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Chapter 1

Introduction

Foodborne diseases represent a serious issue for the public health and for
the food industry. In the last 50 years, in order to reduce and to prevent
pathogenic contaminations, various techniques for pathogen recognition such
as culturing methods have been developed. However, all these techniques re-
quire highly specialized laboratory equipment and skilled operators training,
making a real time detection difficult.
Conversely, surface plasmon based (SPR) biosensors are portable, simple-
to-use sensors which offer the advantage of performing real-time detections,
making in-line monitoring of food processing possible.
The main idea behind a SPR sensor is: by modifying the chemical features of
a dielectric/metallic interface via molecules with a specific bioaffinity with
the target, making it possible to immobilize the desired molecules and rec-
ognize them by an optoelectronic instrument.
When developing a SPR sensor, it necessary to achieve specific milestones
before reaching the target detection condition. Therefore, the aims of the
presented experimental activity are both the optoelectronic characteriza-
tion of the measurement bench, and the assessment of each sensor surface
modification step prior to bacterial detection i.e.

� the metal/air interface condition;

� the functionalized metal surface condition.

This Thesis is organized in three Chapters:

� in Chapter 2 a theoretical review of surface plasmon resonance phe-
nomenon is explained, including the description of the circumstances
for the surface plasmon excitation;

� in Chapter 3 a theoretical review of SPR sensors is explained, describ-
ing the state of the art for SPR sensors in the food safety field. A
simulation software and the measurement bench used are described as
well.
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10 CHAPTER 1. INTRODUCTION

� in Chapter 4 the experimental results are shown: these include bench
characterization tests, bare devices tests, functionalized metal tests
and an antibodies immobilization test.

As will be described in the final Chapter, the optoelectronic system is able
to discern each different functionalization step from the bare sensor, with a
sensitivity similar to that reported in literature for comparable measurement
systems.



Chapter 2

Electromagnetics of metals

Plasmonics forms a major part of the field of nanophotonics, which describes
how electromagnetic fields can be confined into a material whose dimensions
are on the order or smaller than the wavelength. It is based on the inter-
action process between electromagnetic radiation and conduction electrons
at metallic/dielettric interfaces. This interaction consists in surface waves
whose mathematical description was established around the beginning of
20th century. They were described in the context of radio waves propagating
along the surface of a conductor of finite conductivity. In the visible range,
the observation of ”intensity drops” in spectra produced when visible light
reflects at metallic gratings [1] was not connected with the earlier theoretical
work until 1941 [2]. However, only in 1968 the excitation of Sommerfeld’s
surface waves with visible light using prism coupling was achieved. Hence, in
those years a unified descriptions of these phenomena in the form of surface
plasmon polaritons was established.

2.1 Maxwell’s Equations

The first description of ”surface plasmon waves” was based on a classical
framework derived by Maxwell’s equations. It remains a valid starting point
for a mathematical description of the polaritons, avoiding the need to re-
sort to quantum mechanics. However, this description does not prevent a
rich and often unexpected variety of optical phenomena, which need a more
complicated description to be correctely understood. The macroscopic elec-
tromagnetism Maxwell’s equations can be expressed as [3]:

∇ · d = ρext (2.1)

∇ · b = 0 (2.2)

∇× e = −∂b

∂t
(2.3)

11



12 CHAPTER 2. ELECTROMAGNETICS OF METALS

∇× h = jext +
∂d

∂t
(2.4)

These equations create a link between the four macroscopic fields d (dielec-
tric displacement), e (the electric field), h (the magnetic field) and b (the
magnetic flux density) and external charge and current densities. These four
fields are further linked via the polarization p and magnetization m

d = ε0e + p (2.5)

h =
1

µ0
b−m (2.6)

where ε0 and µ0 are the electric permettivity and magnetic permeability
of vacuum. Considering nonmagnetic media, m = 0 while p describes the
electic dipole moment per unite volume inside the material, caused by the
alignement of microscopic dipoles with the electric field. Remembering that
∇·p = ρ and that for charge conservation ∇· j = −∂ρ

∂t , it is possible to write

j =
∂p

∂t
(2.7)

Hence, rearranging previous equations

∇ · e =
ρtot
ε0

(2.8)

In a general description, d and e, b and h are linked by the following rela-
tions:

d(r, t) =

∫ ∫
G(r, t, r’, t′)e(r’, t′)dr’dt′ (2.9)

b(r, t) =

∫ ∫
M(r, t, r’, t′)h(r’, t′)dr’dt′ (2.10)

where G and M are 3x3 matrices which can be simplified in case of a medium
with the following characteristics:

� linear;

� isotropic;

� nondispersive in time and space;

obtaining

d(r, t) = G(r, t)e = ε(r, t)e(r, t) (2.11)

b(r, t) = M(r, t)h(r, t) = µ(r, t)h(r, t) (2.12)

which, in case of homogeneity in time and space, yield to

d(r, t) = ε0εre(r, t) (2.13)
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b(r, t) = µ0µrh(r, t) (2.14)

where εr is the relative permettivity in the medium and µr = 1 is the relative
permeability of the nonmagnetic medium. The linear relationship between d
and e is often defined using the dielectric supsceptibility χ, so that p = ε0χe,
yielding εr = 1 + χ.
The last important relation is:

j(r, t) =

∫ ∫
F(r, t, r’, t′)e(r’, t′)dr’dt′ (2.15)

which, in case of isotropic, linear and nondispersive medium, can be reduced
to

j(r, t) = γ(r, t)e(r, t) (2.16)

which comes out from the conduction theory of carriers into metallic mate-
rials (Ohm’s law).

2.1.1 In the Time Domain

It is not easy the calculation of Maxwell’s equations when the medium is
not insulator: when γ = 0 Maxwell’s equations are esily found out, obtaining
the well-famous D’Alambert equation

∇2h− µε∂
2h

∂t2
= 0 (2.17)

which is solved by equations in the form of

h(r, t) = f(r− vt) + g(r + vt) (2.18)

When the medium is not insulator (γ 6= 0) the D’Alambert equation is in
the form

∇2h− µε∂
2h

∂t2
− γµ∂h

∂t
= 0 (2.19)

To simplify the derivation of the solutions, the Maxwell’s equations are
transferred to frequency domain by applying Fourier/Helmholtz transform.

2.1.2 In the Frequency Domain

From equation (2.9) and (2.15) it’s possible to obtain the so-called dieletric
function by applying the Fourier Transform [4]:

D(K, ω) = ε0εr(K, ω)E(K, ω) (2.20)

J(K, ω) = γ(K, ω)E(K, ω) (2.21)
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where K is the wavevector.
By appling D = ε0E + P and J = jωP, remembering that the derivative in
the Fourier domain results in jω, it’s possible to obtain

εr(K, ω) = 1 +
jγ(K, ω)

ε0ω
(2.22)

which can be simplified in interaction of light with metals to εr(K=0, ω) =
εr(ω). Hence, the dielectric function depends on frequency and could be
represented as a complex number

ε(ω) = ε1(ω) + jε2(ω)

and

γ(ω) = γ1(ω) + jγ2(ω)

Those values yield the determination of the complex refractive index [5]

ñ(ω) = n(ω) + jκ(ω)

, where ñ(ω) =
√
εr(ω)

Some books (for example [3] or [5]) define the complex quantity

εc = ε− jγ

ω
(2.23)

as a complex dieletric permittivity, a quantity which can be useful to simplify
the Maxwell’s equations in Steinmetz representation.
It should be noticed that the difference in representation ((2.22) and (2.23))
is mainly due to the dimensions: in electromagnetic fields theory for small
materials (nanometers thickness) like polaritons the (2.22) is mostly used.

Another quantity, called loss angle is defined as

δ = arctan
( γ
ωε

)
(2.24)

which is an angle whose range is 0 ≤ δ ≤ π
2 . It is a value that gives quantita-

tive information about the conductibility of the material. A good conductor
is defined when γ

ωε � 1.
Hence, applying the Steinmetz transformation, supposing that vectors

could be written as exponential functions

e(r, t) = E(r)ejωt → E(r)

h(r, t) = H(r)ejωt → H(r)

b(r, t) = B(r)ejωt → B(r)

d(r, t) = D(r)ejωt → D(r)
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j(r, t) = J(r)ejωt → J(r)

it is possible to derive Maxwell’s equations in the frequency domain{
∇×E = −jωB = −jωµH
∇×H = jωεcE

(2.25)

Now, applying the operator∇× at the left and right side of the first equation

∇×∇×E = −jωµ(∇×H) = ω2µεcE

and, recalling the simple relation ∇×∇×E = −∇2E +∇(∇·E), in case of
absence of external stimuli ρ = 0 → ∇ · E = 0 and in case of homogeneity
of the medium (εc =constant), the Helmholtz equation is obtained:

∇2E + ω2µεcE = 0 (2.26)

It can be also rewritten in the following form

∇2E− σ2E = 0 σ2 = −ω2µεc (2.27)

or in the form
∇2E + k2

0εrE = 0 k0 =
ω

c
(2.28)

To solve it, it can be assumed that the solution can be written in the form
E(x, y, z) = E(z)ejβx, where β = kx is called propagation constant in the
x-direction, leading to

∇2E(x, y, z) =
∂2E(x, y, z)

∂x2
+
∂2E(x, y, z)

∂y2
+
∂2E(x, y, z)

∂z2
=

= ejβx
(
∂2E(z)

∂z2
− β2E(z)

)
Hence, it’s possibile to rewrite the Helmholz equations in the form:

∂2E

∂z2
+
(
k2

0εr − β2
)
E = 0 (2.29)

A similar equation can be found for H. However, in case of reducing H,
there is the need of J = 0 (absence of external stimuli).
From equations {

∇×E = −jωB = −jωµ0H
∇×H = jωε0εrE

it’s possible to obtain the following relations:
∂Ez
∂y −

∂Ey

∂z
∂Ex
∂z −

∂Ez
∂x

∂Ey

∂x −
∂Ex
∂y

 = jωµ0

Hx

Hy

Hz
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∂Hz
∂y −

∂Hy

∂z
∂Hx
∂z −

∂Hz
∂x

∂Hy

∂x −
∂Hx
∂y

 = −jωε0εr

ExEy
Ez


and, for solutions in the form E(x, y, z) = E(z)ejβx, and H(x, y, z) =
H(z)ejβx, the previous equations are reduced to ∂Ey

∂z
∂Ex
∂z − jβEz
jβEy

 = jωµ0

−Hx

Hy

Hz


 ∂Hy

∂z
∂Hx
∂z − jβHz

jβHy

 = −jωε0εr

−ExEy
Ez


These equations lead to two sets of solutions:

� TM or p modes, in which the magnetic field is orthogonal to the
propagation direction Hx = 0. Sobstituting Hx = 0 in the previous
relations, Hz = 0 and Ey = 0 are obtained

ExEy
Ez

 =

−j 1
ωε0εr

∂Hy

∂z

0

− β
ωε0εr

Hy

 (2.30)

and the wave equation is:

∂2Hy

∂z2
+ (k2

0εr − β2)Hy = 0 (2.31)

� TE or s modes, in which the electric field is orthogonal to the propa-
gation direction Ex = 0. Sobstituting Ex = 0 in the previous relations,
Ez = 0 and Hy = 0 are obtained

Hx

Hy

Hz

 =

j 1
ωµ0

∂Ey

∂z

0

− β
ωµ0

Ey

 (2.32)

and the wave equation is:

∂2Ey
∂z2

+ (k2
0εr − β2)Ey = 0 (2.33)
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n̂

∆Sn̂

L

1

2

Figure 2.1: Gauss cylinder

2.2 Continuity Relations

Continuity relations are fundamental relations used to describe the be-
haviour of Electric and Magnetic fields at an interface between two media.
In this section two media as in Figure 2.1 are considered.

� Continuity for Dielectric Displacement

Considering the Figure 2.1, it is possible to use the Gauss Theorem,
leading to ∮

d · n̂ dS = q

where n̂ is the Unit Vector orthogonal to the surface in each point.
Solving,

−∆Sd1 · n̂ + ∆Sd2 · n̂ + Φ2 = q

where Φ2 is the lateral flux, and

−∆Sd1 · n̂ + ∆Sd2 · n̂ = ∆Qs Φ2 = 0 L→ 0

∆S(d2 − d1) · n̂ = lim
L→0

q = ∆Qs

where ∆Qs is the surface charge.

(d2 − d1) · n̂ = lim
∆S→0

∆Qs
∆S

= ρs

When the surface density charge is zero, ρs = 0,

d1 · n̂ = d2 · n̂ ⇒ dn1 = dn2 (2.34)
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a

1

2

t̂t̂

L

Figure 2.2: Coil

� Continuity for Flux Density Field
Considering Figure 2.1, it is possible to obtain∮

b · n̂ dS = 0

from which, repeating the process for dielectric displacement,

b1 · n̂ = b2 · n̂ ⇒ bn1 = bn2 (2.35)

� Continuity for Magnetic Field
In this case a coil is considered instead of the cylindric volume. t̂ is
the tangent Unit Vector to the plane interface.∮

c
h · ĉ dc =

∫
Surfc

∂d

∂t
· n̂ dS +

∫
Surfc

J · n̂ dS

L(h2 − h1)t̂ + C =
∂Φd

∂t
+ I

where C is the contribution of the vertical part of the coil, Φd is the
flux through the coil and I is the current which passes in the coil.
When a → 0, C → 0 and Φd → 0 because the surface area goes to
zero. Hence, the equation is reduced to

L(h2 − h1)t̂ = ∆Is

and, when L→ 0

(h2 − h1) · t̂ = lim
L→0

∆Is
L

= Js
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When Js = 0

h2 · t̂ = h1 · t̂ ⇒ ht1 = ht2 (2.36)

� Continuity for Electric Field
Considering Figure 2.2, an analogous analysis to magnetic field could
be performed for electric field, finding

et1 = et2 (2.37)

2.3 Surface Plasmon Polaritons at a Single Inter-
face

Consider a single flat interface between a dielectric, non absorbing half space
with positive real relative permittivity εr2 and a conducting half space with
εr1(ω) as a dielectric function [4], as represented in Figure 2.3.

O

z

x

2

1

Figure 2.3: Coordinate system between two semi-infinite media

It is possible to analyze distinctely the two cases:

� In TM modes, solutions of
∂2Hy

∂z2
+ (k2

0εr − β2)Hy = 0 can be written
in the form

Hy = Hy(z)e
jβx = Ae±

√
β−k20εrzejβx = Ae±kzzejβx

where ± depends on the position in the coordinate system.

