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ABSTRACT 

This thesis focuses on new fluorescence-based biosensors with advanced sensitivity in detection 

of molecular analytes. Particularly, new amplification strategies based on the interaction of 

fluorophore labels with intense and confined field of surface plasmons are pursued in order to 

enhance the fluorescence signal by increasing the excitation rate and by controlling the angular 

distribution of emitted light. The thesis comprises the experimental and theoretical study of 

plasmon-mediated emission on metallic nanostructures supporting coupled surface plasmon 

modes (long range and Bragg-scattered surface plasmons). The results show that the emission 

via these modes combined with reverse Kretschmann configuration allows to confine the 

fluorescence intensity in specific polar and azimuth directions. These features enable to achieve 

high emission directionality and thus advance the collection efficiency of emitted fluorescence 

light. The majority of fluorescence light can be delivered to a detector, which is substantial 

improvement with respect to regular sensors where only a few per cent of emitted photons are 

detected. The observed phenomena were applied for sensitive detection of molecular analytes 

by using fluorescence immunoassays, hydrogel-based binding matrix, and specifically designed 

sensor surfaces supporting surface plasmon modes. In addition, the implementation of surface 

plasmon-enhanced fluorescence to compact biochip that allows for the simplification of the 

overall sensor setup and that is suitable for portable biosensors devices was carried out. The 

achieved results provide leads on further advancing the sensitivity of fluorescence biosensors. 

The thesis is structured to five chapters. The first chapter provides an introduction and an 

overview of the current state-of-the-art. The second chapter defines the project goals and the 

third chapter summarizes the results achieved in four specific projects. The first two projects 

embrace the investigation of long range surface plasmon and Bragg-scattered surface 

plasmon-coupled fluorescence emission. The third project focuses on immunoassay-based 

detection with fluorescence intensity enhancement by Bloch surface waves on dielectric 

one-dimensional photonic crystals. In the fourth project, a new compact biochip with integrated 

diffractive optical elements for plasmon-enhanced fluorescence was carried out. The chapter 

four provides summary of achieved results and in the last chapter number five the published 

papers are attached. 
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1. INTRODUCTION 

After rapid advances in biology in the fields of genomics, proteomics and bioinformatics we 

observed since 1990s, a number of biomolecules that cause diseases or can be used as 

biomarkers have been discovered [1-3]. The analysis of these compounds became an 

irreplaceable tool in various application areas of modern society such as medical diagnostics, 

food control, and environmental monitoring [4]. For the analysis of protein and DNA analytes, 

mostly enzyme-linked immunoassays (ELISA) [5] and polymerase chain reaction (PCR) [6] – 

based methods are used, respectively. These established technologies provide reliable means for 

many routine tests. However they need trained personnel and sophisticated instruments that 

have to be operated in specialized laboratories. In addition, the analysis typically require from 

several hours to a few days as they rely on laborious multi-step procedures. Therefore, 

increasing efforts are devoted to research in new technologies that can detect and analyze 

harmful compounds and biomarkers in emergency situations and point-of-care testing [7, 8]. For 

these scenarios, new tools enabling rapid, sensitive detection by portable devices represent a 

key.  

 

Biosensors are the devices that are designed to fulfill these needs. After their introduction in 

1962 with a paper by Clark and Lyons [9], they are attracting gradually increasing attention in 

broad range of applications [4]. Biosensors are composed of two key parts: a sensitive 

biological element and a transducer. The biological element specifically interacts with an 

analyte of interest and the transducer platform translates this interaction into signal. Up to now 

biosensors exploiting mainly three different transducer techniques have been proposed – 

electrochemical [10-15], optical [16-23] and piezoelectric [24, 25]. In optical sensors, changes 

in absorbance [16, 17], fluorescence [18, 19], chemiluminescence [20, 21] or light reflectivity 

[22, 23] are measured. Among them, fluorescence-based detection is one of the most widely 

used techniques due to the intrinsic sensitivity, safety, easy handling and availability of 

fluorophores. In this method, fluorophores are used as labels that report the presence of target 

analyte in analyzed samples.  

 

With use of fluorophores-based sensors, the ultra-high sensitivity enabling single molecule 

detection has been reported [26, 27]. However they require highly sophisticated and bulky 
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devices with well-trained experts for the operation. Therefore they are not suited for emergency 

situations, point-of-care medical diagnostics, security and food control or environmental 

monitoring which are typically performed outside specialized laboratories. For such application 

fields, it is urgently needed to develop biosensors that are capable of sensitive and rapid 

detection and real-time monitoring in simplified compact devises. 

 

1.1. Guided waves and Fluorescence at surfaces 

1.1.1. Surface plasmons on planar metallic films 

Surface plasmons (SPs) propagating on semi-infinite thick gold film are described in this 

section. Further, let us consider Cartesian coordinate system with a planar interface in xz-plane 

between semi-infinite, homogeneous and non-magnetic metal and dielectric with optical 

properties described by spatially isotropic frequency-dependent complex m() and real 

dielectric constantss(), respectively (See Figure 1).  

 

 

Figure 1 Semi-infinite planar metal-dielectric interface with Cartesian coordinates. 

 

From Maxwell’s equations and boundary conditions which require continuity of parallel 

components (x-direction) of electric and magnetic field amplitudes to a surface, the dispersion 

relation of SPs at a planar metal-dielectric interface can be derived as [28]: 

 
0 s m s m

SP x 0

0 s m s m

,k k k
c

    

   
  

 
 (1) 

where kx is a parallel component of propagation constant,, c and k0 are angular frequency, 
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speed and a propagation constant of light in vacuum, respectively. As shown in Figure 2, in 

z-direction (perpendicular to a surface) the SP field is transverse magnetic (TM) polarized and 

peaks at the interface. It decays exponentially into the metal and dielectric. Its confinement can 

be described by a penetration depth L
j
pen (j=s, m for a dielectric or metal, respectively) defined 

as a distance from a surface at which the amplitude of the evanescent field drops by a factor of 

1/e: 

  
1

s 2 2 2
pen SP s 0Re ,L k k

 
  

 
 (2) 

  
1

m 2 2 2
pen SP m 0Re .L k k

 
  

 
 (3) 

In x-direction (parallel to a surface) the electromagnetic field of SPs propagates along the 

surface and dissipates due to the damping in a metal film (ohmic loss). As with the penetration 

depth, this characteristic is described by a propagation length Lpro defined as a distance from the 

excitation point at which the amplitude of the SP field drops by a factor of 1/e. The propagation 

length of SPs is given by:  

 pro

SP

1
.

Im[ ]
L

k
  (4) 

For the sake of illustration, typical characteristics of SPs are calculated by using equation (2)-(4) 

for a dielectric with the refractive index ns=1.332 and gold with nm=0.153+3.52i at the 

wavelength 633 nm. The penetration depth and propagation length are L
s
pen=185 nm, L

m
pen=26 

nm and Lpro~10 m, respectively. Let us note that the `1relation between dielectric constants  

and refractive index n is =(Re[n]
2
 -Im[n]

2
)+2Re[n]Im[n]. 
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Figure 2 Simulated magnetic field amplitude of SPs propagating along the interface of gold 

(nm=0.153+3.52i) and dielectric (ns=1.332) at the wavelength =633 nm. 

 

In addition, let us consider a modified geometry with a thin planar metallic film with a thickness 

tm and refractive index nm sandwiched between two semi-infinite dielectrics with a refractive 

index ns (Figure 3a). When the thickness tm is close to L
m

pen, SPs on the opposite interfaces of 

the metal film can interact each other. For refractive index symmetrical geometries, the 

interaction gives rise to two new coupled SP modes with symmetrical and anti-symmetrical 

profile of field. These modes can be distinguished by their energy loss properties and related to 

their relative propagation lengths. They are referred to as long range surface plasmon (LRSP) 

that is a low-loss wave and propagates longer distance and short range surface plasmon (SRSP) 

that is a high-loss wave [29]. LRSP and SRSP obey the dispersion relation [30]: 

  
 

 

2 2

2
2 2

2 /
tan ,

1 /

m s

m

m s

n n
t

n n

 


 



 (5) 

where =(k0
2
nm

2
-kSP

2
)

1/2
 and =(kSP

2
-k0

2
ns

2
)

1/2
. 

For the sake of illustration, typical characteristics of LRSP and SRSP are calculated by using 

equation (5) for a dielectric with the refractive index ns=1.332 and gold with tm=20 nm and 

nm=0.2+2.68i at the wavelength 633 nm. The propagation length of LRSP and SRSP are 

Lpro,LRSP=88 m and Lpro,SRSP=0.3 m, respectively. 
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As shown in Figure 3b, with respect to the penetration depth of SPs L
s
pen,SP that is typically 

about 200 nm, that of LRSPs L
s
pen,LRSP that is close to 500 nm. 
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Figure 3 (a) Layer structures supporting long range (LRSPs) and short range (SRSPs) surface plasmons. 

(b) Simulated magnetic field amplitude of LRSPs (black solid) propagating along the interface between a 

gold film (nm=0.2+2.68i) with the thickness tm=20 nm and a dielectric (ns=1.332) at the wavelength 

=633 nm. As a comparison, that of SPs is also shown in the figure (red dashed). 

  

(a) 

(b) 
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1.1.2. Surface plasmons on Bragg gratings 

The characteristics of SPs can be modified by periodically corrugating a metallic surface. Here 

let us consider geometry with the sinusoidally modulated surface with a period  and depth d.  

When the wave vector of SPs kSP [equation (1)] is half of the grating vector G (|G|=G=2/), 

Bragg scattering of SPs can occur which results in the coupling of forward and backward 

propagating SPs. They can interfere constructively to form a standing wave. This scattering 

leads to a split in the dispersion relation of SPs and plasmonic band gap opens up at a 

wavelength. In the band gap, SPs cannot propagate because SPs propagating opposite directions 

interfere destructively [31, 32] (see Figure 4). According to the work of Barnes et al. [31], the 

width of a band gap in frequency  can be derived from: 

  
2

2
42m s m s

0 m s m s m sm s

1 2 ,
2( )

O
     

 
       

      
       

        

  (6) 

where 

2 2

0

0

,
2

m s

m s

G

c

  

 

   
   
  

  (7) 

and =G/2×d/2,  is the SPs frequency without corrugation, c are speed of light in vacuum, 

respectively, m and s are dielectric constants of metal and dielectric. 

 

Figure 4 Schematic of dispersion relation of BSSPs. 

 

At the edges of the band gap, the constructive interference of surface plasmon modes leads to 

the occurrence of new modes. They exhibit electric field intensity localized at grating peaks (
-
) 



P a g e  | 7 

 

and valleys (
+
). Those new modes are referred to as Bragg scattered surface plasmons (BSSPs) 


- 

and 
+
 mode corresponding to their relative resonance frequencies. For the sake of 

illustration, typical characteristics of BSSP fields are simulated by using finite element method 

(FEM) for a dielectric with the refractive index ns=1.332 and 1.330, and gold with 

nm=0.186+3.51 and 0.147+4.30i at the wavelength 633 nm (+
) and 710 nm (-

), respectively as 

shown in Figure 5. The gold surface is sinusoidally corrugated with a period =230 nm and 

depth d=30 nm. 

   

 

Figure 5 Simulated electric field intensity of BSSPs 
-
 (right) and 

+
 (left) mode on sinusoidally 

corrugated gold with =230 nm and d=30 nm. The refractive indices of gold and dielectric are 

nm=0.186+3.51 and 0.147+4.30i, ns=1.332 and 1.330 at the wavelength 633 nm (
+

 mode) and 710 nm 

(
- 
mode), respectively 

 

1.1.3. Bloch surface waves 

Now let us consider one dimensional photonic crystal (1DPC) composed of repetitive stack of 

high (nH) and low (nL) refractive index dielectric layers as shown in Figure 6a. 1DPC supports 

electromagnetic waves called Bloch surface waves (BSWs) [33-41]. Similarly to SPs, the field 

is confined at the interface of 1DPC and decays exponentially from the surface (see Figure 6b).  

 

 
(a) 
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Figure 6 (a) Layer structures of 1DPC supporting BSWs. (b) Simulated electric field intensity 

enhancement of BSWs propagating along the interface between 1DPC composed of 6 repetitive stack 

of high (nH=2.403+0.0013i, tH=80 nm) and low (nL=1.7844+0.0001i, tL=150 nm) refractive index 

dielectrics, and dielectric (ns=1.332) at the wavelength =633 nm. 

 

1.1.4. Coupling of surface plasmons 

Since the propagation constant of guided waves (SPs and BSWs) is always larger than that of 

light in a media with the refractive index ns, the surface waves cannot be excited by the direct 

incidence of light (e.g. SPs shown in Figure 7). The main approaches for the coupling of the 

light to SPs are attenuated total reflection (prism coupling), diffraction on a periodically 

corrugated metallic surface (grating coupling) and dielectric waveguides (waveguide coupling) 

[42, 43]. These methods allow to increase the parallel component of propagation constant of the 

light to match Re[kSP]. as shown in Figure 7 

(b) 
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Figure 7 Dispersion relations of the light propagating in a dielectric (black solid) and SPs propagating 

along the interface between a dielectric and metal (red dashed).  

 

1.1.4.1. Prism coupling 

In prism coupling using Kretschmann configuration of ATR method, a metallic film is attached 

to the base of a prism with the refractive index np (see Figure 8a). Light at a wavelength  

reflects at the base of the prism at an angle . Let us note that the refractive index of the prism 

np is higher than that of a dielectric ns. At the angle  >c=arcsin(ns/np), the evanescent wave is 

generated by the totally reflected light at the prism-metal interface with a parallel component of 

propagation constant k
p
x: 

 
p

x 0 p sin .k k n    (8) 

As shown in Figure 8b, by varying the angle , the evanescent wave penetrating through the 

metallic film can be resonantly coupled with SPs at the lower refractive index dielectric 

interface if the phase matching condition is fulfilled: 

  p

x SPRe .k k  (9) 

The resonant excitation of SPs is referred to as surface plasmon resonance (SPR) and is 

manifested as a decrease in the reflectivity as a function of the angle of incidence SPR and 

wavelength SPR. 



P a g e  | 10 

 

 

Light in prism

 SPkc Re0

 sin00  pkcs 00kc

Li
gh

t l
in
e


SPR


SPR

Surface plasmon resonance 

(SPR)

 SPs
 

 

A
n
g
u
la

r 
fr

e
q
u
e
n
c
y
 

 [
A

.U
.]

Progation constant k
x
 [A.U.]

Light in dielectric

 

Figure 8 (a) Schematic of Kretschmann configuration of ATR method for the resonant excitation of SPs. 

(b) Dispersion relations of the light propagating in a dielectric (black solid), the light propagating in the 

prism at the angle of incidence =c (green dot), the light propagating in the prism and near field in a 

dielectric (blue dashed dot), and SPs propagating along the interface between a dielectric and metal (red 

dashed). 

 

1.1.4.2. Grating coupling 

In a diffraction grating based coupler, a metallic surface that is periodically corrugated with a 

period  is employed (See Figure 9a). When a light is incident from a dielectric with the 

refractive index ns to the surface, diffraction occurs. This diffraction provides additional 

momentum to the parallel component of propagation constant of the light: 

 0 sin      ( 0, 1, 2...),sk n mG m      (10) 

(a) 

(b) 
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where  is an angle of incidence, m is an integer corresponding to the diffraction order of the 

light and G=|G|=2/ is an absolute value of the grating vector. The light can be resonantly 

coupled with SPs at the dielectric-metal interface if the parallel component of propagation 

constant of the light and the propagation constant of SPs are matched: 

  0 SPsin Resk n mG k    (11) 

In Figure 9b, the dispersion relation of SP coupled with a light propagating in the dielectric via 

m=0, ±1 and ±2 order is presented. Let us note that the coupling strength depends on the 

modulation depth and shape. In addition, the diffraction efficiency tends to drop drastically as 

increasing m, and thus practically m=±1 is dominant for the excitation of SPs.  
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Figure 9 (a) Schematic of grating coupling for the excitation of surface plasmons. (b) The dispersion 

relations for SPs (red solid) and the diffracted light (blue solid, m=0,±1 and ±2). SPR occurs at each black 

point in the figure. 

(a) 

(b) 
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1.1.5. Fluorescence near interfaces 

A randomly oriented fluorophore in a free space emits fluorescence light isotropically. However 

such an emission distribution is changed when it is close to a surface between two media. Here 

let us consider a fluorophore in a dielectric with the refractive index ns is placed at a distance dF 

from a dielectric with the refractive index np (np>ns) (see Figure 10a). Contrary to that in a free 

space, the fluorophore at the surface emits a majority of fluorescence light into the dielectric 

with the higher refractive index np and angular distribution of emitted light is changed (see in 

Figure 10b) [44]. For instance at the distance dF=20 nm, about 65 % of total emitted 

fluorescence intensity is into a glass substrate (0<<90 deg and 0≤≤360 deg in Figure 10b). 

The maximum fluorescence intensity appears above the critical angle c. This phenomenon is 

called supercritical angle emission (SAF). For a randomly oriented dipole, it gives rise to the 

emission distribution directional in polar direction  and homogeneous in azimuth direction .  
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Figure 10 (a) Definition of coordinate system. (b) Simulated fluorescence intensity distribution in polar 

direction  emitted from a fluorophore at distance dF=20 nm at the wavelength =670 nm. The refractive 

indices of dielectrics are np=1.515 and ns=1.331, respectively. 

 

Now let us consider that a metallic film with the refractive index nm and thickness tm is between 

the two dielectrics. A randomly oriented fluorophore is in the dielectric of the refractive index ns 

and located at a distance dF from the metallic surface (see Figure 14a). As the distance dF is as 

small as a penetration depth of SPs (L
s
pen in section 1.1.1), new transition channels are opened 

between the energy ground state S0 and excited state S1 as shown in the Jablonski diagram in 

(a) (b) 
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Figure 11b.  

 

 

Figure 11 (a) Definition of coordinate system. (b) Jablonski diagram depicting the energy transition of a 

fluorophore in a free space (black arrow) and additional energy decay channels due to the presence of a 

metal (red arrow).  

