and w denoting the least line width of the
U-shaped SRR. '

[0052] In the experiments carried out, the U-shape SRRs has the following dimensions: L
=504 nm, L, = 480 nm, S, = Sy = 320 nm, w = 80 nm, and b = 128 nm. In order to push the
electric response from infrared to visible region, the whole unit size of SRRs including the
unit cell was reduced down to 37.5 % (100 % corresponds to original size as defined in

Figure 1A), which decreases the value of w from 80 nm to 30 nm.

- [0053] Example 2: Fabricating the metamaterial

[0054] The metamaterial was fabricated using electron beam lithography (EBL) on
polyethylene naphthalate (PEN) substrates (Teijin DuPont Films). The PEN substrates were-
first sputtered on a layer of indium tin oxide (ITO) with a thickness of 100 nm to decrease the
charging effect. Commercial electron beam resist poly(methyl methacrylate) (PMMA) (950
A4, Microchem, USA) was spin-coated at 4,000 rpm and baked at 180 °C. A JEOL 7001F
scanning electron microscope (SEM) equipped with nanometer pattern generation system
(NPGS) was used to define the patterns. After development, a metal film of silver (Ag) or
gold (Aﬁ) having a thickness of about 30 nm, with 2 nm chromium (Cr) film as an adhesion

layer were deposited using thermal evaporation (Elite Engineering, Singapore).
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[0055]  Figure 1B shows a typical SEM (JEOL 7001F) image of SRRs on PEN with w =
80 nm, where the width exhibits + 7 % standard deviation after statistical analysis. It is
important to note that the focus and beém alignment are very critical to achieve good pattern
fidelity. For rigid substrates, the fabricating procedure is the same as Metaflex process. |

[0056] Example 3: Characterisation Methods

[0057] The transmission spectra of the metamaterials fabricated were taken on a
microspectrophotometer (Craic 2000) in the range of 300 nm to 1700 nm. To predict the
spectrum thereby providing a guide in pattern design even before fabrication and
measurement, finite-difference  time-domain (FDTD) calculations based on MIT
Electromagnetic Equation Propagation (MEEP) codes were performed, with the dielectric

constant of Ag based on Drude model obtained from Blaber et al. (Blaber et al., J. Phys.

- Chem. C, 2009, 113, 3041-3045).

[0058] Figure 2A displays transmission spectra of metamaterials comprising Ag-based
SRRs of various w values. Two main absorption peaks were identified. The absorption peak
in the shorter wavelength corresponds to the electric resonance and has been tuned to the
visible region of the electromagnetic spectrum. With an increase of size i.e. increase in value
of w, the electric response exhibits a systematic red-shift.

[0059] The other absorption peak in the longer wavelength of the transmission spectra
corresponds to the magnetic response, and has been tuned from the mid-infrared (1687 nm) to
the visible region (756 nm). As in the case for the electric resonance, the magnetic response

also shows red-shifts as the size of SRRs increases. The magnetic response is due to the

~molecular loop current when electric polarization takes place along the gap-bearing side of

the SRRs. As an unpolarized light source was used in the experiments, the calculations

carried out were performed by averaging the pdlarization effect for both transverse magnetic

(TM) and transverse electric (TE).

[0060]  The inventors of the present invention have found that the fundamental magnetic

response at 756 nm (396.6 THz) of metamaterials accofding to various embodiments of fhe |
invention represents the highest frequency so far in visible region with SRRs-based

metamaterials. The weak peaks on the shorter wavelength side before the electric resonance

absorption peaks in Figure 2A and Figure 2B may be the result of high order multipolar

modes.

[0061] Exaniple 4: Computer simujation
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[0062] Computer simulation was also carried out using different w values for the

metamaterials that have been fabricated. The simulation results are depicted in Figure 2B,

‘which is a graph showing calculated transmission spectra of SRRs by FDTD for Ag

metamaterials, and suggest a good. agreement with the experimental spectra obtained. The
slight difference may be attributed to the size distribution of the patterns resulting from
fabrication.

[0063]  Figure 2D is a graph showing expérimental transmission spectra of SRRs with
different side widths of w for Au metamaterials. Figure 2E is a graph showing calculated
transmission spectra of SRRs for Au metamaterials. Figure 2D and Figure 2E show the
results of the experimental and calculated transmission spectra for metamaterials comprising

Au-based SRRs of various w values. The electric response ‘resbnances shifted from 1088 to

- 653 nm, while the magnetic 4re'sponse resonances shift from a value greater than 1700 nm

(which is out of our measurement bre'givon) to 902 nm. The péak posivtions“of the eXpérimeﬁtal
spectra and simulations are extracted and plotted in Figure 2C and Figure 2F as a function
of wavelength for various w values for Ag and Au respectively.

