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OPTI CAL SENSOR W TH LAYERED PLASMON STRUCTURE FOR
ENHANCED DETECTI ON OF CHEM CAL GROUPS BY SERS Fi el d of

wWo b@shnezest i on The present invention in gener aPCT/EBBN®E17981
to a novel optical sensor conposed of SERS-active
pl asnmon particles over a plasnon mirror for enhanced
| ocal i zed optical phenonena, and the use of this
effect for ultrasensitive chem cal and bi ol ogi ca
sensing with high structural specificity and with high
detection sensitivity. References The references bel ow
are cited as part of the background of the invention
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907-918, 2003. J. Zheng et ai, "Surface-enhanced Ranan
scattering of AAm not hi ophenol in assenblies of
weanesieer] particles and the macroscopi ¢ surf aper/v$2005/017981
Silver", Langnuir, vol. 19, p. 632-636, 2003. S. Zou
nopartic ctures that

et aj, "Sil I
o od‘lbcwoblﬁ'dr:‘/rte SRRERCERESS ¢ G IR RIS YaSa) Sid State

Prgg.‘%g L2§3t295 Mg 62- 67, 2005. Background of
anen on Avariety of nmethods for confinement of

| | gh‘t’ Xiacktfabs “Teyoplbte-assistedabelf-Ashembbneih$pherical Colloids into

ofmpEonipae Sy ishipSad ahte Fuitrotd vt dias. v. 1.

gQyQohg B3, 0pti cal phenonena are known in the prior art
(See, for exanple, A Wbkaun, 1984: M Moskovits,
1985). Zhengtetals evuifage-enhanrediRamEN:H0atiBEg 96 dn

APk LSRR 0o Blo UL A8 RS FRERRcopi

sutRitki gTeSTRet”, Enginght veleas, p re325686,a233.0f substrates
wi t h_nanoscal e Structure. SERS has proven to be

pove? 14U ghat.y Silvel nanemarice amalyrsér@éw&ﬁtth@teoreﬁea@ s&lnt
e@%&g@h&?@%l‘é@{ro hléﬁ ﬁelﬁﬁ" ¢REhPPned. 13t 46193%) L67 D60

truc ds been proposed enplo
optical structure conposed of a netal island fllm

Bédﬂg?_@umgfth@ aveidn net al surface (H - G Binger et
, 1995, G _Bauer et ai net al ?I and film

c onsﬁ\ yagelyrof smethrds forn Q%lfﬂieﬁﬁﬁ% %% Haht and oy legaligation and
ikt of EREfloRaghENE igld inlndhicsfuklre 1P irbBse of

size di nen e shapes o
erﬂmﬁcnrtg wmuseloedalmd\dmebabhd,nmbnear opticail phercamena @are known

ings PrT a8 (Benioa cxprpim e Fokausy 87 B Mpdials fees). Most
atfeRtidntih 'tr'i@ pFi@ll é‘r‘t Pa8 Qfé%h%%ied\’td fheaﬂ)ﬁeﬁﬁrﬁé’rﬁa 6¥|B§rface

oriented normal to substrate surface, eg., g
Er@rmctezi R@madeatt@ﬂn}g (BERS), ba$ed.=op legalizabemapdoeafinement of

ichlt el P Gieed sBolHienath MRghor! €57 URurey SFRsnag proven

toHeas powerlle Bnamteal ftosIfop pitraceBrisitivier shiemmiaalearid biochemical
dielectrical material, the thickness of which controls

analysis (IKel@eiRP & al.ha99M er acti on bet ween t hepl asnons

o SOhE SRS By TARNES 1A oSVl ER RS <flopica
sthectifeastghposyd efsa ntaldsiapd dilmiiMiRpager a smooth metal surface (H.-
G. Binger et al., 1995, G. Bauer et al., 2003). A metal island film consists of a
random two-dimensional array of metal particles, each of several (typically, 2-10)
nm in largest size dimension. The shapes of the metal particles are also
variable, so it is difficult to characterization the particles structurally. (The
particles form a stochastic array of particles resembling oblate spheroids with all
minor axis oriented normal to substrate surface, e.g., glass, quartz, or silicon.)
For a variety of reasons that will become clear below.

The metal island film MIF is separated from a smooth metal layer by an

intermediate spacer layer made from optically transparent dielectrical material,
the thickness of which controls the strength of the interaction between the
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coll ecting the incident radiation and then
transferring the energy into the nearby gap nodes,

Wo bas/1mys be trapped into guided nodes propagapCTysions/17981
all directions in plane of surface (omidirectional
coupling). The ability of structure to absor ght at

pl@m@m |acaligee peipe islangsoand t hﬂwSlifF%CGeR'?%@ﬁéé)?ém%ﬂ% metal
n%ﬁ’eﬂcp%rrtu% @%Iaﬁhé EL68 thidnht Y bls E’gﬁl@ antennas,

orption in ure or speci f1c wavel ength cl ose
cdllectir’rgama]hc@eut taadiatoon andythtentransferinggdheanergymid ti@nearby

1993; W R Holl d ., 1983 . K cal.., . .
gapogafieS HoA Ty Begbes Mt quitid hades Bioadalngin 2l dirgptions
in %I‘I’érfé’\bf éd??ad@(bhﬁﬁ%&?@d?i‘&ﬁ@%‘é@éhhg?c frhe\adiite o%ttrbctﬁli@fb absorb

structures is limted ween about 106-
lighhat ppegiticreaveleotth derentds o theogxisienseiof @a qntimsatspacer layer

N e Ty VR e I

toQPi@t' éf%)dcﬁﬁtléﬁ iR LieitnéY &4TD Appe©ph a993SW)CR h—lélldnmiset al., 1983,
nmedi ated by nanoparticl es has been propose

T. Hﬁmaﬁ a/et1 990)., Fengeprienhof RpEPRS fhat gwlﬂ) ﬁéﬁ@fﬂ?@rfé‘har below, the
maXiRih 8 g @lr%rgtsﬁ’geﬁIgéfqlé%flfho%hedgfl\n!#@tr%ﬂﬁ%ﬁ%'|f?ﬁ\téH‘ toP
betweéataboutuo? 30%1 general ly accepted nechanismt hat a

strang el ectronmagnetic fjeld o enhanc
var | BisPhenrmenam af inéerectien f lﬂ&@ P'&PHI%@s(Eg %@rsuﬁace
r
Pl PG S Py FER 8ol TSRl (¥ e SLORERTEred pnd new
méthodeof eRaitation 208PP. in Atasinon nesanant quﬂmﬁm medjateddy

naRBEE Ay Bos Peet hRG ( HveRh Redlr eeY A8 Meesing

I'@?\%rﬁéﬁﬁrpé‘ésd&ﬂéd Q\ﬂﬂ’i SPPxcitiidn %ﬂﬂ@@@i@%ldrﬁoﬁ #strong

surface enhanced Raman scattering of nol ecul es
elecisombgaetinfieldtngar the metalie surfacatlt iswpgenerafy asaepted

EDRRGRL S B BRI R GOy o varous

lindlaf ehl elorin&ar Gptiae pestessey aEauothetaummen@a subethatiem of
prepared by nanosphere |itho phy Hul t een et

susface- qrﬁ@ycenssneﬁtrpﬁ%onya%é\/l@ \11*981§$f'h GefrePahatzand R. P.
VLB RerEOA SSRBY G988 s Blari b S PRy bhsers
smmlasrptmcrtlorﬁaINbFE nwhere Els Elentroaratyneticfiehd hear metal surface.

l'im fat
nlm( e%%@éﬂq Icaztiarggftgfs Sherpo%éﬁgn |es8’thteosuI ace etnhanced

Raman scattering of molecules adsorbed on metallic surfaces that support
plasmon resonances at both the excitation and scattering wavelengths. Typical
enhancement achieved by using electrolysis roughened silver or by using
substrate prepared by nanosphere lithography (J.C. Hulteen ef al., 1999} is in
the range 10%-10%. In general, the degree of enhancement seen is not uniform
across the sensor nor reproducible.

The inability to control parameters of MIF metal surface and intrinsic
limitations in size of metal particles to less than 5 nm (V. Matyushin, A et al.,
2004) precludes their use for SERS (H.-G. Binger et al., 1995) limits the
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2004) precludes their use for SERS (H -G Binger et

al., 1995) limts thesensitivity of such a system
wernseldd- net al substrate structures do not hewBUS2005/017981

strong enhancenent of Raman signal. Therefore

M F-netal substrate have been reduced to practice only

sensitividy loh ademe isystem singerMEceetal aubsyat%%trw@uresrfé%aﬁhmve

st%w#%tcgmeﬁt &ﬁ Ei%&\earﬁg QIOl ﬁ%s%ge I\@?uﬁktaqtsuﬁé rate have

bdemvieduted td beacticg emly fon enhahuetaent ofrﬂmeseapmun scacalled

. optical sensor for use with a bIe or near .infrared
r?ﬂqrﬁﬁt Pé@%‘i U%tﬁépt%hi%nem%\\h ‘Péé‘?fa‘?\t %’p?@f)?o copy
S&%ﬁl@férﬂ @tl ng the presence of chem cal

groups |n an ana yt'e applied to the sensor. The sensor
|ncI udes a substrate, a plasnon resonance mrror

Sforrred a sensor surface of the substrate, a plasnon
—V—@gﬁ%ﬁg&—eﬁ@?ﬁﬂ@% | ayer di sposed over the mirror, and
an OofHd rakhtior IMANFRA! ﬁ’ﬂbnéi bep&&tt Ah Gptigaleserre Wi FeMith a
nmthick se ratln%bt e mrror and particle |ayer. The

vigibler orgnearliniyaned (NIR) lgses eycitation hram sar@ Ramay %ﬂectroscopy

oL AR SRS T S 7 hRI bl 7B s

the wepkant Tiaé kgnsdr ihclutep arsubstrate; |az;aasmod rebamarsce miraor
sel ected size range bhetween 50-200 nm (

fopraed @i & S@RYAT| wrf@ce&éé'ae PebHralgad PREMES Iggsméﬁcg rﬂ%ﬁde layer
di %ﬁ&&%ﬂw%&ﬁ érfbsgﬁ o?ff Q"’l aP&ﬂrﬂleIEBﬁlﬁqégérj é’é(gﬁ 2-40
uce ape, an

ave high's synmetr
nraghiek geparaiinlgwheaal rnok Iahd tpartoe s yber 5 dhekmmcme laysr ibeomposed
nang

H ;
of e Do a1y P PSR ESSCORREE Dartries PAKBR (1A FaRifg Siaptive
totlﬁn&iﬁb%‘n% Wdl@cﬁlﬁer e?éu@ﬁéh@ﬂiy%ﬁlﬁbrm%é?ﬁélb' 25 and shapes

ayer I's al So I ntended

|nemseie¢&sl$lzee rangel etwaenH0-200 nol @3 airegelapiperadicpparielerio-

parfieserbing fRes Mot eflaveiffighil s I <RiafLogith. e
pataEIes mhaghavéa highesythinBtraor as@lddd yahimetryfsheier and ntme
to 1012-" 1014 , al'l ow ng detection of single anal

yt
genﬂrektsma@svvnlheeccmsndefsdrb@JDVbernay@iempé\encgbﬁah@rrOId od ke,

B RhAUEE, 848 dol 3 B LR e
amaﬁgécEwttﬁdegularEpemwatpfAlwm&eﬂeﬁb ds 86fimed harein ialso
IO A CRETHASS v T oISt R BlenaE Rl nSH fpvgr, where

the holes have the dimensions set out above for the particles. The device is
capable of detecting analyte with an amplification factor of up to 10'%-10™,
allowing detection of single analyte molecules.

