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Résumé 
 

 

 

 

Cette thèse traite des propriétés de transmission de la lumière à travers des fentes sub-

longueur d’onde dans des films métalliques. On étudie la transmission à travers ces fentes 

d’un point de vue théorique et expérimental, ainsi que la possibilité de les utiliser pour 

différentes applications optiques. 

La partie théorique de cette thèse étudie de façon approfondie  la transmission à travers 

un réseau périodique de fentes sub-longueur d’onde. Un modèle analytique permettant de 

calculer la transmission de la lumière à travers un réseau de fente est développé. Ce modèle 

donne une expression analytique des relations de dispersion des modes responsables de la 

transmission élevée. Les modes provocant une transmission élevée présentent une nature 

hybride entre un mode de type Fabry-Pérot et un mode de type surface plasmon polariton. 

Cette étude donne une compréhension claire du comportement des différents modes dans le 

processus de transmission, ce qui est très important dans le but de modéliser des réseaux 

possédant des propriétés particulières et pouvant être utilisés pour diverses applications. 

La transmission de la lumière est mesurée à travers des fentes uniques, des fentes avec 

des creux périodiques de chaque coté de la fente ainsi qu’avec des réseaux de fentes. Des 

structures type "fente-creux" recouvertes par une fine couche diélectrique ont également été 

fabriquées. Avec de telles structures, des modes guidés de polarisation transverse électrique 

peuvent être excités dans la couche diélectrique, ce qui  permet d’augmenter grandement la 

transmission de la lumière polarisé TE à travers la fente par rapport à des structures type 

"fente-creux" conventionnelles, qui transmettent de façon résonantes uniquement la lumière 

polarisé transverse magnétique (TM). Les mesures sont comparées avec des calculs 
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théoriques afin de valider les différents outils de modélisation à disposition, ce qui s’avère 

nécessaire en vue d’utiliser ces structures pour des applications variées. 

L’utilisation de fentes dans des films métalliques est ensuite étudiée pour différentes 

applications en prenant en compte les travaux expérimentaux et théoriques de cette thèse. 

Trois appareils optiques sont étudiés : des biocapteurs, des diodes électroluminescentes et des 

caméras. Les réseaux de fentes, dont la transmission optique est très sensible aux variations de 

l’indice de réfraction, peuvent être utilisés pour développer des capteurs compacts et portatifs. 

Notre étude théorique montre qu’une grande sensibilité à des changements d’indice de 

réfraction est obtenue dans le cas de réseaux suspendus.  

Dans le cas des diodes électroluminescentes, des réseaux de fentes sont étudiés dans le 

but de fabriquer des contacts électriques transparents. L’étude réalisée montre que la 

transmission de la lumière peut être très élevée à travers un réseau de fente sur un substrat 

d’indice de réfraction élevé, caractéristique des diodes électroluminescentes. Grâce au 

couplage de la lumière par le réseau de fentes, la lumière peut même être extraite pour des 

angles d’incidence plus grands que l’angle critique. Les premiers calculs montrent que 

l’extraction de la lumière à travers un contact métallique avec un réseau de fente sur un 

substrat de GaP peut-être deux fois plus importante que pour une interface GaP-air planaire. 

Enfin, des réseaux de fentes ainsi que des structures de type "fente-creux" ont été 

intégrées sur les pixels d’un capteur CMOS. Dans le cas d’un pixel avec un réseau de fentes, 

une extinction de polarisation de 200 est mesurée sur un gamme spectral de 200 nm. Cela 

signifie que des réseaux de fentes peuvent être utilisés comme micro-polariseurs dans le but 

d’effectuer de l’imagerie sensible à la polarisation. Dans le cas des pixels avec des structures 

de type "fente-creux", les mesures montrent que ce type de structure permet d’améliorer d’un 

facteur huit le signal mesuré sur le pixel. Ces structures peuvent être utilisées pour augmenter 

le rapport signal sur bruit du capteur. 
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This thesis explores the properties of the transmission of light through subwavelength 

slits in metal films. Theoretical and experimental studies on the transmission through slits in 

metals are presented. In addition, the potential use of these slits for different applications is 

investigated. 

The theoretical aspect concentrates on the study of the transmission of light through slit 

arrays. It is observed that high transmission is due to the coupling of two modes: one whose 

properties depend on the slit geometry and the other one whose properties depend on the 

grating periodicity. To determine the exact nature of these hybrid modes an analytical model 

is derived. The simplified model gives accurate analytical expressions for the transmission 

and also for the dispersion relations of the hybrid modes responsible for high transmission. 

The dispersion relations give a clear picture of the role played by the different resonances in 

the transmission process. We find that the high transmission modes are hybrid in nature 

between that of a Fabry-Pérot mode and a surface plasmon polariton mode. These hybrid 

modes have either symmetric or antisymmetric profiles. These findings are important as they 

clarify the nature of the modes responsible for high transmission, and therefore can be useful 

as a design tool for metal gratings for various applications. 

The light transmission through single slits, slit and groove structures and slit arrays is 

optically characterized. Also, slit and groove structures covered by a thin dielectric layer are 

fabricated. With this type of structure, transverse electric (TE) polarized dielectric waveguide 

modes can be excited inside the dielectric film, which strongly increases the TE polarized 

transmission as compared to conventional slit and groove structures, which only gives high 
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transmission for transverse magnetic (TM) polarization. These structures demonstrate an 

efficient way to enhance light transmission through subwavelength apertures as both TE and 

TM polarization can be efficiently transmitted. The transmission measurements for the 

different types of structures are compared with theory. This gives an idea of the validity of the 

theoretical tools considered, which is necessary to address the potential of subwavelength slits 

in metals for applications. 

Taking advantage of the theoretical and experimental work developed in this thesis, the 

use of slits in metals is considered for three different optical devices: biosensors, light 

emitting diodes and image sensors. In the case of biosensors, slit arrays whose optical 

transmission is highly sensitive to refractive index changes could be useful to design compact 

and portable sensors. Our work show that a high sensitivity to refractive index changes can be 

obtained in the case of suspended slit arrays. As an example, theoretically an adsorption of a 

1.6 nm thick layer of bovine serum albumin on a slit array could provide a 3% intensity 

change. 

Slit arrays are also investigated for light emitting diodes in order to obtain transparent 

metal contacts. It is shown that light transmission through slit arrays on a high refractive 

index substrate, characteristic of light emitting diode, can be very efficient. Light can be 

extracted even for angles of incident larger than the critical angle due to grating coupling. 

Preliminary calculations show that a metal contact with arrays of slit can give twice the 

extraction efficiency of a planar GaP-air interface. 

Finally, slit arrays and slit and groove structures have been integrated as a post process 

onto pixels of image sensors. In the case of a pixel with a slit array, a polarization extinction 

ratio higher than 200 over a bandwidth of 200 nm is measured, which means that slit arrays 

can be used as very efficient micro-polarizers in view of polarization imaging. In the case of 

pixels with slit and groove structures, measurements show that the slit and groove structure 

could improve by a factor of eight the signal measured on the pixel. Such structure could be 

used to replace current optical systems or to improve device performances by increasing the 

signal to noise ratio and allowing polarization and colour selectivity.  

 

 

Keywords: 

Optic, photonic, plasmonic, metal, diffraction grating, slit array, Fabry-Pérot cavity, surface 

plasmon polariton (SPP), waveguide, enhanced optical transmission (EOT), biosensor, light 

emitting diode, image sensor, CMOS sensor. 



 

 

 

 

 

 

Contents 
 

 

 

 

RÉSUMÉ ................................................................................................................................... I 

ABSTRACT ............................................................................................................................ III 

CONTENTS .............................................................................................................................. V 

CHAPTER 1 INTRODUCTION ............................................................................................ 1 

1.1. HISTORICAL REVIEW ................................................................................................... 2 
1.2. RECENT DEVELOPMENTS ............................................................................................. 4 
1.3. OBJECTIVE OF THE THESIS ........................................................................................... 7 

CHAPTER 2 OPTICAL PROPERTIES OF METALS ....................................................... 9 

2.1. PERMITTIVITY OF METALS ......................................................................................... 10 
2.2. SURFACE PLASMON POLARITONS .............................................................................. 14 

2.2.1. Dispersion relation .............................................................................................. 14 
2.2.2. SPP confinement and losses ................................................................................. 17 
2.2.3. SPP excitation ...................................................................................................... 18 

2.2.3.1. Grating coupler ............................................................................................ 18 
2.2.3.2. Attenuated total reflection ............................................................................ 20 

2.2.4. SPP dispersion relation in the case of thin films: derivation from a Fabry-Pérot 
cavity  .............................................................................................................................. 21 

CHAPTER 3 THEORY OF LIGHT TRANSMISSION THROUGH 
SUBWAVELENGTH SLITS ................................................................................................ 25 

3.1. THE SINGLE SLIT CASE .............................................................................................. 26 
3.1.1. Waveguiding properties of a single slit ............................................................... 26 

3.1.1.1. Derivation of the waveguide mode equation ............................................... 26 
3.1.1.2. Graphic solution of the waveguide mode equation ...................................... 28 



Contents 
 

vi 
 

3.1.1.3. Resolution of the propagation constants in the case of a perfect electric 
conductor ...................................................................................................................... 28 
3.1.1.4. Determination of the propagation constants in the case of real metals ........ 30 
3.1.1.5. Surface wave characteristics of the fundamental TM slit mode .................. 31 
3.1.1.6. Permittivity dependency on waveguide properties ...................................... 32 

3.1.2. Light transmission through a subwavelength slit ................................................ 34 
3.1.3. Enhanced optical transmission through a subwavelength slit surrounded by 
periodic grooves ............................................................................................................... 35 
3.1.4. Conclusion ........................................................................................................... 37 

3.2. OPTICAL PROPERTIES OF SLIT ARRAYS ...................................................................... 38 
3.2.1. Modal expansion method ..................................................................................... 38 

3.2.1.1. Choice of the model ..................................................................................... 38 
3.2.1.2. Theoretical formalism .................................................................................. 39 
3.2.1.3. Accuracy of the model ................................................................................. 41 
3.2.1.4. Light transmission properties through slit arrays ......................................... 42 

3.2.2. Simplified model ................................................................................................... 44 
3.2.2.1. Analytical formula for the transmission ...................................................... 44 
3.2.2.2. Accuracy of the model ................................................................................. 44 
3.2.2.3. Dispersion relation of transmission resonances ........................................... 45 

3.2.3. Description of the dispersion relation of the modes responsible for high 
transmission ..................................................................................................................... 47 

3.2.3.1. Periodicity related effects ............................................................................ 47 
3.2.3.2. High transmission far from SPP and RW conditions ................................... 48 
3.2.3.3. High transmission near the SPP and RW conditions ................................... 50 

3.2.4. Role of SPP .......................................................................................................... 54 
3.2.5. Conclusion and outline ........................................................................................ 56 

CHAPTER 4 METAL STRUCTURES ON GLASS: FABRICATION, 
CHARACTERIZATION AND COMPARISON WITH THEORY ................................. 59 

4.1. MATERIALS AND METHODS ....................................................................................... 60 
4.1.1. Sample Fabrication .............................................................................................. 60 
4.1.2. Optical setup ........................................................................................................ 63 

4.1.2.1. Collection angle ........................................................................................... 65 
4.1.2.2. Spectrum normalization ............................................................................... 66 

4.2. TRANSMISSION MEASUREMENTS THROUGH SINGLE SLITS ......................................... 68 
4.2.1. TM polarization ................................................................................................... 68 
4.2.2. TE polarization .................................................................................................... 68 

4.3. ENHANCED OPTICAL TRANSMISSION MEASURED WITH SLIT AND GROOVE STRUCTURES 
  .................................................................................................................................. 70 

4.3.1. TM transmission ................................................................................................... 70 
4.3.2. Comparison between theory and experiment ....................................................... 71 
4.3.3. Importance of the collection angle ...................................................................... 71 
4.3.4. Polarization properties ........................................................................................ 72 

 



Contents 
 

vii 
 

4.4. SLIT AND GROOVE STRUCTURE WITH A THIN DIELECTRIC TOP LAYER: TOWARDS 

UNPOLARIZED ENHANCED OPTICAL TRANSMISSION ............................................................... 74 
4.4.1. Introduction .......................................................................................................... 74 
4.4.2. Transmission without dielectric layer .................................................................. 75 

4.4.2.1. Measurements .............................................................................................. 75 
4.4.2.2. Agreement with theory ................................................................................ 75 

4.4.3. Dielectric layer deposition ................................................................................... 77 
4.4.4. Transmission measurements with PMMA layer .................................................. 78 

4.4.4.1. TM transmission .......................................................................................... 78 
4.4.4.2. TE transmission ........................................................................................... 78 
4.4.4.3. Comparison between theory and experiment ............................................... 80 

4.5. LIGHT TRANSMISSION THROUGH SLIT ARRAYS .......................................................... 81 
4.5.1. TM polarization ................................................................................................... 81 
4.5.2. Agreement with theory ......................................................................................... 82 
4.5.3. TE polarization and extinction ratio .................................................................... 82 
4.5.4. Slit array imaging ................................................................................................ 83 

4.6. CONCLUSION ............................................................................................................. 86 

CHAPTER 5 APPLICATIONS ............................................................................................ 87 

5.1. SURFACE PLASMON RESONANCE SENSING ................................................................. 88 
5.1.1. Principle ............................................................................................................... 88 
5.1.2. Design of slit arrays for chemical/biological sensing ......................................... 90 

5.1.2.1. Sensitivity of slit arrays to refractive index changes ................................... 90 
5.1.2.2. Sensitivity of slit arrays to adsorbing layer of molecules ............................ 94 

5.1.3. Experimental measurement of refractive index changes ..................................... 95 
5.1.4. Conclusion and outline ........................................................................................ 97 

5.2. LIGHT EXTRACTION OF LIGHT EMITTING DIODES (LEDS) ........................................ 99 
5.2.1. LEDs principle and characteristics ..................................................................... 99 
5.2.2. Light extraction problem .................................................................................... 100 

5.2.2.1. Contact shadowing ..................................................................................... 100 
5.2.2.2. Internal reflection ....................................................................................... 101 

5.2.3. Theoretical study ................................................................................................ 104 
5.2.3.1. Light transmission through slit arrays on GaP substrate ........................... 104 
5.2.3.2. Accuracy of the model ............................................................................... 107 
5.2.3.3. Extraction beyond the light cone with slit arrays ....................................... 108 

5.2.4. Transmission measurements through slit arrays on GaP substrates................. 111 
5.2.5. Limitations and perspectives .............................................................................. 114 

5.3. IMAGE SENSORS ...................................................................................................... 115 
5.3.1. Objectives ........................................................................................................... 116 

5.3.1.1. Colour imaging .......................................................................................... 116 
5.3.1.2. Polarization imaging .................................................................................. 116 
5.3.1.3. Signal to noise ratio improvement ............................................................. 117 

5.3.2. Materials and method ........................................................................................ 119 
5.3.3. Slit arrays on image sensors .............................................................................. 121 



Contents 
 

viii 
 

5.3.4. Slit and groove structures on image sensors ..................................................... 124 
5.3.5. Outline and perspective ..................................................................................... 128 

CHAPTER 6 CONCLUSION & OUTLOOK ................................................................... 131 

APPENDIX A REFRACTIVE INDICES OF GOLD AND GALLIUM PHOSPHIDE 135 

APPENDIX B MODAL EXPANSION DERIVATION ................................................... 137 

APPENDIX C ANALYTICAL FORMULAS FOR THE TRANSMISSION AND 
REFLECTION COEFFICIENTS OF SINGLE INTERFACES IN SLIT ARRAYS ... 143 

REFERENCES ..................................................................................................................... 147 

ACKNOWLEDGEMENTS ................................................................................................ 159 

CURRICULUM VITAE ...................................................................................................... 161 

 
 



 

 

 

 

 

 

Chapter 1  

Introduction 
 

 

 

 

Optical properties of metal-dielectric interfaces have been intensively studied since the 

beginning of the twentieth century. Metals have the ability to sustain coherent oscillations of 

free electrons that can interact with electromagnetic waves, leading to surface waves called 

surface plasmon polaritons. After a historical introduction, this chapter gives an overview of 

the state of the art of the research field studying surface plasmon polaritons called plasmonics. 

In the last section, the objective of this thesis is described and an outline of the manuscript is 

presented. 
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1.1. Historical review 
Metals have been used for a long time for decorative applications. Romans were already 

using metal particles to colour glass windows and ceramic potteries. A prominent example 

dated to the fourth century AD is the Lycurgus cup displayed in the British museum and 

shown in Fig. 1.1. The scene on the cup depicts the legend of Lycurgus from Homer’s Iliad. 

King Lycurgus, a man of violent temper, attacked Dionysos and one of his maenads, 

Ambrosia. Ambrosia called out to Mother Earth, who transformed her into a vine. She then 

coiled herself about the king, and held him captive. The cup shows this moment when 

Lycurgus is entrapped by the branches of the vine. It has been thought that the theme of this 

myth - the triumph of Dionysos over Lycurgus - might have been chosen to refer to a 

contemporary political event, the defeat of the emperor Licinius (reigned AD 308-24) by 

Constantine in AD 324. This cup, in addition to attracting interest from a historical point of 

view, is also famous for its remarkable optical properties. Whereas the cup appears green 

when illuminated from the outside (i.e. in reflection), a striking red colour is observed when 

the light source is placed inside the cup. This effect is caused by the presence of gold and 

silver nanoparticles embedded in the glass. At wavelengths corresponding to the green colour, 

the metal particles induce strong scattering, leading to the green colour in reflection, and 

absorption, giving rise to the red colour in transmission. 

 

Figure 1.1. The Lycurgus cup illuminated from (a) outside and (b) inside [1]. 
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The explanation of these optical effects was made possible only centuries later. In 1856, 

Faraday presented a scientific paper reporting the colourful appearance of colloidal solutions 

of metal particles when illuminated with white light [2]. The first successful theoretical 

treatment of light scattering by a homogeneous sphere in a medium was achieved by Mie in 

1908 [3]. His calculations show that the scattering efficiency of a particle has resonances at 

particular wavelengths depending on refractive indices of both the particle and the 

surrounding medium and also on the particle size. The resonances in the scattering efficiency 

of the metal particles are at the origin of the observed colours. These resonances are today 

seen as the coupling of light with a collective oscillation of free electrons in the metal called 

plasmons. 

In the middle of the twentieth century, it was shown both theoretically and 

experimentally that when a metal is exposed to a beam of electrons, bulk [4-7] and surface 

[8,9] plasma oscillations can be produced. The first reported excitations of surface plasmon 

were however performed 50 years before on metal diffraction grating. At that time, Wood had 

observed rapid variations in the intensity of the diffracted orders of a metal grating but was 

not able to explain what he called anomalies [10]. It was not until 1965 that Hessel and Oliner 

recognized that one type of the anomalies observed by Wood was due to the excitation of 

surface plasmon modes [11]. 

Surface plasmons are solution of Maxwell’s equations and are called surface plasmon 

polaritons (SPP’s) to reflect the coupling of collective oscillation of free surface charges of 

the metal with electromagnetic waves. SPP’s are surface waves propagating at metal-

dielectric interfaces and have attracted interest due to their strongly confined electromagnetic 

field at the metal surface. New techniques based on attenuated-total-reflection (ATR) were 

proposed by Otto, Raether and Kretschmann around the 1970’s to optically excite surface 

plasmons [12]. These techniques facilitated the study of surface plasmon, which in turn 

quickly led to a new class of sensors called surface plasmon resonance (SPR) sensors [13].  
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1.2. Recent developments 
The considerable advances in nanotechnology made in recent years imply that metal 

structures can be fabricated at the nanometre scale. This enables surface plasmon properties to 

be tailored such that light can be controlled and manipulated at the nanoscale, which offers 

opportunities for new types of photonic devices. A brief overview of the recent development 

in the research field of plasmonic is given in the present section. 

One important aspect of SPP modes is the possibility to confine and channel light with 

subwavelength structures. The strong mode confinement as compared to conventional optical 

waveguides could be particularly useful in view of waveguide miniaturization and high 

density integrated photonic circuits [14]. The SPP propagation length, which constitutes the 

main limitations of SPP based waveguides, can be increased in several ways, for example 

exciting the antisymmetric mode sustained by thin metal films. Light needs also to be 

confined laterally. To achieve this, different schemes have been proposed, such as metal 

stripes [15-18], grooves [19,20] and particle chains [21,22]. SPP-based optical elements for 

photonic circuits such as lenses, mirrors, beam splitters, multiplexers and resonators have also 

been demonstrated [23-28]. SPP-based elements are intrinsically two-dimensional elements, 

which make them particularly suited for highly integrated optical circuits. 

The strong field confinement close to the metal surface means that SPP excitation 

strongly depends on the local dielectric environment. The binding of molecules on the metal 

surface induces a modification of the surrounding permittivity, which in turn leads to a change 

in the SPP coupling efficiency. This is the principle behind SPP-based sensing, which has 

been demonstrated with both metal films and particles [29]. SPP-based sensing is now a 

mature technology and commercial instruments have been developed [30]. 

The strong field enhancement induced locally by SPP excitation at rough metal surfaces 

or particles has been used in several spectroscopy techniques and particularly to enhance the 

Raman signal [29,31-34] and infrared absorption [35]. The localized SPP resonance of 

particles can induce heating of its surroundings. This local heating has been optimized and 

tuned to the infrared spectral range and employed to photothermally ablate cancer cells 

[36,37]. The advantage of photothermal therapies as compared to other techniques is that it 

can eliminate only the targeted affected tissues without destroying nearby healthy ones. 

The unique properties of SPP modes have also been considered in many other areas 

among them super-resolution [38,39], negative refraction [40] or omnidirectional absorption 
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[41]. 

One topic of interest for this thesis is enhanced optical transmission through 

subwavelength apertures in metal films. There is no propagating mode inside subwavelength 

holes in a metal, and therefore only a small portion of the light is transmitted through them. 

However, it was observed by Ebbesen et al. [42] that the transmission is strongly enhanced at 

particular wavelengths when holes are placed in a periodic array similar to the one shown in 

Fig. 1.2(a). The normalized transmission, which is defined as the ratio between the light that 

illuminates an aperture to the one transmitted by this aperture, is shown in Fig. 1.2(c) for 

square arrays of N × N holes. A strong enhancement is observed in the case of hole arrays as 

compared to the case of a single hole, represented by the black solid line. For a sufficiently 

large array, the transmission can be greater than unity. This means that light transmitted by a 

hole can be greater than that impinging on it. The enhanced light transmission phenomenon 

through hole arrays has been explained by the excitation of SPP’s on the film surface [43,44]. 

More generally, the excitation of surface modes of any type can enhance light transmission 

through subwavelength hole arrays, like spoof SPP’s in the case of perfect metals [45] or 

dielectric waveguide surface modes in the case of transverse electric (TE) polarization [46]. 

The phenomenon of enhanced optical transmission has been heavily studied, both from 

a theoretical and an experimental view point [47,48]. One important aspect regarding 

enhanced optical transmission is the type of aperture considered [49,50]. The possibility to 

couple incident light with a propagating mode inside the aperture as is the case in slits for 

transverse magnetic (TM) polarized light can lead to a transmission of unity in a lossless 

systems [51]. 

It has also been shown that the transmission can be enhanced for a single aperture 

flanked by periodic corrugations [52,53]. An example of such structure is shown in Fig. 

1.2(b). The periodic structure converts incident waves into SPP waves which propagate 

towards the single aperture. Light directly incident on the aperture and SPP’s can 

constructively interfere, increasing the overall transmission, as observed in Fig. 1.2(d). 
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Figure 1.2. Scanning electron microscope (SEM) images of (a) an array of 9 × 9 holes (diameter 

150 nm, periodicity 410 nm) in a silver film and (b) a single slit surrounded by 5 

grooves (slit width 100 nm, period 650 nm). Panel (c) shows the corresponding 

transmission measurements of hole arrays for different hole numbers and (d) the 

transmission through slit and groove structures for different groove numbers. Adapted 

from [54].  
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1.3. Objective of the thesis 
The objective of this thesis is to study theoretically and experimentally light 

transmission through nanostructured metal films and use these structures to enhance the 

properties of optical devices. As stated in Section 1.2, the transmission is considerably 

increased when propagating modes are sustained inside apertures like slits. The work of this 

thesis consequently concentrates on slits. 

The properties of metals are discussed in Chapter 2 together with optical phenomena 

which will be used in the subsequent chapters. The use of slits to enhance optical devices 

efficiency requires a good understanding of the transmission process as well as adequate 

simulation tools. In view of this, Chapter 3 is dedicated to the description of the transmission 

mechanism through slits. The waveguide modes inside slits are derived and the notion of 

propagating and evanescent modes is introduced. It is shown that there is always a 

propagating mode inside slits for transverse magnetic (TM) polarization, no matter how 

narrow the slits are. This mode plays a major role in the high TM transmission through single 

slits, slit and groove structures and slit arrays. The transmission properties of slit arrays are 

then studied in details. A modal expansion method is used to calculate the transmission 

through slit arrays. Plotting the transmission for different geometrical parameters, it is 

observed that high transmission peaks are due to the excitation of hybrid modes. To facilitate 

the description of these hybrid modes, an analytical form of the modal expansion method is 

derived and the dispersion relations of the modes responsible for transmission are expressed. 

This theoretical study on slit arrays gives a clear picture of the transmission process through 

slit arrays. 

Chapter 4 concentrates on transmission measurements through single slits, slit and 

groove structures and slit arrays. Sample fabrication and measurement process are both 

detailed. Transmission measurements are compared with theory. Finally, it is demonstrated 

experimentally that enhanced optical transmission through slit and groove structures can also 

occur for transverse electric (TE) polarisation when a thin dielectric layer is deposited above 

the grooves. 

The use of slits in a metal film for optical devices is considered in Chapter 5 taking 

advantage of the work done in Chapter 3 and 4. Three different devices are considered: 

chemical/biological sensors, light emitting diodes and image sensors. In each case, the need 

for structured metal films is explained. Metal films structured with slits are designed, and 



Chapter1 Introduction 
 

8 
 

preliminary experimental results are reported. Limitations and perspectives are finally 

discussed. 

