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Zusammenfassung  

Die vorliegende Arbeit befasst sich mit der Herstellung und der Untersuchung zweidimensi-
onaler photonischer Kristalle für den sichtbaren Wellenlängenbereich, der bisher 
experimentell nur sehr schwierig zu realisieren war. Dazu wurden ein hochauflösender 
Fertigungsprozess zur Probenherstellung und ein auf einer Weißlichtquelle basierender 
Messaufbau zur Charakterisierung der Kristalle entwickelt. 
Mit den entwickelten Methoden und Prozessen konnten zweidimensionale photonische Kris-
talle aus Siliziumnitrid mit quadratischem und mit hexagonalem Gitter erfolgreich 
hergestellt werden. Durch Messungen konnten bei ihnen optische Bandlücken für 
Wellenlängen oberhalb von 500 nm nachgewiesen werden. Durch Variation der 
Geometrieparameter wie der Lochradien, der Gitterkonstante und der vertikalen Dicke der 
Kristalle konnten Bandlückenkarten (engl. band gap maps) experimentell ermittelt werden. 
Die experimentellen Ergebnisse zeigten dabei eine gute Übereinstimmung mit den 
Ergebnissen einer entsprechenden numerischen Simulation. Dies beweist die hohe Qualität 
der entwickelten Herstellungsprozesse. 
Zur Demonstration der Anwendbarkeit solcher auf Siliziumnitrid basierenden photonischen 
Kristalle wurden extrem kompakte, passive optische Filter für den sichtbaren 
Wellenlängenbereich durch Einbau von linearen Gitterdefekten in die photonischen Kristalle 
hergestellt und sowohl theoretisch als auch experimentell untersucht. Im Ergebnis einer 
durch Simulationsrechnungen unterstützten Optimierung wurden Filterprototypen mit 
Transmissionsraten von über 90 % und einer Linienbreite von nur 3 nm (Qualitätsfaktor 
über 240) mit einer räumlichen Ausdehnung von ca. 3 µm x 3 µm realisiert. Der Vergleich 
mit Literaturwerten zeigt, dass dies gegenwärtig die besten Leistungswerte für diese Arten 
von Filtern sind. 
Als zweiter Demonstrator möglicher Anwendungen wurden optische Resonatoren auf Basis 
photonischer L3-Kavitäten untersucht. Mit einer emissionsfreien, auf Transmission 
basierenden Untersuchungsmethode konnten die longitudinalen Resonanzmoden der in 
photonischen W1-Wellenleitern eingebetteten Kavitäten mit Qualitätsfaktoren von bis zu 
325 experimentell nachgewiesen werden. Die gemessenen Werte der Qualitätsfaktoren 
entsprachen dabei etwa 50 % der in Simulationsrechnungen ermittelten Werte. In 
Anbetracht der schwachen Einbindung der Kavitäten im W1-Wellenleiter sind diese 
Ergebnisse dennoch als sehr gut zu interpretieren, was auch durch Vergleich mit publizierten 
Ergebnissen anderer Gruppen belegt werden kann. Für die fundamentalen longitudinalen 
Moden ergaben theoretische Berechnungen sogar Werte von Qualitätsfaktoren von bis zu 
1500. Um diese Moden anzuregen, wäre allerdings ein modifizierter Einbau der Kavitäten in 
den W1 Wellenleiter notwendig. Experimentelle Untersuchungen solcher Resonatoren mit 
modifizierter Geometrie konnten allerdings im zeitlichen Rahmen dieser Arbeit nicht mehr 
durchgeführt werden. 
 





   

Shrnutí (Summary in Czech) 

Předložená práce se zabývá výzkumem dvoudimensionálních photonických krystalů na bázi 
nitridu křemíku. Cílem práce bylo ověřit možné nasazení těchto sktruktur v zatím v této 
souvislosti pouze málo prozkoumané oblasti viditelného světelného záření. 
V rámci této práce byly úspěšně vyvinuty jak nové výrobní postupy umožnující vytvářet 
struktury s velikostí pouhých 25 nm, tak měřící metody umožnující určení požadovaných 
optických vlastností. 
Za použití těchto metod byly u dvoudimensionálních photonických krystalů na bázi nitridu 
křemíku experimentálně dokázány optické zakázané pásy (optical band gaps) pro vlnové 
délky nad 500 nm. Modifikací klíčových geometrických parametrů krystalové mřížky jako 
je mřížková konstanta, průměr vyleptaných děr nebo vertikalní tloušťka krystalové 
membrány bylo možné experimentálně nasnímat mapy zakázaných pásů (band gap maps). 
Výsledky měření byly shledány ve velice dobré shodě s výsledky numerických simulací za 
pomoci FDTD metody (finite difference time domain method), což je dokladem vysoké 
kvality výrobního postupu. 
Za účelem demonstrace možnosti využití photonických krystalů na bázi nitridu křemíku pro 
pasivní aplikace v integrovaných optických obvodech se část práce soustředila na 
teoretickou i praktickou studii kompaktích pasivních optických filtrů na bázi liniových 
defektů ve photonických krystalech. Jako výsledek byly na konci této studie experimentálně 
realizované prototypy optických filtrů s vynikající transmisní charakterisikou, špičkovou 
transmisí ve výši více než 90 % a šířkou spektrální čáry ve výši méňe než 3 nm. Prototypy 
optických filtrů vykazovaly přitom rozměry o velikostech pouze 2 x 3 µm, prokazujíce tak 
jejich potenciál při realizaci extrémně kompaktních optických obvodů. Ze srovnání 
s odpovídajícími publikacemi jiných vědeckých skupin vyplývá, že v době odevzdání této 
disertační práce jsou tyto presentované hodnoty jedněmi z nejlepších.  
Druhou významnou potenciální aplikací, se kterou se práce zabývala, byly optické 
resonátory na bázi bodových L3 defektů zabudovaných ve photonických krystalech (L3 
photonic crystal cavities). Za použití transmisní měřící metody byly úspěšně experimentálně 
potvrzeny druhé longitudinální resonanční módy bodových defektů zabudovaných ve W1 
photonických vlnovodech. Experimentálně zjištěné hodnoty Q-faktorů (Q-factor, resonance 
quality factor, Qualitätsfaktor, Strahlungswichtungfaktor) dosáhly hodnot až 325, 
odpovídajíce asi 50 % hodnoty určené ze simulací. Pokud se vezme v potaz pouze velmi 
slabý confinement bodových defektů v kristalové mřížce a ve W1 vlnovodu, mohou být tyto 
výsledky považovańy za velice dobré, čehož důkazem je i porovnání s publikacemi jiných 
výzkumných skupin. Provedené simulace navíc dávají tušit, že modifikovaná poloha 
bodového defektu s ohledem na pozici W1 vlnovodu by měla vyústit ve vybuzení 
fundamentálního longitudinálního rezonančního módu, což by na základě výpočtů vedlo 
k hodnotám Q-factoru až 1500. Tuto variantu avšak nebylo možno  z časových důvodů 
experimentálně ověřit. Podobné struktury představují základní stavební prvky budoucích 
vysoce efektivních mikroskopických laserů nebo zdrojů jednotlivých photonů (singe photon 
sources) v oblasti viditelného světelného záření.  
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Chapter 1:  

Introduction 

The main task of this thesis was to investigate two-dimensional photonic crystals based on 

silicon nitride for their potential use in the visible range of the electromagnetic spectra.  

Photonic crystals are periodically structured dielectric materials, generally possessing ranges 

of frequencies in which light cannot propagate through the structure – in analogy with the 

solid-state physics called photonic band gaps. The periodicity of the dielectric modulation 

lies in the range of the wavelength of the light in the band gap and causes some abnormal 

optical properties of photonic crystals such as anomalous reflection behavior and unusual 

refraction including negative refraction index behavior.  

The man made photonic crystals got inspired by those occurring in the nature as indicated in 

figure 1. 

   

   
(a) (b) (c) 

Figure 1 – Photonic crystals in the nature; (a) surface structure of the butterfly wings (Morpho menelaus) 
resulting in blue iridescence [1]; (b) opal stone showing play of colors caused by its inner structure consisting 
of silica spheres densely packed mainly in the hexagonal and cubic lattice [2] as shown on the SEM image; (c) 
the rainbow peacock colors caused by the melanin rod structure arranged in form of a photonic crystal [3]; 

Photonic crystals can be classified according to the dimensionality of the refractive index 

modulation as indicated in figure 2. While the one-dimensional (1D) photonic crystals are 
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known since 1887 [4] and are widely being used in various forms of dielectric multi-layers, 

the three-dimensional (3D) photonic crystals were first proposed independently by John [5] 

and Yablonovitch [6] in 1987. For the purpose of this thesis, only two-dimensional (2D) 

photonic crystals were investigated, combining most of the interesting optical properties 

with accessible and available means of fabrication.  

 
 1D 2D 3D  

Figure 2 – Schematics of photonic crystals in 1, 2 and 3 dimensions formed by two alternating dielectric 
materials; the classification refers to the dimensionality of the dominant refractive index modulation; 

The existence of the photonic band gap and the ability of photonic crystals to confine light 

on the wavelength scale make them very interesting for the realization of high density and 

high performance optical devices [7]. The potential of photonic crystals lies in the creation 

of compact photonic elements such as filters [8], splitters [9] or sharp bend waveguides [10] 

as well as of optical resonators [11] for low threshold lasers or single photon sources [12]. 

The additional possibility to actively affect the optical properties of photonic crystals both 

inactively via the pattern definition and actively by somehow modulating the physical 

properties of the materials may further lead to many novel applications in photonics or 

sensor technology. 

Driven by the vision of yet smaller and faster photonic elements for the telecommunication 

industry, most of the research work on the field of photonic crystals concentrated on the IR 

or near-IR range. Despite this fact, there is a broad range of important photonic applications 

operating in the visible spectra, which could profit from the use of photonic crystals.  

One of already well explored areas is the efficiency enhancement of blue or UV LEDs, 

where the photonic crystal structures can be used to inhibit the emission within the plane of 

the device and increase thus the out-of plane emission [13-16]. Ongoing research also 

opened a wide range of applications leading to the realization of low threshold lasers  

operating in or close to the visible range and thus being highly potential candidates for the 

basic elements of the future high density optical recording systems, high resolution displays 

or novel spectroscopic sources [17-21]. 



   

Despite these achievements, the number of publications concerning photonic crystals in the 

visible range remains small, caused mainly by the material and technological challenges. 

Firstly, wide gap semiconductors need to be used in the visible range in order not to absorb 

the relative short wavelengths. These materials, however, possess lower dielectric constants 

resulting in narrower band gaps. The technological challenge results from the fact that 

photonic crystals for shorter wavelengths require for shorter periods, resulting in higher 

fabrication process resolution needed.  

One of the initially most intensive investigated photonic crystals for the visible range were 

gallium nitride based systems [22]. The research there was mainly driven by the effort to 

enhance the efficiency of blue or UV-LEDs, but inspired also few fundamental research 

publications [23-25]. The common disadvantage of these systems is the very complicated 

material preparation and partial incompatibility with standard microelectronic fabrication 

processes. 