The mirror may be a silver, gold or aluminum layer having a layer
thickness between about 30-500 nm. The particle have a preferred dimension in
a selected size range of between 50-150 nm, and may be formed from silver,
gold, or aluminum solid or particles having a shell formed of such metals. In an
exemplary embodiment, the mirror and particles are either both gold or both

silver, and the particles are substantially spherical.
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exenpl ary enbodi nent, the mrror and particles are

ei ther both gold or both silver, and the particles are
woeubstands al |y spherical . The particle |ayer nmapCches2005/017981

formed of a regular array of closed packed pl asnon

resqonance particles having article-to- icle

spadinggpasticledayer r@@ymfefmeégga rﬁaehauarr@gpcg 4%%%1 packed
pIRG G SorieieBteicies na o3t hariReiohBinie oAbl St 20 nm
of ddsd, era:tmdlngfehrdr:t particlerto- ;pHrGCIerMItqctatTHee;w'thBaner may

indais apamd Geraier sheast shpaBlissatiragina dréton
pererrfﬂg'a‘H@as‘#'S@tp?érﬁéieQYn EhHQ$ Bf AT Klan@r difBsticRN 8., BﬂMogonal

incl ude one or nore additional particle [ayers, each
d|@@panaoedlrectmnadtegmmaiﬁbre@ﬂ@mgzdmta:t@d|by%@e@aacmageThe

s B oSS S A G14 YGE Y e sempries o

th@'lﬁﬁﬁdl&élﬂﬁd@@'l@mﬂcleaagen by\ag Phealrméleemcﬂapew haahg a
beads or inside pores in a porous Iter. I n another

thigkpess of pelcemAAOINGh. Thersuesate mey Nye st Plgageet Feryed
Sy o SO el b o BBIA gt e
ol dn@nesherfaspest, ylnmra/reatlbmirmﬂudes alme;thod of eetadding chemical

APt HEat ppalv R B B AMBRAIO A% ohaLiRash ] oc dh Feactiing the

méthoRd it €144 Bf‘aﬁ"al\élfuce 'tgod?fd tU'd?aé,rﬁéﬁfreWt pRRELIES B the

mah spectrum pro Irradiating iIs
pamdenaimt of'ﬁn\eopt@ehsmmpfmee éyfpreednacmbed @bovedingesensor

(it bR DT YR N RSP AR ARG the BB Eigestrum
prBHU@@d b9fthé1fﬂﬁﬁd(étﬁld‘f§|r@ééﬂd%8 THEEMBR{dOhag!etufie i@ produce

spect rum anal e(QSI s at an |{rad| ati n? beam power as | ow
(011

aramplificatiomfacter of et kﬁﬁStTﬂesén@H@E@ ercapppleceideifeting

[
cheRbH B85 uh e R ¥ Phuifbs' abendWisimplichles,  The mgihod
alldwe Raventdpeatrum aesigsisat enntraﬂ@tlngrmemﬂ powbeas low as 1-100
acconpa ing drawi ngs. Brief Description of the
®gS')Fig. 1 shows the arrangenment of conponents of
oo A B A 5 RSB i b, more
uruimstensbo/dnemﬂrte foflowing detaited descripdind of [the stventios ihogad in

It i%. use.g“or nmeasur enent,. of. SERS spectra.
conjunction with the accompanying drawings.

Brief Description of the Drawings

Fig. 1 shows the arrangement of components of a basic planar structure
for confinement, localization, and enhancement of EM field according to one
embodiment of the invention, and illustrates how it is used for measurement of
SERS spectra.

Figs. 2A and 2B show schematically the structure of GMs and SPPs in the
same embodiment and illustrates in general how key principal mechanism of

invention works.
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Figs. 2A and 2B show schematically the structure of

Gvs and SPPs in the same enbodinment and illustrates in
w@enenaf29how key princi pal nechani sm of i nventPONUS2005/017981

wor ks. Figs. 3A and 3B shows an enbodi nent of the

i nvention in, whi the periodic structure is
s Ao SBrsrayisan BEGGImentRitBS ImyenHeRdh mhich the

peﬁb&'@str’ﬂcﬂﬁe i44 Zlaafbéjrﬁ M‘ﬁ?r MR 2 e 81n Hé‘?alhc film.

nvention I n e perlo c structure is
2 diFigsn ifoarad 4 Brahayvsodn eanboslimenttafibe mvﬂxén@ﬂed which the

metallic film Figs. 5A throu 5D sho
peBPagiRyCieiR Pt Renaial S Ensae Loraunhrated
mdiBliigllrhc grating consisting of a one-dinensional array
of netallic strigs or cylinders. Fig. 6 is an AFM
t op&igs S broughyeDahowvszamembedimentofithe irverdioadn athich the

ool e B B SR B B e Bl 8oy o

metallit etripd or @MedBigh density of packing of nanoparticle
pl acenment on the surface. Figs. |Ik-1C show various

asp&ig.$ I@farhAFHhtO@fas@n%m%ge g2 2UpichpR Ry 2 MigraR area of

su@‘éﬁé‘&i% 232%} '% (ﬁiﬂv@ sgﬁ% ra@@ﬂn&%ed@%%%ﬁ%’@txg@ée 2.

Thepmageade‘mmnscﬂmeathmemﬁﬁﬂ@(ﬁad lmghedanisety obbtekingdfi n a
fluidic cell usj ng q;t!gan m croscope
”aPBP?’E'éleJQSFﬁm?OBH th§ S#ERTSR 800 and Argon laser. Fig.
obt altﬁ Z I n f |d| C c%ﬁ%gfwng %m@ x?'u c'ﬁ:?g%;)gee@% Vé'?ha
Rah@n micrasRapaand faiglic oéll ased brrmeasurefrent oASERS spectra from

| |nten5|t§ peak (1280 and 1400 cm1 ) of Rhodamine 6 G
laigy with a baseline correctionin % Fig. 10Bis

a SERR Seeks 8 SERBRpETETEr Rn&tamiRCeGIREE) BrcIed

and mnimumintensity with baseline correction. Fig.
obtaired in a firidiaeel Haind RyRAENJTICRRRSORE MeriltJokicy von Lab Ram

H BRESNPRoBAISEHo: < 1 rom whi ch Raman spect ra have been
col IFgg.t®e&hows a SERS spectra of Rhodamine 6G molecules obtained in
fluidic cell using Raman microscope.

Fig. 10A is a Raman image of 20x20 p area for main intensity peak (1280
and 1400 cm-1) of Rhodamine 6 G molecules with a baseline correction in %.

Fig. 10B is a SERS spectra of Rhodamine 6 G molecules at maximum
and minimum intensity with baseline correction.

Fig. 11A is a Raman imaging map of Rhodamine 6G (R6G) molecules on
SERS slide of area 20x20 micron. Dotted lines present spots from which Raman
spectra have been collected.

Fig. 11B is a SERS spectra of Rhodamine 6G molecule along Line 1 out
of 21, from the top of map demonstrating uniformity of “hot spots” across the
surface of substrate;

Figs. 12A through 12D illustrate the use of SERS-active structure of the

present invention integrated into a filter based optical SERS sensor with a planar
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Fig. 11B is a SERS spectra of Rhodam ne 6G nol ecul e

along Line 1 out of 2 1, fromthe top of map
walgwenseat i ng uniformty of "hot spots” acr oSBCT/U£005/017981

surface of substrate; Figs. 12A through 12D illustrate

t he use of SERS-active structure of

(12A@edtB)and newe)aaaked 2Chard QJfSER%TaOB&g E&Pfragéie 3@3@ fjeRis made
! i . d
o B il e GOl AR P BT A Sl e

poopis gaténalis eosgred drytthpoesersard iSERS-achue stratturaéef the present
_internal surface of the porous material is covered by
iNYgdiopesonant SERS-active structure of the present

| nventd oy 5h@93BlsHOWRE didgtBrsdiaiBedo gl 860Méd dptical sensor

fiber=optic coupled optical sensor for renote
forrenauteidetectionh antkidentificationoef esvirenriental ragmtaminants and
h co%; am na tsI and hazardous materials; Figs. 14A and
AR UIINAE F Sigr am of a i crobead- based optical SERS
senyfgs W4 aAd NABNREHRNRE diddran 6 mikiBbeadibased optical SERS
surfaces; Fig. 15 Illustrates the use of a bead
seaspowih a ronBanratspiesicahERSRGIVeRUWERCeaNd cheni cal

war f af. 0Sd i i -
Lo 38, LD e ol o BB R icogicl
anendrathicenNvadaresageris andrexptasives witle adRamaalstBERSF system such
sensor, in accordance with another enbodi nent of the
asi AR on. Detail ed Description of the Invention A
Def i !“Fig'. ‘i’@?llu-@?r%téseaﬁ%n%dﬂff’{e e E%%a phitfuRic optical SERS
nmeani ng, unless otherw se indicated. "Plasnon resonant
semsbglifl acooidades vatiyamathei embadimery of dheljnventioer , or
al um num whi ch can support surface el ectromagnetic
nodes-- surface plasnon polaritons (SPP), which are

D&SHE B sBREIRsH 6f thehAuemerand pl asnons. " Cheni cal
group. in a sanple may 1 nclude subunits in a pol yner,
A.oDefiniionst noi eties, such as nucleic acid bases, or
chemi,cal constituen : h L RE 4
a1 ot e Belon {30k 5 BB ung e, LR Yhprgh Hioated
ar e “Phaymen Ridonaft Metdl” dlutles amhmeta dsiinas gl silver| or

signatures or features. "Gap nodes" or "GVs" refer to
algmpsinn shdgihean §un@qar,tr§prfﬁ%ggcgpmagnetlc modes-- surface plasmon

polaritons (SPP), which are coupled modes of photons and plasmons.

“Chemical group” in a sample may include subunits in a polymer, or
subunit moieties, such as nucleic acid bases, or chemical constituent groups,
such as hydroxyl, amine, alkyl, acid, or aldehyde groups. Such chemical groups
are characterized by a unique enhanced Raman spectral signatures or features.

“Gap modes” or "GMs" refer to electromagnetic normal modes or
electromagnetic eigenmodes that are excited by external electromagnetic field in
a space between two or more plasmon resonance particles and when plasmon
resonance particles are placed near (less than 40 nm) a metal surface,
preferably a plasmon resonant metal surface.

“Plasmon resonance particles” (PRPs) are particles are particles formed

of a plasmon-resonance metal, such as gold, silver, or aluminum, or particles
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el ectromagneti c ei gennodes that are excited by

external electromagnetic field in a space between two
W®@200smIeIP! asnon resonance particles and when plEES20D5/017981

resonance particles are placed near (less than 40 nn)

a metal surface, Preferably a {)I asnmon resonant neta
hayingfaiskeell ofsughnmeta Ieé@m@@ssa inventen, RRRbavediave thelr

1arBBSL SR Gty L rEsd B2 pfh dikarmge r esonance

ver oF al'un num

par tGapanbay enbanced Rbfnam‘ spseutrhmnt'ecbfea sarhple Mergrtessmat:tral
i nventi on, PRP have have their | argest di nensi

featyprsiala Ramen srectim et the sayoPlghat 1€ enfiagced anfﬁﬁrﬂfeéence
trum of a sanple refers to
°f§§Eqﬁ %MUrﬁg&fgn a Raman spectrum of the sanple
t hat Paomnmﬂdmetwsi hgfer(shte Pr BseBaimenisigapl stouxgrestwitthperiodic

3Bt LG S ol et oo
théteﬁl‘[]c%ﬁé %h'é?’?: %%Fre%ﬁéh’(ﬁlhﬁ t6 thid bBAB GapAdariiot pedpadate on

the resu hotons™w t h energi es
photnmesmtﬂilantgi maytemséobamd Ig@qjlzedmtaia pr opagat e on

phot, Y, .exji st o

St ar ERofei ¥ad oo e ¥ tebisrd hstdy bERRROES e they
caﬁhof)b@p@@été i Mtéﬁctc@walﬁmrenropagate in photonic

crystal structures. "Visible Ii refers to the

por t'Visiblefight gefarre ta thenkeytienio t&%@k@@tf@?ﬁ&%\&ilc |5960trum that is

SR M R RS gl S

700edrerang®. t he portion of the el ectrorragnetl c spect rum
V\nthavvavelenthlongerthan ible li

shor Near tnizaresh efefrdQ dhe Rarton Qmﬁe GERdT aqﬂth 3Aestrum with
a \&QV@EHQ?\I Bngan %H %IBFGQ[%I’I? RBH thar MicrEwatE P&diation,
e I on~of the

SCri nve he present 1nvention
gepeoall ydasha wavaessngth rasgmlaetmeena?ﬁﬂsmmmdﬂ égnmhat al | ows
preci se control and tunability of its optical response
t hrough pl asnon resonance effects. This is achieved by

B. OG%n@FalfHél’senm r 80the 1nVasw | ayers operating as 2-D
otonic crystals wth appropriate photon band

gap T prasanteme'ﬁhm pebvidesca piAsma moaaﬂcggﬁﬂﬁstﬁufﬁtﬂﬁﬁ that
s8] 6 WHURLRERS Pl bR B ihiesmor
resonance effects. This is achieved by one or more periodic plasmon layers
operating as 2-D or 3-D photonic crystals with appropriate photon band gap
structure enhanced by coupling to a plasmon mirror through an optically
transparent dielectric layer having a selected thickness of less than about 40 nm.