In the second medium, assuming z > 0, the magnetic field can be
written as Hx

Hy

Hz

 =

 0
A2e

−kz2zejβx

0

 (2.38)
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and the electric field asExEy
Ez

 =

jA2
1

ωε0εr2
kz2e

−kz2zejβx

0

−A2
β

ωε0ε2
ejβxe−kz2z

 (2.39)

In the first medium, assuming z < 0, the magnetic field can be written
as Hx

Hy

Hz

 =

 0
A1e

kz1zejβx

0

 (2.40)

and the electric field asExEy
Ez

 =

−jA1
1

ωε0εr1
kz1e

kz1zejβx

0

−A1
β

ωε0ε1
ejβxekz1z

 (2.41)

kz is the component of the wave vector orthogonal to the interface
(found at z = 0) while β is the component of the wave vector parallell
to the interface. Now, it is possible to apply the Continuity Conditions
found in Section 2.2.

Hy2(z = 0) = Hy1(z = 0) ⇒ A1 = A2

ε2Ez2(z = 0) = ε1Ez1(z = 0) ⇒ A1 = A2

Ex2(z = 0) = Ex1(z = 0) ⇒ kz2
εr2

= −kz1
εr1

Because of the choice of Re [kz1 ] > 0 and Re [kz2 ] > 0, necessarily
Re [εr1 ] > 0 and Re [εr2 ] < 0 or vice versa. Hence mathematically one
of the media needs to be a metal (metals have relative permittivity
whose real part is negative) and the other an insulator: we can choose
medium 1 as the metal and medium 2 as the insulator, according to
the physical choice of the beginning of the section.
kz2 and kz1 need to fulfill the wave equation, leading to

k2
z1 = β2 − k2

0εr1 (2.42)

k2
z2 = β2 − k2

0εr2 (2.43)

Combining these last three equations the following relation is obtained
[6]:

β = k0

√
εr1εr2
εr1 + εr2

= kSPP (2.44)
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This expression is valid for both real and complex part: it is the Dis-
persion relation of SPPs propagating at the interface between two half
spaces. Because β is complex, it can be rewritten in the form

β = β1 + jβ2

and, considering εr1 = εr11 + jεr12 and εr2 as dielectric function and
constant for metallic and dielectric medium respectively, it’s possible
to obtain

β = k0

√
εr11 εr2 + jεr21 εr2
εr11 + εr2 + jεr21

(2.45)

When |εr11 | � εr12 , the complex propagation constant of the surface
plasmon could be expressed as

β = β1 + jβ2 = k0

√
εr11 εr2
εr11 + εr2

+ j
εr12
2ε2r11

k0

(
εr11 εr2
εr11 + εr2

) 3
2

(2.46)

As follows from this equation, the imaginary part of the permittivity
of metal εr12 causes the propagation constant of a surface plasmon to
have a non-zero imaginary part, which is associated with attenuation
of the surface plasmon. The attenuation is sometimes characterized
by the propagation length L, which is defined as the distance in the
direction of propagation at which the energy of the surface plasmon
decreases by a factor of e−1:

L =
1

2β2
(2.47)

As follows from previous equations of the electric and magnetic field
in both media, the field amplitude of the SPs decreases exponentially
as e−|kz1 ||z| in the medium 1 and as e−|kz2 ||z| in the medium 2 in the
direction normal to the interface. The value of the (skin) depth at
which the field falls to e−1 becomes

ẑ1 =
1

|kz1 |
ẑ2 =

1

|kz2 |
(2.48)

and so, sobstituting kz for each medium, it is possible to get:

ẑ1 =
1

k0

√
εr11 + εr2
ε2r11

ẑ2 =
1

k0

√
εr11 + εr2

ε2r2
(2.49)

� In TE modes, solutions of
∂2Ey

∂z2
+ (k2

0εr − β2)Ey = 0 can be written
in the form

Ey = Ey(z)e
jβx = Ae±

√
β−k20εrzejβx = Aekzzejβx
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where ± depends on the position in the coordinate system.

In the second medium, assuming z > 0, the magnetic field can be
written as Hx

Hy

Hz

 =

−jA2
1
ωµ0

kz2e
jβxe−kz2z

0

A2
β
ωµ0

ejβxe−kz2z

 (2.50)

and the electric field ExEy
Ez

 =

 0
A2e

jβxe−kz2z

0

 (2.51)

In the first medium, assuming z < 0, the magnetic field can be written
as Hx

Hy

Hz

 =

jA1
1
ωµ0

kz1e
jβxekz1z

0

A1
β
ωµ0

ejβxekz1z

 (2.52)

and the electric field ExEy
Ez

 =

 0
A1e

jβxekz1z

0

 (2.53)

Now, it is possible to apply the Continuity Conditions found in Section
2.2

Hz1(z = 0) = Hz2(z = 0) ⇒ A1 = A2

Ey1(z = 0) = Ey2(z = 0) ⇒ A1 = A2

Hx1(z = 0) = Hx=2(z = 0) ⇒ −kz1 = −kz2
Since confinement to the surface requires Re [kz1 ] > 0 and Re [kz2 ] > 0,
these conditions can be satisfied only when A1 = A2 = 0. Hence, there
aren’t any modes for TE polarization.

2.4 Lorenz-Drude Model

The Lorenz-Drude equation [4] provides a simple model of material’s relative
permittivity that works quite well in practice. While the derivation is general
(it can be extended to crystaline solids), the model is usually used with
metals. In this model the electron is bound to the atom’s nucleus and it is
free to oscillate like a mass on a spring. In absence of applied field it can be
described by:

mr̈ +mγṙ + Cr = 0 (2.54)
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where r is the electron position (the nucleus is considered as the origin), C
is the spring constant, m is the electron mass and γ is the damping factor.
The resonance frequency can be defined as

ω0 =

√
C

m
(2.55)

When applied a time-harmonic field, in the form of E0e
jωt, the equation

becomes

r̈ + γṙ + ω2
0r = − e

m
E0e

jωt (2.56)

where e is the electron charge. Assuming r = r0e
jωt the equation becomes

(−ω2 + jωγ + ω2
0)r0 = − e

m
E0

The dipole momentum of one electron is given by p = −er, so

p0 =
e2

m(ω2
0 − ω2 + jωγ)

E0 (2.57)

In a region with atomic density N , considering E0 constant and the in-
teraction between adjacent atoms neglegible, the total polarization is given
by:

P =
Ne2

m(ω2
0 − ω2 + jωγ)

E0 (2.58)

Thus, from the constitutive relation D = ε0E + P = εrε0E

ε(ω) = 1 +
ω2
p

ω2
0 − ω2 + jωγ

(2.59)

where the plasma frequency ωp has been introduced, defined as

ωp =
Ne2

ε0m
(2.60)

In case of a metal, the dielectric function is approximated by a free elec-
tron gas. In this case, there isn’t any restoring forces on the free conduction
electrons. For this reason ω0 = 0 simplifying the previous equation in

εr(ω) = 1−
ω2
p

ω2 − jωγ
(2.61)

In this context, the damping factor can be considered as the collision fre-
quency (the inverse of the time between collisions of a conduction electron).
For typical metals, γ = 1

τ = 10−14s−1
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The real and imaginary components of this complex dielectric function
εr(ω) = εr1(ω) + jεr2(ω) are given by:

εr1(ω) = 1−
ω2
pτ

2

1 + ω2τ2
(2.62)

εr2(ω) =
ω2
pτ

ω(1 + ω2τ2)
(2.63)

Considering only frequencies ω < ωp, metals retain their metallic char-
acter and they are mainly absorbing.
For higher frequencies (1 ≤ ωτ ≤ ωpτ) the complex refractive index is pre-
dominantly imaginary (leading to a reflection coefficient R ≈ 1) [7], and σ
acquires more and more complex character.
For frequencies close to ωp the product ωτ � 1 leads to a Neglegible Damp-
ing Model (it refers to a model in which there is absence of damping in ε(ω)
when ω grows from ωp − δ to ωp + δ). In this model, when ω is close to ωp,
ε(ω) is predominantly real and

εr(ω) = 1−
ω2
p

ω2
(2.64)

can be taken as the dielectric funcion of the undamped free electron plasma.
However, until this point the description has assumed an ideal free-

electron model. Real metals have a certain number of resonances and hence
an extension of this model is needed. For this reason, their permittivity could
be expressed better as a sum of Lorentz-Drude terms, each with different
ωp and γ. However, when looking at a limited frequency range, it is usually
more convenient to lump all of the higher-frequency resonances together,
and represent their contribution by the term ε∞ which would replace the 1
in Equation (2.61).
Sometimes it is more convenient to work in terms of wavelengths rather than
frequency. Hence, the Lorenz-Drude equation becomes

εr(λ) = 1−
ω2
pλ

2

(2πc)2 − j2πcγλ
(2.65)

where c is the speed of light.

2.5 Calculation of Relative Permittivity

All materials have a wavelength-dependent dielectric “constant”. It is possi-
ble to use tables to find measured values; however, when a limited wavelength
band is considered, the relative permittivity can be well approximated by
a simple equation. For this reason it’s possible to consider two different
empirical formulas [8], valid for transparent medium:
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�

n(λ) = A+
B

λ2
+
C

λ4
(2.66)

which is well-known as Cauchy Equation. It works correctly in the
visible wavelength region;

�

n(λ)2 = ε(λ) = 1 +
B1λ

2

λ2 − C1
+

B2λ
2

λ2 − c2
+

B3λ
2

λ2 − C3
(2.67)

which is the Sellmeier Equation.

Both of them depend on parameters (capital letters) which are obtained
from data and scaled to work with convenient units. However, there is no
apparently industry standard, and coefficients given on different manufac-
ture’s data sheets are likely to use different scaling.

2.6 Analysis of Dispersion Relation

In previous sections the dispersion relation has been obtained. From (2.44):

kSPP = β = k0

√
εr1εr2
εr1 + εr2

and, considering ω close to ωp, from (2.64), assuming εr1 real,

εr1(ω) = 1−
ω2
p

ω2

Therefore, it is possible to obtain

βc

ωp
=

ω

ωp

√√√√ εr2(1− ω2
p

ω2 )

1 + εr2 −
ω2
p

ω2

(2.68)

This equation is plotted in Figure 2.4 for two different media (air εr2 = 1
and fused silica εr2 = 2.25), representing the wavevector βc/ωp as a function
of frequency normalized to the plasma frequency ωp. Both real (continuous
curves) and imaginary parts (dotted curves) of β are shown. The light lines
in air and fused silica are shown, as well. They are obtained by

k =
2π

λ
=
ωn

c

leading to
kc

ωp
=
ω
√
εr2

ωp
(2.69)

It is the wavevector of the light travelling in a certain medium.
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Figure 2.4: Dispersion relation of SPPs at the interface between a Drude
metal and air (blue curve) and silica (red curve). Continuous lines: real
part. Dotted lines: imaginary part. Dashed lines: light lines.

This graph shows that SPP excitations correspond to the part of the
dispersion curves lying to the right of the respective light lines of air and
silica [4]. For this reason, special phase-matching techniques such as grating
or prism coupling are required for their excitation. Radiation into the metal
occurs in the trasparency regime ω > ωp. Between the regime of the bound
and radiative modes, a frequency gap region with purely imaginary β pro-
hibiting propagation exists.
For small wavevectors corresponding to low (infrared or lower) frequencies,
SPP propagation constant is close to k0 at the light line and the waves ex-
tend over many wavelengths into the dielectric space. In this regime, SPPs
acquire the nature of a grazing-incidence light field, and are also known as
Sommerfeld-Zenneck waves.
Large wavevectors are obtained approaching the characteristic surface plas-
mon frequency

ωsp =
ωp√

1− εr2
(2.70)

Considering a model with neglegible damping of the conduction electron
oscillation, the wavevector β goes to infinity as the frequency approaches ωsp.
The mode acquires electrostatic charachter, and it’s known as the surface
plasmon.
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2.7 Excitation of Surface Plasmons

In the previous section it has been shown that SPP excitation occurs when
β > ωn

c . Hence, particular conditions must be satisfied to obtain excitation.
There are various ways by which the excitation of surface plasmons can be
obtained (i.e. by light or by electrons). Each method has particular reqiure-
ments, expressed in terms of metal surface characteristics. The most popular
techniques are: Prism Coupling [9] and Grating Coupling [10].

2.7.1 Prism Coupling

Surface plasmon polaritons on a flat metal/dielectric interface cannot be ex-
cited directly by light beams since βrad > kradx , where kradx is the wavevec-
tor of light on the dielectric side of the interface. The reason is that the
projection along the interface of the momentum kradx = k sin θ (where θ is
the angle of incidence of photons to the surface) is always smaller than the
SPP propagation constant kSPP .
However, phase-matching to SPPs can be achieved in a three-layer system
consisting of a thin metal film sandwitched between two insulators of differ-
ent delectric constants. SPPs happen because the wavevector of the light,
travelling in a medium, is higher than in the air. Hence, in a dielectric, kradx
of a photon can equal kSPP of SPP leading to excitation of SPPs.

The excitation is obtained by ATR (attenuated total reflection) method,
in two cofigurations: Kretschmann and Otto.

d

np

nd

nm

Figure 2.5: Kretschmann configuration

In Kretschmann configuration a high refractive index prism with refrac-
tive index np is interfaced with a metal-dielectric waveguide consisting of
a thin metal film with permittivity εm and thickness d and a semi-infinite
dielectric with a refractive index nd (with nd < np). When photons hit the
metal film a part of the light is bounced back into the prism (the reflected
part) and a part propagates in the metal. The transmitted part could be
evanescent wave (a wave whose propagation direction is perpendicular to
attenuation direction) in case of TIR (total internal reflection) which can
excite surface plasmon polariton at interface metal/dielectric medium. How-
ever, the metal thickness needs to be low (less than 100 nm for light in visible
and near infrared part of spectrum) in order to allow the penetration through
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Figure 2.6: Dispersion relation of SPPs at the interface between a Drude
metal and air (blue curve). Red line is the light line, green line is the light
line in the prism with incidence angle of θ = 45o, magenta line is the light
line in the prism with incidence angle of θ = 60o

the metal film.
It is necessary that

kradx = kSPP + ∆β (2.71)

in which kradx is the wavevector of the incident light projected in the x-axis;
kSPP is the wavevector characteristic of the plasmonic resonance and ∆β
accounts for the finite thickness of metal film and the presence of the prism.
Two different analysis could be done taking/not taking in account the term
∆β.

