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Abstract

Issues on optical and physical characteristics of
plasmonic biosensor were described. Starting from
physical principles of surface plasmons, resonant
coupling, and dispersion, we then discussed more
practical and essentially important aspects on
dielectric functions, penetration depth, and functio-
nal differences in SPR imaging systems. Scaling
procedure from experimentally obtained SPR curve
to incident angle was also discussed. Also, physical
background of plasmon-resonant, extinction-, scat-
tering- and near-field cross-section of metallic nano-
particles was briefly explained, based on Mie scat-
tering. Extinction spectra were calculated for various
sizes of gold and silver nanoparticles and compared
with experimentally observed extinction spectra for
colloidal gold.
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Introduction

Surface plasmon polaritons or simply surface plas-
mons (SPs) are a longitudinal, collective, and coher-
ent oscillation mode of electrons on the metal sur-
face. They are confined within a Fermi wavelength
scale (~O (A)), whereas they propagate along the
metal-dielectric interface until they lose their energies
into Joule heat. Propagation length depends on the
optical properties of metal and dielectric adjacent to
the metal layer!?. Parameters which determine the
characteristics of plasmons are (1) dielectric function
of materials, of which the system is consisted, (2)

geometric configuration, the thickness of layers, (3)
energy or wavelength, at which we are monitoring
the system, and (4) angle of incident light. Further, if
we consider an ensemble of metallic nanoparticles in
a dielectric medium, the shape and size of the parti-
cles would be important parameters for optical mani-
pulation. In all, dispersion relation of SPs determines
the whole dynamics of the system.

Surface plasmon resonance (SPR) is an energy tran-
sfer from an external source to the SPs. Traditionally,
electron energy loss spectroscopy (EELS) has been
used to investigate a system of SPs, which cannot be
coupled with visible light in normal condition. How-
ever, after the invention of Kretschmann and Raeth-
er', a total internal reflection (TIR)-based coupling
method has become a very popular tool to explore an
SP system in the visible region.

Starting from Maxwell equations with continuity
conditions of the fields, we observe that dispersion
relation of SPs is given as (see Figure 1)
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which is completely determined by SP wavevector
kg, and (complex) dielectric functions of metal €, (w)
and dielectric €, respectively, at a given wavelength.
When light is illuminated on a plasmon-supporting
metal layer with an incident angle 6, the amount of
wavevector that can be coupled with surface plasmon
mode is

kx=% sineoz% sinB,
because only x-component of wavevector can be cou-
pled to the SPs which is an intrinsic longitudinal mode
(TM-mode) of oscillation. From dispersion relations
eqgs (1.1) and (1.2) we conclude that the momentum of
light in vacuum is always smaller than that of SPs so
it cannot be resonantly coupled. To circumvent this
problem, we can add an additional highly refractive
(refractive index /&9 =ny) dielectric material in front
of metal layer to couple the light to the SPs. This TIR
coupling enables the enhancement of light wavevec-
tor so that the incident light can be coupled to SPs,

(eq. 1.2)

kx=% Jeo sine():% no sinfy=k,, (eq. 1.3)

which is equivalent to
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Figure 1. Three phases of SPR sensor configuration model
to calculate reflectivity as a function of incident angle or
wavelength. Phase 0, phase 1 and phase 2 are prism, metal
layer, and dielectric, respectively.
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Eq. (1.4) manifests itself an important tuning mode of
SPR-based sensor: Let us consider if the refractive
index and/or the thickness of dielectric material has
changed for some reason. Then the dielectric function
€, will be changed, so to retain the SPR condition eq.
(1.4), we can change either incident angle 0, at a
fixed wavelength, or the wavelength A at a fixed an-
gle. These two modes are the main interrogation met-
hods which have been used in biosensors. An alter-
native to them is an intensity difference-based imag-
ing; although not at one point but over the whole sen-
sor surface. This is usually known as surface plasmon
resonance imaging (SPR imaging) or in older term,
surface plasmon microscopy (SPM).

In this paper, we will consider a set of issues which
we think of practical importance in using a SPR-
based biosensor and system. Especially, issues on
signal transduction, evanescent nature of plasmon
field, dispersion, linearity, configuration of two- and
zero-dimensional SPR sensor, and their specific
characteristics will be discussed.