[0064] Referring to Figure 2C, it is a graph showing experimental magnetic resonance
peaks (red triangles), expeﬁmental electric resonance peaks (black circles), calculated
magnetic peaks (green squares), and calculated electric resonant peaks (blue unshaded
squares) as a function of w for Ag metamaterials. The curves in Figure 2C are fitting curves.

[0065] Example 4.1: Electric resonance

[0066] In Figure 2C, the circle points are the experimental values of electric resonance
and the solid curve is the fitting line with an empirical formula of

[0067] A=A, +a-exp(w/w,) Equation (1)

[0068]  where A denotes the resonance wavelength position (nm); w denotes the value of w-
for SRR used (nm); w; denotes the least width of the SRR patterns (30 nm in the experiments '
carried out); Ay denotes the convergence of the fitting, and a denotes the growth ratio
demonstrating the scaling behavior.

[0069]  This empirical formula captures the main physics embodied in our observations.
From the results obtained, A, =(446%27) and d=39i4 . Ao approaches the resonant
wavelength of localized plasmon resonance (LPR) of silver nanoparticles in the range of 400

nm - 600 nm, and is the limit of electric response when the size of the SRR is further

decreased. The calculated size dependence of the resonance position shows a similar
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dependence with the experiments with the squared points (blue). Using the same formula for
fitting, we obtained A, =(562+21)nm and a=31%£3.

[0070] Two factors may affect the scaling behavior of the SRRs metamaterials according
to the invention. The first factor is the resonance wavelength which is red-shifted with
incfease in size of the unit cells of SRRs. From the LC (inductor-capacitor) resonance point
of view, the resonance frequency can be expressed as a combination of capacitance and
inductance with the formula | -

[0071] oc=(LC)" Equation (2)

[0072] where ® denotes the radian frequency; L denotes the inductance (henrys) and C
denotes the capacitance (farads). Accordingly, by applying the equation, as capacitance and

inductance increase with an increase in unit cell size, the resonance frequency decreases.

[0073]  The second factor is the coupling between unit cells due to the decrease ih

pertodicity. For the metallic particle-particle interaction, the coupling between the unit cells
results in an exponential decay of resonances, and blue shifts with increasing particle-particle
distance. From the results obtained, such as that shown in Figure 2A, the red shift in
absorption peak as unit size and periodicity increase sﬁggests that the main factor affecting
the scaling behavior of the SRRs metamaterials is the first factor.

[0074] It has been demonstrated herein that an electric resonance near 542 nm for Ag with
SRR-based metamaterials can be achieved by directly patterning on plastic substrates by
electron beam lithography (EBL) fabrication. To our best knowledge, this is the first time
such a short wavelength in the visible region can be achieved for SRR-based metamaterials.
[0075] Figure 2F is a graph showing experimental -'magnetic resonance peaks (red
triangles), experimental electric resonance peaks (black circles), calculated magnetic peaks
(green squares), and calculated electric resonance peaks (blue unshaded squares) as a
function of w for Au metamaterials. The curves in Figure 2F are fitting lines. The
experimental data of electric resonance peaks in Figure 2F show the similar dependence on

the unit size for Au metamaterials as for Ag metamaterials. The fitting for experimental data

for Au metamaterials yields Ap = 591 = 36 nm and a =37 = 4.

[0076]  Example 4.2: Magnetic response resonance

[0077]  The resonance peak of the magnetic response for Ag metamaterials shows a linear
dependence on size with an intercept of approximately 177 +34 nm and a slope of 19+ 1 nm

as shown in Figure 2C. The experimental point falls outside the fitting line for magnetic
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resonance at 40 nm probably due to deviation of size, especially the arms of SRRs, which

will influence the formation of the loop current. The coupling between the artificial magnetic

dipoles is weaker compared with the electric dipoles, which shows exponential dependence

on resonance wavelength.

[0078]  From dipole-dipole interaction point of view, the quaSi-Static interaction energy AE
is written as

[0079] AE = yz% Equation (3)

[0080]  where r is the distance between dipoles p; and pa, v is the interaction index, which
is 1 for transverse coupling (in our case for the magnetic resonance) and 2 for ‘longitudinal
coupling (in our lateral coupling for electrical resonance). Considering the electrical dipoles
are stronger thén the magnetic dipoles (with sharper electric resonance cdmpared with
magnetic resonance), the couplirig of electric dipoles is stronger than that of r'nvagnetic
dipoles. Figure 2C also displays the unit size dependence of the calculated resonance
position with an intercepf of 717126 nm and a slope of 161 nm. The combination of red
shift in wavelength due to unit size increase and coupling between SRRs results in the linear
dependence of the magnetic resonance peak on unit cell size. Similar results have been shown
for Au metamaterials as in Figure 2F with the linear fitting.

