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-4bthud - Traditionally, surface pla5mo11 re\onance {SPR) 
bio5etiwri ulilire abmrptroii of light radiation inc~deiil upon 
noble metal films a i m  e the total internal retlection angle5 
I-lerein me eTtetld the &PI? phenomenoe to incorporate cat. it, 
pla5inon resonaiice (CPK) excilatioii ot rnelallic filnir at 
IncrOencc angles beloa the critical angle \\ hile SPR occurs for 
1 \ I  polarized light onlv and require9 \cry specific excitation 
conditions, which coiild be driadx aatageoas ia some practical 
tlcqign5, CI'R does not require complicated e l  anesceiit field 
etcitation aboi e the critical total internal reflection angle and 
can be implemented for troth traris\erse electric (TE) and 
lran%%erse niagiietic (Thl) fields el en under normal incideace 
(7 E M ) .  1 hese and other unique feature5 of CPR enable a inore 
fleuilile dedgn of hrghiy efficient and \ensiti\e biosen\ing 
t le~i ieq.  

Introduction 

Surface plasmon resoiiance (SI'K 1 is knov\.ri a!: om of ilie 
must sanaitive ~ i i tw~~vele i ig t i  biaseimiiig microscopy, 
spectroscopy arid hriagiig ~netiiocls for cliaractei-izalioii of 
suri;icc physical propertics of materials ant1 ailiorbates ie.g. 
[ I  1-[6]j. In the most cornnio~i geometrical seiuitull (the 
I<r etschmami cunfiguratiori deisickd in Fig 1 i aj i .  a11 

elect~or~iagiietic iE.M 1 railiatiiiri kixn tlir visibk or iiear- 
infrared spectniin is incident above the total intend aiigic 
upon tliin metallic film. located between a llrgli refractive 
index pr im aiid a n  a~lalyte uridt:r investigation. bhxinial 
sensitivity is acl-riesed wlienever filin thicknzss is optimally 
selected as to  allow. for the fill1 abaoI-piion coiirbticms A r r  
iinportant p ~ - q m t y  of suirhce plasm 
entmicei-nciit at the iniarface conipared with ihe incoining 
raiiiatioii. Tiis eiihaiicemcnt can reach a Factor of ziborit 1 0  
for a smooth flat siir-face axid even mire fix a roiigli suriirce 
[SI. arid suggest s miry!  sui-face plasmoils foi. surface- 
enhanced spectrcxcopy. like the surface plasniori flimrescerif, 
spectroscopy The fields associated with tlie sui-face 

nd iiito h a  11iedia ailjju~arit to the in ta r fxe  iuid 
decaying ;?way from it, 13eirg limited lo near- 

plasnia. fi-eq~iencies of metals, lying in tile visible near- 
iifi-ared ban&, sui-face plasinom can be exciteit iiiidei ve~y 
specific coiiititiom arid i~mally haw poor perietrdori depth 
into adsorbing layers Ihe resulting clcvicc is c a ~ ~ b l e  o f  
measuring the refrxtiori iiidex of very tliiii layem of material 
adsorbed oil a metal. 

Herem w e  suggest an alteniatir-e rnetliod of plasniori 
resomiice excitation by utilizing cavity piasinon resoiiaiice 
((31'11 ) plimonienoti. Devices iisiiig CPR instead of SPR do 

r .  

1 -4244-0033-3/06/$20.00 02006 IEEE. 

Pratotj-pr c o ~ f ~ ~ u ~ ~ t i ~ ~ n ~  

The twil prototype coilfigurations utiiler 
consideratmi are depicted iii Fig. I .  The SPR 
configuratioii (Fig. 1 1 )  coli of a thin metallic fi!m of 
thickness d with gaiierally cotnpies permittivity i;, , 

which i s  aspnrneirically simouricleii by two serni-iiifmite 
layers, li<iving ihcr corresponding constants s~, asid 5; . all 
assuniod lo be 1ima.r arid isotropic. For the CPR 
coiiiigiiratim (Fig. I (b)~) ,  ii perfect mixor is placed a t  a 
distance C lroin h e  metallic i ihn.  
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s { , $ j , 3 { h 2 ] , s { k 3 )  2 0 .  respectively. As shown iii Fig. 1. tlie 

electromagnetic wave is incoming tlrougli the upper layer 
kl a id  impinges upon tlie absorbiilg film k2 at some aixle 

Hi. As usual, the propagation angles in all the layers are 
detemiined via S~le1l.s law, i.e. k1 sin 6, = h2 sino2 = h, sin e, 
Subsequently. the critical incidence angle Q2 is given via 

@< = sin-' ( k; /k ,  ) . For either total internal reflection 
configuration (Fig. 1 (a );i or ~~er fec t  mbmr configuration (:Fig. 
1 ( b  i') the power absorption efficiency is given via 

(1 I 

arlicli is a direct extension of the formilation developed in 
[SI and [9] for the current case of zero power transmitted 
though tlie film. The global reflection coefficient R can be 
coiiveiiiently exp~-essed via 

TJ = 1 -lR12. 

( 2 )  

wliere tlie local refraction coefficients ~i and p2 are defi~ieil 
7; la 

The normalized mpedaice 2& is defined via 

(4 )  - ji47 cot(X,I cos# ). Fig l i b )  
F g  l iu) 

7 -  
-17 - 1  4 .  

The distmguishliig suipersc1 ipts TE and Thl. coIrespoiiduig to 
the two elementaq plane-m a\ e polarizahons, ha\ e been 
parhallj omitted in Eqs (1 )-(4 ), only for ~elaboiis applynig 
to both polarizatioiis This nile is adapted throughout tlie 
paper for all the equahons that apply to botli polarizahons 

Optimal Absorption Paths and illaterial Dispersions 

The actual biosensiilg procedure, i e. measuremelit of 
physical parameters (e  g refractive index) of tlie analyte 
layer s3, can be optimally facilitated by founding tlie 
conditions of total absorption of the lliciileiit radiation in tlie 
metallic film, leadmg to 17 = 1 or R = 0 in (1 i. 