 

The fluorophore-metal interaction strongly depends on the distance dF and it alters the 

fluorescence excitation rate ex, ratiative decay rate r and non-radiative decay rate nr. When SPs 

are resonantly excited on a metallic surface at a wavelength that matches to a fluorophore 

absorption wavelength ab, the plasmon-enhanced electric field intensity increases the excitation 

rate ex. The excitation rate ex can be expressed as a following function of the electric field 

vector E and the fluorophore absorption dipole moment ab : 

  ex ab ab .  E μ  (12) 

From the excited state S1, a fluorophore returns to its ground state S0 either by emitting a photon 

propagating in a free-space or SPs (radiative decay rate r= r
free

+r
SP

) at a wavelength that is 

higher than the excitation wavelength em>ab (known as Stokes shift) or by non-radiative 

transitions (non-radiative decay rate nr). The ratio =r/(r+nr) defines a fluorophore quantum 

yield. As shown in Figure 12, at distances dF<15-20 nm, quenching of fluorescence due to 

Förster energy transfer leads to the enhanced non-radiative decay rate nr, shorten lifetime =(r+ 

nr)
-1

 of the fluorophore at excited state S1 and decreased quantum yield (see Figure 13). At 

larger distance dF that is smaller than the penetration depth of SPs L
s
pen, the emission via SPs 

becomes dominant which is accompanied with an enhanced radiative rate r and can lead to 

(a) (b) 
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increased fluorophore quantum yield .  
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Figure 12 Normalized decay rate dependence of a randomly oriented dipole on its distance from a gold 

film dF. Decay rates are optical waves propagating into free space r
free

, surface plasmons (SPCE) r
SP

 and 

quenching nr. 
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Figure 13 Obtained changes in the quantum yield η/η0 for a model fluorophore with low (η0=0.05) and 

high (η0=0.5) intrinsic quantum yield far from the metal. 

 

Fluorescence emission rate em is proportional to the product of excitation rate ex and quantum 

yield  as: 
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r

em ex

r nr

,


 
 




 (13) 

which represents that the strong electric field intensity and high quantum yield lead high 

fluorescence light intensity. 

Fluorescence light trapped via SPs can be converted to far-field radiation in a substrate with the 

refractive index np by using the coupling schemes. It is called surface plasmon-coupled emission 

(SPCE). For reverse Kretschmann configuration with a thin metallic film on a glass substrate, 

SPCE is directional in polar angle  and homogeneous in azimuth angle , resulting in a 

characteristic cone shape in its emission pattern. The emission angle  is a SPR angle at the 

emission wavelength of a fluorophore defined by equation (9). Theoretical and experimental 

studies showed that the total amount of fluorescence photons collected through the prism with 

the metallic film (SPCE) and without the metallic film (SAF) are similar or lower for randomly 

oriented dyes with quantum yield η>0.1 [45, 46]. However, through the higher directionality the 

SPCE approach offers means for better separation of the fluorescence signal from the light 

contributing to the background and efficient collection of the signal (see Figure 14b). For 

example, at the distance dF=20 nm, 54 % of total fluorescence light is emitted as SPCE in the 

polar angle range 7.2 deg (=3×full width at half maximum of SPCE: 65.4≤≤72.6 deg and 

0≤≤360 deg), while for SAF it was about 28 % in the polar angle range 38.6 deg (above c: 

61.5≤≤90 deg and 0≤≤360 deg). 

0

30

60

90

120

150

180

210

240

270

300

330

dielectric n
s

=
c

=
c

=

dielectric n
p

d
F
=20 nm

 

Figure 14 Simulated fluorescence intensity distribution in polar direction  emitted from a fluorophore at 

the distance dF=20 nm from a gold film (tm=50 nm, nm=0.118+3.92i) at the wavelength =670 nm. The 

refractive indices of dielectrics are np=1.515 and ns=1.331, respectively.  
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1.2. State of the art fluorescence-based biosensors 

In fluorescence-based biosensors, fluorophore-labeled molecules bound on the surface are 

excited by the light and emitted fluorescence light is detected. Key points determining the 

sensitivity of these biosensors are the ways of excitation and collection of fluorescence lights. In 

the simplest scheme, direct incidence of a laser or a white light excites randomly oriented 

fluorophores and isotropically emitted fluorescence light in a dielectric with the lower refractive 

index than a substrate is collected by a lens. As mentioned in section 1.1.5, for a glass substrate 

more than half of total emitted fluorescence light is in the substrate. Therefore the collection 

efficiency is very low. Here let us introduce the extensive efforts that have been devoted to 

improve the sensitivity in fluorescence-based biosensors by exploring the means of enhancing 

the excitation rate and collection efficiency of fluorescence light. 

 

1.2.1. Enhancing excitation rate 

The efforts have been focusing on increasing the local electric field intensity by employing total 

internal reflection, waveguide and plasmons. Total internal reflection fluorescence (TIRF) or 

bulk optical waveguide, evanescent waves generated by totally internally reflected light at the 

surface of bulk optical elements, e.g. prisms or glass slide with the higher refractive index than 

surroundings [47]. This field excites only fluorphores near the surface (a few hundred 

nanometer), which leads great suppression of background signal originating from bulk sample 

solution. It also brings a moderate enhancement of the electric field intensity. By using a bulk 

waveguide (microscope slide), the comparable sensitivity in the detection of viral, bacterial and 

protein analytes to ELISA was demonstrated [48]. Waveguides made of thin film (a few hundred 

nanometer thick) with the high refractive index contrast to the surroundings further increases 

electric field intensity enhancement. With respect to a low-refractive index contrast waveguide, 

the enhancement at the waveguide surface is more than an order of magnitude higher [49]. 

In plasmon enhanced fluorescence (PEF), various metallic structures are introduced. They 

support localized surface plasmons (LSPs) on nanoparticles [50, 51] or propagating surface 

plasmons (SPs) on planar metallic films [52]. They include arbitrary rough metallic surfaces, 

monodispersed metallic nanoparticles, metallic nanohole arrays and planar metallic film. 

Random metallic nanostructures are the simplest and generates LSPs by direct light incidence 
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[53-59]. It achieved about an order of magnitude improve of fluorescence intensity when 

compared to a bare glass substrate [54]. However since the structure is random, it is challenging 

to analytical and systematical description of electromagnetic field enhancement by LSPs. 

Chemically synthesized monodispersed metallic nanoparticles were employed in 

fluorescence-based biosensors [60, 61]. Their contribution to fluorescence intensity 

amplification was demonstrated with a model immunoassay experiment. In the experiments Cy5 

dyes (~0.28) labeled secondary IgG antibodies. The dyes were excited by LSPs on silver 

nanoparticles with the diameter of 150 nm deposited on a substrate [61]. Matching the dipole 

resonance of LSPs spectra to absorption wavelength of the dye allowed efficient excitation of 

dyes and up to 37-fold increase in fluorescence light intensity compared to a substrate in 

absence of the particles. Metallic nanohole arrays exhibiting extraordinary optical transmission 

by SPs attracted an attention in fluorescence-based biosensors, recently [62, 63]. These 

structures are prepared by focused ion beam (FIB) milling or electron-beam lithography (EBL) 

which does not allow direct preparation of large area. The nanohole arrays showed considerable 

potential for the enhancement of fluorescence intensity. Their performance was examined in 

experiment with Boron-dipyrromethene (BODIPY) dyes (~0.9). The dyes were deposited on 

the array surface and their fluorescence intensity was increased about 11-fold relative to a silver 

film without the arrays. Since the quantum efficiency of BODIPY is close to 1, the fluorescence 

intensity enhancement was mostly attributed to the electric field intensity enhancement [62]. 

Planar metallic films are adopted to support SPs and referred to as surface plasmon-enhanced 

fluorescence spectroscopy (SPFS) [52, 64]. In a model experiment with biotin-labeled 

fluorescence latex particles that are bound to streptavidin on the surface of 50 nm thick gold 

film, the fluorescence intensity enhances by a factor of 15 [64]. 

 

1.2.2.  Improving collection efficiency of fluorescence light 

The main approaches to enhance the collection efficiency of fluorescence light are beaming or 

controlling the direction of emitted fluorescence light. Thus it has been in great interest to utilize 

phenomenon accompanied with directional emission including supercritical angle emission 

(SAF) and surface plasmon-coupled emission (SPCE) [65]. 

In biosensors implementing SAF, various optical elements such as parabolic elements [66-70] 

and diffractive optical elements [71] were proposed for efficient collection of SAF. With 
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parabolic optical elements, SAF is reflected at the side walls of the element and collimated 

which is eventually focused at a detector by additional lenses. A comparable sensitivity for the 

detection of interleukin 2 (IL-2) to ELISA was demonstrated [70].  

In biosensors implementing SPCE, the major detection schemes are reverse Kretschmann 

configuration with bulk hemispherical prisms where SPCE is collected by an optical fiber [65, 

72-74]. It is a simple setup and suited to trace the peak intensity of SPCE. However this way 

collects only a fragment of SPCE. Aiming at collecting all SPCE, dielectric paraboloid elements 

[75, 76] were proposed similarly to SAF. In addition to directionality of SPCE, selective 

emission is a great advantage. Since only fluorophores in the range of penetration depth of SPs 

L
s
pen from a metallic surface emit SPCE, its intensity is not attenuated even in highly optically 

dense media, e.g. serum or blood. In such an environment isotropically emitted fluorescence 

light is unable to be detected anymore. This powerful property has been demonstrated by the 

detection of a cardiac marker myglobin or in a model immunoassay experiments [72, 77-79]. 

SPCE signal decreases only two or three-fold in serum and hemoglobin solution with respect to 

that in buffer solution, while isotropically emitted fluorescence light decreases to undetectable 

level. The attenuated SPCE signal was, still, allowed to detect better than the required in clinical 

analysis 90 ng/mL for myglobin detection. 
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2. RESEARCH OBJECTIVES 

This thesis focuses on research in new plasmonic phenomena for the amplification of intensity 

from fluorescence assays and on their implementation to advanced biosensors for the detection 

of trace amounts of target molecular analytes. Particularly, we aim at development of metallic 

structures that simultaneously enable enhancing the excitation rate of fluorophore labels in close 

proximity to a sensor surface and beaming the fluorescence light towards the detector. The 

dependence of the polar and azimuth angular distribution of emitted fluorescence light is 

investigated by manipulating characteristics of surfaces plasmons. Rich spectrum of plasmon 

modes arising from their coupling across thin metallic film (sections 3.1) and from dense 

periodic metallic gratings is studied (section 3.2). The fluorescence excitation through the 

enhanced field of surface plasmon is applied for new biosensors for immunoassay-based 

detection of target analytes (section 3.3). In addition, the implementation of observed 

phenomena to a new compact biosensor chip is carried out. The chip takes advantages of 

combined amplification strategies relying on the enhanced excitation and directional emission. 

Its key biosensor characteristics are also determined (section 3.4). 

 

3. RESEARCH OVERVIEW 

3.1. Long range surface plasmon-coupled fluorescence emission 

for biosensor applications 

In this project, surface plasmon-coupled emission (SPCE) of fluorophore labels dispersed in an 

extended three-dimensional hydrogel matrix via long range surface plasmons (LRSP) is 

experimentally and theoretically investigated. The reverse Kretschmann configuration is 

employed for the extraction of the fluorescence light collected by these types of surface plasmon 

modes (see Figure 15a). A layer structure supporting LRSPs that consists of a low refractive 

index fluoropolymer layer, a thin gold film and a large binding capacity N-isopropylacrylamide 

(NIPAAm)-based hydrogel matrix swollen in an aqueous sample is employed (see Figure 15b). 

A new setup for the measurement of angular distribution of fluorescence light was developed. A 

model based on Chance-Prock-Silbey model was also implemented for the simulations of 

fluorescence emission above a planar layer structure. 
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Figure 15 (a) Optical setup for the measurement of fluorescence F(θI, θF) and reflectivity R(θI) angular 

spectra. (b) Layer architectures supporting regular SPs and LRSPs with a hydrogel binding matrix. 

 

The obtained experimental data exhibited good agreement with simulations. Compared to 

regular surface plasmons, the results revealed the combined excitation and emission via LRSPs 

allowed increasing the peak fluorescence intensity with a factor of 4.4 and squeezing the 

emission in a cone with 6-fold narrower full width in half maximum (see Figure 16). The results 

indicate that probing the hydrogel interface by LRSPs and regular SPs leads to similar total 

fluorescence light intensity collected through the SPCE. However, the employment of LRSPs 

offers the advantage of the excitation and emission at lower angles which can simplify the 

implementation of this method to practical biosensor devices. In addition, the highly directional 

emission manifested as a narrow emission peak can be more efficiently filtered from the 

background signal and it can be useful for e.g. angular multiplexing of sensing channels.  

(a) (b) 
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Excitation and emission via plasmons:

 

Figure 16 Experimental fluorescence intensity emitted via LRSP and SP modes for the excitation via 

LRSP and SP modes (θI=48.5 and θI=56.7 deg, respectively). In each experiment, three samples were 

measured (black symbols for LRSPs and red symbols for SPs) and compared to the simulations with the 

relative angles =0 and 45 deg (dashed and solid lines, respectively). 

 

This work was published to peer-reviewed journal paper as: 

K. Toma, J. Dostalek, and W. Knoll, "Long range surface plasmon-coupled fluorescence 

emission for biosensor applications," Optics Express 19, 11090-11099 (2011).  

Also selected in The Virtual Journal for Biomedical Optics 6, 7 (2011). 

 

3.2. Surface plasmon-coupled emission on plasmonic Bragg 

gratings 

An alternative way to manipulate the dispersion relation of surface plasmons based on their 

diffraction coupling on dense sub-wavelength metallic gratings was studied (see Figure 17). 

This work shows that dense sub-wavelength plasmonic gratings allow controlling spatial 

distribution of surface plasmon-coupled emission (SPCE) into a dielectric substrate through 

surface plasmons propagating along a thin metal film. The dispersion relation of surface 

plasmons at upper and lower interfaces of a thin metallic film can be simply tuned by changing 

the refractive index at respective metallic interfaces. This manipulation of propagation constant 

of surface plasmons enables exploiting a rich spectrum of Bragg scattered and cross-coupled 

surface plasmon modes. These surface plasmon modes can serve as efficient fluorescence decay 

channels for emitters placed on the top of the metallic film. In particular, they can suppress or 
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enhance the fluorescence light intensity emitted to specific directions on or inside the 

characteristic SPCE emission cone (see Figure 18). These features can provide means for 

controlling the interaction of emitters with surface plasmons in areas including optical sources 

relying on nanoscale antennas and sensor utilizing surface plasmon-enhanced fluorescence 

spectroscopy. In particular, these observations may provide leads to advance plasmon-enhanced 

fluorescence sensors through more efficient collection of fluorescence light emitted via 

Bragg-scattered surface plasmons, simpler detection of SPCE signal emitted at smaller polar 

angles, and can be useful for multiplexing of sensing channels by emitting the fluorescence light 

from different sensing areas to different directions. 

 

Figure 17 Diffraction grating supporting surface plasmons that serve as emission channels for DiD dyes 

dispersed in a PMMA layer. Refractive indices of layers at the wavelength λem=670 nm are shown for 

each layer. 

 

               

Figure 18 (a) Measured dispersion relation of and (b) bottom view of SPCE patterns of Bragg scattered 

surface plasmons on a Bragg grating structured metallic film. G indicates a grating vector. 

 

(a) (b) 
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This work was published to peer-reviewed journal paper as: 

M. Toma*, K. Toma*, P. Adam, J. Homola. Homola, W. Knoll, and J. Dostálek, "Surface 

plasmon-coupled emission on plasmonic Bragg gratings," Optics Express 20, 14042-14053 

(2012). *Authors equally contributed to this work. 

  

3.3. Bloch surface wave-enhanced fluorescence biosensor 

In this work, an alternative structure supporting surface waves with similar characteristics like 

surface plasmons is employed for the fluorescence amplification. It is a one dimensional 

photonic crystal (1DPC) composed of series of high (Si-rich) and low (N-rich) refractive index 

dielectric layers. 1DPC supports Bloch surface waves (BSWs) and of Bragg mirror (S1 and S2 

in Figure 19, respectively). 1DPC was designed to amplify the fluorescence signal from 

fluorophore labels by the combination of enhancing excitation rate (though strong electric field 

intensity of resonantly excited BSW on S1) and shaping the angular distribution of emitted light 

towards a detector (by a Bragg mirror S2). As a result of the combination of BSWs supporting 

layers (S1) and Bragg mirror (S2), 1DPC was capable to amplify the fluorescence signal with 

respect to regular TIRF on a bare glass slide (see Figure 20). The theory predicts that this 

approach holds potential for increasing the sensitivity by more than two orders of magnitude. 

The model immunoassay experiments showed lower enhancement of limit of detection by a 

factor of 12.5, mainly due to the imperfection of prepared 1DPC.  
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Figure 19 Designed layer structure of 1DPC composed of repetitive low (N-rich) and high (Si-rich) 

refractive index dielectric layers that support BSWs (S1) and Bragg mirror (S2). 
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Figure 20 Simulated fluorescence light intensity distribution for 1DPC with (black solid) and without 

(green dash dot) Bragg mirror (S2) and a reference glass substrate (red dashed) emitted from randomly 

oriented dipole presented at the distance from a sensor surface D=10 nm. 

 

This work is in preparation for the submission to peer-reviewed journal paper as: 

K. Toma, M. Ballarini, E. Descrovi, W. Knoll and J. Dostalek, “Bloch surface wave-enhanced 

fluorescence biosensor”, in preparation. 
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3.4. Compact biochip for surface plasmon-enhanced fluorescence 

assays 

A new compact biochip implementing surface plasmon-enhanced fluorescence is developed. It 

takes advantage of fluorescence signal amplification relying on the coupling of fluorophore 

excitation and emission channels with confined and strongly enhanced field of surface plasmons 

on a metallic sensor surface. In order to excite and collect the fluorescence light emitted by 

fluorophore labels via surface plasmons, (reverse) Kretschmann configuration is combined with 

diffractive optical elements embedded on the chip surface (see Figure 21). These include a 

concentric relief grating for the imaging of highly directional surface plasmon-coupled emission 

light beam at the emission wavelength to a detector (see Figure 22). Additional linear grating is 

used to generate surface plasmons at the excitation wavelength on the sensor surface for the 

increase of fluorescence excitation rate. The reported approach offers the advantage of increased 

intensity of fluorescence signal, reduced background, and compatibility with nanoimprint 

lithography for cost-effective preparation of sensor chip. The potential of presented approach is 

demonstrated in a model immunoassay experiment in which the limit of detection of 11 pM is 

achieved. 