[0081] Example S: Substrate

[0082]  Polyethylene naphthalate (PEN) was chosen as the plastic substrate because it has

a high glass transition temperature (T; = 125 °C) than some other polymers such as

- poly(ethylene terephthalate) (PET T, =80 °C). PEN is also solvent, acid, and base resistant.

Flexible PEN substrate has a Young’s modulus (E) of 280 MPa (characteristics of physical
properties by Teijin DuPont Films Co.) and the PEN substrates used have thickness (t) of
about 125 um. The transparency in the visible and near-infrared region is over 80 %, which is
adequate for transparent photonic devices. In addition, the mechanical characteristics of PEN
make it ideal to test how optical properties of metamaterials respond to the strain of the out-
of-plane direction.

(0083] = Figure 3A demonstrates the strain sensing by PEN-based metamaterials of Au
with w = 50 nm with a deflection ratio of 1 %. From the stress 6 = t/p = 4.4 x 10 (p is the
radius of the arc after bending), the strain 0 = E§ iis approximately 1232 Pa.
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[0084]  Figure 3B is graph showing transmission spectra of Metaﬂex'(i) before, and (ii)
after applying the strain, showing high tunability with an out-of-plane strain. The electric
peak position shifts from 894 nm (before) to 973 nm (after), giving a net shift of 79 nm, while
the magnetic response has moved out of our .measurable' region. The strain sensitivity Was '
estimated to be about 0.06 nm/Pa. |

[0085] Accordingly, it has been demonstrated herein a direct EBL fabrication of
metamaterials on plastic substrate PEN, which can also be used to integrate into a photonic
device compatible with modern optical techniques such as a remote strain sensor to' monitor
vibrations for some precision instruments. |

[0086] Example 6: Effect of change in local dielectric environment on performance of

metamaterials in optical frequency regime

- [0087]  There are two classes of plasmon based sensing methods reported in the literature.

One is based on the surface Plasmon polariton (SPP), which has been successfuliy applied to
biochemistry and medical research. Another type is based on the localized plasrhon resonance
(LPR) from the colloidal nanoparticles. It has been shown that the refractive index sensitivity
does ﬁot exceed 100 - 300 nm per refractive index unit (RIU) in visible spectral interrogation.
Recently, Kabashiﬁ et al. (Nat. Mater. 2009, 867—871) utilized the combination of LPR and
SPP in a plasmonic nanorod array and demonstrated an enhanced sensitivity to the refractive-
index variations of the medium between nanorods. Gu et al. (J. Appl. Phys. 2011, 109,
023104-6) also proved that an X-shape nanohole can increase the sensitivity due to the

electric field enhancement created by LPR. Plasmonic nanoholes or hanorods have been used

- as an excellent sensing platform for a variety of applications such as live viruses and glucose

solution. »

[0088] According to the effective medium theory, the .resonance frequency of
metamaterials is very sensitive to the surrounding refractive index. For instance, dielectric
overcoating or multilayer dielectric sandwiching methods have been used to tune the
absorption resonance position of metamaterials in the terahertz regime.

[0089] To investigate how metamaterials in optical frequency regime respond to the
change of local dielectric environment, we spin-coated a layer of PMMA onto the -
metamaferials surface with a thickness of approximately 200 nm. The refractive index of
PMMA in the visible and infrared regions is 1.488. PMMA on metamaterials acts as a good

model to evaluate how the resonances of metamaterials vary as the dielectric environment
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changes, providing a direct measurement of the figure of merit of the sensitivity. We also

used another photoresist (Shipley 1805) with a refractive index of about 1.68 in the visible

-and infrared regions.

[0090]  Figure 4A displays the experimental transmission spectra taken in (i) air (bléck '
line), (ii) with a thin layer of PMMA (red line), and (iii) a thin layer of Shipley 1805 (blue
line) for the Metaflex with a w = 40 nm. Since Au is more inert than Ag with well established
surface functionality, we will focus on Au-based metamaterials for the following sensing
applications. The shift for the electric resonance is approximately 67 nm upon. PMMA
coating and that of the magnetic resonance is approximately 213 nm. The Shipley 1805 also
shows similar results with a 90 nm shift in elecfric mode resonance and a 341 nm shift in

magnetic resonance mode. The sensitivity is estimated to be 137 nm/RIU and 436 nm/RIU

- for the electric and magnetic responses respectively.