Dispersion Data

Dielectric function g(A), dispersion data, or nk-val-
ues of materials is a function of energy. More impor-
tant, yet not well recognized, fact is that it also dep-
ends on pressure, temperature, ambient, and phase
(bulk or film) of material. Whether it was obtained in
vacuum or in aqueous ambient, one must be cautious
in the values of data whether it is appropriate to exp-
erimental situation to be applied. Figure 2 is a repre-
sentative discrepancy in dispersion data for gold.

Dispersion data of gold (Au): Johnson and Christy vs. HOC
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Figure 2. Comparison of two dispersion data for gold: Data
from Johnson and Christy® and from Handbook of Optical
Constants of Solids*. Especially, discrepancy of functional
values in real part of dielectric function is dominant in
visible and near-infrared region.

Refractive index n (A) and extinction coefficient k (A)
are related to dielectric function as

e(V)=¢'(M)+ie" (W) =(n(h)+ik (1))

=(n(\)?—k(\)?)+i2n(M)k(N) (eq.2.1)

Surface plasmon resonance occurs only when the real
part of dielectric function &(A)<0, whereas that of
dielectric satisfies the condition £5(A) > 0.

Penetration Depth of the Field

Surface plasmon field is a surface bound, non-rad-
iative, and an evanescent field. It decays exponen-
tially away from metal-dielectric interface normal to
both sides. To estimate the sensitivity of a SPR sensor,
a good measure of it would be the penetration depth, at
which field intensity decreases in 36.8% (~e IKle=e1)
of maximum field. For example, if we consider a 3-
phase system as shown in Figure 1 as one of the sim-
plest sensor configuration, we can immediately cal-
culate the penetration depth of the field for metal (6,)
and for dielectric (9,) as
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2 || 2 €’ (eq. 3.1)

which comes from the relation
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together with plasmon dispersion Eq. (1.1). There-
fore, if we take 1 as gold and 2 as water at A=750 nm,
each penetration depth of the field in both sides is
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0,=- L ,=24.94 nm, and §,=- L ,—=296.15 nm.
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(eq. 3.3)

But if we take a shorter wavelength, say at A=650
nm, they will become

8'1 :S’Au: _9697, 8”1 :EHAu: 1.044
er=€Water=1.772, €"=€"waier=0
0,=- L ,=30.03 nm, and §,="- b —=164.34nm.
Ky K2
(eq.3.4)

From the discussions above, we can manipulate pene-
tration depth and so the sensitivity by selecting an
appropriate wavelength.

Angle- and Wavelength -Interrogated
SPR Sensor System

Eq. 1.4 shows possible SPR interrogation methods;
the first is to vary incident angle at a fixed wave-
length when dielectric function €, has changed due to
the thickness or refractive index change, while the
second is to vary wavelength at a fixed angle to retain
plasmon-coupling condition. Each of the methods has
its own benefits and deficiencies, for example, the
use of goniometer for the first case, while the use of
spectrometer for the second case. Other important
parameters are sensor layer configuration, dynamic
range of incident angle, and wavelength. Most of the
refractive index in aqueous phase (e.g. buffer solut-
ion) has at least 1.33 and up, one must take into
account these parameters in selecting an appropriate
angle and wavelength range.

Figure 3(A) depicts SPR angle as a function of
refractive index change n,=€2 for two different
wavelength (A=632.8 nm and A=830 nm), which
were obtained from Fresnel calculations. We assumed
BK7 glass as prism material, and on top of the prism
2 nm chromium layer and 50 nm gold layers were va-
cuum-deposited successively. Refractive index (RI)
of dielectric material adjacent to gold layer is assum-
ed to be changed from about 1.33 up to 1.40. From

Plasmonic Biosensor 283

850 T . - .
[ (A) A 1
80.0 F o .
I & ]
A _ ]
g s “ a” i
< 750 A=632.8 nm ~ 7
g 13 o I
E) e
g 4 /n/ ]
=4 0 _
. 700¢ = 7 A=830nm 4
i s ]
o
[ 2 i
6sof 4~ -
L a -
= ]
60'0 [ " 1 L L 1 L I L 1 " "
1.30 1.33 1.36 1.39 1.42 1.45
Refractive index, RI
1200 1 1 1 1 1 1 1
1® , a i
11007 / / o n
c ] Vé / / [
€ 1000 / / d .
£ ] / / /’ [
= ] A
S 900 d / / o
> 1 « 7/
z ] # v
z ] _n P
% 50 ) x g
175) ] _ = R -
] o o - A 0=650° [
7005 - = O:0=67.5° [
] X10=70.0°
600 hd T v T T T T T T