 

 

 

Figure 21 Schematic of biochip with diffractive optical elements for the in-coupling of the excitation 

beam (linear grating) to biochip and for the out-coupling and imaging of surface plasmon-coupled 

emission (SPCE) to a detector (concentric grating) (left) and its side view (right). 
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Figure 22 Top view of prepared biochip carrying LG and CG diffractive elements (left) and measured 

spatial distribution of SPCE cone out-coupled from the biochip by using CG element at increasing 

distance below the biochip D=1, 5, 10 and 15 mm. 

 

This work was submitted to peer-reviewed journal paper and European patent as: 

K. Toma, M. Vala, P. Adam,  J. Homola, W. Knoll and J. Dostalek, “Compact Biochip for 

Surface Plasmon-Enhanced Fluorescence Assays”, submitted.  

J. Dostalek, K. Toma, M. Vala, P. Adam, J. Homola and W. Knoll, “COMPACT 

PLASMON-ENHANCED FLUORESCENCE BIOSENSOR”, EP12168046. 
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4. CONCLUSIONS  

In this thesis, plasmon-mediated fluorescence on metallic structures is experimentally and 

theoretically investigated and employed in advanced fluorescence-based biosensors. New 

observations of the interaction between fluorophores and surface plasmons with manipulated 

characteristics are presented and employed for fluorescence-based detection of molecular 

analytes. Novel optical schemes which exploit surface plasmon-enhanced fluorescence in 

miniaturized and potentially portable biosensor devices were carried out, the key biosensor 

characteristics were determined, and compared to those for other state-of-the-art devices.  

 

In order to take advantage of directional emission in fluorescence-based assays, the coupling of 

fluorophores with metallic surfaces supporting long range surface plasmon and Bragg scattered 

surface plasmons was studied. The results show that these modes can efficiently collect 

fluorescence light emitted by fluorophore labels. Extraction of fluorescence light emitted via 

long range surface plasmons provides an extremely narrow polar angular distribution and 

enhanced peak intensity. In addition, with the reverse Kretschmann configuration, the emission 

occurs at lower angles compared to regular surface plasmon, which simplifies its delivery to a 

detector. Selective reducing or increasing the intensity of surface plasmon-coupled emission at 

certain azimuth angles was demonstrated by using metallic Bragg gratings. An alternative 

structure based on one-dimensional dielectric photonic crystal that supports Bloch surface 

waves were employed for the amplification of fluorescence-based assays. These modes exhibit 

similar characteristics to surface plasmons and were used to enhance the excitation rate of 

fluorophores. Bragg mirror in the structure works to shape the emission towards the detector. In 

a model immunoassay experiment, the enhancement of the limit of detection by an order of 

magnitude was achieved with respect to regular total internal reflection fluorescence method 

(TIRF). A new compact biosensor chip with optical diffractive elements was developed. It 

allows simultaneous excitation and efficient collection of fluorescence light via the confined 

surface plasmon modes. The developed prototype was examined in a model immunoassay 

experiment. The preliminary results showed the sensitivity at picomolar range. This approach 

combines the advantages of methods referred to as surface plasmon-enhanced fluorescence 

spectroscopy (SPFS) and surface plasmon-coupled emission (SPCE). They are typically 

implemented by bulky benchtop devices and need to be operated in specialized laboratories. 
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This approach holds potential for the exploitation of plasmon-enhanced fluorescence assays 

outside such laboratories in portable biosensor devices. This technology is urgently needed in 

important areas such as point-of-care medical diagnostics (rapid and simple detection of 

biomarkers), security and food control (rapid analysis of harmful compounds) or environmental 

monitoring (on-site detection of pollutants).   
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A new compact biochip for surface plasmon-enhanced fluorescence biosensors is developed. 

It takes advantage of fluorescence signal amplification based on the coupling of fluorophore 

excitation and emission channels with confined and strongly enhanced field intensity of 

surface plasmons on a metallic sensor surface. In order to excite and collect the fluorescence 

light emitted by fluorophore labels via surface plasmons, (reverse) Kretschmann configuration 

is combined with diffractive optical elements embedded on the chip surface. These include a 

concentric relief grating for the imaging of highly directional surface plasmon-coupled 

emission light beam at the emission wavelength to a detector. Additional linear grating is used 

for the generating of surface plasmons at the excitation wavelength on the sensor surface in 

order to increase the fluorescence excitation rate. The reported approach offers the advantage 

of increased intensity of fluorescence signal, reduced background, and compatibility with 

nanoimprint lithography for cost-effective preparation of sensor chip. The potential of 
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presented approach is demonstrated in a model immunoassay experiment in which the limit of 

detection of 11 pM is achieved. 

 

1. Introduction 

The interaction of nano-scale emitters with metallic surfaces was extensively studied[1-3] in the 

framework of plasmonics – emerging field of photonics that focuses on the manipulation of 

light at sub-wavelength dimensions through its coupling with highly confined field of surface 

plasmons.
[4, 5]

 These efforts find increasing number of applications in fluorescence-based 

analytical tools for detection of molecular and biological analytes.
[6-10]

 Particularly, this 

research addresses needs for enhanced sensitivity and shortened analysis times in important 

areas of medical diagnostics and food control. In plasmon-enhanced fluorescence (PEF) 

which is also referred to as metal-enhanced fluorescence (MEF), the coupling of fluorophore 

labels with surface plasmons on continuous metallic films
[7, 11]

 or metallic nanoparticles
[12, 13]

 

offers means for improving the sensitivity in fluorescence bioassays through the combination 

of increased fluorophore excitation rate, decreased background signal, directional  

fluorescence emission and improved fluorophore quantum yield. These phenomena occur 

when captured fluorophore-labeled molecules are exposed to the enhanced intensity of surface 

plasmon field which originates from oscillations of electron density and associated 

electromagnetic field at close proximity to a metal surface. 

 

Up to now, two main approaches utilizing propagating surface plasmons (SPs) for the 

amplification of fluorescence signal in biosensor applications were pursued. In surface 

plasmon-enhanced fluorescence spectroscopy (SPFS), the binding of fluorophore-labeled 

molecules to biomolecular recognition elements attached to a metallic sensor surface is 

probed by SPs at the wavelength matching the absorption band of used fluorophore labels. 
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This method was utilized with Kretschmann configuration of attenuated total reflection (ATR) 

method
[11]

 and metallic diffraction gratings
[14]

 enabling the excitation of SPs on the sensor 

surface. The enhanced field intensity of SPs increases the excitation rate of captured 

fluorophore-labeled molecules, which is directly translated to an increased intensity of 

emitted fluorescence light. In surface plasmon-coupled fluorescence emission (SPCE),
[15, 16]

 

fluorescence light emitted via surface plasmons at the emission wavelength is detected. 

Reverse Kretschmann configuration of ATR method
[15, 17]

 and metallic diffraction gratings 

were used in order to extract the fluorescence light trapped by SPs and it offers the advantage 

of highly directional emission. This approach provides means for efficient collecting of 

fluorescence light and it enables the discrimination between background and fluorescence 

signals.  

 

In this paper, we report a new approach to PEF biosensors that makes it possible to harness 

both SP-enhanced excitation and collection of fluorescence light intensity. It is based on 

Kretschmann configuration combined with diffractive optical elements for the excitation of 

surface plasmons at the fluorophore absorption wavelength and for the imaging of enhanced 

intensity of surface plasmon-coupled emission at the emission wavelength to a detector. These 

key optical elements can be fabricated on biochip surface by nanoimprint lithography with the 

potential for cost-effective production. This approach does not require optical matching to an 

optical prism, which makes it attractive for the development of compact sensing devices with 

disposable biochips. With respect to PEF exploiting linear metallic gratings for direct 

coupling of SPs to far field radiation,
[14]

 the excitation light beam does not pass through the 

analyzed sample, which reduces the background signal and allows the measurements of 

reaction kinetics on the surface.  
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2. Results and Discussion 

2.1 Surface plasmon-mediated fluorescence excitation and emission 

As seen in simulations based on Chance-Prock-Silbey model
[18]

 shown in Figure 1, the 

coupling of a fluorophore with surface plasmons strongly depends on the distance from a 

metal surface d. For a gold surface in contact with an aqueous medium and a fluorophore 

represented as a randomly oriented dipole, these simulations reveal that the majority of 

emitted light at the emission wavelength of λem=670 nm is coupled to propagating SPs at the 

distance around d=20 nm from the surface. Below this distance, the emission is strongly 

quenched by Förster energy transfer, while at the distances d>50 nm the majority of light 

intensity is emitted to waves propagating into free space. 

 

Figure 1 

 

For a thin gold film attached to a dielectric substrate, the fluorescence light  emitted via SPs is 

transmitted through the metal film and forms a characteristic SPCE cone which is directional 

in polar angle em and isotropic in azimuth angle , see Figure 1. In Figure 2, we simulated 

the dependence of the fluorescence intensity F on the polar angle em, assuming a randomly 

oriented dipole to be located on the top of 20 nm thick spacer layer (thus d=20 nm), a 50 nm 

thick gold layer and a BK7 glass substrate. The SPCE intensity peaks at the polar angle 

em=72 deg that is the plasmon resonance angle at the emission wavelength λem=670 nm. For 

the identical layer structure, electric field intensity enhancement |E/E0|
2
 at d=20 nm was 

calculated upon the excitation of SPs by a light beam hitting the gold surface from the 

substrate under the angle of incidence ex at the excitation wavelength λex=633 nm. The results 

in Figure 2 reveals that strong field intensity builds up at the angle ex=74 deg where the 

resonant condition for the excitation of SP at λex is fulfilled. 
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Figure 2 

 

 

2.2 Biochip development  

As seen in the Figure 3, the biochip is composed of a BK7 glass slide with a sensing area 

coated with a 50 nm thick gold film and attached biomolecular recognition elements for the 

specific capture of fluorophore-labeled target molecules on its top. In order to collect the 

fluorescence light intensity emitted in the form of a SPCE cone from the sensing area at the 

fluorophore emission wavelength λem=670 nm, a relief concentric diffraction grating (CG) 

surrounding the sensing area was used. The grating is chirped in the radial direction in order 

to function as a diffraction lens which images the SPCE cone emitted from the sensing area to 

a narrow spot below the biochip. The SPCE cone propagating at polar angles between 

θem=67-77 deg (see Figure 2) in the glass substrate is totally internally reflected at the bottom 

glass surface, hits CG element coated with 200 nm thick gold film, and is diffracted to a 

converging wave that focuses at a desired distance D below the biochip where a detector is 

placed (see Figure 3b).  

 

Figure 3 

 

The dependence of the grating period  on the distance from the grating center r was 

determined by simulations (shown in Figure S1 in Supporting Information) in order to 

diffract the incident SPCE beam to the -1
st
 order that propagates away from the surface 

through the glass substrate and converges at D=10 mm. Sinusoidal relief corrugation was used 

with the average modulation depth of 120 nm which, according to the finite element method 

(FEM) simulations, provides the maximum diffraction efficiency of 81 % at the emission 

wavelength (see Figure S2a in Supporting Information). In order to couple the excitation 
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beam at the wavelength matching the absorption band of fluorophore, an additional linear 

grating (LG) was employed. LG with the period of =437 nm was used which allows to 

couple normal incident monochromatic beam at λex=633 nm to a wave that propagates along 

in the glass substrate and totally internally reflects at the bottom and top interfaces with the 

angle ex=74 deg. When hitting the sensing area coated with 50 nm thick gold film and 

aqueous sample on the top, the light beam excites SPs on the surface as this angle coincides 

with SP resonance angle (see Figure 2). LG exhibited sinusoidal profile with the modulation 

depth around 110 nm. For the 1
st
 order of diffraction, simulations predict a moderate 

diffraction efficiency of 34 % (see Figure S2b in Supporting Information). 

 

Figure 4a shows the preparation of CG and LG elements by using interference lithography. 

For the CG element, a photoresist-coated substrate was exposed to chirped interference field 

through a mask with a wedge window exhibiting an angular width  (=10 or 3 deg). The 

interference pattern formed at the intersection of a collimated and divergent laser-beam was 

tuned in order to achieve the desired radial chirp of the CG element (see Figure S1 in 

Supporting Information). The whole CG element was approximated as a set of chirped linear 

gratings by sequentially rotating the substrate with an angular step LG element was 

recorded by using an interference field at the intersection of two collimated light beams. After 

the exposure of the photoresist to the interference field, the gratings were developed. In order 

to prepare multiple replicas of CG and LG elements, master photoresist gratings were casted 

to a PDMS stamp and transferred into a UV curable polymer followed by the gold deposition 

as shown in Figure 4b. 

 

Figure 4 
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2.3 Biochip imaging properties 

The imaging properties of CG were observed by the measurement of spatial distribution of 

out-coupled fluorescence light at different distances D below the biochip (optical setup is 

shown in Figure S3 in Supporting Information). The sensing area of the chip carrying CG 

(see Figure 5a) was coated with 20 nm thick PMMA layer doped with DiD dyes (exhibiting 

similar characteristics to Alexa Fluor 647 used in further biosensor experiments described in 

section 2.4). In the used setup, the top of the sensing area was brought in contact with water 

and exposed to a normal incident laser beam at the wavelength λex illuminating the area of 

around ~1 mm
2
. As seen in Figure 5a, the intensity of fluorescence light exhibits a 

characteristic ring distribution with a decreasing diameter when increasing the distance D. 

The fluorescence beam is focused and reaches a minimum area at the distance of D~15 mm 

which is close to that predicted by simulations. The diameter of the spot at which the 

fluorescence light is confined depends on the angular width of segments approximating the 

CG element. As Figure 5b shows, the area of the spot at which the fluorescence beam is 

focused is decreasing when decreasing the angular step of CG element δ and the width of the 

spot 0.7 mm (full width at half maximum - FWHM) was observed for the segment angular 

width of =3 deg. Let us note that additional broadening of the focused fluorescence spot is 

caused by the finite size of the area illuminated by the excitation beam and by chromatic 

abberation of the CG lens. The fluorescence intensity detected in the focal plane at the 

wavelength λem=670 nm is increased when dyes are excited with the enhanced intensity of 

surface plasmons at the excitation wavelength λex=633 nm. In further experiments, the 

excitation laser beam was coupled to the biochip by using LG element, propagated along in 

the biochip substrate and excited SPs on the sensing area at the resonance angle θex. Only 

moderate enhancement ~2.3 of the fluorescence light collected by SPCE was obtained with 

respect to that measured for normal incident excitation beam from the top (data not shown). 
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This is due to the relatively low diffraction efficiency of LG (reducing the intensity by a 

factor <0.34) and attenuation by multiple reflections at the surface between BK7 glass 

substrate and 200 nm thick gold (reducing the intensity by a factor <0.6) which decreases the 

excitation light intensity by a factor higher than ~5. These values are in agreement with the 

the electric field intensity enhancement predicted by the simulations in Figure 2. 

 

Figure 5 

 

2.4 Model immunoassay experiment 

The developed biochip was employed in a model detection experiment by using an optical 

setup and surface architecture depicted in Figure 6. A laser beam at the wavelength λex was 

coupled into the biochip by using LG element and excited SPs in the sensing area. The gold 

surface of the sensing area was modified with a thiol self-assembled monolayer (SAM) which 

serves as a linker for the covalent coupling of mouse immunoglobulin G (mIgG) molecules or 

reference rabbit IgG (rIgG) molecules. A flow cell was attached to the biochip top surface in 

order to flow the liquid samples with target anti-mouse IgG (a-mIgG) that was labeled with 

Alexa Fluor 647 along the sensing area. The fluorescence intensity F at the emission 

wavelength λem originating from the captured target a-mIgG was detected from SPCE signal 

focused below the biochip. The fluorescence light was collected by a microscope objective 

forming a parallel fluorescence beam that subsequently passed through a set of filters and was 

delivered to photomultiplier detector. 

 

Figure 6 

 



Submitted to  

 

 - 9 - 

The kinetics of fluorescence signal upon the affinity binding of target molecules was 

measured upon sequential flow of samples with increasing concentration of a-IgG. Each 

sample was flowed over the sensor surface for 10 minutes followed by the 10 minutes rinsing. 

Figure 7a shows the measured fluorescence signal kinetics for the concentrations of a-mIgG 

between 30 pM and 30 nM. It shows that the binding of the labeled a-mIgG to the surface 

modified with mIgG results in the fluorescence signal F gradual increasing in time. The slope 

of the fluorescence signal dF/dt linearly increases with concentration of a-mIgG. In the 

control experiment, identical a-mIgG samples were flowed over the sensor surface modified 

with rIgG which is not specifically recognized by a-mIgG. The sensorgram in Figure 7a 

shows negligible increase in the fluorescence signal, indicating the highly specific response. 

Using the kinetics data (measured in triplicate), the calibration curve was obtained (Figure 

7b). For each a-mIgG concentration, the fluorescence signal slope dF/dt in the initial 

association phase was determined by linear fitting and plotted as a function of the 

concentration. The error bars show the obtained standard deviation (SD) that is attributed to 

the chip to chip variability. The limit of detection (LOD) of 11 pM was determined at the 

intersection where the sensor signal dF/dt matches 3-fold SD of the baseline fluorescence 

signal 83 cps min
-1

.  

 

Figure 7 

 

3. Conclusions 

A compact biochip for sensitive fluorescence-based assays was developed. The amplification 

of fluorescence signal by combining surface plasmon-enhanced excitation and surface 

plasmon-coupled emission of fluorescence light intensity was implemented by using two 

diffractive elements – linear and concentric gratings. The biochip was prepared by UV-

nanoimprint lithography from master gratings fabricated by interference lithography and is 
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thus compatible with mass production technologies. The integration of the key optical 

elements to the biochip allowes for substantial simplification of the sensor design, opening 

avenues for the development of compact portable devices for the use in the field. In a model 

immunoassay experiment, the biochip provided sensitivity enabling the detection of IgG 

molecules at concentrations as small as 11 pM.  