[0091] The resonance peak position change with local environmental refractive index
change is shown in Figure 4B, which is a graph showing (i) electric; and (ii) magnetic
resonance peak positions as a function of refractive index. The sensitivity of the electric
response is comparable to that of the gold nanoparticles based localized surface plasmon
biosensing, while the sensitivity evaluated based on magnetic resonance increases by more
than twice compared with the electric response.

[0092]  As a bi-anisotropic component, SRRs show not only the electric response due to
the collective oscillations of free electrons in metallic nanostructures, but also the artificial
magnetic response due to the electrical field induced molecular loop current at normal
incidence. The constitutive relationship between electric component (E), magnetic
component (H), electric displacement (D), and magnetic field (B) may respectively be
represented by the following equations,

[0093] D=¢pE +EH/c Equation (4)

[0094] B = pouH + xElc Equation (5)

[0095]  where ¢, is the relative permittivity and g, is the relative permeability, while y and &
are the coupling coefficients of magnetic and electric fields in the SRRs respectively.

[0096]  For electric response, the sensing mechanism stems purely from the response of ¢,
change .from the microenvironments. This mechanism has been applied for both SPP and

LPR and also for the electric resonance in SRRs.
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[0097]  On the other hand, the magnetic response in SRRs originates from the y, which is
due to the coupling of the electrical field and magnetic field. y can be modeled by a magnetic
coil with an inductance L (metal ring) coupled with a capacitance C (the slit of the ring) and
the resonance frequency oy c = (LC)"2. |

[0098] It has been suggested that the capacitance consisted of two contributions: one is the

gap capacitance (Cy) of the SRRs, while the other is fringing-field capacitance (Cy), which

depends on the permittivity waaojg(v)E (v)dv and the thickness of the thin film that exists

between SRRs and the PEN substrate. The electric resonance is primarily determined by Cy,
which is highly dependent on the dielectric environment, while the magnetic resonance is
related not only to the Cy but also to the C,. Therefore, magnetic resonance exhibits higher

sensitivity to the surrounding environment.

[0099] Example 7: Evaluation of metamaterial in sensing (non-specific interaction)

[00100] The high sensitivity of the Metaflex resonance in response to a local effective
refractive index change as discussed in Example 6 suggests potential applications in chemical
and biological sensing. An important category of biomolecules in biosensing is protein,
which includes a variety of biomarkers that are extremely important for disease diagnosis and
analysis.

[00101] To evaluate whether and how our Metaflex in optical frequency regime detect
prdtein molecules, we used a well-known model protein of bovine serum albumin (BSA) with
a molecular weight of 66776 Da. The BSA powder was first dissolved in distilled water with

a concentration of 15 uM, and then the solution was diluted to change the concentration from

the original 15 uM to 15 nM. The BSA solution was drop-casted on the Metaflex surface,

which was then dried under room temperature. Hence, the protein molecules were non-
specifically bound to the metamaterials surface. Transmission spectra were taken afterward
under the microspectrophotometer. After the measurement, the same chip was soaked in the
distilled water, and carefully cleaned with a heavy rinse of distilled water plus an oxygen (O;)
plasma treatment at 50 W for 30 s. This cleaning method was proven to be effective by re-
taking the transmission spectra, which gave identical spectra obtained from the same sample
before applying BSA. Then a different concentration sample was prepared and measured.

[00102] Figure 5A is a graph showing transmission spectra of the same Metaflex sample

after different BSA concentration treatment for (i) 15 uM, (ii) 1.5 uM, '(iii) 150 nM, (iv) 15
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nM, and (v) no BSA (provided as reference). As can be seen from the figure, both the

magnetic and electric response modes are significantly red-shifted.

-{00103] The concentration dependence of the peak position is extracted and plotted in

Figure 5B, which is a graph showing (i) electric, and (ii) magnetic resonance peak shift as a
function of concentration with SRRs, with red dots representing magnetic resonance and
black squares for electric resonance. The solid curves are the least-squares fitting with a

formula

[00104] A, =a+bx[M] Equation (6)

[00105] where [M] is the concen_tratibn. The sensitivity can be approximately written as

[00106] dA,,/d[M]=bex[M]” Equation (7

-[00107] For a concentration of 15 nM, this can reach 1.8 nm/nM for electric 'response and

4.5 nm/nM for magnetic response. It is important to note that the sensitivity can be further
increased by metamaterial design. For example, a trapped resonance mode was recently
demonstrated to exhibit a high quality factor when the structural symmetry was broken, thus
higher sensitivity resulted.