1.32 133 134 135 136 137 138 139 140

Refractive index, RI

Figure 3. (A) Simulated SPR angle as a function of re-
fractive index change for A=632.8 nm and A=830 nm, cal-
culated from Fresnel equation. SPR sensor configuration is
BK7/2nm Cr/50 nm Au/X, where RI of X varies from 1.30 to
1.43. (B) Simulated SPR wavelength change as a function of
refractive index for different incident angle. Also calculated
from Fresnel equation.

Figure 3(A) it is clear that if we want to monitor a
wide range of RI, it is beneficial to take a longer
wavelength, at the cost of smaller SPR angle change.
Since the pedestal of SPR angle changes drastically
for the given wavelength, which is about 71.3° for
632.8 nm and 62.6° for 830 nm respectively, it is nec-
essary to determine dynamic range of RI to be moni-
tored a priori, before selection of design parameters
such as incident angle and wavelength.

As the same sense, Figure 3(B) shows SPR wave-
length change as a function of refractive index for
different incident angle. It also shows that it is better
to take a larger incident angle for a wider range of RI
monitoring.
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Fresnel calculation
SPR sensor configuration: BK7/Cr (2 nm)/Au (47 nm)/
SAM (n=1.45, d=0-100 nm)/Air@633 nm
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Figure 4. (A) Simulated, theoretically calculated percent-
reflectivity (%AR) as a function of self-assembled mono-
layer (SAM) thickness adsorbed on gold surface. Assumed
(effective) RI of SAM is 1.45 and SPR sensor configuration
is BK7/Cr 2 nm/Au 47 nm/SAM 1-100 nm. (B) Magnified
view of (A) showing the valid region of linearity, up to 1 nm
thickness of SAM layer.

SPR Imaging

SPR Intensity Imaging

Assume that if a monochromatic light is illuminat-
ed on metal layer through a prism, not on a point, but
on the whole surface at a fixed wavelength. Then, re-
flectivity of each point on the surface differs from
each other, according to off-resonance conditions.
Therefore, if a well-collimated, an expanded and an

incoherent light is used, one can construct a two-di-
mensional SPR intensity imaging system. Such a
SPR imaging system has features of great benefits
over conventional angle- or wavelength-interrogated
SPR sensor system, for example, to monitor RI chan-
ges simultaneously for independent, multiplexed de-
tection zones.

However, essentially the SPR intensity imaging ob-
tains information about RI change of adsorbed layer
from a relative reflectivity difference at one point on
the metal surface: To estimate absolute RI- or thick-
ness change of a dielectric on the metal layer point by
point, at least one absolute reflectivity data as a func-
tion of angle or wavelength, is needed.

More critical drawback of the SPR intensity imag-
ing is signal proportionality. In using and in interpre-
ting SPR intensity imaging, one usually takes a linear
region of the reflectivity, at around 30% of full reflec-
tivity signal, for example, to monitor affinity kinetics
of each detection zone. In reality, however, so-called
linear region of the reflectivity strongly depends on
sensor configuration, sorts of metal and dielectric,
and on layer thickness. Figure 4(A) is a simulated,
theoretically calculated percent-reflectivity (% AR) as
a function of self-assembled monolayer (SAM) thick-
ness adsorbed on gold surface. Assumed (effective)
RI of SAM is 1.45 and SPR sensor configuration is
BK7/Cr 2 nm/Au 47 nm/SAM 1-100 nm. From the
figure we easily see that proportional region in which
relative reflectivity increases as SAM layer thickness
increases is up to 15 nm. Beyond this value, the reflec-
tivity slowly goes down.

Also the linearity of the reflectivity signal vs. thick-
ness change of adsorbed layer is limited within ca. 1
nm, as shown in Figure 4(B). So the valid response
region must be always examined for correct inter-
pretation of sensor signal in SPR intensity imaging.