The simplest analysis, considering ∆β = 0, results in

kradx = kSPP (2.72)

where kradx =
2πnp

λ0
sin(θ) which is obtained considering the Snell’s law

(np sin(θ) = nm sin(θm)). Thus, the condition for surface resonance can be
rewritten in the following form:

ω

c

√
εrp sin(θ) =

ω

c

√
εrmεrd
εrm + εrd

(2.73)

and, re-arranging

sin(θ) =

√
εrmεrd

εrp(εrm + εrd)
(2.74)
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The condition can be visualized graphically in Figure 2.6, where four curves
(representing the wavevector as a function of frequency normalized to the
plasma frequency ωp) are plotted, considering nd = 1 and np = 1.5:

� the blue one represents the surface polaritons

kSPP c

ωp
=

ω

ωp

√√√√ εrd(1− ω2
p

ω2 )

1 + εrd −
ω2
p

ω2

� the red one represents the light wave travelling in the air

ckrad
ωp

=
ω

ωp

� the green one represents the projection on the x-axis of the wavevector
of the light incident the prism with an angle θ = 45o

kradxc

ωp
=

ω

ωp

√
εrp sin(45o)

� the magenta one represents the projection on the x-axis of the wavevec-
tor of the light incident the prism with an angle θ = 60o

kradxc

ωp
=

ω

ωp

√
εrp sin(60o)

From the Figure 2.6 it is possible to see that in case of an incident angle
of θ = 45o there is no excitation of surface polaritons for any frequencies of
light. In case of angle of incidence of θ = 60o there is excitation because of
the intersection between the two lines (k0

x, ω0), as stated in Section 2.6. In
this case, at a certain value of frequency ω

ωp
, θ = 60o is the position of the

maximum of resonance.

The same graph can be used in an angular scanning analysis: once chosen a
certain frequency of the laser ω

ωp
there is only one point on the curve which

represents the maximum of resonance. It is obtained at a certain incidence
angle. While scanning, the line curve (green, it represents the projection of
the wavevector of the incident light) rotates around the origin of the axes.
In Figure 2.7, to obtain the excitation an incident angle higher than θ = 60o

is necessary.

A more detailed analysis should consider the term ∆β, as well. It ac-
counts for the finite thickness of the metal film and the presence of the prism,
not considered previously [9, p. 12]. In order for the coupling between the
evanescent wave and the surface plasmon to occur, the propagation constant
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Figure 2.7: Dispersion relation of SPPs: once the frequency has been chosen,
scanning the angle makes the green line rotate around the origin of the axis.

of the evanescent wave kradx and that of the surface plasmon kSPP + ∆β
must be equal:

k0np sin(θ) = Re

[
k0

√
εrdεrm
εrd + εrm

+ ∆β

]
(2.75)

which can be also written in terms of effective index:

np sin(θ) = Re

[√
εrdεrm
εrd + εrm

]
+ ∆nSPef (2.76)

where ∆nSPef = Re
[

∆βλ
2π

]
The term ∆β describes the effect of the prism and, as a complex quantity,
has a real part, which perturbs the real part of the propagation constant of a
surface plasmon on the interface of semi-infinite dielectric and metal, and an
imaginary part, which causes an additional damping of the surface plasmon
due to the outcoupling of a portion of the field into the prism [10, p. 31].
This damping is due to the radiation emitted from the SPs at the interface
metal/dielectric back into the prism in the direction of the reflected beam.

To analyze the effect of ∆β on reflectivity, let’s consider a 3-layers system
(Figure 2.8). In this case,the amplitude Fresnel coefficient can be written is
the following form:

rpmd =
rpm + rmde

j2k2xd

1 + rpmrmde2jk2xd
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Figure 2.8: 3 layer model

where rij is the amplitude Fresnel coeffient, calculated appositely for TM or

TE polarization of the incident light, between layers ij, kix =
√
k2

0εi − k2
iz

and d is the thickness of the intermediate material (the metal in Kretschmann
configuration). The power reflection coefficient can be written in the form

R = |rpmd|2

When |Re [εrm ] | � 1 and |Re [εrm ] | � |Im [εrm ] | the reflectivity can be
approximated in the region of the resonance by the Lorentzian type relation
[11]:

R = 1− 4Im [kSPP ] Im [∆β]

(kradx −Re [kSPP + ∆β])2 + (Im [kSPP ] + Im [∆β])2
(2.77)

where

kSPP =
ω

c

√
εrmεrd
εrm + εrd

(2.78)

∆β = r12e
j2kmxd2

ω

c

(
εrmεrd
εrm + εrd

) 3
2 1

εrd − εrm
(2.79)

The reflectivity under the Lorentzian approximation can be also rewritten
as

R = 1− 4ΓiΓrad
(np sin θ − nSPef )2 + (Γi + Γrad)2

= (2.80)

= 1− 4xy

(A)2 + (x+ y)2

where:

� Γi = Im [kSPP ] λ
2π is the internal absorption. It consists in excitation

by electromagnetic field of electron-hole pairs at the Fermi level. The
de-excitation produces phonons, which are lattice vibrations (and thus
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causes heating), and photoelectrons if ~ω > work function (with the
exception of silver, which produces only phonons unless there is a
change in work function[12]);

� Γrad = Im [∆β] λ
2π is the radiation loss. It is caused by SPs evanescent

wave which creates a plane wave into the prism (it is a characteristic
for an asymmetric two-interface system like this).

The depth of the dip reaches the maximum when(
∂R

∂Γi
,
∂R

∂Γrad

)
= (0, 0) (2.81)

(
∂R

∂x
,
∂R

∂y

)
=

(
4y(A2 − y2 + x2)

A2 + (x+ y)2
,
4x(A2 − x2 + y2)

A2 + (x− y)

)
(
4y(A2 − y2 + x2), 4x(A2 − x2 + y2)

)
= (0, 0)

x = y → Γi = Γrad (2.82)

Hence, the maximum depth is reached when the radiation (Γrad) and ab-
sorption losses (Γi) are equals. The minimum condition Γi = Γrad is satisfied
only for a single thickness of the metal film. In this case, called Optimum
Coupling, the angular half-width of the dip ∆θ1/2 (the angular width of the
dip at R=0.5) can be expressed as

∆θ1/2 =
4Γi

np cos θ
(2.83)

where θ is the coupling angle.
Simulating the system response with the technique described in Chapter 3,
it is possible to see the behaviour of five different thicknesses of the metal
film (Figure 2.9).

In the simulation performed the following parameters are considered: a laser
with λ = 633 nm, a prism of np = 1.5 and silver metal medium with nm =√
−17− j0.7, nd = 1. The five curves represent five different thicknesses of

metal:

� the magenta one is the simulated behaviour for a metal thickness of
d = 25 nm;

� the blue one is the simulated behaviour for a metal thickness of d = 35
nm;

� the red one is the simulated behaviour for a metal thickness of d = 52.5
nm;
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Figure 2.9: Simulation of the system in case of 5 different thicknesses of the
metal

� the black one is the simulated behaviour for a metal thickness of d = 70
nm;

� the yellow one is the simulated behaviour for a metal thickness of
d = 80 nm.

From this simulation it is possible to observe that the resonant angle de-
creases with the increasing of the thickness: it reaches the value θSP0 = 43.4o

which corresponds to a surface plasmon propagating along an isolated metal
dielectric waveguide (d→∞, ∆β = 0). The thickness of the metal film influ-
ences the depth of the reflectivity minimum, as well. The strongest excitation
of SPP (R ≈ 0) occurs when d ≈ 52.5 nm.

nm
nd

np

d

Figure 2.10: Otto configuration

In Otto configuration a high refractive index prism with refractive in-
dex np is interfaced with a dielectric-metal waveguide consisting of a thin
dielectric film with refractive index nd (nd < np) and thickness d, and a
semi-infinite metal with permittivity εm. In this configuration, in case of an
incident angle causing TIR, the light produces an evanescent wave propa-
gating along the interface between the prism and the dielectric film. If the
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Figure 2.11: Example of grating surface - sinusoidal in x-direction

dielectric layer is enough thin (typically few microns), the evanescent wave
and a surface plasmon at the dielectric-metal interface can couple.
In order to get the coupling, the propagation constant of the evanescent
wave and that of the surface plasmon need to be equal.

2.7.2 Grating Coupling

This technique is based on the diffraction of light on a diffraction grating.
A diffraction grating is an optical device in which the relative permittivity
varies periodically across the surface, and whose period is of the order of
the wavelength of the light. This variation leads to localized phase changes
in the impinging field, resulting in constructive or destructive interference
of the waves in the far-field.

Different geometries of grating structure have been analyzed in literature.
The simplest structure is a 1 dimensional periodic structure, whose section
can be a sine or a square, for instance. In literature can be found examples
of 2D grating structure (i.e. [13]); however, the analysis isn’t as simple as
the 1D case.

Supposing a 1D surface like that in Figure 2.11, choosing the coordinate
system so that x is parallell to the unit lattice vector of the periodic structure
and y is parallell to the grooves, assuming the incident light lies in the xz
plane, the wavevector of the diffracted light km is [14]:

km = k +mG (2.84)

where k is the wavevector of the incident light, m is an integer and denotes
the diffraction order, G = 2π

Λ x̂ is the grating vector and Λ is the grating
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q
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Figure 2.12: 1D square grating structure

step. Therefore, for the SPPs to occur, it’s necessary that

Re [kSPP + ∆β] = kx +m
2π

Λ
(2.85)

where ∆β considers the effects of grating and becomes zero when q → 0.

In a more general condition, when k doesn’t lie in xz plane (as repre-
sented in Figure 2.12)

G =

m2π
Λ

0
0


and

k =

2π
λ nd sin θ cosφ
2π
λ nd sin θ sinφ
−2π

λ nd cos θ


leading to the following condition for the excitation (ignoring the term ∆β)

kSPP =

2π
λ nd sin θ cosφ
2π
λ nd sin θ sinφ
−2π

λ nd cos θ

+

m2π
Λ

0
0

 (2.86)
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and, considering that kSPP lies in the plane xykSPPx

kSPPy

0

 =

2π
λ nd sin θ cosφ
2π
λ nd sin θ sinφ
−2π

λ nd cos θ

+

m2π
Λ

0
0

 (2.87)

By calculating the module it is possible to obtain the Surface Plasmon Con-
dition:

|kSPP |2 = k2
SPPx

+ k2
SPPy

=

= n2
d

(
2π

λ

)2

sin2 θ + 2nd
2π

λ
m

2π

Λ
sin θ cosφ+m2

(
2π

Λ

)2

(2.88)

This analysis is called Wavevector model and it’s used to find out the position
(in terms of θ and φ) in which the SPPs occur.

Figure 2.13: Position in which SPPs excitation occur. Simulation using the
Wavevector model, with nd = 1 (air), λ = 633 nm, Λ = 740 nm and εm =√
−17− j0.7 (silver). One-dimensional grating.

Using the software MATLAB it’s possible to perform a simulation of
(2.88), considering the following parameters: nd = 1 (air), λ = 633 nm,
Λ = 740 nm and nm =

√
−17− j0.7 (which is the silver surface). The result

is represented in Figure 2.13.
It should be noticed that this analysis does not take in account of the non-
zero thickness of the grating structure, leading to an approximative result.

Diffraction gratings aren’t used only for SPPs: it is a useful way to obtain
polarization conversion. The polarization conversion occurs when the surface
grating is arranged so that the scattering vector does not lie in the plane
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of incidence of the light radiation (i.e. in Figure 2.12, when a TM polarized
light hits the surface and the outcoming light does not lie on the plane of
incidence) [15].

2.7.3 Grating in Prism Coupling

The grating structure explained in the previous Section can be also used in
prism coupling. In this case, there are two interfaces at which the plasmonic
excitation can occur:

� the metal/dielectric interface;

� the metal/prism (or substrate, if we consider a real device with a
supporting layer) interface.

This condition is depicted in Figure 2.14, in which a grating metal layer is
coupled with a high refractive index prism. The two interfaces lead to two

Figure 2.14: Grating structure on prism coupling. Two plasmons excited:
one at the metal/dielectric interface, one at the metal/prism (or substrate
for the metal) interface.

different plasmonic excitation:

� the metal/prism (or substrate) interface causes a Grating peak whose
condition are given by the wavevector analysis explained in Section
2.7.2. The plasmon wavevector kSPP depends on εprism/substrate and
εmetal, making this grating peak independent on the dielectric material
on the device;

� the metal/dielectric interface causes a Kretschmann peak whose excita-
tion condition are given by Equation (2.74). kSPP in this case depends
on εmetal and εdielectric, making it sensitive to dielectric on the metal
device (in Figure 2.14 air is considered as the dielectric).

When the metal layer is functionalized (covered with a biomaterial) to
use it as a biosensor, this change involves the Kretschmann peak only, leaving
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unaltered the grating peak. Therefore, because of this “fixed” value for the
grating peak, it is possible to consider it as a reference value for precise
measurements when developing a SPR biosensor [16] [17].
In Figure 2.15 the position of resonance peaks for a grating device on a
prism is obtained. In this model, we considered a grating step Λ = 740 nm,
a prism of np = 1.51 and a substrate of nsubstrate = 1.586. The dielectric
considered is the air ndielectric = 1.
The positions of the grating peak are plotted in terms of φ and θ angles
using the wavevector model (blue and green curves); Equation (2.74) is used
to calculate the Kretschmann peak position (magenta line).

Figure 2.15: Position in which SPPs excitation occur. Simulation using the
Wavevector model, with nd = 1 (air), λ = 633 nm, Λ = 740 nm and nm =√
−17− j0.7 (silver), np = 1.51 and nsubstrate = 1.586. One-dimensional

grating.



Chapter 3

SPR Sensors: Introduction,
Measurement Set-up and
Numerical Simulation

As seen in the previous Chapter, SPPs excitation occurs only under certain
conditions of incident angle, wavelength and materials refractive indexes.
This led to use SPPs excitation to probe processes at the surfaces of metals
[18] and to detect gases [19]. Since then (1980), SPR sensors, which are “con-
verters that measure a physical quantity and convert it into a signal which
can be read by an observer or by an (today mostly electronic) instrument”,
have been developed. They consist of an optical system, a sensor data ac-
quisition and a processing system.
Light coming from a source (i.e. a laser) excites SPPs leading to an output
light wave with an encoded SPR signal. This output light can be detected
and processed to obtain a sensor output.