[00108] Example 8: Evaluation of metamaterial in sensing (specific interaction)

[00109] The interaction between BSA and Au metamaterials surface is still non-specific.
Specific chemical interaction is needed to further extend the applications of metamaterials to
chemical and biological sensing. The metamaterial Au surface can be functionalized via

covalent thiol chemistry, and therefore labelling can be readily achieved using thiol-

“terminated functivonal groups, e.g., thiolated biotin.

[00110] Here we further demonstrate a chemical sensing of a monolayer of thiol-terminated
molecules that are covalently bound to Au metamaterials surface. Metamaterials based
surface chemical sensing offers a very promising field for sensing applications, which
provides a complementary detection besides well-accepted surface-enhanced Raman
scattering (SERS) and SPP. The high tunability in the whole range of vis-IR spectra regifne
offers unique advantages to tune the interaction between analyte molecules and surface
plasmon, which is not possible in thin film SPP biosensing.

[00111] As a preliminary demonstration, 2-naphthalenethiol (Sigma-Aldrich, USA) was

chosen as a model molecule as schematically shown in Figure 6A, which is a schematic



10

15

20

25

30

WO 2012/169971 PCT/SG2012/000203
23

diagram of chemical sensing of 2-naphthalenethiol using Metaflex. For simplicity, only one
2-naphthalenethiol molecule was drawn on each SRR.

[00112] To prepare the sample, 2-naphalenethiol powder was dissolved in ethanol with a
concentration of 10 mM. The PEN-based Au metamaterial was soaked in the solution for 24
hours and then was heavily rinsed with ethanol followed by drying with nitrogen gas. To
evaluate whether the molecule is indeed chemically bound to metamaterials, Raman
scattering spectroscopy was conducted on the Metaflex surface using a micro-Raman
spectrometer (Horiba-JY T64,000) excited with a solid state laser (A = 785 ‘nn-l) in the
backscattering conﬁguration. The backscattered signal was collected through a 50 X
objective and dispersed by a 1800 g/mm grating,. and the laser power on the sample surface

was measured to be about 2.5 mW..

-[00113] Figure 6B shows the Raman spectra of 2-naphthalenethi61 on metamaterial with

two polarizatibor'l conﬁglvnvrationsb (1) pérpendicular or (i1) parallel as shown in Figure'6vA, (111)
from 2-naphthalenethiol powder, (1v) from clean PEN substrate without metamaterials, and (v)
from Au film on the same chip from top to bottom, respectively.

[00114] The Raman peak around 1379.4 cm™ due to ring-ring stretching was chosen as a
comparison. The control spectrum from 2-naphthalenethiol powder shows a ring-ring
stretching mode at about 1381.5 cm™, which suggests about 2 cm™ red shift on the
metamaterial surface, probably due to éharge transfer between gold and the 2-
naphthalenethiol molecule. Usually, chemical absorption by the thiol molecules will modify

the Raman polarizability tensor, and hence shift the vibrational mode frequency and change

Raman intensity as well.

[00115] The Raman bandabout 1390.9 cm™ from PEN as shown in the control spectrum is
due to naphthalene ring vibrational mode in PEN. It is important to note that no Raman signal
from 2-naphthalenethiol was detected from a Au thin film on the same chip; hence both the .
thickness and reaction conditions are the same as Metaflex, while the Raman signal from 2-
naphalenethiol molecules linked to Metaflex is exceptionally strong. This enhancement is a
typical electromagnetic enhancement in the SERS effect.

[00116] After that, the transmission spectra of metamaterial vs\tru_ctures after 2-

naphthalenethiol functionalization were obtained. Figure 6C is a graph showing transmission

spectra of SRRs (i) without 2-naphthalenethiol, and (ii) with 2-naphthalenethiol, the inset is
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the zoom-in view of the spectra around the magnetic resonance mode. Both peak shifts due to
molecule binding are labeled.

[00117] Compared with spectra takch ‘from bare metamaterials on PEN, the -absorption
resonance peak exhibits a red shift of about 38 nm for electric resonance mode and about 65
nm for magnetic mode as shown clearly in Figure 6C and inset, respectively. Unlike the data
shown in Figures 4 and 5, which are due to the local change of dielectric constant due to
binding/coating of PMMA or BSA, the signiﬁcant peak shift in Figure 6 stems from only the
surface chemical modification due to a single layer of 2-naphthalenethiol, which is rﬁerely on
the order of 1 nm thick. Such a significant change of resonance peak of métamaterials due to
a single layer chemical molecule binding has ﬁot been well studied in the métamaterials
community. The results obtained demonstrate the possibility of sensitive detection and
correlation between the peak shift and the length of moiecules that bind to the surface.
Complemented with a stfdng | SERS effect, our Metaflex photohic devices can provide
multiple channel reading for chemical and/or biosensing applications.

