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5[ 001] Thiwoappliceeti on makes reference to and cl ai ns t heCvSoebiztooen3
priority of an application for "Flexible Vis-IR Metamaterials and Their
Applications in H ghly Sensitive Chem cal and Biol ogi cal Sensing” filed on
June 7, 2011, with the United States Patent and Trademark O fice, and there

dul'y assigned serial nunber 61/494,099. The content of said a’lQ£| i cation
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for all 10purposes. TECHNI CAL ﬁpr {DZ} y]a; vention relates to a nethod
of generating a netamateri aI an netamaterral generated thereof. 15
BACKGROUND [3] Metanaterials have been shown as an effective way to
enhance the engi neerlﬁ and nmani pul at i ng of Iasrmn andqllghoton in the area
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25[ 004] Provi si on of flexibility to metamaterials in various applications,

i n paranptigataom, fiked rog hg\eﬂs 2@[1 bois gficdrperetedshterein yegfaencsringfs éntimetyifonall,

hi ﬂp perfor mance el ectroni c devices onto nechanically flexible and

defor MBP®%ubstrates offers si gnificant promise in flexible electronics,
such as flexible displays, solar cells, nanowire electronics, and sensing
circuitry. Conpared to rigid substrates such as silicon and gI ass, flexible
and st retchabl e plastic or 30ECHMEMy FHEEBd substrates exh| bit great
advant i w
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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

20  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.

25 [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

30  elastomer 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



2 light renders flexible functional optics an attractive option to control
optical waves, which may in turn lead to integration of functional flexible
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ot her application areas, for exanple,2flexibility in metamaterials nay nake
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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
20 - 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
| 25 €) 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

30  about 40 nm on a substrate.



WO 2012/ 169971PCT/ SG2012/ 000203 3 [009]In a fourth aspect, the invention
refers to a transparent photonic device or a sensor for chem cal or

bi ol ogi cavozergicpgyiconpri si ng a nmetanmateri al accordi ng POTHSGRIR®O@NS aspect
or the third aspect. [0010]In a fifth3aspect, the invention refers to use
of a nmetamaterial according to the 5second aspect or the third aspect in
optical filter, magneto filter, polarization detector, photonic device and
sensor. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0011] The invention will be
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nm S, =Sy =320 nm w=80nm and b = 128 nm Figure 1B is a schematic
di agram show ng a decrease of the whole unit size and periodicity of the

uni t cell for operat iR DERCRIFEHENE OFETHIEDRAWIRGY equal s (i) 80 nm
(i) 70 nm (iii) 60 nm (iv) 50 20 nm (v) 40 nm (vi) 30 nm Figure ICis
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o L T
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SRRs with w = 80 nmfabricated on a poly(ethylene naphthal ate) (PEN).
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for.operation in the visible regime, where w équals (1) 80 nm, (i1) 70 nm, (iii) 60 nm, (iv) 50

20  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.

25 [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),

30  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



WO 2012/ 169971PCT/ SG2012/ 000203 4 experinental transm ssion spectra of SRRs
with different side wiwdths of w for gold (Au) netamaterials. Figure 2Eis a
gr aph showongix@beul at ed transm ssion spectra of SRRs fecTAG20eie0mes eri al s.
Figure 2F is a graph show ng experinemtal nagnetic resonance peaks (red
triangles), experinmental electric resonance peaks (black circles),

cal cul at ed nmagneti c peaks (green squar es) and cal cul ated electric
resonance peaks (bl ue unshaded squares) as a function of w for Au
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2-napht hal enethiol, the inset is W 2012/ 169971PCT/ SGQ012/ 000203 5 the

zZam i [m)OW]eW Biguré éAsipeacgraph aht(ming ttahsmissignepeatrar dstba amoe Mre:talﬁex Buonple peak

:Elh];r:f‘l e f%ﬁl{;rtgllﬁg\/%gﬁl geg%hg l)gcg)glc?rgwtlkgggeg rgelgg%r (1) I%Sul\?, al rllg s of
UM, (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.

25 [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)

30 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 (ii) with 2-naphthalenethiol, the inset is



nm SXx = Sy =200 nm w=50nm a=c¢ =100 nm b =50 nmand dx = dy =
100 nrn for (A) S- 5 shape, (B) Hshape, and (C) Y-shape. Figure 7Dis a
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DETAILED DESCRIPTION OF THE INVENTION
[0020] In a first aspect the present invention refers to a method of generating a
20  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
25 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.
30 [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



may be in the formof a reversal in the right-handed rule, in which
electric and magnetic fields follow with regards to the propagation vector
of the wawe.2olzmebdvese nmetanmaterials, a |eft-handed rel atcenshiRoomeys exi st
bet ween these vector quantities. Accosdingly, such netamaterials my be
termed as "left-handed materials (LHM". In another exanple, a 5
nmetamaterial may be configured to exhibit a negative refractive index.
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conductive material on a substrate. The conductive material may be
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i ndiu L e, o o j CLil pi.er l.sts of
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mexOer i abibleampfibeddegosi t ed by any suitable thin filmcoating nethod.

Exanpl f cpatin t hods that may be ,used. i nc] ude tteri.ng, vapor
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as it is able to alleviate or elimnate the ' .
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-
25  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
30 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.



5 charging effect as a result of action of electron beamon the substrate.
Accordingly, in various enbodi nents, the conductive material referred to
herei n i swenoewedzii cal |y conductive material. The | ayercofscaontoeisve
material may be sufficiently thin so as not to affect the transparency of
the resulting netamaterial. In enbodi mrents where indiumtin oxide is used
as the conductive material, for exanple, the thickness of the indiumtin
oxi de | ayer may be about 50 10 nmto about 200 nm such as about 50 nmto
about [BA7hm Té@mndmvnmnat@rialbmv b.@@lemltedrb)abwtsuwdertmrt cﬁlmbmﬂtmgoo nm
In one_e ment hi ckne i ndi,um,tin oxi de bout 100
m T OBSB IRt kbl Sy S e RS B b s e RF o BRBet ¢ on
beam r @& Slecfbn th@n] APssittdn. CRNGHE tdndIIBERT Isphtteriiize i hS&d. rgsnéwgm fh@Sl st
- may conprise at |east one of 15 poly(nethyl nmethacryl ate) and

pol yrrecqwiugmm mpterildaay beolam tbwgn@smwlionﬁ 88 &,is bl te pleiate 9T Bminatetiest
conpri .sub nt.i hyl t I 0 am
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l'i mi t egmbadimepisNthe @atiduetve patdrial Rferredi to-Head (st el sqfiaylycoatndige nadietidcr een
pai ntin g I n various,  enbodinents, the electron beamresist |ayer is forned
by spi hbekyes cpfgconémthgqtm mag e susticignthy thinso Beaeh tpadlest the érapmaf@wed
using &t Ae! '}é%{] a'xﬁalf'é?gﬁ aﬂl‘ Pﬁ%gfnﬁ)x{n W A §8Li0R0 R &?&é 3 Grsed£C
beam | | hogra ers to patterning a surface using a eam of
el ect r eoigluctBye rdatemﬂt fdﬁ@xﬂﬁpl@l the tthiiokndae afmhe mdiumhim d)a&erayﬁfmey be hboun SDeam
resist, a s ecific pattern mai/ (l)Je wrli)ten nto
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beam may be alleviated by the | ayer of conductive naterial deposited
thereo}ayerASabcmtaOQm espondi ng devel opnent step, depending on the type of

resi st t he e.exposed or, unexpose or of, the resist
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di 2 ecfooR2] malles lagbr oWectrdrhleaaspfestst is pgteredanatgelectsorpbaaae thography t&

el ectro-magnetic field, ctuation aof the electro- @gle}%ACerld causes a
ci r oul Brmef SatsT é‘éhsFrétr‘Ft iee heamy Hdgerarhy ReleEoloa Avthed of Mglteiiiech i n
turn respkl %flhg aCBRO6E AEGHITN! E%r'd%ct"i’rﬁf A5 Slebtéh E@a% Shtol fhe 1fiRr O REctrdh e
electric freld"that builds due to the tharge at the gap counteracts the
cir culbﬂannmsusemspedlﬁcamtwgn trmybtmrragaa ocofo thebesisiiyicalln gmbodingents wherebyyy i n
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rizg resRRAAOLYERY S6ctFRNBEMAe L) 88 AlVR&ANBY Qhe ARY dfeadHdnctive faterial
per pendi cul ar nagnetic field, and may be characterized by the effective

capaci d@ﬁ@éedotheltene Hlprsa apesppnding ideeclppraent tstape depsndingeon ﬁw@piyn@f)f nfédst by the
ring. rmthe resonat or bstr r bI e
reral 1ottt i SR e RS e P iR nesty e il

deposi leget hihiiNte SokréspbhdingBhdNPdSed GUkPosd pibﬁldnb of fiRtlre@ytap@irat i on or

el ectron beam evaporation, Sone of the noble netal deposited nmay be present

" on t hel0§a0k erneteniausi embodimients, shampaiisped desstodefinge ydpmplatgeenimaldylor nay
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netal |ayer present on portions of the substrate, which are not
such as that shown in Figure 1D. The patterned resist may cover portions of the substrate