SPR Angle Imaging

One another type of SPR imaging, though retaining
absolute calibration capability of thickness change
and multiplexed detection, is SPR angle imaging; one
can obtain SPR angle change for individual detection
zone by using a wedge-shaped beam of monochroma-
tic light, focused on a hemi-cylindrical prism. Be-
cause light is wedge-type, dynamic range of incident
angle is determined by beam expansion dimension. If
the SPR angle is within this angle range, reflected
light projected on a two-dimensional sensor, e.g., on
a CCD, build a dark band that corresponds to SPR
dip line. By taking a cross-section of the image along
the expanded beam and by fitting experimental data
to the reflectivity as a function of angle, which was
theoretically obtained from Fresnel equation, one can
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estimate thickness change of dielectric adsorbed on
metal layer.

Different from SPR intensity imaging, SPR angle
imaging is capable of absolute calibration for thick-
ness change, because we can obtain reflectivity vs.
angle curve from the cross-cut of the image in abso-
lute measure, though in pixel counts.

Scaling and Calibration from Pixel Counts to Angle
Once we take a region-of-interest (ROI) from the
image, we can define dynamic range of SPR angle
change in pixel counts. To estimate absolute thickness
change it is essential to re-scale the units of pixel
counts to angle. Figure 5(A) is an example of SPR
angle images, obtained from a SPR angle imaging
system. As a sample liquid, we took water (np=1.33)
and ethanol (np=1.36) for calibration of the system

in angle, on theoretical val-
ues.

and ROI is 150 x 240 pixels, as indicated in squares.
Because ROI that we take from the images is essen-
tially arbitrary, one is needed to tune the experimental
reflectivity values obtained from cross-cut of image
to theoretical values of reflectivity for at least two
points, e.g., the minima of reflectivity. Then reflecti-
vity curves as a function of pixel counts are obtained,
and this can be re-scaled to a function of incident
angle via a polynomial fit. In case of third-order poly-
nomial

8(p)=6y+cp+c,p*+esp? (eq. 5.1)

where p is pixel counts cj, ¢, and c; are expansion
coefficients, we obtain

00=62.52, ¢;=1.37x 1072, ¢,=5.22 x 1073,

c;=—131%x107". (eq.5.2)
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Figure 5(B) depicts an over-plot of SPR curve obtain-
ed from cross-cut of SPR angle image, re-scaled in
angle, on theoretical values. After calibration from
pixel counts to angle, SPR angle difference between
ethanol and water can be calculates as

AB=0gpr(ethanol) — Ogpr(Water)

AO AO
= X Pethanol — * v~ + X Pw

Ap P=Pethanol e Ap P=Pyater o
=2.61° (eq. 5.3)

which differs from theoretically calculated value
A0=2.8°. First of all, discrepancy in SPR angle chan-
ge might come from the quality of image. Light sour-
ce that we have used in the experiments is a near-IR
laser diode with A=850 nm, which produces speckles
on the image due to long coherence length. Conse-
quently, boundaries of SPR dip line will smear so that
it is difficult to obtain a reasonable ROI range.

Localized Surface Plasmon
Resonance

The term “surface” in SPR can be interpreted in
different manner, according to the geometry and con-
figuration of plasmon-supporting metal. In the preced-
ing sections we have considered a two-dimensional,
nanometer-thick metal layer which is bound longitu-
dinally, say in z-direction, whereas not bound in spa-
tial direction, in (x, y)-plane. Now, if we shrink geo-
metry of metal layer down to nanometer scale in both
x- and y-directions, two-dimensional metal layer
becomes a zero-dimensional, a nano-sized metal parti-
cle. Free electron movement in such a very small par-
ticle is then strongly confined such that the size of
metallic particles is smaller than average mean free
path of the electrons. In this case, particles show a
strong extinction maximum due to the plasmon reso-
nance. This particle plasmons or localized surface
plasmons (LSPs) are a polarization mode of electrons
in and on the surface of metallic nanoparticles.

As a model system one usually consider a metallic
nanosphere which is made of noble metal (Au, Ag,
etc.), immersed in a dielectric ambient. In 1908,
Gustav Mie solved this problem using Maxwell equa-
tions with symmetry conditions of wavefunctions®.
This model was a strongly simplified model, but it
still gives us profound insights into optical properties
of metallic nanoparticles, independent of their shape.