The general design of structure according to concept of the invention,

which will be referred to “periodic plasmon nanostructure over plasmon mirror”
consists of a continuous plasmon resonant material referred to as a “plasmon
mirror” and at least one particle layer consisting of a 1-D or 2-D periodic array of
plasmon resonance particles (or other regular nanostructures, as discussed
below) in which localized plasmons (LPs) may be excited. Plasmon resonance
coupling between the particle layer and mirror is through a selected-thickness,

10
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The general design of structure according to concept

of the invention, which will be referred to "periodic
wEb@snmopnIanost ruct ure over plasnon mrror"” coPGI/ES®08617981

a cont| nuous pl asmon resonant nmaterial referred to as

| asmon mirror" and at |east one partlcle | a
%‘@%ﬁ)etween

Op&@iﬂ iteanspgront dielecticdayerhaving aseiected riupeds thig
abé@?%ﬁ@r}ﬁﬁ B%I’f%,laﬂ(fg b HmOt her regul ar nanostruct ures,

scus’s I'n which | ocalized pl asnons (LPs)

may The mxiidles @brrrmh@ﬁrmpamemmgeucarecmnﬂtamtgalIbemﬁeem in lsize
particle layer and mrror is thr

and @hapeed-3 ﬁ@'@ﬂ?@s%zmnqeaw q%naﬁﬁog%ﬁﬁr&%ﬂ%\ Begferably 80-
156%%%?%8%& Qél@%|ontWé\féi’endtH' CI*ﬁ‘éeﬁa?'tl@l@*sVl’f'l?fé’)nhave high

about pre era 2-20 nm The particles
symometiyngr teldeicpd syimeheiry alyaﬂe and mobs ganerallyl 35 wili Be&r m

con g 3t< EoA a0p v b PR STt i SRR B e

tuB e t&r9fd, lorlot st éﬁ@b@b enst Whemhimifdamht tah 68 ditahdeaveitthradular

sy rmetr}i_ or reduced synmetry shape, and nore
pegedisityl ey aaybe hom®oenaoLa epaaIShag HipM aRg Material-silver, or

oo A korPRRRE 2 s okl /SN BRIyt or
BidserainAggiicatiohs”, L) Patent B6 99RH4G iMar. 2, 0D, )Ta%ebpenodluty of

honbgeneous caonsi sting fromone materi al

thgypadiclelayer(sni ot SPaeing Ratwaen Raiasent PPQ'C%%P ini B diggction,

e A L RSFBRL B 30e T i R okt ape separate
fron enealnblhérebyl agpadisg of betveern partisieasize glused-R0evm, or with a

N T T T

enﬁ%ﬁ@érﬂ%ﬁpoff §|gﬁél %’Bﬁgé}‘ééd%{tﬁb éIB§élﬁ339:k@8 aPeingefient,

parficle siz nm or a periodi c spaci ng
preferatdy with smwellcaimrhclefs iAnpardieiet Iavergrats dafined hgseinnig also

B 8oE oSSR bl o i B DGR 1ol whre

the RBRSS! Heie thaldimnehsidns éepautam\fe forytes parisledef Thegarticles in
herein, is also intended to enconpass a regul ar arra)f/1 h
ic

the parisielayenate perataledbynensmbedded in alelecticamalsriaw
48 5 LR G PR p o
forptinghe ditsectiio layetj el ectric material which may be air

U TSP IE A6 AR9e e 0T o OLING Gl & FUngple ahd
md) B8 UBAbRSPBF BefsiREROSRe ParbBtdISH e HahoEtRIISre
including the spacing between layers, the size and shape of the nanoparticles,
the spacing between nanoparticles, the periodicity of the particles forming the
particle layer, and, and the dielectric constant and thickness of the dielectric
layer. Maximum localization and enhancement of EM field is achieved when the
frequency of the excitation light is the same as or close to the frequency of
plasmon resonance of the nanostructure as a whole, or more precisely, the
plasmon resonance frequency should be between the frequency of incident light

and that of scattered light. Plasmon resonance frequency and shape of plasmon
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may be controlled by adjustnent of the paraneters of
t he nanostructure including the spacing between
wo 2pen8429¢ he size and shape of the nanoparti cl BST/US1ve5/017981
spaci ng between nanoparticles, the per| odicity of the
particles formng the partlcle Ia?/ and, and th
respn@m@etrﬁsraortﬁﬁq@t%wh Goneplexmataledslestia RendtaiGite dapends on

méfnslyéf%al S Ch [l|£|a%ll]%'5§ r equ@{%ﬂggwd g%él%t IgOement

withi rglapecttStotéwhscaher arsd withobspecttto ptdsendn awmemsmyrfaxfe)

pl asnon resona ce of the nanostructure a | e
HOsT S EnGEs DIESTIRE! [SSRORDIE PEL MGG 91 Pl BESIRgt) o

re%éﬁ%‘r@gﬂ?ﬁ&ﬁs of LeFSéJSH G3olSed ri?éﬁogﬁmcléé QMaxﬁfH&’mtébfr‘ltﬂn@fnent

scatte Pl asnon resonance frequency and shape
andflogalizatiom aedcmﬂmmeerrespohﬂne EM friald n thengtrusture is achleved

ngapRrerudtisid SRAR0N OF 65k Bl RRRGhalR A0S (s or
elg%?ﬁnédh%} &f tﬂérp%'ﬂﬂﬁgwer%rﬁ@ sﬁ#éé@ﬁlashﬁnrﬁ@&én@iﬂlﬁbdé@ dsPPs)

respect to | asnon mrror surface
exsrtedmgé!se smogﬁnaurfa@%pbirm@e@lrmre This aies antsm apprcat%s through

cofftihaRs IRRRABHS pEN i EhiciRnfder S Boriedh T, o
el Ut nesgrRsticaIsin bf e éxvitalidh figel.d in the struct ure is
achi eved t hrough a mechani sm of excitati o %\é}a

el emmgmhasivma@@@ qf@eylaaarr@vg%r%% Prst
coBiuf S s O | B o EAEE) 4 RO (close

prd’*lrmstyrhst\lveem $Wo dm@rasepaltdhecd) byldielecipt) mgharndechanlsm of
er ac et wee

SYRPGTEHRE RS T SPPs HidsenEa B e ting 3 plasmon
re?&%r{c’e% addliand  asnatic %ﬁ%h@ém@hf 8MoeAl fidid and corresponding

osclllators over a continuum of SPP under condition of
Raroamkigngl.déoweer, tnr@affectremja irG@lati\ly sarrpwoengetaf spectra.

TR s e SR B R PhEes B i s Bfg 00

nrf, @5 IbeSt EAhA MA@t Suhid\edah rahgé 500- emmmarrcsﬂvenulp and 600-
addi tional dramatic enhancenent of local field and

75001néein@@ldiMg. Ranan signal . However, this effect

exi . L

Ty predende] fidnite br pEoAY %é‘uvéﬁsﬁggrmn  baticle layeris that it
now lead both m:ghgﬁasvmlzﬂﬁélsor&%ressponbetar*aiqsrbperﬂmmfeamlnmtomc

achi eved in ragge 500@?00

CrymiPrBPL ERe IRBOdoGaneRER! oL IRKUINER TG COBURSTBRNCO! Incidant lght
beafPHli8%0 BbRferhBnt iRSHRST bSh& ghpXfuctute! M@is istin contrast to a

random array of LPs over SPP continuum, where both effects synchronization
between LP and focusing of incident light beam (by mechanism of Anderson
localization disclosed in D. Wiersma, “Localization of light in a disordered
medium”, Nature, 390, 671-673 (1997)) are present, but overall the effect of EM
field enhancement is significantly less, since the density of “hot spots” is
relatively small. According to the generally accepted paradigm of SERS (M.
Moskovits, 1985: G.Schats et al., 2002), enhancement of Raman signal happens

through local field enhancement due to plasmon excitation in so called “hot

12
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now has both high plasnon resonant response and

properties of a photonic crystal that result in
waeostidsasal effect of focusing and confi nementrP©f/US2005/017981

incident |ight beam due to confinenent in photon band

gap structure. This is in contrast toarandomarra}/s

Sp@fs 'L Pbeganeralmtrucsie of i0eh sraterie diferenkafray siuctures

oA LB A5 BERL S8 s oetcd i,

endiaﬁcédJBﬁekactloerrow armmmdld partielei layer and pibsmoghml rror ailows for
di sor der ed b é 390, 671-673 r(9 8 t i

a mealyerﬁpro%mb 2 biInually, Ragian-sRecsia WlR eXtspFely low excitation

poWTIQF Tﬂgt%'éggﬁ ol fO(ﬁhﬂé?bebﬁaQﬁ# Yeésetﬁén 1Silt¢SwhH Qord%métshémples)

ots" is relatively small. According to the
genaml plgsmoo epsmmmmuofursmsmq mventien ovay ke used in a

vaRlen nRlER R BBl Bk RS E AR BN Bk Ry ape

s et@égeabyew éﬁ*e'xéﬁwplléhﬁfﬁa)ﬁ@é'u%éd 'R sPesteate il htass

general structure of "hot” spots" in different array
spectrgmetrved@w@séseplrwr@yarr@ﬁa of L asestlyesasption lcm'e%tlonzsgch as

I
MADRIQE: ST FORE AfBIns g Rl R ysp s Enfahefeft of o
vafiety 6ffloédiizeddinkar aad Inioglhhearrmroadphemd)raeha ghchy ml Geryeration
Raman spectra with extrerrelg/ | ow exmta%a rg
of (rtagvmoam 93011@[%0“% SlakgaRaman geaidering §) andrin Raticular
asf$ER§ s?ré The pl asnon resonance nanostructure
e |nvent

Ion nay be used in a variety of
applin pattickethe maanairyctuoabf thesnvention may de, usataloyt i cal

hemi d | e | b
enbaggementobRBuRRaaa i vataus pefta Ghtoes and olEe! fapsor
deil\/lgérl_s)? T%E;r‘ﬂEuI%f' SriSEh d??a‘-‘rﬁrplﬁéét%l b@ﬂic%%h%thé”ﬁ)énﬁén is its

SEL'DI -T Another major field of use is
useresad SERSractive aensor for reabtimeoathpptieal ultragensitieddetection and
i cal

B R R RSB SRR LB o sares

in sNRFuANand Gapeslis éHJ/lﬂfnrﬁéntSR%raﬁéjbr/embﬂhemBmf dptical
particle, the nanostructure of the invention may

be
dayines anst Oplifigh RERSRIAUSHTY Mﬁaﬁumegmamtai interaclians are discussed
be‘@}v w?%'e 9&3{\39954‘3&% ﬁ&i n{eapr sensor devices. In

gk one 1 npo actical application of the
I nvelnttl)pticalajevtcesm sensorSERE-panan@ERSradivef surfaces

real -time all optical ensjtiv det i,on_and

accaEing {9 BEASED THENEAR ASERS: B e TRIECRERG: Jpr Sxample. n
mlng?lLP@b%ﬂl Aagbihes in sanples in soI i d liquid and

aseous environment. Four mmjor enbodi nents of opti cal

2. Filter based optical devices and sensors with nonplanar SERS-active

surfaces (SERS based) from optically transparent porous and mesoporous
membranes and materials with all or part of internal surfaces covered by the
resonant structure of present invention. This sensor is especially useful for
continuous monitoring of environmental contaminants in liquid and gaseous

phase;
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devi ces and optical sensors using these fundanental
interactions are discussed below in Section D1-D4, and

w0 pmbudess 1. Optical devices and sensors w th ptBOS2005/017981
SERS- acti ve surfaces according to present invention
( SERS- based), inplenmented, for exanple, in
m cBofiberdipticaiouplest epticat devices apf|seasonwib dathplanar and

o b SRRt SRR 08 PR g cotcuon

an@ﬂ]’émﬁcé\ﬁ%)fm%hpﬁbmmm&bh@rmaaatsmn‘dahazardbas wdtrials| and
or part of internal surfaces covered t he resonant

ot e Mirabesid breseepRicahdevicenAnd PRRSOBUHUp RONGIanar (Spherical
or %ﬁ'ﬁr?iﬂﬂ%egsﬁlﬂé Acile gﬂﬁébéy&]’d?la{%s%eg ;tﬂ)s%fble use are in

onne ontam nants 1 n aseous
migrbAgieic3foviriabavellogs incaerospll simplpsi cal devi ces and
sensor with both planar and nonpl anar SERS-active
surfaces (SERS based) for distant sensing (detection

C. Fskié ggﬂ&élféeﬁ%f' Sﬂhe%vé‘rﬂwnf onmental contani nants and
. M robead based opti cal

devaesstranwralmequrremmt im therqpitisabsersopioé themveption can be

B8] o BB RS B MR A5 e Bl et

respRheH foran® Rt EM eRR&hEerdBht i€ provi@dis oungér plbemon
Invention The structural requirenment in the o

resopasce conditings, eareeanondingte nlesman&ssilgtion of ml\f'%al NPs,

the ﬁMeT?%ng 8&%5'5" gﬁ@ gRtohoé}:\cW di8eP PGS %r - NPs in the range

' NSRS e gl ant

of 50- 1!50mmdplasn"ldndesomme\qmmnama rangeMBDeﬁEQ nm Th|s
corresponding to plasnpn oscill tlon i ndi vi ? al NPs
gepmetnzf Xt Qais: %'%%Omﬂﬂa% riexgitation %n‘“@afé’ﬁeag
o1 153 AT, 9O BB
in hedaper yrray, avdchbaiecond |twealbsa¢weem NRg afdthesplasmeni oifror

sufferaFanaitc sal predatan SECNE A apat Dabatreeh Addrent Bodicles
(th@fﬁe?bbduc@t&(iarf?tg@a@%ﬂ%%da B@re@r‘ﬂbv\@ﬁﬂ |&¥sthaRdvavigength of the

asnon rface. For efficient excitation of
El\GMaId inHlee sisdedtrig mesiagiypicady c29R-7pAmm,csivee dighectric constant

of BRSS! G Bob el B TahGe 1L 8 2 Bk ae
forg%ﬁlig?g(n;{atkéé ariangemeAbAaving apericdicioecldsetetie diameter of the
NPs plus up to 20 nm.