20 covered by the resist, to formthe resonators. Exanples of a noble netal
i nclude silver (Ag), palladium (Pd), gold (Au), platinum (Pt), iridium
(1r), osmvorm{2@sd971r hodi um (Rh) and rut henium (Ru). |n vamrisocus2@oéeosli nent s,
the noble netal conprises gold, silves, or alloys thereof. In one

enbodi ment, the noble nmetal consists substantially of gold. The thickness
of the noble netal |ayer nmay range fromabout 5 nmto about 500 nmon the
surface of the 25 patterned substrate, such as about 5 nmto about 200 nm
about Bpamwhishdhe aesongorsare nab&umed. hnvareoustasiodsoenisy theesenatsrsnaray deabout

20 nm _gr _about 30 n 003211 n varieus. enbodi pent he .net hed_ of the
nvent Tl TRc b el srert i Rwllhioh RRpal gkl B ARG PR EerohubE v at o
prior &&m htdofduddifve tritgy thabisebrokdraln htaleadt.onEhnecAdhasi i digy By a'goh-be
deposited to 1 nprove adhesion of the noble netal to the patterned 30

subst r eanductivegap| ESiror ofher dielegtiq Materipla)Vhsa the slitaingrawonatonésplaged inypar

| ncy udae o abbime A bTANdr thd QR BeIRghe el YAILOUS LaRRILERALS. L he

adhesi on Tayer conprises chromum |'n one odi ment’,  chrom um was used as

t he adhegnomo baysduced e tikdb@sluotivd Sygrwhiall il eurn\isults in charge accumulation

2012/ 169971PCT/ SG2012/ 000203 9 deposited usinq any suitable nmethods, such

as t hedHess WG 58FsAtin dhe singelTbetslentindighd &ivhPytids idye to|the shergermbdhs 8t |

t her ' - 0§] f rQm "

pat  or vl SRR e RS 1 REERERb e of Werklal SR AT AR e 1y

sui t abVieintglofi¢hd gepk. Insaddiiioa, tnagnetior fiolé eaatpe &5 @mceftratdteinntbbd kregioretadlosed t he
t hi ckness .of the

patterned substrate. I n various enbodi nents,. th

Crithn ieati, A eordiogli U SGE %Y TR AONSUEH 48 S4500E 08 Rk 65 dBout 10
nm or abaRtndici hlghbeUel® Al mdy b OO rRIRRLE B ke efedtiVeRhpsdHaRil HpHYAS
deposited on the patterned substrate. [0033] After the noble netal is

deposi gapd and etfeativpandustaneelobthb deapadedined hy thegwigst may be renoved. For

exanpl g..,the resist,.my be renpyed .using a: suitabl 'so&'en . endi ng on
tho 100P3be” of Rerdt F Rofior ety et Bettna it {rufa PR ST cRerRR R 1oe1 y be
r endV eghtiéfried ksupbtafdBThdyoble RMhNthal/ R BeHokRENBY An9Siusthbleayhodd, Rackabl e
netal |ayer, that is present on the substrate not covered by the resist and

whilch thermpad fevanesationcPr shectrae bsarp svanerations Seme of Sernobbnaeiel deposiceomdy hgl y, in
i i Sk : t i-al bl
e hePtoheul B B pLCRE refiSy Shilk SO PRRIHRT Phdtug BBl AT HRL R R Dot

the i netici sabstraed &ias istiot @ovetdbRtiey tedist. Boerfedtdlving the tpatenibd rdslise 1ayen i ar ed

range g%nerated by a net hod accordiggato the first aspect. The _invention
al so ripsgavent §tep, ghe gpblsanctakPatis caapdaongicapaitesisdatesish gt removeshas gtalle i n
the vigl I IS R S S [ | east
e v o RE SePEORE hobRIMewS SARE (PR S rkidis IESBERAE Sl 48 B!

sl0 t - covagd rbeysthe a¢soatstodonmp theseedoriators. Hex amgtl esnaft enotde nefal tilmdudensibet (Ag), have a

20 | east, |.i ne w.dth of about. 20 to.about 40 nm The term "I t |Iine
w at b palagats (P el LAy b W R BB FShy TR ARBb A T i ng
r esonaiuffeniuRe (RAY. Im@aﬁausfergw&m%s, fh_@(rjno%l@ﬂﬂé%? coMBRER b1l sﬁila»%ﬂe& ARkst-ring

resonator is shown, the least line width is denoted by the letter w. In
var i oubengabduione smbodintent,$he neble imegalreonsiptatsobgartialiy of gohdihelthiokness d¢f h of

about 20 Nt 0cAPANL, 2% Whed Rof i 300h 8 Mot 86 2R b 1ld Bpkgagpt 0T
25  patterned substrate, such as about 5 nm to about 200 nm, about 5 nm to about 100 nm, about
S 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
30 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



25 about 30 nm Even though Figure 1A denotes a U-shaped split-ring
resonat or, other shapes nay be used. For exanple, the split-ring resonator
may be fowoedidreemthe [etter "0" and having a gap in tipeTiseRorroooder such
a shape, the least line width may corsespond to the width of the split-ring
resonator at the gap portion. [0036] Generally, split-ring resonators which
are conposed from a basic shape of "U" or 30 "V' may be used. For exanpl e,
the split-ring resonator nay be forned froma single "U' arranged in any
or i ent derostied Swinlg ary cuithlpemcthodsy esush © dherpall qviaperation raroelestragdeah a

C- shaped) , shaped, reyer.se haped (i.e.. mrror_ i e, of .a Usshaped, or
o shapeuporaiots 1 s PEE T e SRR elebnfurBobatssid sl A WHE R any
angl e tomi@n varthé patter@ed Subsiiite AT thRkn@X AThElaybNef @Rbinfuni hidg HeaFUGt O

may be formed froma single "V' arranged in any orientation, such as

. i gl ! on, .
V- shap&dtableexadipesthat isAblp@dmpsoehadhesion of dhrapedde metal 40 \hesprijsanedrsubsitasel at

any- an t LC I T 1 E-r] r I f or med
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spl it - fuchas absarfaimto syt he nhosadduf T e tb \WboutlS nrankl/ ddve einbddinyent 22 finged i n

any orientation, such as E-shaped, H shaped, |-shaped, M shaped, S-shaped,
W shapgomiun pias dgposited pa fispattgimed gghstratéever se. | n vari ous enbodi ments, the

split-fi re 1S - - | haped,
o par (0% RROEURL R Soyra xR MRl LR ol 3BSe, T 1RG gy b8 00
"U' antthmived \Forraymple, tie redigt isante ehweed usiag dishitarlesslvdld. Begendingoon taganpl e,
where two "U' . are arranged to forma S-shaped resonator, the top portion of
the s SREpEESIL S atlsrepshoay andiongly)orralFmsg vl rgmovmélfl&@?as@@t Bin

por ti opnRvidd e PaBARELsIERYBAKY ndtiOBLEARA thifi) prfERUndhE Hdstraletfot! €aST
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may becdvgreds Byretherresist fied evitich \Whdaftt belyndaoe  thenbibserateafioinarthangedatoss.f orm a
single,shape 'S!; the:least |ine . w dth of .the S shaped 15 resonator .
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r esonaghekisinBiieifarb®@yanbe nladydeoblline w of each of the two "U' or "V'. As

di scussed herein, although the split-ring resonators are generally formed

f riom t 8341 Bnaipenond agpect, vhe invigptiesprefers o ﬁgntrte@emab@pqn@tﬁe & the veibleor med
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nm  20inhefuedayr dspaetefol MetainatPial &t 8 dplrdbieinthe viditde-inttdred Rege ad@Prising

[ 0037] Figure 7 shows the correspondi 2)% split-ring resonators having the

| east  {RLFEINGITERORAIRFS hayinga leest fine prdthof gbout 20/mm toaborhi e asra substrae.

split - r r : - |\ k : rs may
nave 0025 PR PR meAAFont SR8l ) o MOARBIARY 6! IR RAR 8 D,

t B i nieantloeswath bhebout\2®ntman dbhett 40/ nshafhedespl“idastr limgwidtB’d nefesrts, thsuch 25
as that 33{‘]?0\,\% in Fi urﬁ 7C, with Ieasg l.ine width of: 30 nm_provide fhe
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split-ring resonators rmay conprise a noble netal, which nay be present in
the fothenlafer &v. lmyarousfembotiineentse thel spbihringecsovatbmdmvot ledselispividth of algut
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In va
25  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
30  “V” may 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



present as a layer having a thickness of about 5 nmto about 500 nmon the
surface of the WD 2012/169971PCT/ SG2012/000203 11 split-ring resonators.