Only very recently, publications concerning photonic crystal devices for the visible range 

using optically non-active materials such as nitrides of silicon [26] or silicon itself [27] 

started appearing. It is especially the silicon nitride for its high refractive index (n = 2.0) and 

high transparency in the visible range, which appears to be a very promising material for the 

realization of photonic crystal devices in the visible range. Its full compatibility with the 

standard complementary metal-oxide semiconductor (CMOS) technology results in 

significantly lower fabrication costs of the devices and that of their integration on the chip 

relative to III/V semiconductor materials. Only few publications exist, treating silicon nitride 

photonic crystals for the visible spectral range. For passive applications, only one research 

group published few publications, proving the material’s suitability to exhibit photonic band 

gaps [28-31], however, no passive devices based on silicon nitride photonic crystals were 

proposed or realized yet. On the other hand, by including photoluminescent particles into the 

silicon nitride matrix [32] or by fixing them on top of the structure [33], silicon nitride 

photonic crystals very recently proved to be suitable candidates for small scale light emitting 

devices. 

Apart from the silicon nitride, polymer based materials can be considered as potential 

candidates for the photonic crystals in the visible range as well. Recently, a publication 

presenting a polymer based photonic crystal for IR application, but principally possibly 

operating in the visible regime as well appeared [34]. Even more recently a publication 

describing a polymer based photonic crystal system acting as a filter operating in the visible 

range appeared [35]. Due to their low refractive index, however, polymer based systems 
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generally exhibit disadvantages against high refractive index materials such as silicon 

nitride. Further, polymers show only limited temperature operation regime and exhibit low 

chemical resistance, making them incompatible with most of the CMOS fabrications 

techniques.  

Resulting from the stated above, silicon nitride systems seem to be very attractive but still 

quite unexplored candidates for both passive and active optical photonic crystal devices for 

the visible spectral range, inspiring thus the topic of this thesis.  

In order to be able to successfully investigate their potential, high resolution fabrication 

process had to be developed, being able to reliably fabricate photonic crystals in silicon 

nitride with sub-100 nm precision. Once succeeded, the next step was to build an 

appropriate measurement setup, being able to optically characterize the fabricated samples, 

especially to find the evidence of the photonic band gaps. Using the gathered knowledge, it 

was further the aim of this work to fabricate and to investigate demonstrators of possible 

photonic crystal applications in the visible range. These included demonstrators of a passive 

filter device with high transmission and narrow transmission peak suitable as a component 

for high density optical circuits and passive optical resonators in form of  photonic crystal 

cavities exhibiting high Q-factors suitable as a basic element of an active lightning device 

such as a low threshold laser or a single photon source. In order to evaluate the 

experimentally achieved results, appropriate simulation techniques had to be developed and 

applied.  

 



 

Chapter 2:  

Theoretical background and optical 

properties of photonic crystals  

 

In this chapter, first, the necessary theoretical background consisting of Maxwell’s equations 

in their proper form for inhomogeneous dielectric media is briefly reviewed, resulting in the 

eigenvalue problem formulation of Maxwell’s equations for periodic dielectric materials. 

After this introduction, the dispersion relation for homogeneous media is shortly reviewed 

before concentrating on the dispersion relation of photonic crystals by introducing Bloch’s 

theorem. In order to explain the origin of the photonic band gap, one-dimensional periodic 

dielectric structures are analyzed first, using a semi-analytic approach. Next, photonic band 

structures and band gaps of two-dimensional photonic crystals and the concept of photonic 

crystal slabs are addressed in detail. Further, the photonic crystal bulk properties such as 

their unusual refraction and the slow light phenomena are discussed before the introduction 

of point and line defects in two-dimensional photonic crystals is reviewed. Throughout the 

entire chapter, various proposed or existing photonic crystal applications are used to 

illustrate the basic properties of photonic crystals.  
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2.1. Theoretical Background – Maxwell’s equations  

The complete set of equations of James Clerk MAXWELL [36] is known in electrodynamics 

since 1865. The originally eight equations for twenty variables using quaternion notation 

[37] were transformed mainly by Oliver HEAVISIDE [38] and Josiah Willard GIBBS [39] into 

today’s notation with vectors. Using the SI-units, the Maxwell’s equations take the 

following differential form [40]: 

Microscopic Macroscopic  
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(2.1-1) 

where E(r,t) and B(r,t) are the vectors of the electric and the magnetic field respectively. 

D(r,t) is the vector of the electric flux density (called also the electric displacement) and 

H(r,t) is the vector of the magnetic flux density. While the microscopic formulation is 

strictly only valid on the atomic scale, the macroscopic formulation includes averaged field 

values, allowing one to formulate material properties such as permittivity or permeability, 

polarization density or magnetization density as introduced later. 

The constants (in SI units) ε0 ≈ 8.85×10-12 A2s4kg-1m-3 and µ0 = 4π×10-7 m·kg·C-2 are the 

electric permittivity and the magnetic permeability, respectively. The free electric charge 

ρ(r,t) and the free current density j(r,t) represent the sources of charges and currents. In the 

macroscopic case, these are replaced by  

MPjj

P

⋅∇+∂+=

⋅∇−=
−1µ

ρρ

tA

A
 (2.1-2) 

As shown in equations above, the microscopic values of electric and current charges consist 

of the averaged value (index A), material specific polarization density P(r,t), and 

magnetization density M(r,t). These are the sums of electric dipole and magnetic dipole 

moments, respectively, induced in the material and are related to the vectors of the electric 

flux density and magnetic flux density by  

0

0

µ

ε
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H
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−
=

+=

 (2.1-3) 
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The vector fields P and M, in turn, are related to the electric and magnetic field E and B by 

relations that depend on the electric and magnetic properties of the medium, respectively, as 

will be described below. It is obvious that equation (2.1-3) establishes a relation between E 

and P, and another between B and M. Therefore, when substituted into Maxwell’s 

equations, one is left with equations governing only the two vector fields E and B. 

Obviously, in the free space, P = M = 0, so that D = ε0E and B = µ0H, and therefore the 

macroscopic and the microscopic Maxwell’s equations are identical.  

In a homogeneous medium, all components of the fields E, B, D, and H are continuous 

functions of position. At a boundary between two dielectric media and in the absence of the 

electric charges and currents, the tangential components of the electric and magnetic fields E 

and B and the normal components of the electric and magnetic flux densities D and H must 

be continuous. 

The flow of the electromagnetic power is governed by the vector 

HES ×=  (2.1-4) 

known as the Poynting vector [40]. Obviously, the direction of the Poynting vector is 

orthogonal to both E and B. 

2.1.1. Dielectric media 

The nature of a dielectric medium is exhibited in a relation between the polarization density 

P and the electric field E, also related in some literature to as the medium equation.  Various 

types of dielectric media can be treated according to the type of the relation between P and 

E. Only linear, non-dispersive and isotropic materials will be treated within this work, for 

further readings about dispersive, anisotropic or nonlinear materials refer, e.g., to [41-44]. 

For the above mentioned material, the relation between P and E is simple and states that the 

two vectors are parallel at any time so that 

( )ErP χε 0=  (2.1-5) 

where χ(r) is a scalar function called the electric susceptibility and describes how easy a 

material polarizes in response to an electric field. Using this relation, D can be described as  

( )D ε= r E  (2.1-6) 

with  

( ) ( )( ) ( )0 01 rε ε χ ε ε= + =r r r  (2.1-7) 

The dependence of ε on r reflects the non-homogeneous material properties as it is in the 

case of the photonic crystals. 
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Using equation (2.1-6), the last two Maxwell’s equations can be rewritten (no currents and 

no charges) into 

( )
0

0

t

t r

µ

ε ε

∇× = −∂

∇× = ∂

E H

H r E
 

(2.1-8) 

Dividing (2.1-8) by εr(r) and applying the curl operation ∇× to both sides of the lower 

relation (2.1-8) yields  

( )
2

2
0

1 1
t

r cε

 
∇× ∇× = − ∂  

 
H H

r
 

(2.1-9) 

Equation (2.1-9) is called the master equation for studying the optical band structures of the 

photonic crystals (see chapter 2.2). A similar equation may be established for the vector of 

the electric field. However, as will be shown later, it is more advantageous to build the 

equation for the magnetic vector H.  

The solution of (2.1-9) is a plane wave of the form 

( ) ( ) tiet ωrHrH =,

 

(2.1-10) 

where the physical field can be obtained as the real part of the complex-valued field. An 

analogous relation as (2.1-10) can be taken for the electric field E. 

Inserting the (2.1-10) into the macroscopic formulation of (2.1-1) results in the transversal 

condition 

( ) ( ) 0=⋅∇=⋅∇ rDrH  (2.1-11) 

which for the plane wave like formulation of ( ) exp( )i=H r a kr  (analogous for the E-field) 

turns into a simple condition a · k = 0. Taking this into account, one only needs to focus on 

(2.1-9), representing the remaining two Maxwell’s equations from (2.1-1). Equation (2.1-9) 

yields with (2.1-10) into 

( )
( ) ( )

2

0

1

r c

ω

ε

   
∇× ∇× =    

  
H r H r

r
 (2.1-12) 

For a given εr(r) and ω, (2.1-12) can then be solved for H(r) under the transversal constraint. 

The electric field E(r) can then be found easily using Maxwell’s equations  

( )
( )

( )
r

i

ωε

 −
= ∇×  
 

E r H r
r

 (2.1-13) 
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2.1.2. Mode solution as an eigenvalue problem 

Relation (2.1-12) is an eigenvalue problem of the form 

( ) ( )

( )
( )

( )

( ) ( )
2

0

1

r

c

ϕ

ε

ω
ϕ

Θ =

 
Θ = ∇× ∇×  

 

 
=  
 

H r H r

H r H r
r

H r H r

 
(2.1-14) 

The eigenvectors H(r) are the field patterns of the harmonic modes and the eigenvalues φ 

are proportional to the square frequency of those modes. As can be shown, the operator Θ is 

a linear Hermitian operator [45], which implies some conditions on the eigenvectors H(r). 

Due to the nature of the Hermitian operator, the eigenvalues φ are real, the eigenvectors 

H(r) are orthogonal, they can be obtained by a variation principle, and they can be 

categorized by their symmetry properties [46]. 

Having realized that the Θ operator as defined by (2.1-14) is a Hermitian operator, it can be 

explained now why the formulation of (2.1-9) is more advantageous for the H field than for 

the E field.  By applying the curl operation ∇× to the upper relation of (2.1-8), one ends with 

a similar relation for D as (2.1-14) 

( )
( )

( ) ( )
2

0

1

r c

ω

ε

   
Ξ = ∇× ∇× × =    

  
D r D r D r

r
 

(2.1-15) 

The operator Ξ is different from Θ in (2.1-14). It can be shown easily, that the operator Ξ is 

not Hermitian because of the misplaced term εr(r). There are ways to transform the relation 

(2.1-15) in such a way, that it becomes an eigenvalue problem with Hermitian operators 

only. However, this results either in a generalized eigenvalue problem or in an eigenvalue 

problem for non-transversal eigenvectors [45]. In both cases, the numerical solution 

becomes much more complex than in the case of  (2.1-14).    
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2.1.3. Scaling behavior of Maxwell’s equations  

Investigating equation (2.1-12), one can easily see that the relation scales with a factor s for 

r´ = sr. The dielectric function εr(r) then becomes εr(r) = εr(r´/s), the curl operation turns 

into ∇ = s∇´. 

( )
( ) ( )

2

0

1

r

s s s s
s c

ω

ε

   
′ ′ ′ ′∇ × ∇ × =    ′   

H r H r
r

 (2.1-16) 

The new dielectric function εr(r´/a) is nothing else but the stretched or compressed old 

dielectric function εr(r) so that one can write εr(r´/a)= εr´(r´). Using the same formalism for 

the H field, one can rewrite (2.1-12) into 

( )
( ) ( )

2

0

1

r sc

ω

ε

   
′ ′ ′ ′ ′ ′∇ × ∇ × =    ′ ′   

H r H r
r

 (2.1-17) 

This allows studying the modes and the frequencies in photonic crystals in generalized 

dimensionless units. If one needs to know the new mode profile after changing the length 

scale with a factor s, one only needs to scale the old mode and its frequency with s. 