If the NP array (particle layer) is in close proximity to the plasmon surface
(a distance less than about 40 nm), then SPPs in the mirror are excited and
propagate in all directions in surface plane. Due to coupling with the LPs of
nanoparticles, SPPs creates a new mechanism (in addition to EM wave) of long
range interaction between LP oscillations. Long range interactions produce
synchronization of phases of LP oscillations in the NP array and results in
narrowing bandwidth of plasmon resonance, so called collective plasmon
oscillation. Optimal parameters for such synchronization to occur are: NP sizes

in range 50-200 nm preferably 80-150 nm, and a regular periodicity (particle-to-
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of transparent matri x and spacer layer is in a range
1.5- 2.5), but best results are for a cl ose-packed
waeaangesent having a periodicity close to thepdi/asm®bee17981
of the NPs plus up to 20 nm If the NP array (partlcle
ry is in close proximty to the pl asrmn surf

partiriér sprsina)eBeeTeRBly BRD dretlivns IniRepackRe layeh HEess than
T A P i e 1

arraagerpent tnaxhag a ;ﬁ?@silcmyecﬁttbe NP sneezplm:barho 2t r(mn Best
addition to

ampHGANOR s ACNNS TDGA GoFERGBHOR G AEEY WITLa BBTR &1 NP Blong
onE ¥HERSBh %@Hd?@ tﬁén Bba%ﬁl dﬁwé{l%rpﬁ’@ﬂn' dé*éd??)‘énbﬁldtil%nﬁ"?rom

array and results in narrow ng bandw'd | asnon
unifarsutyandNP size willireddce: the qmancenmrﬁgﬁfeﬁt 98ce Iltl resulgshin

RSl SRS i gl SO BB, i

exFamhsavi\EEHRIM Qﬁég@éh@'fiactél Rt es fiopd IRt arfél less efficient than
spaci ng), prefera in both directions in the

thepperiqdi¢ Banesteycturss ows&asm@m miffer digglaseddn thenvention.

Z?féé%@ n%[gtrh,ﬂg 2 @Igbfgﬁ%ﬁ%ﬁ]{ﬂa@%ﬁgﬁg@n accordance

with Rhé invation) rdfeshcamill beimade tonthiesoptical seresbrfstiowa in Figs. 1

perfect periodic array with a nunber of NPs al on one
angi2nethg étﬁu@flren%?fé's'%tﬁéW”BéUbﬂfﬂﬁedEP@M%?g F"Pd’rﬂp&é FReNS

surﬁ’%éé Oﬁhé shisRad Hﬁ]%)?ect Qﬂf WV REIRRE é %Uéﬁ didsd, %@Hé?ﬁlc or

e enhancenent e nce it ts In SI‘ up I on
siliobn syavehslide aawaver. afornedanl dre agnsjng putfane of thessuksitade is a

plaSRfiesPBenes Ak a20 oS d00nEY bRy el FHER s siver,

gol|?je bt Eﬁlnﬁi nOA) eébéb'létdfrs‘%p%ﬁfng@@ﬁi&rblé%r’hbﬁrpdl’érﬁéh@%SPPs)
e i nventi on. exanpl e of ‘an exenpl ary

Thlsday)elt carche neeaiechbwrah@mcwdmcaumwmemnm@ (e.g., V.

S B S0 e B BB 3 e 2000

nr GoMofe! BS 16reY &8s kQTaprfontbmgs aminpeurfacas the sptidaheange of
The substrate may be any dielectric support, such as
spefteass, ceramic, or silicon waver slide or waver.

For 85deoha 8P 38 SRS RGRRE id BsmBLosd K8hPobiicahy

A resonance mrr of or e
tranapalenabuela:mdﬂ nadersal| fozrexagple, L|l6rfomhedrby|uapunmgﬁﬂos|tlon or

oG e o e B e g e
eSS fefrael ke i Aot paO S0 m. .
5-25 nm. If a self-assembling method is used for making the layer of
nanoparticles on the dielectric layer, the layer is preferably formed of a
polyamine or the like capable of forming covalent chemical bonds to the particles
(and with the mirror layer). The dielectric spacer layer can be produced with a
controlled thickness by using, for example, a micromachined piezo driving
system. In this case, the optical plasmonic properties of the substrate can be

dynamically controlied to allow optimizing absorption maxima.
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nmor nore as long as it can function as a mrror

surface in the optical range of spectra. Spacer |ayer
w@0osor4rexl over the mirror is conposed from opedTab1095/017981

transparent dielectric material, for exanple, LiF

formed by vacuum deposition, or dried polymer filnms
as BeBeOPBELFS EYeHAO TRRY Pﬁlf@W@C&;stb?X?rE?l@Z byg mgthpd of self

asé%‘ﬁtglﬁ};]r ﬁ Eﬁgr gp%/n ni‘gg%') %@Eﬁ%%gsﬁﬁﬂnbﬁ ?ﬂ%gﬁ&eé‘m affdize
(e. geISD-’a}IJSﬁmmzeEg amphmhg pariches with highkumitpririity ih pape @ind

Sizg, PaBP (RIRIVEY oh Sishgsiiver Shall T iRgopaRisT %2%@'%?%80 be
use%’é dcdsoﬁﬂ}/”&/v%gﬁﬁﬁ&w nSH@;‘S‘érﬁél'esbé%FISast ﬁaﬁ@@oxﬁl@" tyclest al.,

mrror |ayer) el ectric spacer
2004y eBy uajnghenpiaidlmr@dtan seif ass&mblmg testiniohies K}ﬂe&a edal.,

203k edractior BT cloi oL SHER LM e o o

paf? ﬁlfclésh@arﬁb'@ eheALE vﬁt%rbd?ﬂ’rdﬂéa aifaak densieybhe inteepdrticle
tim zi ng a sorptl on maxi ma. A nanopartl cle

dlSka}pfrs lfgaﬁ@?n @riidessan begroverethby 8, Pralec vadayasdndividually.
o) cov AV BT Iver 80 oy B, B oxaie fppHRl f 10

otrsMRlislgctrio aptithliciresspareht imatgrialinir an mt;odmmeahmpahm:hdhe
si ze. Conposite (Gold-Silver or Si I verﬁLREel I s?
paRisis e DA pralesi b EoRnsy 2 %rgten@&ye Tagrd5 PRbhgsedsary.

Th%ﬁ%ﬁ&éyﬁu@% rﬁU?e&H”p gatyéé"f‘g:‘olké%ytﬁ Sﬁm '-;H'e?éraBly less than 2

recte f' ‘assenbl’i ng
nm. €T prptestiievayai ar the csdatlngmmth)e ipdividual pgrtictatemay be
or o symetry s,. of

h
defySAtaech Wi ARATHSD DI maleRclas, SUT PoAnUROARE; idands, DNA
fragﬁﬂz?l'té %rﬂr‘tﬂe'h%ebpéﬁélyfé tﬂngi’n@téﬂﬁééoaﬁhgﬁéﬁbl‘btééﬁ\ﬁé §dr¢§ce

an bé covered by a protective layer individually.
maqrtnn by nonespecifto attsarplen. Bosarag epwodimentsx didividual partlcles

el B ) SRR P BRI 5Bl apporoe

anBRkd (k! Rsuptavmprintd belymergTailectriade mimaics o andbodies and
protective |ayer is nof necessaré The t hi ckness of
y

recemiols deleem G@mr‘ay @003 17 £J<8) ReRY srafacionat eafinpdips for
sp%ﬁgé Iahgﬁ)tq?g fﬁnélth@%ag% Otthgcédr?égeld?mé s@ﬁs&ﬂg e\%ﬁaﬁé@% SRalyte

dual articles ma derivatl ze

undéﬁt@rr:ijd?tlcbrnswl wlglcmdrﬁiwrda mole&ujei;l barsd m1hetmnalt|ag surface, typically
ands

plas ety i taa o A 5PTER BRG 6 Raflip BaUriess. iowgyer in
soﬁ%&bla\?fégagrﬁérggﬁfgw Rloltiied Ma§ PER bR dhdBiHEdirectly to particle
surface enhancement may be even larger. The figures show analyte molecules
80 placed on surface of coating 50.

In its optical sensing mode, the sensor surface is irradiated with a visible
or NIR laser beam 60 through a focusing lens 70. As shown in Figs. 2A and 2B,
the incident light, indicated at 110, excites Gap Modes 130 (GMs) localized
presumably within the particle layer and between the particles and the plasmon
mirror, and gap modes 140 between nanoparticles (NPs) 100 forming the

particle layer. Although not shown, localized plasmons (LPs) are formed about
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may be coated by a nolecular inprinted polynmer (MP)

to bind specific target analyte (K Haupt, "Inprinted
weoiogmenss Tai | or-made m mics of anti bodi es andpCT/US2005/017981

receptors”, Chem Conm, 2003, 171-178) or by

monocl onal ‘anti bodi es for speC|f|c analytes Elther

eaghparticler Susfacepiasmen pelariens 63PPS) foxped an f{h@ cgrf the
ﬁ}g‘% ?%WoWnoé}Sﬂ gq] "M‘é gfﬁu@ﬁ@'a”v?v&%ﬁr‘é‘éﬁﬁ%t%h% th@ SPPs is

_ sur f ace, aci ng the anal
intended 1o |a_d&atmtrfat tie SPP@%rerprb;haagaimg; aodecd lstétmmary As seen,

(heahis aekos RaBEly B doeae gt BRI BG5S SroadfBty to the
pa ﬁ.%nfgmf%@% /-(Wén@%nﬁéﬁé’ec‘l ENDREId rEBEItS inderesh cERRkt of a

anal yte nol ecul es 80 placed on surface of coating 50.
Rameri cross sectien thd rssaheg am!a“e(Mt Meskevitsonl 986+ Gabe Schatz, and

R B $B0U30ie. 12002) 76 haated BRina Sen8d By ARG R 209
geh@r‘%a'té’d3 Gl\/g a'nta@‘fé mdlékﬂ]lé@tseébllébtebllﬂ ba%k@tétﬁﬁ’ur@@rr%@?@ﬁent and

| ocal i zed presunmably within the rt
is $Qm'bt|0 @a@ersmgmenh@f Bamancsmtr@mﬁteh@ewgyr(ﬁﬁt shown),

B 88 B 50 5 5 SO BARIRRT RGNS e

is |Ugﬁtaﬂedlzed pl afsrmns (LPs) are fornmed abouteach

particle. Surface plasnon pol aritons PPs - med

t heFigs: Sabdeponsiatersthar qﬁb%@e@t%o&aﬁa 3&%{'%%&”
oRAERITS: SVENEre SRERAARALORINgto thepier oyl et hon
as matnlmmabové\s Feeexamplbe inGgspBAdunte3 BxthestB) pertadit plasmon

| | |
stryaior 18 2 Tl alsa 208 vl & PERRRTAAER FaishP SEaR vt
didFRBRCRBraRge QO%@Hm‘%frﬁﬁ%oﬁﬁé b@ﬂvééhaﬁolégﬁ eraﬁge ks

Moskovi t s; chatz, and R P.
thabuwaeelengtheyf incidaatlight. Betweer thapalate Wgthtnanqh@iaﬁezfétuand a

oy b RS IR S BRI Bl S TedsiniRE bR a0
nrrdl PRIt BRechlopfRietiefwR@THID exeitdsriPebrthelsdat® of fact
shown), where spectra of substance are anal yzed and

nanahelerand SHPaB&@tortH@rﬁltréacengdngénetal fllmenpuﬁut%aesmeg@e
eﬁgctg &S&#ﬁ%ﬂﬁl{)@é ?raﬂérlﬂ%rsmﬁfﬁﬂﬁ” i o Rlarr &SS'UBVV Féritl‘?e

asrnmon mrror ratl accor

naﬁ@h@elQMBEBéssmh eicalpINatofe, 391 k66§ t%)reldaﬁcbm@grmlc fR:id
er i odi

peseiralesnio the vellrae Benvesn He:pIBoRoR TS A0 eaN of armaples
an8fex2RB9 ME 533 SR dWnblypes of SPPs (shown at 150) in the surface of the

plasmon mirror and on both surfaces of metal films with the array of nanoholes
20b. The SPPs and GMs interact with each other through the dielectric layer 30
of less than 40 nm thickness. Due to close proximity this additional long range
interaction between SPPs and LPs stimulate synchronization of phases of LP
oscillations in array and as a result plasmon resonance gets narrowed and local
field on surfaces of NP substantially enhanced.