An ensemble of metallic nanoparticles, mostly of
gold, has a distinctive plasmon resonance character in
visible region. Resonance peak in extinction and in
scattering cross-section can be changed, if dielectric
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Figure 6. (A) Calculated extinction spectra in visible region
for different size of gold nanoparticles, based on Mie scatter-
ing theory. Assumed are gold nanoparticles, various in size,
mono-dispersed in water. Also depicted is a measured extinc-
tion spectrum for colloidal gold nanoparticles with an avera-
ge size of ca. 20 nm (Sigma G1652-20M). (B) Same as (A),
but for silver nanoparticles.

conditions (refractive index or thickness) of dielectric
material has changed which is adsorbed on the
metallic particles. For example, if biomolecules are
adsorbed on the metallic nanoparticles, refractive
index will change locally on metal surface. This in-
duces changes in localized plasmon resonance condi-
tion, leading in the shift of extinction wavelength.

From Mie theory, scattering coefficients are given
as the ratio of two Wronskian determinants of linear
independent wavefunctions as®’

(MO0 PO
m,(mx)E,(X) —Ex(X) Py (mx)

n
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where the size parameter x and the ratio of metal and
dielectric refractive index m is given as

(eq. 6.1)

2ma N, RI of the particles
x=ka=——, m=—= :
A Ni RI of the host matrix

Ya(X)=xju(x), Ea(x)=xh{"(x) (eq. 6.2)

and j,(x) and h{"(x) is Ricatti-Bessel- and Ricatti-
Hankel function of 1* kind, respectively. From Egs.
(6.1) and (6.2) one can calculate extinction- and scat-
tering cross-sections using the formulae

2
Qsc=15 T n+D{|a,+ b,

2
<2
Qass=QexT—Qsc

Qu=23 { |aa [P0+ D[ B0 P40 ] BB | 2}
+(2n+1)| b, | ?| hP(x)| >

Q=5 3 o+ D{Re (@, Ty}

n=1 sp

(eq. 6.3)

where Qsc, Qext and Qags is scattering-, extinction-,
and absorption scattering cross-section, respectively.
Messinger et al. calculated near field extinction cross-
section Qg from Mie theory’.

Figure 6(A) shows extinction spectra Qgxr in visi-
ble region for different size of gold nanoparticles, ba-
sed on Mie scattering theory. Assumed are gold nano-
particles, mono-dispersed in water. For 10 nm radius
gold nanoparticles extinction peak appears around
523 nm, while for 50 nm radius particles it appears at
544 nm. From this result we immediately recognize
that for lager particle size, plasmon resonance wave-
length shifts to the longer one. For comparison, we
measured also extinction spectrum of colloidal gold
nanoparticles, which have an average size of ca. 20
nm (Sigma G1652-20M). This experimental extinct-
ion cross-section was over- plotted on the same figure
(diamond polymarkers). Figure 6(B) is the same ex-
tinction spectra, although for silver nanoparticles
with various sizes. Plasmon resonance peak for silver
particles is shifted to shorter wavelength and shape of
resonance peak is more symmetric, because contri-
bution from interband transition moves to the UV
region.

Conclusion

In this paper, we revisited and examined some
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basic, yet critical characteristics of plasmonic biosen-
sor. Starting from physical principles of surface plas-
mons, dispersion relations, and resonant coupling
conditions of light to plasmon modes, we further dis-
cussed on dispersion data, of which the correctness is
essential for theoretical simulation and determination
of design parameters. Penetration depth of plasmon
fields were calculated for representative situations.
Functional as well as structural differences between
difference intensity- and angle imaging of SPR sys-
tem were clarified. In a SPR angle imaging system,
for absolute calibration of thickness or refractive
index change of dielectric on metal layer, a scaling
procedure from pixel counts to angle value was de-
monstrated. Lastly, physical background of resonant
extinction cross-section of metallic nanoparticles was
briefly explained, based on Mie scattering. Distorted-
and free wavefunctions are employed in scattering
coefficients, which make possible to calculate extinc-
tion-, scattering-, as well as near-field cross-sections.
These observables were theoretically calculated for
various size of gold and silver nanoparticles, and
compared with experimentally observed extinction
spectra for colloidal gold nanoparticles.
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