This chapter is focused on the description of SPR sensors, from a theo-
retical point of view, with their main characteristics and classifications, and
from a pratical point of view, with the presentation of the state of art of
development of SPR Biosensor. The SPR sensors here presented are mostly
developed in the field of food safety, which is the field involved by this thesis,
with a particular attention on the type of molecule recognised.
Another section examines the set-up for the LUXOR (Laboratory for Ul-
traviolet and X-ray Optical Research) Kretschmann bench of CNR-INF In-
stitute of Padova, presenting materials and methods involved in the mea-
surement results obtained in Chapter 4. A simulation MATLAB program
implemented to predict the behaviour of the Kretschmann bench is then
explained.

39
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Figure 3.1: Scheme of an SPR (bio)sensor [10, p. 96]

3.1 Introduction to SPR Biosensors

SPR sensors are usually used to measure changes in the refractive index nd
of the dielectric. When the refractive index of the dielectric material changes,
e.g., a second a layer is grown on it, there is a change in the conditions (in
terms of λ, θ, polarization...) for SPPs excitation to occur.
In SPR biosensors, the layer grown on the metal has biological origin. It
consist in a biomaterial which has the chemical property of forming a bond
with the metal surface and therefore changing the dielectric characteristics
like refractive index - hence changing the conditions for SPPs excitation.

However, when analysing the measured values, it should be remebered
that SPR is a real instrument, with all the limitations of real measurement
systems like repeatability, riproducibility, sensitivity and resolution which
define the accuracy of the measurement system.

� the repeatability is the ability of the instrument to provide the same
output when measuring the same value of the measurand using the
same settlment of the bench over time. It is sometimes expressed as a
percentage of full range.
This property depends strictly on the characteristics of the bench:
when measuring a value Xmeasured, it differs from the true value Xtrue

by the random error e and the error due to assignable causes S [20]

Xmeasured = Xtrue + S + e (3.1)

– the random error e is due to random causes, which are statisti-
cal fluctuations. They can be modeled as random variable whose
mean is zero: a useful representation is the Gaussian distribution
function (because of the Central Limit theorem) where, ignoring
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S, E[e] = 0

E[Xmeasured] = Xtrue + E[e] = Xtrue (3.2)

var(Xmeaured) = var(e) (3.3)

– the systematic error S is due to assignable causes, also known
as systematic errors, which are inaccuracies consistently in the
same direction. The value of S is usually unknown unless other
information is obtained (i.e. temperature or umidity variations).

They can be eliminated or reduced by a re-calibration of the
system.

Once these two errors have been analyzed, it is possible to characterize
the instrument uncertainty: a Confidence interval has been obtained.
It is represented as an interval [X −Ux, X +Ux] in which it’s possible
to find the measured value with a probability of 95-99%.

� riproducibility is the ability of the instrument to provide the same
result when performed by other operators or mesurement benches.

� sensitivity is the ratio of the change in sensor output to the change in
the measurand. However, discussing the sensitivity of SPR is always
difficult: it depends on what is consider as the measurand value. In-
deed, sensitivity can be referred to the change in the refractive index
of the fluid medium RIU; it can be referred to surface coverage (if it’s
important the dection of molecular binding taking place on a sensor
surface) in terms of mass, e.g. pg

mm2 = RU (resonance unit of response
unit); it can be referred to molar concentration as well.
If the sensitivity is referred to the refractive index of the fluid medium,
it is possible to consider the sensitivity as:

S =
∂Y

∂c
=

∂Y

∂neff

∂neff
∂n

= S1S2 (3.4)

where Y is the measurand, neff is the effective refractive index (from

the dispersion relation β = ω
c

√
εrdεrm
εrd+εrm

= ω
c (neff + iη)), n is the

refractive index.
The first term S1 describes the sensitivity of the sensor output to the
effective index of a surface plasmon and depends on the method of
excitation and modulation used. The second term S2 describes the
sensitivity of the effective index of a surface plasmon to the refractive
index and is independent of the modulation method and method of
excitation.
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In case of SPR prism coupling sensor with angular modulation (as in
case of Kretschmann bench), from equation (2.76), considering ∆β =
0:

∆neff = np sin θ − neff = 0 (3.5)

differentiating

np cos θdθ − dneff = 0 (3.6)

and rearranging

dθ

dneff
=

1

np cos θ
(3.7)

and, remembering that cos θ =
√

1− sin2 θ =

√
1− n2

eff

n2
p

it is possible

to get the value for

S1 =
dθ

dneff
=

1√
n2
p − n2

eff

. (3.8)

Hence, the sensitivity of the instrument is strictly dependent on the
difference between the refractive index of the prism and the effective
index of the surface plasmon.
The value S2 can be calculated using the perturbation theory [10],
obtaining the total sensitivity:

Sθ = S1S2 =
εm1

√−εm1

(εm1 + n2)
√
εm1(n2 − n2

p)− n2n2
p

(3.9)

where εm1 is the real part of the permittivity of metal, n is the bulk re-
fractive index and np is the prism refractive index. It should be noticed
that εm1 depends on the wavelength of the laser used: in Figure 3.2
the sensitivity of a prism coupling SPR is plotted as a function of the
wavelength. np = 1.51 and n = 1.32 are considered. Refractive index
values are collected from [21].
From the figure it is clear that the sensitivity for a prism coupler SPR
decreases with an increasing wavelength. For example, at λ = 633 nm
and n = 1.32 the sensitivity for SPR prism coupling sensor should
reach the value of dθ

dn = 120.05 deg
RIU .
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Figure 3.2: Sensitivity for prism coupling SPR as a function of wave-
length. np = 1.51, n = 1.32, Silver metal

The grating coupler sensor sensitivity could be analized as well. Even
if the grating coupler presents a sensitivity which depends on two
parameters (the wavelength and the diffraction order), the resulting
sensitivity is comparable with the prism coupling system [22].
In literature various ways to improve sensitivity are reported: it is
possible to use nanoparticles (silver or gold) (for example [23]) or it is
possible to enhance sensitivity by controlling the azimuthal angle (for
grating coupling only) [24].

� linearity when there is a linear (approximated) relationship between
the measurand and the sensor output. It is a desirable feature because
these sensors require fewer calibration points to produce an accurate
sensor calibration. However, most of them are not linear; therefore a
precise calibration is strictly required.

� accuracy is the property for which the measured value and the real
value are close each other. It can be expressed in absolute terms or in
a percentage form.

� resolution is the smallest change in the bulk refractive index that pro-
duces a detectable change in the sensor output. It depends on the level
of uncertainty of the output, therefore depends on the noise. Noise
source can be originated by:

– fluctuations in the light intensity: this noise is proportional to
the intensity and therefore its standard deviation can be given
as σL = σrelL I, where σrelL is the relative (intensity independent)
standard deviation and I is the measured light intensity;

– statistical property of light (shot noise), which is associated with
random arrival of photons on a detector and corresponds to a ran-
dom production of photoelectrons. Photons produced by a laser
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obeys to Poisson statistics, producing a shot noise whose stan-
dard deviation σS = σrelS

√
I, where σrelS is the relative standard

deviation;

– noise conversion of light intensity into photoelectrons by the pho-
todiode and the supporting cicuitry, a noise whose standard de-
viation σD is independent on the detected light intensity.

The resulting noise is obtained by superimposition of all these compo-
nents, leading to the following noise:

σI(I) =
√
I2(σrelL )2 + I(σrelS )2 + σ2

D (3.10)

This theoretical result can be used to obtain an expression [25] for the
refractive index resolution:

σ
(all)
RI =

Kr√
N

(Γi + Γrad)
3

ΓiΓrad

(
∂neff
∂n

)
σI(max)

I0
=

=
Kr√
N

( Γi
Γrad

+ 1)3

( Γi
Γrad

)2

εm2n
3

2(εm1)2

σI(max)

I0
(3.11)

where K is the noise distribution factor (a number which depends on
the SPR sensor type), r is the noise correlation factor, I0 is a portion
of the intensity of the incident light generating surface plasmon which
corresponds to one detector, Γi = Im[kSPP ] λ2π is the internal absorp-

tion, Γrad = Im[∆β] λ2π is the radiation loss (see Chapter 2), σI(max) is
the standard deviation of noise of the highest intensity involved in the
data analysis and N is the total number of light intensities averaged
in time and space.
This formula states a theoretical limit to the instruments used nowa-
days - these limits are predominantly determined by properties of the
surface plasmon phenomenon and the present state of development
of optical components. Future improvement of SPR sensors limits de-
pends mostly on the development of detectors of light intensity with
a higher signal to noise ratio, hence by increasing the size of the de-
tector or by increasing the frame-rate and the number of temporally
averaged intensities [25].

� dynamic range describes the span of the values of the measurand that
can be measured by the sensor. It describes a range of values of the
refractive index of the sample that can be measured with a specified
accuracy. For biosensors this value defines the range of concentration
of analyte that can be measured.

� limit of detection or LOD, defined by the International Union of Pure
and Applied Chemistry [10], is the concentration of analyte c derived
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from the smallest measure Y that can be detected with reasonable
certainty. The value of YLOD is given by

YLOD = Yblank +mσblank (3.12)

where Yblank is the mean of the blank measures (with no analyte),
σblank is the standard deviation of the blank measures and m is the
desired confidence level. Remembering that cblank = 0 (the concentra-
tion c of the analyte is zero in the blank case),

cLOD =
1

S(c = 0)
mσblank (3.13)

where S(c = 0) = dθ(c=0)
dc is the sensitivity of the sensor (with angular

modulation) to variation of the analyte concentration. It should be
noticed that the using this definition of LOD it’s possible to recognize
only false positives, which in effect makes the probability of a false
negative equal to 50% [26].

SPR sensors can be classified depending on their characteristics, e.g.,
light modulation. In literature SPR with either angular, wavelength, inten-
sity, phase or polarization modulation are reported: each one of this sensors
uses a different modulation system. An angular modulation sensor, for in-
stance, works keeping fixed all set-up parameters with the exception of the
angle θ. Hence, performing an angular scanning (varying the incident angle
in a certain range of values) can result in a characteristic reflectance curve.
Another classification of SPR sensors is the distinction between direct or
indirect. In direct SPR sensors, the measurand (typically refractive index)
modulates characteristics of the light directly. In indirect SPR sensors, the
measurand modulates an intermediate quantity which then modulates the
light characteristics.

3.2 Surface Immobilization

One of the aims of SPR sensor is to recognize the presence of biomolecules
(proteins, DNA, peptides...) from a sample. To perform this, it’s necessary to
find a way to fix these molecules to the metal, so that the SPR sensor, which
measures the variation of the refractive index of the dielelectric material,
is able to recognize them. This process of modyfing the surface is called
Immobilization procedure: it is caused by chemical bounds created between
molecules and metal.
Even if metal substrates such as gold and silver show a high tenedency for
spontaneous adsorption of biological molecules, it is difficult to select exactly
the desired ones. Hence, it is reccomended to coat the metallic surface with a
medium which can work as a “glue” for the target molecules and which can
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minimize the non-specific absorption, leading to a selection of the desired
molecules.
A good way to fix only the desired molecule to the metal surface is to
use a specific antibody immobilized to the metallic surface. However, these
antibodies will reduce their bioactivity [10] if they are bounded directly to
the metal surface; hence, a layer of a material able to fix to metal and to the
antibodies is needed. The fixation of this material to the metallic surface is
called functionalization procedure.

3.2.1 Self-Assembled Monolayers and the PEG Case

The most successful method to functionalize the metallic surface consists in
using Self-assembled monolayers (SAM): they provide a convenient, flexible
and simple system with which to tailor the interfacial properties of metals,
metal oxides and semiconductors. They consist in organic assemblies formed
by the adsorption of molecular constituents from solution; the adsorbates
organize spontaneously into crystalline (or semicrystalline) structures.
The molecules or ligands which form SAMs have a chemical functionality
with a specific affinity for a substrate: for this reason it is possible to consider
different materials that bind to different metals, metal oxides and semicon-
ductors [27].

The widest known molecules for coating the surface are thiol- or disulfide
molecules. In literature, lots of cases can be found; gold, the first surface on
which SAM was reported [28], is the reference metal for the following five
characteristics:

� gold is easy to obtain as a thin film by physical vapor deposition,
sputtering or electrodeposition;

� gold is easy to pattern by a combination of lithographic tools (i.e.
photolithography);

� gold is a resonably inert metal - it does not oxidize or react with O2

or with most chemicals;

� gold binds thiols with a high affinity and does not react unusually with
them;

� gold is compatible with cells - cells can adhere and live on gold surfaces
without evidence of toxicity.

Silver is also a well-studied surface: it gives high quality SAMs with a
simple structure. However, it oxidizes readily in air, it is toxic to cells and
the knowledge about the reactions for forming SAMs from organosulfur com-
pounds is still quite unknown - the structural details between this metal (like
copper and palladium, for example) and the monolayer are only understood



3.2. SURFACE IMMOBILIZATION 47

in qualitative levels.
What it is clear is that SAMs molecules tend to adopt structures that are
similar to simple adlayer formed by elemental sulfur on that metal.

A good SAM is obtained from a modified version of PEG - poly(ethylene
Glycol) (also known as PEO - poly(ethylene oxide)), which is the thiolated
PEG. It is a polymer of considerable technical importance: it is usually
used to coat surfaces in order to prevent proteins or other macromolecular
material from depositing on the surface [29]. It consists in three parts:

� the thiol- molecule, which is able to fix itself to the metal surface by
a chemical reaction, forming a covalent bond with the metal;

� the O − CH2 − CH2 chain, whose length depends on the molecular
weight;

� the −OH end, substituted by the X functional group used to bond
the antibody (in case of this Thesis, −COOH).

From the point of view of the kinetics of the formation of monolayers, the
process is still not completely understood [29]. Several groups have studied
the kinetic for assembly of alkanethiolates on gold (for example [30]), which
can be considered as a reference for all thiol- molecules. All these works
indicate that greater than 90% of the monolayer forms quickly - within min-
utes for milli-molar solutions of thiol- and the remainder forms more slowly
over hours. The kinetics for the initial, rapid assembly of the monolayer are
probably dominated by the interaction between the thiolated and gold sub-
strate and gives a monolayer that is locally ordered but contains defects. It is
presumed that the second, slower phase of assembly involves the reordering
of alkanethiolates on the surface and transfer of alkanethiol molecules from
solution to the remaining vacant sites on the gold substrate.