To clariflr the current aialyhcal formulation, we obtain 
ptotic expressions for the optimal absorbing 

film material as a function of its various parameters 
(nomalized tlickmess k,d ~ distance from the substrate k p ~ 

angle of incidence el /j Two asymptohc full absorption cases 
are of particular interest, namely, the h i i t  of a thm layer, i.e 
k,cf <:<: 1 , arid the limit foI- which the absorbing film cannot 

be consiilereil as tliiIx i.e. k,d -1. Following tlie 
procedures described in [Y]. wliile requiring R = 0 in ( 2 )  
. oiie obtains asymptotic exp1-essioix for the optimal film 
impe&u1ce q2,,,!cr as 

= (I+ i )  .\li 1 - 2, ZS) ( 5;) 

and 
( 61 ,- z,2,0Ft = -3? (I + 2e- 

3;; = k,dcos" Q, ( 7 )  

in the k1d -:-. 1 and ,kid -- 1 limits. respectively. where 

Because the focus liere is on metallic-type absorbing 
films. only the zero-order mode (n7= 0 m [SI) optmal 
asymptotic solution is Iirovided liere for the thin-layer 
limit. Higher-order modes tliat provide appropriate 
optimal solutions supported by low loss (insulatmg ) 
materials are not sliowi. Note that for the plasmon 
resoiiaice coiiclihon, i e. J {A<:, 1 ~:: 0, Eqs (5)-(,6) equally 

hold foI- botli TE a i d  Tbl polarizations 111 tlie CPR case. 
whereas SPR is possible for Thf polarization only. 

In the t h n  film limit ( k,d <:.: 1 ), the optimally 
absorbing film material. represented by 3; 

depeiicleiit on 'die noImalized distance of the substrate 

p = (IJ,~.?,, , , , the loss angle of q2,,,pr will be less than 

45", representing low loss materials with 

layer k, i 'cos@:, .  For p ~ i  k,l'cos@:, - I F / Z + P I F .  

3 {q j I-)- 3 {q ] When klcos@ = K,IZ +p , the loss 
a x l e  of materials obeys tlie chspersioii coiiclitioii of good 
electric conductors. which conesponds to a loss a x l e  of 
45" (;.e.. M j 7 I - f S- I '). However. lossy 

resomiice excitation of materials in their conducting state 
with k5fcos@j = n;'z+ p is usually not possible for 
infrared wavelengths arid below. The reason is that, as 
waveleiigth decreases, the dispersion of good conductors 
changes its behavior eitlier into metallic-plasma-like or 
anomalous absorption states whose loss angle deviates 
fI-om the optimal 45". tlius making tlie optimal (, TJ = 1 ,I 
excitation impossible. Un tlie otlier hand. lossy resoiiaice 
excitation is indeed possible also at much lower 
miveleiigths by wing metals in their near-plasma band. 
Lhie notes from (4 )-(5 j that for thni film limit. if 
a ; ' ~ + p w - k , l ' c o s ~ ,  < ( p + l ~ ] K .  tlie optimal film is actually 

of a plasma type since its loss angle is then above 4" 
since 5 {& ] <: (IJ . Moreover, xvlieii the film becomes 

relatively tlllck (Eq. (6), k,d -' 1 ), the asymptotic optimal 
solutions are idiereiitly of the plasmon reso~iaiice type. 
Their dispersion is that of metals in tlielr plas~ria band 
with loss angle between 45" axid YO". 

I- 'E.o.pj  - J {%,opj 
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Table 1. Confipuratmii parameters arid intersection points for Figs. 2 
a s d  3 .  
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Frequency and Angular Sensitivity 

The sensitiviQ of the power absorption efficiency in the 
vicinity of different reso~~aiice conditions (intersections 

excitation frequency aid incidence 
angle is shown in Fig. 3. subject to precise configuration 
parameters given in Table I .  The specific examples inchicle 
CPR and SPR excited silver film in the visible band a i d  
excitation of gold and aluminum films in near-infrared and 
ultraviolet bands. Evicleiitly, the CPR and SPR absorption is 
iidiemitly clmracterized by lllgli frequency a d o r  spatial 
selectivity. It should be noted however that the CPR 
excitahon offers more flexibility over wide 1-anges of 
waveleiigths. baiclwidtlx. and device dimeiisioils as can be 
verified via Table I. 

Obviously, the cases sliooam 111 Fig 3 are not the oiily 
possible examples axid as suggested by Fig 2. many otlie~ 
intersection point.. exist. offering more flexibility for 
achieving full absoIptiori in thin films over wide range of 
waveleiigtls. bandwidths. aid device ch~rieiisioils 

Summary and Conclusion 

A nem type of plasmon resonance excitation III tliui 

plie~ionieiio~i n as proposed Ailalytic derir ation reiiclered 
closed-fom formulae for characterization of optimal niateIial 
(metal) clispersioii assuring full absorption (110 reflection) 
coiiclitioiis ui both CPR aid SPR coiifiguatioiis The 
performance of 7 alious CT'R corltiguratiow >T as compared to 
tlus of the SPR ui  both frequeiicy and angular domaiils The 
results of the cunent feasibility study suggest that CPR liolds 
a great promise of becomlng a Tery Iobust a i d  flexible 

IIletdlhC f l h ,  LltlhZlllg the CaVlty ~Jld\ItlOI1 Ie\ollaIlCe 

biosensing teclnique for ultrasensitive refractive index 
measurements. 
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