Similarly, there is also no fundamental value of the dielectric constant. Assuming a new 

dielectric function εr´(r) = εr(r)/s2, equation (2.1-12) yields 

( )
( ) ( )

2

0

1

r

s

c

ω

ε

   
∇× ∇× =    ′   

H r H r
r

 (2.1-18) 

The harmonic modes of the new system are unchanged, but the frequency scales with the 

factor of s. 
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2.2. Dispersion relations and photonic band structures 

The central aim in order to describe and understand the optical properties of photonic 

crystals is to determine the dispersion relation as a relation between the wave vector k  and 

the angular frequency ω  inside of the photonic crystal. As in the solid state physics, the 

knowledge of the dispersion relation is of paramount importance for photonic crystals, since 

it determines their photonic band structure and thus links the time oscillation i te ω  with the 

spatial oscillation ie ⋅k r , helping so to find the eigenmodes of the system. The dispersion 

relation also can be used to determine the group velocity /v kω= ∂ ∂  and the phase 

velocity /pv kω= .  

2.2.1. Dispersion relations in homogeneous materials 

In homogeneous space, the dispersion relation can be determined easily from (2.1-12). By 

setting 2( ) .r const nε = =r , where n is the refractive index of the material, the dispersion 

relation in free space yields 0 /c nω = ± k . The positive solutions for 1D, 2D and 3D 

systems are illustrated in figure 2.2-1. 

 
(a) (b) (c) 

Figure 2.2-1 – Schematic dispersion relations of homogeneous isotropic materials plotted for different 
dimensionalities of the system; (a) in a 1D k-space the dispersion relation is a straight line with the medium 
light velocity c being the slope of the curve; (b) for a 2D k-space the dispersion relation becomes a conical 
surface with ω being the rotational axis; (c) in the case of a 3D system, the dispersion relation can be 

viewed as a sphere with a diameter ck ; 
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2.2.2. Dispersion relations for periodic structures, Bloch’s theorem 

An analytic expression of the dispersion relation in photonic crystals does not exist, but in 

order to find it numerically, one can make use of their periodic nature. The translation 

symmetry of photonic crystals allows to use Bloch’s theorem [47] in order to simplify the 

search for the dispersion relation and to break it down to a solution of the master equation 

(2.1-12) in a small region, which finally can be achieved numerically. Bloch’s theorem 

occurs frequently in solid state physics (see Appendix A.I. for details). Here, its application 

on an electromagnetic problem shall be explored only. 

The dielectric distribution in photonic crystals is periodic ( ) ( )r rε ε+ =r R r with R defined 

using the primitive lattice vectors  

n m l= + +1 2 3R a a a  (2.2-1) 

The translation symmetry of the dielectric function can be described using the translation 

operator TR  such that ( ) ( ) ( )r r rT ε ε ε= + =R r r R r . It can be easily shown that this operator 

commutes with Θ  and thus has simultaneous eigenstates [48]. The eigenstates of TR are 

plane waves (see A.I.), therefore the eigenstates of Θ are plane waves of the form of ie ⋅k r . 

But not all values of k yield different eigenvalues as can be easily proven for = +k k G  

with G being a vector defined using the primitive reciprocal lattice vectors 

1 1 2 2 3 3

2i j ij

x x x

πδ

= + +

=

G b b b

a b
 (2.2-2) 

Appling the translation operator TR onto two vectors differing by G yields 

( ) ( )

i i i

i ii

T e e e

T e e e

⋅ ⋅ ⋅

+ ⋅ + ⋅⋅

=

=

k r k R k r

R

k G r k G rk R

R

 (2.2-3) 

and so ( )ie +k G r  is a degenerate state. Since there is an infinite number of these states, the 

eigenstate of H can be constructed as a sum of all of them in the following form 

( ) ( ),
i i i

k j
j

e e e⋅ ⋅= =∑k r Gr k r

k kH r c u r  (2.2-4) 

where the function uk(r) is to be determined by the explicit solution. This form of solution is 

often called a Bloch wave, since it has the form of a plane wave modulated by a function 

uk(r), which is periodic on the lattice.  

Finally, one can conclude that the modes of a periodic dielectric structure are Bloch states 

that can be labeled by k lying in the Brillouin zone and consisting of the reciprocal Bravais 
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vectors k = x1b1 + x2b2 + x3b3. Each value of the wave vector within the Brillouin zone 

identifies an eigenstate of Θ  with frequency ω(k) having the form of a plane wave 

modulated by a function periodic on the lattice.  

Using (2.2-4), the eigenvalue formulation (2.1-14) can be transferred into  

( )
( )

( )
2

c

ω 
Θ =  

 
k k k

k
u r u r  (2.2-5) 

with a new Hermitian operator Θk  depending on k defined as 

( )
( )

( )
1

r

i i
ε

 
Θ = ∇ + × ∇ + ×  

 
k k k

r
 (2.2-6) 

Because of the periodicity of u
k
, the eigenvalue problem can be reduced to a single unit cell 

– the Brillouin zone – of the photonic crystal. Restricting an eigenvalue problem to a finite 

cell results in a discrete spectrum of eigenvalues, so that for each value of k one can find an 

infinite set of modes with discretely spaced frequencies. Since k only enters in Θk , one 

expects the frequency of each mode to vary continuously as k varies. This results in the 

description of modes in photonic crystals. These are continuous functions ω(k), indexed in 

order of the increasing frequency by the corresponding band number. The information 

contained in these functions is called the photonic band structure and answers many 

questions about the optical properties of photonic crystals. The solution of (2.2-5) can be 

achieved numerically using the plane wave expansion method (PWE) as described in 

appendix A III. Examples of a typical photonic band structure for one and 2D photonic 

crystals follow. 

2.2.3. Photonic band structures of the 1D photonic crystals  

Solving (2.2-5) numerically yields the photonic band structure and the eigenmodes for an 

arbitrary photonic crystal. One-dimensional photonic crystals, however, are excellent 

candidates to understand the nature of the photonic band structure and that of the photonic 

band gap by applying a more intuitive approach. 

When considering a dispersion relation of a classical 1D system with an artificially 

introduced periodicity a so that εr(r + a) = εr(r), the periodic constrain obviously does not 

change the material properties. With the periodicity of a, the k-vector becomes also periodic 

with the periodicity of 2 / aπ  because of Bloch’s theorem. For the same reason, the bands 
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fold back into the Brillouin zone at /k aπ= as indicated by the dashed lines in 

figure 2.2-2(b).  

  
(a) (b) 

Figure 2.2-2 – Schematics of a dispersion relation of a homogeneous 1D system; (a) classical dispersion 
relation of a 1D system; (b) dispersion relation of the same system with an artificial periodicity a showing a 
“folding” effect of applying Bloch’s theorem;  

In particular, the mode with /k aπ= −  now coincides with the mode /k aπ=  and has the 

same frequency; this degeneracy is a result of the artificial periodicity a. Instead of writing 

these two solutions in the form /i x ae π± , one can equivalently write a linear combination of 

( )sin /x aπ  and ( )cos /x aπ . Now, using the same model and introducing a small variation 

of the dielectric constant with the same periodicity a, there is no principal change in the 

mode behavior to be expected. Due to this variation, however, the degeneracy is now lifted, 

since one of the modes happens to have its energy concentrated mostly in the higher 

dielectric (the dielectric band), the other mode concentrates its energy in the lower dielectric 

(the air band). Thus, the frequencies of these two modes split. The dielectric mode lowers its 

frequency, the frequency of the air mode rises as indicated in figure 2.2-3. The band gap 

opens.  

 

 
(a) (b) 

Figure 2.2-3 – Illustrative example of a 1D photonic band gap; (a) at k = π/a, the dielectric periodicity requires 
a solution in the form of standing sin and cos waves; (b) while one of these modes concentrates its energy in 
the high dielectric material and thus decreases its frequency, the other one is shifted to the lower dielectric 
region and thus increases its frequency; for a 1D system there is always a band gap for any ∆ ≠ 0; 

It is obvious by this definition that any periodic dielectric variation leads to a photonic band 

gap, as indicated 1887 by Rayleigh [4]. Its width and position depends then of the particular 

sample geometry (the periodicity a and the thicknesses of the layers) and physical properties 

(such as the dielectric constants ε1 and ε2).   
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2.2.4. Photonic band structures of the 2D photonic crystals 

It should be stated at the beginning that the term two-dimensional photonic crystal refers to 

the fact of the dominant modulation of the refractive index within a defined plane as 

indicated in figure 2. It represents an idealized structure extending to infinity in the vertical 

direction (the direction perpendicular to the plane of the refractive index modulation). 

Whether a real structure can be treated as a 2D photonic crystal or not depends on the actual 

form of the vertical boundary. Structures with the vertical extension much larger than the 

wavelength of the propagating light can typically be treated as purely 2D photonic crystals, 

while structures with the vertical extension in the range or smaller than the wavelength are 

typically treated as photonic crystal slabs (see chapter 2.2.5 for details).   

Principally, 2D photonic crystals may be treated analogously to the 1D ones, however, 

additional hurdles arise. In 2D photonic crystals different periodicities exist in different 

directions of the photonic crystal. Although the band gap may exist for any direction of the 

photonic crystal for the 1D argument, these strictly 1D band gaps do not necessarily have to 

overlap in their frequency. In order for them to overlap, high refractive index contrast is 

necessary, producing sufficiently broad 1D band gaps in various directions. Further, it is 

helpful when the periodicities are nearly identical in different directions. Due to the field 

boundary conditions (see chapter 2.1), different behavior exists for different polarizations 

and the band gap typically arises for only one linear polarization state in 2D photonic 

crystals [45].  

Various 2D lattice types exist. For illustrative purposes, a 2D hexagonal lattice of holes in a 

high dielectric material, as indicated in figure 2.2-4, will be investigated.  

 

 

(a) (b) 

Figure 2.2-4 – Schematics of a 2D hexagonal hole lattice; (a) real lattice with a unit cell and corresponding 
lattice vectors; the modulation of the refractive index only occurs in a selected plane and the structure extends 
into infinity in the vertical direction; (b) the corresponding Brillouin zone with the reciprocal lattice vectors; 
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For the solution of the master equation, the real lattice needs to be transformed into the 

reciprocal lattice using 2i j ijπδ=a b .  

2 3
1

1 2 3

3 1
2

1 2 3

2

2

π

π

×
=

⋅ ×

×
=

⋅ ×

a a
b

a a a

a a
b

a a a

 (2.2-7) 

Using the reciprocal vectors, the first Brillouin zone can be constructed as a set of 

nonequivalent wave vectors closest to k = 0, as indicated for the hexagonal lattice in 

figure 2.2-4 (b).  

Numerical solution of (2.2-5) computed using the PWE method for k-vectors from within 

the Brillouin zone results in the relation ω = f(k) and for a 2D Brillouin zone has a form of 

3D surfaces. For the hexagonal lattice type as depicted in figure 2.2-4 (a), the band gap 

exists for the E-field polarized perpendicular to the axis of holes. An exemplary dispersion 

relation as a result of a numerical computation for a real lattice geometry as described below 

is depicted in figure 2.2-5.  