 

4. Experimental Section 

Materials: Polydimethylsiloxane (PDMS) prepolymer and its curing agent were purchased 

from Dow Corning (SYLGARD
®

 184). Poly(methyl methacrylate) (PMMA) was from 

Sigma-Aldrich Handels (Austria). 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 4-

chlorobenzenesulfonate salt (DiD) was from Invitrogen. This dye exhibits the absorption and 

emission bands centred at wavelengths of ab=644 nm and em=665 nm, respectively, and it 

was dispersed at the concentration of 700 nM in a toluene with PMMA (1.4 wt.%). 

Dithiolalkanearomatic PEG 6-COOH (COOH-thiol) and dithiolalkanearomatic PEG3-OH 

(PEG-thiol) were from SensoPath Technologies (USA). Phosphate buffered saline (PBS) with 

pH 7.4 was obtained from Calbiochem (Germany). PBS-Tween (PBS-T) buffer was prepared 

by adding 0.05% of Tween20 (Sigma-Aldrich, USA) to PBS buffer solution. Mouse 

immunoglobulin G (mIgG) and anti-mouse IgG (a-mIgG) were from Molecular Probes (USA). 

Molecules of a-mIgG were labeled with Alexa Fluor 647 with the dye-to-protein molar ratio 

of 4.5. This dye exhibits the absorption and emission wavelengths of ab=650 nm and 

em=668 nm, respectively. Rabbit immunoglobulin G (rIgG) was from Abcam (USA). 10 mM 

acetate buffer (ACT) with pH 5.5 was prepared in house. 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were from Pierce (USA). 

Ethanolamine (Sigma-Aldrich, USA) was dissolved in water at 1 M concentration with the pH 

of the solution adjusted to 8.5 with sodium hydroxide. 
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Biochip preparation: Interference lithography (holography) was used for the preparation of 

master gratings. Two different masters with linear sinusoidal relief grating (LG) and 

concentric relief chirped grating (CG) were by an exposure of positive photoresist (S1818, 

Shipley, USA) to an interference field of two laser beams (HeCd laser IK3031R-C from 

Kimmon Koha, Japan) on a glass substrate followed by its development in developer (AZ303, 

Microchemicals, Germany, diluted 1:9 with water) and characterization by atomic force 

microscopy (Multimode, Veeco, USA) (data not shown). LG exhibited the period of Λ=436 

nm and depth of 100 nm. CG was composed of 120 (δ=3 deg) or 36 (δ=10 deg) segments 

carrying chirped gratings with the period decreasing from Λ=365 to 313 nm at the radial 

distance increasing from r=4.7 to 8.5 mm, respectively. The average modulation depth of the 

CG grating was 110 nm as determined by AFM. The replication of the master grating was 

performed by means of UV-nanoimprint lithography as described previously in our 

laboratory
[19]

. Gold layers with the thickness of 50 and 200 nm were deposited on the flat 

sensing area and the outer area of the chip carrying CG and LG, respectively, by sputtering 

(UNIVEX 450C, Leybold Systems, Germany).  

 

Simulations: Finite element method (FEM) grating solver DiPoG (Weierstrass Institute, 

Germany) was used for the calculation of the diffraction efficiency. The chirped grating and 

the overall sensor chip geometry was designed by using a ray-tracing tool Zemax (Radiant 

Zemax, USA). For the simulation of surface plasmon coupled emission, home-developed 

scripts based on the CPS-model was used as described in our previous works.
[20]

 Refractive 

indices of gold of nm=0.118+3.92i at λem=670 nm and nm=0.153+3.52i at λex=633 nm were 

assumed. In simulations, 20 nm thick spacer layer with the refractive index nl=1.45 between a 
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fluorophore and gold surface was used. Refractive indices of glass substrate and water of 

np=1.51 and ns=1.33, respectively, were used. 

 

Surface modification: For the observation of imaging properties of CG element, 20 nm thick 

PMMA layer doped with DiD dye was spin-coated on a gold coated surface and dried 

overnight at the room temperature. In order to function as a biosensor, the sensing area with 

50 nm thick gold layer was modified with a mixed thiol self-assembled monolayer (SAM), 

and IgG molecules were covalently attached to SAM carboxylic functional moieties. The 

biochip was immersed in a mixture of PEG-thiol and COOH-thiol dissolved in ethanol (molar 

ratio of 9:1 and total concentration of 1 mM
[19]

) overnight at the room temperature. 

Afterwards the biochip was rinsed with ethanol and dried in a stream of nitrogen. mIgG 

antibodies were immobilized by amine coupling. Carboxylic terminal groups of COOH-thiol 

were activated by EDC and NHS solution (concentrations in deionized water of 75 and 21 

mg/mL, respectively) for 15 min, followed by the incubation with mIgG dissolved in ACT 

buffer at the concentration of 50 μg/mL for 90 min. Unreacted active ester groups of the 

COOH-thiol were passivated by 20 min incubation in ethanol amine solution. In the control 

experiment, rIgG with the same concentration were immobilized instead of mIgG. 

 

Optical setups for testing of biochip performance: Details describing the optical setup used in 

the characterization of the imaging properties of CG is in Supporting Information (Figure S3). 

For the model bioassay experiment, the SPCE signal imaged by CG element was collected by 

a microscope objective (NA=0.85, NT38-340, Edmund Optics, Germany) and its intensity F 

was detected by a photomultiplier tube (H6240-01, Hamamatsu, Japan) which was connected 

to a counter (53131A, Agilent, USA) (Fig.5b). The identical set of filters was used to suppress 

the background signal also in the characterization of the imaging properties of CG. 
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Figure 1. The probability of the emission from a randomly oriented dipole occurring via 

surface lossy waves (quenching), surface plasmons (SPCE) and optical waves propagating 

into free space as a function of the distance from a metal surface d. 
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Figure 2. Dependence of the fluorescence intensity F of SPCE from a randomly oriented 

dipole at the distance d=20 nm from the gold surface at the wavelength of λem=670 nm (black 

solid line) on the polar angle θem. The electric field intensity enhancement |E/E0|
2
 at d=20 nm 

due the excitation of SPs at the wavelength λex=633 nm is shown as a function of the angle of 

incidence θex (red dashed line). 
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a)  

 

b)                     

Figure 3. a) Schematic of the biochip with diffractive optical elements for the in-coupling of 

the excitation beam (linear grating) to the biochip and for the out-coupling and imaging of 

surface plasmon-coupled emission (SPCE) to a detector (concentric grating). b) Side-view of 

the biochip.  
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Figure 4. a) Preparation of the concentric grating element (CG) by using sequential recording 

into a photoresist by using interference lithography.  b) Transfer of the grating elements onto 

the biochip surface by UV-NIL. 
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Figure 5. a) Top view of prepared biochip carrying LG and CG diffractive elements (left) and 

measured spatial distribution of SPCE cone out-coupled from the biochip by using CG 

element at increasing distance below the biochip D=1, 5, 10 and 15 mm. b) The cross-section 

of the fluorescence light at the distance of D=15 mm from the bottom of the biochip for 

angular width of the CG element δ=3 and 10 deg. 
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Figure 6. Optical setup employed for the model immunoassay experiment utilizing the 

amplification of fluorescence signal by using the developed biochip. 
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Figure 7.  a) Measured binding kinetics F(t) upon the sequential flow of samples with a-

mIgG along the surface carrying the specific affinity partner mIgG (black) and control 

molecules rIgG (red). The inserted graph shows the magnified fluorescence intensity F(t) for 

the concentration from 30 pM to 1 nM. b) Calibration curve of the developed biochip fitted 

with a linear function. The baseline noise and LOD are indicated. 
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Design of periodic modulation of CG grating element 

 

Figure S1 shows the simulated dependence of the CG period Λ on the distance from its centre 

r that allows the imaging of SPCE from a sensing area on the biochip surface to a spot at the 

distance D=10 mm below the bottom biochip surface. The simulated dependence (dashed 

line) is compared to that was measured by AFM (squares) with standard deviation represented 

as error bars. 

4 5 6 7 8 9

310

320

330

340

350

360

370

 

 

G
ra

ti
n

g
 p

e
ri

o
d

 
 [
n

m
]

Distance form the center r [mm]

 Designed

 Prepared

 

Figure S1. Dependence of the concentric grating period on the distance from its center 

obtained from simulations (line) and measured on prepared biochips (squares). 
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FEM simulations of diffraction efficiency of LG and CG elements 

Figure S2 a) and b) shows the calculated dependence of the efficiency of LG and CG 

elements, respectively, on the modulation depth for a sinusoidal relief modulation profile.  
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Figure S2. Simulated diffraction efficiency in the ±1
st
 orders as a function of the grating 

depth for a) the sinusoidal linear grating (LG) element with the period of =437 nm for the 

normal incident TM polarized beam at the wavelength of λex=633 nm and b) the sinusoidal 

concentric grating (CG) element (=346 nm) for the TM polarized light beam incident at the 

emission angle θem=71 deg at the emission wavelength λem=670 nm. 
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Optical setup for observation of the SCPE imaging by CG element 

The SPCE beam that was diffracted by the CG element was made incident on a diffuser which 

was placed at a given distance D from the chip. The spatial distribution of scattered 

fluorescence light was imaged to an electron multiplying charge-coupled device (EM-CCD 

iXon+885, Andor Technology, Ireland) by a camera lens (UNIFOC 58, Schneider Kreuznach, 

Germany). A set of filters including notch filter (XNF-632.8-25.0M, CVI Melles Griot,  

Germany) and band-pass filter (670FS10-25, LOT-Oriel, Germany) was used in order to 

suppres the background signal. For the investigation of the amplification of the fluorescence 

intensity by using the surface plasmon-enhanced excitation, the excitation light beam was 

coupled to the biochip by using the LG element and exited surface plasmons on the sensing 

area (2). As a reference, direct fluorescence excitation was performed with the excitation light 

beam hitting the sensing area from above the biochip through water (1). 

 

Figure S3. Optical setup for the observation of imaging properties of CG element and 

coupling efficiency of LG element. 
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Abstract 

New approach to the amplification of fluorescence signal in heterogeneous assays for 

sensitive detection of molecular analytes is reported. It relies on a sensor chip carrying one-

dimensional photonic crystal (1DPC) which is composed of two segments. The first segment 

on the top supports Bloch surface waves (BSWs) at the excitation wavelength and the second 

segment below serves as a Bragg mirror for the emission wavelength of used fluorophore 

labels. The two-segment 1DPC is designed to simultaneously increase the excitation rate 

through BSW-enhanced electromagnetic field intensity and to beam the emitted fluorescence 

light towards the detector. In the theoretical part of the work, simulations based on Chance-

Prock-Sibley model are carried out in order to design the 1DPC layer structure and to study 

the distance dependence of the excitation strength and angular distribution of the emitted 
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fluorescence light. In experiments, increase of the fluorescence signal-to-noise ratio is 

demonstrated in a model immunoassay experiment in which around an order of magnitude 

improved limit of detection (LOD) was achieved with respect to regular total internal 

reflection fluorescence (TIRF) configuration.  

 

Keywords:  

Bloch surface wave, Fluorescence, Bragg mirror, Photonic crystal, Biosensor, Immunoassay 

 

1. Introduction 

Over the last decade, we witnessed growing needs for advanced analytical technologies with 

enhanced sensitivity and shortened analysis time in important areas of medical diagnostics [1] 

and food control [2]. Among various fluorescence-based approaches which arguably provide 

mostly used platforms for the detection and interaction analysis of molecular and biological 

analytes, plasmon-enhanced fluorescence (PEF) was studied to address these challenges. This 

method offers means for efficient amplification of fluorescence signal through the coupling of 

fluorophores with confined and enhanced field of surface plasmons on metallic surfaces [3-5] 

which were implemented to range of advanced assays and biological studies [6-10]. Bloch 

surface waves (BSW) supported by one-dimensional photonic crystal (1DPC) were studied 

over the last years and shown to provide similar optical properties like surface plasmons [11] 

and 1DPC structures can be designed to support BSWs that strongly enhance the 

electromagnetic field intensity on the surface [12, 13]. With respect to metallic materials 

applied for the plasmonic amplification of fluorescence, dielectric 1DPC may offer the 

advantage of the lack of fluorescence quenching by Förster energy transfer which occurs in 

close proximity to the metallic surface. In addition, these structures offer the advantage of 

flexibility in the design of virtually arbitrary dispersion relation of BSW and the employment 
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of low absorption loss materials allows the observation of extremely sharp resonances and 

large field intensity enhancement associated with the coupling to BSWs [14, 15]. 

 

In this paper we investigate a new approach for the amplification of fluorescence signal that 

utilizes dielectric 1DPC. We aim at implementing this type of photonic materials for 

advancing the sensitivity of fluorescence assays by the combination of two effects. Firstly, 

1DPC is designed to enhance the excitation rate of fluorophore labels by the increased field 

intensity of BSW at the absorption wavelength of used fluorophores. Secondly, the collecting 

efficiency of emitted fluorescence light from the surface is improved by the control of its 

angular distribution. 1DPC is designed by simulations and 1DPC-based sensor chip is 

prepared based on it. A model immunoassay experiment showing the potential of the 

proposed 1DPC structure for sensitive detection of molecular analytes is presented. 

 

2. Materials and methods 

2.1 Materials 

Polymer SU-8 2000.5 was purchased from Microchem (USA). Phosphate buffered saline 

(PBS, 140 mM NaCl, 10 mM phosphate, 3 mM KCl, and a pH of 7.4) was obtained from 

Calbiochem (Germany). PBS-Tween (PBS-T) buffer was prepared by adding 0.05 % of 

Tween20 (Sigma-Aldrich, USA) to PBS buffer solution. Mouse immunoglobulin G (mIgG) 

and anti-mouse IgG (a-mIgG) were from Molecular Probes (USA). a-mIgG was labeled with 

Alexa Fluor 647 dye with the dye-to-protein molar ratio of 4.5. This dye exhibits the 

absorption and emission wavelengths of ab=650 nm and em=668 nm, respectively. 10 mM 

acetate buffer (ACT) with pH=4 was prepared in house. 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) was from Pierce (USA). Photocrosslinkable poly(N-isopropylacryamide) 

(NIPAAm)-based hydrogel modified with benzophenon groups for its cross-linking and 
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carboxylic moieties for the coupling of protein molecules and sodium para-tetrafluorophenol 

sulfonate (TFPS) were synthesized as described in literature [16]. Ethanolamine (Sigma-

Aldrich, USA) was dissolved in water at 1 M concentration and the pH of the solution was 

adjusted to 8.5 by adding sodium hydroxide. 

  

2.2 Preparation of sensor chip with 1DPC 

1DPC was prepared on BK7 glass substrate by plasma-enhanced chemical vapor deposition 

(PECVD) of a stack of a-Si1−xNx:H layers. The nitrogen content x of silicon nitride layers was 

controlled by adjusting the ammonia fraction in SiH4+NH3 plasma in order to tune the 

refractive index. In the PECVD deposition process, the substrate temperature and the 

electrode distance were set to 220 °C and 20 mm, respectively. The total pressure of 0.45 Torr 

and the RF power density of 21 mW/cm
2
 were used. The reactive gas flow ratio 

[NH3]/([SiH4]+[NH3]) was set to 95 % for the low refractive index (N-rich) and to 53 % for 

high refractive index (Si-rich) a-Si1−xNx:H layers. The refractive index and the thickness of 

layers were determined from calibration data obtained for homogeneous films by means of 

standard spectroscopic measurements. As seen in Figure 1, the 1DPC structure is composed of 

two segments S1 and S2 with periodic stack of high (Si-rich) and low (N-rich) refractive 

index (RI) layers. In the first segment S1 with four pairs of layers supporting BSWs, the 

thickness of high and low RI layers was set to tHBSW=80 nm and tLBSW=150 nm, respectively. 

The second segment S2 was designed to serve as a Bragg mirror and the thickness of high and 

low RI layers was set to tHBragg=65 nm and tLBragg=107 nm, respectively.  

 

Figure 1 

 

2.3 Functionalization of sensor chip 
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For a model immunoassay experiment, two types of sensor chips were modified with capture 

antibodies. Firstly, a thin SU-8 with the thickness of tSU8=6.5 nm was deposited on the 1DPC 

sensor chip and on the reference bare glass substrate by spin coating 3 vol. % solution. Then, 

NIPAAm-based hydrogel film was attached to SU-8 surface based on the protocol reported 

previously [17] in order to serve as a three-dimensional binding matrix. Briefly, NIPAAm-

based polymer was dissolved in ethanol (concentration of 4 mg/mL) and spincoated on the 

SU-8 linker layer. After drying overnight, the hydrogel layer was exposed to UV light (an 

irradiation dose of 5 J/cm
2
 at a wavelength of =365 nm) in order to photocrosslink and attach 

polymer chains to the sensor chip by reacting with benzophenon groups. Then, the hydrogel 

film was swollen in ACT buffer and in situ functionalized with capture mIgG antibodies. The 

carboxylic groups in the gel were activated by the incubation with a mixture of EDC and 

TFPS, followed by the covalent coupling of mIgG dissolved in ACT buffer via their amine 

moieties [18]. Finally, unreacted active ester groups of the hydrogel were passivated by the 

incubation in ethanolamine solution. The thickness of dry NIPAAm-based layer of 16 nm was 

measured by surface plasmon resonance. Based on our previous studies [17], we assumed that 

its thickness increases by a factor of ~9 to reach tHG~150 nm and its refractive index nHG=1.35 

becomes close to that of water after swelling in PBS-T buffer. 