 



 

 

 

 

 

 

Chapter 2  

Optical properties of metals 
 

 

 

 

In this chapter, the permittivity of metals is derived from classical theory. The basic 

characteristics of surface plasmon polaritons are then introduced, including the dispersion 

relation, confinement, propagation length, optical excitation and the effect of finite film 

thicknesses. Finally, important concepts for understanding the following chapters are 

introduced such as grating diffraction and Fabry-Pérot cavity. 
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2.1. Permittivity of metals 
When an electromagnetic field is present in matter, the electric field E can perturb the 

electron motion and produce a distribution of charges. This leads to a dipole polarization per 

unit volume P:  

 ( ) EP 01 εε −= , (2.1-1) 

where ε and ε0 are the permittivity of the material considered and of vacuum respectively. The 

permittivity determines the optical properties of a given medium and is linked to the refractive 

index denoted by RIX and defined as RIX = ε1/2. In the case of anisotropic media, ε is written 

as a 3x3 matrix, and in the case of nonlinear media, ε is dependent on the electric field 

strength. In the present case, ε is considered as a scalar independent on E. 

To compute the permittivity of a material, it is necessary to incorporate the atomic 

nature of matter. Hendrik Lorentz developed a very successful model in the late 1800’s. His 

model assumes that all atoms (or molecules) in the medium are identical, each with active 

electrons responding to the external field. The atoms are uniformly distributed throughout 

space with ne identical active electrons per volume. The polarization of the material is then 

 xP eeqn= , (2.1-2) 

where qe denotes the electron charge and x the electron displacement from equilibrium. To 

determine x, each electron in the medium is treated as a simple harmonic oscillator: electrons 

are subject to an elastic restoring force that keeps each electron bound to its respective atom 

and to a damping force that dissipates energy and gives rise to absorption. The forces 

involved for an oscillator of mass me and charge qe are then: (i) a driving force produce by E; 

(ii) a restoring force Kx with K the spring constant; (iii) a damping force x&γem , γ being a 

damping constant. Applying Newton’s second law: 

 xxxE &&& eee mKmq =−− γ . (2.1-3) 

Taking the electric field to be time harmonic with frequency ω, the solution to Eq. (2.1-3) is: 

 
( )

γωωω i
mq ee

−−
=

22
0

Ex . (2.1-4) 

From Eq. (2.1-1), (2.1-2) and (2.1-4), we obtain: 
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γωωω

ω
ωε

i
p

−−
+=

22
0

2

1 , (2.1-5) 

where ω0 = K/me and ωp is the plasma frequency: 
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2

⎟
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=

e

ee
p m

nq
ε

ω . (2.1-6) 

In the case where the medium considered is a metal, electrons do not experience a 

restoring force and are free to move independent of atoms. The electrons in a conductor are a 

special case of Eq. (2.1-5) where the restoring “spring” constant K , and hence ω0, is zero. 

The permittivity is then given by: 

 ( )
γωω

ω
ωε

i
p

+
−= 2

2

1 , (2.1-7) 

Neglecting damping, one sees that for ω < ωp , ε(ω) is negative and for ω > ωp, ε(ω) is 

positive. The light matter interaction for such material can then be strongly modified by 

changing the light frequency. Consider a wave propagating in such medium. The electric field 

amplitude E for a wave propagating in a direction y satisfying Maxwell’s equations can be 

written in the following form: 

 ( )ykiEE 0
2/1exp ε0= , (2.1-8) 

where E0 is the electric field amplitude at y = 0, k0 = ω/c = 2π/λ is the wavenumber in 

vacuum, c the speed of light, λ the wavelength and a time harmonic dependence of frequency 

ω is assumed. 

For ω < ωp , ε1/2 is imaginary, thus the wave amplitude is exponentially decaying in the 

y direction. As the intensity is proportional to the square of the field amplitude, the intensity 

decays as exp(-2ε1/2k0y) with αat = 2ε1/2k0 is the attenuation constant. This leads to the 

definition of the skin or penetration depth δ corresponding to the distance for which the 

intensity drops by a factor of e-1, i.e. 

 ( ) 02
1

kε
δ

ℑ
=  (2.1-9) 

For noble metals such as Au, Ag, Al or Cu, the skin depth is generally exceedingly small at 

visible wavelengths. For example, the skin depth for either gold or silver is between 10 to 20 

nm in the visible-near infrared spectral range. Light incident on such metals does not 
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penetrate and is mainly reflected. This constitutes the basic optical property of a metal. As ε 

becomes more negative, the penetration into the metal is reduced.  

At ω = ωp, ε vanishes. The plasma oscillation originates from the long-range correlation 

of the electrons caused by Coulomb forces. 

For ω > ωp , ε1/2 is real, leading to an oscillating field propagating in the y direction. The 

medium considered does not behave as a metal from an optical point of view and is 

transparent. This can be seen as the fact that the electrons cannot oscillates as fast as ω. 

The model leading to Eq. (2.1-7) is known as the Drude model. To show the validity of 

this model, the experimental values of the real (ℜ ) and imaginary (ℑ ) parts of ε for gold are 

plotted in Fig. 2.1. These values, tabulated in Appendix 1, are obtained from the Sopra 

database [55]. If not mentioned, these values are the ones considered in the different 

calculations performed in this thesis. The permittivity values obtained from Eq. (2.1-7) are 

then represented by dashed lines with the parameters ωp = 8.89 eV and γ = 0.07 eV [56]. 

Despite its simplicity, the Drude model gives a relatively good qualitative description of the 

dielectric function in metals. The deviations observed in Fig. 2.1 are mainly caused by 

interband transition in gold, which are not accounted for in the model presented here [57]. 

Whereas more refined models can be found [58,59], the Drude model is convenient for the 

insight it gives on the optical properties of metals.  

 

Figure 2.1. Real and imaginary parts of the gold permittivity, calculated with the Drude model with 

parameters ωp = 8.89 eV and γ = 0.07 eV (dashed line) and experimental data (solid 

line). 

In the case where γ is much smaller than both ω and ωp, which is the case for metals 
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like gold or silver in the visible, the real and imaginary parts of the permittivity can be 

approximated as [60]: 

 ( ) 2

2

1
ω

ω
ε p−≈ℜ , (2.1-10) 

 ( ) 3

2

2ω
γω

ε p≈ℑ , (2.1-11) 

This shows that the losses, through the damping term γ, are contained in the imaginary 

part of ε. 
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2.2. Surface plasmon polaritons 
The derivation of the metal permittivity from the Drude model shows that optical 

properties are intrinsically linked to the oscillatory behaviour of electrons within the metal. 

Plasma oscillations can occur at a metal dielectric interface and are called surface plasmons. 

As these oscillations interact with light the oscillations are called surface plasmon polaritons 

(SPP’s). From an electromagnetic point of view, SPP’s can be seen as electromagnetic waves 

confined at a metal-dielectric interface which interact with collective oscillation of free 

surface charges of the metal [12], as shown in Fig. 2.2.  

 

Figure 2.2. Schematic of SPP’s at the interface between a metal and a dielectric material showing 

the combined electromagnetic wave and surface charge oscillation character. Adapted 

from Ref. [14]. 

2.2.1. Dispersion relation 

The SPP dispersion relation is derived from Maxwell’s equations: consider a metal 

medium of dielectric function ε1 in the half space y < 0 and a dielectric medium of dielectric 

constant ε2 in the half space y > 0 where ε2 is assumed to be real; see Fig. 2.2. We are looking 

at a wave propagating at the metal-dielectric interface, i.e. along the x direction, with parallel 

wave vector β. In each medium, the wave amplitude decays exponential in the y direction. No 

confined modes are sustained by the metal film in the transverse electric (TE) case, i.e. when 

the electric field in the z direction. In the transverse magnetic (TM) case, the magnetic field is 

in the z direction and can be written: 
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 ( ) ( )[ ]yxiAyxH z χβ −= exp, 11  for y < 0, (2.2-1) 

 ( ) ( )[ ]yxiAyxH z μβ += exp, 22  for y > 0, (2.2-2) 

with 

 
22

01
2

22
02

2

βεχ

βεμ

−=

−=

k

k
, (2.2-3) 

where μ and χ are the transverse components of the wave vectors in the dielectric and metal 

respectively, A1 and A2 the amplitude of the field in the metal and the dielectric respectively. 

The tangential components of the electromagnetic fields should be continuous at the 

boundary. Therefore, at y = 0: 

 ( ) ( )0,0, 21 xHxH zz = , (2.2-4) 

 ( ) ( )0,10,1
2

2
1

1

xH
y

xH
y zz ∂

∂
=

∂
∂

εε
, (2.2-5)  

which give: 

 21 AA = , (2.2-6) 

 χεμε 21 −= . (2.2-7) 

Equation (2.2-3) together with Eq. (2.2-7) then gives the following dispersion relation: 

 
2/1

21

21
0 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

=
εε
εε

β k . (2.2-8) 

The dispersion curve obtained from Eq. (2.2-8) is plotted in Fig. 2.3 for a metal-air 

interface (ε2 = 1) considering the Drude model. For simplicity, losses are neglected, i.e. γ = 0. 

The ordinate and abscissa axes are normalized by ωp and kp = ωp/c respectively. The black 

solid line represents the light line (β = ε2
1/2k0) and the red area defines the light cone (β < 

ε2
1/2k0) inside which a wave is radiative and outside which it is evanescent. From Fig. 2.3, 

three different regimes are observed:  

(i) At low frequencies, the dispersion line is tangent to the light line with β larger than 

ε2
1/2k0. Inserting β in Eq. (2.2-1) and (2.2-2) shows that we are in presence of a wave 

propagating in the x direction, and the fact that β > ε2
1/2k0 implies that μ and χ are both 

imaginary, i.e. the wave exponentially decays in the y direction and is confined at the surface. 

The SPP wave vector increases monotonically from ω = 0 to the asymptotic value: 
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21 ε

ω
ω

+
= p , (2.2-9) 

which corresponds to the case ε1 = -ε2 represented by the black dashed line. 

(ii) For ωp/(1+ε2)1/2 < ω < ωp, |ε1| < |ε2| and we see from Eq. (2.2-8) that β is imaginary, i.e. 

the wave does not propagates along the x axes. This shows that it is necessary to have |ε1| > 

|ε2| for a metal dielectric interface to sustain SPP’s. 

(iii) Above ωp, ε1 > 0 and the dispersion line is inside the light cone. This does not 

correspond to a surface wave. In fact, this line determines the locus of the Brewster angle. 

This is explained by the fact that Eq. (2.2-8) is not only the solution of Eq. (2.2-7) but also the 

solution of ε1µ = ε2χ, corresponding to the Brewster condition at which the reflection between 

two media is zero [61]. 

 

Figure 2.3. Dispersion relation calculated from Eq. (2.2-8) for a metal-air interface considering the 

Drude model. The black solid line represents the light line and the red area defines the 

light cone. 

 To summarize, a condition for a metal-dielectric interface to sustain SPP’s is |ε1| > |ε2|, 

with ε1 < 0. This condition insures β > ε2
1/2k0, i.e. the wave considered is non-radiative, or in 

other terms bounded to the surface. 
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2.2.2. SPP confinement and losses 

Three different lengths characterizing SPPs are defined here. Two of them, the 

penetration depths of the mode into the dielectric and the metal, δd and δm respectively, 

characterize the strength of the light confinement. Whereas in other studies these depths are 

defined as the distance before which the field is reduced by e-1 [12,62], we prefer to be 

consistent with the definition of the skin depth defined in Eq. (2.1.9) considering the wave 

intensity. The penetration depths are then given by: 

 ( )μδ
ℑ

=
2

1
d  (2.2-10) 

 ( )χδ
ℑ

=
2

1
m  (2.2-11) 

The remaining length scale defined here is the SPP propagation length δSPP, the distance 

the SPP wave travels along the surface before its intensity is diminished by e-1:  

 ( )βδ
ℑ

=
2

1
SPP  (2.2-12) 

 

Figure 2.4. Characteristics lengths of the SPP mode for a gold-air (solid lines) and a gold-glass 

(dashed lines) interfaces. The gold permittivity corresponds to the experimental values 

plotted in Fig. 2.1, and the glass dielectric constant is ε2 = 2.25. 
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The three different lengths defined above are represented in Fig. 2.4 by solid and dashed 

lines for a gold-air and a gold-glass interface respectively. The gold permittivity corresponds 

to the experimental values plotted in Fig. 2.1, and the glass dielectric constant is ε2 = 2.25. 

The lengths are normalized to the wavelength so that the effect of the dielectric constant can 

be observed. One sees that both the mode confinement on the air side (δd ≈ λ/5) and the field 

penetration inside the metal (δm ≈ λ/25) is highest at shorter wavelengths, where ( )1εℜ  is the 

less negative. This is concomitant with  a shorter SPP propagation. At longer wavelengths, the 

field extends further to the air (δd ≈ λ) and penetrates less inside the metal. The SPP mode is 

closer to an air mode, with low surface confinement. As a consequence, δSPP is larger as the 

mode is less affected by losses induced by the metal. In the case of glass, the increase of ε2 as 

compared to air induces a higher mode confinement at the surface. This increases the mode 

losses and consequently decreases δSPP. From these calculations, one sees that the mode losses 

increase with mode confinement. Both mode confinement and losses are increased as ( )1εℜ  

approaches ε2. 

2.2.3. SPP excitation 

In order to couple optical propagating waves to SPP waves, two requirements should be 

fulfilled: 

(i) The frequency of the incident and excited waves should be identical to satisfy energy 

conservation; 

(ii) The parallel wavevector of each wave must be equal to satisfy momentum 

conservation. 

It was shown previously that for any frequency, the SPP dispersion relation gives β > ε2
1/2k0, 

i.e. the SPP wave vector is always larger than any longitudinal wave vector of propagating 

modes in air kx,0 defined as: 

 θε sin020, kkx = , (2.2-13) 

where θ is the angle of incidence. Thus it is not possible to excite SPP’s at a flat metal-

dielectric interface from a propagating mode in the dielectric. Specific coupling techniques 

are necessary to optically excite SPP waves. The most common techniques are described 

below. 

2.2.3.1. Grating coupler 
One way to couple light into SPP’s is to structure the surface. Any sub-wavelength 
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irregularity on an otherwise flat surface scatters incident light into a continuum of wave 

vectors. In the case of a metal surface, some of these wave vectors will match the SPP one 

and coupling into SPP waves occurs. 

Light coupling to SPP’s can be enhanced placing the surface irregularities periodically, 

i.e. using a diffraction grating. The diffraction grating principle is depicted in Fig. 2.5. Here 

light can either be incident on or transmitted through the grating. From Huygens principle 

[59], each irregularity behaves as a new point source which generates a radial wave. These 

waves interfere and form new wave fronts, generating diffracted orders depending on their 

relative phase. This is represented in Fig. 2.5 by the straight red, purple, blue and green lines, 

which leads to the 0th, 1st, 2nd and 3rd diffracted order respectively. The parallel wave vector 

kx,n of each diffracted order is modified as compared to the one of the incident wave kx,0, 

giving: 

 
p

nkk xnx
π2

0,, +=  (2.2-14) 

with n an integer related to the nth  diffracted order and p the grating period. 

 

Figure 2.5. Schematic of light diffraction by a grating leading to the formation a new wave fronts 

for λ/(ε2
1/2) = 5.6p. The 0th, 1st, 2nd and 3rd diffracted order are represented by the straight 

red, purple, blue and green lines respectively. 

From Eq. (2.2-14), one sees that kx,n can be greater than ε2
1/2k0. This means that wave 

with such wavevector are evanescent. An example of this is shown in Fig. 2.6: for light 

incident on the grating at the frequency and parallel wave vector represented by the purple 

dot, light is diffracted and the parallel wave vector is modified by n2π/p, as represented by the 

blue arrows. The different kx,n values defined by Eq. (2.2-14) and represented by green dots 

are allowed. Under the condition β = kx,n, SPP excitation occurs. For normal incidence (θ = 0), 
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the SPP coupling condition is given by: 
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2 εε
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+
=
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p  (2.2-15) 

 

Figure 2.6. Illustration of an SPP excitation with a grating. The figure is a close-up of the 

dispersion relation shown in Fig. 2.3. Waves diffracted by a grating can take discrete 

values, as represented by the green dots. The inset shows the experimental arrangement 

of the grating coupler. 

2.2.3.2. Attenuated total reflection  
Techniques based on attenuated-total-reflection (ATR) to optically excite SPP waves 

were proposed by Otto, Raether and Kretschmann around 1970 [12]. Consider an SPP 

excitation at a metal-air interface. If the metal is illuminated through a glass prism of 

dielectric constant ε2 such that ε2 > 1, we see from Eq. (2.2-13) that kx,0 is increased by ε2
1/2 as 

compared to the air case. Consequently, the light cone is “increased” from k0 to ε2
1/2k0, as 

shown in Fig. 2.7(a). With such increase of the wavevector of the incident light, it is then 

possible to excite SPP’s at a metal-air interface.  

Two configurations using a prism coupler are possible, see Fig. 2.7(b). The metal and 

the prism can be separated by an air space, as shown in the left part of Fig. 2.7(b). In this case, 

light totally internally reflected inside the prism leads to an evanescent field at the prism 

surface with kx,0 = ε2
1/2k0sinθ. If the metal interface is placed within this evanescent field, e.g. 
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less than a wavelength away, light can couple to SPP’s at the condition kx,0 = β. In the second 

scheme, the metal film has a thickness smaller than the skin depth (cf. Section 2.1) and is 

deposited on the prism. Light tunnels evanescently through the metal with kx,0 = ε2
1/2k0sinθ, 

and SPP coupling can occur at the air side of the metal film. In both cases, the SPP excitation 

is recognized as a minimum in the intensity reflected inside the prism. 

 

 

Figure 2.7. SPP excitation from the ATR method. (a) Close-up of the dispersion relation shown in 

Fig. 2.3 with the air (black solid line) and glass (purple solid line) light lines. (b) 

Experimental arrangements of the Otto (left part) and Raether-Kretschmann (right part) 

configuration. 

2.2.4. SPP dispersion relation in the case of thin films: 

derivation from a Fabry-Pérot cavity 

We saw that one way to optically couple SPP’s is to use thin metal films. With such 

films, the SPP dispersion relation is modified as the two SPP’s waves excited on both sides of 

the film can couple. The SPP dispersion relation in the case of thin films can be derived from 

Maxwell’s equations together with the boundary conditions at each interface as done in 

Section 2.2.1. This approach will be used in Chapter 3 for the mode derivation of a metal 
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dielectric metal waveguide. Consequently, we prefer to consider here the resonance of the 

transmission through the thin film. This introduces the concept of Fabry-Pérot (FP) cavity, 

which is invoked several times in the next Chapters. 

 

Figure 2.8. (a) Schematic defining the reflection and transmission coefficient at a single interface. 

(b) Schematic of the FP cavity principle: a wave transmitted through a thin film 

experiences multiple reflections, leading to the interference between the transmitted 

waves. 

Consider a film of permittivity ε1 and thickness h surrounded by a medium of 

permittivity ε2, as shown in Fig. 2.8. This medium is considered identical on both sides of the 

film for simplicity. A TM wave is incident on the film at an angle θ with field amplitude Ei. In 

the case of a propagating wave inside the film, multiple reflections occur as schemed in Fig. 

2.8(b). The field amplitude transmitted Et is then the sum of an infinite number of waves: 

 ( ) ( )[ ]......1 42242422
21 +++++=

niiii
it eeeeEE ϕϕϕϕ ρρρττ , (2.2-16) 

where 2φ = hχ corresponds to the phase accumulated by a wave after a single pass through the 

film, τ1 and τ2 are the transmission coefficients at the air metal and metal air interface 

respectively and ρ the reflection coefficient of a wave at the metal dielectric interface, see Fig. 
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2.8(a). The coefficients τ1, τ2 and ρ are obtained from Fresnel formulae [59]: 
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From Eq. (2.2-16), the transmission amplitude t of the thin film is: 
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and the transmission power is T = |t|2. The transmission presents maxima at the minima of the 

determinant of Eq. (2.2-20), i.e. for the condition 

  ( ) lh πρχ =+ arg  (2.2-21) 

where l is an integer and arg(ρ) is the argument of ρ. Physically, this corresponds to the case 

where all waves are transmitted in phase through the film.  

The FP equation allows us to derive the SPP modes of the thin film from the poles of t, 

corresponding to the zeros of the determinant of Eq. (2.2-20). Together with Eq. (2.2-19), this 

gives: 

  ( ) ( ) 02
12

22
12 =−−+ − ϕϕ μεχεμεχε ee , (2.2-22) 

leading to the following dispersion relations: 
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Solutions to Eq. (2.2-23) and (2.2-24) are represented by red and blue curve respectively 

in Fig. 2.9. The thickness considered is kph = 1.35. For ωp = 8.89 eV, as used in Fig. 2.1 to 

model gold permittivity, this corresponds to a metal thickness h = 30 nm. As compared to the 

“bulk” SPP curve (green line), the thin film leads to a splitting of the modes: a high frequency 

SPP mode ω+ and a low frequency SPP mode ω-. As shown schematically in Fig. 2.9, the ω+ 
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and the ω- SPP mode presents an antisymmetric and symmetric field profile respectively. The 

antisymmetric mode is closer to an air mode. Consequently, it is less affected by the metal 

losses as compared to the symmetric mode. Therefore the antisymmetric mode has a longer 

propagation length, and has been called long-range SPP mode. Inversely, the symmetric mode 

has been named short range SPP mode. 

 

 

Figure 2.9. Dispersion relation of SPP’s in the case of a thin metal film with kph = 1.35, i.e. for ωp = 

8.89 eV as in Fig. 2.1, h = 30 nm. The inset is a schematic of the field profile of the two 

different modes. The green line represents the unperturbed SPP mode. 

We saw in Section 2.1 that inside a metal with ε1 < 0, waves do not propagate and χ is 

complex. Consequently, the phenomenon of multiple reflections as schemed in Fig. 2.8 occurs 

by evanescent tunnelling through the metal and the coupling at the two surfaces will be 

exponentially decreased as h is increased. 

 

 



 

 

 

 

 

 

Chapter 3  

Theory of light transmission through 

subwavelength slits 
 

 

 

 

In this chapter, the optical transmission through subwavelength slits are theoretically 

investigated. Section 3.1 deals with the case of a single slit. The waveguide modes of a slit are 

derived, and the conditions leading to enhanced optical transmission phenomenon through a 

single subwavelength slit are described. The transmission properties of slit arrays are then 

studied in details in Section 3.2. A modal expansion method is first used to calculate light 

transmission through slit arrays. It is observed that high transmission is due to hybrid modes. 

In order to have a better description of these hybrid modes, a simplified analytical form of the 

modal expansion method is derived and the dispersion relations of the hybrid modes are 

given. This work helps to assess the roles played by the different uncoupled modes in the 

transmission process. 
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3.1. The single slit case 

3.1.1. Waveguiding properties of a single slit 

The conditions of propagation inside an infinitely long slit in a metal film is now 

studied. A schematic of the system is represented in Fig. 3.1: a thin dielectric layer, of 

thickness w and permittivity ε2 extending to infinity in the y and z directions is sandwiched 

between two semi-infinite metal regions of permittivity ε1. Guided waves propagate along the 

y axis. The study can be separated into the two polarization direction TE and TM polarization, 

which correspond to the case where the electric field vector E and magnetic field vector H is 

transverse to the (x, y) plane respectively. 

 

Figure 3.1. Schematic of the structure studied and definitions used for the structure dimensions and 

incident field directions.  

3.1.1.1. Derivation of the waveguide mode equation 
To solve for the guided modes of the system schemed in Fig. 3.1, the method used for 

dielectric waveguides described in Ref. [63] is followed. The case |ε2| < |ε1| with the real part 

of ε1 being negative is considered. The amplitude fz(x, y) of the field along the z axis for a 

given mode and polarization, which should satisfy Maxwell’s equations, can be written in the 

following form: 

 ( ) ( ) ( )yixXyxf mmz β−= exp, , (3.1-1) 
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where Xm(x) is the field profile of the guided mode, with the subscript m an integer called 

mode number. βm is the propagating constant (i.e. the y component of the wavevector) of the 

mth mode. 

The wavefunction is taken as: 
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where A, B, C and D are constants and µm and χm, the transverse components of the different 

wavevectors, are related to the propagating constant by: 
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where k0 = 2π/λ is the wavenumber in vacuum. 

Note that the imaginary part of χm needs to be positive in order to obtain an exponential 

decay of the field amplitude in the metal, i.e. for x > w and x < 0. The tangential components 

of the electromagnetic fields need to be continuous at the interfaces, i.e.: 
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with 
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From Eq. (3.1-4), two sets of solutions are found. By setting A = 0 and C = D, 

symmetric modes correspond to the solutions of the following transcendental equation: 

 ( ) mmm iqw χμμ −=2tan . (3.1-6) 

Similarly, with B = 0 and C = -D, the antisymmetric modes are found from the 

following equation: 

 ( ) mmm iqw χμμ =2cot . (3.1-7) 



Chapter 3 Theory of light transmission through subwavelength slits 
 

28 
 

3.1.1.2. Graphic solution of the waveguide mode equation 
The solutions of the transcendental equations (3.1-6) and (3.1-7) can be found 

graphically by plotting the equations in the complex plane. Replacing µm and χm with Eq. 

(3.1-3), equations (3.1-6) and (3.1-7) are rewritten respectively: 

 ( ) ( ) ( ) 02tan 22
01

22
02

22
02 =−+⎟

⎠
⎞⎜

⎝
⎛ −− mmm kiqwkk βεβεβε , (3.1-8) 

 ( ) ( ) ( ) 02cot 22
01

22
02

22
02 =−−⎟

⎠
⎞⎜

⎝
⎛ −− mmm kiqwkk βεβεβε . (3.1-9) 

The left hand side of Eq. (3.1-8) and (3.1-9) are plotted in Fig. 3.2(a) and (b) 

respectively in function of the real (ℜ ) and imaginary (ℑ ) parts of βm. A gold-air-gold 

waveguide is considered, with TM polarization, λ = 1500 nm and w = λ/30. The symmetric 

and antisymmetric solutions correspond to the zeros observed in Fig. 3.2(a) and (b) 

respectively. 

 

Figure 3.2. Two dimensional plot of the left hand side of (a) Eq. (3.1-8) and (b) Eq. (3.1-9) as a 

function of complex βm values for a gold-air-gold waveguide with λ = 1500 nm w = 50 

nm and TM polarization. The axes of the graph are normalized to k0. 