 

  
(a) (b) 

Figure 2.2-5 – An exemplary calculated dispersion relation for a 2D hexagonal photonic crystal in form of a 
hexagonal lattice of air holes with the radius to lattice period ratio of r/a = 0.3 in a high dielectric material with 
εr = 4.0 (e.g Si3N4) showing the first 4 bands plotted over a square region of the k-space containing the entire 
Brillouin zone (blue line); (a) isometric view; (b) side view showing the unoccupied region indicating no 
solutions of ω for any k vector, the photonic band gap; 
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Examining the surface plot in figure 2.2-5-(b), there is a clear region, with no solution ω for 

any k-vector, indicating the photonic band gap. In infinitely expended structures, optical 

modes with frequencies out of this region are not allowed to propagate through the photonic 

crystal lattice with no respect to the direction of their wave vector.  

In this context a further consideration of symmetry is of particular interest. As obvious from 

the band structure in figure 2.2-5, additional types of symmetry exist. As for the translational 

symmetry, any other type of symmetry will lead to redundancies in the photonic band 

structure and to analogous symmetries in the ωn(k) functions.  

The mathematical treatment of the symmetries is the same as in the case of the translational 

symmetry. At first, one needs to find the symmetry operator and proves that it commutes 

with the Θ operator. If that is the case, one can use the symmetry operators to prove that a 

certain state and the corresponding symmetry state possess the same eigenvalues, leading 

directly to the possibility of further reduction of the Brillouin zone.  

The two most important symmetries are the rotational and mirror symmetry. 

 In case of the rotational symmetry, an operator Oℜ  exists, leaving the system unchanged. 

The operator Oℜ  includes the rotator ( , )αℜ n  rotating a vector by an angle α along the 

vector n  so that ( )1O −
ℜ = ℜ ℜf f r . Since the rotation leaves the system unchanged, both Oℜ  

and Θ  commute so that H and OℜH  have the same eigenvalues. It can further be 

shown [45], that the rotated mode OℜH  is nothing else but the Bloch’s state with the rotated 

vector ℜk . From this follows that 

( ) ( )n nω ωℜ =k k  (2.2-8) 

Analogously, one can conclude that whenever the photonic crystal possesses rotational, 

mirror-reflection or inversion symmetry, the functions ( )nω k  possess the same kind of 

symmetry as well.  

The mirror symmetry deserves an additional attention, since it allows one to separate 

eigenvalue equation (2.2-6) into two separate equations, one for each field polarization. Let 

us consider the structure in figure 2.2-4. Since the 2D photonic crystal extends infinitely in 

the vertical direction (z-direction in figure 2.2-4), the depicted plane, obviously, is a mirror 

symmetry plane. In analogy to the previous case, there is a mirror operator OM describing 

this symmetry. Applying this operator twice returns any system into its original state. 

Therefore the eigenvalues of this operator are +1 or -1.  
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Within the discussed mirror plane M =r r  and M =k k . One can write  

( ) ( ) ( )MO M= = ±k k kH r H r H r  (2.2-9) 

The same relation can be established for the electric field. Both fields must be even or odd 

under the OM operation.  

In the case of 2D photonic crystals, this allows the classification of modes according to their 

polarization. Since E transforms as vector and H transforms as a pseudo-vector [40], the 

only non-zero components of the even modes are Ex, Ey and Hz, whereas the only non-zero 

components of the odd modes are Hx, Hy and Ez, with z being the direction of no dielectric 

modulation (the direction of infinite extension of the photonic crystal).  

The same way of classification becomes particularly useful for the photonic crystal slabs (as 

discussed in chapter 2.2.5), where it allows the classification of the modes according to their 

parity into odd and even. This serves as an analogy for the polarization treatment in the 2D 

case, since in the case of the photonic crystal slabs, no true polarization exits because of the 

present vertical boundary.  

According to this classification, throughout this work, the even modes will be referred to as 

TE-polarized (for 2D photonic crystals) or as TE-like polarized (for photonic crystal slabs), 

the odd modes will be referred to as TM-polarized or as TM-like polarized. It should be 

stated, however, that in some cases in the literature, the TE/TM nomenclature is used in the 

opposite way. 

Having discussed the possibilities to further reduce the size of the Brillouin zone, finally, the 

irreducible Brillouin zone can be introduced by eliminating all symmetry redundancies [45] 

as indicated in figure 2.2-6.  

 
Figure 2.2-6 – Top view of the band structure from figure 2.2-5 illustrating the symmetry nature of the 
Brillouin zone and highlighting the irreducible Brillouin zone with the characteristic symmetry points for the 
hexagonal lattice type photonic crystals; 

An additional simplification results from the fact that if interested in the photonic band gap 

only, one only needs to observe the boundaries of the irreducible Brillouin zone. At first, it 

is the mirror/translation symmetry of the Brillouine zone resulting in zero gradients of the 

band surfaces along the Bragg planes. Secondly, the same argument as in the case of a weak 
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periodic potential for free electrons in solids can be used, stating that only the energy levels 

of electrons with wave vectors lying close to the Bragg planes get effected by the periodic 

potential [49]. Since the angular frequency is always monotonically increasing for a 

homogeneous material, this argument can be used to prove that the frequency plots along the 

boundaries of the Brillouin zone show the extremes of the band structure.   

By this way, one finally arrives at the typical truncated band diagram for 2D photonic 

crystals. An example of such diagram as calculated using the PWE method for the same 

crystal lattice as in figure 2.2-4 is depicted in figure 2.2-7. 

 
Figure 2.2-7 – Band diagram calculated for a 2D hexagonal lattice of air holes with the r to a ratio of r/a = 0.3 
in a dielectric matrix with εr = 4 (e.g. Si3N4), where a is the center to center periodicity and r is the radius of 
the air holes; the frequencies are plotted along the boundary of the irreducible Brillouin zone (shaded triangle 
left) with solid/dashed lines for the TE/TM polarization representing the polarization of the E-field 
parallel/perpendicular to the plane of the periodicity; the frequency unit is given in units of ωa/2πc = a/λ, 
making the frequency axis dimensionless and scale independent;  

The band diagram shows the TE/TM bands along the edges of the irreducible Brillouin zone. 

As expected from the 3D surface plot, there appears a band gap for the TE polarization. On 

the other hand, the structure does not support any band gap for the TM polarization. It is 

conventional to give the frequency in units of a/λ, since the Maxwell’s equations are scale 

independent (see chapter 2.1.3). This makes the dispersion diagram scale invariant. By 

keeping the proportions of the photonic crystal, the position of the band gap can be simply 

adjusted by varying the lattice period. Increasing the lattice period increases the wavelength 

range of the band gap. A second important parameter of the lattice is the r/a ratio, which (for 

a given dielectric constant of the bulk material) dominantly defines the width of the band 

gap. With an increasing r/a ratio, the band gap width increases for the 1D argument as 

discussed in chapter 2.2.3 and illustrated in figure 2.2-3.    
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2.2.5. Dispersion relations of photonic crystal slabs  

Since the 2D photonic crystals represent strictly only a mathematical simplification, and 

since any real structure always is a 3D one, a question arises, how to create a 3D structure 

with 2D photonic crystal-like properties. A special concern is how to reach the out-of plane 

confinement in 2D photonic crystal structures. An extremely useful concept is the one of 

photonic crystal slabs. These are thin films of dielectric material with an in-plane periodic 

refractive index modulation, e.g., in form of periodically arranged holes etched into the high 

dielectric film. Generally, however, this concept may also be applied to dielectric rods with 

limited height. Because of the finite height and the refractive index contrast between the film 

and the surroundings, vertical confinement of the propagating modes can be reached by 

means of the total reflection. In the horizontal plane, periodic modulation is responsible for 

the typical dispersion relation of 2D photonic crystals, including the occurrence of the band 

gap.  

Interlude: Dispersion relation of a film dielectric waveguide 

A very useful introduction into the problem of photonic crystal slabs is a dielectric film 

waveguide, possessing a continuous translation symmetry (with a virtual periodicity of a = 

0) and thus serving as a good example for discrete translation symmetry systems.  

Using the ray-optics approach, one can easily understand the nature of the light confinement 

in such structures. However, since the considered waveguide is a system with translation 

symmetry, the same argumentation and mathematics can be applied as in the case of 

photonic crystals. When considering a film dielectric waveguide with a core thickness of d 

and refractive index n2 surrounded by semi-infinite cladding with a refractive index n1, the 

propagating wave with the E-field polarized in the plane of the core layer has the following 

form (formulation for the H-field) [41] 

( ) ( ) yik y
f z e= zH r e  (2.2-10) 

Inserting (2.2-10) into the master equation (2.1-14) and performing the curl, one obtains the 

eigenvalue for the field form ( )f z  

( )
( )

22
2 2 2 2

0 02 2
0y

i

i

kf z
n c c f z

z n
ω
 ∂

+ − =  ∂  
 (2.2-11) 

Considering the possible values of ω, for ω < kyc0/n2, f(z) is exponentially growing in all 

regions, which is no physical solution. This indicates, there will be no modes below the line 

ω = kyc0/n2. For kyc0/n2 < ω < kyc0/n1, f(z) is exponential decaying in low index regions, but 
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is oscillatory in high index region. This situation corresponds to the guided modes and the 

frequency values are discrete. Finally, for ω > kyc0/n1, f(z) is oscillatory in all regions, 

corresponding to radiating modes and these modes build a continuum. This situation is 

schematically depicted in figure 2.2-8. Obviously, the guided modes only exist between the 

lines ω = kyc1 and ω = kyc2, often referred to as the light lines, with the lower one called the 

core light line and the upper one called the cladding light line.  

 
Figure 2.2-8 – Schematics of modal shape solutions of (2.2-11) for various values of ω; region I results in an 
exponential solution over the entire space, representing thus a non-physical solution; region II marks the 
guided region where the energy of the propagation mode is concentrated mainly within the waveguide core and 
exponentially decays in the cladding; region III indicates the radiating region, where the energy is not confined 
and the modes thus are not guided; 

As already stated, the guided modes are discrete, which is an intrinsic property of the 

translation symmetry. Solving (2.2-11) for these guided modes results in the waveguide 

dispersion relation. Using the obtained values of ω, one can construct the mode profiles as 

eigenfunctions of (2.2-11). The dispersion relation of an exemplary air suspended dielectric 

film waveguide of Si3N4 with the slab thickness of 300 nm is depicted in figure 2.2-9.  

 
(a) (b) 

Figure 2.2-9 – (a) Calculated dispersion relation of a Si3N4 film waveguide with the slab thickness of 300 nm 
embedded in air; the light lines (dashed) mark the guided region and the radiating region (gray); (b) normalized 
calculated mode profiles (field intensity) of the first three guided film waveguide modes; 

As stated previously, there are no solutions below the substrate line in figure 2.2-9. In the 

guided region, the discrete nature of the guided modes is clearly visible, whereas the 
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radiation region is formed by a continuum of modes. Apart from the first mode 

(marked M0), all modes possess a cut-off frequency. With an increasing mode number, the 

effective refractive index (neff = c0ky/ω) decreases from the value slightly below the 

refractive index of the core towards the value close to the refractive index of the cladding. 

The group velocity of all modes, on the other hand, tends for large values of the propagation 

constant to the group velocity vg = c0/nSi3N4. Discussing the mode profile, in order to 

decrease their effective refractive index, the mode profiles have to expand into the cladding 

region as indicated in figure 2.2-9 (b). A different point of view can be that in order to stay 

orthogonal to each other, the mode profiles of the higher modes must possess knots, shifting 

part of the field out of the core region and thus increasing their frequency. 