I n one emvodbmemby7it he thi ckness of the | ayer of nobl e wetrasiG2ir/adzost 30
nm [0039] A | ayer of conductive materital may be present between the | ayer
of noble netal and the substrate. In various enbodi nents, the conductive
material nmay be a transparent 5 naterial, for exanple, a material that is
highly transparent in the visible or i nfrared range. The conductive

mat er i shappwyicnied ahaey aegle te el Yerteeh dxist Ay enotheresxagiple, @9@ silittring rgponaks | ayer

Of | CONGUGHI Ve HBY Bhbal gnaleSr o berR L IRG AR IR:.RP iaed L choyn he

Sp||t-rl resonators ofra non-co e SU

of conghaptd, veshimpt@r<d-slaped hrta VBNapeerieard at Bny hgsleet hedenfcal As.iTheaptii-on
include, but are not Iimted to, indiumtin oxide, indium 10 zinc oxide,

tin oxIB® resqaatar maysalshbe demmedniromra plugalyed die s or their sombinetion gFor

mater i t ihe clive
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var i ousnyeotiadatintschods Elhapedy Elrshiaped, rIBsylab@i Msh@beﬂn Seshtyfeel;, Wishagkd, Y-

substrates such as silicon or _glass, or transparent flexible substrate,

for exdiwped, Z-shaped, %o%%?veésfcﬁn Yarioyis| spahadiments, thSﬁH]t“hlalll%fC‘éO’(@Eﬁl)ar%l
oL DRSO, (TR URELSIRIIE 109, LA T 0

a non- ctrlc Iy’ con teria e rigi | e. The
subst r gtapedray Yeshaped. $aclaof tlartszpaﬂéhandm 81 mby bé nf eer samessisarwoal drf&mm a

i bl.e bstrate such as eth ate i s used., PEN may be
or B er it ToR Sttmleappie cor Dhateamined e i Smorbe) sSwiioroheiion By ion

t enper gt (e &-GRFPRr&Enitor aﬁetfhﬁr“m?lrﬂargesé smalm& then R N&Wm poRfohdst tﬁ@@
base-resi stant. Dependin e of application, oth er types of

pol ymeshaped; rasenateredhe §®01411]‘th Ambr ingly e lessbline widthmayf bechafPany&W”i n a
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For exgsmified bAE® ap@hgeadioCiomn &lstiple thpeXx Frxiite Rhst te Sidthtofr thS-dfaped
resonators may be about 50 nmto about 500 nm about 50 nmto about 250 nm

or13aboigsomrriieriespoads tr thegmaligst dimension onshepdstdieriept e sphierip rgsorater, t y

al ong sQRat 88, S I e 50 nm
‘to aboﬁp%gwe%hgéﬁ%@&ﬁ% az)cgtolfg% E\A}ra% ?2 (grb%t %éfgsch%%da ou ’a%o'%q# % about
250 nngpliokinghesdnabds e genadlutforiddd fiom A MENtindiedtear ¥Vgrtheisplibeagbeen
denonstrated herein th t an §I ectron-peam|.itho raphy nanof abrication

met hod SV HaY #w¥dbe dogudetamethrice Py & f¥e atrat 834/81 sVopEraaste I ANY he
vi si bl gqdpfi{odr §)dlof1§9 f ledsPid Nyt 8%@%&32&%@@%& LR eafut kO EmPT esent

invention I's part| ar y advant ageous I n gen ting
20  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:
25  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
30 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



WO 2012/ 169971PCT/ SG2012/ 000203 12 netamaterials conprising split-ring
resonators with dinensions which are sufficiently snmall for use in the

Vi si bl e- iwbnare@ogange. [ 0042] The netamat eri al s accor di pgTise202f0b62ds
enbodi nents of the invention have been denonstrated to possess high

sensitivity, high tunability, flexibility, and nmultiplex sensing 5
application in the visible-infrared regi on. Dependi ng on the intended
application, the nmetamaterial may be based on a flexible substrate or a
rigid splissingaesonatorse In ong ¢rebadmknt, fheghigkeess iof thedéyes o€ neble snasal is elyomddor s on
the netamaterials for operating in the visible-infrared region, the use of
electrgﬂlbean1lithography greatly enhances the resolution and yield of the

net amafoesdpl Aepgiradfedndddive thteRAlhhE Bk Prds¥nt BettvBén &1%31@¥ér06f b ifek
substrates 10 such as polyners, where the application of electron beam
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ad reslglgtsenglhifgs)r %{s%n ge’t{%(%ueé aypﬁe 1Sd1é‘§§f | FIGRASH It @gnvdf}gltei et rﬁVgrra%e't he

pol ymeThecddhstiveahgterisththgnb@hh eNt@icelsy 6ndakiive Mategisl. Bieviah@boinedaphfogct as
a result of bombardnent of the el ectron beamon the substrate. Furthernore,

use of CondEctiiedpatend, gleetran esm lithagigphy Fpyhegsed o Brmghe splffering esongiers
eomet t i al r e FRYA Jolng t Lt

dpect 1a HomeBRaER BTl op Lol BbBIRCo LRk R AN I fap B o

enhances@it tteontthod of dre ibecritionadclode, banhrealot dichitd o) indivgotis loxide] fAd3h I n a

fourth aspect, the [nvention relates to a transparent photonic device, or a
s RS orZift Pk @érdeo?ndgﬁlbcryagt?lergp - SBAGHIAYS esﬁ)ﬁémﬁnﬁg the redicHyemaggrial

accor digaghrlses ifBuReaR rlgu%@ ASREEE eBibolifitentd)! tflg_c‘laﬁ@l?&ifve J?t;@;rﬁle@ fst@ggor di ng

to various enbodinents of the invention may utilize two pes of sensing.
The fiindiunttmpexidé. sensing i's based on the plasnon-rel ated transni ssion

chang ich Ir e. sensitive to .constani changes .in m- cro-envi:ronnent al
conar (PRI orMETR R e B G SRS OF Tiedhusig™ n U CASHO o

- sur f ac&thenHacRestRAdR BuGCA S IRIonNG gl 8] SritrdiBYarbg Ms@sle kiistraieD Br@xBRpROUl ar
finger-prinfing identification. 25Conbi nation of the two effects, which

have rfopolipmensushifiseppditiyienst rapbthelate RENY andrpalyesbidenerieyephéhalase PET. e

sensor_ of [ i.wvention. ,[0044] The .sensor further comprise

N nkersoﬁlo %I%ngrgg%gﬁhgag?sgra{ehnéa% 8% ané)él'e-o[?&?%a y@pg@ﬁgrrp%ﬂmaﬁ' W‘ﬁécg'p U ng,

t he nejeamigid®rdrallexible. UEhes pabstiatec ahdy doinpeiesl DrtraassaReitabhRebiu.t h 1ariees

anal ytes via the |jinker nolecules for analysis. |In various enbodi nents, the

| i nkeremipdimeisd dexibicsehsirateaieh yas pohirdhylens naphthalate dx aisest RENe may be
TEL T EOSc RS SUAES, W STRE 38l WRASIR) ol 1 ot o
20  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.

25. 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 abéut
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 naﬁofabrication method

30 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



nitro, carboxylic acid, cyano and hal ogen. For exanple, when the
nmetamaterial conprises WD 2012/ 169971PCT/ SG2012/ 000203 13 split-ring

r esonat orwohawiwgo7gol d deposited on the surface of the eplrisG20i2mg0203
resonators, l|inker nolecules conprising a thiol group may be used. [0045]
By detecting peak shifts in the surface enhanced Raman spectrum obt ai ned of
a sanple to that of a reference spectrum or by conparisons to a spectrum
retrieved under 5 known conditions, for exanple, the target. analytes in
the saffstanateralheomemsieg splddingriseonairmvidigipicasions whighege ﬁ%ﬁf@mﬁw rs to
an aliﬁﬂg&eﬂiﬂ@ﬁﬁﬁﬁmﬁ%ﬁm@@nﬁ.Heous solution or an agqueous suspension
suspected to contain a target anal yte. In various enbodi nents, the sanple
i s der{60dd] f r Oihe meaddrogecab aomirdingad .vafious exbojimentstdfehs anehten haye baenpri se

~cells, tissues, honbgenates, |ysates, extracts, and. purified or partially
puri 1 GeMGRBEBILS D HE) S%ﬂvsuvaga Bigh tmab?ﬂmye@awggltﬁn@dnwﬂw?% Sisecor
Thes sagpliRa iy iRl 88 PRivle-MIBRC2gis0! BehbOflind ¥ BEARbRIed! BSHIRAAP, CtheMBY

conpri se chem cal species, such as contam nants in ground water, for
exanpl metahmteriallemayi be basddoon al flexiblei wbstraterivodi reidt sybstrite. Byt dntthefsmalHe peak

shifts_.in the surface enhanced Raman _specirum be correlated with the
amount THTE A5t SRIFYECY TR S aicemeTaI oG (# PHAEE P ibve,
the i nigRRdORgid], ah&€Bse bf efeclrbhi-bbBah 1@5@%_@1511 bRatt$ @nRinced ehd RisORMbAdndl
accordlngito the second aspect or the t Jlaspect in optical filter,

|
magnet piefd pf dhe, mpematariabgpramatgdt Blis os pariguladsisorthe [cawator Thexitle sabstiatas

il st ivel eSCr.i erein. i tabl be practiced..i.n t he absence of
et o Bt b € PR MK B F Bl PR Tt AEa PR

di scl osPdetriRnfabtivirping Biests dfale elseig Beant bE the@poTHm e o Mitérsl Mifie method
"including", "contalning", - etc. shall be read expansively and w thout.