α α

β

Ag

x

z

y

O

O

X

Figure 3.3: PEG molecule on metallic sufrace: α is the tilt angle, β is the
twist angle
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Au

Figure 3.4: Representation of a generic SAM on the surface of gold. The
alkyl chains are close-packed and tilted approximately 30o from the normal
to the surface. Properties of SAM are controlled by changing the length of
the alkyl chain and terminal functional group X

When fixed to the metallic surface, the PEG structure can be represented
as in Figure 3.3. While the thiol- molecule is fixed to the metal, the long
chain can assume a particular geometric arrangement on the surface. A sim-
ple single-chain model is a good way to describe the behaviour of the PEG
molecule: α defines the angle of tilt for the linear backbone of the molecule
away from the surface normal; β defines the angle of rotation about the long
axis of the molecule.

When using PEG-thiol, it should be remembered that SAMs suffers time
degradation. Studies [31] reported that PEG-thiol SAMs on gold degrade in
room air in less than two weeks by thiol-Au bond oxidation, leading to the
desorbation of more than half of the PEG molecules.

3.2.2 PEGylation

To couple PEG to a molecule (i.e. polypeptides, polysaccarides, polynu-
cleotides and small organic molecules) it is necessary to activate the PEG
by preparing a derivative of the PEG having a functional group at its end.
The functional group X, as said in the previous Section, is chosen based on
the type of available reactive group on the molecule that will be coupled to
the PEG. For proteins, for example, typical reactive amino acids include ly-
sine, cysteine, histidine, N-terminal amino group and C-terminal carboxylic
acid [32].

The process of creating a covalent attachment of PEG to another molecule,
also known as PEGylation, can be reach in various ways.
In case of coupling a Carboxylic group −COOH (the functional group X)
with Nucleophiles (amine group in lysine residues or hydroxyl groups), for
example, to achieve the formation of a covalent amide or ester bond, carbodi-
imide reagents are most commonly used [33]. Reagents such as dicyclohexyl
carbodiimide (DCC) and 1-ethyl-3- (3-dimethylaminopropyl)carbodiimide
(EDC) are examples of these reagents. The purpose of the carbodiimide
reagent is to create a reactive O-acyl isourea intermediate with the car-
boxylic group, which is then reacted with a suitable nucleophile.
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The coupling is normally performed in two steps, activation and reaction,
in order to avoid reaction between the carbodiimide and the immobilized
molecule. However, in acqueous solutions the reactivity of the intermediate
is so high that water hydrolysis rapidly transforms it back to carboxilyc acid,
if it is not trapped by another competing nucleophile. This side effect can be
overcome using a mixture of carbodiimide and reactive hydroxyl compound,
formin an active ester derivative that is stable for several minutes to hours.
The hydroxyl compound used can be N-Hyfroxy succimide (NHS), for ex-
ample, which has been found to be a very suitable reagent for these purposes
and it is normally mixed at high concentrations with EDC in water. Both
the EDC and NHS act as buffering agents and a pH around 5-6 is obtained,
providing conditions for an optimal reaction rate for NHS ester formation.
NHS is the usually preferred hydroxyl compound due to its solubility in
water, low toxicity and optimal reactivity for two-stage couplings.

Figure 3.5: Representation of activation of the carboxylic acid group.

3.3 State of the Art: SPR Sensors for Food Safety

Illnesses can be transmitted through food. Foodborne desease are defined
as “all those deseases evinced after the ingestion of food which contains
pathogenic microorganisms or toxines” [34] whose main syntoms are usually
gastrointestinal syntoms. These deseases represent a serious problem for
the health of consumers and for the econonomy of companies and business
services: some data, collected from province of Vicenza [34] (Veneto region)
and from Emila-Romagna region [35] reveal that in 2009, in Italy, 248 centres
of infections due to foodborne disease have been notified, involving about
1451 people. Only in Emilia-Romagna, during the period 1988-2010 1943
cases of foodborne diseases were reported, with the frequency expressed in
Figure 3.6, with a total of 16889 ill people (and 52218 exposed people, people
who shared the same meal) and 2702 hospitalized. Infections are mostly
caused by bacteria; however, they are not the only form of contaminants of
food. Proteins secreted from infectious bacteria, virus and mycotoxins can
be other causes of foodborne desease.

The ability to identify contaminated food samples is of great importance
to the food processing industry as well as to regulatory agencies. There is
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Salmonella Other Deseases

Figure 3.6: Episodes of foodborne diseases in Emilia-Romagna in each year
from 1988 and 2010. Salmonella infection in dark blue, other infections in
light blue [35].

a need for accurate techniques to rapidly detect the presence of foodborne
pothogens; conventional techniques include culturing methods, polymerase
chain reaction (PCR), flow cytometry and enzyme-linked immunosorbent
assay (ELISA). However, all these techniques require highly specialized lab-
oratory equipment and training; instead of these, surface plasmon resonance
can be a portable, simple-to-use sensor which offers the advantage of per-
forming real-time detections, making in-line monitoring of food processing
possible. Hence, SPR sensors represent a good way to improve food safety.

In Emilia-Romagna, the etiological agents responsible for foodborne de-
seases during the period 1988-2010 are distribuited as represented in Fig-
ure 3.7 [35]. These agents and examples of SPR biosensor involved to dectect
them are :

� Salmonella spp., which is an infectious bacterium found in raw meat,
poultry, seafood, eggs, milk and dairy products. The infective dose of
Salmonella spp. can be as few as 15-20 cells, depending on the size and
health of the individual.
At first, in 2001, Koubová demonstrated detection of Salmonella en-
teriditis using a custom-built SPR system [36]. Antibodies were ph-
ysisorbed onto a bare gold surface, leading to a detection of heat-killed
and ehtanol soaked Salmonella enteritidis at a concentrations down to
106 cell/mL.
Several reserches have been going on since that; in 2007 [37] Mazum-
dar and others demonstrated, using a SPR angular modulated sensor
in Kretschmann configuration (Plasmonicr HS Systeme, Wellenfels,
Germany), the detection of Salmonella typhimurium cells killed by
thimerosal treatment in buffer and milk solution. In this case a SAM
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Figure 3.7: Agents responsible of food deseases in Emilia-Romagna during
the period 1988-2010 [35].

layer of alkylsilane is grown on the gold surface (using a solution of
C18-alkylsilane), preparing the surface for the immobilization of Poly-
clonal antibodies. The results, both in buffer and in milk, revealed a
sensitivity comparable with commonly used and approved commercial
Salmonella detection kit. The time required for the analysis was very
low (1 hour), with the advantage of having real-time data of the bind-
ing events. Furthermore, the sample required for the analysis is only
10 µL.

� Intossications are due to various toxins (in general low molecular
weight compounds) like algan toxis. One example of them is the do-
moic acid, a neuroexcitatory toxin tipically produced by planktonic al-
gae. Found in Canadian, Portuguese, Spanish and Irish coast [38], the
domoic acid contaminates shellfish (expecially mussels) whose inges-
tion by humans can cause an intoxication syndrome known as amnesic
shellfish poisoning (ASP). ASP causes vomiting, cramps and tempo-
rary or permanent memory loss.
In 2005 [39] a custom-buit SPR sensor based on Kretschmann con-
figuration was created - DA was immobilized through NHS/EDC on
a mixed SAM of oligo(ehylene glycol OEG) containing alkanethiols.
DA was detected from a concentration of 0.1nG/mL, lower than that
recognised by ELISA technique using the same antibody.
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� Staphylococcal Enterotoxins are the most widely studied of the
toxic foodborne proteins. This toxins are mainly produced by Staphy-
lococcus aureus bacteria: there are nine enterotoxins (A, B, C, D, E,
G, H, I, J) found in a wide variety of food like meat, poultry and egg
products, milk and dairy products and bakery products.
Nedelkov demonstrated the detection of staphylococcal enterotoxin B
in 2000 [40]: he used samples of milk and mushroom cointaining 100,
10 and 1 ng/mL of staphylococcal enterotoxin B (SEB) and observed
a consistent change of reflectance value.
In 2009 [41], Tsai developed an SPR immunosensor based on angular
modulation for determining staphhylococcal enterotoxin A. He used a
gold surface functionalized with SAM layer - using thiols with carboxyl
(16-MHA) and hydroxyl (6-MCH) terminal groups. The carboxylic
groups of the mixed SAMs were activate with a mixture of EDC/NHS,
leading to the bond of anti-SEA (Staphylococcal Enterotoxins A). Even
if with this sensor he was able to recognise concentrations of SEA in
the range of 100-1000ng/mL, lower concentrations can cause intoxica-
tion as well. Hence, sensitivity still needs to be enhanced to prevent
food poisoning.

� Clostridium Perfringens, bacterium found in soil, sediments and
areas subjected to human or animal fecal pollution. Food poisoning
is caused by ingestion of toxin-producing C. Perfringens bacteria -
poisoning confirmed by detecting the toxin in the feces of patients.
The β-toxin produced by Clostridium Perfringens was detected tho-
rugh SPR in 1998 by Hsieh [42]. He compared the results obtained
by SPR method with enzyme-linked immunosorbent assay, observing
a comparable resolution but with a reduced time requested.

� Clostridium Botulinum, which produces Botulinum neurotoxins
(seven serotypes, A, B, C, D, E, F and G). Two of them, C and D, are
found in birds and non-human mammals, while A, B, E and F have
been implicated in human cases of botulism. Those neurotoxines have
been found in a lot of food, including honey, vegetables pickled in oil
and chili.
An example of SPR sensor employed in detection of Botulinum was
realized by Ladd and others in 2008 [43]. He used a SPR custom biosen-
sor in Kretschmann configuration to detect toxines A, B and F in buffer
and in 20% honey solution. To fix the antibody to the gold surface, a
OEG (oligo ethylene glycol) alkanethiol was used, creating a SAM. A
wavelength modulation SPR sensors was used to detect different toxin
concentration, from 0.5 to 10 ng/mL, obtaining results comparable
between buffer and honey solution.

� Campylobacter Jejuni, is a bacterium carried by healthy cattle,
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chickens and non-chlorinated water sources. The infective dose is quite
small because it’s considered that only 400-500 bacteria might cause ill-
ness. An example of development of a SPR biosensor to detect Campy-
lobacter Jejuni can be found in literature thanking to Wei and Simo-
nian in 2007 [44]. Wei and Simonian used two channel SPR angular
modulation sensor (Spreetar, Texas Instruments, Dallas, TX) with
Kretschmann’s geometry to detect C.J. in pure culture and broiler
meat rinse spiked with the bacterium.

3.4 Measurement Set-up

The LUXOR (Laboratory for Ultraviolet and X− ray Optical Research)
Kretschmann bench of CNR-INF Institute of Padova used for all collected
data in This thesis is a SPR sensor based on prism coupling. It consists of
the following instruments:

� a THORLabs He-Ne laser system (Figure 3.8), with the following char-
acteristics:

– λ = 633 nm;

– P = 5 mW;

– Beam diameter (TEM00) 0, 81 mm;

– Beam divergence 1 mrad;

– Longitudinal Mode Spacing 435 MHz;

– Max noise (RMS, 30 Hz to 10 MHz) 0.2%;

– Operating current 6.0± 0.1 mA.

Figure 3.8: CAD image of the Laser source

� lens polarizator which is used to create a p-polarized light.
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Figure 3.9: CAD image of Photodetector
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Figure 3.10: Scheme of the photodetector

� a THORLabs PDA-100A-EC photodetector (Figure 3.9), whose op-
eration theory can be schematized as in Figure 3.10. It consists in a
photodiode connected to a transimpedance Amplifier.

Its features are:

– Responsivity which is the ratio of generated photocurrent to the
incident power at a given wavelength

R(λ) =
IPD
P

= 0.62
A

W
(Typ) (3.14)

where IPD is the photocurrent and P is the incident light power.

– Dark current which is leakage current which flows when a bias
voltage is applied to a photodiode. Thanking to the transimpedance
amplifier, the dark current flowing out can be well-controlled;
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– the bandwith of the sensor can be calculate by the following for-
mula:

f−3dB =

√
GBP

4πRf × CD
(3.15)

where GBP = 600 MHz is the amplifier gain bandwidth prod-
uct, CD is the sum of the photodiode junction capacitance and
the amplifier capacitance, Rf is the feedback element. This value
is strictly dependent on the gain setting applied; hence, in the
configuration used for all the acquisition of data (Gain= 40 db
setting), f−3dB = 225 kHz;

– the noise of 799 µV RMS for 40 dB setting;

– the terminating resistance modifies the voltage value by the factor

Scale =
Rload

Rload +Rs
=

Rload
Rload + 50

(3.16)

leading to the following output:

Vout = R(λ)gmScaleP = 0.62× gm × Scale× P ; (3.17)

– an active area of 100 mm2;

– a wavelength range from 340 to 1100 nm;

– an output voltage from 0V to 5V (considering Rload = 50 Ω).

� another photodiode array for position identification.
Because the socket (cointeinment structure for the prism) allows a lit-
tle rotating movement, there is the possibility that the prism surface
is not exactly normal to the laser light beam when beginning the mea-
surement. For this reason there is an offset error due to the initial
position of the prism, different everytime the bench is prepared. The
reflected light can be useful to settle the zero - it is known that the
surface of the prism is normal to the laser ray when the reflected ray
superimposes the incoming light. Hence, knowing that the reflected
ray passes through the position photodiode (Figure 3.11) when

θ = arctan

(
d

L

)
≈ arctan

(
1.08cm

100cm

)
≈ 0.62o (3.18)

it is possible to use the data acquired by the position photodiode
array to have a reference value with which to move data acquired by
the photodetector.
The photodiode array used is Hamamatsu S4111; its features are:

– an active area for each element of 1.45×0.9 mm2 (effective active
area 1.305 mm2);
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Figure 3.11: Scheme of the bench - reflected ray a position photodiode

– a maximum reverse voltage VR = 15 V;

– a spectral response range from λ = 340 nm to 1100 nm;

– a peak sensitivity wavelength λp = 960 nm;

– a photo sensitivity at λ = 633 nm of S = 0.39 A
W ;

– a maximum dark current from 5 to 25 pA (respectively for VR =
10 mV and VR = 10 V );

– a typical shunt resistance at 10 mV of 250 GΩ;

– a terminal capacitance Ct between 200 and 50 pF.