3.1.1.3. Resolution of the propagation constants in the case of a perfect 
electric conductor 

Even if it is possible to obtain graphically the propagation constants, it is advantageous 

to find the solutions directly. This is not straightforward for real metals. Here we proceed by 

firstly considering a perfectly electric conductor (PEC), i.e. ε1 → -∞. Under this condition, 

Eq. (3.1-6) and (3.1-7) can be rewritten as a single equation: 
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( )
( ) onpolarizati TMfor 0cos

onpolarizati TEfor 0sin
=
=

w
w

m

m

μ
μ

. (3.1-10) 

The solutions to Eq. (3.1-10) are µm = mπ/w, giving the following propagation constants: 

 ( )22
02 wmkm πεβ −= . (3.1-11) 

Note that from the derivation of Eq. (3.1-10), the modes are symmetric for m even and 

antisymmetric for m odd in the TM polarization case, whereas the inverse applies for TE 

polarization. 

The first βm values are represented by blue dots in the complex plane in Fig. 3.3 for w = 

λ/30. One sees that in the TM polarization case (left graph), β0 = k0. The higher order modes 

have imaginary propagation constants (some of the blue dots are not seen as they are 

superimposed by the purple ones). Replacing βm in Eq. (3.1-1), one sees that a real 

propagation constant corresponds to a wave propagating in the -y direction and an imaginary 

propagation constant corresponds to a wave exponentially decaying in the -y direction. This 

means that for TM polarization, only the m = 0 mode is a propagating mode for the slit 

considered in Fig. 3.3. 

In the TE case, the m = 0 mode is not a solution because introducing µ0 = 0 in Eq. (3.1-

2) gives X0(x) = 0 (remember that B = 0 for antisymmetric modes). As seen in the right graph 

of Fig. 3.3, βm is imaginary for all modes, i.e. all the modes are evanescent. 

To obtain a propagating mode, βm needs to be a real number. From Eq. (3.1-11), one 

sees that this condition is obtained for ε2k0
2 > (mπ/w)2, i.e. for wavelength smaller than λc: 

 
m

w
c

22 ε
λ = . (3.1-12) 

This equation gives the cut-off wavelength of a slit in the PEC case. This is an 

important point regarding the understanding of light transmission through subwavelength 

slits. It shows that for TM polarization, polarization for which the m = 0 mode exits, the m = 0 

mode is always a propagating one, no matter how narrow the slit is. This mode β0 is called the 

fundamental slit mode. On the other hand, TE polarized light can propagates inside the slit 

only for wavelength smaller than 2wε2
1/2 as the m = 0 mode is not a solution for TE 

polarization. 
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3.1.1.4. Determination of the propagation constants in the case of real 
metals 

For real metals, the propagation constants βm are determined starting from the values 

obtained for PEC as a first guess. The permittivity ε1 is then increased from -∞ to the values 

of the real metal. As an example, the propagation constants obtained for three different 

wavelengths and w = λ/30 in the case of gold are plotted in Fig. 3.3. As the wavelength is 

reduced, the metal permittivity increases. This is reflected in the shift of the positions of the 

propagation constants as compared to the PEC case. Figure 3.3 shows that starting with the 

PEC case helps finding the propagation constants of the different modes. 

 

Figure 3.3. Propagation constant βm for a metal-air-metal waveguide with w = λ/30. The first βm up 

to m = 5 are displayed on the graphs. The blue data are obtained using PEC whereas the 

purple, green and red data are obtained with a gold permittivity ε1 of value -930 + 191i, 

-90 + 10i and -26 + 2i for 5000, 1500 and 800 nm wavelength respectively. The axes of 

the graph are normalized to k0. 

The cut-off wavelength in the TE case is red-shifted in the case of real metals as 

compared to PEC. Physically, this can be explained by the fact that the field penetrates further 

into the metal as the conductivity is reduced. As the metal conductivity is reduced, the 

imaginary part of β1 is reduced, as shown in the right graph of Fig. 3.3. This corresponds to a 

slower exponential decay of the mode inside the slit.  

From the propagation constants, the field profile of the different modes is known. The 

field profile of the fundamental slit mode for a metal-air-metal waveguide with w = 100 nm, λ 

= 800 nm and TM polarization is plotted in Fig. 3.4. In the PEC case, the field is constant 

along the slit width and does not penetrate inside the metal (blue curve). This is no longer the 
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case considering finite permittivity values, as shown by the red curve obtained for gold which 

is exponentially decaying in the metal. 

 

Figure 3.4. Field amplitude X0(x) of the fundamental (m = 0) slit mode for a metal air metal 

waveguide with w = 100 nm, λ = 800 nm and TM polarization. The blue curve is 

obtained for a perfect electric conductor whereas the red curve is obtained for gold (ε1 = 

-26 + 2i). The yellow and light blue areas correspond to media of permittivity ε1 and ε2 

respectively. 

3.1.1.5. Surface wave characteristics of the fundamental TM slit mode 
Observing the field profile of the TM fundamental mode in the real metal case, a 

similarity with SPP wave is observed. Indeed, the field is decaying exponentially away from 

metal dielectric interfaces, as is the case for SPP waves. The difference here is that the two 

SPP waves propagating at both interfaces can couple. Indeed, Eq. (3.1-6), which can be 

written as: 

 ( ) 000 2tanh χμμ qwi = , (3.1-13) 

reduces to: 

 00 χμ q−= , (3.1-14) 

in the case where ( ) 12 >>ℑ wmμ  [64]. This corresponds to Eq. (2.2-7) in Chapter 2 giving 

the SPP dispersion relation. Consequently, the fundamental slit mode is intimately linked to 
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the existence of SPP’s at metal dielectric interfaces. This can be seen in Fig. 3.5, where the 

field amplitude of the m = 0 slit mode is represented by the blue solid line. Here the slit is 

wide enough such that the amplitude is decaying down to zero in the middle of the slit. The 

mode profile corresponds to two weakly coupled SPP waves propagating at each metal 

dielectric interfaces. Note that below cut-off, the m = 1 slit mode also gives an SPP-like field 

profile except that this time it corresponds to an antisymmetric coupled SPP, as shown by the 

red dashed curve in Fig. 3.5. The surface-wave characteristics of both m = 0 and m = 1 TM 

waveguide modes leads to the unique property βm > ε2
1/2k0 [65]. 

 

Figure 3.5. Field amplitude Xm(x) of m = 0 (blue curve) and m = 1 (red dashed curve) slit modes for 

a gold-air-gold waveguide with ε1 = -26 + 2i, w = 8000 nm, λ = 800 nm and TM 

polarization. The yellow and light blue areas correspond to media of permittivity ε1 and 

ε2 respectively. 

3.1.1.6. Permittivity dependency on waveguide properties 
Up to now, the waveguiding properties for metal-dielectric-metal waveguides have been 

discussed for |ε2| < |ε1| with the real part of ε1 negative only. However, Eq. (3.1-6) and (3.1-7) 

can be used for other values of ε1 and ε2 has it is shown in Ref. [63] where the same derivation 

is made for dielectric waveguides. It is then interesting to discuss the different guiding 

properties obtained depending on the values of ε1 and ε2 and considering subwavelength slits. 

The different possibilities are schemed in Fig. 3.6, together with their main guiding 
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properties. 

In the case studied before, i.e. metal-dielectric-metal waveguides with |ε2| < |ε1|, we saw 

that the fundamental TM mode is a propagating mode, no matter how narrow the slit is. 

However, if |ε2| > |ε1|, this mode becomes an evanescent one. As we saw in the previous 

section, the fundamental slit mode can be seen as two coupled SPP waves. It was shown in 

Section 2.2.1 that in the case where |ε2| > |ε1|, β0 is mainly imaginary and there is no SPP 

propagating along the surface. This explains why this mode becomes evanescent for such 

waveguide. 

 

Figure 3.6. Diagram representing the different configurations of a thin slab sandwiched between 

two semi-infinite media as schemed in Fig. 3.1 depending on the value taken by the 

permittivity of each media. 

In the case of dielectric waveguides, a condition to obtain propagating modes is that βm 

> ε1k0, which implies that ε2 > ε1 > 0, see for example Ref. [63]. In this case, neither TE and 

TM modes has a cut-off wavelength. If ε1 > ε2 > 0, there is no confined modes inside the slit, 

these modes are leaky modes. 

In the case of dielectric metal dielectric waveguides, i.e. for ε2 < 0 and ε1 > 0, the metal 

slab supports SPP modes confined at each metal dielectric interfaces for |ε1| < |ε2|. For thin 

enough metal slabs, the SPP modes from each interface couple together to form symmetric 

and antisymmetric SPP modes, as discussed in Chapter 1. Finally, if ε1 and ε2 are both 

negative, i.e. both media are metals, there is no propagating mode sustained by the system, as 

light does not propagates inside metals. 
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3.1.2. Light transmission through a subwavelength slit 

Consider now a slit in a metal film of finite thickness h, as shown in Fig. 3.7(a), such 

that for the slit width and permittivity ε2 considered, only the fundamental TM slit mode is a 

propagating mode inside the slit. The normalized transmission  through such slit in a PEC is 

shown in Fig. 3.7(b) considering h = 28.2 mm and w = 25 µm. The normalized transmission 

defines the ratio between the light that illuminates an aperture to the one transmitted by this 

aperture, as will be discussed in more details in Chapter 4. Transmission peaks are observed, 

which are due to the fact that the slit is acting as an FP cavity [66]: light propagating inside 

the slit with propagation constant β0 is reflected at the slit entrance and exit, i.e. at y = ± h/2. 

Considering a symmetric structure, i.e. εt = εb, the transmission peaks for an FP cavity occur 

at the condition (cf. Chapter 1): 

 ( ) lh πρβ =+ arg0 , (3.1-15) 

where ρ is the reflection coefficient of β0 at y = ±h/2, i.e. the phase change upon reflection of 

the fundamental slit mode at y = ± h/2. The coefficient ρ, obtained matching the tangential 

components of the electric and magnetic field at the slit apertures [67], increases as w is 

reduced [68]. As a consequence, the quality of the cavity is higher and normalized 

transmission increases with the λ/w ratio, as shown in Fig. 3.7(b). The resonant behaviour 

inside the slit leads to high transmission: the photon flux transmitted through the slit can be 

many times larger than the one impinging on the slit. 

 

Figure 3.7. (a) Schematic of the studied structure and definitions used for the structure dimensions 

and incident field directions. (b) Normalized transmission spectra calculated for a single 

slit in a PEC with h = 28.2 mm, w = 25 µm and ε2 = εt = εb = 1 for normal incidence TM 

polarized light, taken from Ref. [68].  
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In the case where the slit modes is evanescent, e.g. in the TE case above cut-off, there is 

no FP mode, and the transmission scales with ( )[ ]h02exp βℑ− . Consequently, increasing the 

film thickness h drastically reduces the transmission. Note however that similar to the TM 

case, transmission resonances can occur in the TE case for slit widths wide enough to sustain 

a propagating TE mode. 

3.1.3. Enhanced optical transmission through a subwavelength 

slit surrounded by periodic grooves  

It is possible to enhance the transmission through a single subwavelength slit in a metal 

by adding periodic grooves on each side of the slit [52], see Fig. 3.8(a) for a schematic of the 

structure and the geometrical parameters considered. The basic principle is the following: TM 

polarized light incident on the groove array can couple to SPP’s which propagate along the 

metal surface, leading to a concentration of the electromagnetic field above the slit. In the 

case of constructive interference between SPP’s and light directly impinging on the slit, 

enhanced transmission is obtained. 

Figure 3.8(b) shows the transmission through a single slit in a PEC with different 

number of grooves on each side, Ng. The black curve for Ng = 0 corresponds to the single slit 

case discussed in Section 3.1.2. The two transmission peaks at λ ≈ 400 nm and λ ≈ 850 nm are 

associated to the excitation of FP modes. As Ng increases, an additional transmission peak 

appears at a wavelength λ ≈ 560 nm, i.e. slightly larger than the groove periodicity p = 500 

nm. This transmission peak is attributed to diffractive coupling of incident light to SPP’s. 

Such phenomenon allows light that does not directly impinge upon the slit to contribute to the 

transmission. 

It should be noted that SPP’s are invoked to explain the transmission peak observed at λ 

≈ 560 nm in Fig. 3.8(b). However, this figure is obtained considering the metal as a PEC, 

which does not sustain SPP’s. A PEC surface, where grooves have been sculpted, does 

however support surface waves that “spoof” SPP’s, as described in Ref. [45]. Consequently, it 

is more accurate to speak about surface waves or “spoof” SPP’s in the case of PEC. In fact, 

any kinds of surface waves excited in the neighbourhood of the slit can lead to enhance 

optical transmission phenomenon. This has been shown by Nikitin et al., who proposed to use 

a thin dielectric film on top of a slit and groove structure to couple incident TE polarized light 

to dielectric waveguide modes [69], thus enhancing the overall transmission. This is discussed 

in more details in Section 4.4. 
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Figure 3.8. Schematic of the slit and groove structure and definitions used for the structure’s 

dimensions and incident field directions. (b) Transmission spectra calculated for a slit 

and groove structure in a PEC with h = 350 nm, hg = 100 nm, w = wg = 40 nm, p = 500 

nm and ε2 = εt = εb = 1 for normal incidence TM polarized light, adapted from Ref. [52]. 

It is possible to optimize the structure by varying the different geometrical parameters. 

García-Vidal et al. showed that the transmission can be boosted when the excitation of both 

FP and SPP modes coincide [52]. The FP and SPP modes can be tuned at a desired 

wavelength by changing the film thickness h and groove periodicity p respectively. Janssen et 

al. showed that the distance between the slit and the first groove plays an important role in the 

interference between light incident on the slit and SPP’s [70]. They also showed that the 

transmission saturates after a fixed number of grooves; this number depends on the depth and 

width of the grooves. This is due to reciprocity principle: in the case of shallow grooves, both 

in-coupling of incident light to SPP’s and out-coupling of SPP’s to far field is lower than for 

deep grooves. Consequently, the number of grooves at which transmission saturates will be 

larger for shallow grooves than deeper ones. 

Different variations of the structure shown in Fig. 3.8(a) have been studied like the so 

called bull’s eye structure, which corresponds to the two dimensional equivalent of the slit 

and groove structure, i.e. a single hole surrounded by circular grooves. Also, one important 

modification is the addition of grooves at the output surface. Due to the presence of grooves, 

surface waves lanched at the slit exit are scattered into free space. These scattered waves then 

interfere with light radiated directly from the slit, leading to beaming of the transmitted 

radiation [71]. 
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3.1.4. Conclusion 

The mode equations of a slit in a metal film have been derived. The mode wavevectors 

are first determined in the case of a PEC. These wavevectors are then used as a first guess to 

find the mode wavevectors in the case of real metals in the complex plane. It is shown that 

irrespective of the slit width, the fundamental TM slit mode is always propagating. This 

mode, which corresponds to the coupling of two SPP modes propagating on each metal 

dielectric interface, leads to the enhanced light transmission phenomenon observed through a 

subwavelength slit. Light transmission can be further boosted by adding on each side of the 

slit periodic grooves which couple incident light into surface waves. Light transmission 

through a single slit is experimentally investigated in Chapter 4, and the use of enhanced 

transmission through a single slit for image sensors is studied in Chapter 5. The description of 

the single slit transmission properties is also useful for the understanding of the slit array case, 

which is now described. 
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3.2. Optical properties of slit arrays  
The present section discusses the transmission characteristics of periodic slit arrays. 

Such arrays constitute a grating. As discussed in Section 2.2.3.1, a grating can excites SPP’s 

under TM polarized light. We are interested in the effect of the SPP excitation on the optical 

properties of slit arrays and consequently focus on TM polarization as TE polarization does 

not excite SPP. For simplicity, the case where ε2 = εt = εb = 1 is considered. For a complete 

derivation of the model for both polarizations, see Appendix 2. 

In Section 3.2.1, a modal expansion method, based on the work of Lochbihler et al. 

[72], is used to calculate light transmission through slit arrays. Transmission peaks are 

observed close to two types of modes: one mode depends on the slit geometry and the other 

on the periodicity of the grating. Both modes couple together and form hybrid modes 

responsible for high transmission. In order to have a better description of these hybrid modes, 

a simplified analytical form is derived from the Lochbihler model in Section 3.2.2. The 

simplified model gives accurate analytical formula for the transmission and the dispersion 

relations of the hybrid modes. This is particularly helpful to interpret the role played by the 

different uncoupled modes in the transmission process, as described in Section 3.2.3. 

3.2.1. Modal expansion method 

3.2.1.1. Choice of the model 
Several approaches can be used to calculate the transmission of light through periodic 

arrays of slits. Numerical methods such as Finite Difference Time Domain (FDTD) [73] have 

the advantage that they can handle objects of any shapes. FDTD is considered to be exact in 

case of infinitesimally small mesh size. However, such calculations are time consuming when 

the mesh size is much smaller than the entire computational domain. This is typically the case 

when SPP waves are involved. In order to get a good accuracy, the mesh size should be small 

enough (few nanometres) due to the high confinement of the field on the metallic surface. 

Another disadvantage of using FDTD is that the method provides a poor insight into the 

physics. 

Rigorous modal theories expressing the field in terms of plane waves [74] have been 

developed to treat the diffraction properties of an array of slits for an arbitrary value of the 

permittivity. Contrary to FDTD, this technique is not as reliable in terms of shape of the 

structure, but provides a fast calculation treatment of the problem and gives a better physical 
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insight of the scattering properties of the system. 

In the case of highly conductive structures, it is necessary to use a large number of plane 

waves to represent accurately the field inside the metal with rigorous methods. This can cause 

numerical instabilities [72]. It is possible to overcome this problem using the method 

described by Lochbihler et al. [72]. Instead of calculating the field inside the metal region, 

surface impedance boundary conditions (SIBC) are considered at metal dielectric interfaces. 

At these interfaces, SIBC assumes that the relation between the tangential components of 

electric (E||) and magnetic (H||) fields are given by: 

 |||| HnE ×= Z , (3.2-1) 

with Z the surface impedance and n the vector normal to the interface pointing toward the free 

space region. For metals with dielectric function ε1 such that |ε1| >> 1, the surface impedance 

can be approximated as Z = ε1
-1/2. SIBC has been used successfully for gold gratings in the 

visible to infrared wavelength range [75,76]. Using SIBC does not allow the evanescent 

tunneling through the metal to be considered as the electromagnetic field is not calculated 

inside metal regions. Consequently, this model is limited to metal walls with thickness greater 

than the metal skin depth, as is the case in the present work. 

3.2.1.2. Theoretical formalism 
Here, we study the transmission of a plane wave through an infinite metal lamellar 

grating surrounded by air with period p, thickness h and slit width w, see Fig. 3.9. The 

incident wave propagates in a direction contained in the (x, y) plane and forms an angle θ with 

the y axis. 

 

Figure 3.9. Schematic of the studied structure and definitions used for the structure’s dimensions 

and incident field directions. The structure repeats itself infinitely with period p in the x 

direction. 
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The magnetic field zH  above and below the grating is rigorously expressed as a 

Rayleigh expansion (or plane wave expansion): 

 ( ) ( )[ ]{ }2/exp, 0,0, hykxkiyxH yxz −−=  

 ( )[ ]{ }∑
∞

−∞=

−++
n

nynxn hykxkir 2/exp ,,  for y ≥ h/2, (3.2-2) 

 ( ) ( )[ ]{ }∑
∞

−∞=

+−=
n

nynxnz hykxkityxH 2/exp, ,,  for y ≤ -h/2, (3.2-3) 

with ( ) ( )npk nx πθλπ 2sin2, += , n is an integer related to the nth diffracted order, ky,n = (k0
2 

- kx,n
2)1/2, k0 is the incident complex wave vector such that real(k0) = 2π/λ. rn and tn are 

respectively the amplitudes of the reflected and transmitted fields. 

Inside the apertures, zH  is expressed as a sum of waveguide modes: 

 ( ) ( )[ ]∑
∞

=

−+=
0

)exp()exp(,
m

mmmmmz yibyiaxXyxH ββ  for -h/2 ≤ y ≤ h/2, (3.2-4) 

where am and bm are the amplitudes of backward and forward propagating waves inside the 

slit respectively and are related to the mode number m. Imposing SIBC conditions, the wave 

function of the mode is modified as compared to the rigorous case derived in Section 3.1.1: 

Xm(x) = cos(µmx) + sin(µmx)η/µm with η = -ik0/ ε1
1/2. The terms µm and βm are, as defined in 

Section 3.1, the transverse and longitudinal wavenumbers of the mth mode respectively. Under 

SIBC, the determination of µm and βm is obtained considering a single isolated slit since 

proximity effects between slits are not considered, and the mode equation is given by 

tan(µmw) = 2 ηµm/(µm
2 – η2). A similar approach as that in Section 3.1.1.4 is used to find the 

solutions of the mode equation. 

To satisfy the continuity of tangential components of electric and magnetic fields, the 

continuity of Hz and its normal derivative are considered. Matching Hz at y = ±h/2, 

multiplying for any m = j the resulting equations by Xj(x) and integrating over the region 0 ≤ x 

≤ w as done in Ref. [72], the following set of equations is obtained for any m = j: 

 ( ) ( )[ ] ( )∑
∞

−∞=

+=−+
n

njnnjjjjj KrhibhiaI ,0,2/exp2/exp δββ , (3.2-5) 

 ( ) ( )[ ] ∑
∞

−∞=

=+−
n

njnjjjjj KthibhiaI ,2/exp2/exp ββ , (3.2-6) 

where the overlap integrals are defined by: 
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 ( ) ( )∫=
w

jnxnj dxxXxikK
0 ,, exp ,  (3.2-8) 

In a similar way, the normal derivative of Hz are matched at y = ±h/2 and for 0 ≤ x ≤ w. 

Considering SIBC for metal-dielectric interfaces at y = ±h/2 for w ≤ x ≤ p, the obtained 

equations are multiplied for any n = q by exp(-ikx,qx) and integrated over the region 0 ≤ x ≤ p. 

This gives the following set of equations for any n = q: 

 ( ) ( ) ( )[ ]∑
∞

=

−−=−
0

,0,, 2/exp2/exp
m

mqmmmmmqqqy Jhibhiairik βββδ  

 ( )∑
∞

−∞=

++
n

nqnn Qr ,0,δη , (3.2-9) 

 ( ) ( )[ ] ∑∑
∞

−∞=

∞

=

+−−−=
n

nqn
m

mqmmmmmqqy QtJhibhiaitik ,
0

,, 2/exp2/exp ηβββ , (3.2-10) 

where the overlap integrals are defined by: 

 ( ) ( )∫ −=
w

mqxmq dxxXxikpJ
0 ,, exp/1 , (3.2-11) 

 ( )[ ]∫ −=
w

qxnxnq dxxkkipQ
0 ,,, exp/1 . (3.2-12) 

The calculation of the unknown coefficients rn, tn, am and bm is then performed after 

truncation and writing Eq. (3.2-5), (3.2-6), (3.2-9), (3.2-10) into a matrix equation. 

3.2.1.3. Accuracy of the model 
In Fig. 3.10(a), the transmission spectrum of a gold grating obtained with the above 

method (red solid curve) is compared with a spectrum obtained with rigorous coupled wave 

analysis (RCWA, green dashed curve) [77]. The chosen parameters are w = 50 nm, p = 1200 

nm, h = 200 nm and normal incidence. Visible to near infrared wavelengths are considered, a 

range where SPP excitation is observed for gold. Excellent agreement is observed, validating 

the use of the above method. The spectrum is also compared with FDTD in Fig. 3.10(b) and 

shows excellent agreement. The agreement is poorer at smaller wavelength, e.g. for λ < 600 

nm. This is due to an increase of the real part of the gold permittivity in this wavelength 

range, where the SIBC approximation is less accurate. 
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Figure 3.10.  Transmission spectra of a gold grating with p = 1200 nm, w = 50 nm, h = 200 nm and 

normal incidence. (a) Spectra calculated with the modal expansion method and RCWA 

where the permittivity of gold is taken from the Sopra database. (b) Spectra calculated 

with the modal expansion method and FDTD where the permittivity of gold is a fit of 

the Sopra database using a Drude model. 

For completeness, it should be specified that in Fig. 3.10(a), the permittivity of gold is 

taken from the Sopra database [78]. This is not the case in Fig. 3.10(b), as an analytical model 

of dispersion is needed in the case of FDTD calculations [58]. The data used for the 

permittivity in Fig. 3.10(b) is consequently a fit of the Sopra database using a Drude model 

(cf. Section 2.1). 

3.2.1.4. Light transmission properties through slit arrays 
Figure 3.11 shows the total transmission of a gold grating for h = 600 nm, w = 50 nm at 

normal incidence as a function of p and λ. Note that plotting the transmission as a function of 

kx,0 and λ would lead to similar observations. It is however more convenient to plot the 

transmission in function of p and λ for an easier identification of the grating resonances, 

which appear close to λ = p/n. 

Transmission peaks are observed with transmission above 0.6 in some cases. As 

observed in other studies [79-81], some of the transmission peaks are following the SPP 

dispersion relation, see for example the narrow transmission peak from λ ≈ p ≈ 2250 nm to λ ≈ 

p ≈ 3000 nm. These high transmission peaks have been consequently attributed to SPP 

excitation. Other high transmission peaks present “flat” bands, i.e. the transmission is almost 

independent of period, see for example at λ ≈ 1850 nm for periods ranging from 500 to 1500 

nm. These flat bands have been previously attributed to FP resonances inside slits [66,81,82], 

as it is observed in the case of a single slit discussed in Section 3.1.2. These resonances are 
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also called vertical SPP resonances [79] as the fundamental TM slit mode corresponds to the 

coupling of two coupled SPP (cf. Section 3.1.1). In fact, there is a continuous change from FP 

related peaks to SPP related peaks, as reported by several past studies [51,83,84]. The 

transmission peak related to FP-like resonance at λ ≈ 1850 nm and p = 500 nm continuously 

evolves to an SPP-like peak on increasing p. This has been explained by Marquier et al. as 

coupled SPP-FP modes [84]. 

 

Figure 3.11. Transmission of a gold grating for w = 50 nm, h = 600 at normal incidence as a function 

of p and λ  obtained from the modal expansion method. The brighter the region, the 

larger is the transmission. 