As stated previously, a ray-optics approach can be used to describe this kind of system based 

on the principle of the total reflection as well. Following the approach as given in [41], for a 

slab of a thickness d, the relation between the frequency ω and the propagation constant ky 

for guided modes with the electric field polarized within the plane of the film (as discussed 

in the previous part) can be established as follows:  
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featuring m explicitly as the mode number. Without a prove, it should be stated here that the 

two approaches lead to the same results.  

Photonic crystal slabs 

In order to find the dispersion relation of the photonic crystal slabs, the same concept of the 

light lines is useful as in the case of a dielectric film waveguide. Again, one should expect 

the guided modes to be concentrated between the substrate and the cladding line. The modes 

lying above the cladding line will be radiating and not guided. When comparing the 

dispersion relation of a photonic crystal slab to that of strictly 2D photonic crystals, on the 

other hand, one should expect only moderate modifications, since the waves still have to 

propagate through a periodically modulated dielectric medium. In this way, the concept of 

the Brillouin zone and the concept of plotting the bands along the boundaries of the 

irreducible Brillouin zone will be applied again in the same way.  
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The calculated dispersion relation of the same structure as in figure 2.2-7, but treated as a 

slab with a slab thickness of t = a is shown in figure 2.2-10. 

 
Figure 2.2-10 – Band diagram calculated for a photonic crystal slab with a hexagonal lattice of air holes with 
the r to a ratio of r/a = 0.3 in a dielectric slab with εr = 4.0 (e.g. Si3N4) of a thickness t = a; the frequencies are 
plotted along the boundary of the irreducible Brillouin zone lying in the mirror plane with solid/dashed lines 
for the TE-like/TM-like polarization representing the dominant polarization of the E-field within/perpendicular 
to the mirror plane corresponding to the even/odd symmetry of the field with respect to the mirror plane; the 
gray line represents the projection of the air light cone (n = 1.0);  

The most obvious difference when compared to the dispersion of 2D photonic crystals is the 

occurrence of the so-called light cone. This reflects the fact that the wave vector k is not 

restricted to a plane but has also a vertical component ( ⊥= +k k k
�

). The light cone results 

as a projection of the bulk air solutions 2 2
0cω ⊥= +k k

�
  into k

�  and the region above it 

represents the radiating modes. As in the case of the dielectric waveguide, the discrete 

guided modes can be interpreted as pulled down from the radiating continuum because of 

the slab’s higher εr. As in the case of the dielectric waveguide, these bands cannot couple 

into the radiating modes and are confined to the slab. 

Another significant difference to the 2D photonic crystal counterparts is the polarization 

issue. Since the separation into the TE and TM modes for the photonic crystal slabs is not 

possible due to their vertical boundaries, the calculation of the band structure can not be split 

for the TE or TM polarization like in the case of 2D photonic crystals. Analogous treatment 

is only possible if there is a plane of mirror symmetry such as the x-y-plane in figure 2.2-10. 

In this case, the modes can be classified with respect to this plane of symmetry as even and 

odd, corresponding to the TE-like and TM-like polarization state (see symmetry 

considerations in chapter 2.2.4).  

As in the 2D case, there is a band gap for the TE-like polarization. However, this band gap is 

not a complete one, not only because of the TM-like modes, but also because there are 
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radiating modes (above the light cone) at every ω. The presence of these radiating modes 

means that if the translational symmetry is completely broken, say by a waveguide bend or a 

resonant cavity, then vertical radiation losses are inevitable. On the other hand, if only one 

direction of the translational symmetry is broken, such as in a linear-defect waveguide, 

ideally, the lossless guiding can be maintained (see chapter 2.4.2 for an example of such a 

structure). 

Photonic-crystal slabs have two new critical parameters that influence the existence of the 

band gap. First, the slab structure should possess a vertical mirror symmetry such that the 

modes can be considered separately for the even and odd modes. Such a mirror symmetry is 

always broken by the presence of an asymmetric substrate (consider a stack of 

SiO2/Si3N4/air with nSiO2 = 1.4, nSi3N4 = 2.0, nair = 1.0). If the symmetry is broken, coupling 

between the TM-like and TE-like modes can occur.  

The second important parameter is the slab’s height. If too small, the modes will be only 

weakly confined, effectively reducing the refractive index contrast and thus the band gap 

width. If too large, higher order modes may occasionally fill the gap, as in the case of the 

dielectric waveguide (see (2.2-12) or figure 2.2-9). The optimal height depends on the slab’s 

refractive index, polarization state, and the filling ratio (percentage of the area taken by the 

holes with respect to the overall area). Typical values range from / 0.5t a =  to / 1.0t a = .  
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2.3. Bulk properties of photonic crystals 

2.3.1. Photonic band gap and zero density of states 

The occurrence of the band gap is probably the most important bulk property of photonic 

crystals since it enables to engineer artificial materials for the control of light propagation. 

Probably the oldest application of photonic band gaps is the use of 1D photonic crystals in 

the form of alternating thin films (multi-layers) for high or low reflection layers, optical 

coatings, etc. This kind of systems was first treated in 1887 [4]. An example of such a 

system designed to posses the first band gap at the vacuum wavelength of λ = 1 µm  is given 

in figure 2.3-1.  

  
(a) (b) 

Figure 2.3-1 – Calculated dispersion relation (a) and reflection spectra (b) of a 1D photonic crystal designed to 
possess the lowest band gap centered at λ = 1 µm; the structure consists of alternating layers with a dielectric 
constant of εr1 = 4.0 (e.g. Si3N4) and εr2 = 2.0 (e.g. SiO2) and thickness ti = λ/4ni, corresponding to the well 
known λ/4 plate and resulting in a lattice constant of a ≈ 150 nm; the reflection was calculated for 10 stacks;  

The system consists of 10 alternating layers of Si3N4 and SiO2 each of them with a thickness 

of t = λ/4ni (ni being the refractive index of the material). As shown in the calculated 

reflection spectra, the stack results in high reflection at the designed wavelength. In addition, 

there is a second reflection peak, corresponding to the second order band gap as illustrated 

in the band structure in figure 2.3-1 (a). Plotting the reflection spectra together with the band 

structure of the system reveals the clear band gap nature of the reflection peaks. Also typical 

are the Fabry-Pérot resonances aside the reflection peaks, caused by the multiple reflections 

on the stack interfaces.     

Considering the 2D and 3D photonic crystals, the existence of the band gap enables to 

actively control the photonic density of states (DOS) defined by 

( ) ( )( )n
n BZ

DOS dω δ ω ω= −∑ ∫ k k  (2.3-1) 
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Within the band gap, obviously, this density will be zero as illustrated for an example of a 

photonic crystal slab in figure 2.3-2. 

  
(a) (b) 

Figure 2.3-2 – Photonic density of states; (a) photonic band structure (TE polarization) calculated for a 
photonic crystal slab with a hexagonal hole lattice of holes with r = 0.3a and εr = 4.0 (e.g. Si3N4); the thickness 
t of the slab was t = a; a is the center to center periodicity and r is the radius of air holes; (b) corresponding 
calculated photonic density of states for the guided modes of a realistic photonic crystal slab with a = t = 
270 nm, featuring a region of zero DOS centered at 650 nm with a width of 80 nm; 

As indicated in figure 2.3-2 (b) for a real case of a photonic crystal slab with lattice period 

and thickness of a = t = 270 nm, there is an 80 nm wide region of wavelengths centered in 

the red, where the DOS for the guided modes is zero. This can be used, e.g., to strongly 

modify the emission properties of light emitters embedded in photonic crystals. In case of 

2D photonic crystal slabs, this can be used to inhibit the emission within the plane of the 

slab and so to improve the emission characteristics in the vertical direction as recently 

implemented to improve the performance of LEDs [13, 16]. In 3D photonic crystals, even a 

complete inhibition of the emission can be reached as proposed in the pioneering paper 

about the photonic crystals by YABLONOVITCH in 1987 [6] or later treated, e.g., in [50] or 

[51].   

2.3.2. Low group velocity  

Due to their specific dispersion relation, photonic crystals can exhibit slowly propagating 

modes. With the group velocity defined as the derivative of the angular frequency with 

respect to the propagation constant, eventually, modes with a group velocity equal to zero 

may exist within the photonic crystal. Figure 2.3-3 illustrates the situation on an example of 

the first photonic band compared to the zero mode of a corresponding dielectric waveguide. 

While the group velocity of the waveguide decreases asymptotically to the value given by 

vg = c0/n with n being the refractive index of the waveguide core, the group velocity of the 

first photonic crystal mode decreases much further, eventually reaching zero at the band gap 

edge. 
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(a) (b) 

Figure 2.3-3 – Low group velocity; (a) the first band of the photonic band structure (TE-like polarization) 
calculated for a photonic crystal slab with a hexagonal lattice of holes with r/a = 0.3, a = t = 300 nm and 
εr = 4.0 (solid line) compared to the dispersion relation of the M0 mode of a film dielectric waveguide with the 
same thickness and εr_core = 4.0; (b) calculated group velocity of the corresponding guided modes in the 
photonic crystal (solid line) and the dielectric waveguide (dashed line) indicating a large region of “slow light” 
in the case of a photonic crystal; eventually, at the band gap edge, the group velocity reaches zero; 

Because of the low group velocity, the propagating waves exhibit much like a standing wave 

nature, thus experiencing a strong light matter interaction. This effect was very usefully 

implemented, e.g., to create distributed feedback lasers [52-54] or band edge lasers [55, 56].  

2.3.3. Super prism effect, negative refraction phenomena 

The complicated dispersion relation of photonic crystals is also responsible for their unusual 

refractive properties. Due to strong curvatures of the individual photonic bands, photonic 

crystals may show very strong dispersion if used as prisms. Figure 2.3-4 helps to understand 

this kind of behavior. 

 
(a) (b) 

Figure 2.3-4 – Super prism effect; (a) equi-frequency contours calculated for a 2D hexagonal hole array 
photonic crystal (εr = 4.0, r = 0.3a, TE polarization) and plotted over a rectangular part of the Brillouin zone; 
strong curvatures can be observed for a/λ > 0.31; (b) dispersion plot showing the effect of the curvature by 
determining the angle of refraction graphically for one example of the incidence angle of 25 Deg and 
a/λ = 0.31; different direction of the internal crystal k-vector and the resulting group velocity (direction of the 
energy flow) can be observed; the external medium is homogeneous with εr = 4.0; 
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Because of the periodic nature of photonic crystals, the equi-frequency contours close to the 

boundaries of the Brillouin zone differ strongly from the circle, as would be the case in the 

homogeneous material, and start forming shapes with rounded corners, possessing the same 

type of the symmetry as the Brillouin zone. In certain constellations, e.g., as illustrated in 

figure 2.3-4 (a), the equi-frequency plots can even split into isolated islands. As illustrated in 

figure 2.3-4 (b) graphically, these corner regions are responsible for the strong refraction 

phenomena, referred to as the so called super prism effect [57-59]. The idea of the super 

prism is simple. Using the strong curvatures of the equi-frequency plots, a small variation of 

the incidence angle or slight variations in the frequency will result in a strong variation of 

the refraction angle. Figure 2.3-5 shows theoretical calculations of both cases based on data 

typical for the 2D silicon nitride photonic crystals.  

  
(a) (b) 

Figure 2.3-5 – Super prism effect; (a) refraction angle in a photonic crystal (solid line) calculated for a 
hexagonal 2D photonic crystal with εr = 4.0 (e.g. Si3N4), r = 0.3a and a/λ = 0.31 compared to the Snell’s law 
(dashed line) in a homogeneous material with the effective refractive index of the photonic crystal; (b) strong 
variation of the angle of refraction for a constant incidence angle of 19.1° and a varying frequency showing a 
strong dispersion of the refraction angle in the photonic crystal (solid line) compared to the constant value in a 
homogeneous material (dashed line); for certain frequencies the refraction angle turns to be negative, 
indicating a negative refraction phenomena; 

In this particular case, for ω/2πc = 0.3125, the curvature of the equi-frequency contours 

changes the sign and the refraction angle becomes negative as indicated in figure 2.3-5 (b). 