li mi t aff Bi¢. inxerfion; eddpsses thinéssue thygughh theedenosidion gtfsa eppdustizel 1aer onnthsave
been ugi t f gdescriipt:i.aon ang:not. of « i tatio B L8, i & no
n ont Farieie fRSFaE! JARICRIRGLED B iRl ok, kb Brec T, & 080 ot

-equi vabenbadment dfethe eddctros dest auntha rsdbgdmse rHubtdrnaore paset afahes eteogor dbambut it

is recqognized that various nodifications are possible 25 within the scope
of 13 he MHRGEREY BFPCerSA AP, D tiize, andrecomstiy o115k Metrupibairisite RhERTYH t he

presentyctdiield kP Buib 3SecREByptReGo s Sakd Yo &ela%fgf@rgti&? bREEh&I HRdigRbediiment s

‘and optional features, nodification and variation of the inventions
enbodi ethahémmeait notenrsian beitemidos edntnaliedisemulémepvdy t o by those skilled in

t he ar d that_. such nodificati ons and variations ar onsidered to be
b ot AR S clipd toRE B b iR ashion 3B 48] e TS HIG e
descr i g@goopakinyicanst SI0gichICRhbivg BEMmBHsing BasdtahtetifeacdaidimpMRrthe B&ohES and
subgeneric groupings falling within the generic disclosure also form part

of 2@ heaspastenthothird Bapest.i Thel saeres acdoadige trevirioud esbeiliprenghoiche inventieneay i on
W th autﬂlfz%viv&oo tﬁ)res 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 wused for single-molecular finger-printing identification..
25 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
30 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



WO 2012/ 169971PCT/ SG2012/ 000203 14 negative limtation renovi ng any subj ect
matter fromthe genus, regardl ess of whether or not the excised material is
speci fi cavbyoreebd7ed herein. [0049] O her enbodi ments ar ecwisGhin/obéres

following clains and non- limting exanples. In addition, where features
or aspects of the invention are described in ternms of Markush groups,
5those skilled in the art will recognize that the invention is al so thereby

described in terns of any individual nmenber or subgroup of nmenbers of the

Mar kus $PlErBigy esERrRhVERE Apldsieppsited grotsoRempl @ICJ_SPII*SE% fespnatgrsy H8kffance
StrUCtHﬁ%ﬁg§§8&%8“$ﬁgategﬂ%$nﬁﬁg§qg%&&iCal paraneters that describe the

Ushape experinents are shown in Figure 1A Figure

1A i s poshenBYyidetattingpask ehifia ibtisd apétesmhidcedi Rygnare spatunr oftGRE) of i t h
1,, and Ly denotlig periodicities of the unit cell of SRR along the
x- di r etATRIA (Aribrtyld refEtnen SPRCEHR (O B SOMERKISaRTI ISy SREFHBHT r’fﬁ“’é&%fb under -

respec!t(?d\}ilf Qén(%tmdiehgog:eggnéﬁ’lsggﬁr b ? lytt%qnff%évjvéear %irrg‘g.b%ﬁg% lﬂ%ﬁ e{tetf.}{elr "y

as i ndisanipbd, anudel chefdigureters wnah aliqhienof m@r@hanlaqasduslsohﬂomodtah aqf.le(tdse
U- shaped SRR 0052% n the experlnent carried out, ,the U-sh has
t he fowsaeasw dp<onfan 2 targgt apalyie- Iy ggnppy egpodiments.. ¢ éaIH % = 80

nm angeRed 88 Hiblogldal %ﬂs{altpopeﬁ;nabeﬂﬁl s%gléscn{ﬁsmm f 4D h&mé@r ed to
vi si bl e region, the mho e unit size of includihg the 20 unit cel’l was

reduc ehlotdwmatea 18S7at€s, e tfao) and pmnﬁ@lstprqmi@altytplmﬁeglpn@tbms iané otter Hallogiead i n
Fi r decre ses

e e val f.rom.80 .am tp .30 m%%OO 3]
i wolb el B i it FRES 0PSBl R pBogh HEHE anivER: B gt
fabri catednipidsnBhas! RaigrRE dnemial ishEa&y, apkyy ab Eﬁhbanﬁﬂad@phxy $BHdeWater, for
naphthalate (PEN) substrates (Teijin DuPont Filns). The PEN substrates wer e
- 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 target analytes in
the sample.

15 [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

"non

20  herein. Thus, for example, the terms "comprising”, "including",

"on

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

25 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. | _

30 [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



25 first sputtered on a layer of indiumtin oxide (ITO wth a thickness of
100 nmto decrease the charging effect. Commercial electron beamresi st

pol y( met hwo 20eteeemyl ate) (PMVA) (950 A4, M crochem USArTw&0=poezesoat ed
at 4,000 rpm and baked at 180 C. A JBAL 7001F scanning el ectron m croscope
(SEM equi pped with nanoneter pattern generation system (NPGS) was used to
define the patterns. After devel opnent, a netal fi I m of silver (AQ) or 30

gold (Au) having . a thickness of about 30 n W th nm chromum (Cr) film
as an BREHYS BRIPHGRFMENRS Ypvdiecbenalisn gmit %gws @g@rﬂlﬂsspf Bhethey or ot

Engi ne 1PCT/ S&012/ 000203 15 [ 0055] Figure
1B shof\?lvs g&ﬁ%lg%ﬁQ@EE% cfgg@y%gﬁéﬁgl %ge of SRRs on PEN with w = 80 nm
wher e [[(]099}M domeexﬂmbbdlhsentﬁar@/mthamﬁaIfﬁlldamgataumm ad hex- 1shitihg skamples. In

anal ysi i.S ipportant to note that the focus and beaml\gl i gnment are

very c'ﬁ“isdt“i‘%‘alwhﬂ%? BIHFSS\0E agRs6t 9 ahe sy sntiondis desgrid frﬂoant?%wf Byl SOURS, t he
fabyi cabbdgiRdPHaAL R wisl n%r{ﬁ%ﬁﬁe WREAfOEN RPEERDy &@Qé@ﬁ tdrtRop! € 3
Char acteri sati on Methods e transm ssion spec ra o

met amaderindivelubbineinbert @dsubgioep bﬁimmbers of the Pradspkgtaupphot oneter (Craic

2000) in the range of 300 nmto 1700 nm To predict the spectrumthereby
providing a guide in pattern design even before fabrication and

measur enent, finite-differ gepERIMEENPARISECTIIR) cal cul ations based on M T
10 El ectromagnetl C Equatl on Propagatl on (I\/EEP) codes were perfornmed, with
the dl[é)IOé@lrl E i L ‘ - obt ai ned from BI aber et

5% J9PRPL oF %%g?ﬁfge‘s]‘fl & %@b%a%tﬁmr%%%ﬁ@%%ﬁﬁ%%? Rhstafinhs  dka

of var b@efiméhtéakdigfowninFigite 1l ROBigaR 180 Beate At dRagdratfoF b fUi-Skhped Bflit-
absorption peak 15 in the shorter wavel ength corresponds to the electric

r esonaiRgresoratardSREdewith hnand Lo demeting perioficities gif die it @ﬁb0%$%8taﬂm§ﬁet| c

spectr h, an_i S eql

SPect ey WOE R legfUsE s o SHLBGTRE cUB; HERUSIHS ol ine

absor ntesmatq@aakhe R-diteetidbo ag&ny-dmv:&d»:e Bgpéctioklyt heddnoang mhisisiesd oS ltl&CIoKA&r

corresponds to the magnetic response, and has been tuned from

mi k- i neeney the kier 1y a% gideatednia the Sigpies andyi moting Brenlgyst ling Wlﬁtht Hehgase

for thg glaetda€ resonance, the nagnetic response al so shows red-shifts as
‘'t he size SRRs i ncreases. The magnetic response is due to the nol ecul ar

| oop CcWOHZnt MhmemMantsccapmdamut,ztae iUbshape &R slaa de fallowglgtdmegamsbéarl ng

axpor Mt & the G 1T Bns J2AATah A oE et PR oA BYFRUPEAG  he

glogg Ir fig&f(l@ %sﬁaﬁs%cﬁmﬁ QhfrRRl o LIS Y&SSE HEUNRId tnitSid M SRR ihéRBmahse

20 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-
25 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
30 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).