The exact role of SPP in the transmission process has been controversial. Several 

studies observed that the transmission at the SPP condition is close to zero [85,86]. Also, 

peaks observed in close proximity to the SPP condition were sometimes not attributed to SPP 

excitation but to the discontinuity observed when a diffracted order passes from evanescent to 

propagating [87,88], i.e. at the Rayleigh wavelength [89]. The nature of the coupled modes 

responsible for transmission peaks is unclear.  

In order to give a clear picture of these modes, the model described above is reduced in 

a simplified form in the next section. It is then possible to extract the dispersion relations of 

the transmission resonances into simple equations. This clarifies some past controversy and 

offers a unifying picture of the transmission resonances. 
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3.2.2. Simplified model 

3.2.2.1. Analytical formula for the transmission 
Light transmission through slit arrays can be accurately written in a simple form 

considering narrow slits (i.e. w < λ/10). In this limit, several simplifications can be made:  

(i) Only the fundamental slit mode β0 is considered as it is the only propagating mode for 

narrow slits, the others being evanescent. This approximation has already been made to study 

light transmission through both slit arrays [51,82,85,88,90] and hole arrays [91]. 

(ii) The Qq,n matrix, which represents the overlap between plane waves, can be considered 

diagonal [92], i.e. Qq,n = δq,nQ = δq,n(p - w)/p. This means that the plane waves do not mix via 

scattering from the slits. 

With these two approximations, Eq. (3.2-9) and (3.2-10) can be rewritten as: 

 ( ) ( ) 00,0,0,000 αηδαβ ϕϕ QikJebear ynnn
ii

n −+−= − , (3.2-13) 

 ( ) nn
ii

n Jebeat αβ ϕϕ
0,000 −−= − , (3.2-14) 

with the notation αn = (ky,n + iηQ)-1 and φ = β0h/2. Substituting rn and tn of Eq. (3.2-13) and 

(3.2-14) into Eq. (3.2-5) and (3.2-6) gives: 
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Equations (3.2-15) and (3.2-16) constitute two equation with two unknown: a0 and b0. 

These unknown can thus be expressed independently and inserted in Eq. (3.2-14), giving the 

transmission amplitude in the following analytical form: 
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with the notations Nn = Jn,0K0,nαn and Nslit = I0/β0. 

3.2.2.2. Accuracy of the model 
In Fig. 3.12, the transmission from the simplified model (blue dashed curve) is 

compared with the complete modal expansion method (red solid curve). Both curves 

superimpose. This validates the assumption that for narrow slits (w = 50 nm), only the 
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fundamental mode inside the slit is relevant and Qq,n can be considered as diagonal. The fact 

that Qq,n is diagonal implies that the coupling within the different diffracted orders occurs via 

the slits. In the case of an evanescent mode inside the slit, light impinging on the array would 

not be diffracted, and the array would behave as a flat interface. 

 

Figure 3.12. Transmission spectra of a gold grating with p = 1000 nm, w = 50 nm, h = 600 nm and 

normal incidence obtained from different models: modal expansion method (solid 

curve) and the simplified model derived in the present study (dashed curve). 

3.2.2.3. Dispersion relation of transmission resonances 
From the simplified model, the dispersion relations of the modes responsible for 

transmission can be obtained analytically. Resonant transmission is obtained by computing 

the poles of tn in the complex frequency domain [79,88]. Poles of tn correspond to zeros of the 

determinant in Eq. (3.2-17), which are obtained from the following two transcendental 

equations: 

 0cot
0

0 =++∑
≠

ϕslit
n

n iNNN , (3.2-18) 

 0tan
0

0 =−+∑
≠

ϕslit
n

n iNNN . (3.2-19) 

These equations are particularly interesting as the entire transmission problem is 

reduced to two sets of modes, giving the position of the transmission peaks. As an example, 

the above equations are used to calculate the peak positions of Fig. 3.11 obtained with the full 

model. The figure is reproduced a second time in Fig. 3.13(a) for convenience. In Fig. 
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3.13(b), blue dotted curves and red dashed curves are plotted from Eq. (3.2-18) and (3.2-19) 

respectively. The SPP dispersion relations are represented by the green solid curves. All 

transmission maxima observed in Fig. 3.13(a) match with the dispersion curves plotted in Fig. 

3.13(b). This shows that the mode equations obtained from the simplified model accurately 

predict the peak transmission observed with the complete model in the limits considered (i.e. 

w < λ/10).  

 

Figure 3.13. (a) Transmission of a gold grating for w = 50 nm, h = 600 nm and normal incidence in 

function of p and λ  obtained from the modal expansion method. The brighter the 

region, the larger is the transmission. The field amplitude or intensity is plotted in the 

next section for the points marked with capital letteres. (b) Dispersion relations of the 

transmission resonances obtained from the solutions of Eq. (3.2-18) (blue dotted curves) 

and Eq. (3.2-19) (red dashed curves) for the same set of parameters as in Fig. 3.13(a). 

The green solid curves correspond to the SPP dispersion relations.  
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Note that the dispersion relations predict transmission resonances that are not observed 

in Fig. 3.13(a), see for example at λ ≈ p ≈ 2000 nm where the red dashed line in Fig. 3.13(b) 

does not reflect into a transmission peak in Fig. 3.13(a). This point will be clarified in Section 

3.2.4. 

3.2.3. Description of the dispersion relation of the modes 

responsible for high transmission 

The different uncoupled modes of the structure are contained in the dispersion relations 

previously derived. The role of these different uncoupled modes on the overall transmission 

process is investigated, giving a clear picture of the modes responsible for high transmission. 

3.2.3.1. Periodicity related effects 
We saw that due to the periodicity, the transmission properties of slit arrays are strongly 

modified from the single slit case. Resonances or anomalies related to the periodicity of the 

structure are expressed in the dispersion relations within the Nn terms, rewritten here for 

clarity: 
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Nn shows a discontinuity at ky,n = 0, i.e. for k0 = kx,n. At this condition, ky,n abruptly changes 

from an imaginary to a real value as a diffracted order passes from evanescent to propagating. 

This corresponds to the Rayleigh wavelength λRW,n, which is expressed at normal incidence as: 

  
n
p

nRW =,λ . (3.2-21) 

The term N1 is plotted in Fig. 3.14 for a gold grating with w = 50 nm, p = 1000 nm and 

normal incidence. It shows that at λRW,1, N1 is discontinuous, see the abrupt change in the 

phase of N1, arg(N1). 

Nn terms are resonant at the poles of αn, i.e. for ky,n + iηQ = 0. Considering normal 

incidence, the resonance is found at: 
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The resonance of N1 is indeed observed in Fig. 3.14 at λSPP,1.  

Note that if w tends toward zero, Q = 1 and Eq. (3.2-22) corresponds to the SPP 
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dispersion relation under SIBC [93] of a flat metal-air interface. For Q ≠ 1, Eq. (3.2-22) is the 

dispersion relation of a “dressed” SPP, taking into account the perturbation of the slits.  

λRW,n and λSPP,n appear each time as a pair because they both depend linearly on period 

and on incidence angle. λSPP,n is red shifted as compared to λRW,n and blue shifted as compared 

to a flat metal-air interface. In the case of a PEC, λRW,n = λSPP,n, i.e. both the resonance and the 

discontinuity due to the periodic structure appear under the same condition.  

 

Figure 3.14. Phase (green curve), real (blue curve) and imaginary (red curve) part of the term N1 for 

a gold grating with w = 50 nm, p = 1000 nm and normal incidence. λSPP,1 and λRW,1, 

calculated from Eq. (3.2-21) and (3.2-22) are represented by vertical dashed lines. The 

right hand axis corresponds to the phase of N1. 

3.2.3.2. High transmission far from SPP and RW conditions 

Far from the pair (λSPP,n, λRW,n), ∑
≠0n

nN  is negligible and Eq. (3.2-18) and (3.2-19) can 

be respectively rewritten as: 

 ( ) 0000 2tan NiIh −=ββ , (3.2-23) 

 ( ) 0000 2cot NiIh =ββ . (3.2-24) 

Note that the above equations are very similar to Eq. (3.1-6) – (3.1-7) describing the 

symmetric and antisymmetric modes of a slab waveguide respectively. The excitation of these 

modes will lead to FP resonances inside the slits. As N0 is small as compared to the other 

terms, a FP condition occurs close to a wavelength λFP,l at which either tangent or cotangent 

functions are resonant. This condition is expressed as: 
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 lh πβ =0 , (3.2-25) 

where l is an odd and even positive integer in Eq. (3.2-23) and Eq. (3.2-24) respectively. In 

analogy with waveguides, the integer l corresponds to the number of field maxima inside the 

slits. As tangent and cotangent are periodic functions whose period is β0h = 2π, a solution to 

Eq. (3.2-23) and (3.2-24) will be always found in an interval (l - 1)π < β0h < (l + 1)π. 

From Eq. (3.2-25), high transmission is expected at λFP,1 ≈ 1700 nm, λFP,2 ≈ 820 nm and 

λFP,3 ≈ 620 nm for the slit parameters of Fig. 3.13. Indeed, broad transmission maxima are 

observed in Fig. 3.13(a) close to these three wavelengths regardless of period except in close 

proximity with the grating resonances. For example, for p ranging from 500 to 1500 nm, high 

transmission is observed close to λFP,1. 

 

Figure 3.15. Map of the field intensity (a) - (c) and of the field amplitude (d) – (f) plotted in the (x, y) 

plane over one grating period (p = 500 nm) in the x direction for different wavelengths. 

Letters A, B and C correspond to points in Fig. 3.13(a). Each figure is obtained from the 

simplified model. Grey rectangles represent the metal regions. 

A map of the magnetic field intensity at points A, B and C of Fig. 3.13(a), which 

correspond to peak position close to lFP,λ  with l = 1, 2 and 3 respectively, are shown in Fig. 

3.15(a) - (c) for p = 500 nm. Each figure, obtained from the simplified model, is plotted in the 

(x, y) plane over one grating period in the x direction. Grey rectangles represent the metal 



Chapter 3 Theory of light transmission through subwavelength slits 
 

50 
 

regions. In each case, the field is strongly localized inside the slit with l field maxima. This 

shows that the slit is acting as a FP cavity. When l field maxima are observed in the slit with l 

odd, the transmission peak position is predicted from Eq. (3.2-18), whereas it is obtained from 

Eq. (3.2-19) for l even. Plotting the field amplitude [Fig. 3.15(d) – (f)], one sees that the field 

is symmetric and antisymmetric with respect to the y = 0 axis for l  odd and even respectively. 

Eq. (3.2-18) and Eq. (3.2-19) gives the dispersion relation of respectively symmetric and 

antisymmetric modes of the FP type. 

3.2.3.3. High transmission near the SPP and RW conditions 
For clarity, the different branches constituting the dispersion relation are labelled λ(n,l), 

i.e. poles for which λSPP,n+1 < λ < λSPP,n and λFP,l+1 < λ < λFP,l-1. Only the first six branches are 

labelled in Fig. 3.13(b) for clarity. 

 

Figure 3.16. Map of the field intensity (a), (c) and of the field amplitude (b), (d) plotted as in Fig. 

3.15 for λ = 3000 nm and two different periods. Letters D and E correspond to points in 

Fig. 3.13(a). 
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Focusing on the λ(0,1) branch, the resonant transmission red-shifts as the period is 

increased. Mathematically, this is due to an increase of Nn as λSPP,1 is approached. The 

transmission resonance continuously evolves from a nearly flat dispersion FP-like resonance 

in the 500 - 1500 nm period range to an SPP-like one for periods ranging from 2000 to 3000 

nm, where λ(0,1) is tangential to λSPP,1.Whereas the field intensity is mainly confined inside 

the slit for the λ(0,1) branch at small periods [see Fig. 3.15(a)], an intense field is present on 

the surface for larger periods, whilst a FP character remains inside the slit, see Fig. 3.16(a) for 

λ = 3000 nm and p = 2977 nm [point D in Fig. 3.13(a)]. Fig. 3.16(b) shows that the field 

amplitude along λ(0,1) keeps a symmetric profile for large periods. 

The λ(0,2) branch is also red-shifted as the period is increased. It crosses λSPP,1 and 

merges to the λ(1,0) branch which is close to λRW,1 for large periods. In Fig. 3.16(c), the field 

is no longer confined inside the slit for p = 2999.6 nm and λ = 3000 nm [point E in Fig. 

3.13(a)] but it extends in the y direction above and below the grating. Plotting the field 

intensity on a large scale in Fig. 3.17 shows that the field is not tightly confined on the metal 

when the transmission mode is near λRW. As shown in Fig. 3.16(d), the field keeps the 

antisymmetric profile of the λ(0,2) branch [cf. Fig. 3.15(e)].  

 

Figure 3.17. Map of the field intensity plotted for the structure considered in Fig. 3.16(c) but on a 

larger scale. 

The transmission peak related to the λ(1,0) mode is very narrow and not visible in Fig. 

3.13(b) due to the figure resolution. To show that this mode effectively gives a transmission 

peak, a transmission spectra has been plotted in Fig. 3.18(a) for λ = 3000 nm and periods 
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close to the λ(1,0) mode. A very narrow transmission peak labelled E is observed close to 

λRW,1 (represented by a vertical dashed line). The transmission peak related to the λ(0,1) 

branch and labelled D is also observed. To clearly see the transmission peak of the λ(1,0) 

mode, the interval between λRW,n and λSPP,n needs to be increased. This occurs when working 

at shorter wavelengths. The λ(1,0) branch can be shifted to shorter periods (or wavelengths) 

by decreasing the film thickness. Transmission for λ = 1300 nm and h = 200 nm is shown in 

Fig. 3.18(b). A sharp transmission peak related to the λ(1,0) branch is obtained tangent to 

λRW,1, whereas the low transmission for p = 1290 nm is attributed to λSPP,1 and the peak at p = 

1270 nm to the λ(0,1) mode. 

 

Figure 3.18. Transmission spectra of a gold grating at normal incidence and for (a) λ = 3000 nm, w = 

50 nm, h = 600 nm (b) λ = 1300 nm, w = 50 nm, h = 200 nm obtained from the 

simplified model derived in the present study. 

The higher order branches show a similar behaviour to the branches previously 

described. For example, one sees again in Fig. 3.13(b) a bending of the λ(0,3) branch close to 
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λSPP,1 on increasing p. Observing the field intensity plotted in Fig. 3.19(a) for p = 705 nm and 

λ = 745 nm [point F in Fig. 3.13(a)] and comparing with Fig. 3.15(c), one sees that the two 

outer maxima of the FP cavity become less confined in the slit as p is increased along the 

λ(0,3) branch. The λ(0,3) branch crosses λSPP,1 at λFP,2 and finally merges into the λ(1,1) one 

with only one single field maxima inside the slit, see Fig. 3.19(b) for p = 3000 nm and λ = 

1910 nm [point G in Fig. 3.13(a)]. Also, the λ(1,1) branch keeps the symmetric field profile of 

the λ(0,3) one. 

 

Figure 3.19. Map of the field intensity plotted as in Fig. 3.15 for different periods and wavelength. 

Letters F, G and H correspond to a set of parameters in Fig. 3.13(a). 

It has been shown in Fig. 3.15 that far from the pair (λSPP,n, λRW,n), the transmission 

modes are similar to symmetric and antisymmetric waveguide modes. Near the pair (λSPP,n, 

λRW,n), the modes present similarities with the symmetric and antisymmetric SPP modes 

observed in thin metal films, see the schemes of Fig. 3.20. The field profile is represented 

twice, depending whether the field is in the middle of the slit (x = w/2) or in the middle of the 

metal region [x = (p + w)/2]. In the middle of the metal region, the field profile is very similar 
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to the thin metal film case. In both slit arrays and thin metal film, symmetric resonances are 

red-shifted as compared to λSPP,n, whereas the antisymmetric ones are blue-shifted. Also, the 

antisymmetric modes correspond to the long range SPP’s, which give sharp resonances [see 

the λ(1,0) mode in Fig. 3.18], whereas the symmetric modes correspond to the short range 

SPP’s, presenting broader resonances [λ(0,1) mode in Fig. 3.18] . The difference here as 

compared to a flat metal film is that SPP’s are coupled on both sides of the film for any 

thickness due to the presence of slits. Finally, it can be said that Eq. (3.2-18) and Eq. (3.2-19) 

give the dispersion relation of respectively symmetric and antisymmetric hybrid “FP-SPP” 

modes. 

 

Figure 3.20. Schematic of the field profile for a cross-section in the y direction in the case of the 

symmetric and antisymmetric hybrid FP-SPP modes. In both cases, the field profile is 

represented twice, depending whether the field is in the middle of the slit, i.e. at x = w/2 

or in the middle of the metal region, i.e. at x = (p + w)/2. 

3.2.4. Role of SPP 

Generalizing what has been observed before, λ(n-1,l) branch crosses λSPP,n before it 

merges with the λ(n,l-2) branch. The crossing occurs when λ = λSPP,n = λFP,l-1. Mathematically, 

this crossing occurs when Nn is resonant at the same time as cotφ and tanφ for l odd and even 

respectively. At this point, the transmission is very low. As αn is resonant at λSPP,n, tn can be 

approximated at the SPP condition from Eq. (3.2-17) as: 
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Consequently, the transmission is always close to zero at λSPP,n, as observed in Fig. 

3.13(a). This is in agreement with Cao et al. who already observed that the transmission is 

nearly zero at λSPP,n [85]. It also explains why transmission peaks are not observed in 

transmission spectra when the dispersion relations predict transmission resonances that are 

too close to the SPP conditions. Lalanne et al. [88] investigated in a past study the zero 

observed at λSPP,n in terms of reflected and transmitted intensities of single interfaces. They 

found that the reflected intensity of the fundamental mode is close to one at λSPP,n. This means 

that there is no coupling into or out of the slit at the dressed SPP resonance. Physically, this 

low transmission can be understood as the fact that at the SPP condition, the field is bounded 

at the metal interface but not above the slit, as seen from Fig. 3.19(c) at the crossing of the 

λ(0,2) branch with λSPP,1 for p = 1693 nm and λ = 1700 nm. This inhibits light from coupling 

into the slit mode.  

In their study, Cao et al. also observed that the phase of the reflection coefficient at the 

grating interface of the fundamental slit mode arg(ρ) is resonant at λRW,n, and concluded that 

transmission resonances close to λ = p are pure diffraction effects. However, PEC was 

assumed to match the field at y = ±h/2. We performed similar calculations considering both 

PEC and finite conductivity. The transmission and reflection coefficients of single interfaces 

are derived in Appendix 2. Figure 3.21(a) shows the phase as well as the real and imaginary 

part of ρ. The resonance is centred at the αn poles, i.e. at λSPP,n. A discontinuity is observed at 

λRW,n , in the same way as in the case of Nn terms discussed in Section 3.2.3.1. Note that this is 

what is observed also in other studies which consider real metals [94]. In the PEC case, η = 0 

and nα  is then resonant at λRW,n. Consequently, ρ is both resonant and discontinuous at λRW,n , 

as observed in Fig. 3.21(b). This explains why a resonance was observed at λRW,n in Ref. [85]. 

The finite conductivity of real metals red-shifts the SPP resonance. 

The findings of Section 3.2 brings consensus between the different explanations 

regarding transmission resonances known in the literature. A dressed SPP mode is defined. 

This mode is slightly blue-shifted as compared to the SPP condition of a flat metal-air 

interface due to the perturbations generated by the slits. The excitation of this mode leads to a 

very low transmission. The modes responsible for high transmission have been defined by 

considering the dispersion relation of the complete system. These modes can either present a 

FP or an SPP like profile, and can be considered as hybrid FP-SPP modes.  
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Figure 3.21. Phase (green curve), real (blue curve) and imaginary (red curve) part of the reflection 

coefficient at the grating interface of the fundamental slit mode ρ for a grating with w = 

50 nm, p = 1000 nm and normal incidence. The metal is considered as (a) gold; (b) a 

PEC. λSPP,1 and λRW,1, calculated from Eq. (3.2-21) and (3.2-22) are represented by 

vertical dashed lines. The right hand axis corresponds to the phase of ρ. 

3.2.5. Conclusion and outline 

To conclude, a simplified version of the modal expansion method has been derived to 

study the TM light transmission through metal gratings with narrow slits and optically thick 

metal walls. The model gives an accurate analytical expression for the transmission and the 

dispersion relations of the modes responsible for high transmission. The dispersion relations 

accurately predict the position of the transmission peaks, and clarify the role played by the 

different modes of the grating in the transmission process. We find that high transmission 

occurs for the excitation of hybrid “SPP-FP” modes. Two types of modes are identified: 

symmetric and antisymmetric ones. These modes are very similar to the symmetric and 

antisymmetric modes of a waveguide unless they occur at wavelengths close to the uncoupled 

SPP condition, where these modes present similarities with the symmetric and antisymmetric 
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SPP modes of a thin metal film. These findings give a unifying picture regarding the 

transmission properties of metal gratings. Also, the observations made in the present chapter 

are helpful for the design of metal gratings for various applications. Some examples are given 

in the Chapter 5. 

The model developed in this chapter is accurate for narrow slits, i.e. when the 

fundamental slit mode is the only propagating order. Increasing the slit width such that other 

slit modes become propagating will lead to additional transmission channels, resulting in 

more complex transmission mechanisms through the array. 

The transmission through the metal is not considered in this chapter. This should be 

included in the calculation when the metal walls are thinner than the skin depth of the metal. 

For a thin film thickness h, SPP’s at the top and bottom couple together and symmetric and 

antisymmetric SPP’s need to be considered. As the metal thickness between the slits is 

decreased, symmetric and antisymmetric slit modes should appear due to neighbouring effects 

between the slits. Both cases would be very interesting to investigate, but a rigorous method is 

necessary. 

As will be shown in Chapter 4 and 5 slit arrays are fabricated on substrates in most 

experimental studies. This implies that refractive indices above and below the array are 

different, as are λSPP,n and λRW,n. Different refractive indices can be considered in the model 

described above but to fully illuminate the basic properties of light transmission through slit 

arrays, this was omitted. 

Finally, this model and the dispersion relations of the modes giving high transmission 

might be extended to two dimensional hole arrays. This would give additional insight in their 

transmission properties. A starting point towards this can be the method described in Ref. 

[91]. Similar properties to the slit array case are expected for holes sustaining propagating 

modes. 
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Metal structures on glass: fabrication, 

characterization and comparison with 

theory 
 

 

 

 

The present chapter is dedicated to the measurement of the light transmission through 

the metal structures whose optical properties are described in Chapter 3: single slits, slit and 

grooves and slit arrays. After a description of the sample fabrication and the way transmission 

measurements are acquired, measurements of the different structures are reported and 

compared with theory. This validates the use of the design tools that we introduced before 

applying them in Chapter 5 to design metal structures for various applications. 
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4.1. Materials and methods 
This chapter concentrates on the optical properties of gold structures on glass substrates. 

The first section describes the sample fabrication and the measurement procedure. 

4.1.1. Sample Fabrication 

The glass substrates are 150 µm thick optical microscope cover slips, which were 

cleaned with a commercially available soap (Hellmannex II, Hellma, Germany) and rinsed 

with deionised and purified water. Cleaned surfaces are necessary to remove any dirt or 

impurity present on the surface, which would result in an increased roughness of the metal 

film. Film roughness is a key issue in the quality of the sample. An increase in roughness 

leads to a limited SPP’s propagation [12,95]. 

Gold is used in the experiments of the present work. As shown in Section 2.2.2, this 

metal presents large SPP propagation lengths at a gold-air interface for wavelengths above 

600 nm. The SPP propagation length is approximately ten times the free space wavelength 

around 600 nm and can reach several hundred times the free space wavelength for near-

infrared wavelengths. Gold is deposited on the glass substrate by sputtering. The film 

roughness was measured by atomic force microscopy (AFM). The root mean square 

roughness was lower than 1 nm. A thin (e.g. 5 or 10 nm) adhesion layer of titanium or 

chromium is often deposited between the glass substrate and the gold film to obtain a better 

adhesion of the layer. However, these metals present high losses and such layer significantly 

reduces the SPP propagation length. For this reason, no adhesion layer was used in our 

experiments. 

Metal structures are milled in the gold film with focused ion beam (FIB). FIB milling 

relies on the impact of highly accelerated Ga+ ions on the metal surface. The ion beam hits the 

sample surface and sputters a small amount of material, which leaves the surface. The ions are 

extracted from a liquid metal ion source accelerated by a high tension to an energy around 30 

keV and focused by several electrostatic lenses. The intensity and beam width is adjusted 

using several diaphragms. FIB can modify the substrate properties by ion damage. In the case 

of crystalline substrates, the ion beam damages the lattice, creates an amorphous top layer and 

causes ion implantation [96,97], which in turn induces optical losses. Optical losses induced 

by FIB structuring on crystalline substrates will be discussed in Chapter 5. The effect of FIB 

damaging on glass substrates is investigated here. A 25×25 µm2 square of depth 20 nm is 
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etched in a glass substrate. Transmission spectrum of the etched substrate is shown by the 

blue curve in Fig. 4.1. The transmission is reduced as compared to a glass substrate not being 

etched (red curve in Fig. 4.1). It shows that also in the case of amorphous substrates, FIB can 

induce optical losses. This will be of importance in the next section when comparing 

experimental data with theory. It should be noted that these losses are an experimental artefact 

and may be overcome by employing other fabrication techniques such as nanoimprint 

lithography and e-beam lithography. However, these techniques are less versatile than FIB for 

making exploratory structures. 

 

Figure 4.1 Transmission measured through a glass substrate before (red curve) and after (blue 

curve) FIB etching. The etched area is a 25×25 µm2 square with 20 nm depth. 

In the present chapter, three types of structures are fabricated and characterized: single 

isolated slits, slit and groove structures and slit arrays. The different structures are shown in 

Fig. 4.2 together with the definitions of the structure dimensions. If not specified, the length 

of the structures is L = 10 µm and each slit array is constituted of Nslit = 10 slits. Examples of 

slit array and slit and groove structures obtained by FIB are shown in Fig. 4.3(a) and 3.3(b) 

respectively. The optical properties of the various structures have been theoretically discussed 

in Chapter 3. 

In addition to low roughness, gold films need to have small grain sizes with a narrow 

distribution to obtain the highest quality structure using FIB. The etching rate by FIB depends 

on the grain size. The presence of large grains induces irregularities in the structure. To 

illustrate this effect, Fig. 4.3 shows scanning electron microscope (SEM) images of slit arrays 
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etched in a gold film for two types of films. A gold film with small grains leads to a well 

defined and defect free structure, as observed in Fig. 4.3(a), whereas the presence of large 

grains as in Fig. 4.3(c) engenders irregularities in the structure. 

