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Abstract — Traditionally, surface plasmon resonance (SPR)
biosensors utilize absorption of light radiation incident upon
noble metal films above the total internal reflection angles.
Herein we extend the SPR phenomenon to incorporate cavity
plasmon  resonance (CPR) excitation of metallic films at
incidence angles below the critical angle. While SPR occurs for
TM polarized light only and requires very specific excitation
conditions, which could be disadvantageous in some practical
designs, CPR does not require complicated evanescent field
excitation above the critical total internal reflection angle and
can be implemented for both transverse electric (TE) and
transverse magnetic (T M) fields even under normal incideuce
(TEM). These and other unigue features of CPR enable a more
flexible design of highly efficient and sensifive biosensing
devices.

Introduction

Surface plasmon resonance (3PR) 1s known as one of the
most  sensitive  subwavelength  biosensing  microscopy,
spectroscopy and imaging methods for characterization of
swface physical properties of materials and adsorbates (e.g.
[11-[e]). In the most common geometrical setup (the
Kretschmamn  configuration depicted in Fig. 1(a)). an
electromagnetic (EM) radiation from the visible or near-
infrared spectrum 15 incident above the total internal angle
upont thin metallic film, located between a lugh refractive
index prisin and an analyte under investigation. Maximal
sensitivity 18 achieved whenever film thickness 1s optunally
selected as to allow for the full abscrption conditions. An
unportant property of surface plasmons s the EM field
enhancement at the interface compared with the incoming
radiation. This enhancement can reach a factor of about 10
for a smeoth flat surface and even more for a rough surface
[7], and suggest s using surface plasmons for surface-
enhanced spectroscopy. like the surface plasmon fluorescent
spectroscopy.  The fields associated with the surface
plasmons extend into the media adjacent to the usterface and
exponentially decaving away from it. Being limited to near-
plasma frequencies of metals, lying in the visible and near-
mfrared bands, surface plasmons can be excited under very
specific conditions and wsually have poor penetration depth
mto adsorbing layers. The resulting device 13 capable of
measuring the refraction index of very thin layers of material
adsorbed on a metal.

Herein we suggest an altermative method of plasmon
regonance excitation by utilizing cavity plasmon resonance
(CPR) phenomenon. Devices using CPR instead of SPR do
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not require complicated evanescent field excitation above
the critical total internal reflection angle and can be
mplemented for both transverse electnic (TE) andd
transverse magnetic (TM) fields even under normal
meidence (TEM), thus offering more flexibility over wide

ranges  of wavelengths, bandwidths, and  device
dumnensions.
Prototype configurations
The two  prototype  configurations  under
consideration are depicted m Fig. 1. The SPR

configuration (Fig. 1{a}) consists of a thin metallic film of
thickness @ with generally complex permuttivity g,,
whach 1s asymmetrically swrrounded by two semi-mfmite
layers, having the corresponding constants &,

[ and & s all
agsumed to be lnear and isotropic. For the CPR
configuration (Fig. 1(b)), a perfect miurror is placed at a

distance £ from the metallic {ilm.

SPR field

LT LA Analyte, &,
distribution 7

(a)  SPR-suppotting configuration

oMl g,

Analyte

CPR field Cavity. €,

distribution

Perfect mirror
{b) CPR-supporting configiration

Fig. 1. Biosensing configurations utilizing absorbing metallic film.
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of the
obliquely incident plane wave, the comesponding wave

£, 04y » and k=w [1 m satisfy
=0, respectively. As shown in Fig. 1, the

. . . —lat
Assuming a harmonic time dependence €

numbers k=afsu, - k=0
AR
electromagnetic wave is incoming through the upper layer
k, and impinges upon the absorbing film £, at some angle
& . As usual, the propagation angles in all the layers are
1 propag g Y

determined via Snell’s law, 1.e. ksin6 =k, sin6, = k,sin6, .
Subsequently, the critical mcidence angle H; 1s given via
0. = sin”! ‘:ka /kl ) . For
configuration (Fig. 1(a)) or perfect mirror configuration (Fig.
1 (b)) the power absorption efficiency is given via

n=1-|R". ()
which is a direct extension of the formulation developed in
[8] and [9] for the current case of zero power transmitted

either total internal reflection

through the film. The global reflection coefficient R can be
conveniently e\pIessed via