[ 0060] The i nventors of the present invention have found that the
fundanental magnetic response at 756 nm (396.6 THz) of netanaterials

accor di ngwbeowvahous enbodi nents of the invention repregeniss2inmoddoghest
frequency so far in visible region witsh SRRs-based netamaterials. The weak
peaks on the shorter wavel ength side before the electric resonance 30
absorption peaks in Figure 2A and Figure 2B nmay be the result of high order

mul ti pol ar _nodes. 50061 Exanpl e 4: Conput er si nul at
2012/ 168971 pcFieyee d Boshonozoapicsl $EMEEEOENHAME) H@@gﬁﬂfaifi%ﬁonﬁ@l\hwgb Warried

out usk{).'%gg % Eetﬂé Ylaéﬁ?gitsfg r7 t’/h(:s‘taﬁg d‘ggalaetvféilgﬁl i EQ?attlsH@a;%nQ&gﬂc il'ut 1|sS a

fabric e Slm.l 1on results are ure

graph fhymsangtocaite l;Haﬁﬂ&CfobtlisBamlrbfﬁﬁll dignaraciea epf crirEs t(ba!chli-'d's)'E[gof)d pathgm
nmet amaterials, and suggest a_good. agreenent, with the experinental spectra
obt ai nBfelityorsigid sbstrates. the eea%wrwdafeﬂﬁ theaee as MetABexsprogessi st ri but i on

of 4he 0?)% erE§alrn L abtepithfigP MR dON- [0063] Figure 2D is a graph
shovmn of SRRs with different side
wi dt hs (16)f57j/v f ®he Awansetisivat 8pécidas of Rhgumetaifatdrinlsa faprajateds neve ngkanlonukat ed

transm ssion s ctra of RRs Au, et amat erj al s. re 2D and_Fi qure 2E
show tWécrﬁ%PeF% Ofcgn%?r %#9@ g Zgnegd 109wt 8t]:a7%6tri‘rﬁn firtediehtepect r a

for r g N Rase BRS aE{/ $ ardher
el ect rlgl%g?%@ponsrio)fmg%ceg 'sgﬁlldftedq%a?tom 1‘%%1 é?lu e%rﬁg k |I%aet10-Flhedlnd

magnet mamp@n,seﬁnlé@drf&nm@s ghmé-tomhpiom @D/ED)Jecgmdamcms thesnd 1000 ML (whi ch
oA pRhe RS SRR O] (0300 I oRTEACSL A o
_and Fi gdHis@in bf Az Qasfa&l @t DAMMe 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
15  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
20  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
25 (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
30 absorption peaks in Figure 2A and Figure 2B may be the result of high order multipolar
modes.

[0061] Exaniple 4: Computer simujation




15 of wavelength for various w values for Ag and Au respectively.

[ 0064] Referring to Figure 2C, it is a graph show ng experinental magnetic
resonancewpeaisicfs7ed triangl es), experinmental electric presstameHResks
(black circles), calcul ated magneti c peaks (green squares), and cal cul ated
el ectric resonant peaks (blue unshaded squares) as a function of w for Ag
metamaterials. The curves in Figure 2C are fitting curves. 20[0065] Exanpl e
4.1. Electric resonance [0066] In Figure 2C, the circle points are the
exper i Ep@ﬁilh| Gamputer ofmujagen  vas plseoRUAEE Aiduting diBfprent oirvplies storhie

fitt
WI ) E:qtrjla Ion e(r}%lsl %3@%‘%&%@5'& Cafctjéano egsnﬂ lg lgrgg%skgﬁtgee de %t engﬁté“t{(e)szl]? i on
(nm) ; whithnist esgrapte stiewiig oélcwl/atz& trasmBRnUspettrianod SRRMs blyérRID"EB foreAkeast

wi dth of the SRR patterns (30 nmin the ex&grlnents carried out) 4 denotes
the coRFErmpEsTiads. and sHeees! #t80Rg, askiseat deiotesexpramERIBlERECHa P tpined. T

dengonsglf t'dﬁ‘@er‘:ﬁ@e G@ He txjﬁﬁll?&lv {(P'E € LlQQQi%tHl};'dtﬁ) S'iptl{e MerdsOfeThhid cfe&]tlures
2, a0 g  pl ettt

he mai hysics e I n our servations. Fromthe resu bt al ned,
= (f&bfcatibn) and a = 39 4 . ko appr oaches the resonant 30 wavel ength of

IocaI| | aspon r.esonance of silver nanoparticles in.t ran e of
400 nn@%g%}go Etﬁ“r%tﬁg) 1552 (ZFaphy ?Lft?m“%m%texléqr@&t‘}ttl rqng t%es%% of ﬁg of t he

SRR i Sdlfffefetnttetdecl%neaﬁea forl A® mhfidlhRd Fidwvie XeRes eshetmﬁgtealtﬁﬁeaance
position shows a simlar WO 2012/169971P /862012/ 00203 17 dependence

Wi th ttensengsern spotrs ofi SRR¢ Fy Aqueetedateoalet Biguwe 28) andidiigigret 8 sbawethtor mul a
for, fitti

rodp ar et B cEpir T aRd rrlsRRGp GRS Rt et SPAPHGTEG & he

i nvent A@ibaselNSRRE b8 vafidtw vaiugs TR 6820 2:p6n I ARSI ShYHIdCHRoh S 088 to
red-shifted with 5 increase in size of the unit cells of SRRs. Fromthe LC

(i nductTr nwapdiletthe magasiimegspensp sespnanges shifiufrophe Vﬂb@oﬁaﬁ@etﬂaﬂeﬂ@@m can
]E) gr rerﬁ P@&iﬁ&eﬂ ¥ oRoGOTRINAL QP ror§3B 365 LAN G5 3k bOGHGEAG e W dhntdit

spectra and simulations are extracted and plotted in Figure 2C and Figure 2F as a function
15  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), expetimental 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.

20 [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-
25  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

30 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



[0071] coLc = (LO)-1/2Equation (2) [0072]where co denotes the radian
frequency; L denotes the inductance (henrys) and C 10denotes the

capaci t anwe 20fxmeeats) . Accordingly, by applying the equatricenc2a/00@paci t ance
and inductance increase with an incredgse in unit cell size, the resonance
frequency decreases. [0073] The second factor is the coupling between unit
cells due to the decrease in periodicity. For the netallic
particle-particle interaction, the coupling between the unit cells results

in an dssafeseivath beeaperonente vithdhe sqnaredppins (elughilsing the stme femulds farg
particle-partigle 15 di nce, Fromthe results obtained, such as that
shown hﬁln&bfﬁpﬁga%&% %Weﬁ%kgl&%@rﬂr‘??n?ﬂg@sﬁpti on peak as unit size and
peri odj ¢y i S t hat .. N f af f ing.the scaling
benavi B75} ¢ REOGAREIHPRRERS AR hEeRRIGh or3fe PRedabiibyBan Hfedifepcen
“denonsty éeethvbeticdi. MHehAist dactél &CtHel fesbmon arselongdr whith IMeldashith@ withh

SRR- based netamaterial s can be achieved by directly patterning on plastic
subkt r BICEship 9periheni wslaaf SRRSoGoapHe KEBNyustaheanagiterd KesoTncg oiest

1o 0 S skl RSSO0 SRR Lt

gr aph sidovng weixtptheiformilal nmagneti c resonance peaks (red triangles),
experinental electrig,sesonance_peaks (black circles), calculated nmagnetic
peaks (¥rdkn ¢ ér(leg)l,/ and cal cgﬂ‘éatt’é’&(é) ectric resonance peaks (bl ue

unshadgg;spuagesl @%ea?@étﬁe%‘aﬁh%qgﬁmw; 10 HerftHes Tk ANMI LR Benr TSl vES 1 1

Figure 2F are fitting lines. The experi'nenta a ectric’resonance
peHks denokisghe eajieitaivowfarids). sAodordinglye e npelyoe tha etjthaionniag capaziarfce randu

metamaterials .as for Ag netamaterials, The fitting for experinental data
for AuMBEAMEBIFRCSV! %}ﬁgre%@”%gfe“%en% é‘??&n%fgﬁ frequengy degEa¥sF Exanpl e

4.2: Ma@nst i CTRE SRUMICLacRS OB ARE Ecoupling WRAVdehNEnif RS0 ARE EoPBRKIQEedsbEn
magneti c response for g&cmat amaterials shows a |inear dependence on size

wi t h aperiodictyc Ept thefmet @Rrtade-paryicleinter@ionntha edupling byyweat theqmiticelln as
shown jn Eigure 2C. The e%l(‘})g%i nent al o(“;ult fﬁll | s &utsi de _t he .fittirgcclel i ne

for n'argf' 1(1_31 an exporiential dec resoniances, and blue shifts with increasing particle-pa

15  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

20  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

25  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

30 [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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devi ation of size, especially the arns of SRRs, which will influence the

f or mat i orwofot2dneed7@op current. The coupling bet ween thepartsichirioad2osragneti c
di poles i s weaker conpared with the efsectric di poles, which shows

exponenti al dependence on resonance wavel ength. 5[ 0078] From di pol e-di pol e
interaction point of view, the quasi-static interaction energy AE is
witten as [0079] AE = y Pi 192Equation (3) 47z-sor3 [0080] where-r is-the

di st anesoprscaat AL dinp prabsblyrduenie desmtiop qfsizenespeatally 4b¢ rons PhERRS, whickh is 1
for trar C I NG (i B ,0ur f tic resonan nd. 2 for
oo SRR Rh P 0 el SaTROREN G VA7 BUARA B

r esonagipe)es iSorakataionpgdrddnwite tigcEledteialdighl@o heschasiwst &x@ofeitial Bgsentifike
magneti c dipoles (with sharper electric resonance conpared with nagnetic

r esonafl Bsonange wagelsngthg of el ectric dipoles is stronger than that of

magget { po I QLU . i t he
cal ul 281 P kR oG ta e bRl el elhg-sBiE MEGRRIENER RE) e
of 16 iswriteenasThe conbi nation of red 15 shift in wavel ength due to unit
size increase and coupling between SRRs results in the |linear dependence of
the ma i ¢ ngsopnakdeé pea - unky cell size. Simlar results have been
shown Ejg)?bku r?%tsa Jrt al Sﬁgﬁs’eﬁ}o'hﬂg gure 2F with the linear fitting.