In Figure 3.12 is represented the operation circuit scheme.

� a motor device, connected with Labview Software.
The Labview software, designed at Biodevice Lab., acquires data from
photodiode through a step-by-step acquisition: at first the motor de-
vice supporting the prism reaches the desired angle; then the motor
supporting the photodiode reaches the desired angle as well (the motor
angle needs to be equal to the photodiode angle for the Snell’s law)
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Figure 3.12: Scheme of the photodiode array

and only after those steps there is the data aquisition, which corre-
sponds to 1000 data samples collected (1000 data for each acquisition,
data wich are averaged). However, because this step by step proce-
dure requires two movements of motors for each acquisition, a lot of
time is needed to perform a full range low step analysis. Hence, to
reduce this scanning time, during the acquisition of data (as explained
in Protocols, chapter 4 section 1), a reasonable high acquisition step is
used (normally 0.05o of motor angle) and data are fitted by MATLAB
software, as explained in chapter 4 section 1.

The functionment of the acquisition software can be schematized as in
Figure 3.13.

Figure 3.13: Scheme of the acquisition LabView Software

� a socket (containment structure for the prism and the device), designed
appositely for the Kretschmann bench.

In a classical angular scanning system for a prism coupler, in which
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the rotation axis passes through the diagonal of the prism, when the
motor rotates there is a change of the prism incident angle θi. This
modification of the incident angle causes a movement of the light spot
on the metallic surface so that the point of the metal hit by the laser
is not always the same during a measurement.
In order to reduce this movement on the metallic surface, i.e., to mea-
sure the smallest area, a socket has been designed. It consists of a
contaiment structure of plastic which is used to modify the position of
the prism on the motor, changing so the position of the rotation axis
into the prism.

To develop this socket, only the Snell’s law and the prism geometry
are used [45].

A

B C
α

L
L

P

M
W

J

Figure 3.14: Scheme of the prism

Considering Figure 3.14, ABC is the cross section of the isoceles prism
AB = AC = L and α is the base angle. Point P is on BC and point M
is on AB. MP is perpendicular to AB. J considered as the rotation
axis, goes vertically through the cross section ABC of the prism at
point W , called rotation centre.
The geometric method is used to determine the optimal position of
the rotation axis: if P is a light source, its light rays can enter the
air through glass medium. For the reversibility principle of the light,
refractive rays (new sources) will converge at the point P if the re-
fractive rays propagate back. If the refractive rays are extended and
intersect at one point, it is possible to set this point as the rotation
centre W . However, those rays cannot intersect in one single point:
they can draw a dense area of intersection points. In this case, setting
one of the points in this area as W , all the light rays produced from the
rotation of the prism go near the position P , minimizing in this way
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the previous discussed movement on the metallic surface. Of course,
it needs to be remebered that W should be put on the normal to AB
for simmetry.

P

A

B C

W

Figure 3.15: Setting of W

In the case of Kretschmann bench, the prism considered is an isosceles
triangle prism (with the angle BÂC = 90o), np = 1.47 and npoly =
1.586. Considering the Figure 3.16, when the light comes out of the
point E, by applying the Snell’s law and remembering that θ3 = θ2 −
45o it is possible to obtain the position of H and the angle θ4 knowing
the position of E and θ1.

E =

[
a+ d√

2
, L+

d− a√
2

]

F =

[
a√
2
, L− a√

2

]

G =

[
XF +

d tan θ1√
2

, YF −
d tan θ1√

2

]
H = [XG + YG tan θ3, 0] (3.19)

θ2 = arcsin

(
sin θ1

npoly
np

)
θ3 = θ2 − 45

θ4 = arcsin

(
sin θ3

np
nair

)
(3.20)

Once the position H and the angle θ4 has been found, we consider the
rotation centre W as the intersection between the perpendicular to the
AC line and the extension of rifracted ray. Then, it is possible to find
the position of E as a function of the angle θ4:

H = [Wx +Wy tan θ4, 0]
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Figure 3.16: Scheme used for calculation of W

If we calculate the line passing through G and H it’s possible to cal-
culate the position of G

m1 = −cos θ3

sin θ3
q1 = −m1Hx

G =

[
L− q1

m1 + 1
,− L− q1

m1 + 1
+ L

]
Calculating the line passing through G and E (so obtaining m2 and
q2 it’s possible to get E:

m2 =
cos θdir
sin θdir

q2 = Gy −m2Gx

E =

[
L+ d

√
2− q2

m2 + 1
,−L+ d

√
2− q2

m2 + 1
+ L+ d

√
2

]
(3.21)

θ3 = arcsin

(
sin θ4

nair
np

)
θ2 = θ3 + 45o

θ1 = arcsin

(
sin θ2

np
npoly

)
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θdir = 45o − θ1

E is the point in which light rays hit the metal with this new rotating
axis. Now, E depends on θdir (or θ4) and on the position of W . Finding
the coordinate for W is an optimization problem, which can be solved
by differentiation for example.
To solve it by differentiation, it is necessary to minimize the distance

between E and
[
a+d√

2
, L+ d−a√

2

]
finding the best value for Wx and Wy;

hence to minimize

f(Wx,Wy, θdir) =

√(
Ex −

(
a+ d√

2

))2

+

(
Ey −

(
L+

d− a√
2

))2

(3.22)
considering θdir as a parameter.
It can be solved by writing a MATLAB code. Results obtained are
[Wx,Wy] = [13.8; 7.5]: in Figure 3.17 are reported the values of the

distance between E and
[
a+d√

2
, L+ d−a√

2

]
as a function of Wx and Wy

position.

Figure 3.17: Value of distance between E and
[
a+d√

2
, L+ d−a√

2

]
as a

function of Wx and Wy.

To demostrate experimentally the difference between using/not using
the socket, we can use graph paper fixed on the metal to follow the
laser spot on the device surface - hence, we “visually” calculate the
movement of the spot laser on it.
By performing an angular scanning (from −30o to +30o with a step
of 5o), it is possible to set the point position of the laser spot at each
angular position. The results are plotted in Figure 3.18.
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Figure 3.18: Position of laser spot on graph paper. Red curve with the
classical configuration (without socket, rotating axis passing through
the prism diagonal), blue curve with socket (rotating axis inside the
prism).

From Figure 3.18, it’s possible to see that the movement of the spot
on the graph paper is definitely reduced using the socket. In case of
using the socket, the total movement of the spot is about 2 mm; in
case of the classical configuration, it is about 6.9 mm.
From this simple experiment, we can infer that the socket structure
works correctly: it reduces the area hit by the laser while performing
an angular motor scanning.
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(a) −30o (b) 0o (c) 30o

Figure 3.19: Laser spot position in classical configuration

(a) −30o (b) 0o (c) 30o

Figure 3.20: Laser spot position with socket

3.5 Simulation of a Multilayer System

When in Chapter 1 the Prism Coupling theory has been explained, a new
structure composed by three materials (prism, metal, dielectric) has been
proposed. However, this three layers structure is quite different from the
theoretical two-infinite media discussed. Hence, the question that comes out
is the following one: - how does the third layer change the theoretical be-
haviour?
The answer comes out from this simulated analysis based on matrix method
for multible beam interference. The method and the derivation proposed is
based on the work made by Klein and Furtak [46].
The MATLAB program based on matrix method is also used to predict the
behaviour of the experimental bench.

The simulation describes the behaviour of a device composed by prism,
metal and dielectric in terms of reflectivity and trasmittivity. To achieve
these two expressions four steps are required:

1. the refracted and reflected parts of an incident wave is expressed as a
function of the incoming wave;
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n1 n2 n3
... nN−2nN−1nN

Figure 3.21: Multilayers structure

2. the equations obtained in the first step are combined to a matrix set-
up, in which each matrix describes the behaviour at an interface;

3. other matrices describe the behaviour of the light while passing through
layers;

4. all matrices are combined to obtain one single matrix which describes
multiple stacked media.

Now it is considered a single interface between two media, i and j, with
refractive index ni and nj (they can be complex numbers).

� Eti is the electric field of the light travelling from medium i to medium
j in medium i.

� Etj is the electric field of the light trasmitted through the interface
travelling from medium i to medium j in medium j.

� Eri is the electric field of the light reflected by the interface, travelling
from medium j to medium i in medium i.

� Erj is the electric field of the light travelling from medium j to medium
i in medium j.
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Figure 3.22: Interface between two media and electric fields of light

Remembering the definitions of the reflection coefficients

ρij =
Eri
Eti

ρji =
Etj
Erj

τij =
Etj
Eti

τji =
Eti
Etj

it is possible to write

Etj = τijEti + ρjiErj (3.23)

If the incident EM wave is p-polarized (TM), which means that E field is in
the plane of incidence, τij and ρji are given by:

τij =
2ni

(1 + b)nj
(3.24)

ρij =
1− b
1 + b

(3.25)

where the term b is

b =

(
ni
nj

)2(kzj
kzi

)
(3.26)

and kzi and kzj are respectively the projection of the wavevector k to the
z-axis in medium i and j. Another expression can be created, like that in
equation (3.23)

Eri = ρijEti + τjiErj (3.27)
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By combining (3.23) and (3.27) Eti can be eliminated, leading to

Eri =

(
τjiτij − ρjiρij

τij

)
Erj +

ρij
τij
Etj (3.28)

This equation can be further reduced by remembering that

ρij =
1− b
1 + b

=
n2
jkzi − n2

i kzj

n2
jkzi + n2

i kzj
= −

n2
i kzj − n2

jkzi

n2
jkzi + n2

i kzj
= −

1− 1
b

1 + 1
b

= −ρji

τijτji + (ρij)
2 =

4

(1 + b)(1 + 1
b )

+
(1− b)2

(1 + b)2
=

=
4

2 + 1
b + b

+
(1 + b)2 − 4b

(1 + b)2
=

4b

(b+ 1)2
+ 1− 4b

(1 + b)2
= 1

obtaining

Eri =

(
1

τij

)
Erj +

(
ρij
τij

)
Etj (3.29)

and, by applying the same procedure on (3.23) equation, another expression
is obtained

Eti =

(
ρij
τij

)
Erj +

(
1

τij

)
Etj (3.30)

These two equations can be organized in a matrix structure:(
Eri
Eti

)
=

1

τij

(
1 ρij
ρij 1

)(
Erj
Etj

)
(3.31)

which is
Ei = HijEj (3.32)

where Hij is the matrix which describes the fields transition thorugh the
interface of the two media.

When the light is travelling through a medium, its general expression is
E = E0e

jk·re−jωt. When a matrix for a certain interface is calculated, it is
created respectively to its own coordinate system, with the origin set on the
interface. However, when working with more than one interface, a common
coordinate system must be found. For this reason the coordinate system is
chosen on the first interface, while every other interface is referred to the
previous one by a change in phase

Ei = E0e
jk·(r+di)e−jωt

where di is the thickness of the i-layer. Because di is a vector parallell to
z-axis

jk · di = jkzi(di) = jk0ni cos(θi)di
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it leads to
Erj (z = dj) = E0e

j(kxjx+kzidj)e−jωt =

= E0e
jkxjxe−jωtejkzj dj = ejkzj djErj (z = 0) (3.33)

Etj (z = dj) = E0e
j(kxjx−kzj dj)e−jωt =

= E0e
jkxjxe−jωte−jkzj = e−jkzj djEtj (z = 0) (3.34)

where the origin of the coordinate system is set on the ij-interface. Rewriting
in a matrix form(

Erj (z = dj)
Etj (z = dj)

)
=

(
ejkzj 0

0 e−jkzj

)(
Erj (z = 0)
Etj (z = 0)

)
(3.35)

Thus, inverting the matrix it’s possible to obtain the relation between Ej(z =
0) and Ej(z = dj)(

Erj (z = 0)
Etj (z = 0)

)
=

(
e−jkzj 0

0 ejkzj

)(
Erj (z = dj)
Etj (z = dj)

)
(3.36)

This 2x2 matrix is called propagation matrix Lj
By combining H and L matrices of several layers it’s possible to obtain

a total matrix for a stack of N layers

H12L2H23L3 ·HijLj ·H(N−1)N =

(
S11 S12

S21 S22

)
(3.37)

which corresponds to

Er1 = S11ErN + S12EtN

Et1 = S21ErN + S22EtN

We can define the reflection coefficient of the stack ρ and the transmission
coefficient τ in relation with the obtained parameters

ρ =
Er1
Et1

∣∣∣∣
ErN

=0

=
S12

S22
τ =

EtN
Et1

∣∣∣∣
ErN

=0

=
1

S22
(3.38)

Reflectance and Transmittance can be obtained from ρ and τ by the following
relations

R =
Pr
Pi

= |ρ|2 T =
Pt
Pi

= |τ |2 nN cos(θN )

n1 cos(θ1)
(3.39)

where Pi is the power of the incident wave, Pr is the power of the reflected
wave, Pt is the power of the transmitted wave, θ1 is the angle of the incident
light and θN is the angle of the transmitted wave.
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The same analysis can be performed with a TE polarized light. However,
in case of s-polarization, some values must be modified:

τij =
2

1 + b
(3.40)

ρij =
1− b
1 + b

(3.41)

where the term b is

b =
kzj
kzi

(3.42)

The other relations (i.e. ρij = −ρji) are still valid.



Chapter 4

Experimental Results

The experimental results described in this Chapter belongs to a research
activity of the BioDevices Laboratory of the Department of Information
Engineering. The project’s aim is to develop a SPR sensor able to recog-
nize biological molecules (like bacteria, proteins and toxins) in wines. This
Chapter describes the opto-electrical characterization of:

� bare silver devices;

� silver devices with a PEG SAM;

� silver devices with detection sandwich, i.e., PEG SAM conjugated with
probe antibodies.

In this Chapter, all adopted protocols for collecting data are presented.
These include:

� cleaning protocol, which corresponds to the methodology used to clean
devices involved in measurement;

� fuctionalization protocol, which corresponds to the methodology used
to cover the metallic surface with a biomaterial layer;

� immobilization of antibody protocol, which corresponds to the method-
ology used to activate the functional group at the end of PEG and to
bond the antibodies;

� measurement protocol, which corresponds to the methodology used to
collect data - hence all the operations performed when acquiring data;

� data analysis, which corresponds to the way data are analyzed.

Then, all results are compared to simulated results predicted by MATLAB
simulation software described in Chapter 3.