The nanohole lattice structure shown in Figs. 3A and 3B may be formed,

for example, by using photolithographic etch techniques to form a silver or gold
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di aneters in the range 20-200 nm and spaci ng between
holes in a range | ess than wavel ength of incident

wo p@htii42Bet ween the plate with nanohol es 20b apci/eEs2005/017981
pl asmon mrror 20a, there is dielectric layer 30 with

t hickness in the r 4 | nci dent
layer eeniainag Re 3rEaYa Qioe%cgbhépeéwaw@ retacted dismgler prthe
I
Sy %ﬁﬁ?ﬁfﬁﬁgﬁfﬁﬁ’%%?q'g%?zﬁ%?22%%d£ﬁ®u§f‘d‘*ﬁ°'g‘*5‘”°'e
spaciagsmithss rangeodf up tghthetemcdatjﬂm wewa!;ength eu@waevferahiy n the
nano oles T., Ebess 391 998)
e Bt PR RADRIEE 0P 812D i et G e forEd, 6fhden e
trahewwow§tr9&tﬁﬁé@6htmrfrﬁg?fheeé%s@rrart@ynlﬁbr RRepBAl Qﬁelé@lﬁc layer
excites Gvs 132 and es of SPPs (shown at
to faim the epticehsenssr rtaﬁ\@smet@r@ﬁf theripgentigid on bot h

N T

mslid‘@od hehesaradtolé ape fan@l%eﬁd‘arﬁ@éﬁodéﬁﬂo@rm@y Bhis&messlocal

Due to close proximty this additional |ong ran

fielthpidNBe+ Dbie todnasiRSefechAesabedAnoye: gaagwan scattered signal
13§¥§"éhﬁgﬁ‘é&f‘tdnl?inth%lfs@l?éﬁ?%eﬁ-:fctétf) bg%ﬁ' c%dti%'d Hngbn"H E@ected

das aré non resonanc S na
to bpeetral fanalydiim Rambacsemctrbnﬁﬁérsdﬂmtant ially enhanced

36 e o w Bl usiEnS Sl ano g M fp (e Bresenédion Figs.
3AP$HH gk é%% tAPAY the YeBfnethe par;ﬂﬁeeré Bf frer;wa@m%hlafﬁay Bttice

gol dlayer ntai ning an array of holes, each
cohsist egmatalléd #lon 20b withrestbewave eng@ $2e hoesrand aa@@tubes 104

o LEERE5R, Ehd BN DDA R R A o gonce s

d.s@@@t,é@tﬂamawﬁ eRatwaiendth off efid Bkoitdtidnt it I Hﬁ@?e@fmetrlc
di anet er up to 20 nm This film once forne can

struﬁ@ﬁe (3 GtM%lheW@afb@etlattlseéayeﬁanﬁr@Ir&rr(ﬁaownrﬁj, 1342 will be
sh§MBﬁalff?Fe%t Wil Bfs & [b%u RleSEl rth% fuﬁd’a%er’i gl F¥cRanism of

cal sensor ure of I nven

mtétmitly)h ehmmlghwdcﬁatu@z? obDP$ heMsadrid SEPlsa'-yﬂi theseaffdot of
adsor bed on the surface |nS|de or near nanohole 102

SYRETY 068@3% '%ﬁﬁ@é@d’ of PagiosBHeiueisRaTelYIIB8 $8M8 el d of
NPS 7 é{o?u %t rGAthRESHGRP [ |§§d4ﬂ%‘h\de48 > formed,
sighal 13

scattere I's enhanced, and this signal

‘ forobataemledbjo;asmmg stqdft—&&%lmtxlysecémmm toufbjrecneassembled array of

25

30

ect ana) ysi s ,i.n Ra ectr er e. Figs.
SINER G491 BBNPIDES liEh Aoy RSB P TR gontaling the
suBét@ét%%ﬁFer’é‘yé?'éiﬁ d|§l/écﬁft%§@r t@i‘&ﬁphetcﬁkﬂtcal Bénsor

eonetrlcParaneters of pl asmon array l|attice

nanostructure of the invention. Alternatwely the nanotube layer that is
transferred to the mirror structure can be formed by photolithographic techniques
in which both the tubes and the tube interiors are produced by etching of
photoactivated regions of the array. In this embodiment, each tube has a
selected ID in the 50-200 nm range, a film thickness (tube length) in the range
20-200 nm, and a tube-to-tube spacing in the range of up to the excitation

wavelength and preferably in the range of tube diameter up to 20 nm.
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consist of netallic film20b wi th sub-wavel ength size
hol es and nanotubes 104 attached to each hole. The

wo adositceoperiod in this case has sane range asp¢hab2005/017981
di scussed, nanely |ess than wavel ength of the

excitat onI ht. The geonetr
bet ik/é%H’lO(We"Clrtg‘Qtthébd‘P%géP‘ea’?WI"%ﬁ :9?%@%[?3%? 5&%§4? 4, the

ex‘;qréubnt&ﬁ $pp Qrgémgﬂrr%ﬁéﬁantanw thBréfBﬂéth%%fér@H&)?bf 8XGitation

he fundanmental mechani sm of interaction
doéd nougépm(ton polasizaton PbEent Hight Srier parpendicular inmidence
nchroni zation in an array of nanostructures is
geg@g?&m |y the sanme. The nanotube lattice structure

shopn dlﬂérﬁét% erﬁﬂo@ﬁﬁbrﬂ Bf rfw"dr@srﬁ@ﬁ r@ﬂce ooer praddremirror”
by using sel f-assenb get echniques to form an assenbl ed

strmtua@usmresemeéromﬁggo mnmlgbdws\mtet&]a stractufein which the
trans

R PHdS A DRfedhL BEHICRTREER, Tod' S, SHRR @ 6y
nafE@sthps 106ﬂ@$ﬁ§?51<501éﬁd 6D whiehifore nhieffect, A plesrmin metay grating
t he nanotube Tayer that is transferred to_the_mr

as@tlati@eur(@ﬂ@%rrstwtwr@ﬁ@mmn Hiase eyt Bpkigs- 2-° are identified
wrtbqﬁg'%bméeﬁuhgré’igrr?gll BPII’L@SEW? hé‘:ﬂesl' r%nr%hgﬁ%ft Pnetric

érrors aré produced toacti vat ed
pare&gete%rsdhets]amaas ayprdons‘remmpi‘esderegﬂqmetarcal diotemsions of

h | d 1D in the 50:200
the SreRHE 4 QY gBg th%e&rhst%m iecoHiAges 50sibe8 #id e peripdicity
of iHEP&urded érR?ctér%%Cdre gﬁﬁmé\fé’@ﬁgotﬁfof%h% ogpB@fically, feach

excitation wavel eng preferably in the range o
cylindes ocmsmpahm ar,qeleatedz@Drm widthdn Ve 56-206timdangetantihe
t he Lce

spaSapERIVER cyinGes of Srahdich et Pa i i a5 g ohira pgriodicty

of UB% &id alerpytPbf tﬁé%ﬁcﬂéh&ﬂh@ﬂ@ndﬁr@ﬁef@rébwﬁtﬁe%nge cylinder
0[5)0 ari zation of incident |ight under perpendicul ar

(@i ep vedie phast vy to 28 NaN-t er nat i ve enbodi ment of the

PSSR0 JNER L ERIR g USRI 1y e

foreigdy ¢drugeanpleyby cinghselfphssembly It@cthmcmﬂaes t® farrh-dn asserybled
of nanocyl i nders 106 in Frg 5A and 5B ?r nda ost{ gs
arrayf ishver ¢fsgold canpayngerh vaichF dednen frags Q@ structure

coﬂraﬂ'ﬁﬁﬁ@hgg{r trt ﬁ%l?yn%r%ing?rélgf%ﬁm Ié%rh%fo?erﬁ%téHﬂ%%l

ose s are identified wth
sehber samostnuctwe af she mvahtionf Atteersdiveiyy th&eeanodyﬂrederalﬂger that

s GhndERERYS e PREEISH ¥ R Bed B RRTp oo eipigues.

't ne rrllgug:r rﬁg%rﬁirﬁ%@' GHBYeREL OH thrBEgHE ¥YlinPS-cOinddrr G WIS, indichted
at 146, and cylinder-to-mirror GMs, indicated at 134, and SPPs, indicated at 150,
are substantially the same as above. However, due to the reduced symmetry in
1-D, the excitation efficiency now depends on the orientation of polarization
vector in lateral plane. More efficient excitation of GMs are achieved if the
direction of the electric field in EM wave is perpendicular to the direction of

cylinders and strips in lateral plane.
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of the surface structures are | ess than wavel ength of

light. Specifically, each cylinder or strip has a
wealosaieo OD or width in the 50-200 nm range, BITU$3085/017981

spaci ng between cylinders or widths of the stri ps i's

such as to, |vea er|0d| to the wav

of 1he Pé'k“éipl? ?Ej‘Wt‘ Oégé%-a%\fégﬁtrgﬁtwé ip |§af‘§ensor
defi¥ks Fiteind e(q%fte&forn' é}e%gtsa}neoéélﬁeé’&lﬂéa |%cbe{é@of-ﬁ?§ 2, and

nanocylin tice structure shown i n Figs.
caﬁBer&a,snlpenﬁershmﬂ by @nabogynpl e, by using self- assenbl y

techniques to form an assenbl ed array of sliver or

gol d nanocylinders which are then transferred to a

D. ﬁersk’lﬁbﬁ’dr?opgééc?ﬁd"ér‘%oﬁﬁﬁer%bﬁrate mrror |ayer and
| Ctric ormihe optical sensor

nandbisrsastiondestribesfaunapplicatipnsmfitae eaticalgianoststures

B 1 Y g oy PRRASH AR I 3216, e

strd&@réTRsprase ey Oy rﬂnﬁé@ﬂ H60 i Figsugl and 13 is the optlcal sensor
cyl i nder - toqcé%l i nder , indicated at 146, and

naeg$trufd@rre<ﬂeﬁ ed @bowgs F%&llmwlaﬁnisszthe sangesphaptical
oS GA0RR 2inEAeq 8 EngRetl kb e esiees

abexeitation efficiency now depends on the orientation
of oIarlz |nvcto I!Q Iateral pl ane. More
b S o 2y V= achieved if the
di r f‘rﬂté BQSleerﬁ$€d|ﬁLeﬁ?t gftlb§ll élrddihr’é%%!@d 58 an optical
per pendi cul ar t Irection of cylinders and strips
sensori fat detelctiph ah analytesptoi wiaicpItes semsmrpempoaed #.g., in a planar