This negative refraction phenomena has been reported previously [60, 61] for silicon-based 

photonic crystals and is currently subject of intensive investigation, since it would allow to 

overcome the diffraction limits of the classical optics. However, it should be stated at this 

point that this kind of a negative refraction phenomena is not based on a physically negative 

ε (since obviously ε > 0) and hence this kind of materials should not be referred to as meta-

materials.  
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2.4. Photonic crystals with introduced lattice defects 

In electronics, electrical currents are guided by metal wires in which electrons are bound 

within the cross section of the wire by the work function (confining potential) of the metal. 

The situation for optical waves is rather different: optical circuits are difficult to realize 

because empty space is already an ideal conductor of light waves. The light in traditional 

wave guiding structures based on the total internal reflection can thus escape into the 

background electromagnetic modes of empty space if the structure is bent or distorted on a 

microscopic scale. Photonic band gap materials remove this problem by removing all the 

background electromagnetic modes over the relevant band of frequencies. In order to create 

light paths within such a material, engineered defects can be used, providing a promising 

avenue for highly integrated photonics. 

Creating a localized deviation from the perfect symmetry destroys the previous translation 

symmetry of the structure. Therefore, Bloch’s theorem does not apply anymore and a new 

class of localized eigenmodes with eigenfrequencies within the band gap may occur. 

Depending on whether this distortion results in an increase or decrease of the dielectric 

function, these localized modes appear near the upper or lower edge of the band gap, 

corresponding to the donor and acceptor principle for ordinary crystals known from the solid 

state physics [49]. 

The basic type of the lattice distortion is a point defect (often referred to as a cavity or a 

zero-dimensional defect), creating a localized standing wave or a mode with zero group 

velocity. By combining more of these point defects into a consecutive line (referred to as a 

line defect ore a 1D defect), one can then create pathways for propagating waves. 

Photonic crystal cavities and waveguides represent the key elements of novel optical 

systems and may be used to create the entire photonic circuits.  

2.4.1. Photonic crystal cavities 

A photonic crystal cavity represents a point-like photonic crystal defect. The idea behind is 

to remove or modify a single point or a small group of points of the crystal. Applied to the 

case as treated within this thesis, it corresponds to the removal or the modification of holes 

in the silicon nitride membrane. Since the translational symmetry is broken by the 

introduction of the defect, new modes can appear in the band gap frequency region. Because 

of the surrounding photonic crystal lattice creating the bulk band gap, however, these modes 

are confined to the area of the defect and cannot propagate through the photonic crystal. This 
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is why the defect modes of photonic crystal cavities appear as flat bands with zero group 

velocity and their field profiles are typically strongly localized within the region of the 

cavity. 

As stated before, these structures do not possess the translation symmetry anymore. 

However, Bloch’s theorem can still be applied for an artificially enlarged Brillouin zone 

containing the defect region. This so called super-cell approach (discussed in detail in the 

appendix A III.) allows one to use the same formalism and computation methods to calculate 

the dispersion relation of photonic crystals with embedded cavities. Using this approach, the 

dispersion relation of a L1 cavity (1 hole omitted) and the mode profile of the defect modes 

as calculated by using the PWE method are shown in figure 2.4-1. 

(a) (b) (c) (d) 

Figure 2.4-1 – Photonic crystal cavity; (a) schematics of a L1 defect created by omitting one hole in the 
otherwise perfect hexagonal lattice of holes (r = 0.3a) in a high dielectric material (εr = 4.0); highlighted is the 
square unit cell used for the calculation of the dispersion relation and the corresponding reciprocal square 
lattice with the irreducible Brillouin zone and characteristic symmetry points; (b) 2D photonic band structure 
(TE polarization) calculated using the PWE method and the super-cell approach (see apendix A III.) showing 
the continuum of states below and above the band gap edges; discrete flat bands within the band gap indicate 
the defect modes; (b) close-up view of the defect band frequency region featuring two distinguished defect 
bands at a/λ = 0.3883 and a/λ = 0.3897; (d) calculated field profiles of the resonant modes illustrated using the 
vertical component of the magnetic field on a gray scale where white corresponds to positive values and black 
to negative values; typical doubly degenerated dipoles can be observed; 

Typical for this kind of dispersion relations is the existence of a continuum of states 

representing the bulk bands of the photonic crystal. The band gap appears as a region 

between the bulk continua and typically contains the cavity defect modes.  In this particular 

case, the featured L1 cavity possesses two discrete defect modes. The field pattern of the 

modes in this case is a simple dipole, illustrating nicely the strong confinement within the 

defect area. Generally, however, photonic crystal cavities may exhibit a large number of 

modes with very complicated field patterns.   
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Photonic crystal cavities are excellent candidates as basic building blocks of both passive 

and active photonic devices. Strong confinement and sharp resonances make photonic 

crystal cavities very useful in ultra compact filters [62-64]. For the same reason, photonic 

crystal cavities proved to be good candidates for compact resonators to create low threshold 

lasers [56, 65-67] or to explore quantum electrodynamics effects [68-70]. 

In all of these cases, parameters of the cavity modes such as their Q-factor and the modal 

volume V play a significant role. Q is given as a ratio of the resonance frequency ν0 and the 

peak width and describes (in the time domain) the number of oscillations within the life time 

of the cavity. According to its definition, Q can be calculated using the following relation 
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For reference purposes, Q-factors as high as Q = 1010 (Q = 107) have been obtained from 

whispering gallery modes of micro spheres of fused silica (polystyrene) with diameters in 

the order of 1 mm (30 µm) at around 0.6 µm vacuum wavelength [71, 72].  

The modal volume V can be defined via   
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For illustrative purposes, the fundamental mode of a dielectric cube of side length l has a 

modal volume of V = (1/2)3l3 =  (√3/4)3
λ

3 with λ being the material wavelength [73].  

In particular, in the case of a light matter interaction within the photonic crystal cavity, this 

interaction is strongly determined by the ratio of Q/V. According to the Purcell effect [74], 

the emission rate of a spatially and spectrally aligned emitter in a cavity can be enhanced by 

the factor F according to 
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Thus, obtaining a large Q/V ratio becomes important for exploring such cavity interactions. 

For material systems with high dielectric constants such as Si or GaAs, Q-factors in the 

order of 104 – 105 with modal volumes of 0.41λ3 with λ being the wavelength in the material 

could be found in the literature around 2004 [70]. More recently, values of Q-factors of 

Q = 600,000 [75, 76] and even Q = 1,000,000 [77] were reported. Theoretically, values of 

up to 20,000,000 are possible [77] and are expected to be realized with the improvement of 

the fabrication techniques. 
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In low refractive index materials with resonances in the visible range, such as partially 

discussed in this work, significantly smaller values of Q-factors are expected due to the 

lower refractive index resulting in a smaller level of confinement. Only very few 

publications exist and to the best knowledge of the author, the best values reported up to 

date lie around Q = 200 – 300 for silicon rich silicon nitride L3 (3 holes in a row removed) 

cavities with resonance peaks ranging from yellow to red [32]. 

2.4.2. Photonic crystal line defects 

In the case of a line defect, typically, a consecutive row of holes is removed along a certain 

direction of the crystal. In this case, not the entire crystal symmetry is broken, since the 

translational symmetry along the defect still exists. As in the case of photonic crystal 

cavities, additional modes appear within the band gap frequency region. These modes, 

however, are not standing waves but can propagate along the defect. As a result, the defect 

bands are dispersive. Since the new symmetry is of 1D type, the band structure of the 2D 

photonic crystal has to be projected onto the k-path [78] as was performed in figure 2.4-2 for 

a W1 waveguide consisting of one row of removed holes in a hexagonal photonic crystal. 

 
(a) (b) (c) 

Figure 2.4-2 – Photonic crystal waveguide; (a) schematics of a W1 photonic crystal waveguide created by 
omitting one row of holes along the Г-K direction in the otherwise perfect hexagonal lattice of air holes 
(r = 0.3a) in a high dielectric material (εr = 4.0); highlighted is the periodic cell of the waveguide structure 
used for the calculation of the dispersion relation; (b) photonic band structure of the W1 waveguide (calculated 
for the TE polarization) created by projecting the eigenvalues along the vector of propagation; shown are the 
continuum of states indicating the bulk modes of the photonic crystal and the discrete states indicating the 
guided modes; (c) field distribution of the guided modes illustrated using the magnetic field on a gray scale 
where white corresponds to positive values and black to negative values; the first two modes are index-guided, 
the second and the third mode are band gap guided; 
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As in the case of photonic crystal cavities, there is a continuous spectrum of 2D photonic 

crystal bulk modes and there are discrete guided modes to be observed in the band structure. 

In the particular case, 4 guided modes can be identified. Only two of them, however, rely on   

the band gap guiding principle and are positioned within the band gap. The other two are 

index guided, lying below the first band of the photonic crystal bulk.  

Photonic crystal waveguides relying on the band gap type wave guiding were believed to 

become the key components for compact photonic circuitry and considerable effort has been 

devoted to designing and fabricating photonic crystal waveguides, waveguide bends, 

splitters, crossings, etc. [8, 54, 79-81]. However, regarding the propagation losses, the 

photonic crystal waveguides or basic circuit elements are presently worse or only as good as 

conventional high index contrast waveguides [82]. The situation is believed to improve with 

the optimization of the fabrication methods as well as with the introduction of new design 

algorithms, allowing to significantly improve, e.g., the performance of waveguide bends [83, 

84].  

Another potentially useful aspect of photonic crystal waveguides is their ability to tailor 

their dispersion properties. In particular, propagating modes with extremely low group 

velocity can be realized as indicated in figure 2.4-2 (b). In a W3 silicon photonic crystal 

waveguide (three rows of holes removed), e.g., group velocities as low as c0/1000 were 

reported [85]. Such elements can find applications in dispersion compensating devices, in 

particular, when combined with active tuning, since they allow a significant reduction of 

space and thus energy needed to operate them.   



   

 

  



 

Chapter 3:  

Experimental: Measurement setup and 

sample fabrication 

This chapter treats the experimental part of the work. The first part of this chapter describes 

the measurement setup used to investigate the photonic crystal samples. The approach using 

transmission measurements is explained and the general design of the investigated samples 

is discussed before the measurement setup is described in detail. In the next part of this 

chapter, the fabrication of the samples, as investigated within this work, is reviewed, 

illustrating the fabrication steps with corresponding photographs and scanning electron 

microscope images of the fabricated structures. Due to their importance, the electron beam 

lithography and the reactive ion etching are discussed more deeply in separate sections. 

Concluding the fabrication part, alternative fabrication methods as briefly investigated by 

the author or as followed by other research groups are presented and their potential 

reviewed.  
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3.1. Measurement setup 

The basic concept of sample investigation was to use an appropriate transmission setup to 

measure the transmission through photonic crystal devices and to use the collected spectra to 

‘sense’ the sought information about their optical properties. By conducting the transmission 

experiment properly, the position of the band gap, resonant modes of cavities or even the Q-

factors can be extracted directly from the transmission spectra. The advantage of this 

approach is its high versatility and flexibility, allowing one to use of the same measurement 

setup for answering many different questions. The disadvantage, on the other hand, is that 

information such as group velocity or emission enhancement in cavities remains 

inaccessible.  