[00118] In summary, SRR based Metaflex operating in the visible-IR optical frequency
regime has been experimentally realized by EBL. We demonstrated the least line width of
fabrication on plastic substrate of about 30 nm, which exhibited the lowest electric resonance
near 542 nm and a magnetic response near 756 nm. Flexible metarhaterials, particularly their
magnetic resonance, exhibit high sensitivity response to strain, local dielectric environment,
and surface chemical change in the visible-IR region, with a sensitivity as high as 436

nm/RIU, which may be attributable to the electric and magnetic field coupling in SRRs. Two

~model chemical/biological sensing applications have been carried out and it has been

demonstrated that our metamaterials exhibited a sensitivity of about 4.5 nm/nM for non-
specific BSA protein binding, and an extraordinary 65 nm peak shift due to a monolayer of 2-
naphthalenethiol molecule covalent binding. With recent progress in large scale imprinting
lithogréphy, our work suggests that Metaflex operating in the visible-IR region exhibits
numerous potential applications in large scale, low-cost, transparent, and portable photonic
devices for strain and chemical/biological sensing.

[00119] Besides the flexible substrates, above-mentioned biosensing based on absorption

band shifts and SERS also can be achieved on rigid substrates in Vis-IR region (termed

herein as “Metarigid”). Although the Metarigid is strainless sensing channel, it has strength
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on hardness requirement devices. Metaflex and Metarigid complement each other’s

advantages.

[00120] Example 9: Effects of geometry of unit cell of SRR on metamaterial response

[00121] It has been found that the optical response of metamaterials is Highly'sensitive to
the geometry symmetric of unit cell shape. Therefore, we also fabricated different size and
different symmetric geometry unit cell such as S-shape, H-shape, V-shape and Y-shape
metamaterials. | -

[00122] As an example, we show rigid metamaterials fabricated on ITO coated giass. The
details parameters are shown in Figure 7. The periodicities of the unit cell along x-axis and y-
axis are 200 nm and 350 nm for (A) S-, (B) H- aﬁd (C) Y-shape, respectively. Thé x-axis and
y-axis are the same 200 nm for (D) V-shape. | ”

- [00123] To push the electric résponsefrom infrared to visible région, the whole unit size of

SRRs .inc]udi-.ng the unit cell is reduced down to 60% (100% cofresponds to brigiﬁal size
defined in Figure 7 with w=50nm), which decreases the w from 50 nm to 30 nm Besides the
V-shape, the other three geometries have been configured based on the U-shaped SRR
prototype.

[00124] Beside the substrates (flexible or rigid), our Vis-IR metamaterials supply three
optional ways to obtain the best enhancement: (1) geometry symmetric shape, (2) the unit cell
size of specific shape, and (3) exciting laser energy. One or more ways may be varied to get
the best SERS signal for specific molecules. This highly designable technique shows a very

robust potential in bio-sensing and chemical-sensing applications.

- [00125] We use the same experimental condition as described for U-shaped SRRs to

measure the SERS signal of 2-naphthalenethiol molecules linked to the S-, H-, V- and Y-
shape metamaterials. '
[00126] For polarization measurements, the gap of U-shaped prototype was used as the -
reference. For example, the parallel (perpendicular) polarization means the laser polarization
is parallel (perpendicular) the gap of U-shape. For Y-shape, we use the top-U as the reference.
We also use the gap of V as the polarization measurement reference for V-shape.

[00127] The specific SERS enhancement factor depends the hot spofé properties, such as
area, nufnbers and enhanced intvensity; exciting laser energy; and optical response of specific

metamaterials. The SERS results are shown in Figures 8A to 8D. Figures 8E to 8H are the

SEM images for 100% size (w = 50 nm) metamaterials pattern.



10

15

20

25

30

WO 2012/169971 PCT/SG2012/000203
26

[00128] From the Raman spectra depicted in Figures 8A to 8D, five observations may be
derived: (1) the highest enhanced SERS signal stfongly depends on the size and geometry of
metamaterials; (2) the highest enhanced pattern has the highest polarization dependence; (3)
the polarization enhancement of perpendicular to gap is much higher than one parallel to the
gap of pattern unit; (4) the Y-shaped SRRs with w = 30 nm gives the highest enhancement; (5)
the SERS peak around 1380 cm™ (C-C ring stretch vibration) red shifts about 4 cm
compared to bulk 2-Naphthalenethiol. We will éxplain it one by one as follows.