  

Figure 4.2. Schematic of structures on glass substrate and definitions used for the structure 

dimensions. (a) single slit; (b) slit and groove structure; (c) slit array. 

A cross-section of a slit and groove structure is shown in Fig. 4.3(d). The inset, which is 

a higher magnification of the slit with the first groove on its right, shows that the structure 

edges are rounded, and that the slit walls are tilted at an angle of ≈ 7° as compared to the 

vertical. The deviation in the structure dimensions depends on the feature sizes and aspect 

ratios. These structural imperfections need to be considered when comparing experiment with 

theory, which only accounts for vertical walls and sharp edges. 
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Figure 4.3. SEM pictures of (a) a slit array with p = 600 nm w = 150 nm and h = 285 nm; (b) a slit 

and groove structure with p = 638 nm, w = 311 nm, h = 420 nm, Ng = 7, wg = 325 and hg 

= 180. A cross section of this structure is shown in (d). (c) A slit array etched in a gold 

film made of large grain sizes with p = 638 nm w = 200 nm and h = 230. 

4.1.2. Optical setup 

An optical setup dedicated to the visible – near infrared spectral range (from 400 to 950 

nm in the present case) is used to characterize the structures. It is composed of three parts: an 

inverted microscope (Zeiss Axiovert 135), a monochromator (SpectraPro 300i, Acton 

Research Corporation, USA) and a nitrogen cooled charge-coupled device (CCD) camera 

(LN/CCD-512SB with ST-130 controller, Princeton Instrument, USA). A schematic of the 

setup is shown in Fig. 4.4.  
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Figure 4.4. Schematic of the optical setup used to measure the light transmission through metal 

structures. 

Structures are aligned on the optical axis of the microscope and illuminated with a 

halogen lamp. The incoming beam has a low numerical aperture (NA < 0.1). The halogen 

lamp provides unpolarized white light. The polarization state is controlled using a Glan laser 

prism (extinction ratio ER = 105) placed in a rotational mount and inserted between the lamp 

and the sample. Light transmitted through the structure is collected through a microscope 

objective and directed toward the entrance of the monochromator, where it forms an image of 

the structure. The entrance width determines the spectral resolution of the system. Light 

entering the monochomator is reflected on a grating and projected onto the CCD camera. If 

the position of the grating is such that the zero diffracted order is directed onto the CCD, an 

image of the monochromator entrance is formed on the CCD. This is what is observed in the 

left part of Fig. 4.5 where an image obtained in this configuration is shown for a slit and 

groove structure. The slit can be distinguished as well as the edges of the entrance of the 

monochromator. For clarity, a schematic of the image of the slit and the monochomator 

entrance is shown in the inset of Fig. 4.5. Rotating the grating such that a dispersive order is 

directed towards the CCD camera leads to Fig. 4.5(b), i.e. a two dimensional image with in 

abscissa the wavelength and in ordinate the position on the sample. 
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Figure 4.5. Images of a slit and groove structure recorded by the CCD when the grating is placed 

such that (a) the zero diffracted order is directed onto the CCD, leading to a two 

dimensional spatial information; (b) a dispersive order is directed towards the CCD, 

which leads to an image with spectral information in abscise and spatial information in 

ordinate. The inset shows a schematic of the image of the slit and the monochomator 

entrance. 

In the example of Fig. 4.5, the slit is centred and directed perpendicular to the 

monochromator entrance. In this configuration, the light transmitted by the slit is measured at 

its central portion. The structures used here are 10 µm long, which is sufficient to avoid any 

influence due to the edges in the measurement. Consequently, this configuration is close to 

the theoretical conditions used to design the structures, where infinitely long slits are 

assumed. 

4.1.2.1. Collection angle 
Light transmitted through a single slit is scattered in all directions perpendicular to the 

slit axis. When the light is incident on the air side of the structure, transmitted light 

experiences refraction at the glass-air interface, see Fig. 4.6. At large scattered angles, light is 

not transmitted through the substrate due to total internal reflection and is consequently not 

measured. Also, the light is collected only within a finite collection angle θcol in the 

experiment. The collection angle is governed by the NA of the microscope objective. If not 
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otherwise specified, the objective used in the measurements is a 40× power objective with NA 

= 0.6. With this NA, the collection angle is θcol ≈ 36.9°. Considering a glass refractive index 

of 1.5, this gives θcol ≈ 23.6°. In the case where light is isotropically scattered at the slit, which 

is valid for a PEC and w << λ, only 26% of the light is collected. 

 

Figure 4.6. Scheme representing the collection of the light transmitted through a slit on a glass 

substrate and a microscope objective of NA = 0.6. 

In the case of a slit array, light is scattered within discrete orders. For wavelength higher 

than the first order Rayleigh wavelength λRW,1 (cf. Chapter 3), only the zero diffracted order is 

a propagating order. Consequently, in that case the total transmission is measured. The zero 

diffracted order is always collected, and higher orders n of diffraction are collected for nλ/p < 

NA. For example, the first diffracted order for p = 600 nm will be collected with the 0.6 NA 

objective only for λ < 360 nm. 

4.1.2.2. Spectrum normalization 
In order to normalize the transmission spectra of the structures, the following operation 

is performed for each pixel of the CCD: 

 
noisereference

noisestructure
pixel PP

PP
T

−
−

= , (4.1-1) 

where Pstructure is the signal measured by the CCD when light is transmitted through a 

structure, Preference is the signal measured when light is transmitted through a glass substrate 

and Pnoise the signal measured when the incoming beam is blocked. 

Two different figures of merit are used to evaluate the transmission efficiency of the 

structures. For slit arrays, what is of interest is the absolute transmission T, i.e. the ratio 

between the power transmitted by the structure to the one incident on the entire structure. This 

corresponds to the values calculated for slit arrays in Chapter 3. If the number of slits can be 
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considered to be infinite, i.e. boundary effects can be neglected, T is directly obtained 

averaging Tpixel over several pixel lines. However, when a spectrum is measured for a finite 

array, light is scattered at the edge of the array. This results in light being detected over an 

area larger than the physical area of the slit array. This is shown in Fig 4.7 which shows the 

spectrum measured for a finite array of slits. The size of the slit arrays is marked by a dashed 

line. Light transmitted through the slit array clearly passes outside of the marked region. This 

can be seen particularly clearly at 940 nm where light is detected from pixel 50 to 70. 

 

Figure 4.7. Image of a slit array recorded by the CCD when the grating is placed such that a 

dispersive order is directed towards the CCD. The dashed lines represents the width of 

the array. 

To overcome the influence of edge effects, it is necessary to average Tpixel over a 

number of pixel lines Npixel larger than the one comprised inside the dashed line of Fig. 4.7. In 

other words, a width wmeasure = NpixelSpixel larger than warray = Nslitp needs to be considered, 

where Spixel corresponds to the effective size of a pixel on the sample plane. In our setup, Spixel 

= 145 nm. The absolute transmission is then:  

 
array

measure
pixel w

w
TT = . (4.1-2) 

In the case of a single slit or slit and grooves, we are interested to the “funnelling” effect 

of the structure. A measure of the efficiency is the normalized transmission (NT), defined as 

the amount of light transmitted through the slit compared to the flux incident on the slit. The 

approach is similar to the one used in the case of slit array, averaging Tpixel over Npixel lines. 

The normalized transmission is obtained as:  

 
w

wTNT measure
pixel= . (4.1-3)  
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4.2. Transmission measurements through single slits 

4.2.1. TM polarization 

The transmission properties of a single slit have been described in the theoretical study 

of Chapter 3. It was shown that in the TM case, the fundamental mode is always a 

propagating one, which may lead to high transmission and FP resonances (cf. Section 3.1.2). 

TM transmission measurements of single slits in a 310 nm thick gold film are shown in Fig. 

4.8(a) for widths of 100, 150 and 200 nm. For certain wavelengths, almost 25% of the light 

impinging on the aperture is transmitted within the collection angle of the setup. FP peaks are 

very broad due to the low reflection inside the aperture. The real part of the propagation 

constant for the fundamental TM mode ( ) 00 kβℜ  increases when the slit width is decreased, 

as shown in Fig. 4.9(a). This shifts the FP peak to longer wavelengths, which is barely 

observed in Fig. 4.8(a). Below 500 nm, the transmission decreases due to high losses of gold 

at short wavelengths [98]. This is confirmed in Fig. 4.9(a) observing for different slit widths 

the propagation constant of the fundamental TM mode. One sees that its imaginary part 

( ) 00 kβℑ  increases below 500 nm, inducing losses and reducing the transmission. 

4.2.2. TE polarization 

In the TE case, the fundamental mode is evanescent for λ > λc, leading to low 

transmission. For real metals, λc is slightly larger than λ = 2w, which corresponds to the cut-

off wavelength for PEC (cf. Chapter 3). The TE transmission, plotted in Fig. 4.8(b) on a 

logarithmic scale, decreases rapidly with increasing λ. This is characteristic of transmission 

below cut-off. Decreasing w also reduces the transmission, which is comparable to the 

instrumental noise for the 100 nm slit width. The values taken by the TE mode in Fig. 4.9(b) 

show that decreasing w increases ( ) 01 kβℑ , which means that the field amplitude decays 

more rapidly inside the slit for small slits.  

The mode index calculated in the case of gold and w = 100 nm is compared with the 

PEC case in Fig. 4.9(b). The general trend with wavelength is similar, except at short 

wavelengths. This is due to two effects: (i) the cut-off wavelength is larger for gold than for 

PEC; (ii) at these wavelengths, the real part of the permittivity is less negative, and the mode 

penetration inside the metal is increased. As compared to TM modes, TE modes should be 

less sensitive to the PEC approximations with increasing slit width because TE modes are not 

confined on the metal surface but at the centre of the slit. This will be discussed in Section 
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4.4.2.2. 

A single slit presents strong polarizations properties, as observed in Fig. 4.8(b), where 

TM transmission is higher than TE transmission for any w and λ. The extinction ratio (ER) of 

polarization, defined as the ratio between TM and TE transmission, strongly varies with slit 

width. The ER ranges from 2-3 to at least 500 for widths of 200nm and 100nm, respectively. 

 

Figure 4.8. Transmission spectra of single slits etched in a 310 nm thick gold film for widths of 

100, 150 and 200 nm (a) for TM polarization (b) for TE and TM polarization plotted on 

a logarithmic scale. 

 

Figure 4.9. Propagation constant (a) β0 for TM polarization and (b) β1 for TE polarization calculated 

in function of λ and w following the method of Section 3.1.1. The axes of the graph are 

normalized to k0. 
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4.3. Enhanced optical transmission measured with slit 

and groove structures 
The optical properties of slit and grooves structures on glass substrates are measured 

and compared with theory in the present section. The goal here is to validate the design tools 

used in order to apply them afterwards for photodetection, which is treated in Section 5.3. 

4.3.1. TM transmission 

As discussed in Chapter 3, placing periodic grooves around a single slit can boost TM 

transmission due to the excitation of SPP modes. Normalized transmission (NT) spectra are 

shown in Fig. 4.10(a) for slit and groove structures with periods ranging from 600 to 800 nm 

and the following set of parameters: w = 100 nm, h = 180 nm, hg = wg = 100 nm, Ng = 5 and 

TM polarization. High transmission induced by SPP excitation is expected at a wavelength λ 

larger than λSPP,n [53,71]. As λSPP,n scales with p, the transmission peak is red-shifted on 

increasing p. This is what is seen in Fig. 4.10(a), where the high transmission peak (NT > 1) 

measured at λ ≈ 765 nm for p = 600 nm shifts to λ ≈ 910 nm for p = 800 nm. When NT > 1, 

there is more light transmitted by the slit than the original flux impinging on the slit aperture, i.e. 

light is concentrated into the aperture. 

 

Figure 4.10 (a) Normalized transmission spectra measured for slit and groove structures with 

parameters w = 100 nm, h = 180 nm, hg = wg = 100 nm, Ng = 5 and TM polarization. (b) 

Corresponding theoretical calculations from the modal expansion method and 

considering θc ≈ 23.6° as in the experiment [99].  



Chapter 4 Metallic structures on glass: Fabrication and characterization 
 

71 
 

4.3.2. Comparison between theory and experiment 

The model used to calculate the optical transmission is based on a modal expansion 

method adapted to slit and grooves structures [93,100]. The code used has been developed by 

the groups of Prof. Luis Martín-Moreno from the Universidad de Zaragoza (UNIZAR) and 

Prof. Francisco J. García-Vidal from the Universidad Autónoma de Madrid (UAM) in Spain. 

The displayed data have been provided by Dr. Fernando de León-Pérez from UNIZAR. In this 

model, SIBC is considered at all interfaces except those of the lateral walls of both slit and 

grooves where a PEC was assumed. A constant refractive index of 1.5 is considered for the 

glass substrate. 

The theoretical calculations of the spectra corresponding to the measurements of Fig. 

4.10(a) are shown in Fig. 4.10(b). A collection angle θc ≈ 23.6° has been considered, as is the 

case in the experiment (cf. Section 4.1.2). Good qualitative agreement between the theoretical 

and experimental results is observed. The spectral shift of the transmission peak to longer 

wavelengths with increasing 50 nm periods is approximately 35 nm for both theory and 

experiment. Moreover the linewidths of the peaks, which narrow toward longer wavelengths, 

are also in good agreement. The theoretical curves are slightly redshifted compared to the 

measured data, and the normalized transmission is slightly smaller in the experiment. These 

discrepancies can be caused by the approximations used in the model and also because several 

parameters of the experiment are not considered in theory: the finite size of the array, the non-

zero NA of illumination, surface roughness or imperfection in the structure profile [cf. Fig. 

4.3(d)]. The expected influence of these parameters is a smoothing of the spectral features. 

Another possible factor that may explain these differences is the optical losses induced 

during FIB fabrication, as discussed in Section 4.1.1. Losses are concentrated in a thin layer 

below the etched area, where the ions penetrates. This effect is likely to be important in the 

transmission properties of the metal structures, as high field confinement occurs close to the 

structure. 

4.3.3. Importance of the collection angle 

To show the effect of the collection NA, light transmission through slit and groove 

structures with parameters w = 100 nm, h = 240 nm, hg = 80, wg = 90 nm, Ng = 6 and TM 

polarization is measured with two different objectives. Normalized transmission spectra 

measured with the 0.6 NA objective are shown in Fig. 4.11(a), whereas an oil immersion 

objective (NA = 1.25 and power 100×) was used for the spectra shown in Fig. 4.11(b). The 
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collection angle of this objective is θcol ≈ 56.4°. Using such an objective doubles the intensity 

measured as compared to the 0.6 NA objective. The effect of the numerical aperture of 

collection is strongly dependant on the slit width. As the slit width is reduced, the emission 

pattern from the slit will become similar to the one of an emitting dipole, and the amount of 

light scattered at large angles increases. 

 

Figure 4.11 Transmission spectra measured for slit and groove structures with parameters w = 100 

nm, h = 240 nm, hg = 80, wg = 90 nm, Ng = 6 and TM polarization. (a) θcol ≈ 23.6° (b) 

θcol ≈ 56.4°. 

4.3.4. Polarization properties 

The TE transmission through a slit is not expected to be modified by adding periodic 

grooves as there is no TE surface mode sustained at the metal-dielectric interface. This is 

what is observed in Fig. 4.12, where the TE transmission through a slit and groove structure is 

very similar to that of a single aperture. The transmission for TE is higher in Fig. 4.12 than in 

Fig. 4.8 obtained for a single slit. This is principally due to the fact that the film is thicker in 

the case of Fig. 4.8.  

Transmission through a slit and groove structure involves two polarization dependent 

processes: (i) the excitation of SPP by the periodic grooves; (ii) the transmission through the 

slit. Consequently, these structures are highly polarization sensitive. 
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Figure 4.12 Normalized transmission spectra measured for slit and groove structures with 

parameters p = 650 nm, h = 180 nm, hg = wg = 100 nm, Ng = 5 for widths varying 

between 100 nm and 200 nm for TE and TM polarization plotted on a log scale. 
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4.4. Slit and groove structure with a thin dielectric 

top layer: towards unpolarized enhanced optical 

transmission 

4.4.1. Introduction 

The polarization sensitivity of slit and groove structures has been advantageously 

exploited in several studies, for example to filter polarization (cf. Section 5.3 and Ref. [99]) or 

to control the polarization state of optical devices [101]. Most of the TE polarized light is lost, 

which is a drawback in applications where high transmission is necessary, such as low noise 

[99] or high speed [102] photodetectors. 

In order to increase the transmission of TE polarized light, it is first necessary to use a 

slit width such that it is above the cutoff width. Secondly, transmission can be increased by 

exciting TE surface waves, as is the case for enhanced TM transmission. This is made 

possible by adding a thin dielectric layer on top of the slit and groove structure. Such a layer 

permits TE polarized incident light to couple to dielectric waveguide modes. Light is then 

directed toward the slit which boosts TE polarized transmission. At the same time, TM 

polarized light can still be resonantly transmitted. This design was recently proposed and 

theoretically investigated in Ref. [69]. A scheme of this system is shown in Fig. 4.13(a). The 

goal of Section 4.4 is to validate this concept experimentally. 

 

Figure 4.13 (a) Schematic of a slit and groove structure covered by a dielectric layer and definitions 

used for the structure dimensions. (b) SEM image of a slit and groove structure with p = 

638 nm, w = 311 nm, h = 420 nm, Ng = 7, wg = 325 and hg = 180. 
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4.4.2. Transmission without dielectric layer 

Transmission measurements through slit and groove structures are first performed 

without a dielectric layer. This helps afterwards to distinguish the effects induced by the 

addition of the dielectric layer. 

4.4.2.1. Measurements 
The slit and groove structures studied in Section 4.4 have in common the following 

geometrical parameters: h = 420 nm, Ng = 7, wg = 325 and hg = 180. Such a structure is shown 

in Fig. 4.13(b). Transmission spectra for w = 311 nm and various periods are plotted in Fig. 

4.14. The high TM transmission peak induced by SPP excitation is red-shifted on increasing 

p, whereas the transmission is independent on p in the TE case, since no surface waves are 

resonantly excited. In Fig. 4.15, the slit width is varied and the period is fixed (p = 638 nm). 

Decreasing w reduces TE transmission. This is in accordance with what is observed for other 

slit and groove structures (cf. Section 4.3). 

 

Figure 4.14 Normalized transmission spectra of slit and groove structures with w = 311 nm, h = 420 

nm, hg = 180 nm, wg = 325 nm, Ng = 7 for periods varying between 600 to 680 nm and 

(a) TM and (b) TE polarization. 

4.4.2.2. Agreement with theory 
Measurements are compared with theoretical data provided by Dr. Alexey Yu. Nikitin 

from UNIZAR who used the model described in Ref. [69]. Gold is treated as a PEC and a 

fixed refractive index of 1.5 is considered for the glass substrate and later for the dielectric 

layer. The finite collection angle of the experiment has been taken into account in the 

calculations by restricting the integration interval of the propagating part of the transmitted 

angular spectra. 
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Figure 4.15 TE transmission spectra of slit and groove structures with p = 638 nm, h = 420 nm, hg = 

180 nm, wg = 325 nm, Ng = 7 for slit widths varying between 200 to 400 nm. (a) 

Experiment. (b) Theory. 

 

Figure 4.16 Propagation constant β1 for TE polarization calculated in function of λ and w 

considering PEC (left part) and gold (right part). Data are calculated following the 

method of Section 3.1.1. The axes of the graph are normalized to k0. 

The measurements in Fig. 4.15(a) are in good agreement with the calculated spectra in 

Fig. 4.15(b), even if PEC is considered. Following the method of Chapter 3, the first TE mode 

is plotted for PEC and gold in Fig. 4.16. It is observed that for w = 311 nm and w = 400 nm, 

β1 is very similar for both gold and PEC, validating the use of PEC for such structures. As 
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said in Section 4.2.2, TE modes are becoming less sensitive to the PEC approximations with 

increasing w because these modes are not confined on the metal surface. The PEC 

approximation provides a good semi-quantitative agreement with the experiment for TE 

polarization in the optical region. For TM polarization the results based on PEC approach are 

not reliable for wavelengths shorter than 600 nm, but the agreement improves with increasing 

wavelength as the real part of the permittivity is becoming more negative. 

4.4.3. Dielectric layer deposition 

The slit and groove structures measured in the previous section have been covered by a 

dielectric layer with the following procedure. 100 mg of Poly(methyl methacrylate) (PMMA) 

was dissolved in 1 mL anisole (CH3OC6H5). The solution was spun onto the gold structure at 

a speed of 5300 revolutions per minute. This results in a PMMA layer of thickness hd = 250 ± 

10 nm above the metallic structure. This corresponds to the thickness suggested in Ref. [69]. 

Both slit and grooves are completely filled with PMMA. The profile of the PMMA film on 

top of the structure was measured by AFM. Fig. 4.17 shows this profile for a line scan taken 

perpendicular to the slit and groove direction. A modulation xg < 30 nm is measured on top of 

the grooves. This can be considered as optically flat (xg < λ/10) as we consider a dielectric 

medium here. Above the slit, a modulation of height xs = 100 ± 10 nm has been measured. 

This gives λ/5 < xs < λ/10 which should have little influence on the optical properties of the 

structure. 

 

Figure 4.17 AFM measurement of the PMMA layer profile deposited above a slit and groove 

structure. 
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4.4.4. Transmission measurements with PMMA layer 

4.4.4.1. TM transmission 
The TM transmission through the structures covered by the PMMA layer is shown in 

Fig. 4.18. A red-shift of the transmission peak with increasing period is observed in Fig. 

4.18(a), which is characteristic of the resonant transmission induced by surface wave 

excitation. λSPP,n is red-shifted as compared to the air case due to the presence of the PMMA 

layer. Consequently, the transmission peaks observed in Fig. 4.14(a) are displaced to longer 

wavelength. In Fig. 4.18(a), these peaks are out of the wavelength range considered and 

therefore not observed. The peaks observed in Fig. 4.18 are attributed to the excitation of 

λSPP,2. 

 

Figure 4.18 Normalized TM transmission spectra of slit and groove structures covered by a thin 

PMMA layer. The slit and groove dimensions are the same than for Fig. 4.14. In panels 

(a) w = 311 nm and p is varied. In panels (b) p = 638 nm and w is varied. 

4.4.4.2. TE transmission 
Transmission spectra for TE polarization with the PMMA layer added on top of the 

structure are shown in Fig. 4.19. The dielectric layer modifies the transmission properties of 

the structure. Spectra are now dependent on periodicity. This indicates that the metallic 

grating allows incident light to resonantly couple into the dielectric layer. This coupling 

occurs at λw,n = (p/n)qw, where qw is the effective index of the waveguide mode. Only one TE 

polarized waveguide mode is supported in the 250 nm dielectric layer for the wavelength 

range considered, as show in Fig. 4.20.  
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Figure 4.19 Normalized TE transmission spectra of slit and groove structures covered by a thin 

PMMA layer. The slit and groove dimensions are the same than for Fig. 4.14 and 4.15. 

Panels (a) and (c) show measurement spectra and panels (b) and (d) the corresponding 

calculations. In panels (a) and (b), w = 311 nm and p is varied. In panels (c) and (d), p = 

638 nm and w is varied. 

 

Figure 4.20 Dispersion curves of both TM (dashed lines) and TE (continuous lines) modes sustained 

in a dielectric film (refractive index 1.5) placed above a PEC. Highlighted regions 

represent single-mode regimes. Adapted from Ref. [69]. 
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The highest transmission measured is NT = 2.5 for p = 680 nm at λ ≈ 825 nm. This 

corresponds to a 25 fold increase as compared to the s-polarization case without PMMA layer. 

As discussed in the previous section, total transmission is higher than reported here as not all 

the light is collected due to the finite NA of the objective. Reducing the slit width such that λ 

> λc drastically reduces light transmission, see Fig. 4.19(c). Even if the incident light is 

resonantly coupled into the waveguide mode, light is not transmitted by the single slit for w = 

200 nm as the TE slit mode is evanescent and thus does not allow high transmission for a 420 

nm thick film. 

4.4.4.3. Comparison between theory and experiment 
General good agreement is observed between theory and experiment. An inconsistency 

is observed in the case of the structure with parameters p = 638 nm and w = 311 nm. This is 

most likely due to a large sample imperfection. Theory predicts twice the measured 

transmission, see Fig. 4.19(b) and 4.19(d). This quantitative discrepancy may be due to the 

reasons discussed in Section 4.3.2, imperfections in the PMMA layer flatness and PEC 

approximation in the calculations. On the other hand, peak positions in Fig. 4.19 are very 

accurately predicted theoretically. This is explained by the fact that λw,n, which governs peak 

positions, is weekly affected by sample imperfections and approximations made in 

calculation. Note that the field of the TE1 polarized modes in the dielectric layer is not tightly 

bounded to the surface as in the TM0 case, which correspond to the SPP mode. Therefore, 

approximating a real metal by a perfect one predicts more accurately the peak position for TE 

than for TM polarization. 
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4.5. Light transmission through slit arrays 

4.5.1. TM polarization 

As described in Chapter 3, periodic slit arrays support surface modes for TM polarized 

light which strongly modify the optical transmission properties as compared to a single slit. 

This is observed experimentally in Fig. 4.21(a), where transmission spectra have been 

measured for slit arrays with w = 150 nm, h = 285 nm and periods ranging from 350 nm to 

600 nm. The minimum in transmission due to the excitation of SPP’s at the gold glass 

interface observed at λ ≈ 620 nm for p = 350 nm is continuously red-shifted as the period is 

increased. A broad hybrid FP-SPP transmission peak, observed at λ ≈ 900 nm for p = 350 nm, 

is also red-shifted and is out of the spectral range considered in Fig. 4.21 for p > 500 nm.  