[ 0081] Exanpl e 5: Substrate [0082]Pol yet hyl ene naphthal ate (PEN) was chosen
as the[Q9RaEkt | whenglras thet distbecchetwednt dipelss pRandaphiy ghthgliatemctipmmsiekj which

t t Tg 125 Q) .th h | h Ly(et hyl
t of Bpninb Sk ey Beeroorpling 16 SR Rene Tl Thy BRelE Babtengel L Bagledhd
r efd st adiplingl(@xétR! 18 eRENo$3IRG! foRrbR RSl RsofRHBY, 6onRGuHHEShE BlecRical 8ol

(characteristics of physical properties by TEIdJ-I n DuPont Filns Co.) and the
PEN suist stepnger thsadtheatpegndiiccitipeles (@ith sharpgsoelectiigSreponandh somparedpaitbncy in
the vigj . a -ipfrared regi s over 80 9% which s, 25 adequate
for t r%ﬁg%eglrc e ng OI{&E‘%@O r%fl;léc Cg[’e@ I §e§9 efe%macdgfpto?eg ng ?tﬁgengﬁreghagn%hgél()% magneﬂc

char actipolest Figref2@ENoTdlsplayt thélaalt $ige tdepéndeaye 0ptthe ahalcRlabie fdsbhscef
metamaterials respond to the strain of the outof-plane direction.

[ 0083] Pesifinnew B ad enfsrespt @ft By F Hene andi hslepnef HyHynnpERhesepsehinatiomaefaedr i al s
of / Au ,...wWith W= %0 nm vvitt.h a deflec&i onl.ratcbi o of % Fromthe . .stress =
-t/'p4L\=_ opiff g wanelgngth I 19 B S8 JerRSC 87 eepline belyqen PHE)D Rl ai 0 a
= ES | geprRinRY bBieghapndBSresbitance 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
20 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
25  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
30 radius of the arc after bending), the strain 0 = Ed iis approximately 1232 Pa.
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transm ssion spectra of Metaflex (i) before, and (ii) after applying the
strain, skowoaew7gh tunability with an out-of - pl ane st pearsG2ifReeehsctric
peak position shifts from894 nm (befre) to 973 nm (after), giving a net
shift of 79 nm while the magnetic response has noved out of our neasurable
region. The strain sensitivity was 5estimted to be about 0.06 nm Pa.

[ 0085] Accordingly, it has been denonstrated herein a direct EBL fabrication
of net Hi9&#Er i BiguredBpisagaple showisg trahenivgibh spritehofcidetadles ¢i) befarseahd Gi)

integrate into a_photoni¢ device.conpat.jble with dern gptical techniques
such agftteé Pedte t}get PR @’QW%% ﬁ’&]} 8 lklﬁ’r W\‘}P&na?‘i‘tinf}r%??‘f”(?r St%b‘?reﬂﬁ‘r gleftiicon
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envi ronment on performance of nmetamaterials in optrcal frequency regine

[ 0087] theenagngtie responss| kassuevesf oyl af st rmérasmabilesregwinn g henstrhindesnsiipity ved i n
theS | tﬁ.r att‘ffte'b Oge i %as on the surface Plasnon polariton (SPP), which
has be®h EUECRISH, P'Ilt);f% i'dd to bi ocheni stry and medi cal research. Another
type i @oBspedAesbrliingly, O ahdsZ 8erP| RETARAtES ARARCa difect LER. FRIRAGAE of

col I oidal nanoparticles. It has been shown that the refractive index
sensi t mgtampt othplastes substate EN, gloioh gan plsp beafsedita injegratadete aphatoiiRl U) in

i sibl i on; v K in. | . (Nat. Mat.er.
5000, Su3REEAlipl A GRAR GllicalRERNBI T BRI Mo Gl s b B
nanor odibgitioay forReme @reeissd aktegnéms.enhanced sensitivity to the

refractive-index variations of the nedium between nanorods. Gu et al. (J.
hxamplefy Effest ofychange inlocal diglag : H H & A

can i @@gﬁiﬂeigﬁ iﬁggk%lifﬁingﬁﬁtﬁﬁet eI ectric fi I d enancnt created
by LPR 'S, T0rods have been used as an excel |l ent
sensi N@ORTJat f Bhiare hiertve alassesedfypladsmapipdsed a¢rnsorgsmetiiods @potted/ia the litsetsreand

gl ucosg solutipon. [0088] According to the effectjve nmediumtheory, the

e aoneiee NPt h HlF A oBleon ReE RS EPh T bt erecsesnidy ped 16

- SUr T OUBIEEHGhi ) ARChbdiBalrBlareh, KRGthbr S haNMasedbiSIHRIbLaliCe VISR T dsOThnRE

mul tilayer di€l ectric sandw chi ng nmef hods have been used to tune the

abis$or piliP& fross treanobleidpbsdnoparticlss. Itrbaslreenehowh shat thet feéractereahdext sensidiyityre.

[ 0089] To i.nvesti wnetamaterial g in. [ cal frequency .regi ne.respond
o 1 netenabeer? Mot Per e e MHERILS o veiie SEa b e Ho Bl ~of
PMVA orédentlfi€Kabashin 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,
20  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
25  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 -
30  metamaterials 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



30 netamaterials surface with a thickness of approximtely 200 urn. The
refractive index of PMVA in the visible and infrared regions is 1.488. PMVA

on net amayenvalredit s as a good nodel to eval uate how t per/sesenanees of
nmetamaterials vary as the dielectric smnvironnent WO

2012/ 169971PCT/ SG2012/ 000203 20 changes, providing a direct neasurenent of
the figure of nerit of the sensitivity. We al so used anot her phot oresi st
(Shipley 1805) with a refractive index of about 1.68 in the visible and
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for th@0Pg) | ohignge ddndisplgyapisl ¢xparimental trihsmissiph tspéaia taken &1 6 @iri (black

resonance J.s .approxi nat el upon PMVA coat i ng, and at, of magneti c
Feconalted i3 05 FTRIEIof O Re i 0 hE0a oo s SRBRTO TR o
r esul t Bng)ifbtha Maflex with b tw + B0 @he SifdeCA R SSANMAR A gaWlith ¥efi4dtabhehi ft i n
magneti c_resonance node. The sensitivity is estimated to be 137 nm RI U and
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(ii) nagregiaad thed of dreanagiedc pesakafpeds hpmrosinaselq 2f 8imed. iThie SHiplegfl 8BS hiisv e
i ndex. The senpsitivity. of the electric¢c response is conparable to that of
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the s b4\ I on. i } re
than: cr e rbbn @@ M4 THeAat O TOARGIAS (IR PEREBLIFLRTSSE aRITEC, ¢
conponfenthe cEivRsc sidomagiatic oedpyndek eespeankely. ¢ response due to 20 the

col l ecti osgillations of free electrons.in netallic nanostructures, but

2l so (BB Fhe raphiREg ik PPBBoCEER IR Bh &n U B U e PR AU o
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bet ween e?ectrl c conponent (E), magnefic conponent (H), electric

dildpl arssnance pEIK pesidonsagmatiiiactionedidrefiBytivenindersphe sénseiwtybef thepelegeat ed by

orai ¢ e EHRAR pafat 0B8] G pBRGideq RS bG8 shillon PRRUPE, "anc
P., | sbib&sihg! whily ehed@nbmiRy levilMateiMbated dn afa@ndicAfeSodan€e GfdAséNBy more
coefficients of nmagnetic and electric fields in the SRRs respectively.
than twice compared with the electric response.
[0092] As a bi-anisotropic component, SRRs show not only the electric response due to
20  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,
25 [0093] D=eeE +EH Equation (4)
[0094] B = pouH + xE/c 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 ¢,

30  change from the microenvironments. This mechanism has been applied for both SPP and

LPR and also for the electric resonance in SRRs.