[00129] Example 9.1: Strength of SERS signal is dependent on size and geometry of

metamaterials

[00130] The size and geometry dependence of SERS intensity can be explained by
resonance between photon and plasmon absorption of metamaterials. The resonance works
via two routes, with the first route being incident resonance when incidence laser energy is
c'l.ose fo the plésmon absorpﬁdh peak; and the second ro'ut‘eibeing‘ the s'ca.ttering’res.onance
when scattering photon energy matches the plasmon absorption peak. The resultant SERS
intensity i$ determined by the sum of the two resonances. In view of the above, our
metamaterials allow four options to tune the SERS enhanced factor, namely (i) geometry, (ii)
size, (iii) incident laser, and (iv) scattering wavelength (thus specific Raman peak).

[00131] Example 9.2: Strongest SERS signal shows highest polarization dependence

[00132] Secondly, the strongest SERS sigﬁal shows robust polarization dependence. This
phenomena can be explained that the high un-polarization ratio of Plasmon absorption at 785

nm (incident laser) or 879 nm (scattering photon at 1378 cm’"). This high polarization

dependence has a potential application in optical and magneto filter, polarization detector and

sensor.

[00133] Example 9.3: Polarization enhancement of perpendicular to gap is much higher:

than one parallel to the gap of paftern unit

[00134] When the laser polarization is parallel to the gap of unit pattern, the electric ﬁeld of
light will seal the gap of unit and it breaks the symmétry of metamaterials. Therefore, the
parallel polarization should decrease the optical response of metamaterials. The converse is
true for perpeﬁdicular polarization. This polarization dependence can be enhanced when the
resonant happens, i.e. at the highest enhancement situation. Specially, the w = 30 nm Y-
shaped metame_trials have the best resonant response for 785 laser and 879 nm scattering

photon, and thus the highest enhancement and un-polarization fatio.
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[00135] Example 9.4: Y-shaped SRRs with w = 30 nm provide the highest enhancement

[00136] For all size and geometry metamaterial substrates, about 4 cm’ red shift of C-C
ring stretch vibration (about 1380) from 1392 cm™ of bulk 2-Naphthalenethiol .decrease to
1378 cm™ of SERS signal at metamaterials. This redshift has the same chafge transfer origin
as explained in SERS of PEN metematerials described previously. The charge transfer effect
only depends on Fermi energy of the specific metal (such as gold or silver) and chemical
potential of linked molecules. The same metal should have the same peak shift.

[00137] In conclusion, our metametrials can work in the Vis-IR region, and it can éccess to
the shortest wavelength up to now. This Vis-IR metamaterials suppdrt many options to reach
the maximum sensing, including geometry and éize of unit cell, and substrates‘ (flexible or

rigid). Two sensing tunnels are claimed, one is based on absorption band shifts, and another

_is based on SERS effect. In SERS sensing, the polarization configuration, éxciting laser ‘

ehefgy and measured Raman band support good tunable optioné to g'e't' the hig’hést'en‘hanced
signal for single molecule detection. SERS can provide chemical identiﬁcation,‘ i.e., chemical
fingerprint of the analyte species, this is something that traditional plasmon biosensing cannot
provide.

[00138] One type of commercial application in which the metamaterials of the invention
may be used is in the area of biosensing and chemical sensing. For example, the metamaterial
may be used for clinical tests and analysis. As another example, the metamateﬁal may be
used for research study in biological and chemical laboratories. For biomedical applications,
these highly sensitive photonic biosensors may be used to target a Vafiety of biomarkers, such
as prostate specific antigen (PSA) marker or bovine serum albumin (BSA), or nucleic acids

such as DNA or RNA oligonucleotides.
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CLAIMS
A method of generating a metamaterial operable in the visible-infrared range, the
method comprising
a) depositing a layer of a. conductive material on a substrate;
b) forming a layer of electron beam resist on the layer of conductive material;
c) patterning the layer of electron beam resist using electron beam lithography to
form a patterned substrate; | '
d) depositing a layer of a noble metal on the patterned substrate; and

e) removing the resist.

The method according to claim 1, wherein the conductive material comprises a
transparent material selected from the group con31st1ng of indium tin ox1de

1nd1um zinc 0x1de and tin oxide.

‘The method according to claim 2, wherein the conductive material comprises or

consists of indium tin oxide.