 

Figure 4.21 (a) Transmission measurements of slit arrays for TM polarization, h =285 nm, w = 150 

nm and period varying between 350 nm and 600 nm. (b) Corresponding calculations 

obtained from the modal expansion method. The inset in panel (a) is a SEM image of 

the slit array with p = 600 nm. 
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4.5.2. Agreement with theory 

Transmission spectra calculated with the modal expansion method (cf. Section 3.2.1) 

for the same slit array parameters as in Fig. 4.21(a) are shown in Fig. 4.21(b). The refractive 

index of the glass substrate is considered to be constant (1.525). Simulation and experiment 

are in good agreement. The peak positions are especially well reproduced. The differences are 

mainly in the amplitude and the sharpness of the transmission peaks. As in Section 3.2.1, 

FDTD and GSolver methods were also used and are in agreement with the model described in 

Chapter 3. The different experimental artefacts already mentioned in the case of slit and 

grooves (cf. Section 4.3.2) may explain the differences between theory and experiments. 

Note that the agreement in terms of transmission amplitude is better here as compared 

to the slit and groove structures. This can be explained by the fact that PEC is assumed for the 

lateral walls of the metal in the case of slit and grooves, which underestimates the losses 

induced by the metal. 

4.5.3. TE polarization and extinction ratio 

As in the case of slit and groove structures (cf. Section 4.3.4), the TE transmission 

through the slit arrays are very similar to that of a single aperture. This is observed in Fig. 

4.22(a) for a slit array with parameters p = 500 nm, h = 285 nm and w = 150 nm. Varying the 

period modifies the total transmission magnitude due to a change in aperture number per area. 

The zero order transmission changes with p as the power is redistributed into the different 

diffracted orders.  

The ER plotted in Fig. 4.22(b) for the same slit array as in Fig. 4.22(a) is higher than 

100 in the 600-900nm range. It decreases at the SPP transmission minima, i.e. at λ ≈ 550nm 

and λ ≈ 800nm, as shown in Fig. 4.22(b).  

Good agreement is again obtained between theory and experiment. The SPP minima are 

more pronounced in theory than in the experiment, see Fig. 4.22(a). This is due to the fact that 

the SPP excitation is a strong resonance which is in turn strongly affected by the various 

experimental parameters not considered in the calculations, see Section 4.3.2. This results to a 

higher ER in the experiment than in theory at the SPP dips.  
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Figure 4.22 (a) TM and TE zero order transmission spectra (b) and the corresponding extinction 

ratio for p = 500 nm, h = 285 nm and w = 150 nm. Solid curves: experiment; dashed 

curves: calculation. 

4.5.4. Slit array imaging 

A microscope image obtained in transmission is shown in Fig. 4.23(a) for different 

arrays of 20 slits in a 260 nm gold film. The arrays in the left and right column have a slit 

width of 100 and 150 nm respectively. The period is increased by 50 nm for each row, starting 

from p = 300 nm in the first row and ending to p = 750 nm in the last one. This image shows 

the different colours obtained depending on the different geometrical parameters of the array. 
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Figure 4.23 (a) A microscope image obtained in transmission for different arrays of 20 slits in a 260 

nm gold film. The arrays in the left and right column have a slit width of 100 and 150 

nm respectively. The period is increased by 50 nm for each row, starting from p = 300 

nm in the first row is and ending to p = 750 nm in the last one. (b) – (e) Images taken in 

the Fourier plane showing the scattering pattern of slit arrays with period (b) 600 nm, 

(c) 650 nm, (d) 700 nm and (e) 750 nm. 
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Diffraction patterns of slit arrays ranging from 600 to 750 nm are shown in Fig. 4.23(b)-

(e). To obtain these images, a supercontinuum white light source is used to provide an intense 

incoming beam. This beam has a low numerical aperture (NA < 0.1) and is TM polarised. A 

lens is placed at the back of the sample and images are taken in the Fourier plane. A 

schematic of this experiment is shown in Fig. 4.24. Each Fourier image shows a spot in the 

middle which is the zero diffracted order. On each side of this spot, two lines are observed, 

which correspond to the first diffracted orders. In Fig. 4.23(b), only blue and green colours are 

observed. As this image is obtained for p = 600 nm, the first diffracted order is not a 

propagating order for λ > 600 nm. That is the reason why there is no red colour observed. By 

increasing the period, we indeed see red colour in the first diffracted orders in Fig. 4.23(d) and 

(e).  

 

Figure 4.24 Schematic representing the acquisition principle of images in the Fourier plane. The 

lens has a focal length F. 



Chapter 4 Metallic structures on glass: Fabrication and characterization 
 

86 
 

4.6. Conclusion 
The first part of this chapter is dedicated to the description of metal structure fabrication 

and characterization. Three types of structures have been considered: single slits, slit and 

grooves and slit arrays. The single slit is the basic building block of the two other structures: a 

single slit presents high TM transmission whereas TE transmission can be strongly reduced 

for narrow slit widths. Due to SPP’s excitation, TM transmission is strongly modified for both 

slit arrays and slit and grooves as compared to the single slit case: the transmission can be 

either enhanced or decreased. On the other hand, TE transmission remains similar to the 

single slit case for both slit arrays and slit and grooves as there is no surface mode supported 

by the structure. The strong polarization properties measured for such structures can be 

advantageous, as is shown in Chapter 5. 

To enhance TE transmission, it is first necessary that the slit allows TE polarized light 

to propagate. Next, a thin dielectric layer which sustains TE waveguide modes can be placed 

above either a slit array or a slit and groove structure. The slit and groove case under such 

configuration has been investigated, and extraordinary optical TE transmission has been 

experimentally demonstrated. This experiment illustrates the fact that different kinds of 

surface waves can be used to enhance transmission. It should be possible to transmit both 

polarizations at the same wavelength, thus increasing the overall transmission and removing 

polarization sensitivity. These findings could be used for devices where high throughput is 

necessary, such as low noise [99] or high speed photodetectors [102]. 

Finally, this chapter showed relatively good agreement between theory and experiment 

for the different structures. This is particularly important as it validates the theoretical tools 

used. These tools can afterwards be used to design structures for various applications. 

Examples of such applications are explored in Chapter 5. 

 

 

 



 

 

 

 

 

 

Chapter 5  

Applications 
 

 

 

 

The phenomenon of enhanced optical transmission through metal structures can benefit 

several applications. For example, metal structures have been used to develop new 

nanolithography techniques [103,104], to control the emission of the light emitted from 

quantum cascade lasers [105,106], to improve the speed of photodetectors [102] and to design 

new chemical/biological sensors [107]. An extensive review regarding the potentials of the 

enhanced optical transmission process is found in Ref. [48]. In the present chapter, the use of 

nanostructured metals is investigated for three different optical devices: 

(i) chemical/biological sensors; 

(ii) light emitting diodes (LED’s); 

(iii) image sensors. 

For each we initially introduce the principle of each device is introduced. The potential of 

using nanostructured metals to improve the different devices is then explored both 

theoretically and experimentally.  Finally, limitations and perspectives are discussed. 
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5.1. Surface plasmon resonance sensing 
The excitation condition of SPP’s at a metal-dielectric interface depends on the 

refractive indices of each medium (cf. Section 2.2). As the field is highly confined at the 

metal interface, SPP’s are particularly sensitive to refractive index changes of the dielectric 

medium in close vicinity to the metal layer. Even a layer a few nanometres thick on the metal 

can modify the excitation of SPP modes. This effect is the basis of devices called surface 

plasmon resonance (SPR) sensors capable of detecting and quantifying chemical and 

biological compounds. 

 

Figure 5.1. Schematic of a SPR sensor 

5.1.1. Principle 

In most SPR sensors, SPP’s are excited in Kretschmann configuration, see Fig. 5.1. 

Light is first coupled to a prism coated with a thin metal film. At the SPP condition, a 

minimum in the reflection spectrum is measured. The modification of the SPP condition 

induced by refractive index changes can be measured by three different approaches: (i) 

intensity changes measured near the resonance; (ii) angular analysis of the resonance position; 

(iii) spectral analysis of the resonance position.  

SPR sensors can be prepared such that they are sensitive to a specific analyte. As shown 

in Fig. 5.1, biorecognition elements are immobilized on the metal surface. These 

biorecognition elements are able to interact with a specific analyte. Analyte molecules in a 

liquid in contact with the SPR sensor bind to the biorecognition elements, causing a refractive 
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index change close to the surface which is optically measured via the modification of the SPP 

excitation. The refractive index change is dependent on the concentration of analyte 

molecules at the sensor surface. Thus, it is possible to measure the concentration and the 

kinetics of biospecific interactions. The first demonstration of biosensing using SPR was 

reported by Liedberg et al. in 1983 [108]. They were able to detect antigen-antibody specific 

binding. Since this first demonstration, SPR sensors have been developed and the first 

commercial SPR biosensor was launched on the market in 1990 by BIAcore [30]. SPR 

biosensors have become a central tool for detection of chemical and biological species and for 

characterizing and quantifying biomolecular interactions [109]. 

There is an increasing demand for compact and portable sensors which allow on-site 

measurements. The use of prism couplers in conventional SPR sensors causes limitation in the 

miniaturization of the optics of the device. Recently, Brolo et al. proposed a new type of SPR 

sensors where light is coupled to SPP’s with hole arrays [107]. Hole arrays present several 

properties which make them particularly suitable for miniaturized and multiplexed sensors, 

which can then be integrated in laboratory-on-chip devices [110]. Measurements can be 

performed in transmission as shown in Fig. 5.2. Also, the very small footprint of hole arrays 

together with microfluidic channels makes multiplexing and integrated devices possible. 

 

Figure 5.2. Scheme of the transmission mode optical setup and the fluidic connections employed 

for on-chip SPR sensors with hole arrays. Adapted from Ref. [110]. 
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The sensor performance can be improved using slit arrays, as it potentially gives higher 

transmission than hole arrays. In the following section, the use of slit arrays is investigated for 

SPR sensing. The observations of the theoretical study on slit arrays of Chapter 3 are 

considered. This then gives design rules to obtain slit arrays with high sensitivity to refractive 

index changes. Finally, proof of concept is shown by measuring the transmission through slit 

arrays immersed in solutions of different refractive indices. 

5.1.2. Design of slit arrays for chemical/biological sensing 

The goal of this study is to design slit arrays that show high sensitivity to layers of 

molecules adsorbed on the metal surface of the array, see the schematic of Fig. 5.3. In a first 

attempt, the array is considered to be immersed in water. The water refractive index is 

denoted RIXwater. The adsorption of a layer of molecules is regarded as a an increase of 

RIXwater by ΔRIX. The sensitivity of the device can be evaluated in two different ways: 

(i) by considering spectral shifts induced by the increase of RIXwater by ΔRIX. These 

shifts are expressed in nanometers per refractive index unit (nm/RIU); 

(ii) by calculating ΔT, the change in transmission at a given wavelength as RIXwater is 

increased by ΔRIX. 

Spectral shifts and transmission changes are linked, i.e. the larger the shift, the stronger 

the transmission will be modified at a given wavelength. Also, a shift of sharp spectral 

features should give rise to high transmission changes. 

 

Figure 5.3. Schematic of a slit array on a glass substrate immersed in water and coated with an 

adsorbed layer. 

5.1.2.1. Sensitivity of slit arrays to refractive index changes 
The transmission of light through slit arrays in a gold film on a glass substrate and 

immersed in water is calculated with the modal expansion method. The zero order 
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transmission for the parameters p = 500 nm and w = 100 nm is plotted in Fig. 5.4(a) as a 

function of h and λ. The refractive indices of glass and water are 1.5 and 1.333 respectively. 

Two lines with zero transmission, represented by the dotted lines, are observed. These lines 

correspond to the two SPP modes excited at each interface. There are also two lines of high 

transmission. Following the notations of Chapter 3, these high transmission lines correspond 

to the λ(0,1) and λ(0,2) modes, as labeled in Fig. 5.4(a). The refractive index of the substrate 

is larger than that of water. As a consequence, the λ(0,1) mode is not tangent to the gold-water 

SPP but tangent to the gold-glass SPP as the film thickness is decreased. The λ(0,2) mode 

crosses the gold-glass SPP as the film thickness is decreased and becomes tangent to the gold-

water SPP. 

 

Figure 5.4. (a) Zero order transmission of slit arrays on a glass substrate immersed in water with p 

= 500 nm and w = 100 nm. (b) Absolute intensity change as the water refractive index is 

changed from 1.333 to 1.334. Panel (c) and (d) are obtained as for panel (a) and (b) 

except that the period is varied and h = 265 nm.  

The zero order transmission is then calculated increasing the water refractive index by 

ΔRIX = 0.001 and the absolute intensity change |ΔT| is plotted in Fig. 5.4(b). High intensity 
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changes are observed at the λ(0,1) and λ(0,2) modes and at the horizontal line corresponding 

to the Rayleigh wavelength in water. The largest change occurs at the λ(0,2) mode for h ≈ 165 

nm and λ ≈ 760 nm which corresponds to a narrow transmission peak. Fig. 5.4(c) and Fig. 

5.4(d) are obtained in a similar way to that of Fig. 5.4(c) and Fig. 5.4(d) respectively except 

that the film thickness is fixed to h = 165 nm and the period is varied. Again, high intensity 

changes are observed for the λ(0,1) and λ(0,2) modes and at the Rayleigh wavelength in 

water. The highest intensity change is observed at the λ(0,2) mode for p ≈ 500 nm and λ ≈ 760 

nm. 

Figure 5.4 shows that the highest intensity change is observed for the narrowest 

transmission peak related to the λ(0,2) mode. A narrow transmission peak related to the λ(0,1) 

mode is also obtained as the film thickness is decreased in Fig. 5.4(a) or the period increased 

in Fig. 5.4(c). However, this narrow peak does not give a higher intensity change than the 

broad peak obtained for thicker films. To investigate this behaviour, the spectral position of 

the minima and maxima are plotted in Fig. 5.5 as a function of the refractive index of the 

medium in which the slit array is immersed. This is shown for two different arrays with the 

following parameters: p = 500 nm, w = 100 nm and h = 125 nm and 265 nm in panel (a) and 

(b) respectively. 

 

Figure 5.5. Position of the spectral minima and maxima in function of the refractive index of the 

immersing medium; calculated for slit arrays on a glass substrate with parameters p = 

500 nm, w = 100 nm and (a) h = 125 nm and (b) h = 265 nm. The number above each 

line corresponds to the wavelength shift in nm/RIU. 

The results of Section 3.2 are used to interpret the observations of Fig. 5.5. The spectral 

position of the first order gold-water SPP and Rayleigh wavelength in water are given by λSPP 

= pRIXwater[ε1/(ε1+ RIXwater
2)]1/2 and λRW = pRIXwater respectively, these give spectral shifts of 

≈ 475 and 500 nm/RIU respectively. This is in agreement with what is observed in Fig. 5.5. In 
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the case of the λ(0,1) and λ(0,2) modes, the transmission peak position far from SPP 

excitation can be approximated by Eq. 2.2-25 which can be reformulated to λ(0,l) = 2hRIXeff/l 

where RIXeff = β0/k0 is the effective index of the slit mode. Consequently, the spectral shift of 

the λ(0,1) and λ(0,2) modes for a refractive change of unity are approximately 2h and h 

respectively. These values constitute a rough approximation and strong deviations are 

expected close to the SPP excitation. 

The spectral shift of the λ(0,2) mode has been calculated for h = 265 nm, where the 

largest intensity change is observed in Fig. 5.4. The λ(0,2) mode gives a shift of 185 nm/RIU. 

This is lower than expected from the previous design rules because the λ(0,2) mode is 

bounded by the gold-glass SPP mode. For the λ(0,1) mode, the spectral shift for h = 125 nm is 

255 nm/RIU. As the gold thickness is increased to 265 nm, the shift is increased to 605 

nm/RIU. This increase in spectral shift with h is in agreement with the rules derived in the 

previous paragraph. For both thicknesses, the intensity change observed in Fig. 5.4 is nearly 

the same because an increase of the spectral shift is compensated by a peak width increase.  

It is observed that for both the λ(0,1) and λ(0,2) modes, sharp transmission peaks are 

obtained close to the SPP modes. These peaks show only small spectral shifts upon refractive 

index change, which is not concomitant with having the highest transmission changes. A way 

to improve the spectral shift of these peaks is to bind the modes to the gold-water SPP mode. 

This would ensure at least a spectral shift of 475 nm/RIU. To achieve this, the substrate 

should have a lower refractive index than water or should be removed, i.e. the slit array needs 

to be suspended. 

The zero order transmission for arrays without substrates is shown in Fig. 5.6(a) for p = 

500 nm and w = 100 nm. As the film thickness is decreased, the λ(0,1) mode is displaced 

close to the gold-water SPP and becomes sharper. As in Fig. 5.4, the absolute intensity change 

as the water refractive index is changed by ΔRIX = 0.001 is plotted in Fig. 5.6(b). It shows 

that the intensity change is increased as the transmission peak related to the λ(0,1) mode 

narrows. The spectral shift with refractive index of the λ(0,1) mode is plotted in Fig. 5.6(c) for 

a slit array with parameters p = 500 nm, h = 125 nm and w = 100 nm. The spectral shift of the 

λ(0,1) mode is twice as large as in the case of a glass substrate. This explains the large 

intensity change observed in Fig. 5.6. 
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Figure 5.6. (a) Zero order transmission of slit arrays without substrate immersed in water for p = 

500 nm and w = 100 nm. (b) Absolute intensity change as the water refractive index is 

changed from 1.333 to 1.334. (c) Position of the spectral minima and maxima in 

function of the refractive index of the immersing medium; calculated for slit arrays with 

parameters p = 500 nm, h = 125 nm and w = 100 nm.   

5.1.2.2. Sensitivity of slit arrays to adsorbing layer of molecules 
It is now necessary to verify that the previous considerations apply to the detection of a 

thin adsorbing layer. Both the slit array with a glass substrate in Fig. 5.4 and Fig. 5.5 and the 

optimized suspended array in Fig. 5.6 are considered. As a proof of principle, a bovine serum 

albumin (BSA) layer of thickness hBSA = 1.6 nm and refractive index RIXBSA = 1.465 is 

considered as the absorbed layer. These values are typical of the data reported in other work, 

see e.g. Ref. [111]. 

Calculations performed with RCWA are plotted in Fig. 5.7(a) and (b) for both an array 

on a glass substrate and a suspended array. The zero order transmission without BSA, denoted 

T0(water), is represented by a solid blue line and the one calculated with an adsorbing BSA 

layer, denoted T0(BSA), is given by a red dashed line. For both the slit array on glass and the 
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suspended array, it is not possible on such a scale to observe a modification in the spectrum 

due to the presence of BSA. 

In order to observe spectral modifications, the intensity change between T0(BSA) and 

T0(water) is plotted in Fig. 5.7(b). It shows that the presence of the BSA layer induces an 

intensity changes as in the case where the refractive index is modified. The suspended array 

gives the highest intensity change. At the transmission peak corresponding to the λ(0,1) mode, 

the transmission is modified by 3% due to the BSA adsorbing layer. 

 

Figure 5.7. Zero order transmission calculated for (a) the slit array on a glass substrate and 

parameters w = 100, h = 265 nm and p = 500 (b) and the suspended slit array with w = 

100, h = 125 nm and p = 500. The red dashed curves and blue solid curves are T0(BSA) 

and T0(water) respectively. Parts (c) and (d) show the corresponding difference between 

T0(BSA) and T0(water). The insets in parts (c) and (d) show the configuration used. 

5.1.3. Experimental measurement of refractive index changes 

As a proof of the presented modelling, the transmission spectra of slit arrays on a glass 

substrate immersed in different aqueous solutions are measured. Due to the presence of a 

fluidic channel used to immerse the array, it was not possible to take a reference spectrum 
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such that the different spectra could be normalized accurately. Consequently, the spectra 

displayed in Fig. 5.8(a) are not normalized and their amplitude cannot be compared with 

theoretical spectra. This is not important as spectral shifts between the different spectra are the 

information of importance in this study. 

The transmitted intensity measured through such array with parameters p = 500 nm, h 

=285 nm and w = 100 nm is shown in Fig. 5.8(a) by the black curve. The two transmission 

minima observed at λ ≈ 700 nm and λ ≈ 825 nm correspond to the gold-water SPP and to the 

gold-glass SPP respectively. The transmission peak observed at λ ≈ 760 nm corresponds to the 

λ(0,2) mode. 

 

Figure 5.8. (a) Zero order transmission spectra of slit arrays on a glass substrate immersed in 

different water-glycerol mixtures. The array parameters are h = 285 nm, p = 500 nm and 

w = 100 nm. (b) Corresponding calculations. 

The refractive index of the solution immersing the slit array is modified by changing the 

volume percentage of glycerol in water. As the amount of glycerol is increased, the refractive 
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index increases. The transmission measurements for different concentrations of glycerol are 

shown in Fig. 5.8(a). As the amount of glycerol is increased, the transmission minimum 

corresponding to the gold-water/glycerol SPP is shifted towards longer wavelengths. The 

transmission peak observed at λ ≈ 760 nm is also shifted to larger wavelengths. The gold-

glass SPP position remains fixed. The displacement of the spectral features are in good 

agreement with the one observed in theory, as shown in Fig. 5.8(b) calculated for a 

water/glycerol mixture. Refractive indices were taken from Ref. [112]. 

The measured transmission minima and peak positions are plotted in Fig. 5.9 as a 

function of the refractive index of the water-glycerol mixture. The slope for the transmission 

minima follows the one of a flat SPP mode at the gold-water/glycerol mixture with a change 

of around 500 nm per refractive index unit. The slope of the transmission maximum is only of 

300 nm per refractive index unit. This lower sensitivity is due to the fact that the transmission 

peak is bound by the gold-glass SPP, as previously observed theoretically. This is in 

accordance with experiments reported by Lee et al. [113]. 

 

Figure 5.9. Transmission minimum and maximum of the spectrum shown in Fig. 5.8(a) for the 

different refractive indices considered. 

5.1.4. Conclusion and outline 

The detection of refractive index changes with slit arrays has been studied in Section 

5.1. Applying simple design rules, the sensitivity of slit arrays to refractive index changes is 

optimized. It is shown that a suspended slit array gives a better sensitivity to refractive index 
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changes as compared to arrays on glass substrates. The detection of a monolayer adsorbed on 

a slit array is theoretically investigated. A 1.6 nm thick BSA layer adsorbed on the slit array 

can induce a 3% absolute transmission change. As a proof of principle of the modelling, 

transmission spectra through slit arrays immersed in solutions with different refractive index 

have been measured. Good agreement with theory is observed. 

Future experimental work should be dedicated to the detection of adsorbed layers on the 

slit arrays. The main challenge of the present design resides in the fabrication of suspended 

membranes. One example of suspended membranes used for SPR sensors has recently been 

demonstrated in Ref. [114]. More generally, the use of slit arrays in view of compact and 

portable sensors presents several limitations. As the measurements are performed in 

transmission, these types of sensors are limited to transparent materials and solutions. Also, 

expensive technologies such as FIB are currently used to fabricate slit arrays. To make 

biosensors based on slit arrays competitive, up-scalable fabrication techniques are necessary 

to reduce the cost of these devices. A recent work at CSEM has shown the possibility to 

fabricate hole arrays with an inexpensive lithography process based on self-assembled 

polystyrene spheres [115].  
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5.2. Light extraction of Light Emitting Diodes (LEDs) 
An LED is a semiconductor light source. LEDs have been used since the late 1960s as 

status indicator on circuit boards and numeric displays. They were mainly restricted to these 

applications because the light output was not large enough to illuminate an area. With the 

improvement in LEDs technology, today’s LEDs are 1000 times more efficient than in the 

1960’s and are considered as the future of lighting [116,117]. The main advantages of LEDs 

as compared to other light sources are their high efficiency, long lifetime, robustness and 

small size. The use of LEDs could save enormous amount of energy and money: it is 

estimated that by 2025, solid state lighting based on LEDs could reduce the global amount of 

electricity used for lighting by 50% [117]. To achieve this goal, it is necessary to continue to 

improve LEDs efficiency.  

After a description of the LEDs principle and characteristics, the problem of light 

extraction is introduced. A theoretical study investigates the possibility of using slit arrays to 

improve light extraction efficiency, and preliminary experimental results are reported. 

5.2.1. LEDs principle and characteristics 

An LED, whose architecture is schemed in Fig. 5.10(a), is comprised of a 

semiconductor material doped with impurities in order to form a p-n junction. Upon 

application of a forward bias voltage at the contacts, electron and holes are injected as 

minority carriers across the p-n junction and recombine, see Fig. 5.10(b). Recombination 

leads to generation of photons whose wavelength depends on the band gap of the 

semiconductor materials forming the junction. 

The efficiency of LEDs is stated by the external quantum efficiency (ηext). It 

corresponds to the ratio of the photon flux at the output of the device to the injected electron 

flux. The external quantum efficiency is the product of three factors: 

(i) The injection efficiency (ηinj), defined as the ratio of the electron flux injected into the 

active region to the electron flux injected in the device 

(ii) The radiative efficiency (ηrad), i.e. the fraction of electron/hole pairs leading to 

radiative recombination. 

(iii) The extraction efficiency (ηextr), i.e. the ratio between the photon flux extracted from 

the device to the photon flux generated inside the device. 

The internal quantum efficiency, which accounts for losses due to injection and non-
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radiative recombination, is then defined as ηint = ηinjηrad. In modern devices, internal quantum 

efficiency can be close to 100% [118]. The external quantum efficiency, which is then defined 

as ηext = ηintηextr, is consequently essentially limited by the extraction efficiency. 

 

Figure 5.10. Schematic of (a) an LED architecture; (b) a p-n junction under forward bias [119]. 

5.2.2. Light extraction problem 

The extraction efficiency depends on the optical properties of the device, its layer 

structure and its geometry. Three factors leads to extraction limitations: (i) re-absorption in 

the semiconductor; (ii) shadowing of the emission due to the top contact in the case of top 

surface emitting devices; (iii) internal reflection at the semiconductor-air interface. Re-

absorption can be minimized by using a material with a bandgap energy larger than the energy 

of emitted photons, or by modifying the thicknesses of semiconductors. Thus, we focus on the 

last two limitations. 

5.2.2.1. Contact shadowing 
The extraction efficiency can be significantly reduced due to shadowing of the emission 

by the top contact, from which charge carriers are introduced into the device. As an example, 

Fig. 5.11 shows a SEM image of an LED emitting facet. A large fraction of the facet is 

covered by metals, thus strongly affecting the efficiency of the device. Reducing the contact 

area leads to a reduction in current spreading. Transparent oxides such as indium tin oxide 
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and zinc oxide are currently investigated as a way to reduce contact shadowing. 

 

Figure 5.11. SEM image of the emitting facet of an LED. 