I
MR SR PRt BT el rEiied Deed Ay pf b agretes
withi dbplidatid b §idBadie of aAlitohrHastar AopReriRy. anal gdieralldchematic
Description of specific enmbodi nents This section

diagsamrofhuse @f@plaappmnaf@ﬂwarcso@fcad RERpserser with a table top

RAIERIGBEEohT B IVSFABURER BCLE ThE SRS ReRTR B ERpE o
préspt asentied d@)tomwli@?tc&émbEGIméntEI&slIus’l%temh Eigs 4-5 bbove
opti cal sensor nanostructure descrlbed abqy

mayn ttegiated intaeach chanpe! of s micapflvidicsdip 5@5%@ i%p'aced
on;ﬁ:g@y’?%&lt?aﬁ‘m%%% S@ﬁa 3:%'?1%" &4 Bg%tnUéEg%tr&%‘Efévﬁ%obSo

anar mcro ic optic sensor
through iaasdmpwatmbdﬂDmSﬂmplBtmaQ;be fload theaughccharaels andspdlyte

moéfgCLﬁgs %Pé Iaggclarbed into SERS-active surface and analyzed in Raman

microscope. Light from a light source 300 through a beam splitter 312 and
focusing optics 70 and microscope objective 72 is directed to a sample on the
surface of SERS substrate. Raman signal generated in backscattering geometry
through optical system is sent to dispersive element 330 and spectra are
detected by CCD detector 340 and analyzed in computer 180. In another
embodiment of sensor portable version of Raman spectrometer may be used.
This sensor has broad range of use including, but not limited to: Environmental
monitoring, Genomics and Proteomics research, DNA analysis, Pharmaceutical
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sensor for detection of analytes to which the sensor

is exposed, e.g., in a planar mcrofluidic SERS chip
wermsfione t hat nmay be used for analysis of | i qriTUS2005/017981

sanples with application to di sease or environnental

monitorin The gener al rratl c. diagram of , use
ang) Bava e AR BRI Eapd SarlsSise REURSdFidaRase.
BidgRedE Y rigS Foférid ARbRAiOskcFi - 16. The
aétlv@ﬁlﬁ@?%teggr present ﬁ%l\/entl on according
to enbodi ments as illustrated in Figs. 1-5 above may
a_ecach channel of a mcrofluidic chip
ERBREASM0t or i zed transl ation table

360Tﬁaﬁerﬁ96&hﬁédt¢§lmbgtratédeth@ﬁsteqﬂlSErdsx@cwueemctméwme
a conputer 180. Sanple analyte flow through channels

pre§|edt mvanyoremtag@ct:en wdo arfibtes based oaticaltIFERERENget Witk a planar

o B st oPaBs! e ol T Seah SRR cs A g RS Tative

stru@t@k@hrﬁkﬁc@ﬂ@ﬁlaitsl 500isantegraidaakoperoabjfitets madédfiaptically
directed to a sanpl e on the surface of SERS substlrat

trapgpaIentMgtRial GuAB PStRAOUR Siiga K B'2NAE ﬁr%‘@teﬁwﬁ@tsr'vis“a?éd by

R e s e R
bestrfar }ha‘sedensbrc ﬁlmnemr olBOresl ‘rﬂthmayma lnartmtgemﬁq‘t —d¥0 microns,

S A N A O T T

intd #grcgﬂi silicd'by 86afirty p&‘é‘é‘ tSypﬁIV%Ne?Jer WRMHg élébt‘ﬁ@les@@@ﬁﬁ‘sl%n
feom ¢S resear ch al ysi s,
meftihed and esubsemumndumtmahmlm ofys,llv;ag sudate by eanppartisas

oe B a5 o, AP SRAI SRR Bore covered it

an @ERSracmé edrfapt i168lis SEGWRn $& Frpr120aad ©bwdinnenanalste

lustrated the use of SERS-active structure of the
solpltl@e dewingtheaughythe filtesga JAsed Syatesn with; spestroggdergcan be used

ord bbby FRRBAGG B eph BRoAe TR SR A P08 owing
throEGistiee pores aittheditter €90.1 MHatis} te iateridsd, apicatior oy far ed
into porous filters made of o tlcaﬁi trans rent

CORENUQUSANOBLRINGS! GBI ABE NERafoUsdnalgrian Ne fikide
and 12B. Filters from
Sy%%p{l'caPﬁ;t?%ﬁ\gI%tség{aérughgﬁ%orou's silica may be the best
for this sensor. Dianeter of pores 190 nay be in a

e of 1-100 nj dependi ng on the purpose of
-QQJ§E§QQQ§#L4§ﬁ3E§E%§§¥¥E§¥ure 150 nay be integrated
i nt %npémﬂéétuéh bf &2 iBVertH 10WiBEF §stid¥erior ¥ellubR¥®Rd by Figs
usi ng el'ectrol ess deposition

13A and B. Here the SERS-active structure 150 is integrated into a sensor

probe 240 which is connected by an imaging fiber 232 (that contains between
1000 and 1000,000 of individual fibers fused together into single bundle) with a
multichannel Raman analysis system 170. Excitation light from a light source
220 through fiber 232 is delivered to the SERS-active surface. Water with target
analyte flows through a channel having an inflow 200a flow in and outfiow 200b.
Contaminants in the flow-through water are adsorbed to surface 150 and

detected by enhanced Raman scattering. This type of sensor is particularly
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nmet hod and subsequent functionalization of silver
surface by nanoparticle as described in Exanple 1 and
w@2005/A1208- pl anar arrangenent of pores cover edp@u/Us20831017981
SERS- active surface 150 is shown in Fig. 12C and D.
Wth an analyte solution flow ng through the filter, a
usefekfor applicatiang invelYpactemiasing theavably %fs%laﬂkﬁous
ous nonitoring of contami nants in solution or
enm%ihé}goo flow ng through the pores of the filter 190.
That is, the intended application is for continuous
mpni toring of co nants and hazardous materials in
3gBead; baged pptigal OF €N20MWat er supply system D3.
Fi bﬁ{stﬁlaé'?&h&péfpﬁg n%ﬁstrfeqﬁwm.o‘mc&ﬂemp%smcﬁfbetaag
invention to a er optic sensor is illustrated
covrgd by3he BttRB-adtiwe contirg SERSs&OL invention,uas Uu@tra@ ingigs.

14hgrgiB e PrRrGar 505 21 Hedlel sieTlet S RMBG ke

ané‘ﬂgvﬂa@Qﬁa%ﬂer@ﬁn Itrlr@lraﬁgétmh ofrhiRsrbafeiceibree ®9tdieer layep20 by

si ngl € bundl e) | ti channel Raman anal ysi s

meﬁ??ﬂ efmac?tmm aeppslaom and thimtayer oriuan is goitered by e digtastric
! . ] '
kP Pgdind iness 3 o Ui TS ol BeBH  fen covered

by QIRNTE0 WhisH Raverdiarmisteoin 2 el $®}WSOmra.nAs<Bhtd/¢m\l\he NPs are
200b. Contam nants in the flowthrou ter are

alsamyefﬁdjby@%@ﬁtfla@eaﬁm%n@%%‘@@@tlté%%ﬁl 8 PRAR R aLARA
1nnz§J ié]%'ﬂﬁicﬁé’@&llc@‘l séﬁﬁbﬁ‘ﬁe\hée Bn"J‘Irnt ||c§f|+|5( P@cﬁﬁ#ﬁg
app icatrons rnvolving nonitoring t qual i
aemo&queous envi ronment. D3. Bead- based opti cal SERS
sen st a r enbodi nent h t
TBhion S SrRs e beads yop b cryTudit Sanbd st is
iIIu%ﬁ%ﬁédﬁg,f Bfg. HHBS%EmRIQVéﬂEh{t@Wn séFEmbh'lé’ﬁﬁécﬁbﬁ‘ihﬂdﬂxgﬁ'@éhannel
B.” Here eri cal beads f or med
202@In;demseensmneofﬁERS@Ctmelbeaﬂal thmughwa@hagnem %Qﬁst lerrsixing

enbfeb S 305 SuB R Ba G SPYLE R BB e P oo

ontdithe duffaeevsradeY Innddteeli@cardac2@ueslyiishdatected by SERS
thickness in a range 2-40 nm The coated bead is th

cov @E&S—gytlwgeg@@mr@rpfw@scd,%p@ used far q!lg}?é'g detectlon of
wagg % al’%sn E}?g}ﬂlga Q@ggﬁnﬂr&pﬂi <8y ﬁlﬁ@ﬂ%@ﬁ by Fig. 15.

coa act ds can

Heg@ af &HSQ@WISERSQCavmbeadé 2e0ds m;@q:léd dadm sensjector 280 into a
evice or in I t irj
cloud 270 of gas to t?g gnlalygeclj OEnarl)?t%ualirH ggads are mixed in the cloud and

analyte is adsorbed onto surface of SERS-active beads. Following this, the

beads are collected, e.g., by a gas filter, or may be analyzed in situ by a Raman
system 300 for example Raman LIDAR.

From the foregoing, it can be appreciated how various objects and
features of the invention have been met. Model SERS plates constructed in
accordance with the invention were prepared and tested with different Raman
systems using adenosine molecule as analyte. A comparison of the results with
that for a commercially available SERS plates and with an Intel porous silica

covered by silver SERS plates demonstrates an amplification better at least 6
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aerosol s. The use of SERS-active beads in a
mcrofluidic optical sensor is illustrated by Fig.
wd4Bs1Happl e anal yte in solution is injected tPrDUsHOR017981
channel 202 and suspension of SERS-active beads,
t hrough a channel 200. I n mxing chamber 250 analg
ordess pf Ma@nitlee wea&&seﬁwrmtwcgur@é} dda @esulip are robust and

d. | &h
estTEHET PP S LB, Pk ied 5 RIS B
narﬁmtmcmﬁres&j\@s al period difesayeeal rhanthdiThteamanatdtuetireiates are
stoble. S H 08y SERS acavinier at GAsharedaf. of - o o
SERG éeéqrasn$@Mﬁ t@@ﬂw\)e%tleJbﬁﬁd R uﬁé ﬂF@th"r‘né rwbetam.aagéRs

into a oud 270 of gas to be anal Anal yte and
sighebidsa sangenupx tal 7900 chentelpml@eamid waal qhtamuesi withs bewesERS

t f f SERS-act b t
plaiee AL MU R s BWas ByiavE at STinb R Syl cals
evaénala ﬁﬁé}oWhtﬁMtH RBG 2 TRATeelSofsigHal 3 Bofmparabiamp lbetter than
Raman LI DAR. From the foregoing, it can be appreciated

thatt @ehigxet o senspradiasesn luaanescent grtagien; ROWRYPOIRAHKEGE

R e L e

aw@llfé@tfcﬁﬂfact@ﬂrmmnteysmtﬁtmtwlm@ ravetgEn 089 m@em)nhecah @stimate an
anal yte. A caonparison of the results with that,for a
ampeRli factoy fawﬁERa?bPlétesiEP@fsﬁﬁ'P*éEV%WPW‘P | nt el
porous silica covered by silver SERS pl ates
denonstrates an anplification better at |east 6orders
of hgrioltawiag@xampézilasiraicorarmus mehh@dsmfésr.mimg@nd using

results are rqhust and reproduci bl e, |nt t he sane
tnd, Gatpad e Bt niEaTeR e i Bofia BiamPalint Hscope
of NASEAtLt ures over a period of several nmonth. The
nanostructure plates are stable, since they sustain
SERS activity for at least 3 nonth. In accordance with

the invention, and for tE; Ei ggé time, substantial
SERS signal in a range u 0 counts per second
was obt ai redpuidtionsiu SFBBsiVerteftide nanogtruotire on
power as |ow as bm croWat sanpl e and I N sone cases
even 0.4 ni cr o\ selpssenniiof Ag P2HICIes signal s
conparabl e or better than t hat achl eved in sensors

based on | um nescent detection; however required
i || &or eath of apumebern of slites,emsitved noirmbe masodepuasifedtanda clean

N Y KR TR

vacuum deposition system (E302, Edwards). The slides were immersed in a 1%

aqueous polylysine solution for one hour, forming a polylysine dielectric layer
over the silver film. Following rinsing in copious amount of water, the slides were
exposed overnight to a silver nanoparticle suspension of optical density 5 at
extinction maximum of 450 nm. The self-assembly of the silver particles on the
surface resulted in the yellow hue (appearance) of the mirrors. The slides were
then rinsed with water and exposed to different analytes for various time periods.
After the adsorption of analyte molecules slides were interrogated with Raman

spectrometer yielding SERS spectra.
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anplification factor for SERS pl ates of present
i nvention 1012-10 14 The follow ng exanples illustrate

w 20050L98Tet hods of form ng and using the PCT/US2005/017981
nanostructures of the invention, but are in no way

intended to limt the scope of the i nvent|on. dEx nﬁ)
1 Phelhgrsacopd example; siver nam%?'csamr&a@sorbe on the surface

of t%f}ﬁmcgr% Hrqﬁ%ggwybqu@%@ a{rfa%% fBarmer fbhﬁin‘e_ﬁhéor

eac ver mrro

dietbeytris layed). d?olg(vmwpmldlyhea)ssamdsmbedm thlei rdmrdngd tsheemand
evaporatio t [. 99. 99
ool RS 3 s et SSabR s b Bets e

i mrersed in a 1% aqueous pol yl ysine solution for one

hour, formng a polylysine dielectric |ayer over the
silver film Follow ng r Exainpte 2n copi ous anount of