3.1.1. Sample design 

Generally, all investigated samples within this work possessed the same basic structure as 

illustrated in figure 3.1-1. 

 
Figure 3.1-1 – Schematics of the basic design set-up for the investigation of the samples; light source (1) 
couples into the incoming waveguide (2) used to collect the light and transport it towards the reference sample 
(3) and the investigated photonic crystal sample (4); using the incorporated 90 degree waveguide bend (5), the 
light is  coupled to the outgoing waveguide (6) and transported towards the spectra analyzer (7); 

The basic design idea was fairly simple. The investigated photonic crystal samples were 

embedded in a waveguide structure used to collect and transport the light towards the 

sample as well as to collect the transmitted signal and transport it towards the spectra 

analyzer. In order to avoid the stray light of the source from entering the spectra analyzer, an 

additional 90 degree waveguide bend was incorporated into the design. Depending on the 

design of the particular sample, this 90 degree bend was placed either ahead or behind the   

photonic crystal sample and the reference sample, respectively. The actual transmission 

spectra were obtained by taking the signal from the photonic crystal sample branch and by 
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normalizing it to the signal from the reference branch. This approach helps to eliminate the 

influence of various types of losses. The idea of the use of a reference sample is based on the 

assumption that the overall losses along the light propagation path are formed as a product 

of all the individual losses of each component and these are the same for both the reference 

and sample path as indicated in the following equation  
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In (3.1-1), I0 represents the incoming spectrum of the lamp, which was assumed constant 

during the time of the measurement. The coefficient iC stays for the in-coupling and out-

coupling loss coefficient, iP stays for the propagation loss coefficient along the straight 

waveguide path, and iB represents the loss coefficient associated with the waveguide bend. 

The coefficients iR and iS represent the losses contributed by the propagation through the 

reference structure and the photonic crystal sample, respectively. By this way, the 

transmission coefficient of the photonic crystal sample can be estimated simply using 
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Depending on the type of the experiment, various forms of reference samples, coupling 

waveguides, and waveguide bends were utilized. The concrete design of the elements 

depended on the experiment and will be discussed in detail in chapter 4. Representative 

examples of these structures are shown in figure 3.1-2. 

 
(a) (b) (c) 

Figure 3.1-2 – Examples of the basic elements of investigated samples; (a) microscope image showing the in- 
and out-coupling waveguides, waveguide bends, and embedded samples; (b) SEM micrograph showing an 
example of the arrangement used for the investigation of bulk photonic crystals; the reference sample has a 
form of a narrow waveguide while the photonic crystal sample features an embedded photonic crystal; (c) 
SEM micrograph showing an example of the arrangement used for the investigation of the cavity resonance 
modes; the reference sample has a form of a W1 waveguide while the cavity sample incorporates the 
embedded L3 cavity (three holes removed); 
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A typical sample consisted of few (2 – 4) reference waveguide branches and of several (up 

to 16) photonic crystal sample waveguide branches. These were designed parallel and 

equidistant to each other in order to simplify the measurements. The distance between the 

waveguides was selected to be 125 µm with respect to the size of the light spot (see next 

section for details on the spot size). Typical widths of the waveguide branches were 

between 5 and 10 µm. 

An important design factor of the photonic crystal slabs is their vertical thickness. In order 

to sustain the band gap, single mode operation with respect to the vertical direction 

(waveguide thickness) is required. The cut off wavelength of the first mode of a dielectric 

film waveguide for the TE polarization can be estimated from (2.2-12) to be  

( )2 2
2 12c d n nλ = −   (3.1-3) 

Considering a dielectric waveguide without any photonic crystal and a realistic cut off 

wavelength of 600 nm, the maximal slab thickness to sustain the single mode operation 

below the cut off wavelength is 245 nm. In case of photonic crystals, however, equation 

(3.1-3) is not sufficiently precise since the modes of the photonic crystals effectively see a 

lower refractive index due to the perforation with holes. But (3.1-3) still can be applied to 

guess the maximal value using the effective slab index instead of n2. For the case of a 

hexagonal lattice and the r/a value of 0.3, the effective slab refractive index of 

n2_eff = 0.674·n2 can be substituted in order to estimate the cut-off slab thickness to be 

367 nm. In order to stay below this value, silicon nitride samples with thicknesses of 

270 nm, 200 nm and 150 nm were used within this work.  

3.1.2. Transmission measurement setup 

The measurement setup has to fulfill several requirements at the same time. It must feature a 

stable broad band light source, covering the entire visible region of the electromagnetic 

spectrum with sufficient intensity. Further, it must allow to couple the white light into the 

waveguide structure on the sample as well as to out-couple the transmitted signal with 

sufficient efficiency. The measurement setup as used within this work is depicted in 

figure 3.1-3.  It consists of a 75 W Xe lamp (LSB511 from L.O.T.-Oriel GmbH, Germany), 

delivering a broad band spectrum with a spectral range from 300 nm to 1100 nm. In order to 

parallelize the light, a system of collimator lenses is used before the light passes an iris 

aperture. In order to linearly polarize it, a Glan laser polarizer (GL10 from Thorlabs GmbH, 

Germany) is utilized. For coupling into the waveguides, free space coupling utilizing a 40 x 
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achromatic microscope objective (Olympus’s RMS40X) with a numerical aperture of 

NA = 0.6 and a working distance of WD = 0.56 mm was used. With its 7 mm entrance 

aperture, the objective lens can deliver a spot of maximal 175 µm in diameter. After passing 

the photonic crystal sample and the 90 degree waveguide bend, the signal is collected using 

a butt-ended multimode fiber with a core diameter of 25 µm and a numerical aperture of 

NA = 0.22. In order to ensure the highest possible level of coupling efficiency, both the 

microscope objective and the fiber end are mounted on a precision translation stage 

(MAX303 from Thorlabs GmbH, Germany). In addition, the sample holder is mounted on a 

rotational stage (CR1 from Thorlabs GmbH, Germany), which is fixed to one of the 

translation stages.  

 
Figure 3.1-3 – Schematics of the measurement setup; Xe lamp (1) delivering a broad band white light; the light 
then passes a collimator optics (2), an iris aperture (3), and a linear polarizer (4) before it is free-space coupled 
into the planar Si3N4 waveguides on the sample using a 40x microscope objective (5); the sample (6) is fixed 
on a rotational stage (7), which is fixed to an x,y,z-stage (8) equipped with precision micrometer drives; the 
transmitted signal is collected using a butt-ended optical fiber (9), fixed to a second x,y,z-stage (10) using a 
fiber holder; the fiber transports the signal to the spectra analyzer (11); due to the 90 degree bend incorporated 
on the sample (see figure 3.1-1 for details), the optical axis of the lamp-objective lens is rotated by 90 degrees 
with respect to the optical axis of the out-coupling fiber end as indicated by the magnified inset of the sample; 

The translation stages are equipped with high resolution micrometer drives (DRV002 from 

Thorlabs GmbH, Germany), enabling a total of 4 mm drive with a 50 nm position resolution 

needed for the precise in-coupling into the waveguides. A grating based spectrometer 

USB4000 (Ocean Optics, purchased from Mikropack GmbH, Germany) equipped with a 

SMA905 fiber connector, 10 µm entrance slit, and a ruled grating with a groove density of 

600 mm-1, spectral range of 650 nm, and a blazing wavelength of 500 nm was used. 

Combined with the Toshiba TCD1304AP linear CCD element with 3648 pixels, the selected 

spectrometer configuration results in a resolution of 0.92 - 1 nm, depending on the 

wavelength. 
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A typical measurement procedure began by fixing the sample on the rotational stage and by 

its coarse positioning against the microscope lens. In order to find the optimal position 

regarding the coupling efficiency, the output signal was integrated over the entire 

wavelength range in the spectrometer and the point of maximum intensity was sought. With 

a total of 7 degrees of freedom, this search typically started with the rotational stage. Once 

the optimal position with respect to the rotational angle was found, the search for the 

optimal position with respect to the translational coordinates started. The optimization took 

place on a single waveguide branch, typically using one of the reference waveguides, since 

these offered the highest signal intensity. Because of the size of the spot (in the order of 

100 µm) and the cross-section of the waveguide (typically 10 x 0.3 µm), the coupling 

efficiency turned out not to be too sensitive with respect to the horizontal and vertical 

displacement of the sample as indicated in figure 3.1-4. 

 
 

(a) (b) 

Figure 3.1-4 – Measured relative intensity around the optimal coupling point; (a) relative intensity with respect 
to the optimal in-coupling position (displacement 0) showing a Gauss-like behavior with respect to the 
horizontal and vertical displacement; (b) 3D plot of fitted measured data indicating an area of roughly 3 µm in 
diameter where the intensity does not drop below 99% of the maximal value; 

The sensitivity to the displacement was found to be larger in the vertical direction, given by 

the fact of a very small waveguide thickness. An area of roughly 3 µm in diameter around 

the point of the optimal coupling was identified, where the intensity did not drop below 99% 

of the maximal value. With respect to the positioning precision of the micrometer drives of 

50nm, the size of this area was reasonably large, enabling thus a reliable coupling.   

Once the optimal position of the sample was found, the spectra collection began. Since the 

waveguides were designed parallel and equidistant to each other as stated earlier in this 

chapter, moving from one waveguide to another limited to moving the sample along the 

proper direction and distance and performing fine adjustments to reach the maximal power 

reading again. Before each spectra collection, a dark spectrum (a spectrum without the 
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incoming light from the lamp) was obtained in order to be able to eliminate the influence of 

the ambient light on the measured data later. In order to increase the signal to noise ratio, the 

actual transmission spectrum was obtained typically by averaging some 100 to 1000 single 

spectra. No CCD pixel averaging was applied. Finally, each spectrum was normalized using 

the individual integration time prior to be further processed. 

For illustration purposes, power spectra of the lamp and the corresponding spectra after 

passing a 15 mm long silicon nitride waveguide are shown in figure 3.1-5.  

  
(a) (b) 

  
(c) (d) 

Figure 3.1-5 – (a) Measured power spectra of the lamp (black line) and that of a bare silicon nitride waveguide 
(gray line) with Xenon peaks in near infra-red clearly visible in both signals; strong absorption of silicon 
nitride below 450 nm is clearly visible; (b) transmission characteristics of silicon nitride estimated as the ratio 
between the waveguide spectra and the lamp spectra; the transmission units are arbitrary since the lamp 
spectrum cannot be reasonably normalized; (c) spectrometer readings of two silicon nitride waveguides with 
identical geometry and different lengths used to estimate the propagation losses caused by scattering along the 
waveguide as shown in (d);   

The lamp spectrum was collected by placing the fiber end directly in front of the microscope 

lens, making the normalization with respect to the waveguide spectrum impossible. The 

waveguide spectrum, on the other hand, represents the case as during the real measurement, 

meaning both the fiber end and the sample were placed according to figure 3.1-3. 
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In figure 3.1-5, strong absorption of silicon nitride below 450 nm is clearly visible. This is 

believed to be caused by Rayleigh scattering due to material imperfections such as 

nanoscopic silicon islands within the nitride matrix, local density variation and roughness 

resulting from the waveguide fabrication. In order to evaluate the propagation losses 

quantitatively, power spectra of two geometrically identical waveguides with varying 

lengths were obtained and the propagation loss calculated as (10/∆L)·log(IL=12mm/IL=15mm). As 

expected in the case of Rayleigh scattering, the propagation losses increase strongly with the 

increasing frequency. 
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3.2. Fabrication of photonic crystal samples 

3.2.1. Fabrication process overview 

The photonic crystal samples were fabricated using the electron beam lithography (EBL) for 

the pattern definition and the reactive ion etching (RIE) for the pattern transfer into the 

silicon nitride. All parts of the sample including the in- and out-coupling waveguides, the 

reference and the photonic crystal sample, and the waveguide bend structures were 

fabricated simultaneously. The fabrication process is schematically depicted in figure 3.2-1 
   

 

  
(b) (d) 

  

(a) (c) (e) 

Figure 3.2-1 – Scheme of the fabrication process of photonic crystal samples with SEM micrographs 
illustrating selected fabrication steps; (a) the process overview; (b) SEM image of EBL patterned and 
developed resist; (c) momentary SEM snapshot of the lift off process showing the resist layer peeling of the 
silicon nitride surface covered by a nickel metallic layer; (d) SEM micrograph showing nickel metal islands 
after a successful lift off process; (e) illustrative example of etched pillars in silicon nitride; 

Low pressure chemically vapor deposited (LPCVD) stoichiometric silicon nitride (Si3N4) 

with the thickness ranging from 180 nm and 300 nm was used for the fabrication of the 

photonic structures. As a carrier, 4 inch silicon <100> wafers with a thermally oxidized 

silicon dioxide (SiO2) layer on top with thickness ranging from 1.4 µm to 2.2 µm were used. 