Hole arrays in metal films have been proposed as transparent contacts in organic LEDs 

[120]. The transmission through hole arrays is driven by the excitation of SPP’s at the metal-

dielectric interface. In the case of inorganic LEDs, hole arrays are not appropriate because the 

high refractive index of the semiconductor induces a SPP mode with large losses, as discussed 

in Section 2.2.2. On the other hand, high transmission through slit arrays can be obtained 

from the excitation of modes with a strong FP-like profile, as discussed in Section 3.2. These 

modes would hardly be affected by the metal-semiconductor interface. Consequently, slit 

arrays have the potential to increase light extraction by transforming the metal contact into a 

transparent contact. Although slit arrays are intrinsically polarization sensitive, this may not 

be a drawback for the LED market which uses polarization defined devices. 

5.2.2.2. Internal reflection 
Total internal reflection (TIR) at the seminconductor-air interface strongly limits the 

extraction efficiency due to the high refractive index contrast between semiconductor (RIXint) 

and air (RIXext). TIR is a direct consequence of conservation of momentum, as already 

discussed in Section 2.2.3: in the case of a homogeneous interface, the parallel wavevector kx 

must remain the same in both regions, as schemed in Fig. 5.12(a). With the notation of Fig. 

5.12, conservation of momentum is applied, giving: 

 extextintint sinsin θθ kk = , (5.2-1) 

which is a reformulation of Snell’s law: 
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 extextintint sinRIXsinRIX θθ = , (5.2-2) 

 

Figure 5.12. Transmission and reflection at a semiconductor – air interface. 

Considering RIXint > RIXext, there is an angle θTIR called the critical angle above which kx > 

kext. Under this condition, ky,ext is imaginary, i.e. the wave does not propagate in the external 

medium and is exponentially decaying, as discussed in Section 2.2.1. As a consequence, light 

with incident angle θint > θTIR experiences TIR at the seminconductor air interface, as schemed 

in Fig. 5.12(b). From Snell’s law, this angle is given by: 

 ⎟⎟
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The corresponding solid angle ΩTIR is: 

 ( )TIRTIR cos12 θπ −=Ω . (5.2-4) 

As an example, consider Gallium Phosphide (GaP) whose refractive index is 3.3 at 650 nm, 

this gives θTIR ≈ 17.6° and ΩTIR/4π ≈ 0.02. Assuming an isotropic internal emission, the 

fraction of the light that can be extracted through one single out-coupling surface is obtained 

by: 
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where φint is the azimuth angle as shown in Fig. 5.20 and T is the power transmission through 
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the interface calculated from Fresnel formulae [59]. For the previous example γtrans = 0.016, 

i.e. 1.6% of the light generated by the LED is extracted. 

Several approaches have been introduced in order to circumvent this problem. The 

number of extraction facets can be increased, which increases the light extraction accordingly. 

LEDs can be encapsulated in hemispherical domes to reduce the mismatch in refractive index 

and also improve emission directionality [121]. The device geometry can be modified such 

that a photon that is reflected internally at the semiconductor air interface has chances to 

modify its direction and eventually be reflected into one of the escape cones. For example, 

external quantum efficiencies above 50% have been reported with the truncated-inverted 

pyramidal configuration shown in Fig. 5.13 [122]. The main challenge here is to reduce the 

mean free path such that the probability that the photon get absorbed due to internal losses 

stays low.  

    

Figure 5.13. Geometry of the truncated-inverted-pyramid LED: (a) schematic cross section showing 

means by which photons are redirected by total internal reflection; (b) image of a TIP 

LED under forward bias. Adapted from Ref. [122]. 

Alternatively, the spontaneous emission pattern can be modified placing the active 

region inside an optical cavity [123]. Due to a modification of the optical mode density, the 

emission is no longer isotropic and a larger fraction of the light is emitted inside the extraction 

cone, thus increasing the extraction efficiency and its directionality. These types of LEDs are 

called resonant cavity LED (RCLED) or microcavity LED (MCLED). Another way to modify 

spontaneous emission is to place a metal layer close to the active region [124,125]. A large 

part of the emission can then be coupled into the SPP mode, and light can afterwards be 

reemitted into free space by structuring periodically the metal. Following such a scheme 

organic LEDs have been proposed as an SPP’s source [126,127]. 
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Without modifying the spontaneous emission, it is possible to transmit light generated 

beyond critical angle. One way to achieve this is to roughen the out-coupling surface [128]. 

Also, photonic crystals have been used to extract by coherent scattering the light internally 

trapped [129]. Hole arrays in a metal film have been suggested by Drezet et al. as a way to 

extract light beyond the critical angle [130]. However, the absolute transmission of hole 

arrays stays relatively low for the reasons mentioned in Section 5.2.2.1. 

5.2.3. Theoretical study 

In the next section, slit arrays are investigated as a way to reduce contact shadowing by 

obtaining high transmission through a slit array in a metal film. The possibility to extract light 

beyond the critical angle with slit arrays is then investigated. 

5.2.3.1. Light transmission through slit arrays on GaP substrate 
We concentrate here on designing gold slit arrays on a GaP substrate giving the highest 

possible transmission. The target wavelength is 650 nm, which correspond to the wavelength 

emitted by a AlGaAsP based LED, and RIXext = 1. The Refractive index of GaP, tabulated in 

Appendix 1, is taken from the Sopra database [55]. 

It was shown many years ago that for loss-less resonant structures, reflection can be 

zero when only one order of diffraction is propagating [131]. As a consequence, the 

transmission through loss-less slit arrays can be unity [84], no matter how high the substrate 

refractive index is. Examples of unity transmission are shown in Fig. 5.14(a) for slit arrays in 

loss-less gold on a GaP substrate with refractive index 3.3. The array parameters are p = 240 

and w = 100 and the light is impinging on the array at normal incidence from the air side. 

Figure 5.14(b) shows the reflection coefficients ρair and ρGaP of the fundamental slit mode at 

the air and GaP interface respectively. It shows that when the two reflection coefficients are 

equal, the transmission is unity when the correct metal film thickness is chosen. Considering 

the slit array as an FP cavity as in Appendix 3, the film thickness can be selected such that  

 ( ) lhairair πβρρ 22arg 0 =+ . (5.2-6) 

It is shown in Fig. 5.14(c) that as the condition given by Eq. (5.2-6) is reached, unity 

transmission is obtained. 
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Figure 5.14.  (a) Total transmission T of a loss-less gold grating on a GaP substrate for w = 50 nm 

and p = 240 and normal incidence from air obtained from the modal expansion method. 

The purple and green curves are obtained for h = 310 and 360 nm respectively. (b) 

Corresponding reflection coefficients of the fundamental slit mode at the air and GaP 

interface respectively. (c) Plot of arg(ρairρGaP) + 2β0h which shows that maximum 

transmission is reached as arg(ρairρGaP) + 2β0h = 2πl. The purple and green curves are 

obtained for h = 310 and 360 nm respectively and the blue curve indicate the value 2π. 

When the metal losses are included, the maximum transmission is decreased. We have 

seen in Section 3.2 that high transmission is obtained for hybrid FP-SPP modes. As the SPP 

modes at the gold-GaP induce high losses, it is preferable to consider hybrid modes with a 

strong FP-like behaviour. The total transmission T and zero order transmission T0 of a gold 

grating on a GaP substrate are shown in Fig. 5.15(a) and Fig. 5.15(b) respectively for w = 100 

nm, λ = 650 and normal incidence from air as a function of p and h. High transmission is 

observed around three thicknesses: 100, 350 and 600 nm. These high transmission lines, 

which correspond to hybrid FP-SPP modes, are intersected by vertical lines of low 

transmission which correspond to the excitation of SPP modes. This is typical of what was 
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previously shown in Chapter 3. This calculation shows that transmissions higher than 80% are 

possible. To obtain such performance, the film thickness needs to be controlled very 

accurately.  

 

Figure 5.15. (a) Total transmission T and (b) zero order transmission of a gold grating on a GaP 

substrate for w = 100 nm, λ = 650 and normal incidence from air in function of p and h 

obtained from the modal expansion method. The brighter the region, the larger is the 

transmission. The schematic on the right side shows which side light is incident on the 

grating. 

Light incident from air is considered in Fig. 5.15 because T0 is identical in both 

directions due to reversibility. Moreover, we see in Fig. 5.15 that high values of T and T0 are 

obtained at the same conditions. As T0 is the only propagating transmitted order when light is 

incident from GaP for p < λ, extraction from GaP is at maximum when T is maximized for 

light incident from air. In addition, the difference between T and T0 corresponds to diffraction 

at higher angles, which gives the possibility to transmit light beyond the light cone, as will be 

shown in Section 5.2.3.3. 
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5.2.3.2. Accuracy of the model 
The modal expansion method used considers the surface impedance Z = ε1

-1/2 at metal 

dielectric interfaces. The accuracy of such approximation decreases as the condition |ε1| >> |ε2| 

is reduced. In the present case |ε1| ≈ |ε2|, so SIBC is no longer accurate. This will mainly affect 

the properties of the gold-GaP interface. The position of the transmission maxima are strongly 

linked to Fabry-Pérot resonances, which depend on the slit mode and the film thickness. 

Consequently, the modal expansion method should still give reasonable results regarding the 

transmission peak position. The accuracy of the model in the case of GaP substrates has been 

checked with RCWA, see Fig. 5.16. Whereas the transmission minima induced by SPP’s 

excitation are not accurately predicted, high transmission is observed nearly at the same 

position in both cases. Consequently, the model expansion method, which is faster, should be 

used to scan the different parameters of slit arrays. However, for fine adjustments, RCWA 

should be used to obtain an exact value of the transmission.  

 

Figure 5.16. Total transmission of a gold grating on a GaP substrate for w = 100 nm, p = 240 nm and 

h = 100 nm. 

The transmission minima induced by λSPP,2 does not fall down to zero as for λSPP,1 and 

other calculations and measurements previously reported. For the parameters of Fig. 5.16, |ε1| 

≈ |ε2| at λSPP,2. This gives a mode with high losses. Consequently, the resonance is poor and 

light transmission is not completely cancelled. For |ε1| < |ε2| the mode is no longer a 

propagating SPP mode, see Section 2.2.1. 
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5.2.3.3. Extraction beyond the light cone with slit arrays 
The possibility to extract light beyond the critical angle using slit arrays is now 

considered. We saw in Section 5.2.2.2 that due to conservation of the parallel wavevector, 

light transmission at a planar GaP air interface is forbidden for incidence angle θint > θTIR. 

However, in the presence of a slit array, the parallel momentum is modified and takes the 

discrete values (cf. Section 2.2.3.1): 

 n
p

k nx
πθ

λ
π 2sin2RIX intint, += . (5.2-7) 

 

Figure 5.17. Angle of transmission in air θext plotted as a function of the incident angle in GaP θint for 

a slit array on a GaP substrate with p = 240 nm, λ = 650 nm and RIXint = 3.3. 

 

Figure 5.18. Schematic of the transmission mechanism through a gold grating with a GaP substrate. 

The parameters considered are p = 240 nm, λ = 650 nm and RIXint = 3.3. 

The angle θext is plotted Fig. 5.17 as a function of the internal angle θint for p = 240nm, a 
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period for which high transmission was observed in Fig. 5.15. In addition to light extraction at 

angles lower than the critical angle, new channels are opened due to the grating coupling. 

Thus, it is possible to transmit light even if θint > θTIR. For example, light is transmitted in air at 

an angle θext = 65° (represented as the horizontal black line in Fig. 5.17) for two different 

incident angles: (i) at θint = 16°, due to refraction, (ii) at θint = -33°, due to additional 

momentum provided by the grating. A schematic of these two different transmission channels 

are shown in Fig. 5.18. 

The light transmitted from GaP with and without a metal grating is plotted in a polar 

diagram in Fig. 5.19 as a function of θint. The azimuth angle φint is kept to zero. A schematic 

of the polar and azimuth angles is shown in Fig. 5.20 for clarity. The array parameters are w = 

100 nm, p = 240 nm and h = 100 nm. Transmission from GaP is higher without a metal 

grating close to θint = 0° but light is transmitted only at small angles. Placing a metal grating 

on the GaP, light can be transmitted for θint > θTIR due to the grating coupling, as indicated by 

the two lobes observed at high angle in Fig. 5.19. The areas inside the transmission lines look 

roughly similar on both cases and the grating does not seem to provide higher extraction. But 

light transmitted for large incident angle from GaP gives a larger contribution to the extracted 

power when considered in terms of solid angles. To show this, it is necessary to calculate the 

light extraction efficiency.  

 

Figure 5.19. Total transmission of light incident from GaP as a function of θint. Blue curve: GaP – air 

interface; red curve: with a gold grating having the parameters w = 100 nm, p = 240 nm, 

h = 100 nm and λ = 650 nm. The graph on the right side shows from which side light is 

incident on the grating. 
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Figure 5.20. Schematic representing the polar and azimuth angle denoted  θint and φint respectively. 

Assuming an isotropic emitter inside GaP, the fraction of the light extracted from GaP 

can be calculated from Eq. (5.2-5). The transmission through the slit array on a GaP substrate 

with light incident from GaP is first calculated for φint = 0 from the modal expansion method. 

The transmission T(θint,φint) is then approximated assuming Malus law, i.e.   

 ( ) ( ) int
2

intintint cos0,, ϕθϕθ TT = . (5.2-8) 

The light extraction for grating with different film thicknesses, p = 240 nm and w = 100 

nm is shown in Fig. 5.21(a). It is observed that as the film thickness is changed, the light 

extraction smoothly oscillates. Such a smooth oscillation is not observed as the period of the 

array is changed when the film thickness is fixed to 100 nm; see Fig. 5.21(b). This is due to 

the fact that both p and θint modify wavevectors, inducing a complex band diagram, whereas 

this is not the case as the film thickness is modified; see Fig. 5.21(c) and Fig. 5.21(d). 

In Fig. 5.21, the highest light extraction is observed in the case of a grating with p = 260 

nm, w = 100 nm, h = 100 nm, a grating for which 4.1% of the light is extracted. This has to be 

compared with the 1.6% extracted for a planar interface, i.e. extraction is improved by more 

than a factor of 2. 

Such a structure could considerably reduce the shadowing effect caused by the top 

contact. Also, the use of a backside mirror would allow photons not extracted at the first 

instance to have other chances to be extracted. This result is a proof of principal that a metal 

contact with arrays of slits can give extraction efficiency beyond what can be extracted 

through a planar GaP-air interface. 
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Figure 5.21. Light Extraction from GaP with a gold grating on the GaP surface (a) as a function of h 

and for p = 240 nm (b) as a function of p and for h = 100 nm. In both cases, w = 100 nm 

and λ = 650 nm. Pannel (c) and (d) are the corresponding total transmission T in 

function of θint. 

5.2.4. Transmission measurements through slit arrays on GaP 

substrates 

In order to validate experimentally the fact that the structures previously designed can 

be useful to improve LEDs light extraction, slit arrays on GaP substrates were fabricated 

using FIB. Measurements with the corresponding calculations obtained with RCWA are 

shown in Fig. 5.22. The measurements show transmission which are 50% lower than expected 

from theory, except at the SPP minimum. Different structural parameters have been modified, 

but the same trend was always observed. 

Three possible parameters, not accounted for in theory, have been investigated to 

explain the low transmission measured: 

(i) Finite size effects: 
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(ii) Structure profile; 

(iii) Damaging of the GaP substrate by FIB. 

Point (i) has been considered experimentally by measuring slit arrays with different slit 

numbers. Transmission measurements are shown in Fig. 5.22. There is nearly no difference in 

changing the slit number. Thus, structure size does not dramatically decrease transmission. 

 

Figure 5.22. Zero order transmission of gold gratings on a GaP substrate for h = 200 nm, p = 240 nm 

and w = 140 nm measured for Nslit = 10 (green curve), Nslit = 20 (blue curve). The red 

curve is the corresponding spectrum obtained with RCWA. 

Point (ii) has been investigated by first measuring the slit profile. Figure 5.23(a) is a 

SEM picture showing the cross section etched by FIB of a slit array. As already shown in 

Section 4.1.1, the slit walls are tilted at an angle θslit. The true profile was then considered in 

the calculations using RCWA. As can be seen in Fig. 5.23(b), changing the angle slightly 

modifies the transmission, but not significantly enough to be the reason of the transmission 

drop measured. 

Finally, damaging effects on the GaP substrate caused by FIB fabrication was 

investigated. As previously done in Section 4.1.1 for glass, a 25×25 µm2 square of depth 20 

nm is etched in a GaP substrate by FIB. Transmission spectrum of the etched substrate is 

shown by the blue curve in Fig. 5.24. The transmission is strongly decreased after FIB 

etching. For λ = 650 nm, the transmission is decreased by 40%. These optical losses are due to 

lattice damages, the creation of an amorphous top layer and ion implantation, typical in 

crystalline substrates [96,97]. This surely affects the optical properties of slit arrays. 
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Especially, the losses are the highest just below the array, where the substrate has been 

slightly etched, see Fig. 5.23(a). Damaging of the GaP substrate by FIB is consequently 

considered to be the main factor responsible to the low transmission measured through slit 

arrays. 

 

Figure 5.23. (a) Cross-section of a slit array imaged by SEM and definition of the tilted angle θslit 

accounted for the calculations. (b) Transmission of a slit array on a GaP substrate for h 

= 200 nm, p = 240 nm, w = 140 nm at the bottom of the slit, normal incidence from air 

and varying the angle θslit.  

 

Figure 5.24. Transmission measured through a GaP substrate before and after FIB etching. The 

etched area is a 25×25 µm2 square with 20 nm depth. 
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5.2.5. Limitations and perspectives 

Section 5.2 shows that gold slit arrays have the potential to improve light extraction 

from LEDs reducing contact shadowing effects, thus improving the overall efficiency of 

LEDs, i.e. their external quantum efficiency. Light transmission through a slit array on a GaP 

substrate can be as high as 80% at normal incidence. It is also shown that due to grating 

coupling, light can be extracted beyond the critical angle. Preliminary calculations show that a 

metal contact with arrays of slit can give twice the extraction efficiency of a planar GaP-air 

interface. This result has been obtained without optimizing the transmission at large angles, 

which should be considered in future work. Although slit arrays are intrinsically polarization 

sensitive, this may not be a drawback for the LED market which uses polarization defined 

devices. 

Preliminary experimental results where slit arrays on GaP have been fabricated by FIB 

show that it is necessary to modify the fabrication technology used. FIB fabrication damages 

the substrate, which induces high optical losses. Electron beam photolithography is currently 

being investigated at CSEM as an alternative technique of fabrication. 
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5.3. Image sensors 
Image sensors are devices which convert an optical image into an electrical signal. This 

conversion is typically done from the absorption of incident photons by a semiconductor 

material, leading to the generation of charge carriers which in turn create a photocurrent. The 

frequency range covered by the sensor depends on the semiconductor used to absorb the 

incident radiation. We are interested here in visible to near infrared applications such as iris 

recognition, which usually takes place between 700 – 900 nm [132]. Silicon based vision 

sensors give high efficiency in this frequency range due to the intrinsic properties of silicon 

and seem to be the most suited candidate. Another reason to use silicon sensors is the maturity 

of silicon technology.  

The main types of image sensors are either complementary metal-oxide-semiconductor 

(CMOS) sensors or charge-coupled device (CCD). The architecture of both devices is very 

similar: pixels comprised of a metal-oxide-semiconductor (MOS) capacitor are placed in an 

array. The main difference between CMOS and CCD devices is the way charges are 

transferred. In the CCD case, charges are transferred sequentially to a common output 

structure which converts the charges into a voltage. In a CMOS sensor, charge to voltage 

conversion takes place at the pixel level [133]. For a long time, CCD sensors were used for 

high performance applications whereas CMOS cameras, suffering from low sensitivity and 

high noise, were restricted to applications where low cost is desired, such as mobile phone 

camera or webcams. However, with the development of CMOS technology, CMOS sensors 

have reached almost the performance of CCD chips [134]. As CMOS sensors are fabricated 

within classical micro-electronic techniques, the costs of production are reduced compared to 

CCD devices. For this reason, we concentrate here on CMOS sensors. 

The use of image sensors is not restricted only to record conventional two-dimensional 

black and white or colour images. Current research uses image sensors for distance 

measurements, 3-dimensional imaging, motion detection, object recognition and many other 

applications. Sensor performances such as dynamic range, resolution and speed are constantly 

improving, and sensitivity down to a single photon has been reached [135]. We intend, in this 

section, to use metal structures to enhance image sensor properties. After a description of the 

objectives, the integration and characterization of slit arrays and slit and groove structures on 

pixels is presented. 
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5.3.1. Objectives 

The present study considers the use of metal structures in three domains of image 

sensing: 

(i) colour imaging;  

(ii) polarization imaging; 

(iii) signal to noise ratio improvement. 

5.3.1.1. Colour imaging 
In conventional colour imaging, a colour filter array called Bayer filter is placed above 

the pixel array of the image sensors. This filter array consists of an arrangement of red, green 

and blue filters as shown in Fig. 5.25(a). The colour filters are made of colour dyes which 

absorb over certain wavelength range. Each pixel records one of the three basic colour ranges, 

see Fig. 5.25(b). The full-colour image is obtained by an algorithm interpolating a set of 

complete red, green, and blue values for each point.  

 

Figure 5.25.  Schematic representation of (a) the Bayer filter and (b) its basic principle, where on 

each pixel a different wavelength range or colour is collected. Image from Ref. [136]. 

Metal structures such as slit arrays and slit and grooves give high transmission at a 

specific wavelength which can be tuned by changing the structure geometrical parameters. 

These structures have consequently the potential to be used as colour filters. The advantage, 

as compared to conventional Bayer filters, is that metal filters do not suffer from photo-

degradation. Moreover, the filter fabrication could directly be integrated into CMOS process, 

removing a fabrication step and thus reducing cost. 

5.3.1.2. Polarization imaging 
The previous section showed how colour information can be extracted through filters on 
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individual pixels. Achieving this for polarization would provide information such as shape 

and object properties [137]. Polarization imaging can also improve biomedical imaging 

contrast due to the birefringence of biological tissue [138]. Information on the polarization 

state is usually obtained by mechanically rotating a polarizer in front of a camera. Movable 

components can be avoided on integrating micro-polarizers on each individual pixel, allowing 

to acquire polarization information at the pixel level [139]. Similar to the Bayer configuration, 

a smart arrangement of pixels allows the reconstruction of the polarization state [140], as 

shown in the schematic in Fig. 5.26. As slit arrays and slit and groove structures are 

polarization sensitive, the use of these metal structures to fabricate polarization sensitive 

pixels is investigated.  

  

Figure 5.26.  Schematic representation of an array of micro-polarizers placed above an array of pixels 

used for polarization imaging, in analogy with the Bayer filter used for colour imaging. 

5.3.1.3. Signal to noise ratio improvement 
In a CMOS sensor, charges are converted into a voltage at the pixel level. This requires 

extra circuitry in each pixel. Consequently, the photosensitive surface is smaller than the total 

pixel surface and part of the impinging light is lost. As CMOS technology is scaling down, 

the filling factor of photosensitive surface decreases, thus reducing the amount of detected 

light which in turn reduces the signal to noise ratio of the detector. This is a serious drawback 

in low light applications such as night vision or iris recognition. In order to effectively 

decrease “dead” pixel region areas, microlenses have been used at the surface of the image 

sensor to focus the incident light on the semiconductor’s photosensitive area [141], as shown 

in Fig. 5.27. 

In a recent study, Ishi et. al. [102] used a bull’s eye structure above the photosensitive 

area of a photodiode. Their goal was to increase the speed of photodetectors. The response 
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time of a detector scales with the active area size. Reducing the active area of a detector will 

then increase its speed, but in turn reduce the output of the photodiode. The bull’s eye 

structure overcomes this limitation as it concentrates the light into the reduced photosensitive 

area. A schematic of their plasmonic photodetector is represented in Fig. 5.28. 

 

Figure 5.27. Schematic illustration of the use of microlenses to effectively increase photosensitive 

region. Adapted from Ref. [141] 

 

Figure 5.28. Schematic cross sectional view of a photodiode with a bull’s eye structure above the 

photosensitive area. Image from Ref. [102]. 

Here we address the possibility to improve the signal to noise ratio of image sensors 

with slit and groove structures. Using metal structures would provide several advantages over 

microlenses: 

(i) The fabrication of the metal structures could be directly integrated within the CMOS 

process; 

(ii) The use of a metal structure provides spectral filtering in addition to light harvesting. 

Consequently, in the case of colour imaging the plasmonic structure can replace both 
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lenses and colour filters. 

(iii) Plasmonic structures are not diffraction limited as is the case for lenses. Light can then 

be concentrated in sub-wavelength volumes. 

5.3.2. Materials and method 

To investigate the integration of metal structures on photodetectors, the CMOS-

fabricated VisionSensor (ViSi) detector was used [142]. This sensor consists of an array of 

50×50 µm2 pixels, each pixel having a photosensitive area of 14×14 µm2, see Fig. 5.29(a). In 

the CMOS process used, the photosensitive area is covered by a 5.5 µm thick silicon oxide 

(SiOx) layer. Figure 5.29(b) is a image obtained by atomic force microscopy (AFM). The 

surface profile shows that the top of the photosensitive region is sunken below the electronic 

circuitry to a depth of around 1.2 µm. 

The image sensor was covered by a gold film as a post process by sputtering. Slit arrays 

and slit and groove structures were then milled above the photosensitive areas using FIB 

technique. Slit and groove structures fabricated on top of the photosensitive areas of the two 

lower pixels are shown in the optical image in Fig. 5.29(c). 

Due to the presence of the 5.5 µm thick SiOx layer, refractive index below the metal 

structures is the same as for the experiments done in Chapter 4 on glass substrate. Thus, the 

transmission properties are expected to be similar. The thickness of the SiOx layer and the size 

of the photosensitive region define the collection angle θcol. see Fig. 5.29(d). In the case of a 

slit placed at the centre of the photosensitive area as in Fig. 5.29(d), θcol = 52°. 