 

2.4 Optical setup 

In experiments, an optical setup based on the angular interrogation and attenuated total 

reflection (ATR) was employed (described previously in more detail [19]). As depicted in 

Figure 2, He-Ne laser beam at the excitation wavelength λex=633 nm (that is close the 

absorption band of the used fluorophore label λab=650 nm) was launched to a 90° glass prism 

with a sensor chip optically matched to the chip at its base. The angle of incidence of the laser 

beam θ (defined as the one in BK7 glass substrate) was controlled by a rotation stage. The 
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intensity of the laser beam reflected from the prism base was measured with a photodiode 

detector and a lock-in amplifier (Model 5210, Princeton Applied Research, USA). A 

transparent flow cell with the volume of approximately 10 μL was attached to the sensor 

surface in order to flow liquid samples with target molecules along the hydrogel binding 

matrix with the flow rate 0.503 mL/min by using a peristaltic pump (REGLO Digital MS-4/12, 

ISMATEC, Switzerland). Fluorescence light emitted into the aqueous medium from affinity 

captured molecules on the sensor surface was collected through the flow-cell with a lens 

(NA=0.3). The fluorescence intensity was measured in counts per second (cps) by a 

photomultiplier tube (H6240-01, Hamamatsu, Japan) which was connected to a counter 

(53131A, Agilent, USA). A set of filters including notch (XNF-632.8-25.0M, CVI Melles 

Griot, Germany) and band-pass (670FS10-25, LOT-Oriel, Germany) filters were used in order 

to suppress the background signal outside the emission wavelength λem=670 nm. 

 

Figure 2 

 

For the observation of dispersion relation of BSW supported by 1DPC, we measured the 

dependence of the reflectivity on the angle of incidence θ and wavelength . In this 

experiment, the HeNe laser was replaced with a halogen lamp (LSH102, LOT-Oriel, 

Germany) emitting a polychromatic light beam and a spectrometer (HR4000 from Ocean 

Optics, USA) was used for the analysis of its spectrum after reflecting from the sensor chip 

(for more details see our previous work [20]). 

 

2.5 Modeling of 1DPC-mediated fluorescence 

Chance-Prock-Silbey model [21] was implemented in Mathematica (Wolfram Research, UK) 

scripts for simulations of angular distribution of fluorescence emission. Fluorophores were 
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represented as an ensemble of randomly oriented dipoles located in the hydrogel matrix at 

certain distance D from the surface of 1DPC. The density of fluorescence intensity 

F(θ,,D)dθsin(θ)d emitted to polar θ and azimuth  angles (in aqueous superstrate and BK7 

glass substrate) was calculated as described in our previous work [22]. Based on the simulated 

distance-dependent fluorescence emission density, we calculated the emission probability 

within a numerical aperture FNA as: 
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The average emission probability of fluorophores dispersed in a binding matrix with a 

thickness tHG was obtained by integrating FNA: 

 

  
HG

HG NA

HG 0

1
t

F F D dD
t

  . (2) 

 

Refractive indices of Si-rich layer of nH=2.381+0.0013i and 2.403+0.0013i were used for the 

wavelength of λem and λex, respectively. The refractive indices of N-rich layer 

nL=1.784+0.0001i and 1.7844+0.0001i were used at the wavelength of λem and λex, 

respectively. Refractive indices of BK7 glass np=1.51 and SU-8 film nSU8=1.6 were assumed 

for both λem nm and λex. Simulations of spatial distribution of electric field intensity |E|
2
 upon 

the coupling to BSW and the simulations of reflectivity from the multilayer stack were carried 

out by using home-developed Mathematica scripts that utilize transfer-matrix method.  
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3. Results and discussion 

3.1 Theory - BSWs supported by 1DPC 

In order to enhance the excitation rate of fluorophore labels, 1DPC was designed to increase 

the electric field intensity |E|
2
 on the sensor surface by the resonant excitation of BSW. The 

excitation of BSW at the wavelength λex which is close to the absorption wavelength of 

adopted fluorophores λab was used. Firstly, the dispersion relation of BSWs was studied 

through simulations of the reflectivity dependence on the angle of incidence θ and wavelength 

λ. Figure.3a reveals that the excitation of BSW (represented as a decrease in the reflectivity) 

occurs for transverse electric (TE) polarized light beam that is incident through the prism at 

wavelengths λ<670 nm and angles above the critical angle θ>θc=61 deg. For transverse 

magnetic (TM) polarization, no guided waves are observed above the critical angle θc. At 

angles below θc, the incident light beam is partially transmitted and the reflectivity is 

periodically modulated due the interference on the 1DPC layer stack. Figure 3b shows and an 

example of the field distribution of partially transmitted wave for the angle of incidence 

θ=51.4 deg and the wavelength λex. 

 

As seen in Figure.3b, strong electromagnetic field intensity is built up upon the resonant 

coupling to BSW on the top of 1DPC structure at the excitation wavelength λex and angle of 

incidence θ=64.45 deg. The electric field intensity |E|
2 

was normalized with that of the 

incidence beam |E0|
2
 and it peaks in vicinity to the interface between the 1DPC structure and 

the aqueous environment. The simulations predict that the full coupling to BSW can be 

achieved (coupling efficiency of 100 %) and the maximum electric field intensity 

enhancement reaches |E/E0|
2
~300. The resonant coupling to BSW is associated with 

extremely narrow resonance in the reflectivity spectrum exhibiting the angular width of 
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Δθ=0.1 deg (see the cross-section in Figure 3a). The BSW evanescent field probes the 

aqueous medium on the top of 1DPC with the penetration depth Lp/2=166 nm (defined as the 

distance D at which the magnitude of electric field intensity |E/E0|
2
 decreases by a factor of 

1/e) that is comparable to the thickness of the attached hydrogel binding matrix tHG~150 nm. 

For comparison, the electric field intensity distribution was calculated for the total internal 

reflection at the surface between the bare glass substrate and aqueous medium (without the 

1DPC layer structure). It shows that the maximum field intensity enhancement in vicinity to 

the critical angle θc reaches |E/E0|
2
~4 at the interface. 

 

Figure.3 

 

Let us note that (far from saturation) the excitation rate of fluorophore labels on the sensor 

surface is proportional to the electric field intensity |E|
2
 at the absorption wavelength λab 

Therefore, the strong electromagnetic field intensity provided by the excitation of BSW on 

1DPC is directly translated to the enhanced fluorescence signal. From the simulations above 

the fluorescence excitation rate is increased through the BSW excitation on 1DPC with 

respect to that for regular TIR by a factor of χex~75 (defined as ratio of |E/E0|
2
 for the 1DPC 

and bare glass surfaces presented in Figure 3b). 

 

3.2 Theory - Directional fluorescence emission mediated by1DPC 

In general, the angular distribution of emitted fluorescence light intensity is altered when the 

emitted radiation couples with guided waves and an interference with waves back-reflected 

from the surface occurs [23]. Further, the design of 1DPC was carried out in order to 

maximize the fluorescence emission through the aqueous medium at the direction 

perpendicular to the surface. Firstly, 1DPC with the segment S1 was tuned not to support 
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BSWs at the emission wavelength λem (shown in Figure 3a). The reason is that BSWs can 

serve as an efficient fluorescence emission channel [24] leading to an unwanted leaking of the 

fluorescence light intensity into the substrate by reverse Kretschmann configuration. Secondly, 

an additional layer segment S2 was used in order to shape the angular distribution of emitted 

light towards the aqueous medium and suppress the emission intensity transmitted through the 

1DPC at angles θ<θc. As Figure.1 shows, the element S2 was placed below the BSW-wave 

layer structure S1. 

 

Further, we calculated the polar angular dependence of fluorescence intensity F(θ,=0) 

emitted from a randomly oriented dipole located at the distance D=10 or 140 nm from the 

sensor surface. Figure 4 compares F(θ,=0) for 1DPC structure with that obtained for a bare 

glass substrate in contact with aqueous medium. These data show that for the distance D=10 

nm from the bare glass substrate, the majority of fluorescence intensity is emitted into the 

glass with characteristic lobes close to the critical angle θc. On the surface carrying 1DPC 

with the segment S1, the majority of light is also emitted into the glass but the emission at 

angles close to the critical angle θc is suppressed leading to small increase of the intensity 

emitted into the aqueous sample. After adding the additional segment S2, the intensity of light 

emitted into the substrate is strongly suppressed and directed towards the aqueous medium on 

the top. Depending on the distance of the emitter from the surface D, the emitted light that is 

back-reflected from the 1DPC structure gains different phase-shift. This leads to distance-

dependent interference with the light directly emitted towards the aqueous environment and to 

the maximum intensity occurring at different polar angles. As illustrated in Figure 4, the 

maximum emission intensity is emitted perpendicular to the surface θ~180 deg at D=10 nm. 

When increasing the distance to D=140 nm, the altered phase shift leads to the vanishing of 
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fluorescence intensity emitted perpendicular to the surface θ=180 deg and to the maximum 

fluorescence intensity propagating to polar angles around θ=150 deg. 

 

Figure 4 

 

In the experimental setup, only light emitted to the numerical aperture NA=0.3 (polar angles 

above θ=167 deg) is collected and delivered to a detector. Based on the simulated distance-

dependent angular distribution F(θ,,D), we obtained the emission probability within the 

numerical aperture FNA from equation (1). The results in Figure 5 show that the probability of 

emission into the desired numerical aperture oscillates with a period λem/2ns ~ 250 nm due to 

the interference with back-reflected wave. The maximum emission probability reaches 

FNA=11 % for the 1DPC with both segments S1 and S2 and the distance D=10 nm. For the 

1DPC without the segment S2, the maximum emission probability of FNA=7 % occurs at the 

distance D=140 nm. On the bare glass surface, the maximum emission probability is of 

FNA=4 % at the distance D=140 nm, which is about three-fold lower that for the 1DPC 

structure with S1 and S2 segments.  

 

Figure 5 

 

Further, we assumed that the fluorophore-labeled molecules is homogeneously distributed in 

the hydrogel binding matrix with the thickness of tHG=150 nm. Therefore, the average 

emission probability FHG from fluorophores homogeneously dispersed in the hydrogel matrix 

was obtained by integrating FNA, which is described by equation (2). The calculated emission 

probability reaches FHG=5.4 % for the 1DPC with S1 and S2 segments which is higher than 

that for the bare glass surface providing FHG=3.2 %. The predicted moderate enhancement of 
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the collection efficiency by a factor of χcol~1.7 (defined as the ratio of FHG on 1DPC and bare 

glass substrate) is due to the rapid oscillation of the fluorescence emitted intensity with the 

distance D. The collection efficiency enhancement with a factor up to χcol~4 can be achieved 

for a thinner binding matrix (e.g. for the immobilization of capture molecules by using 

monolayer-based surface architectures). 

 

3.2 Experimental - Characterization of guided waves on 1DPC 

Dispersion relation of BSW was measured on prepared 1DPC for TE and TM polarization. 

The results in Figure 6 are in good agreement with simulated spectrum of modes presented in 

Figure 3. Particularly, the measured dispersion relation shows that BSW mode is excited only 

for TE polarization bellow the wavelength λ<670 nm and no guided waves are supported for 

TM polarization. However, the measured coupling efficiency to BSW at the emission 

wavelength λex is only 35 % which is almost three times lower than that predicted by 

simultations. In addition, the measured angular width of the resonance Δθ=0.22 deg is 

significantly higher than seen in simulations. These observations are mainly due to the 

imperfections of prepared 1DPC layer stack and possible effect of roughness that was not 

taken into account in simulations. They lead to a lower the electromagnetic field intensity 

enhancement upon the resonant excitation of BSW. Based on the fitting of reflectivity spectra 

by using a transfer-matrix model (data not shown), we estimated the peak field intensity 

enhancement as |E/E0|
2 

~ 20 which is about one order of magnitude lower than that simulated 

for the ideal structure. These data indicate that lower excitation enhancement factor of χex~5 

can be reached when comparing 1DPC with regular TIR on a bare glass surface.  

 

Figure 6 
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3.3 Experimental - Model immunoassay experiment 

Firstly, the angular reflectivity and fluorescence spectrum was measured from 1DPC and bare 

glass sensor chips carrying the hydrogel matrix. The hydrogel matrix was functionalized with 

the capture mIgG molecules in order to specifically bind fluorophore-labeled a-mIgG. Figure 

7 shows that the coupling to BSW on 1DPC surface is manifested as a resonant dip at the 

angle of incidence θ=63.21 deg. The resonance shifts to higher angles after the 

immobilization of mIgG molecules due to the associated increase of the refractive index nH. 

On the bare glass surface, no significant changes can be seen in the TIR angular spectrum 

before and after the coupling of mIgG molecules. After the affinity binding of fluorophore-

labeled a-mIgG molecules, fluorescence intensity F(θ) was measured as a function of the 

angle of incidence. For the 1DPC, a narrow peak occurs in F(θ) at the resonance angle where 

the electric field intensity is enhanced by BSW. In contrast, the fluorescence intensity peaks at 

the critical angle θ=61.7 deg and gradually decreases when increasing the angle of incidence 

for the reference bare glass surface.  

 

Figure 7 

 

In order to evaluate the potential of proposed 1DPC-based biosensor for sensitive detection of 

molecular analytes, a titration experiment was carried out. For 1DPC, the incident angle of 

excitation laser beam (λex=633 nm) was fixed at the BSW resonance θ=63.29 deg and the 

fluorescence signal F was measured in time upon the sequential flow of samples with a-mIgG 

molecules. The same angle of incidence was used for the TIRF readout on the reference bare 

glass sample. Samples with increasing concentration of a-mIgG molecules dissolved in PBS-

T were successively flowed along the sensor surface in order to bind to the surface. For 1DPC 

chip, the a-mIgG concentration between 0.3 pM and 1 nM was used. For bare glass sensor 



14 

 

chip, the analyte concentration was varied between 10 pM and 10 nM. Each sample was 

flowed over the surface with mIgG-functionalized hydrogel binding matrix for 10 min 

followed by 10 min rinsing with PBST. The obtained sensorgrams in Figure 8 shows that the 

affinity binding of a-mIgG molecules is accompanied with a gradual increase in the 

fluorescence signal. A slow exponential decrease of the fluorescence intensity was measured 

due to the dissociation of a-mIgG during the rinsing step.  

 

Figure 8 

 

Calibration curves presented in Figure 9 were obtained from measured fluorescence kinetics 

F(t) on 1DPC and bare glass sensor chips. The response for each association phase of the 

binding was fitted by a linear function, the slope F/t was determined, and plotted as a 

function of the concentration of a-mIgG. The measurements were carried out in triplicate and 

the averaged calibration curves are shown with the error bars representing the standard 

deviation. Let us note that this error arises due to the chip to chip variability and inaccuracy in 

incubation times. The limit of detection (LOD) was determined as the concentration at which 

the linear fit of the calibration curve matches the 3-fold standard deviation of the fluorescence 

signal for a blank sample σ. For the 1DPC sensor chip the 3σ=149 cps/min was determined. 

This value is about 2.4 higher than that for the bare glass surface 3σ=62 cps/min which is due 

the higher background signal. This effect is probably associated with stronger auto-

fluorescence and scattering of light at the excitation wavelength upon the resonant coupling to 

BSW (see Figure 7). The limit of detection of 2 pM was obtained for the 1DPC compared to 

25 pM for the regular bare glass slide. 

 

Figure 9 
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The presented experiments reveal that the employment of 1DPC allows enhancing the 

fluorescence intensity accompanied with the capture of target molecules on the sensor surface 

by a factor of 30 with respect to regular TIRF. This enhancement translates to the improved 

limit of detection for the immunoassay-based analysis of molecular analyte by a factor of 12.5 

(let us note that deterioration by a factor of 2.4 is due to the increased background of 

fluorescence signal observed on 1DPC). These values are significantly lower than those 

predicted by simulations which show that combined enhancement of collection efficiency 

χcol=1.7 and excitation rate χex=75 of fluorescence light allows to increase the sensor 

sensitivity by a factor of χcolχex=127. The key reason for this discrepancy is the fact that the 

experimentally achieved field intensity enhancement χex~5 is lower, which leads to the 

smaller factor χexχcol=8.5. Further discrepancies can be attributed to the inhomogeneous 

spatial distribution of captured a-mIgG in the binding matrix. From our previous works the 

affinity binding of molecules in functionalized NIPAAm-based hydrogel occurs at the 

distance of few hundreds of nanometers from its interface with aqueous sample [25]. 

However, the density of the hydrogel layer typically exhibits a gradient and the hydrogel is 

denser at the inner interface compared to that in contact with aqueous sample [16]. Therefore, 

the capture of target analyte probably occurred preferably at the inner part of the hydrogel for 

which the collecting efficiency of fluorescence signal is increased (see fluorescence angular 

emission distribution in Figure 4). 

 

4. Conclusions 

A one dimensional photonic crystal (1DPC) supporting Bloch surface waves and serving as a 

Bragg mirror was investigated for the enhancement of sensitivity in heterogeneous 

fluorescence assays for detection molecular analytes. 1DPC was designed to amplify the 
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intensity of fluorescence light emitted from fluorophore labels by the combination of 

enhanced excitation rate though strong electric field intensity of resonantly excited BSW and 

by shaping the angular distribution of emitted light towards a detector by a Bragg mirror. The 

theory predicts that this approach holds potential for increasing the sensitivity by more than 

two orders of magnitude with respect to regular TIRF on a bare glass slide. The experiments 

showed lower sensitivity enhancement of with a factor of 12.5, mainly due to the imperfection 

of prepared 1DPC. The future work will be devoted to further improve the design of 1DPC 

and towards the implementation of this detection principle to microarrays detections format.   
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Figure captions: 

 

Figure 1 1DPC composed of periodic low (N-rich) and high (Si-rich) refractive index layers 

designed to support BSWs (S1) and serve as Bragg mirror (S2) with attached hydrogel 

binding matrix for the capture of target analyte. 

 

Figure 2 Experimental setup for Bloch surface wave-enhanced  fluorescence spectroscopy 

and TIRF-based biosensors. 

 

Figure 3 a) Simulated dispersion relation of BSW on 1DPC for TE and TM polarization. b) 

Profiles of electric field intensity for the coupling to BSW on 1DPC [see (A) in the upper 

figure], for the wave transmitted below the critical angle [see (B) in the upper figure], and for 

totally internally reflected waves at a glass-water interface.  

 

Figure 4 Angular distributions of fluorescence light intensity emitted from a randomly 

oriented dipole at the distance of D=10 and 140 nm from the surface. Substrates including 

1DPC with segments S1 and S2 (black solid line), 1DPC with the segment S1 (green dash dot 

line), and a bare glass surface (red dash line) in contact with water were assumed. 

 

Figure 5 Dependence of the probability of the fluorescence emission within the numerical 

aperture NA=0.3 above the sensor surface on the distance of a randomly oriented dipole from 

the sensor surface. Simulations shown for 1DPC with (black square) and without (green 

triangle) Bragg mirror segment S2, and for the reference bar glass surface (red circle). 
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Figure 6 Measured dispersion relation of BSW on 1DPC for TE and TM polarization. 