A 3 bEtYSEture

extinction maxi rrum g{, nﬂ@ﬂ)c@ma(ﬂ'bﬂnﬁ@d}f assenbly of the
silver particles on the surface resulted in the yellow

huelr ispexarapiee P roethosofimierasontact pein§ng @ésdlwé%ed ffn

ex#ﬂgpﬁaelﬂ r@'{‘érg &ng s, & Oéipg A?[?lré& pﬂdttfer@ﬁgrgf sﬂ{?@rl é’c%ll%?ds by

variou peri o er t
migpabytaet mhm@lmswilityias SER® substeaatlecm'aayé*dvmramrFHrmn

SPRRERHAY. ) PooR- oot B et el waebssariny ohrdered,
ROBHE{, Fhre&Dim Eﬁg?ﬁh%r Gbl&ﬁéﬁ@ﬁ@@i@}’/@ﬂic@yAﬁé{ﬁé”dSE‘%}wcéSSM‘9567-

ace nodi formng t ectric | ayer)
57 P¢29Q4), waspseddorie)m acdosetpackastiamay oh silvermapoparticles on a
silver and gold surfaces from 1% et hanolic sol utions
SilV&SMifQf at i on of several hours. Exanple 2 Preparation

of SAUB ®shoPdrici 6 Werd pPaEbE ByThéthed d’-?é’élbéé‘d Fh Lee P.C.,

nanostructure by m crocontact g@} nting In th

Me@@n’,lalde J.Bhyret Gloemo86xipe 838111 9%4), pel wnmlgvsagohdone) was

usEyRE 0 SHnbiRo ATRET bt BN RER @ Al Algrctl SR vad,

disebivediing 3mn_8@thblehetgly@ﬂ105(iﬁ8nelmkm B&d)e 1@“p@iyvmyl yrrolldone
Vi br at i onal Spectroscop 79-8 002

(AIFEiah VA0 O0BaMESasERtintD 5mbrelhilene osbhgEand the mixure

waé%ﬁ%d%ﬁ@ﬁ%ét@@@é_@?bé. NHROGK ¥R hitfateSir LN §YSohol solution

ci ence
was subsequently injected into heated poly(vinyl pyrrolidone). This reaction

mixture was then heated at 197 ° C for 1 hour. The silver nanoparticles were
precipitated by centrifugation. Specifically, the reaction mixture was cooled to
room temperature, diluted with acetone (about 10 times by volume), and
centrifuged at 4000-rpm for 20 min, with the liquid phase being removed using a
pipette. The nanoparticles are rinsed with water, and washed with acetone and
water for 2-3 times, to remove extra surfactants/polyvinyl pyrrolidone.

Glass slides used for silver deposition were first cleaned by soaking in
NaOH (Aldrich, 99%) solution (0.1M NaOH in 75 % ethanol aqueous solution).
After 2 hours, glass slides are washed with ultrapure water and air-dried. A
sliver thin film (thickness =100nm) was deposited on the cleaned glass slides by
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571 (2004), was used to forma cl ose-packed array of

silver nanoparticles on a silver mrror. Silver
woznepends cl es were prepared by nethod di scl osedr/useobee 7981

P.C., Meisel, D.J., J.Phys. Chem, 86, p. 3391 (1982)

Pol vin yrrol [ done) was_used as the cap
Edwar é.e Beamrﬁwapgf%tow&%;?AAlTaﬁ.CLmamg@-g%) Svﬁ SWere

R O SIS ATty

howvas tredslizisi were rirsed witthyit@pere vaterharnd aln«ﬂntetieTheﬂldesewere

SURRERBHK PEACFIGLR Mab PR BROREKEH A SEe dot 19 MIRVES ed
I nt Sil&@%eﬁ%p{éﬁﬂlé{ %Whei@éﬁé %IUﬁQﬂWereE‘%‘réfuﬂ?@%ﬁquﬁ onto water

m xture was eated at 197 C for 1 hour
sursﬁattalemherertbpdlexa@Eespraads oprtlaeu wateatsefage to form a thin oil film.

s 353508 4B ptSRe. ERCHFLEGRLS iR LA AR € 9 and
sn\/ea%%bpéﬂudes@% éérf-a@etmﬁméd iMB% €1656-patkes ehoriolAH0

rpmfor 20 min, with the Iiquid phase being renoved
usi hgese gllyﬁrtm@nolaryr@rwa@gaﬂﬁf@rr@d tgrtbe sligg syrigicetby bringing

thetW?I rée; Paf%l%l R %é’f'{# Euﬁﬁ&% f#?‘gl/y‘g@?.lgblinﬁg{he Substrate to the

renove extra sur

namypdratledfine. Mllipke HEHyedeof lssledr hanopaltickr cdeldobeé taaheved by
were first cleaned by soakin OH (Al drich, 99%
repaatingithis Rrocassw( B fq'@\'%de#ﬂ% agueous

SO' ?Eé%ﬂbes We"réba@eHBHraShot%lﬁt%siﬁéq%eﬁ)r %Sern‘f'@f’é‘éed wi th

pur e wat dair-d iver thin fil
(t thEmustﬁode@dm}n slige poepavsiidreis similahto lrieﬁmdedlsgloasd in

H 88 neh 451 L CoPRa e Y BhRaIP 006 M Eatsh st pURge:
poﬁfg‘hg}l ?E?SE@% QL'I@S,tra{‘t@’a?'rEy%&%ra‘li@nHI BpBetrdddopy, ¢. mtﬁ §.9-82,

des were rinsed ul trapure wat er “and
2002 rHdrarét afl'h“é%ﬂ-AmnWrOé Qmewq Rsrbusy, Thraedimsmsipnal Gold

NeRGHOBAITIREATRRS noeRned ol RT3 Th et urly '
dr oppesF Mrtbpoyraiphic lmﬂg‘ea@fﬁypwbESERG@JHmpawpr@gHreddﬁ this

on the water surface to forma thin oil

proteselrie PERRRIRGiNERIg &, IRBOMINgra $gh a@'éSIBfrﬁfr@ﬁka Uﬁtlﬂd%ﬂq to

is gone and silver nanoparticles are
Pey S@Fq§§ge Bl ed into a cl ose- packed nonol ayer. These

silver nonol ayers were transferred to the slice

surface by bringing the slide rallel to the water
surface and lightly toucEﬁ@Q{-&él substrate to the

EZE%EFi'%n?aIfrhéﬁ};rWénit%)g \t/ﬂééléﬁém@fahébbmﬁie 6 G (R6G)

The experimental system set up used in present experiments is shown on
Fig. 7A-7C. Measurements were carried using Horiba-Jobin Yvon Raman
microscope LabRam HR 800.

Measurement of SERS spectra from liquid samples was carried out using

a fluidic cell made from borosilicate glass. A schematic diagram of a fluidic cell
is presented on Fig. 7A (top view) and in Fig. 7B (cross sectional view). A glass
fluidic cell contains fluidic a channel 84 formed on a glass slide 14 to a depth of

about 1.2 to 2.0 mm. The thickness’ of the SERS-active structure 150 was 0.8
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repeating this process (shown as followed figure) The
slides were baked on a hot plate at 500C for 15

woresterIs The nmet hod used in slide preparati onPCBUS2005/017981
simlar to nmethod disclosed in HS. Shin, et. al.

"Direct ﬁatterni ng of silver collaoids by mcrocontact
mmpyr Duringghe gapsiiment ithe aptimakualugnfnasaielgrs spch as depth of

flui ﬁéﬁﬂn{%ﬁ{asﬁ%ﬁﬁiﬂg@g& 3 )}H% P%g}%%’nrdétﬁﬁ%%% &éﬂ?%g bF the laser
Iig@t_fe%ﬂn mmggiitméggnfgghuowjbgtgf iynﬁaixﬁﬁi rhicoascapealdse of the

ci ence, , -571. . t ic i
alast oyt S T61eS IS PardepLpamiandye SR Fidiss (ol dgalyte
layef 83fiRG efl siefts & r%egsur%'ﬂ%’ﬂtﬁg A3 iHuItdaNShiivusT dépth & Iidic

e to periodic structure. Exanple 3 Experinental
chamrsad of @abeat $.5ommt was @etérmire®hodani ne 6 G (R6G The

o1 B o LS B o GBI B e e
Iimgggpﬁné'l'?féshﬁ'sbﬁmoﬂ WiRrmBaITRBn B StFoTORanapBabIdBules in

) Measur ement of SERS spectra fromliquid sanples
solutien creasused suunits phapole/liteti Gpcthaépurpases g kengmuir

borosi || S . ' j f fl uidi
adSairfieh iRk He e MR8 R B0 S Bl g, 78
(cr pgBiesas soiahs \of Riodarigs 83 (REG) diere peéparedrin ai nasge of
fluidic a channel 84 formed on a gl,ass sligxe 14 to. a
copegittrationsfrpniowest 1 elerptHD: HPelesds 'S It jiep.
medstramehts'& Iﬁé]lﬁélﬁtskﬁé@tr%%r?@ék&} BIM sdiitidriOwitR ehe lowest
gxpeltall ‘r;fe;}nct“ t&;t opul mal value of paraneters such as
codegithati flaratite andesubskequast Measunenmerd wareglionet widh the same
%eﬁst Qondi?téi gnﬁ fBr. focusi ng of the | aser I'gjgh beam
SEHS aalive Plrte BuhmyBincBs Bartneen ietenar Shavie Jpe Step of
I B B SRR ) el o pLpastol gt
1688) theetcovefedrbp glassmaves slippsAger @@asurqneraimf)iéha Rareg h

f. fluidi h | of 1.5 ]
sprira Ay 6 LR ErRoad YAt prE 2t Bt Teheghratich.
andaRd nmdasuieineat Was répaatediupidensanditioss onfaeukiig theillimination
terns of concentration of analyte nolecules in

begw. Jthedacue g8 theeBamanunicrescepeneadiusiad torptaineptimal
illwbggéfﬁogﬂgﬁﬁ,%ﬁﬂ theRd3RttidsWeles R fomattatipdey&ent ned
measurements. During each next step, solution in fluidic cell was replaced by
éolution with increasing concentration of analyte, using pipette 160b to remove
analyte solution.

Fig. 7C shows the experimental setup employed in the measurements. In
this figure, optical sensor nanostructure 150 is irradiated by an optical beam 70
which is focused by a lens assembly 72. Scattered light from the sample is
focused in assembly 72, and directed by a beam-splitter 160 to a multichannel
Raman analysis system 170, with spectral analysis carried out on computer 180.
This method allowsfor the use of the same SERS-active substrate in multiple

measurements. It also allowed for testing the robustness of the substrate.
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Aqueous sol utions of Rhodamne 6 G (R6G were prepared

in a range of concentrations fromlowest 10~10 nol es/|
waipoosa140 3 noles/|. As a first step, neasureneit/sSmbs/017981

Raman spectra were taken fromsolutions with the

| onest concentration of analyte and subsequent .
neadbecasuits elgeprasentativetexperinaniakdaterbiaiped wathiREBausing

But _ wi e Sj . j f..apna
nuiteet S bRt anf FERAT PR A RonBloth®yyoh 3BRem HR
800 ar® shownfdnuFids c8 ¢l . Womahaseidatd, ttike §Gaatitatike fimit of

cover ed BX gl ass cover slip. After peasurepent of [thG@s

detastian( sPEX tas, delREmined fobREE orP&d0 neprddéd Thg 1O
deﬁrﬁ@a@ﬁhé‘h&@%&&&ﬂﬁaﬁ%ﬁ%ﬂ@h el sH@ﬁgéi {fﬁ{a‘%’r’és YPR6G first

repeated under conditions of tocusing t m nati on
appeaved il iRarharc specifa.t he Raman m cr oscope was adj ust ed

st Pl dbshial SR apeq of Rl Al et sEP SR RIE, win -

Iasr@g ibWér g@g&‘mb@(éf LY ﬁﬁég%bh@ﬁ‘ tife 1 Yedi wag@bhgitpst

ace y solution wth increasing concentration of

excitedioptlight beamgb 1 pet vbjeptve S0x/C.4movith thealightdeam focused on

tneStsrent i Pl SRR R toRRCSR o BattRis o1 2 gpicron.
Th ranRa® 8blaittdd ithd@Osusirdctibn & abekgrioynan logdn balseen
beam 70 which is focused by a |l ens assenbly 72.

thatdhattevesdat| veghtow Higminakorspawee Ramansignslis YerSioms; y
. 72 ' (Lt 160 to a
weﬁpg ?@ﬁgﬁdﬁéﬁ%ﬁr&n C&ﬁ%ﬁ?@%é@ésﬂﬁ}é%o, W th spectral
anaFjg i®sitaws BERDspectra 0ORPG atrthé 8ameTtorditieishand set up as

'l owsf t he f th SERS- act i bstrate i
forine g1 GermaiiTRaneeent et G EyCIRTONBAELAL At e s

ex{r«%@%@é %ﬁ?ﬁ, & 1dss 6%%Wat,ﬁth gggrtﬁg Lﬁérﬁar‘?%{ﬂrﬁ]isﬁg&s in this

ati've experi nent al tal ned

casé (d1but 200 duntebér decond)) theaigrildo Rarsaatib ehatseHapscterizes a
Hor i ba- Jobin Yvon LabRam HR 800 are shown on Figs. 8

quality SERBrspectrads stiltigt very high, quaietthear!®e 1init of

o) 184 360 P8 Shophan Sl BEEs Pusfed ) aina
20whicedh By 20imictary erezpefcSERS dubatrateesErtitaRioB powartin this
X RBETET taR RN PP IS0 TA WA RV FREEFS et Second
e iR . o AT g i was donewin 2
1 rBilererDstep, avd & hotaheumbghof speatra was 468 moints. The whole map
was done for 7 min using automated motorized table system of Horiba- Jobin
Yvon LabRam HR 800 Raman Microscope.