[ 0096] For el ectric response, the sensing nmechanismstens purely fromthe
response of Er 30 change fromthe m croenvironnments. This nmechani sm has
been applweaofmrsodzat h SPP and LPR and al so for the el ecrciraorermoeoge i n
SRRs. WD 2012/169971PCT/ S&012/ 000208 21 [0097] On the ot her hand, the
magnetic response in SRRs originates fromthe x, which is due to the
coupling of the electrical field and magnetic field. x can be nodeled by a
magnetic coil with an inductance L (nmetal ring) coupled with a capacitance
C (thel®971 ofn:the oflienyndyilee miagnatisyesnonseiy $§zis: eneaigy fom-thepewhiglpis

5[ 0098],] t n_s e t h [ ce._consi s .

cont ri bt¥ fogtﬁg £ glgpﬁglgiog %@E‘ggﬁalc?%%daéq(f%lﬁgrge%%é{ge?&&fcafl %g%%gefa lé}/{ﬁl %‘\ég?ef'tulec ot her
i's friogiRghidnehducaradi (maseidgPicbuplaingth depacitmco® (heslpeihd fihy) dy C
-fooeo e(v)E(v)dv_and the thickngss of the thin filmthat exists between
'SRRs afi resrmameeNreqysaey @™ (B ‘el ectric resonance is prinarily deternined
by , ch is hi i A ’ . the
maghet 0280 golGiag boGH s BRAHE he Bibaklihdl EhGRES EniINIARANRAL ol i

Ther ef g capiegairti(C,) eStheBRIts, axdlilebtht tir dh dringiegrsield stphyitdnoe (@9, which

sur roundi ng environnent. [0099] Exanpl e 7: Evaluation of nmetamaterial in
sensi ndefend or Peecpdringttivily &7 evey | ain)E (v Jdyoarsbthe Thickussg ot gherthin film that ekistshe

Met af | ex resonance in response to a local effective refractive index change
as di sbetvsen SRRsEvdrthé BEN sibsfrpes tThepdeatne resbnansplis pamaohsddéternuheshbe &, 15

and bi ol ogi cal. .sensin n i rtant cateqgory. of, .bi gnol ecul.es in bi osensing
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| Tt Aidted A6t &hfeam; di B&NASI fo ABL ATAkNEIrs, mhARHE ksohan&Vélhikiisenivhat her
and how our Metaflex in opti-cal frequency regi me detect protein nolecules,

we usesFnaitingy to fsowrowstieg elpiionBieAt- of bovi ne serum al bum n (BSA) with

[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
15 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
20  amolecular 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

25  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 S0 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.

30 [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



20 a nol ecul ar wei ght of 66776 Da. The BSA powder was first dissolved in
distilled water with a concentration of 15 itM and then the solution was
di | uted twoQban@geeihe concentration fromthe original 1pcANGhe12bBo20M The
BSA sol ution was drop-casted on the Matafl ex surface, which was then dried
under room tenperature. Hence, the protein nol ecules were nonspecifically
bound to the netamaterials surface. Transm ssion spectra were taken
afterward 25 under _the m crospectrophotoneter. After the neasurenent, the

sane chlVb apds(v3 dekBEA (Previdedips trefiereagelnaftsesan hegeernfionuthe fignisahedh thiet h a
heavy [] . Of .y St} r . ( ) pl asma treatnment at 50 W
for 30{:dsa.Bﬁ 'ﬁagd%?%g%élljr?g&rlrlgghjggeé\z/%sg%gg(f)r\l/cgﬁygg&b%hg)@dfecti ve by retaking the
transni®H0®n Fhecbhéentratibic ldepardended e theC pbaks pevitida i0 bk tedoteld afid @rotieleinsanme
sanpl e_before applying BSA. Then a different. concentration sanpl e was
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As can_be §een fromthe figure, both the nmagnetic and electric response
modes Hraw gnificantly red-shifted. [00103] The concentration dependence
of the pasition,i xtracted and plotted in Figure 5B, which is a
graph g@ﬁ@ﬁnga@)—a&[ééw&c, and (i i) Fqugivat(ox resonance peak shift as a 5
function of concentration with SRRs, with red dots representing magnetic
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the le ~squares fiftil i ffia fornula [00104] =a+bx[ M c shi.ftEquation
(Gf0 [O@BQ@qmﬁéﬁe/f]W]i’ Ct"Wﬁoncent Equdtion.(7)fhe sensitivity can be
approximately witten as, 10[ 00106] d 2shift d [M= bc x[M Equation (7)
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high quality factor, when.the structural symretr s broken, .thus 15hi gher
sensi t W?I?%lr?@glﬁ? Fé‘&w [d(qb&lbg‘]“ﬁﬁxg rgven the i ial Sy TBIE Y qnar]huﬁn
sefsi NgiohsReRdifilify tetligigaction) [00109] The interaction between BSA and Au
‘metamaterials surface is still non-specific. Specific chem cal interaction
is need9d08jo Exampler8: dstadumtionhef metpmatertialan sersingréspecifit énteedesionb chem cal
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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
20 covalent thiol chemistry, and therefore labelling can be readily achieved using thiol-
terminated functional 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
25 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

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



20coval ent thiol chem stry, and therefore |abelling can be readily achi eved
using thiol- termnated functional groups, e.g., thiolated biotin. [00110]

Here we fyphoplcgpgonstrate a chem cal sensing of a mongl§%ehoBf0o203
t hi ol -term nat eg nol ecul es that are cgvalently bound to Au netamaterials

surface. Metamaterials based surface chem cal sensing offers a very

prom sing field for sensing applications, which 25 provides a conpl enentary
detection besides well-accepted surface-enhanced Ranman scattering (SERS)
and SRRagritieofhchgmital sedmitg of/2-inaplitha endtiobEusing déctaflexv iFor bimmipays oy oagi me

of fers_ uni advant ages, to tune the | action between anal yte nol ecul es
and s&'ﬁé@gﬁag?“aﬁgﬁgﬂ‘}lg%ﬁ?léﬁvqsgrw OIbE)"s‘%‘i%gﬁe inthin filmSPP biosensing.
[ 00111[]00'9.\{52(}3 Pb %%épﬁ}é”'@a%ySaﬁlg[EF Q?rﬂoalfpﬁélleﬁéihio?p%%lt Wl EREJIMO &Bh@TRy A drich,

USA) was 30 chosen as a node ecul e as schematically shown in Figure 6A,
whi ch ¢ancentsatioe wdtl D enMWDhe @EN-1609 AVRCTaSGROHL VA 6Q@d 213 thiti sdutim fof 24

heni cal i f 2-napht hal, enet hi ol .usi tafl ex. For.sinplicity, onl
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the sagphfite vitarPaihengiolictle ROAREdVefendtABOIVGERd 118 Bchatériald t Raan

concentration of 10 mM The PEN-based Au netamaterial was soaked in the
sol ut i sattérg spectrostapyr wasrmendiied was thee Metallexr swdaas whing @trhigroRamen | owed

by drying with nitro 0. eval uate_whet.her. the ] e_i's .indeed
chem St BOUORED RERono) S S Rl OB e e Jact HisCal) nabe
conduci®Rscaferdid}ie hefi@irheon. SThé amekddaitdttd asigiat  @afRadHctéd abfdu@hts €30 X
(Horiba-JY T64,000) excited with a solid state laser (X = 785 nm in the

baldk s caiective 9gd dispersedi Puta BP0 gimen srabirg.candtthe dasespejiien onidie semip] e tage

t hrou L ety nd di spersed by a 1800 g/mm grating, and the
| aser g%%ﬁé%%%gdt]‘gé’gg%@n‘gﬁey@% ace was neasured to be.about 2.5 nW [00113]

Fi gur 08Bl hdbigutd 6BRAbwE thpBaian spéct- sfaphaptahdastiibbbn aretarvitanateith al
with two polarizatiopn configurations (i) perpendicular or (ii) parallel as
shown 9 HQ?@WE%A‘RHI?SWW)O“P 3{5 rACEReRdiSAIAR AT Eﬁeﬂaﬁfﬁ%ﬂl apshiaret in Kigyre gf*o ¢l ean
PEN subsh hathialdieifol phagaLies frBtnSoleditN VibohatelRBubtheldnidi s, LRé (PATTE
chip fromtop to botto respectively. [00114] The Raman peak around "1379. 4
cnl  duentAm filinnga thersgmstchipt frdrmnep e ttohp sespe@sely. conpari son. The contr ol

t 2- ht hal t hj o wd h tretchi d
3PS LT RART Bl R Al Bn et oot R RRR TSI 0
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2- 20 na%ht hal enet hi ol nol ecul e. Usual chem cal absorption by the thiol
ol ecuitistehigig modgdatt gbaubel 38d pasmpol wltich atvigkéstsy abewtsdremanmgdhenGeosihé t t he

vi-br atrirlagl%lzateplgfjesu&fa@&u%?c%bﬁynddu%he%g 9%hdrgl™ {}axilsrf%re Sé%v%é/enasgowl elln'd the 2-
20  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
25 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 ié a
typical electromagnetic enhancement in the SERS effect.
[00116] After that, the transmission spectra of metamaterial .s\tru_ctures after 2-
30 naphthaienethiol 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



[ 00115] The Raman bandabout 1390.9 cm from PEN as shown in the control
spectrumis due to naphthalene ring vibrational node in PEN. It is

i npor t antwboimiseo7t hat no Raman signal 25 from 2- napht halkerebii20h0208S
detected froma Au thin filmon the same chip; hence both the thickness and
reaction conditions are the sane as Metaflex, while the Raman signal from
2- naphal enethiol nolecules linked to Metaflex is exceptionally strong.