 

 

Figure 7 Measured angular reflectivity and fluorescence intensity spectra for the sensor chip 

with bare hydrogel surface, after the covalent coupling of mIgG, and after the affinity binding 

of fluorophore-labeled a-mIgG. Data shown a) for the sensor chip carrying 1DPC and b) for 

the reference bare glass. 

 

Figure 8 Titration experiment showing the fluorescence sensor signal upon the affinity 

binding of a-mIgG from a PBST samples to mIgG immobilized in the hydrogel binding 

matrix. Data shown a) for the sensor chip with 1DPC and b) for reference bare glass. 

 

Figure 9 Comparison of calibration curves of the analysis of a-mIgG in PBST buffer by using 

immunoassays and fluorescence readout based on 1DPC-based amplification and b) for 

regular TIRF on bare glass slide. Calibration curves are fitted with a linear function and the 

baseline noise and LOD are clearly indicated. 

 



22 

 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4  
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Abstract: Surface plasmon-coupled emission (SPCE) from emitters in a 

close proximity to a plasmonic Bragg grating is investigated. In this study, 

the directional fluorescence emission mediated by Bragg-scattered surface 

plasmons and surface plasmons diffraction cross-coupled through a thin 

metallic film is observed by using the reverse Kretschmann configuration. 

We show that controlling of dispersion relation of these surface plasmon 

modes by tuning the refractive index at upper and lower interfaces of a 

dense sub-wavelength metallic grating enables selective reducing or 

increasing the intensity of the light emitted to certain directions. These 

observations may provide important leads for design of advanced plasmonic 

structures in applications areas of plasmon-enhanced fluorescence 

spectroscopy and nanoscale optical sources. 

©2012 Optical Society of America 

OCIS codes: (240.6680) Surface plasmons; (300.2530) Fluorescence, laser-induced; 

(050.1950) Diffraction gratings; (050.6624) Subwavelength structures. 
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1. Introduction 

Surface plasmon-coupled emission (SPCE) is of great interest in various areas including 

nanoscale optical antennas [1, 2], organic light-emitting diodes [3, 4], dye lasers [5] and 

fluorescence spectroscopy [6, 7]. Surface plasmons (SPs) are electromagnetic waves which 

originate from collective oscillations of charge density at metallic surfaces. SPs exhibit tightly 

confined field profile which is associated with greatly enhanced photonic mode density 

(PMD) and intensity of electromagnetic field at a metallic surface. Therefore, light radiated 

by emitters in the vicinity of a metal can be trapped by SPs and the coupling of absorption 

and emission dipoles of emitters with SPs dramatically alters their characteristics including 

the excitation rate, lifetime, and quantum yield [8, 9]. 

In order to convert energy emitted to SPs back to light waves propagating away from the 

metal, approaches utilizing diffraction gratings [10] and the reverse Kretschmann 

configuration of attenuated total reflection (ATR) method [11] were most commonly used. 

The employment of relief diffraction gratings for the extraction of fluorescence light from a 

metallic surface was firstly reported by Knoll et al. [12]. In this and later experiments, the 

corrugated metallic surfaces with the period comparable with the wavelength were typically 

used in studies including plasmon-mediated emission decay kinetics [13], angular distribution 

of emitted light [14], and emitted wavelength spectrum [15]. These investigations were 

carried out for gratings supporting regular SPs as well as coupled surface plasmon modes 

including Bragg-scattered surface plasmons [15, 16] and long range and short range surface 

plasmons on thin metallic films in refractive index symmetrical geometry [5, 17]. Relief 

gratings with non-sinusoidal profile allow additional control of the interaction strength 

between emitters and SPs through surface plasmon Bragg-scattering and associated bandgap 

occurring in their dispersion relation [5, 15]. The surface plasmon bandgap was shown to 

decrease the intensity of fluorescence light emitted via surface plasmons [15] which was, for 

instance, proposed for selective cancelling of spontaneous emission in plasmonic lasers [5]. In 

addition, Bragg-scattered surface plasmons were investigated for spatially controlled 

photobleaching of dyes [16]. In the other common optical platform of SPCE utilizing reverse 

Krestchmann configuration of ATR, a thin metal layer on a flat high refractive index substrate 

is used. The light emission occurs via surface plasmons that are leaky into the substrate forms 

a characteristic SPCE cone propagating away from the metal film [18, 19]. The polar angle of 

the cone is defined by the surface plasmon resonance (SPR) condition and it depends on the 

wavelength [19]. The width of the SPCE cone depends on the losses of surface plasmons and 

it can be strongly decreased by using long-range surface plasmons [20]. 

#164156 - $15.00 USD Received 6 Mar 2012; revised 6 Apr 2012; accepted 15 May 2012; published 11 Jun 2012
(C) 2012 OSA 18 June 2012 / Vol. 20,  No. 13 / OPTICS EXPRESS  14043



In this paper, we extend studies in surface plasmon-coupled emission on structures that 

combine the reverse Kretschmann configuration of ATR and dense sub-wavelength metallic 

gratings. These gratings carry a thin metallic film and are designed to alter dispersion relation 

of surface plasmon modes by Bragg-scattering on individual metal interfaces as well as by 

diffraction cross-coupling of SPs through the metal film. We show that these modes can be 

engineered to efficiently collect the fluorescence light from emitters on the top of the metal 

film and direct the emission to specific azimuth and polar directions into high refractive index 

substrate below the metallic film. The used dense sub-wavelength diffraction gratings do not 

couple the fluorescence light to the medium above the metal film. 

2. Materials and methods 

2.1 Materials 

Photoresist Microposit S1818-G2 was purchased from Micro Resist Technology GmbH 

(Germany). Metal ion containing developer AZ 303 was obtained from MicroChemicals 

GmbH (Germany). Polydimethylsiloxane (PDMS) prepolymer and its curing agent were from 

Dow Corning (SYLGARD
®

 184). Amonil MMS10 was purchased from AMO GmbH 

(Germany). Poly(methyl methacrylate) (PMMA) was from Sigma-Aldrich Handels (Austria) 

and 1,1'-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4 chlorobenzene-sulfonate salt 

(DiD) were from Invitrogen (LifeTech Austria). DiD dye exhibits the absorption and 

emission wavelengths of λab = 644 nm and λem = 665 nm, respectively, and it was dispersed at 

the concentration of 700 nM in a toluene with dissolved PMMA (1.4 wt.%). 

2.2 UV-NIL preparation of relief gratings 

Holography was used for the preparation of master gratings. A polished Schott SF2 glass 

substrate with spin-coated photoresist layer was exposed to the interference field of two 

coherent collimated beams emitted from a HeCd laser at the wavelength λ = 325 nm 

(IK3031R-C, Kimmon Koha, Japan). Afterwards, the gratings were etched with a developer 

AZ-303 diluted with distilled water (volume ratio 1:9), rinsed with water and dried. Master 

gratings with sinusoidal relief modulation period Λ = 225-230 nm and depths of d = 10 and 30 

nm were prepared and characterized by atomic force microscopy (data not shown). UV-

nanoimprint lithography was used to replicate the master gratings as we described previously 

[21]. Briefly, a relief master grating was casted to a PDMS stamp which was cured overnight 

at 60 °C. Afterwards, the PDMS stamp was detached from the master and placed onto about 

100 nm thick layer of UV-curable polymer Amonil that was spin-coated on a glass substrate. 

Amonil film in contact with the PDMS stamp was crosslinked by UV light dose of 36 J/cm
2
 

at a wavelength of λ = 365 nm (Bio-Link 365, Vilber Lourmat, Germany) followed by the 

release of the PDMS stamp from cured replica grating. 

2.3 Layer structures supporting surface plasmons 

LaSFN9 glass (refractive index of n1 = 1.84 at λem) and BK7 glass (refractive index of n1 = 

1.51 at λem) substrates with Amonil grating (refractive index of n2 = 1.51 at λem) were 

successively coated by layers supporting surface plasmons and containing DiD dye, see Fig. 

1. Firstly, Ta2O5 (refractive index of n3 = 1.79 at λem) and gold (refractive index n4 = 0.167 + 

3.91i at λem) films were deposited on the Amonil surface by using magnetron sputtering 

(UNIVEX 450C, Leybold Systems, Germany). The thickness of the gold film was set to 47 

nm which is close to that providing the maximum strength of the coupling between surface 

plasmons and propagating waves in the glass substrate based on the Kretschmann 

configuration [22]. Afterwards, a 40 nm thick PMMA film (refractive index n5 = 1.49 at λem) 

doped with DiD dyes was spin-coated on the gold surface and dried overnight at the room 

temperature. The PMMA surface was brought in contact with water (refractive index n6 = 

1.33 at λem) or air (refractive index n6 = 1 at λem) in order to tune the propagation constant of 
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surface plasmons at the outer metal surface (SPouter). The propagation constant of surface 

plasmons on the inner metallic surface (SPinner) was varied by tuning the thickness of Ta2O5 

layer t3. Let us note that the Ta2O5 layer was deposited only on the LaSFN9 glass substrates 

with Amonil grating. 

 

Fig. 1. Diffraction grating supporting surface plasmons that serve as emission channels for 

DiD dyes dispersed in a PMMA layer. Refractive indices of layers at the wavelength λem = 670 

nm are shown for each layer. 

3. Optical setup 

Dispersion relation of surface plasmon modes on metallic grating surfaces was observed from 

angular reflectivity spectra R measured as a function of angle of incidence θI and wavelength 

λ. As seen in Fig. 2(a), a setup based on attenuated total reflection (ATR) method with 

Kretschmann configuration was used. A polychromatic beam from a halogen lamp (LSH102, 

LOT-Oriel, Germany) was coupled into an optical fiber (M25L02, Thorlabs, Germany), 

colimated with a lens (14 KLA 001, fl = 60 mm, CVI Melles Griot, Germany) and launched 

to a 90° glass prism that was made of identical glass as the grating sample substrate. At the 

prism base, the sample with a metallic grating was optically matched with a defined azimuth 

angle φ between the plane of incidence and grating vector G. The reflected light beam was 

coupled to an optical fiber and analyzed with a spectrometer (HR4000, Ocean Optics, USA). 

The prism and detectors were mounted on a two-circle rotation stage (Huber GmbH, 

Germany) in order to control the angle of incidence θI of the polychromatic beam in the 

prism. The data aquisition and control of the setup were supported by a home-built 

LabVIEW-based software. The reflectivity R was measured for transverse magnetic polarized 

incident beam (TM) and normalized with that measured for transverse electric polarization 

(TE). 
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Fig. 2. Optical setup used for the measurement of (a) reflectivity spectra R as a function of 

angle of incidence θI, polar angle φ, and wavelength λ and (b) spatial distribution of surface 

plasmon-coupled emission in the glass substrate. 

The measurement of spatial distribution of fluorescence intensity F emitted via surface 

plasmons into a glass substrate was carried out by using the setup depicted in Fig. 2(b). A 

sample with a metallic grating carrying a PMMA layer doped with a DiD dye was optically 

matched to a diffuser with rough bottom interface. Linearly polarized HeNe laser beam with 

the wavelength of λ = 632.8 nm that is close to the absorption wavelength of DiD dye λab = 

644 nm was circularly polarized by a quater waveplate (WPMQ05M-633, Thorlabs, 

Germany) and focused with a lens on the area of the surface of the structure with a diameter 

of about 100 µm. The fluorescence light coupled to surface plasmon modes at the emission 

wavelength λem of DiD dyes was re-radiated through the metal film based on the reverse 

Kretschamnn configuration, propagated through the substrate, and was scattered at the rough 

bottom surface of a diffuser made of LaSFN9 or BK7 glass. The spatial distribution of 

scattered fluorescence light was imaged onto an electron multiplying charge-coupled device 

(EM-CCD iXon + 885, Andor Technology, Ireland) by a camera lens (UNIFOC 58, 

Schneider Kreuznach, Germany). A set of filters including notch filter (XNF-632.8-25.0M, 

CVI Melles Griot, Germany) and band-pass filter (670FS10-25, LOT-Oriel, Germany) was 

used to reduce the background signal originating from the scattered and transmitted light at 

the excitation wavelength. The dependence of fluorescence signal on the polar angle θem in 

the glass substrate and azimuth angle φ was obtained from aquired fluorescence images. The 

central part of the image where the incident laser beam partially transmitted through the metal 

film was cut out by image processing as used filters did not suppress it totally. 

4. Results and discussion 

4.1 Surface plasmon-coupled emission on flat surface 

The Bragg grating depicted in Fig. 1 supports surface plasmons at inner and outer interfaces 

of the metallic film. These modes act as pathways for fluorescence emission from dyes 

dispersed in the PMMA layer on the top of the gold film. Based on the Chance, Prock, and 

Silbey (CPS) model [9], we calculated the average energy dissipation density dP/dk// from an 

ensemble of dyes represented as randomly oriented dipoles. The energy dissipation density 
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for homogenously distributed dipoles in PMMA layer with the thickness of 40 nm was 

obtained by the averaging over distance from the metal surface between 0 and 40 nm as 

described in our previous work [20]. These simulations were carried out for flat layers 

(modulation depth d = 0 nm) shown in Fig. 1 with refractive indices taken from literature 

[23]. The results presented in Fig. 3 show dP/dk// as a function of in-plane component of the 

propagation constant k// of optical waves emitted from a dipole. k// is normalized by the 

propagation constant in vacuum k0. They reveal that the coupling of fluorescence to surface 

plasmons at inner interface SPinner (with the magnitude of propagation constant kSPinner =  

|kSPinner|) and outer interface SPouter (with the magnitude of propagation constant kSPouter = 

|kSPouter|) is manifested as two distinct peaks. The probability of the emission via surface 

plasmons at inner and outer interfaces was calculated by integrating the energy dissipation 

density dP/dk// across respective peaks. For the layer architecture with 100 nm thick Ta2O5 on 

LaSFN9 glass and refractive index of the upper medium of n6 = 1.33, 54 and 7% of emission 

events occurred via SPouter and SPinner, respectively. The fluorescence emission probability via 

SPouter and SPinner was redistributed to 40 and 14%, respectively, on the layer architecture 

consisting of BK7 glass without Ta2O5 layer. For both geometries, the peak energy dissipation 

density for the outer surface plasmon SPouter is higher than that for the inner surface plasmon 

SPinner due to the stronger overlap of SPouter field with PMMA layer containing DiD dyes. The 

peak energy dissipation density for SPinner is higher for the layer structure with BK7 substrate 

without Ta2O5 layer because its magnitude of propagation constant kSPinner is lower and thus 

larger portion of its field is carried in the PMMA layer. The fluorescence signal emitted via 

outer surface plasmon SPouter can be recovered by the reverse Kretschmann configuration of 

ATR while that emitted via the inner surface plasmons SPinner requires other means – e.g. 

diffraction grating. These simulations take into account fluorescence quenching due to the 

coupling to surface lossy waves with large propagation constant [9] (k// from 0 to 15k0 was 

assumed in the model). This coupling is highly dependent on the distance from the metal 

surface. The majority of emission events is quenched below a characteristics length of about 

15 nm which is smaller than the thickness of PMMA layer with dispersed DiD dyes. 

 

Fig. 3. Simulated average energy dissipation density dP/dk// of dyes dispersed in the 40 nm 

thick PMMA layer on the top of gold film with (t3 = 100 nm, black line) or without (t3 = 0 nm, 

red line) Ta2O5 layer. LaSFN9 (black line) and BK7 (red line) substrates were assumed. The 

PMMA layer is in contact with water (n6 = 1.33). 

4.2 Surface plasmon modes on corrugated metallic surfaces 

On a corrugated layer structure, the characteristics of inner surface plasmons SPinner and outer 

surface plasmons SPouter are altered due to the interaction with the grating momentum |G| = 
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2π/Λ. In order to investigate changes in SPinner and SPouter modes, numerical simulations were 

carried out by using finite element method (FEM) implemented in a diffraction grating solver 

DiPoG (Weierstrass Institute, Germany). Figure 4(a) shows an example of the simulated 

dispersion relation of surface plasmon in the dependence of the reflectivity R on the angle of 

incidence θI and wavelength λ. For the grating structure with the modulation depth of d = 30 

nm, Ta2O5 layer thickness of t3 = 100 nm, and the refractive index of the upper medium n6 = 

1.33, the dispersion relation of SPouter (at angles θI > 47 deg) is split in the vicinity to the 

wavelength of λ = 670 nm at which the grating momentum G matches the 2kSPouter. In this 

region, the counter-propagating SPouter are Bragg scattered [24], which gives rise to a bandgap 

in their dispersion relation. At edges of the bandgap, Bragg-scattered surface plasmon modes 

(BSSPs) can be excited at wavelengths of λ = 630 nm and 730 nm. These SPouter modes are 

referred as to ω
+
 mode (λ = 630 nm) and ω

-
 mode (λ = 730 nm) and they exhibit electric field 

intensity localized at grating peaks (ω
-
) and valleys (ω

+
) as seen in Fig. 5(a) and 5(b), 

respectively. Let us note that the electric field intensity profiles are normalized with the 

maximum intensity |Emax|
2
 to clarify the field distribution of considered plasmon modes. The 

increased PMD on the grating surface occurs at wavelengths where BSSPs can be excited as 

these modes are less dependent on the angle of incidence θI than regular surface plasmons, 

see Fig. 4. An additional resonance due to the −1st order diffraction grating coupling to 

surface plasmons at the inner surface of the gold film (G-SPinner) is observed in Fig. 4(a). This 

resonance is associated with the field enhancement at the inner interface of the gold film as 

confirmed by the electric field intensity distribution presented in Fig. 5(c). G-SPinner resonance 

crosses over the SPouter dispersion relation at wavelengths λ around 800 nm. When decreasing 

the thickness of Ta2O5 layer t3, the momentum of SPinner decreases and the resonance 

wavelength for the excitation of G-SPinner is blue-shifted. For the layer structure with Ta2O5 

layer thickness of t3 = 0 nm, G-SPinner resonance overlaps with the bandgap in SPouter 

dispersion relation, see Fig. 4(b). The electric field intensity profile for G-SPinner inside the 

bandgap is presented in Fig. 5(d) and it shows this mode is partially coupled to SPouter and 

exhibits a BSSP ω
+
 nature at both inner and outer metallic interfaces. We assume that it 

originates from diffraction coupled counter-propagating SPouter and SPinner when kSPouter = G-

kSPinner holds. 