K+ pe o (2)
1+; peuﬁ(j deoséy .
where the local refraction coefficients # and g, are defined
via
z Z, -2, c (cos@, | ,
R e 2RO
1+ +.Z, A AN k| cosg,
The normalized impedance &, is defined via
2 :Ji,_??u cot{kLcosd, ), Fig.l(b) )
=z, Fig.1(a)

The distinguishing superscripts TE and TM, corresponding to
the two elementary plane-wave polarizations, have been
partially omitted in Eqs. (1)-(4), only for relations applying
to both polarizations. This rule 1s adapted throughout the
paper for all the equations that apply to both polarizations.

Optimal Absorption Paths and Material Dispersions

The actual biosensing procedure, 1.e. measurement of
physical parameters (e.g. refractive index) of the analyte

layer &y,

can be optimally facilitated by founding the
conditions of total absorption of the incident radiation in the
metallic film, leadingto 7 =1 or R=0 (1)

To clarify the current analytical tormulation, we obtain
explicit asymptotic expressions for the optimal absorbing
film material as a function of its various parameters
(normalized thickness & d, distance from the substrate £/,

angle of incidence &, ). Two asymptotic full absorption cases

are of particular interest, namely, the limit of a thin layer, 1e.
kd <=1, and the limit for which the absorbing film cannot

be considered as thin, ie. kd ~ Following the
procedures described in [8], while requiring R =0 in (2)
, one obtains asymptotic expressions for the optimal film

impedance .2, = as

)
and
Fpye == 210 26755 ©
inthe kd <=1 and kd ~1 limits, respectively, where

8% = kdcos™ 4. (7
Because the focus here is on metallic-type absorbing
films, only the zero-order mode (m=0 m [8]) optunal
asymptotic solution is provided here for the thin-layer
limit. Higher-order modes that provide appropriate
optimal solutions supported by low loss (insulating)
materials are not shown. Note that for the plasmon

resonance condition, i.e. 3.5 120, Egs. (5)-(6) equally

1‘-71 §"
hold for both TE and TM polarizations i the CPR case,
whereas SPR 1s possible for TM polarization only.

In the thin film limit (kd<<1), the optimally

absorbing film material, represented by 2, is highly

dependent on the normalized distance of the substrate
layer kfcos 8, For pr<klcost, <m/2+ pr.

p=0,1,2,.., the loss angle of =, - will be less than

45°, representing low  loss  materials  with
R (£ 5 5{471} When ficosg, =z/2+ pr. the loss
angle of materials obeys the dispersion condition of good
electric conductors, which corresponds to a loss angle of

45° (ie., 1), However, lossy

R {’gyllop:} =3 {Z;E,op.rj o
resonance excitation of materials in their conducting state
with kyfcos @, = ;r‘,r"2+ j2a 15 usually not possible for
mfrared wavelengths and below. The reason is that, as
wavelength decreases, the dispersion of good conductors
changes its behavior either into metallic-plasma-like or
anomalous absorption states whose loss angle deviates
from the optimal 45°, thus making the optimal (5=1)
excitation impossible. On the other hand, lossy resonance
excitation 1s mdeed possible also at much lower
wavelengths by using metals in their near-plasma band.
One notes from (4)-(5) that for thn film lumt, 1if

7/2+ pr <k,fcosé, <(p+1)z. the optimal film is actually

of a plasma type since its loss angle is then above 45°

since S{ _;5;3}< 0. Moreover, when the film becomes

relatively thick (Eq. (6),k,d ~1), the asymptotic optimal
solutions are mherently of the plasmon resonance type.