A schematic of the optical setup used to characterize the pixels with metal structures is 

shown in Fig. 5.30. A supercontinuum light source is coupled to a monochromator using two 

lenses. At the output of the monochromator, quasimonochromatic (Δλ < 2 nm) light is 

obtained. Two Glan laser prisms and a quarter wave plate are used to control the polarization 

state of the beam, which is then focused on an individual pixel of the photodetector with a 

numerical aperture smaller than 0.1. In order to record the spectrum of a given pixel, the 

incident wavelength is scanned by rotating the grating inside the monochromator, while the 

optical power P measured on the pixel of interest is recorded. 
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Figure 5.29.  Optical image of 4 pixels (a) before (c) and after gold deposition. In panel (c), slit and 

groove structures have been fabricated above the photosensitive area of the two lower 

pixels. (b) A three dimensional image obtained by AFM showing the surface profile of a 

pixel. (d) Schematic cross sectional view of a slit and groove structure integrated on top 

of the photosensitive area of a vision sensor pixel and definitions used in this work. 

 

Figure 5.30.  Schematic of the optical setup used for the characterization of the “plasmonic” pixels. 

L, P and Λ/4 are lenses (focal length of 150 nm), polarizers and a quarter wave plate, 

respectively. The incident white light represented by a bulb is a supercontinuum light 

source. 
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In order to normalize the spectrum recorded for a pixel with a metal structure, the power 

measured for a pixel without any layer of gold above the photosensitive region denoted P0 is 

taken as a reference. In the case of a slit array, the transmission is 

 
pLN

A
P
PT

slit

0

0

*= , (5.3-1) 

with A0 the area of the photosensitive region and p, L and Nslit the periodicity, slit length and 

number of slits in the array, as defined in Section 4.1.1. In the case of a slit and groove 

structure, the normalized transmission NT is 

 
wL
A

P
PNT 0

0

*= . (5.3-2) 

Considering the size of the photosensitive area constrained to the slit size because of the 

surrounding electronics, the highest signal to noise ratio will be given by the highest possible 

NT. For NT > 1, the signal to noise ratio of the pixel is then increased by a factor NT. In the 

case where there is no constraint in the size of the photosensitive area, a maximal NT is not 

necessarily synonymous of signal to noise ratio improvement [143]. It is then necessary to 

consider the total transmission of the slit and groove structure 

  
00 A

wLNT
P
PT == . (5.3-3) 

As the noise of the detector is proportional to the square root of the size of the photosensitive 

area [63], the figure of merit  

 
0

0

A
wLNT

wL
A

TF == , (5.3-4) 

characterizes the signal to noise ratio improvement induced by the slit and groove structure.  

5.3.3. Slit arrays on image sensors 

The integration of slit arrays on image sensors is considered here. Arrays of slits have 

been etched to a 340 nm thick gold film deposited above the photosensitive area of pixels. 

The array contains Nslit = 20 of width w = 150 nm and length 10 µm. The spectrum measured 

for a pixel with a slit array of period p = 400 nm and TM incident light is shown by the red 

curve in the top graph of Fig. 5.31. Strong oscillations are observed in the spectrum. This is 

due to the oxide layer present above the photosensitive area which acts as a FP cavity: light 

bounces backward and forward several times inside the oxide layer, as shown in Fig. 5.32. 
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Such oscillations are also present in the reference spectrum (i.e. for a pixel without metal); see 

the red curve in the bottom graph of Fig. 5.31. The oscillations are amplified in the case of the 

slit array due to the higher reflection at the Au-SiOx interface, and they undergo a π phase 

shift at the Au-SiOx interface compared to the reference. The transmission peaks observed 

previously for slit arrays cannot be exploited for colour imaging purposes unless the slit array 

is placed closer to the photosensitive area, which would avoid FP fringes. 

 

Figure 5.31.  Optical power measured for a pixel without any layer of gold above the photosensitive 

region (red curve, top graph) and for a pixel with an array of 20 slits with h = 340 nm, w 

= 150 nm and p = 400 nm obtained for TM polarization (red curve, bottom graph). The 

black curves in both graph correspond to the light transmission of a 5.375 µm thick 

SiOx layer on a silicon wafer. 
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Figure 5.32.  Schematic of the FP fringes generation in the oxide layer present above the 

photosensitive area of the pixel. 

It is possible to reproduce the position and spacing of these oscillations by calculating 

with Fresnel formulae the transmission of a 5.375 µm thick SiOx layer on a silicon wafer, see 

the black curves in Fig. 5.31. A refractive index of 1.5 is considered for the SiOx layer, 

whereas the dielectric constant of Si is taken from the Sopra database [55]. The oscillations of 

the black and red curves match in the case of the reference spectrum, whereas the one 

measured for the pixel with a slit array is out of phase with the reference. 

It was shown in Section 4.5 that slit arrays on glass substrate can provide strong 

extinction ratio of polarization.  For example, an array with geometrical parameters p = 500 

nm, h = 285 nm and w = 150 nm gives both an excellent polarization extinction ratio and a 

good transmission from the visible to near-infrared spectrum while having dimensions 

suitable for CMOS manufacturing. 

A slit array with p = 500 nm and w = 150 nm was etched into a 340 nm thick gold film 

deposited on the pixels. Results are shown in Fig. 5.33. The power measured for a pixel with 

the slit array is almost the same as for a pixel without metal for TM polarization, whereas it is 

three orders of magnitude lower for TE polarization, as shown in Fig. 5.33(a). Again, FP 

fringes observed for pixels without metal are amplified by the presence of the array. However 

the oscillations are not detrimental for polarization imaging since the TE polarization stays 

low, and the ER is higher than 200 from 650 to 850 nm, see Fig. 5.33(b). The higher ER 

obtained here than the one measured on glass is due to the thicker metal film which lowers the 

s-polarized transmission. These measurements demonstrate the possibility to integrate 

efficient micro-polarizers on CMOS detectors for the visible spectrum. These polarizers could 

be integrated directly within CMOS process, due to their planarity and dimensions. 



Chapter 5 Applications 
 

124 
 

 

Figure 5.33. (a) Optical power measured for TM and TE polarization on a pixel of a CMOS sensor 

without metal (black solid line and red dashed line, respectively) and with a wire grid 

with p = 500 nm, h = 340 nm and w = 150 nm (green dotted line and blue dashed dotted 

line respectively). (b) Corresponding extinction ratio (black solid line) and calculated 

transmission of a 5.375 μm thick SiOx layer on a silicon wafer. 

5.3.4. Slit and groove structures on image sensors 

This section considers the integration of slit and groove structures on image sensors. 

The TM normalized transmission spectra measured on pixels with slit and groove structures 

for different periods ranging from 600 to 800nm are shown in Fig. 5.34(a). Following the 

notations of Chapter 4, the structure parameters are w = 100 nm h = 180 nm, Ng = 5 and hg = 

wg = 100 nm. 

As compared to the slit array case, the FP fringes due to the SiOx layer are nearly absent 

for slit and groove structures. This difference can be explained by the different scattering 

patterns of the structures: whereas in the case of slit and groove structures light is scattered in 

all directions, several discrete diffracted orders appear for slit arrays, see the schematic of Fig. 

5.35. Only the 0th diffracted order is detected for the slit arrays of our experiment. 

Consequently, the light bounces backward and forward several times in the same direction 

resulting in FP fringes.   
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Figure 5.34.  (a) Normalized transmission of slit and groove structures for TM polarization with Ng = 

5, w = 100 nm, h = 180 nm and periods varying from 600 to 800 nm measured on the 

pixel of a CMOS sensor. (b) Corresponding calculations obtained from the modal 

expansion method for a collection angle θc = 52°. 

 

Figure 5.35.  Schematic representing the scattering behaviour of a slit and groove structure (left hand 

side) and a slit array (right hand side). The arrows on the top indicate the incoming 

light. 
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The experimental results obtained with the image sensor are noisier than the ones 

measured on glass substrates. This is intrinsically linked to the method used to record the 

optical signal in the detector used in this study. Instead of integrating photocurrents for a fixed 

duration, photocurrents are integrated until a given reference voltage is reached. This prevents 

saturation and gives a large dynamical range [142] but also gives a noise which scales 

inversely proportional to the signal. This explains why the signal is noisier for the highest 

transmission in the measurements of Fig. 5.34. 

 As for slit and groove structures on glass, a transmission peak is observed which shifts 

to longer wavelength with increasing p. The normalized transmission is greater than 8 for 

periods of 700 and 750 nm. This means that for a photosensitive area the size of the slit, the 

signal would be increased by a factor of more than 8 due to the metal structure. These 

measurements have been compared with the modal expansion method described in Ref. 

[93,100], see Fig. 5.34(b). A collection angle θcol = 52° has been considered which 

corresponds to the effective collection angle of the pixel. The experimental spectra show good 

agreements with the calculated ones in terms of the redshift of the transmission peak with 

increasing period and the peak widths. The agreement in terms of amplitude is surprisingly 

good considering the fact that spectra measured for slit and groove structures on glass show a 

transmission 50% lower than expected theoretically. This could be partly explained by the 

fact that in the case of a pixel without a metal layer above the photosensitive region, a high 

reflection occurs at the Si-SiOx interface (cf. Fig. 5.32) and part of the light is not absorbed. In 

the case of a slit and groove structure, light transmitted through the slit and reflected at the Si-

SiOx interface is efficiently reflected by the gold layer and has several “chances” to get 

absorbed due to multiple reflections between the metal layer and the silicon. 

The influence of the slit width w has also been investigated, see Fig. 5.36. For the three 

different periods considered, increasing w from 100 to 200 nm only decreases slightly the 

normalized transmission. This means that nearly twice as much of light is detected for w = 

200 nm as compared to w = 100 nm. This effect can be explained by the increased losses of 

the slit mode as the slit width is reduced. Considering the figure of merit defined by Eq. (5.3-

4), these results show that a slit width of 200 nm lead to a signal to noise ratio increase of √2 

as compared to a slit of 100 nm. 
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Figure 5.36.  Normalized transmission of slit and groove structures for TM polarization with Ng = 5 

and h = 180 nm measured on the pixel of a CMOS sensor for different slit width and for 

period p = 650 nm (left), p = 700 nm (middle) and p = 750 nm (right). 

These different results demonstrate the possibility to use slit and groove structures to 

improve signal to noise ratio of CMOS sensors. Placing the photosensitive area in the near 

field of the slit aperture would increase further the signal and would permit to reduce the size 

of the photosensitive area below the diffraction limit. Also, high transmission can be tuned at 

a desired wavelength changing the array periodicity. This could be used for colour imaging. 

 

Figure 5.37. Optical power measured for a pixel with a slit and groove structure with parameters Ng 

= 5, w = 100 nm, h = 180 nm and p = 600 nm for different polarization states. The inset, 

which is a SEM picture of the slit and groove structure, defines the polarization angle φ.  
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Finally, the polarization sensitivity of pixels with slit and groove structures has been 

measured. In Fig. 5.37, the optical power measured for a pixel with a slit and groove structure 

with parameters Ng = 5, w = 100 nm, h = 180 nm and p = 600 nm is shown for different 

polarization states. The measured power is strongly reduced by changing the angle φ defined 

by the angle between the grooves direction and the incident light magnetic field, see the inset 

in Fig. 5.37. This shows that slit and groove structures can also be used as micro-polarizers 

integrated in pixels for polarization imaging purposes. 

5.3.5. Outline and perspective 

Section 5.3 showed that subwavelength slits in metals can be advantageously used for 

different vision applications. Metal slit arrays integrated above the photosensitive region of 

pixels can be used as very efficient micro-polarizers. It should also be possible to use slit 

arrays to replace conventional dye-based Bayer filters for colour imaging, but the 5.5 µm 

thick SiOx layer present above the photosensitive region needs to be removed. It was shown 

that slit and groove structures could improve by a factor of eight the signal measured on a 

sensor. This factor is not at the fundamental limit. Several theoretical studies have shown that 

higher enhanced transmission can be achieved with improved designs, see for example Ref. 

[70]. Also, slit and groove structures can be used for both colour and polarization imaging. 

Non-polarization sensitive structures can be made by making bull’s eye structures. 

Image sensor designers keep exploring new solutions to continuously improve the 

performance of vision sensors. An emerging way to improve the signal to noise ratio of 

photodetectors is the back side illumination (BSI) configuration. In conventional front side 

illumination (FSI) architectures, light travels to the photo-sensitive area through the front side 

of the pixel, see the left side of Fig. 5.38. This requires the light to first pass through 

transistors, dielectric layers and metal circuitry, which can block or deflect it into neighboring 

pixels, causing a reduced fill factor and additional problems such as cross talk between pixels. 

Instead of illuminating a CMOS image sensor from the top (front) side of the silicon die, BSI 

collects photons from the backside of the pixel area. By eliminating obstacles such as metals 

and dielectric layers, BSI helps to stop the loss of photons and maximizes the area over which 

photons are collected. The BSI architecture still needs colour filters and microlenses, which 

means that metal structures such as the one considered in Section 5.3 can still be valuable for 

this emerging technology. 
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Figure 5.38.  Schematic cross sectional view of a pixel in the FSI (left part) and BSI (right part) 

configurations. Image from Ref. [144]. 

   

Figure 5.39.  Schematic cross sectional view of a pixel in the FSI (left part) and BSI (right part) 

configuration. Image from Ref. [145,146]. 

In the classical colour imaging approach exposed in Section 5.3.1.1, a pixel is sensitive 

to only one colour or frequency range, while photons with other frequencies impinging on 

that pixel are lost. This leads to inefficient use of the incoming light. There exist several ways 

to collect different colours on each pixel. For example, the Foveon X3 sensor uses three layers 

of pixels, each layer capturing a particular colour [147]. Metal structures have also been 

suggested by Laux et al. as a way to improve spectral imaging [145]. The concept is to 
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overlap bull’s eye as illustrated in the left part of Fig. 5.39. With such a system, each bull’s 

eye structure will collect light over a certain frequency range and be able to redirect it to its 

central aperture even from the region where it overlaps with other collectors, as schemed in 

the right part of Fig. 5.39. This is an elegant way of sorting photons by colours. As the 

transmission through a bull’s eye is relatively low, Laux et al. also proposed to overlap slit 

and grooves structures in a similar way. This new design contains then also polarization 

information. 

Finally, the integration of plasmonic “photon sorters” into BSI image sensor could lead 

to a competitive device. Despite several limitations such as transmission efficiency, metal 

structures presents unique properties that could be certainly used in image sensing 

applications. 

  



 

 

 

 

 

 

Chapter 6  

Conclusion & outlook 
 

 

 

 

This thesis presented a theoretical and experimental investigation of the optical 

properties of subwavelength slits in metal films. The results include theoretical work, the 

fabrication of samples and optical characterization as well as several studies investigating the 

potential use of slits in metals for different applications.  

The theoretical study carried out in Chapter 3 gives a unified picture on the 

phenomenon of TM light transmission through subwavelength slit arrays in metal films. To 

achieve this, an analytical model is derived from the modal expansion method described by 

Lochbihler et al. [72]. The analytical model is very accurate for narrow slits and optically 

thick metal walls. This model enables a dressed surface plasmon polariton (SPP) mode to be 

defined. The difference of this mode as compared to an SPP mode on a flat metal-dielectric 

interface is that the perturbation induced by the slits is considered. The transmission is very 

low when this dressed mode is excited. In addition, the dispersion relations of the modes 

responsible for high transmission are derived. The main transmission modes are Fabry-Pérot 

(FP) like resonances which become hybrid FP-SPP modes as the wavelength of the resonance 

approaches the dressed SPP resonance. The FP-SPP modes are analogous to symmetric and 

antisymmetric modes of a waveguide except for wavelengths close to the dressed SPP mode. 

In that case, strong dispersion of the hybrid “SPP-FP” modes is observed and the field profile 

of these modes presents similarities with the symmetric and antisymmetric SPP modes of a 



Chapter 6 Conclusion & outlook 

132 
 

thin metal film. The good understanding of the behaviour of the different modes provided by 

this study is particularly useful for designing slit arrays with specific optical characteristics 

needed in different applications. 

These results open several new routes which could be investigated further. The 

analytical model could be extended to the case of subwavelength hole arrays in a future work. 

The reflection/transmission coefficients at each interface of the hole array would then be 

known analytically. This would be particularly useful in order to increase the transmission 

through the holes which stays relatively low due to the evanescent nature of the modes inside 

the holes. One way to improve the transmission would be to design an anti-reflection coating 

on the array.  

Before addressing the potential of slits in metals for various applications, the light 

transmission through single slits, slit and grooves and slit arrays was investigated in Chapter 

4. In addition to the enhanced TM optical transmission phenomenon expected for 

conventional slit and groove structures, measurements of slit and groove structures covered by 

a thin dielectric layer show that TE transmission can also be boosted by exciting TE 

waveguide modes sustained in the thin dielectric layer. 

For each of the structures considered in Chapter 4, a comparison is made with theory in 

order to give an idea of the validity of the different models. In most cases good agreement 

between theory and experiment is observed, especially for the position of the different 

spectral features. There are, however, deviations in the transmission amplitude, which is in 

general lower than expected from theory. This can be explained not only by sample 

imperfections, but also by metal losses which are neglected in the case of the model used for 

single slits and slit and groove structures.  

Finally, this work investigates the use of slits in metals for three different optical 

devices: biosensors, light emitting diodes (LEDs) and image sensors. In the case of 

biosensing, slit arrays with high sensitivity to refractive index changes are considered with the 

goal to fabricate compact and portable sensors. Based on the theoretical study of Chapter 3, 

calculations show that the sensitivity of slit arrays on glass substrates is limited by the higher 

refractive index of glass as compared to water. The device sensitivity can be increased 

removing the substrate, i.e. using membranes. Such membranes should provide a 3% intensity 

change as a 1.6 nm thick bovine serum albumin layer is adsorbed on the array. Measurements 

of slit arrays on glass substrates immersed in solutions of different refractive indices 

corroborate our theoretical work. The fabrication of membranes and the detection of adsorbed 

layer of molecules still need to be studied and is foreseen in a future work. 
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Slit arrays have been investigated as transparent electrical contacts for LEDs. 

Theoretical calculations show that normal incidence transmission can be as high as 80% for 

hybrid FP-SPP modes that are far from the dressed SPP mode. In addition, light can be 

transmitted for angles of incidence larger than the critical angle due to grating coupling. 

Preliminary calculations show that the light extraction efficiency through a slit array could be 

twice the one of a planar GaP-air interface. Preliminary experimental work has been done, 

where slit arrays have been fabricated on GaP substrate by FIB. Unfortunately, FIB 

fabrication induces significant optical losses due to amorphization of GaP. Electron beam 

photolithography is currently investigated at CSEM as an alternative technique of fabrication. 

With these fabricated arrays, it should be verified whether light transmission is as high as 

theoretically predicted before fabricating such arrays on LEDs and validate the possibility to 

improve LEDs efficiency with slit arrays.  

Finally, slit arrays and slit and groove structures have been integrated on the pixels of 

CMOS sensors as a post process. A polarization extinction ratio higher than 200 over a 

bandwidth of 200 nm is measured on a pixel with a slit array integrated onto it. As the 

structure dimensions of the array are suitable for CMOS manufacturing, this is an important 

result in view of direct integration above pixels of efficient and low cost micro-polarizers 

within CMOS process. In addition to polarization selectivity, slit and groove structures 

integrated on CMOS pixels can also provide spectral selectivity and light transmission 

enhancement. Whereas the spectral sensitivity could be used for colour imaging, the light 

transmission enhancement could be used to increase the signal to noise ratio of image sensors. 

However to obtain such goal, light transmission efficiency needs to be further increased, and 

the design of the slit and groove structure needs to be considered at the same time as the 

design of the complete architecture of the sensor. 

The results obtained in the case of the slit and groove structures covered by a thin 

dielectric layer could be further improved by matching enhanced optical transmission for both 

polarizations at the same wavelength. This would be particularly useful in optical devices 

where high throughput is necessary such as low noise or high speed photodetectors. This 

work could also be extended to structure like bull’s eyes in order to improve their 

transmission efficiency. 

Finally, the different results of this thesis could be extended to longer wavelengths, 

where optical losses induced by metals are low. This should improve further structure’s 

performances.  
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Refractive indices of gold and gallium 

phosphide 
 

 

 

 

Table A.1. Refractive indices of gold and gallium phosphide used in this thesis, taken from Sopra 

database [55].  

Wavelength (nm) ( )goldRIXℜ  ( )goldRIXℑ  Wavelength (nm) ( )GaPRIXℜ  

400 

450 

500 

550 

600 

650 

700 

750 

800 

850 

900 

950 

1.6579 

1.5085 

0.85123 

0.35043 

0.22026 

0.16779 

0.1605 

0.16915 

0.1814 

0.19632 

0.21532 

0.23453 

1.956 

1.8789 

1.8867 

2.714 

3 

3.1378 

3.9636 

4.5939 

5.1268 

5.5883 

6.0064 

6.4381 

500 

510 

520 

530 

540 

550 

560 

570 

580 

590 

600 

610 

3.5752 

3.5465 

3.5275 

3.5082 

3.4671 

3.4495 

3.4264 

3.4114 

3.3808 

3.3601 

3.3528 

3.3385 
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Wavelength (nm) ( )goldRIXℜ  ( )goldRIXℑ  Wavelength (nm) ( )GaPRIXℜ  

1000 

1050 

1100 

1150 

1200 

1250 

1300 

1350 

1400 

1450 

1500 

1550 

1600 

1650 

1700 

1750 

1800 

1850 

1900 

1950 

2000 

2050 

2100 

2150 

2200 

2250 

2300 

2350 

2400 

0.25683 

0.27891 

0.30009 

0.32366 

0.34998 

0.37794 

0.4072 

0.43731 

0.46755 

0.49783 

0.52843 

0.55911 

0.58939 

0.61966 

0.65111 

0.68263 

0.71485 

0.74761 

0.78036 

0.81489 

0.84972 

0.88456 

0.92067 

0.9574 

0.99413 

1.0309 

1.0687 

1.1066 

1.1445 

6.8154 

7.2251 

7.6836 

8.1318 

8.5228 

8.7681 

8.7585 

8.7652 

8.8897 

9.1569 

9.4784 

9.8112 

10.125 

10.438 

10.752 

11.067 

11.375 

11.68 

11.985 

12.29 

12.595 

12.9 

13.205 

13.509 

13.814 

14.118 

14.419 

14.72 

15.021 

620 

630 

640 

650 

660 

670 

680 

690 

700 

710 

720 

730 

740 

750 

760 

770 

780 

790 

800 

810 

820 

830 

840 

850 

860 

870 

880 

890 

900 

3.3246 

3.3177 

3.3016 

3.2915 

3.2799 

3.2691 

3.2704 

3.2489 

3.2463 

3.2499 

3.242 

3.2319 

3.2221 

3.2199 

3.2203 

3.216 

3.2009 

3.1828 

3.1791 

3.187 

3.1851 

3.1786 

3.1711 

3.1639 

3.1602 

3.16 

3.1536 

3.1472 

3.1408 
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Modal expansion derivation 
 

 

 

 

The modal expansion method to calculate the optical properties of metal grating is 

derived here for both TE and TM polarization and in the general case where the permittivity 

can take any value above and below the grating and inside the slits, see Fig. B.1 for a scheme 

of the structure and its different parameters. The electric field vector E and magnetic field 

vector H corresponds to the field fz(x,y) for TE and TM polarization respectively. 

  

Figure B.1. Schematic of the studied structure and definitions used for the structure’s dimensions 

and incident field directions. The structure repeats itself infinitely with period p in the x 

direction. 
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If not mentioned, the same terminology as in Section 3.2 is considered. The field above 

and below the grating is expressed as a Rayleigh (or plane wave) expansion: 

 ( ) ( )[ ]{ }2/exp, 0,10, hykxkiyxf yxz −−=  
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where kx,n = √ε1k0sinθ + n(2π/p), kyi,n = (εik0
2 - kx,n

2)1/2 , k0 = 2π/λ and i corresponds to the ith  

region. Inside the apertures, the field is expressed as a sum of waveguide modes: 
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where i corresponds to the ith  region. The mode equation is given by: 
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The continuity of the tangential components of the fields described above is then 

imposed at each interface. The equations obtained below are obtained following the procedure 

described by Lochbihler and Depine in Ref. [72]. For TM polarization, the following set of 

equations is obtained: 
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whereas the equations obtained for TE polarization are:  
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where the overlap integrals are defined by: 
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The calculation of the unknown coefficients rn, tn, am and bm is then performed after 

truncation and writing Eq. (B-7), (B-8), (B-9), (B-10) into a matrix equation. As an example, 

the matrix equation is written for TM: 
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 Ω=ΨM . (B-15) 

where 
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and the matrix M is shown in the following page due to space reasons. 
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Figure B.2. The Matrix M in Eq. (B-15) 

 

 



 



 

 

 

 

 

 

Appendix C  

Analytical formulas for the transmission 

and reflection coefficients of single 

interfaces in slit arrays 
 

 

 

 

The simplifications made in Section 3.2.2.1 can be used to express the transmission and 

reflection coefficients of each interface, see the schematic diagram of Fig. C.1 for a 

symmetric structure (i.e. εt = εb). 

 

Figure C.1. Isolated single interface of a slit array with the definition of the transmission and 

reflection coefficients. 
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The quantities τ and τn are the transmission coefficients of the incident light into the 

fundamental slit mode and the fundamental slit mode into the transmitted diffracted order n 

respectively. ρ and ρn are the reflection coefficients of respectively the fundamental slit mode 

and the incident light into the reflected order n. 

A procedure analogous to the one used in Ref. [148] is followed to determine the 

reflection and transmission coefficients. Setting a0 = 0 and b0e-φ = τ, Eq. (3.2-15) leads to: 
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Similarly with a0e-φ = ρ and b0eφ = 1, Eq. (3.2-16) gives: 
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Note the similarity between the two above equations and the one giving the Fresnel 

transmission and reflection coefficient of single interfaces (cf. Section 2.2.4). In the present 

case of a symmetric structure, and for a grating of height h, rn and tn are expressed as a typical 

FP equations for a three layer system (cf. Section 2.2.4): 
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and the coefficients a0 and b0 can be similarly obtained as: 
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Replacing rn, tn, a0 and b0 in Eq. (3.2-13) and (3.2-14) leads to: 
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Equation (3.2-17) is obtained replacing in Eq. (C-4) the coefficients of single interfaces. 

This derivation emphasize that a slit array can be considered as a FP cavity. Whereas in 

conventional FP cavities the optical properties are determined from the 

reflection/transmission coefficients at each interface, effective reflection/transmission 

coefficients are defined here at the slit extremities. These coefficients have the particularity to 

be dependent on the array periodicity. 
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