 

Fig. 4. Simulated reflectivity for grating modulation depth d = 30 nm and Ta2O5 layer with the 

thickness of (a) t3 = 100 nm and (b) t3 = 0 nm. The reflectivity (a) was calculated for LASFN9 

substrate and (b) for BK7 substrate. Water on the top of PMMA layer and the azimuth angle φ 

= 0 deg are assumed. 
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Fig. 5. Electric field intensity across the Bragg grating |E|2 normalized with the maximum 

intensity |(E)max|
2 calculated for (a) ATR–coupled BSSP mode ω+ and (b) ATR–coupled BSSP 

mode ω- at the outer gold interface, (c) grating-coupled propagating SP at the inner gold 

interface, and (d) coupled surface plasmon at the inner and outer interfaces. The respective 

angles and wavelengths are noted as circles in Fig. 4. 

4.3 SPCE mediated by regular surface plasmons 

SPCE on a flat layer structure without the corrugation (d = 0 nm) and air on the top (n6 = 1) 

was firstly examined. The measured dispersion relation of surface plasmons for this geometry 

is shown in Fig. 6(a). It reveals that SPR occurs at the angle θI~39 deg in the LaFN9 glass 

substrate for the emission wavelength λem = 670 nm. The fluorescence image presented in Fig. 

6(b) exhibits the characteristic SPCE cone with the polar angle θem~38 deg which is in 

agreement with the SPR condition at the emission wavelength λem in Fig. 6(a). 

 

Fig. 6. (a) Dispersion relation of surface plasmons and (b) corresponding fluorescence 

emission image for flat layer structure on LaSFN9 substrate without Ta2O5 layer (t3 = 0 nm) 

and air on the top n6 = 1. 
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4.4 SPCE mediated by Bragg-scattered surface plasmons 

Further, we investigated the effect of a Bragg grating to fluorescence emission on the samples 

supporting BSSPs modes close to the emission wavelength λem. When the refractive index of 

the upper medium is increased to n6 = 1.33 and the layer structure is corrugated with the 

modulation depth of d = 10 nm, the resonant coupling to SPouter shifts to higher angles and a 

gap appears in their dispersion relation. As seen in Fig. 7(a), BSSP modes located at edges of 

the bandgap occur at wavelengths of λ = 670 nm (ω
+
) and 700 nm (ω

-
). The BSSP ω

+
 

wavelength matches the fluorescence emission wavelength λem which leads to additional 

confinement of fluorescence signal on the SPCE cone at azimuth angles close to φ = 0 and 

180 deg, see Fig. 7(b). The peak intensity at these angles where emission via BSSP ω
+
 occurs 

was increased by a factor of ~3 compared to that for regular SPCE cone. This effect is due to 

the enhanced PMD associated with the presence of BSSP at the emission wavelength λem [24]. 

The emission via BSSPs occurs only at narrow range of azimuth angles as the bandgap is 

blue-shifted away from the emission wavelength λem by increasing φ. When increasing the 

modulation depth to d = 30 nm, the bandgap becomes wider and BSSP ω
+
 and ω

-
 modes shifts 

to the wavelengths of 625 nm and 730 nm, respectively [see Fig. 7(c)] which agrees well with 

simulations presented in Fig. 4(a). Small differences between measured and simulated 

dispersion relation can be attributed to the discrepancy in refractive indices of materials and 

possible changes in modulation depth of the replicated grating. For this sample, the emission 

wavelength λem lies inside the bandgap and thus SPCE signal is canceled in the direction φ = 0 

and 180 deg as shown in Fig. 7(d). Interestingly, the intensity of whole SPCE cone associated 

with emission via SPouter modes is strongly decreased and the intensity of fluorescence signal 

at smaller polar angles θem is dramatically enhanced. This emission pattern is not symmetrical 

and the maximum intensity is observed at azimuth angles φ~ ± 50 and ± 130 deg. 

 

Fig. 7. Dispersion relations of surface plasmon modes on a gold grating surface with the Ta2O5 

layer (t3 = 100 nm) and water on the top (n6 = 1.33) for the modulation depth of (a) d = 10 nm 

and (c) d = 30 nm. Corresponding spatial distribution of fluorescence light emitted into a 

LaSFN9 glass substrate for grating with the modulation depth of (b) d = 10 nm and (d) d = 30 

nm. 

In order to elucidate the origin of this feature, dispersion relation of surface plasmon 

modes supported by the grating was measured for azimuth angles varied from φ = 0 to 90 deg. 
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As shown in Fig. 8(a)-8(d), the wavelength at which G-SPinner occurs is gradually blue-shifted 

and become less dependent on the angle of incidence θI when increasing the azimuth angle φ. 

This observation agrees with previously reported works [25]. The measured azimuthal 

dispersion indicates that the the resonant coupling to G-SPinner occurs at the emission 

wavelength of DiD dye λem = 670 nm for the azimuth angle φ = 50 deg. This angle matches 

the one at which the enhanced fluorescence emission was observed in Fig. 7(d). The weak 

dependence of the resonant wavelength on the angle of incidence θI explains the broad polar 

angular range at which the fluorescence light is emitted via G-SPinner. These data reveal that 

SPinner can efficiently collect fluorescence light from fluorophores placed at the outer metallic 

surface. This feature is interesting as the simulated probability of the fluorescence emission 

for SPinner on a flat structure is 6 times smaller than that for SPouter (see Fig. 3) due to the 

relatively small overlap of SPinner field with the top PMMA layer containing dyes [see Fig. 

5(c)]. The enhanced emission rate via SPinner can be ascribed to the redistribution of 

fluorescence emission pathways associated with the cancelling SPouter on the corrugated 

grating layer architecture. 

 

Fig. 8. Azimuth dependence of surface plasmon dispersion relation on a grating with the 

modulation depth d = 30 nm, Ta2O5 layer thickness t3 = 100 nm, and water medium on the top 

n6 = 1.33: (a) φ = 0 deg, (b) φ = 30 deg, (c) φ = 50 deg and (d) φ = 90 deg. Polar angles in 

LaSFN9 glass were measured. Momentum vector scheme for azimuth dependence of (e) 

Bragg-scaterred SPouter and (f) diffraction grating-coupled SPinner. 

In addition, momentum vector schemes are shown in Fig. 8(e)-8(f) in order to illustrate 

the azimuth dispersion of the coupling to SPouter and SPinner. On the outer surface, the grating 

was designed to support Bragg-scattered SPouter (occurring when 2kSPouter = G) at the 

wavelength 670 nm and azimuth angle φ = 0. Upon the excitation of SPouter at an increased 

azimuth angle φ > 0 deg, the parallel component of 2kSPouter to G is decreased and its 

magnitude does not match |G|, see Fig. 8(e). In order to fulfill the Bragg-scattering condition, 

the magnitude of kSPouter needs to be enlarged which occurs at lower wavelength and leads to 
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a blue shift of the bandgap as observed in Fig. 8(a)-8(d). For the inner surface, SPSPinner is 

excited by −1st diffraction order when the condition kph-G = kSPinner holds (where kph// is the 

in-plane momentum vector of the incident light beam). As Fig. 8(f) shows, the G-SPinner 

excitation requires an enhanced magnitude of the in-plane momentum of the incident light 

beam |kph//| when the azimuth angle φ is increased. This leads to the larger resonance (polar) 

angle of incidence θI at a given wavelength and to a blue shift of the G-SPinner resonance at a 

fixed angle of incidence θI. This trend is in agreement with measured data presented in Fig. 

8(a)-8(d). 

4.5 SPCE mediated by cross-coupled surface plasmons 

Finally, SPCE on the grating structure with cross-coupled surface plasmons at inner and outer 

metallic surface was studied. The gold grating with the modulation depth of d = 30 nm on 

BK7 glass substrate was brought in contact with air (n6 = 1) and water (n6 = 1.33) in order to 

tune the SPouter. The refractive index at the inner gold surface was decreased by choosing the 

thickness of Ta2O5 layer t3 = 0 nm which shifted the excitation of G-SPinner to lower 

wavelength below 700 nm. For the structure in contact with air, anti-crossing between G-

SPinner and ATR-coupled SPouter occurs as seen in the measured dispersion relation in Fig. 

9(a). Figure 9(b) shows that for this configuration the SPCE signal at the direction parallel to 

the grating vector φ = 0 and 180 deg is cancelled due to the gap occurring at emission 

wavelength λem. In other directions (φ≠0 deg), SPCE retains its characteristic circular shape in 

the same manner with Fig. 8(b). When the refractive index of the upper medium is increased 

to n6 = 1.33, the dispersion relation of SPouter shifts to higher angles and a BSSP bandgap 

opens at wavelengths close to the emission wavelength λem, see Fig. 9(c). 

 

Fig. 9. Dispersion relation of cross-coupled surface plasmon modes for grating with the 

modulation depth of d = 30 nm and without Ta2O5 layer t3 = 0 nm and the refractive index of 

upper medium (a) n6 = 1 and (c) n6 = 1.33 and respective fluorescence distributions emitted 

through the substrate (b) and (d). 

As discussed in previous section, the grating-coupled SPinner occurring inside this bandgap 

is partially cross-coupled to BSSPs ω
+
 mode (see simulated dispersion relation in Fig. 4(b) 

which agree well with the experiment and electric field intensity profile in Fig. 5(d)). This 
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cross-coupling effect alters the dispersion relation of SPinner which makes the resonance 

wavelength weakly dependent on the angle of incidence θI and increases the field strength at 

the outer gold interface, see Fig. 5(d). The corresponding SPCE image shows a dominant 

emission via SPinner centered at azimuth angles φ = 0 and 180 deg and cancelled SPCE cone 

via SPouter modes. This fluorescence emission pattern has similarity to that shown in Fig. 7(d) 

for which the emission occurs at higher azimuth angles due to the larger propagation constant 

of SPinner probing the Ta2O5 layer. 

5. Conclusions 

Dense sub-wavelength plasmonic gratings allow controlling spatial distribution of surface 

plasmon-coupled emission (SPCE) through a thin metal film on a dielectric substrate. The 

dispersion relation of surface plasmons at upper and lower interfaces of the thin metallic film 

can be simply tuned by changing the refractive index at respective metallic interfaces and 

enables exploiting a rich spectrum of Bragg scattered and cross-coupled surface plasmon 

modes. These waves can serve as efficient fluorescence decay channels for emitters placed on 

the top of the metallic film. In particular, modification of surface plasmon characteristics can 

suppress or enhance the fluorescence light intensity emitted to specific polar and azimuth 

directions on or inside the characteristic SPCE emission cone. These features can provide 

means for tuning the interaction of emitters with surface plasmons in areas including optical 

sources relying on nanoscale antennas and sensor utilizing surface plasmon-enhanced 

fluorescence spectroscopy. In particular, these observations may provide leads to advance 

plasmon-enhanced fluorescence sensors through more efficient collecting of fluorescence 

light emitted via Bragg-scattered surface plasmons, simpler detection of SPCE signal emitted 

at smaller polar angles and can be useful for multiplexing of sensing channels by emitting the 

fluorescence light from different sensing areas to different directions. 
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Abstract: A biosensor scheme that employs long range surface plasmons 

(LRSPs) for the efficient excitation and collection of fluorescence light from 

fluorophore-labeled biomolecules captured in a three-dimensional hydrogel 

matrix is discussed. This new approach to plasmon-enhanced fluorescence 

(PEF) is experimentally and theoretically investigated by using the 

Kretschmann configuration of attenuated total reflection (ATR) method. A 

layer structure supporting LRSPs that consists of a low refractive index 

fluoropolymer layer, a thin gold film and a large binding capacity N-

isopropylacrylamide (NIPAAm)-based hydrogel matrix swollen in an 

aqueous sample is employed. By using this layer architecture, the extended 

field of LRSPs probes the binding of biomolecules in the binding matrix at 

up to micrometer distances from the gold surface. With respect to regular 

surface plasmon-enhanced fluorescence spectroscopy (SPFS) and surface 

plasmon-coupled emission (SPCE), a narrower angular distribution of the 

fluorescence light intensity, a larger peak intensity and the excitation and 

emission at lower angles were observed. 
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1. Introduction 

Over the last decade, increasing efforts were devoted to fluorescence-based detection of 

chemical and biological analytes [1] with advanced sensitivity by using plasmon-enhanced 

fluorescence (PEF) [2–4]. Surface plasmons (SPs) are optical waves that originate from 

coupled collective oscillations of electron plasma and associated electromagnetic field at a 

metallic surface. Up to now, two main approaches that rely on SPs propagating along 

continuous metallic films were pursued for PEF. In surface plasmon-enhanced fluorescence 

spectroscopy (SPFS) [5], the binding of fluorophore-labeled molecules to biomolecular 

recognition elements attached on a metallic sensor surface is probed by the enhanced field 

intensity of SPs. This method takes advantage of increased excitation rate of fluorophores that 

is directly translated to an enhanced fluorescence signal. In surface plasmon-coupled 

fluorescence emission (SPCE) [6], fluorescence light emitted by fluorophores via SPs is 

detected. The out-coupling of fluorescence light that is trapped in SPs to far field radiation by 

using hemispherical [6] and parabolic [7] dielectric elements and metallic diffraction gratings 

[8] was reported to provide efficient means for collecting of SPCE signal. Owing to the 

evanescent profile of the SP electromagnetic field, only the fluorescence signal originating 

from fluorophores in a close proximity to the metallic surface (distance up to ~100 nm) is 

detected by SPFS and SPCE methods leading to a greatly suppressed background. 

In this paper, we investigate the excitation and emission of fluorophore-labeled 

biomolecules on a sensor surface that is supporting long range surface plasmons (LRSPs). 

These surface plasmon modes propagate along a thin metallic film that is embedded in 

dielectrics with similar refractive indices. They exhibit lower losses and an evanescent field 

that probe deeper away from a metallic surface compared to regular SPs [9]. The coupling of 

fluorophores with LRSPs was subject to theoretical investigation [10,11] and recently it found 

applications in areas including plasmonic lasers [12] and SPFS biosensors [13]. In the 

biosensor applications, LRSPs are particularly attractive for probing biointerfaces with an 

extended three-dimensional hydrogel matrix that offer a large binding capacity [14] and 

allowed for the detection of molecular analytes at low femtomolar concentrations in real 

samples [15,16]. In order to push forward the sensitivity of this biosensor scheme, we 

experimentally and theoretically study the excitation and emission of fluorescence light from 

dye molecules dispersed in a hydrogel binding matrix via LRSPs. The implementation of this 

method for more efficient and simpler detection of the fluorescence light is discussed. 
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2. Materials and methods 

2.1 Materials 

Cytop fluoropolymer (CTL-809M, 9 wt % in the solvent of CT-solv 180) was purchased from 

Asahi Glass (Japan). Phosphate buffered saline (PBS) with pH 7.4 was obtained from 

Calbiochem (Germany). PBS-Tween (PBS-T) buffer was prepared by adding 0.05% of 

Tween20 (Sigma-Aldrich, USA) to PBS buffer solution. Anti-mouse IgG (a-IgG) and mouse 

IgG (IgG) were from Molecular Probes (USA). a-IgG molecules were labeled with Alexa 

Fluor 647 with the dye-to-protein molar ratio of 4.5. This dye exhibits the quantum efficiency 

of η = 0.33 and the absorption and emission wavelengths at 650 nm and 668 nm, respectively. 

10 mM acetate buffer (ACT) with pH 4 was prepared in house. 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) was from Pierce (USA). Photocrosslinkable 

poly(N-isopropylacryamide) (NIPAAm)-based hydrogel with benzophenon and carboxylic 

groups, S-3-(benzoylphenoxy)propyl ethanthioate (benzophenone-thiol) and sodium para-

tetrafluorophenol sulfonate (TFPS) were synthesized at Max Planck Institute for Polymer 

Research in Mainz, Germany. Ethanolamine (Sigma-Aldrich, USA) was dissolved in water at 

1 M concentration with the pH of the solution adjusted to 8.5 with sodium hydroxide. 

2.2 Preparation of sensor layer structures supporting LRSPs and regular SPs 

The preparation of a layer structure supporting LRSP, grafting of a hydrogel binding matrix 

on its top and the immobilization of biomolecules were described in our previous works [17], 

[18]. Briefly, Cytop fluoropolymer film (thickness dCytop = 655 ± 15 nm) was spin coated on a 

glass substrate followed by the deposition of gold layer (thickness dm = 18.9 ± 1.7 nm) by 

means of magnetron sputtering (UNIVEX 450C, Leybold Vacuum, Germany). For a 

comparison, a gold film (thickness dm = 47.2 ± 0.8 nm) was prepared on a glass substrate for 

the excitation of regular SPs. After the gold deposition, the surface of substrates supporting 

LRSP and regular SP was subsequently modified by benzophenon-thiol self-assembled 

monolayer (SAM), coated with NIPAAm-based hydrogel (thickness in a dry state of 60 nm) 

and exposed to UV light (an irradiation dose of 2 J cm
2

 at a wavelength of λ = 365 nm) in 

order to photocrosslink the hydrogel film. As shown in our previous studies [19], the prepared 

NIPAAm-based hydrogel film swells in PBS-T buffer with the factor of around 10 leading to 

an increase in its thickness to dh~600 nm. Swollen hydrogel film was in situ functionalized 

with IgG molecules by the reacting of carboxylic groups in the gel with a mixture of EDC and 

TFPS followed by the covalent coupling of IgG molecules dissolved in ACT buffer via their 

amine moieties [19]. Afterwards, unreacted active ester groups of the hydrogel were 

passivated by the incubation in ethanolamine solution. Finally, fluorophore-labeled a-IgG 

molecules dissolved in PBS-T were flowed over the surface until the saturation of the affinity 

binding to immobilized IgG molecules was reached. The concentration of a-IgG that was 

captured in the gel was c~10
4

 M which corresponds to the surface mass density Γ = c/dh~10 

ng/mm
2
 (for a-IgG molecular weight 160 kDa). 