Fig. 10A shows a Raman image for intensity of main peak of R6G,
integrated over the interval 1280-1400cm™ with baseline correction, where
intensity is given in %. The results show high uniformity across the surface of
enhancement properties of SERS-substrate according to present invention.
Maximum variation of intensity of major spectral feature is less than 25 % as
illustrated by Fig. 10B, where spectra with maximum and minimum intensity are

presented for comparison.
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the surface of the substrate, and a dianeter of focal

spot at sanple of 2 mcron. This spectra was obtai ned
wowrdobouRIsubt racti on of background. It can be BEBRUSIONEG17981

that even at very low illum nation power, Raman signal

IS very stron i el ding 7000 counts per second f
str Em@eéﬂmawgy Ig(shevv the sppRsdaiprau Wgem eof’fetm§oé'¥8
PREY - f ' 3 -
spl ST DRGSR 20 Pleddifed 82 Sippot m o
11Banpl e was extrenely snmall, as low as 0.4 nW Although

t he_Ra i | is | in thi bout 2
e e s SeRaninhte bEB it 2Rl PR Fe
r o _ . o .
erf KR eBR ASTY Ser SESTaEARYS prtsetinidaten
that peitigh aensiy of “rab spptidbatis ontieglifagpeachioaltiss onSERSzgubstrate

. m.cron, area_ of RS subst.rate, . j ' '

s FHTEBk 50 oS TESUS TRl s e RE Rty BFerbffers

availgblyirfpgér sPectra was 1 second, mapped area was 20x20
m cron, and the neasurenent of map was done with a 1

ni choparicelarahbas been siscevemd thet sYbsirates PrarargdPy the

i : | ) . '
N N L L e
cotrpl Wit 0308 FBRSsUYstrates: dpest irfpgessivdisshe fsctdh&earatrong
Ragual Sigal isiacbidrn veBeatind GBI all of INEiBpoBBORer (See data
1 A, R A1 Sllepgl 1B SER bt ot
inventipeexcede tfe SERE caltost offR@man sigrél aghievaplespdhe currently

exisfJa6 SIS plales gveopEE &8 pfeL e PaesGh d¥Siaal Gioulitet Goyn et o
“Siiffice ERRan¥AEREnHPESESteriMd & STRXII MBTRANES Fofh Bier-coated
Intensity are presented for conparison. Fi 1A and

s. 1
silica® ne@hopoteicAdwanceagiaviaterialg, MihdP8511598s aﬁg%a‘atskm S5to6

ectra are al i I S '
or S B iR, e Res g EEFUbSkalotiregdptilBhton can
pré\ga® aspRIcRICIHI@ Bnd tdse Entplifisatiors fadtdreus to 1@c@toofo thevhere
enhancenent properties of SERS-substrate in the
allpwingdar singleemalesylle AEASINIYiY-t hat a hi gh density of "hot
spot" that is critical for practical use of
SERS- substrate is achi eved, and shows the superiority
of Wihite (BeRBventist had beew descriliest with respect to certain

embodiments and applications, it will be appreciated how various modifications
and changes, and additional applications can be made without departing from

the invention.
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available in prior art. In particular, it has been
di scovered that substrates prepared by the present

WO mosmif2en have unusual |y strong enhancenent ofCTRESIRNS/017981
signal conmpared wi th other SERS substrates. Mst
i npressive is the fact that a strong Raman signal is

IT bxelL&MBDsven at 0.4 nmicrowatt of illumnation power
(See data presented on Fig. 9). Experinental data show
that SERS pl ates of present invention excede the
anplj fArcepticah sehsdrfoross withad wsmlté-&glatblasen' eb(dlﬂaeon beam and
currently existi n% SERS Iat es der@el oped

a Rarean spegirescarygietestar jo @eteéh%éh pl@sencegnpfrggeé groups in

@ggy 1 Mol ecul es from
a”%ﬁ?@@%@Ba e tsh|%Icsl’i\%:ntosn nano‘gf)re Advanced Materi al s,
15 (ail)5‘=9§utistfaﬁé 2003, at Ieast 5to 6 orders of
réH IS means th aubstrate of resefrH1
i nvENtd B'ﬁSEIS’H rﬁﬁem%e E"V%'pp{ifa‘ﬁ i 2 SERP STARCE O e
su? tefication factor up to 10 12 to 10 14 , where
ow ng for single nolecule sensitivity. Wile the
| nv(mtdlmosws)\lm&aldjwmr, Baasmon resenance Iay)erc@m@@wd ofa

pefiE AP o s Blce Wituehdlioe 05 PR bRdle o

birditiy A6aYicomdlctares) |)"@@%taﬂtbhsbuhlfdmaettldl‘@sfzeemnﬁm,apes in
invention.IT IS CLAIMED: 1. An optical sensqr for use

a spiedted sizegappe between PE=H0 rXdiit @W@M%E@rﬂﬁ%ﬁ@a&'%ﬁ%
paﬁ%ﬁ%é&ﬁﬁg HYat € 1eREHR5N tﬁé’fvagglteﬁg r1 Glgthbhgs SR866n beam,

roups in an ana ed to he sensor,
angonprising (a) a substrate; (b) a plasnnn resonance

mrror forms onaseno t he supstr

(c) (cb).%rbee@@ J@msgaredﬂ i heleelic e Pasithe et ckness in
thd Y&neS8TRR eéh 90! i %Péfa{tﬁ‘ﬁg Hid PhiASFRBmM said particle

resonance p rt| C avi ng ) Coating effective to

layerndi ng anal yte m)I ecules, (ii) substantially uniform
bZtr %%ﬁelgdrrggl@tiﬁﬁ]%( %Iﬁ%@/gesp' gf g%gﬁqtag@(fl Iazyeerrvﬂﬁ'ggald laser
ex8dtidnb&arh @é’éﬁéd:tﬁ)eetofﬂ?ééué@lnt $al defedt®s s Ra@ANtdpRctrum of

wavel ength of the | aser excitation bearq 1gmd
said analyte that with an amplification factor of at least 10

2. The sensor of claim 1, wherein said mirror is a silver, gold or aluminum

mirror having mirror thickness between about 30-500 nm.

3. The sensor of claim 1, wherein of said particles have a selected

maximum dimension in the size range 50-150 nm.

4. The sensor of claim 3, wherein said particles are formed of silver, gold,

or aluminum solid or coated particles.

5. The sensor of claim 4, wherein said mirror and particles are both gold

or both silver.
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(d) an optically transparent dielectric |ayer having a
sel ected thickness in the thickness range between 2-40
womosep@assati ng said mrror fromsaid particl e PCIES$2005/017981

wherein irradi ati on of anal yte bound to said particle
layer with said | aser excitation beamis effective to
pr odludbeisensar af datre & wherein Raifhpardisiestaramubstantially
Sp@%@%yte that with an anplification factor of at |east
2 The sensor of claim1, wherein said mrror
is a silver, gold or alumnummrror having mrror
t hi ckness bet ween abaut 30-500. nm 3 The sensor of . .
ol af mTe SANEPEPHCIaim o MieERIn eI Bartipleseals QUNGgiSEY strips.
maxi mum di nension in the size range 50-150 nm 4 . The
sensor of claim3, wherein said particles are forned
of 8i Mhersengor df claimdl, wineneimsaid particle layat isdformed of holes in
particleﬁ. .__The ensoL of claim4 , wherein said
an expagse 9 ap%ﬁm?%n@iagﬁgerboth gold or both silver.S6.
The sensor of claimb5, wherein said particles are
substantially spherical. 7. The sensor of claim§5,
whePeiThessangopar clatin & wheseipyaaithgartisleiayst isi fggmed of ajegular

ar B Bl Bh Rl sl EEReRcE BpPRULS Bk Barpe-o-partce
spa@bi§of particlheinsersson pluks Chad @0Gmwher ei n sai d particle

| ayer 1s formed of a regular array of closed packed
pl asnon resonance particles having a

art hcheto; ' ' . j ' ' N
e ST AR B Ay B 8 Py prosc
arraquiofl apreaist 60 pdrtigles in aldbastesneadipestiondi ¢ array of at

| east 50 particles in at |east one direction. 11. The
sensor of claim®6, wherein said particle |ayer

| nCh yda$,eA5difiioh %F'bl‘égﬁrd, PhePéinadaid pagicioRyBalididedsa pBriodic
each of two planar directions. 12. The sénsor of claim
array ofvat rast b0 Ipadicies ineeach abivwe pladar disectionsar ti cl e
| ayers, each separated fromthe i nmedi ately underlying
particle layer by an optical dielectric |ayer having a

t hi ggneagfe sndofonerim- 4hichninckilesdre semdes adbitiohal particle
1, wherein said substrate is a particle bead
layers, each separated from the immediately underlying particle layer by an

optical dielectric layer having a thickness of between 2-40 nm.

13. The sensor of claim 1, wherein said substrate is a particle bead

having a curved sensor surface.

14. A method of detecting chemical groups in an analyte with an
amplification factor of at least 10'°, comprising

(a) binding the analyte to the surface of plasmon resonance particles in a
an optical device composed of (a) a substrate; (b) a plasmon resonance mirror
formed on a sensor surface of the substrate; (c) disposed over said mirror, a
plasmon resonance particle layer composed of a periodic array of such plasmon

resonance particles having (i) a coating effective to binding analyte molecules,
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havi ng a curved sensor surface. 14. A nethod of

detecting chem cal groups in an analyte with an
wappsitis2eat i on factor of at |east 1010 , conprPGI/US0FY17981

bi nding the analyte to the surface of plasnon

resonance particles in a an optical device conposed of
(il) capstang alby bpigeran p@BvZI%Sléﬁ%t@ﬁﬁﬁhﬁagéﬁhﬁé@lﬁﬁtw Sieranggd
by
ool 8290/ A G paERLelo BNl BRsIAg s

lessahzn seslwal/elengtr obwledaaerragclteﬁors bebnp laasindh anexpticakhc e
parti cl es havi n '

Ll { di
o St e oSSR bR R
DefER AN hrhRRRaRalD Zid PRG! ROPSAS HaaR R Dot ol e
spa)rigatiatingianalyds snaleewles hounde seitpartiolestwith aakwble-light

exci t.at, bea nd (d) an optically transparent
IasgirgP(glfqt :}) g%ncﬁavi ng a sel ected thickness in the

thi @dsn?éc%ra.ﬂ@%e IRRIrMERS SpectAfin HRoGERAT By 581 ifratirtinigr r or
from'said particle layer; (b) irradiating analyte
nol ecul es bound to said particles with a visible-light

| as [ ' ) - o : :
spodPt dnerBtlseEer A 1 nicFle e AR (o e iipglifcation
fackbr 6fl atilgast40 Hhirehisicapabfecsftdetecting ¢hiardicabgaups in one or a
anplification factor of at |east 1012, and is capable
smaf| nanes of Anakre MRI8FUl§Foups in one or a small nunber
of analyte nol ecules. 16. The nethod of claim 15,
wherein said irradiating is carried out at a beam
powdB. |Teheenetifodoett cleiem 16, Wherein $aidWradiating is carried out at a

15 beam power level of between 0.1 and 1 mW.
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