69
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4.1 Devices

For these experimental results, two kind of devices are employed:

� a flat device of O.D. 1500, consisting in a substrate of polycarbonate
(n = 1.586) which supports a thin layer of silver (thickness of 40
nm). The substrate has been produced via policarbonate molding onto
which the silver layer has been evaporated.
In Figure 4.1 the section of the device is represented. A photo of the
device is in Figure 4.2;

Figure 4.1: Section of flat device of O.D. 1500

Figure 4.2: Photo of the flat device

� grating device of O.D. 2500, consisting in a silver nanostructure 50−60
nm thick with period Λ ≈ 740 nm evaporated onto a policarbonate
layer. The section of the device is represented in Figure 4.3; a SEM
image aquired at Padova University and an AFM image are then re-
ported in Figure 4.4.

Figure 4.3: Section of grating device
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(a) SEM picture (b) AFM picture

Figure 4.4: Images of a grating device provided by Next Step Engineering
s.r.l..

All devices have been provided by Next Step Engineering s.r.l..

4.2 Protocols

When performing a measurement, the appropriate sequence of operations
has to be adopted in order to ensure repeatability. Protocols involving bi-
ological material have been carried out at Veneto Nanotech facilities. The
protocols used for the measurements are:

� the Cleaning Protocol, which is organized as follows:

1. the device is rinsed with absolute ethanol on the metal and on
the polycarbonate surface;

2. the device, still wet of ethanol, is rinsed with milli-Q water i.e.
ultrapure water obtained by purification processes involving steps
of filtration and deionization;

3. the wet device is dried with compressed air.

� the measurement protocol, which is defined as follows:

1. the preparation of the optical bench: the coupling between the
prism and the polycarbonate layer is obtained by ceddar wood
oil “Cargille - Type A”;

2. the prism/device is placed on the sideburn, after fixing the socket;

3. allineation of the reflected laser beam with the incident laser
beam (hence setting the angular offset to zero by visual anal-
ysis);
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4. angular scanning of the device: this is obtained moving the mo-
tor using the LABview software. Two different kinds of angular
scanning have been used:

(a) the range of −1o to +1.5o of the motor angle with an acqui-
sition step of 0.05o in case of prism with refractive index of
n = 1, 47;

(b) the range of −4o to 1o of the motor angle with an acquisition
step of 0.05o in case of prism with refractive index n = 1.51.

� the PEG functionalization protocol, which is organized as follows:

1. PEG is a pre-weighted powder situated in a plastic test tube
Eppendorf. To prepare the solution of PEG, the following formula
is used:

Molarity[M ] =
mass[g]

AtomicWeight[Da]× Solvent[l]
(4.1)

from which, inverting it,

Solvent[l] =
mass[g]

AtomicWeight[Da]×Molarity[M ]
(4.2)

The solution is prepared using milli-Q water, using appositely
Single Channel Pipettes, able to measure the solution with high
precision. The milli-Q water is added directly in the Eppendorf ;

2. the device is placed on a plastic mask with 3.5 × 3.5 mm2 wells
(see Figure 4.5), whose aim is to create a limited area of the metal
which is in contact with the solution;

Figure 4.5: 64-Well ProPlate Slide Module Foorprint: the mask
used for PEG and antibody immobilization
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3. wells of the plastic mask are filled with 30 µl of PEG (or 30 µl of
milli-Q if that area needs to be kept in a bare condition), following
a pre-determined scheme;

4. the mask is enclosed into a Petri dish with cotton soaked with
NaCl solution. The box is used to control the humidity of the
space in order to avoid the drying of the solution;

5. the devices and the mask are kept inside the box for about 10/15
hours (one night);

6. the devices are removed from the plastic mask;

7. the devices are rinsed with milli-Q water;

8. the devices are dried with compressed air.

� the diluition protocol, which is used when it is necessary to decrease
the concentration of a solute in solution by mixing with more solvent.
This protocol is applied when PEG solution at a certain (lower) con-
centration is needed from a already prepeared solution of PEG. It is
organized as follows:

1. by knowing the volume of the solution to use (V olsolution) and
the concentrations it is possible to calculate the volume of solvent
V olsolvent to add following the formula:

Concsolution[M ]× V olsolution[l] =

= Condiluited[M ]× (V olsolution[l] + V olsolvent[l]) (4.3)

which, rearranged

V olsolvent[l] =
Concsolution[M ]× V olsolution[l]

Condiluited[M ]
− V olsolution[l]

(4.4)
gives the exact quantity of solvent (milliQ in our case) to add to
the pre-existent solution;

2. the right volume of the solution to use is obtained by using Single
Channel Pipettes: this volume is placed in the Eppendorf ;

3. the right volume of the solvent (milliQ) to use is obtained by using
Single Channel Pipettes: this volume is placed in the Eppendorf ;

4. the solution is mixed by shaking the Eppendorf ;

5. the solution is placed in the wells of the mask following a pre-
determined scheme.

� Immobilization of antibody protocol : this protocol is used to activate
and immobilize anti-Escherichia Coli polyclonal antibodies of rats on
the PEG coated surface. It consists in the following steps:
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1. a solution 5 mM of EDC and 5 mM of s-NHS in MES buffer 1X pH
6 (composed by 0.1 M MES (2-[morpholino]ethanesulfonic acid,
0.5 M NaCl pH 6) is prepared;

2. the solution is placed on the PEG surface and kept there for 15
minutes;

3. the solution is removed and then the device is rinsed with milli-Q
water;

4. a solution with the antibody (1 mg/ml) in a phosphate buffer is
prepared: for the buffer, it is used 0.1 M of sodium phosphate,
0.3 M of NaCl 0.01% Triton X100 with pH 7.2;

5. the solution with the antibody is placed and kept on the metallic
surface for 10/15 hours (overnight exposure);

6. the solution is then removed, the device is rinsed in milli-Q water
and dried with compressed air (or N2 when available).

� Data analysis
Acquired data need to be fitted for the measurements bench behavior.
The fitting curve used can be written in the following form:

y(x) = A+Be−
(x−C)2

D2 + Ee−
(x−F )2

G2 (4.5)

which corresponds to two Gaussian functions: B and E are the ampli-
tude value, C and F are the mean value and D and G are the standard
deviations. Two Gaussian curves are used because the shape of the
Kretschmann peak is quite similar to the shape of a Gaussian func-
tion. Those data are then corrected by traslating the curve through
the reference value 0.62o to set a fix setup error (see Chapter 3).
To perform this data analysis and correction a MATLAB software is
developed. It indicates the value of the minimum of reflectance and it
plots the desired curves.

4.3 Kretschmann Bench Characterization

As previously stated, all measurement benches have a specific error mea-
surement. This error can be described by analyzing the repeatability of a
mesurement: the system should be able to reproduce the same range of
values when the bench has the same settings. By knowing the precision of
the bench measurement system it is possible to understand the confidence
interval.

4.3.1 Intrinsic Error of the Bench

To uderstand the intrinsic error of the measurement bench, two kinds of
analyses can be performed:
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� the repeatability of the measurement without removing the prism,
which can reveal intrinsic errors of the measurement bench.
For this analysis a bare Ag device (composed by a layer silver and a
substrate of polycarbonate) of O.D. of 1500 is measured 20 times, fol-
lowing the measurement protocol presented in Section 4.1. The prism
with refractive index n = 1.47 is used.
Results are plotted in Figure 4.6. Analysing the results without the
fitting curve, no angular shift can be observed for repeated measure-
ments, i.e. susequent measurements without system perturbations. Hence,
the bench presents a good repeatability of the measurement.

Figure 4.6: SPPs excitation position as a function of the measurement
number - analysis with fitting curve (red curve) and without fitting
curve (blue curve). Analysis without the unmounting of prism/device

Analysing the results with the fitting curve, we can note a variation
that is smaller than the acquisition step, i.e., 0.05o mainly due to the
strong dependence of this analysis from the reflectance value observed
by the photodiode. The light acquisition at the photodiode is corrupted
by noise, and this noise is reflected into the fitting curve by this vari-
ation of the peak position.
After this analysis it is possible to assure a good repeatability of the
measurements after the prism/sample coupling with matching oil.
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Figure 4.7: Mean and standard deviation of reflectance over 20 mea-
surements for the repeated measurements

� the repeatability with remotion of prism/device, which can reveal er-
rors due to both prism mounting and prism/sample coupling.
For this analysis a flat bare Ag device of O.D. 1500 is measured fol-
lowing the measurement protocol explained in section 1. The prism
has a refractive index of n = 1.47; the measure is repeated 20 times,
unmounting and re-mounting the device from and onto the prism in
its socket before each new measurement.

Experimental data and relative fit are plotted in Figure 4.8: from the
analysis it is possible to observe that the error due to the measurement
bench corresponds to 0.1o.
Concerning the prism/device coupling operation, there could be three
sources of error:

– a little movement of the prism/device in the socket structure,
allowing a little change of the initial position. This can be elimi-
nated by better fixing the prism to the socket;

– the noise measured by the photodiode that is related to intrinsic
features of both laser source and photodiodes;

– the coupling between the prism and the device - the Cargille
oil can introduce a coupling error (i.e. some air bubbles can be
trapped between the prism and the device).
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Figure 4.8: SPPs excitation position as a function of the measurement num-
ber - analysis with fitting curve (red curve) and without fitting curve (blue
curve). Before each measurement the sample has been coupled to the prism.

4.3.2 Delay Time Analysis

As stated in Chapter 3, the data acquisition system operates a step-by-
step procedure. At first, the motor supporting the prism/device reaches the
desired position; then, after a delay time td1 , there is the acquisition of
1000 samples. After that, another delay time td2 is waited before another
movement of the motor takes place i.e. the following step acquisition. This
procedure is schematized in Figure 4.9.

Motor DataStart Stop

New

td1 td2
Movement Acquisition

Acquisition

Figure 4.9: Step-by-step acquisition process schematized. Delay time param-
eters are those values modified in delay time analysis

For all these steps, the entire scanning time could be quite high. In order
to be sure that reducing those delays does not compromise the measurement,
it is necessary to compare the results obtained using a high delay time with
those obtained using a low delay time. If they are reasonably similar, it is
possible to use the lowest delay time configuration to improve the acquisi-
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tion performance.
In this experiment, a flat device of O.D. 1500 is used. Following the mea-
surement protocol, the measurement is repeated with the following scheme:

td1
50ms 100ms 500ms 1s 2s

td2

50ms 5
100ms 5 5 5 5
500ms 5 5 5

1s 5 5 5 3
2s 5 3 3

Results are reported in table and depicted in Figure 4.10.

Figure 4.10: Mean value and standard deviation of reflectance as a function
of motor angle for the two most different configurations: the red curve rep-
resents td1 = 50ms and td2 = 50ms; the blue curve represents td1 = 2s and
td2 = 2s

Mean SPPs excitation position and standard deviation [deg]

td1
50ms 100ms 500ms 1s 2s

td2

50ms 0.5
100ms 0.5 0.5 0.5 0.5
500ms 0.5 0.5 0.5

1s 0.5 0.5 0.5 0.5
2s 0.5 0.52± 0.03 0.5
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As it is possible to see from Figure 4.10 and from the results table,
this experiment shows no modification of data varying delay times - hence,
it is possible to use the lowest time configuration in order to reduce the
acquisition time.

4.4 Device with Grating Structure

As introduced in Chapter 2, grating structure on a substrate of transparent
medium can lead to two reasonance peaks. If a grating device is used in
prism coupling, there will be two resonance peaks: one due to the metal/air
interface, referred as the Kretschmann peak which depends on the function-
alization of the metallic surface, and one due to the metal/polycarbonate
interface, referred as grating peak which is almost independent on the func-
tionalization. For this reason, grating devices coupled to prism have a greater
potentiality than flat devices: by presenting two peaks instead of one, it is
possible to use the grating peak as a reference value for precise measures pre
and after functionalization and immobilization procedure.

For this experiment, five devices Ag O.D. 2500 are used, each one with
a different φ angles for the grating structure (φ = 0o, φ = 10o, φ = 20o, φ =
30o and φ = 40o). Each device is then measured as reported in measurement
protocol with a prism whose refractive index of n = 1.47, scanning from −20o

to +20o with a step of 0.2o to observe both peaks (Kretschmann, due to the
metal/dielectric interface, and grating, due to metal/substrate interface).

Results of the experiment are plotted in Figure 4.11. As it is possible to
see from the figure, a change in the φ angle corresponds to a change of the
position of grating peak, as expected.

Considering that the incident angle of the light on the polycarbon-
ate/metal interface depends on the motor angle (see Figure 4.12) as ex-
pressed from the formula

θpoly = arcsin

np sin
(

arcsin
(
nair sin θmotor

np

)
+ 45o

)
npoly

 (4.6)

it is possible to obtain, from measured data, the position peak (in terms of
motor angle θmotor and the calculated θpoly) due to grating for each angle φ:

φ θmotor θpoly
0o −12.4o 32.93o

10o −12.4o 32.93o

20o −11.2o 33.69o

30o −6.8o 36.27o

40o −4.4o 37.69o
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Figure 4.11: Reflectance as a function of motor angle for 5 devices - each
one with a different φ angle.

np

npoly

θmotor

θpolyθp

Figure 4.12: Motor angle θmotor and incident angle on polycarbonate/metal
surface θpoly

Data are compared in Figure 4.13 with the simulated results of the wavevec-
tor model, considering for the simulation the following parameters: λ = 633
nm, Λ = 740 nm, npoly = 1.586, nmetal =

√
−17− j0, 7. From Figure 4.13 it

is possible to see that experimental results agree quite well with simulated
results.

However, even if the experimental data of the grating peak agree with
the theory, each configuration tested is severely corrupted by noise, as it
is possible to observe in Figure 4.11. The grating peak, which should work
as a reference value because of its almost independence on the dieletric, is
not clear and, therefore, it cannot be used as a reference in the peak shift
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Figure 4.13: Experimental position of the Grating peak (in terms of θ and
φ). Wavevector model is used for the simulated position.

quantification. Conversely, Krestchsmann peak is well-defined, i.e. the noise
does not disturb it.
Hence, from now, for the experimental results of this thesis, flat devices will
be the only devices tested.

4.5 Bare Devices Characterization of Flat Ag O.D.
1500

The starting point for the development of the Biological aspect of a SPR
biosensor is the characterization of a bare (or fresh) Ag flat device: the
device, composed only by a layer of metal (in this case silver) and a sup-
porting substrate of polycarbonate, needs to be described in terms of SPPs
excitation position. Two different kind of analyses can be performed:

� analysis of different devices.
When considering different devices with the same nominal optical den-
sity the real variation from this theoretical value must be taken into
account.
For this experiment, 21 Ag flat devices are measured, following the
measurement protocol in Chapter 4. The prism refractive index is
n = 1.47.