2.3 Optical setup 

An optical setup based on attenuated total reflection (ATR) method with Kretschmann 

configuration was employed. As depicted in Fig. 1(a), He-Ne laser beam at the wavelength of 

λex = 633 nm was launched to a 90° LASFN9 glass prism. On the prism base, a sensor chip for 

the excitation of LRSPs or regular SPs was optically matched, see Fig. 1(b). The intensity of 

the laser beam reflected from the prism base was measured with a photodiode detector and a 

lock-in amplifier (Model 5210, Princeton Applied Research, USA). Fluorescence light emitted 

from the surface at the wavelength of λem = 670 nm was coupled to an optical fiber by using a 

collimator (F220SMA-B, Thorlabs, Germany) and its intensity was detected by a 

photomultiplier tube (H6240-01, Hamamatsu, Japan) which was connected to a counter 

(53131A, Agilent, USA). The prism and detectors were mounted on a two-circle rotation 
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stage (Huber GmbH, Germany) in order to control the angle of incidence of the laser beam θI 

(wavelength λex) and the angle θF at which the fluorescence light was collected (wavelength 

λem). A set of filters including edgepass filter (FES0650, Thorlabs, Germany), notch filter 

(XNF-632.8-25.0M, CVI Melles Griot, Germany) and band-pass filter (670FS10-25, LOT-

Oriel, Germany) was used in order to suppress the background signal. The optical setup was 

controlled with a software Wasplas (developed at Max Plank Institute for Polymer Research 

in Mainz, Germany) and it allowed recording angular spectra of the reflectivity R(θI) and 

fluorescence intensity F(θI, θF) at wavelengths λex and λem, respectively. The fluorescence light 

emitted via LRSP and regular SP waves forms a characteristic cone centered at a (polar) angle 

θF for which surface plasmon modes are out-coupled by reverse Kretschmann configuration. 

A cross-section of the cone was measured for the azimuth angle fixed at  = 0 (see Fig. 2). 

 

Fig. 1. (a) Optical setup for the measurement of fluorescence intensity F(θI, θF) and reflectivity 

R(θI) angular spectra. (b) Layer architectures supporting regular SPs and LRSPs with a 
hydrogel binding matrix. 

For the measurement of angular reflectivity spectra R(θI) at wavelengths λex and λem , we 

used a modified setup where the laser light source and photodiode detector were replaced with 

a halogen lamp coupled to an optical fiber with a collimator producing a parallel 

polychromatic beam and with a spectrometer (HR4000 from Ocean Optics, USA), 

respectively. Refractive indices of gold films supporting LRSP and regular SP waves were 

obtained by fitting measured reflectivity curves R(θI) by using transfer matrix-based Fresnel 

reflectivity model (see Fig. 3) which was implemented in the software Winspall (developed at 

Max Planck Institute for Polymer Research in Mainz, Germany). The refractive indices of a 

gold film on Cytop polymer were nAu(λem) = 0.128 + 2.65i and nAu(λex) = 0.2 + 2.68i. The 

refractive indices of gold film on a glass substrate were determined as nAu(λem) = 0.118 + 3.92i 

and nAu(λex) = 0.153 + 3.52i which differ from those on the Cytop surface due to a different 

morphology [17]. In further simulations, refractive indices of LASFN9 glass np, Cytop 

polymer nCytop, and buffer ns at the emission and excitation wavelengths were taken from the 

literature as np(λem) = 1.841, np(λex) = 1.845, nCytop(λem) = 1.336, nCytop(λex) = 1.337, ns(λem) = 

1.331 and ns(λex) = 1.332 [17,20]. Refractive index of hydrogel matrix was assumed to be 

nh(λex, λem) = 1.35 [19]. 
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2.4 Simulations 

The classical theory of fluorescence near a metal surface [21,22] was employed for the 

simulation of fluorescence intensity F emitted from the hydrogel binding matrix. In these 

simulations, we assumed homogenously distributed, randomly oriented and identical dye 

molecules that were represented as oscillating emission and absorption dipoles. The 

orientation of emission dipole moment μem was defined by polar α and azimuth β angles as 

shown in Fig. 2. A relative angle between the emission μem and excitation μex dipole moments 

γ was assumed in order to take into account the structure of the dye molecule. This angle is 

between 0 (μem and μex are parallel) and 90 deg (μem and μex are perpendicular). In the model, 

rotation of dye molecules upon the emission was omitted. This assumption is reasonable as 

organic dyes were attached to a large protein which rotates much slower (characteristic time 

>10 ns) compared to the lifetime of excited dye (τ = 1 ns for Alexa Fluor 647 according to the 

manufacturer). Therefore, the excitation dipole μex lying on a cone with the axis parallel to 

μem, fixed aperture 2γ and an azimuth angle ρ between 0 and 360 deg was used. The spatial 

position of a dipole was described by its distance from the metal surface t. 

 

Fig. 2. Multilayer system and definition of coordinate system. 

By averaging over all possible dipole orientations α, β and ρ and distances t, the 

fluorescence intensity F emitted at the wavelength λem to the solid angle dΩ = sin(θF)dθFd 

was obtained as: 

 ( , , )     ,em
I F ex

tot nr

P
F d P d d d dt d

P P
      


  (1) 

where θF and  are fluorescence emission polar and azimuth angles, respectively, Pex is the 

excitation rate due to the absorption of photons at the wavelength λex, Pem is the emission rate 

that is accompanied with emitting photons at the wavelength λem and Pnr is the non-radiative 

decay rate with which the excited dye relaxes to the grounds state without emitting a photon. 

Ptot is the total radiative dissipation rate to all propagating and evanescent waves at the 

emission wavelength λem. The excitation rate Pex was obtained as: 

      
2

, , , , , ,ex I ex ex IP t t      μ E   (2) 

where Eex is the electric field amplitude at distance t from the metal surface upon the 

excitation plane wave at the wavelength λex hits the surface under an angle θI. The emission 

rate Pem(θF,,t,α,β) was calculated by using the transfer matrix-based model described by 

Polerecky et al. [23]. The non-radiative decay rate was described as Pnr = Ptot(1/η-1) where Ptot 
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for t was used (which corresponds to a dye immersed in water). For a dye in the proximity 

to a metal film, the total radiative energy dissipation rate Ptot is altered by additional emission 

channels associated with coupling to optical waves propagating along its surface. Ptot was 

obtained as a function of distance t by using the theory described by Ford et al. [22] as: 

  / / / /

/ /0

( , ) , , ,em
tot

dP
P t k t dk

dk
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where dPem/dk// is the energy dissipation density and k// is the component of the propagation 

constant that is parallel to the surface (e.g., k// = 2π/λemnpsinθF for waves propagating in the 

glass and k//>2π/λemnp for evanescent lossy surface waves). The propagation constant of light 

in the hydrogel film is denoted as kh = 2π/λemnh. μem┴ = |μem|cos(α) and μem// = |μem|sin(α) are the 

perpendicular and parallel components of the emission dipole moment, respectively. 

Coefficients r┴
TM

 and r//
TM

 take into account changes in perpendicular and parallel components 

of electric field amplitudes of transverse magnetic polarized (TM) field upon multiple 

reflections at the hydrogel interfaces. Similarly, the coefficient r//
TE

 is the amplitude change 

for transverse electrical (TE). These coefficients can be described by the TM reflectivity r+,-
TM

 

and TE reflectivity r+,-
TE

 at the interface between hydrogel and metal ( + ) and at the interface 

between hydrogel and water (-) as follows and are discussed in more detail in [22]. 
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3. Results and discussion 

3.1 Profile of probing field 

As Fig. 3(a) shows, the coupling of a light beam to LRSPs and regular SPs is manifested as a 

resonance dip in the angular spectrum R(θI). In Fig. 3(b), respective profiles of electric field 

intensity upon the resonant coupling to LRSPs and SPs (Kretschmann configuration with θI = 

48.5 and 56.7 deg, respectively, at the wavelength λex) are compared to those when the light 

beam is normal incident at the gold surface through the sample (direct excitation θI = 180 

deg). The electric field intensity |E|
2
 was normalized with the intensity of the light beam |E0|

2
 

incident through the prism (Kretschmann configuration) or through the sample (direct 

excitation). These data show that fields of LRSPs and regular SPs peak at the interface 

between the metal and hydrogel and then exponentially decay through the hydrogel in the 

aqueous medium. LRSP mode exhibits a penetration depth of Lp = 542 nm and average field 

intensity enhancement of |E|
2

ave/|E0|
2
 = 37 in the hydrogel matrix with the thickness of dh = 

600 nm. Let us note that the penetration depth Lp is defined as the distance at which the 

amplitude of the evanescent field drops by the factor of 1/e and the average field intensity was 

calculated as: 
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The excitation of regular SPs is associated with lower average electric field intensity 

enhancement of |E|
2

ave/|E0|
2
 = 8 as its penetration depth Lp = 180 nm and maximum field 

intensity enhancement are smaller than those for LRSP. Directly incident light beam is 

reflected at the gold surface and the interference gives rise to an oscillating field intensity 

profile with average intensity enhancement of |E|
2
ave/|E0|

2
 = 1.3 and |E|

2
ave/|E0|

2
 = 2.0 on 

substrates supporting LRSPs and regular SPs, respectively. 

 

Fig. 3. (a) Angular reflectivity spectra measured for the excitation of LRSP (, ) and SP 

modes (, Δ) at wavelengths of λem = 670 nm (filled) and λex = 633 nm (blank). Lines denote 
the fitted curves. (b) Simulated electric field intensity profile at the wavelength λex = 633 nm 

upon the resonant coupling of LRSPs (θI = 48.5 deg, solid line) and SPs (θI = 56.7 deg , dashed 

line) compared to that of directly incident light (θI = 180, LRSP: dotted line and SP: dashed dot 
line). 

3.2 Emission via surface plasmon waves 

After the excitation, dyes in vicinity to a metal surface can emit photons via surface plasmon 

modes at the wavelength λem. These decay channels can be observed from the energy 

dissipation density dPem/dk// that is presented in Fig. 4. It compares the emission dissipation 

density for dyes dispersed in a dielectric layer with the refractive index nh and thickness of dh 

= 20 and 600 nm on the top of the structure supporting (a) LRSPs and (b) regular SPs. The 

propagation constant region 0k//nsk0 corresponds to the fluorescence emission via modes 

propagating away from a metal surface (far field emission). For propagation constants in the 

range nsk0k// npk0, the fluorescence emission couples to waves that are evanescent in the 

sample and propagating in the glass. For larger propagation constants k//>k0np, the 

fluorescence is emitted via waves that are evanescent to both glass and the sample and they 

contribute to the dissipation of fluorescent light in the metal (quenching). 

The emission via surface plasmon modes is manifested as a series of peaks in the energy 

dissipation density located at distinct k//. The emission via LRSPs (1) is manifested as a 

narrower peak that is located at smaller k// with respect to the one for regular SPs (2). In 

addition, one can see the emission via other modes including surface plasmons propagating at 

the interface between glass and gold (3) and short range surface plasmons (SRSPs) (4). For 

the dipole-loaded layer with the thickness of dh = 600 nm, the peak energy dissipation density 

associated with the coupling to LRSPs is 10.6 fold higher compared to that with regular SPs. 

For a thinner layer with a thickness of dh = 20 nm, the LRSP peak energy dissipation density 

is 2.2 fold higher that for the SP. 
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Fig. 4. Simulated energy dissipation density as a function of parallel component of the 

propagation constant k// for the binding matrix with the thickness dh = 20 nm (red) and 600 nm 

(black) on the top of a layer structure supporting (a) LRSP and (b) regular SP modes. 

Figure 5 presents the dependence of the energy dissipation probabilities D(t) via regular 

SP, LRSP and SRSP modes on the distance t between a randomly oriented dye and the metal 

surface. The energy dissipation probability was calculated as: 
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where k//
res

 is the propagation constant at which the coupling to respective mode occurs and 

Δk// is the full width in the half maximum of the peak in the energy dissipation density [see 

Fig. 4(b)]. As seen in Fig. 5, the coupling efficiency to SRSPs has the maximum at distances 

around t = 10 nm (where more than 90% of fluorescence light is emitted via this mode) and it 

rapidly decreases for t>20 nm. As SRSPs cannot be out-coupled by the used reverse 

Kretschmann configuration, the emission via these modes enhances quenching of the 

fluorescence. For regular SPs, the maximum emission probability of around 60% occurs at 

distances around t = 20 nm. The emission of fluorescence light is coupled weaker to LRSP 

mode and reaches its maximum of around 20% at t = 60 nm from the metal surface. 

 

Fig. 5. The dependence of energy dissipation probability on the distance from a gold surface t. 
The probabilities through surface plasmon waves (LRSP: (1), SP: (3)) that can be recovered by 

reverse Kretschmann configuration nhk0k// npk0 and that of SRSP which is a part of lossy 

wave are plotted (2). 

For dyes distributed in the hydrogel, the average energy dissipation probability of via 

different surface plasmon modes was obtained by integrating respective D(t): 
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For LRSP, the average energy dissipation probability for dyes dispersed in a 600 nm thick 

hydrogel matrix reaches Dave = 7% which is comparable to that for regular SPs (Dave = 11%) 

and SRSPs (Dave = 5%), respectively. These data illustrate the balance between the effect of 

surface plasmon field confinement (enabling more efficient collecting of fluorescence light 

from a tight volume) and the thickness of the binding matrix (that can accommodate larger 

amount of molecules and can provide to stronger fluorescence signals). 

3.3 Out-coupling of fluorescence light emitted through LRSP and SP modes 

The excitation and out-coupling of fluorescence light via LRSPs and SPs modes was 

experimentally observed and compared with simulations. Firstly, dye-labeled biomolecules 

captured in a 600 nm thick binding matrix were directly excited by a laser beam normal 

incident at the gold surface (θI = 180 deg) and the fluorescence intensity F(θF) emitted 

through the prism was measured. As Fig. 6(a) shows, the fluorescence light emitted via LRSP 

and SP modes gives rise to distinct peaks in F(θF) spectra centered at angles θF = 49.3 and 

56.5 deg, respectively. In the experiment, the maximum fluorescence intensity is about 1.9 ± 

1.2 (standard deviation - SD) fold higher for LRSPs compared to that for SPs. In addition, full 

width at half maximum (FWHM) of the emission peak is 6-times narrower than that of SPs 

which is attributed to the lower damping of LRSPs. In Fig. 6(b), spectra from identical 

substrates were measured upon the fluorescence excitation by the enhanced field intensity of 

LRSP and regular SP modes. One can see that the peak fluorescence intensity was increased 

by a factor of 37 ± 10 (SD) for LRSPs with respect to that for direct excitation. Similarly, the 

measured peak fluorescence intensity was increased by a factor of 16 ± 8 (SD) for the SPs. 

The ratio of the peak fluorescence intensity for the excitation and emission via LRSP and 

regular SP was 4.4, see Fig. 6(b). 

 

Fig. 6. Experimental fluorescence intensity emitted via LRSP and SP modes for (a) direct 

excitation with a laser beam (θI = 180 deg) and (b) for the excitation via LRSP and SP modes. 
In each experiment, three samples were measured (black symbols for LRSPs and red symbols 

for SPs) and compared to the simulations with the relative angles γ = 0 and 45 deg (dashed and 

solid lines, respectively). 

In the simulations, for the relative angle between the emission and absorption dipole γ = 0, 

the enhancement of peak fluorescence intensity F upon the excitation by LRSP and regular 

SPs is significantly larger (197-fold and 31-fold, respectively) and it decreases to 44 and 10, 

respectively, when increasing to the relative angle to γ = 45 deg. As the structure and the 

relative angle of used Alexa Fluor 647 dye are not known, this parameter was varied to match 

simulations with experimental data. The data presented in Fig. 6 reveal good agreement 

between experimental and simulation curves for γ close to 45 deg. Additional small 

discrepancies can be attributed to the inhomogeneous distribution of a-IgG in the hydrogel 

film. The used NIPAAm-base hydrogel was reported to exhibit higher density in vicinity to 

#144352 - $15.00 USD Received 18 Mar 2011; revised 7 May 2011; accepted 13 May 2011; published 23 May 2011
(C) 2011 OSA 6 June 2011 / Vol. 19, No. 12 / OPTICS EXPRESS   11098



the metal surface compared to the outer interface with a sample [24] and thus the density of 

dyes attached to individual IgG molecules is likely gradually decreasing when increasing the 

distance from the metal surface. Lastly, let us note that the measured enhancements for the 

excitation of the fluorescence light intensity via LRSPs and regular SPs, respectively, are 

comparable to the calculated average field intensity enhancement of |E|
2
ave/|E0|

2
 = 37 and 8, 

respectively. However, the presented work shows that besides increasing the excitation rate by 

large field intensity enhancement, also careful design of fluorescence decay channels needs to 

be addressed in order to achieve maximum sensitivity of fluorescence light detection. 

4. Conclusions 

We investigated the long range surface plasmon-assisted excitation and emission of 

fluorophore-labeled molecules captured in a large-binding capacity hydrogel matrix. These 

surface plasmon modes offer the advantage of lower damping, more extended profile of 

electromagnetic field and higher field intensity enhancement with respect to regular surface 

plasmons. The obtained experimental data measured by using the ATR method with 

Kretschmann configuration exhibited good agreement with simulations. It revealed that, 

compared to regular surface plasmons, the combined excitation and emission via long range 

surface plasmons allowed increasing the peak fluorescence intensity with a factor of 4.4 and 

squeezing the emission in a cone that exhibited 6-fold narrower full width in half maximum. 

The results indicate that probing the hydrogel interface by LRSPs and regular SPs leads to 

similar total fluorescence light intensity collected through the surface plasmon-coupled 

emission. However, the employing of LRSPs offers the advantage of excitation and emission 

at lower angles which can simplify the implementation of this method to practical biosensor 

devices. In addition, the highly directional emission manifested as a narrow emission peak can 

be more efficiently filtered from the background signal and it can be useful for e.g. angular 

multiplexing of sensing channels. Our future work will be devoted to the suppressing of 

competing emission via LRSPs and SRSPs modes by using (nano)structured metallic films 

and to the implementation of combined SPFS and SPCE with LRSP modes to compact 

biosensor devices. 
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