The method according to any one of claims 1 to 3, wherein the layer of conductive

material is deposited by sputtering;

The method according to any one of claims 1 to 4, wherein the electron beam
resist comprises at least one of poly(methyl methacrylate) and

polymethylglutarimide.

The method according to any one of claims 1 to 5, wherein the layer of electron .

beam resist is formed by spin-coating.

The method according to any one of claims 1 to 6, wherein the noble metal

comprises gold, silver, or alloys thereof.

The method according to any one of claims 1 to 7, wherein the noble metal is

depdsited by thermal evaporation.
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The method according to claim 1, further comprising depositing an adhesion layer

prior to step (d).

The method according to claim 9, wherein the adhesion layer comprises or

consists of chromium, titanium, or alloys thereof.

The method according to claim 9 or 10, wherein the adhesion layer is depbsited by

thermal evaporation.

A metamaterial operable in the visible-infrared range fabricated by a method

according to any one of claims 1.to 11.

A metamaterial operable in the visible-infrared range comprising split-ring

resonators having a least line width of about 20 nm to about 40 nm on a substrate.

The metamaterial according to claim 13, wherein the split-ring resonators have a

least line width of about 20 nm to about 25 nm.

The metamaterial according to claim 13 or 14, wherein the split-ring resonators
are C-shaped, E-shaped, H-shaped, S-shaped, U-shaped, U-bar shaped, V-shaped,
W-shaped or Y-shaped.

The metamaterial according to claim 15, wherein the split-ring resonators are Y-

shaped.

The metamaterial according to any one of claims 13 to 16, wherein the split-ring

resonators comprise a noble metal.

The metamaterial according to claim 17, wherein the noble metal comprises gold,

silver, or alloys thereof.
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The metamaterial according to claim 17 or 18, wherein the noble metal is present
as a layer having a thickness of about 5 nm to about 500 nm on the surface of the

split-ring resonators.

The metamaterial according to claim 19, wherein the thickness of the layer of

noble metal is about 30 nm.

The metamaterial according to any one of claims 17 to 20, further comjorising a

layer of conductive material between the layer of noble metal and the substrate.

The metamaterial according to claim 21, wherein the layer of conductive material
comprises a transparent material selected from the group consisting of indium tin

oxide, indium zinc oxide, and tin oxide.

‘The metamaterial according to claim 22, wherein the layer of conductive material

comprises or consists of indium tin oxide.

The metamaterial according to claim 23, wherein the thickness of the layer of

indium tin oxide is about 50 nm to about 200 nm.

The metamaterial according to claim 24, wherein the thickness of the layer of

indium tin oxide is about 100 nm.

The metamaterial according to any one of claims 17 to 25, further comprising a
layer of adhesion material between the layer of noble metal and the layer of .

conductive material.

The metamaterial according to claim 26, wherein the layer of adhesion material

comprises or consists of chromium, titanium, or alloys thereof.

The metamaterial according to claim 27, wherein the thickness of the layer of

chromium is about 1 nm to about 10 nm.
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' The metamaterial according to claim 28, wherein the thickness of the layer of

chromium is about 2 nm.

The metamaterial according to any one of claims 13 to 29, wherein the split-ring

resonators are arranged in a periodic array.

The metamaterial according to claim 30, wherein the periodicity along the x-axis

of the split-ring resonators is in the range of about 50 nm to about 1000 nm.

The metamaterial according to claim 30 or 3 1, wherein the periodicity along the y-

axis of the split-ﬁﬁg resonators is in the range of about 50 nm to about 1000 nm.

The metamaterial according to any one of claims 13 to 32, wherein the substrate is

electrically non-conductive.

The metamaterial according to any one of claims 13 to 33, wherein the substrate is

flexible.

The metamaterial according to claim 34, wherein the substrate comprises a

polymer.

The metamaterial according to claim 35, wherein the polymer comprises or

consists of poly(ethylene naphthalate).

A transparent photonic device or a sensor for chemical or biological sensing

comprising a metamaterial according to any one of claims 12 to 36.

The sensor according to claim 37, further comprising linker molecules bonded to

the surface of the metamaterial.
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The sensor according to claim 38, wherein the linker molecules are covalently

bonded to the surface of the metamaterial.

The sensor according to claim 38 or 39, wherein linker molecules comprises a
functional group selected from the group consisting‘ of thiol, amine, amide, nitro,

carboxylic acid, cyano, and halogen.

The sensor according to claim 40, wherein the linker molecules comprise a thiol

group.

Use of a metamaterial accordmg to any one of claims 12 to 36 in optlcal filter,

magneto filter, polarlzatlon detector, photomc device and sensor.