Results are reported in the following table:
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SPPs excitation position [deg] - fitted data

Mean value θmotor 0.570

Standard deviation σ 0.085

Range θmax − θmin 0.294

This analysis results in a quite high variability of the resonance peak
position, variability which can be an expression of the lack of uni-
formity of the silver layer. Hence, a precise standard value for the
resonance position is difficult to be enstablished. The range of values
for the resonance peak position is approximately 0.3o.

� analysis of different spots in the same device.
When considering a single device, it is possible to notice a lack of
uniformity of the metal thickness: changing the area hit by the laser
there could be a change in SPPs excitation position. To investigate
it, multiple spots on the same devices are measured, following the
reference scheme of Figure 4.14

Figure 4.14: Measured spots on the device surface

The methodology used is the measurement protocol explained in Chap-
ter 4. To make the laser light hit the right spot it is necessary to move
vertically the base supporting the prism until the ray hits the correct
raw. Then the device is moved orizontally on the prism surface until
the desired spot is reached. The prism used has a refractive index of
n = 1.51. 3 devices are measured on those spots, for 24 total measures.
Fitted results are reported in the following table:

SPPs excitation position [deg] - fitted data

Device 1 Device 2 Device 3

Mean value θmotor -2.839 -2.858 -2.78

Standard deviation σ 0.034 0.041 0.051

Range θmax − θmin 0.121 0.140 0.125

We can observe again a quite high variability of SPPs excitation po-
sition - hence, in the same device the layer of metal does not seem to
have a uniform thickness.
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Because of this quite high variability in the metal deposition, in order
to reach the highest possible degree of precision, measures will be collected
before and after the functionalization of the surface on the same position.
This methodology reduces the error due to this variability of metal thickness.
An example curve of reflectance for a device in fresh condition (when nprism =
1.51) is depicted in Figure 4.15. It can be compared with the simulated be-

Figure 4.15: Example of reflectance curve for the fresh condition

haviour (depicted in Figure 4.16) obtained using the simulation software
described in Chapter 3. In it, the following parameters are considered:

� λ = 633 nm for the laser wavelength;

� layer 1: glass prism with np = 1.51;

� layer 2: polycarbonate with refractive index npoly = 1.586 and thick-
ness dpoly = 600 µm;

� layer 3: silver with refractive index nmetal =
√
−17− j0.7 and thick-

ness d = 40 nm (which corresponds to an optical density of 1500);

� air layer with n = 1.

As it is possible to see from the comparison of these two figures, the
experimental results well suit the simulated one.

4.6 PEG 1 mM Functionalization Test

In this experiment, Ag flat O.D. 1500 devices are functionalized with PEG
3400 Dalton 1mM. The main aim is to test the adsorption of PEG molecule
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Figure 4.16: Simulated results for fresh condition

onto the silver surface and to compare experimental with simulated results.
Devices are cleaned following the cleaning protocol ; then they are mesured
in 8 spots for each of them following the measurement protocol. Devices
are functionalized following the functionalization protocol with the scheme
of Figure 4.17; then they are measured again in the same spots measured
before the overnight exposure. It should be noticed that some spots are not

Figure 4.17: Mask configuration used for PEG test.

functionalized but are kept fresh through the contact with milli-Q water: it
is necessary to observe if the night exposure has the side effect of modyfing
the SPPs excitation position.

The reference values in this analysis are the fresh and milli-Q exposure
excitation positions: we will considered the angular shift as the substraction
of two different SPPs excitation position due to different functionalization
stage. Some experiments are performed, leading to the following results:
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SPPs excitation position [deg] - fitted data

Experiment 1 2

Total spots tested 16 16

Fresh position −2.80± 0.06 −2.84± 0.04

Milli-Q exposure −2.59± 0.05 −2.71± 0.05

PEG 1 mM −1.59± 0.13 −2.23± 0.12

Shift respect to average [deg]

Shift milli-Q/fresh 0.20± 0.05 0.12± 0.04

Shift PEG/fresh 1.22± 0.10 0.69± 0.12

Shift PEG/milli-Q 1.00± 0.13 0.48± 0.12

SPPs excitation position [deg] - fitted data

Experiment 3 4

Total spots tested 16 16

Fresh Position −2.85± 0.05 −2.81± 0.04

Milli-Q exposure −2.77± 0.08 −2, 63± 0.06

PEG 1 mM −2.14± 0.19 −1.52± 0.19

Shift respect to average [deg]

Shift milli-Q/fresh 0.07± 0.08 0.16± 0.03

Shift PEG/fresh 0.70± 0.20 1.31± 0.21

Shift PEG/milli-Q 0.63± 0.19 1.11± 0.19

As it is possible to observe in the table, in each experiment a good
repeatability can be achieved: the standard deviation is reasonably low.
However, different experiments still suffer quite low repeatability, probably
caused by small difference between materials involved, such as PEG powder
or milli-Q water. Furthermore, PEG 3400 Dalton is a molecule with a very
long chain of OCH2CH2; hence, the arrangement on the metal layer could
not be fixed in different experiments.

Experimental results can be compared with the simulated ones obtained
using MATLAB software. The parameters considered are:

� λ = 633 nm for the laser wavelength;

� layer 1: glass prism with np = 1.51;

� layer 2: polycarbonate with refractive index npoly = 1.586 and thick-
ness dpoly = 600 µm;

� layer 3: silver with refractive index nmetal =
√
−17− j0.7 and thick-

ness d = 40 nm (which corresponds to an optical density of 1500);

� layer 4: PEG with a refractive index n = 1.5 and thickness d = 5 nm;

� layer 5: air with n = 1.
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Figure 4.18: Mean value of reflectance for experiment 2. Fresh condition in
blue (16 spots), milli-Q exposure in black (8 spots), PEG 3400 Dalton 1mM
in red (8 spots).

Figure 4.19: Simulated results for fresh and PEG layer

For this value of PEG 3400 concentration, because of this high variability
of results, it is possible to calculate a range of sensitivity of the measurement
bench.
For the calculation of sensitivity, it is assumed that the adsorbate layer
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consists in a uniform layer of thickness d and refractive index of value na
grown onto the metal surface. Above this adsorbate layer, we consider a bulk
liquid solution whose refractive index is ns.

Figure 4.20: Structure considered for the calculation of neff

Hence, the sensitivity we calculate is

S =
∆θ

∆neff
, (4.7)

where neff is the effective refractive index of the bilayer adsorbate/bulk
whose value is given by [47]

neff = ns + (na − ns)
[
1− e−

2da
ẑ

]
. (4.8)

In this equation, ẑ is the characteristic decay length in the dielectric medium
(2.49) and d is the thickness of the adsorbate layer.
Considering ns = 1 (air), na = 1.5 (the PEG layer assumed in the simula-
tion) and nmetal =

√
−17− 0.7j

ẑ =
633nm

2π

√
17 + 2.25

2.252
= 196nm (4.9)

and

neff = 1 + 0.5
[
1− e−0.05102

]
= 1.025 (4.10)

from which it is possible to get the following table for sensitivity:

Sensitivity [deg]
[RIU ]

Experiment 1 2 3 4
∆θ

∆neff
40 19.2 25.6 44.2

Therefore, the sensitivity range goes approximately from 19.2 to 44.2 [deg]
[RIU ] .
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4.7 PEG Concentration Test

Various concentration of PEG 3400 Dalton can be tested: this experiment
can reveal which is the lowest detectable concentration of PEG and how the
different concentration influeces the angular shift.
In this experiment 2 devices are used, for 16 total spots measured. The con-
centration considered are: PEG 3400 Da 0.1 mM, PEG 3400 Da 0.5 mM and
PEG 3400 Da 1 mM.
The devices are at first cleaned following the cleaning protocol, then they are
measured in their fresh condition. They are functionalized with the three so-
lutions created following the diluition protocol ; after the overnight exposure
the devices are re-measured again.
In this experiment, a prism of refractive index of n = 1.51 is used. The
following table shows the results:

Mean and standard deviation for SPPs excitation [deg]

Fresh position −2.75± 0.07

Milli-Q exposure −2.65± 0.05

PEG 0.1 mM −2.56± 0.06

PEG 0.5 mM −2.235± 0.07

PEG 1 mM −2.01± 0.16

Mean and standard deviation for shift respect to average [deg]

Shift milli-Q/fresh 0.04± 0.04

Shift 0.1 mM/fresh 0.19± 0.04

Shift 0.1 mM/milli-Q 0.08± 0.06

Shift 0.5 mM/fresh 0.55± 0.03

Shift 0.5 mM/milli-Q 0.41± 0.07

Shift 1 mM/fresh 0.76± 0.12

Shift 1 mM/milli-Q 0.64± 0.16

The mean value curves for each concentration are plotted in Figure 4.21.
From the experimental data obtained, it is possible to infer that the lowest
concentration detected is 0.1 mM.

4.8 PEG Functionalization and Antibodies Immo-
bilization Test

After the creation of a PEG SAM onto the metal surface, the antibodies
immobilization has to be tested. However, the entire process requires two
overnight exposures, hence more manipulation of the devices. To avoid the
undesiderable contact between the coupling Cargille oil and the metal sur-
face, we do not measure the fresh condition before the functionalization but
we choose to use the milli-Q exposure as the reference value for the shift



4.8. ANTIBODIES IMMOBILIZATION 89

Figure 4.21: Mean value curves for fresh condition, milli-Q exposure, PEG
3400 Dalton 0.1 mM, 0.5 mM, 1 mM.

Figure 4.22: Mean values and standard deviations for Shift PEG/milli-Q as
a function of PEG concentration.

calculation.
The procedure is organized as follows:

� devices are cleaned following the cleaning protocol ;

� devices are functionalized following the functionalization protocol ;
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� antobodies are immobilized onto the surface following the immobiliza-
tion protocol ;

� devices are measured following the measurement protocol.

3 devices are tested, for a total of 24 spots measured (6 of milli-Q, 9 with
antibodies immobilized, 9 with PEG 3400 1 mM).

Figure 4.23: Mask configuration used for PEG and antibodies immobilization
test.

Results are reported in the following table:

Mean and standard deviation for SPPs excitation [deg]

Device 1 2 3

Milli-Q exposure −2.68± 0.04 −2, 71± 0.02 −2.45± 0.01

PEG 1 mM −1.71± 0.12 −1.9± 0.19 −1.75± 0.06

PEG 1 mM + antibodies −1.35± 0.11 −1.43± 0.25 −1.56± 0.22

Mean and standard deviation for shift respect to average [deg]

Shift 1 mM/milli-Q 0.97± 0.12 0.80± 0.19 0.70± 0.06

Shift PEG + anti/milli-Q 1.33± 0.11 1.28± 0.25 0.89± 0.22

Shift PEG + anti/PEG 0.37± 0.11 0.48± 0.25 0.19± 0.22

The measurement bench can recognize the antibodies immobilized onto the
surface, distinguishing them from the only PEG layer. However, as in the
PEG case, a high variability of the measures is observed.
A simulation can be performed, considering the following parameters:

� λ = 633 nm;

� layer 1: glass prism with np = 1.51;

� layer 2: polycarbonate with refractive index npoly = 1.586 and thick-
ness dpoly = 600 µm;

� layer 3: silver with refractive index nmetal =
√
−17− j0.7 and thick-

ness d = 40 nm (which corresponds to an optical density of 1500);

� layer 4: PEG with a refractive index n = 1.5 and thickness d = 5 nm;

� layer 5: antibodies immobilized onto PEG with a refractive index n =
1.45 and thickness d = 5 nm;
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Figure 4.24: Mean value curves for milli-Q exposure, PEG 3400 Da 1 mM,
and PEG 3400 Da + antibodies of the second device.

Figure 4.25: Mean value and standard deviation of shift respect to milli-Q
exposure. Plotted results of three devices.

� layer 5: air with n = 1.

This configuration leads to results depicted in Figure 4.26.

As in the PEG case, it is possible to calculate the sensitivity of the
measurement bench. In this case, to calculate the effective refractive index,
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Figure 4.26: Simulated results for fresh, PEG 1 mM and PEG 1 mM +
antibodies.

we need to consider three layers of adsorbates [47], leading to the following

Figure 4.27: Structure considered for the calculation of neff

relation:

neff = nb

[
1− e

−2db
ẑ

]
+ na

[
e

−2db
ẑ − e

−2(da+db)

ẑ

]
+ nse

−2(da+db)

ẑ (4.11)

Hence, using those parameters considered for the simulation, we get the
value

neff = 1.5
[
1− e−0.051

]
+ 1.45

[
e−0.051 − e−0.102

]
+ e−0.102 = 1.045 (4.12)

from which it is possible to calculate the sensitivity parameter for the anti-
bodies layer:

S =
∆θ

∆neff
=

θPEG+anti − θPEG
neffPEG+anti

− neffPEG

(4.13)
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Sensitivity [deg]
[RIU ]

Device 1 2 3
∆θ

∆neff
18.5 24 9.5

As in the PEG case, because of the variability of results obtained, we get
a range of values for sensitivity. It is comparable with that one calculated
with the PEG layer only.
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Chapter 5

Conclusions

In this Thesis we used a Kretschmann measurement bench improved with a
photodiode array for position identification to develop a precise SPR biosen-
sor. This photodiodes array detects the laser beam reflected by the prism
face, in order to implement a control of the prism positioning. Thanks to this
upgrade the repeatability of the optoelectronic measurement system can be
improved, making the bench suitable for the precise measures required for
bacteria recognition.
The experimental research performed confirmed that the Kretschmann mea-
surement bench can be used to create a SPR biosensor for PEG molecules
and rat polyclonal antibodies anti-Escherischia Coli layer recognition. Em-
ploying 40 nm thick silver metal devices provided by Next Step Engineering
(University of Padova spin-off), it has been shown that the SPR sensor can
distinguish each of the layers considered from the previous condition of the
device:

� the PEG layer can be discerned from the bare condition, identifying a
shift of about 0.6/1o;

� the antibodies layer can be discerned from the PEG layer, identifying
a shift of about 0.4o;

as predicted by the simulation software implemented.
However, the target molecule has not been tested yet; further scientific

experiments involving the target molecule need to be performed to experi-
mentally prove the bacteria detection.

95
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