Their dispersion is that of metals in their plasma band
with loss angle between 45° and 90°.
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Table [. Configuration parameters and infersection pounts for Fige. 2

Also, normalized dispersions of some noble metal
materials (Table T) are depicted it Fig. 2 (dashed lines)

Fig. 2. Optimal absorption paths tor various total absorption cases

along with some material dispersions [10] in the complex 7,

domain. For the CPR configuration & ={ while for the SPR
k,fk =0752,

8 >0 =s n! {k, /ll;i ) = AR 754%. The analyte laver is represented

configuration R { S } =0, and

by water permeability at wvisible and infrared wavelengths

(5,=1.7689)

and 3.
Case # : R . . . P versus excitation frequency. The intersection pomts
- ° i ’ between the optimal absorption paths and material
Absorption | e | cpp | opr | cPR | SPR | PR (}35;)@1’51011 curves of the specific metal }Ls:ed represent ﬂle
Mode full absorption or lossy resonance conditions and provide
Film Al Ao Al An As Ao the required optimal design values, Le. {ilm thickness
material ) il ’ i e o .
d . and excitation frequency @, ., per given substrate
Film kd~\kd~ |fd<<1| kd~l| kdel|[kd=<] e RS Foge > PET BIVER SHDFEALE
thickness distance £ or incidence angle & .
7.1 - - . - 495 | 493
; ‘ w i
& 0 0 0 0 51 51 - N B 5
{ [um] (0043 [0202 | 0409 | 0389 | oo | oo
d,, ] (3644 3194 | 547 | 4704 | 27 | 4
/VLJE(; [um] |0.114 [0.463 | 0928 | 0.833 | 0.510 |6.687 .
. . S oy
The above conclusions are further demonstrated via Fig.
. . . N —_— 0.4
2 where the exact solutions of B =10 for either CPR (Fig. J i
1(b). setting @ =03 or SPR (Fig. 1(c)) are represented via \
optimal absorption paths [8], [9] in the complex 2, domain. o \ \
Along each path the value of & varies contmuously whereas - L- \ ‘ \
the power absorption efficiency 77 in (1) 1s exactly 100% for sl i R ‘
[ 1 1o g
constant kgﬂ and 6)1 . Tt should be noted that the same path 1s Alum)
obtained for either CPR or SPR, by properly setting &,/ and {a)
&, for obtaining identical £ in(4).
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Fig. 3. Power absorption efficlency iu the vicinity of various
lossy resonances (configuration details are given in Table [ and
material dispersions are taken from [10)]). (a) dependence versus
excitation wavelength A — c/ 1 (b) dependence versus angle

of incidence {% .
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Frequency and Angular Sensitivity

The sensitivity of the power absorption efficiency n the
vicinity of different lossy resonance conditions (intersections
in Fig. 2) as a function of excitation frequency and incidence
angle 1s shown in Fig. 3, subject to precise configuration
parameters given in Table 1. The specific examples include
CPR and SPR excited silver film in the visible band and
excitation of gold and aluminum films in near-infrared and
ultraviolet bands. Evidently, the CPR and SPR absorption 1s
inherently characterized by lugh frequency and/or spatial
selectivity. It should be noted however that the CPR
excitation offers more flexibility over wide ranges of
wavelengths, bandwidths, and device dimensions as can be
verified via Table I.

Obviously, the cases shown in Fig. 3 are not the only
possible examples and, as suggested by Fig. 2, many other
intersection points  exist, offering more flexability for
achieving full absorption m thin films over wide range of
wavelengths, bandwidths, and device dimensions.

Summary and Conclusion

A new type of plasmon resonance excitation in thin
metallic films, utilizing the cavity plasmon resonance
phenomenon, was proposed. Analytic derivation rendered
closed-form formulae for characterization of optimal material
(metal) dispersion assuring full absorption (no reflection)
conditions m both CPR and SPR configurations. The
performance of various CPR configurations was compared to
this of the SPR n both frequency and angular domains. The
results of the current feasibility study suggest that CPR holds
a great promise of becoming a very robust and flexible

biosensing technique for ultrasensitive refractive index
measurements.
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