Thi s enhancement is a typical electromagnetic enhancenent in the SERS
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25  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 photorﬁc
devices for strain and chemical/biological sensing.
[00119] Besides the flexible substrates, above-mentioned biosensing based on absorption
30 band shiﬂs and SERS also can be achieved on rigid substrates in Vis-IR region (termed
herein as “Metarigid”). Although thé Metarigid is strainless sensing channel, it has strength



30 band shifts and SERS al so can be achieved on rigid substrates in Vis-1R
region (termed herein as "Metarigid'). Although the Metarigid is strainless
sensi ng oWenoeliedm has strength WO 2012/ 169971PCT/ S 0t2/se202@80285 on

har dness requi renment devices. Metafl e and Metarigid conpl enment each

ot her's advantages. [00120] Exanple 9: Effects of geonetry of unit cell of
SRR on netamaterial response [00121] It has been found that the optical
response of metamaterials is highly sensitive to 5 the geonetry symetric
of uni pnchardnesharsguirginentefdeyiees. wMetafles padrMetarigs! dionfrderaent §ache ofed’s

di fferent E&nnetric geonetry unit cell such as S-shape, H shape, V-shape
and Y-%‘gﬂ Metamateri al s. [00122] As an exanple, we show rigid

net anaj@ike] S EkaRiplChtEfe@¥ of donsedry 6Cuifit adFef SRR dichaiansatpailfEH@ise are
shown 1 n FI?UFE /. The periodicities of the unit cel] a]?gggxfaxts and. y-

110 axi E00PE] 2B0has eam oumdohenthe gptigalresponse @) mpfamatrgialsap napsitive to
respectj v - ' - - shape.
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TALET sy Wi b6 3 0P Ra (A SafB b’ Sl il Shonse fesbohEnb 06 +Sestdl gna
for spggkisiate MRlk&AEDEG nm ot EDWGRAYe. desi gnabl e techni que shows a very
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Ve use[Gh@3kale pesipteicirstricalespowe froioinfrasdde yisitlb eegidothewbolepod sERRY t o
e S SERe ThOF 20 o DS BRSNS g R eoreh U Sheh g S
defined in Figure 7 with w=50nm), which decreases the w from 50 nm to 30 nm. Besides the

he

15  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

20  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. '

25 [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

30 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.



25[ 00126] For pol arization neasurenents, the gap of U shaped prototype was
used as the reference. For exanple, the parallel (perpendicular)

pol ari zatywgnhoi®@vs 1t he | aser polarization is parallel (perRengi2owdas) the
gap of U shape. For Y-shape, we use tHe top-U as the reference. W al so use
the gap of V as the polarization neasurenent reference for V-shape. [00127]
The specific SERS enhancenent factor depends the hot spots properties, such
as 30 area, nunbers and enhanced intensity; exciting | aser energy; and
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[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 symmetry of metamaterials. Therefore, the
parallel polarization should decrease the optical response of metamaterials. The converse is
true for perpendicular polarization. This polarization dependence can be enhanced when the
30  resonant happens, i.e. at the highest enhancement situation. Specially, the w = 30 nm Y-
shaped metametrials have the best resonant response for 785 laser and 879 nm scattering

photon, and thus the highest enhancement and un-polarization ratio.



27 [00135] Exanple 9.4: Y-shaped SRRs wth w = 30 nm provi de the highest
enhancenent [00136] For all size and geonetry netamaterial substrates,

about 4 ift of CGCring stretch vibration (a om1392
cm 1l of bu ]km%%ﬂt hal enet hi ol decregse to 1378 cm 1 0?82@%@@%@
nmetamaterials. This redshift has the same charge transfer origin 5as

expl ained in SERS of PEN netematerials described previously. The charge
transfer effect only depends on Ferm energy of the specific netal (such as
gol d C{DOBSS]V@)ban&ﬂd9Gh¥Fﬂ'h@ﬁéd PRR eniithal =30 nnh poeitienthé hmhbﬂgnhélihemsmrre met al
shoul d have the sane k shift. [00137] In conclusion, met anetrials
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bi omarik&ased 6@@ER9$ffB¢t0$ﬁ SPRSS @ﬁﬁ;idgl, @heapblagzatlan&%h)ﬁgimﬂ@ﬁr eﬂcfltlﬁ)g)\las@ﬁ serum
al bumin (BSA), or nucleic acids such as DNA or RNA oli.gonucleotides. 25 WD
2012/ FO9EY AEMER Haousad sEpearhgas tunable options to gt the highest enhanced

signal for single molecule detection. SERS can provide chemical identification, i.e., chemical

15 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

20  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.

25
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CLAIMS
1. A method of fabricating a sensor having a metamaterial comprising split-ring
resonators 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 to generate the metamaterial comprising the
split-ring resonators having a least line width of about 20 nm to about 40

nm on the substrate.

2. The method according to claim 1, wherein the conductive material comprises
a transparent material selected from the group consisting of indium tin oxide,

indium zinc oxide, and tin oxide.

3. The method according to claim 2, wherein the conductive material comprises

or consists of indium tin oxide.

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

conductive material is deposited by sputtering.

5. 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.

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

electron beam resist is formed by spin-coating.



10.

11.

12.

13.

14,

15.

29

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

deposited by thermal evaporation.

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

deposited 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 sensor for chemical or biological sensing comprising 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 substirate.

The sensor according to claim 13, further comprising linker molecules

bonded to the surface of the metamaterial.

The sensor according to claim 14, wherein the linker molecules are

covalently bonded to the surface of the metamaterial.
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17.

18.

19.

20.

21.

22.

23.

24,
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The sensor according to claim 14 or 15, 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 16, wherein the linker molecules comprise a

thiol group.

The sensor according to claim any of claims 14 to 17 wherein the linker
molecules are configured to be specifically associated with target analytes

contained in a sample.

The sensor according to claim 18 wherein the sample is derived from

biological material.

The sensor according to claim 18 or 19 wherein the sample comprises

biomarkers.

The sensor according to claim 20 wherein the sample is a chemical solution.

The sensor according to any one of claims 13 to 21 wherein the split-ring

resonators have a least line width of about 20 nm to about 25 nm.

The sensor according to any one of claims 13 to 22, 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 sensor according to claim 23, wherein the split-ring resonators are

Y -shaped.
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26.

27.

28.

29.

30.

31.

32

33

31

The sensor according to any one of claims 13 to 24, wherein the split-ring

resonators comprise a noble metal.

The sensor according to claim 25, wherein the noble metal comprises gold,

silver, or alloys thereof.

The sensor according to claim 25 or 26, 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 sensor according to claim 27, wherein the thickness of the layer of noble

metal is about 30 mmn.

The sensor according claims 27 or 28, further comprising a layer of

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

The sensor according to claim 29, 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 sensor according to claim 30, wherein the layer of conductive material

comprises or consists of indium tin oxide.

The sensor according to claim 31, wherein the thickness of the layer of

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

The sensor according to claim 32, wherein the thickness of the layer of

indium tin oxide is about 100 nm.
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35.

36.

37.

38.

39.

40.

41.

42,
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The sensor according to any one of claims 29 to 33, further comprising a
layer of adhesion material between the layer of noble metal and the layer of

conductive material.

The sensor according to claim 34, wherein the layer of adhesion material

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

The sensor according to claim 35, wherein the thickness of the layer of

chromium is about 1 nm to about 10 nm.

The sensor according to claim 36, wherein the thickness of the layer of

chromium is about 2 nm.

The sensor according to any one of claims 13 to 37, wherein the split-ring

resonators are arranged in a periodic array.

The sensor according to claim 38, 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 sensor according to claim 38 or 39, wherein the periodicity along the
y-axis of the split-ring resonators is in the range of about 50 nm to about

1000 nm.

The sensor according to any one of claims 13 to 40, wherein the substrate is

electrically non-conductive.

The sensor according to any one of claims 13 to 41, wherein the substrate 1s

flexible.
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43. The sensor according to claim 42, wherein the substrate comprises a

polymer.

44. The sensor according to claim 43, wherein the polymer comprises or consists

of poly(ethylene naphthalate).

45. Use of the sensor according to any of claims 13 to 44 to identify target

analytes and measure concentration of analytes.