The complete substrates were purchased from a commercial vendor (Si-Mat, Germany) and 

delivered with a certificate proving the refractive index of silicon nitride to be n = 2.01 at 

632,8 nm wavelength.  

The first step of the fabrication process involved the deposition of a single layer of 2.2M 

poly-methyl-methacrylate (PMMA, Micro Chem Corp., USA) of 150 nm thickness using a 

spin coating technique. After the coating, the solvent of the resist was allowed to evaporate 

by heating up the substrate to a temperature of 180º for 20 minutes in a vacuum oven.  

1 µm 1 µm 

200 nm 200 nm 

Wafer coating 

Pattern transfer via EBL 

Ni evaporation & resist lift-off 

Fluorine based RIE 

Ni removal 

SiO2 selective wet etching 

Wafer cleaving 
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Prior to the EBL, the wafers were cleaved along the silicon crystal planes into approximately 

2 x 2 cm large chips. EBL was performed using a LEO 1560 scanning electron microscope 

(Zeiss GmbH, Germany) equipped with a Nanomaker® lithography toolkit (Interface 

Company, Russia), a beam blanker (Raith GmbH, Germany), and a laser interferometer 

stage (TSL Ltd., United Kingdom). EBL was performed using 30 kV electron beam energy. 

For details on the EBL step, see chapter 3.2.2. 

After the EBL, the exposed resist was developed for 10 seconds using the AR 600-50 

developer (Allresist GmbH, Germany) followed by a 10 seconds rinse in the AR 600-60 

stopper, and a 10 seconds rinse in the isopropyl alcohol. Finally, the samples were rinsed in 

a de-ionized water and blow dried using a pure nitrogen gas.  

Immediately after the development step, a 15 nm thick layer of nickel was deposited on top 

of the chip by means of the thermal evaporation. By subsequent dissolution of the PMMA 

using N,N-dimethylformamid, a metallic mask on top of Si3N4 was created (lift off process). 

The RIE was performed using the Plasmalab 80 Plus RIE etcher (Oxford Ltd, United 

Kingdom). The etching process involved the use of C4F8 and SF6 gases in the inductive-

coupled (ICP) and radio frequency (RF) plasma. The RIE process was optimized in such a 

way that it resulted in vertically etched holes in the silicon nitride. For details on the RIE 

etching recipe, see chapter 3.2.3.  

After the RIE, the remaining nickel layer was removed using a 10 % solution of 

hydrochloric acid. As a result of a complete process chain process optimization, a typical 

process resolution at this point was found to be 100 nm regarding the smallest diameter of 

the holes and 25 nm regarding the gap between two adjacent holes illustrating the high 

quality and the high resolution of the developed fabrication process.  

  
(a) (b) 

Figure 3.2-2 – SEM micrographs illustrating the process resolution on a sample with holes in Si3N4 as small as 
100 nm (a) or closely packed holes in Si3N4 resulting in the wall thickness as small as 25 nm (b); 
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In order to create symmetric optical properties below and above the photonic crystal, as 

required to avoid the polarization mixing (see chapter 2.2.5), the photonic crystals had to be 

fabricated in form of suspended membranes. For this purpose, a 50 % solution of 

hydrofluoric acid (HF) was used, dissolving selectively the SiO2 layer and leaving the Si3N4 

layer nearly intact. Through suitable design, one can achieve having completely under 

etched regions of photonic crystals while the in- and out-coupling waveguides remain 

supported by the SiO2 layer as illustrated in figure 3.2-3. 

  
(a) (b) 

Figure 3.2-3 – Optical microscope images illustrating the HF etching step; photonic crystal structure embedded 
in a waveguide structure before (a) and after (b) the HF etching step; after the HF etching step, the SiO2 layer is 
removed from almost the entire surface of the chip, with the exception of the areas underneath the large 
structures of Si3N4 such as the in- and out-coupling waveguides or other purposely incorporated structures such 
as depicted in (b), where the remaining layer of SiO2 (appears as a darker region) is used to support the in- and 
out-coupling waveguides as well as the photonic crystal membrane; 

The HF etch selectivity (etching rate of SiO2 / etching rate of Si3N4) was found to be at 

least 100. However, the actual selectivity strongly depends on the concentration of the HF. 

The higher the HF concentration was, the higher the etching selectivity was. Since at such a 

high concentration, the HF acid becomes extremely volatile, this etching process step turned 

out to be the one with the least process control. Typically, the HF etching resulted in hole 

diameter enlargement in the range of 5 to 30 nm. Although being small in the absolute 

sense, this offset value corresponds in the worst case (smallest hole diameter of 100 nm) to a 

hole diameter enlargement of 30%, illustrating somewhat the challenge of a successful 

sample fabrication.   

After removing the SiO2 layer from most of the surface of the chip, the chips were cleaved 

along the silicon crystal planes in order to create a coupling surface on the edges of the in- 

and out-coupling waveguides as clean and as smooth as possible. A microscope photograph 

of a complete chip featuring 12 waveguide branches and an SEM micrograph of the cleaved 

edge illustrating the typical cleave edge quality are shown in figure 3.2-4.  
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(a) (b) 

Figure 3.2-4 – Optical microscope image (a) illustrating the cleaved edges of a silicon chip carrying the 
waveguides with embedded photonic crystal samples; SEM image (b) illustrating nicely the quality of the 
cleaved waveguides; further, the SEM micrograph nicely illustrates the result of the HF etching step;   

Summarizing the results achieved by the development of the fabrication process so far, a 

high resolution and high accuracy fabrication process was developed and implemented, 

creating thus a stable and reliable base for the physical experiments. Representative 

examples of photonic crystal structures fabricated using the described fabrication process are 

depicted in figure 3.2-5.  

  
(a) (b) 

Figure 3.2-5 –Illustrative SEM micrographs of real fabricated Si3N4 photonic crystal samples; (a) SEM tilted 
view (30 º) showing a free standing Si3N4 photonic crystal membrane with a hexagonal lattice of air holes with 
the hole radius of r = 0.37a, lattice period of a = 270 nm, and a membrane thickness of t = 200 nm as used for 
the measurement of the photonic crystal bulk transmission; (b) close-up view of a L3 cavity with modified side 
holes fabricated in a Si3N4 photonic crystal with a hexagonal lattice of air holes with a hole radius of r = 0.35a, 
lattice period of a = 270 nm, and a membrane thickness of t = 270 nm; the small holes on both sides of the 
cavity are as small as 100 nm in diameter; this structure was used to investigate the resonances of the cavity;  
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3.2.2. Electron beam lithography 

For the purpose of EBL, a conventional SEM upgraded with a lithographical system was 

used. The SEM equipment was LEO 1560 incorporating the Gemini column known for its 

high resolution and beam stability. This column features a Schottky field emission electron 

source in form of a tungsten tip coated with ZrO in order to lower the tungsten’s material 

work function. Due to the special construction of the Gemini column, the extractor voltage 

is independent of the accelerating voltage and the extracted electrons pass the optical path 

always with the same energy. Using this approach, high brightness and low energy spread, 

typical for cold field emission cathodes, can be combined with high stability and low noise, 

typical properties of the thermal emitters. The cathode was operated at 1800 K under high 

vacuum (10-10 mbar). Typical extraction fields ranged from 5 to 6 kV. Due to the high 

performance of the Gemini column, an image resolution of roughly 1 nm could be achieved, 

indicating the small beam size needed for high lithographic resolution. Since this resolution 

limit can only be achieved using a dedicated sample and special operation conditions of the 

SEM, the equivalent image resolution during the lithography process is assumed to have 

been lower and is believed to have been around 10 nm.  

The setup of the lithographic system is depicted in figure 3.2-6. 

 
Figure 3.2-6 – SEM setup as used for the EBL; the pattern data is converted via a PC-based system and 
transferred to the pattern generator, which directly controls the scanning coils of the SEM; for the purpose of a 
fast beam-blanking an external electrostatic beam blanker is utilized; in order to create patterns larger than the 
SEM’s field of view, piezo-driven stage equipped with laser interferometers and directly controlled by the 
lithography software is implemented; 

The EBL was performed by controlling the scanning mechanism externally, using a so-

called pattern generator. This receives the signal from the lithography software, running on a 

conventional PC, and controls the scanning deflection coils of the SEM directly. 
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The exposure took place using a scanning vector strategy, meaning each isolated feature is 

subdivided into a number of polygons, which are then exposed in a meander like manner. In 

order not to expose the areas between the isolated features, a fast electrostatic beam-

blanking unit was used, utilizing a capacitor build in directly in the SEM column, being 

controlled by the external unit and this in turn controlled directly by the pattern generator.  

The Elli27 pattern generator (Interface Ltd., Russia) was used. The device is based on a 

digital microcontroller operating at 10 MHz frequency and is able to address the writing 

field with a 16-bit resolution. The pattern generator can drive the scan coils of the column at 

the maximum frequency of 1 MHz, resulting in the minimum beam dwell time of 1 µs. This 

time is a key parameter, helping to determine the maximal size of the writing field and 

directly determining the lithographical resolution by defining the minimal step size. This 

relation can be expressed in 

2 I t
s

C

⋅
=   (3.2-1) 

In the above equation, s is the step size, I is the probe current, t is the beam spot dwell time, 

and C is the resist sensitivity (given in Coulomb per unit area). Obviously, in order to reduce 

the step size, and thus to increase the resolution, for a given resist (C = const), the product of 

the probe current and the dwell time needs to be reduced. Because of the existing minimal 

dwell time, this criterion limits to the reduction of the probe current, leading to longer 

exposure times. At the same time, reducing the step size automatically reduces the maximal 

size of the writing field, caused by the limited bit addressing. With the electron beam 

sensitivity of PMMA of C = 350 µC/cm2, the exposure step size of 2 nm (needed for 

sufficient resolution) and the minimal dwell time of 1.5 µs, probe currents as low as 

I = 10 pA were needed, which is at the lower limit of the operability of the SEM. 

With the parameters s and t set as stated above, the maximal size of the writing field is 

limited to roughly 75 x 75 µm and so the need to apply a stitching technique becomes 

obvious (the overall size of the samples exceeds several millimeters). For this purpose, the 

lithographic system was equipped with a piezo-driven, laser interferometer controlled stage. 

This stage is capable to accommodate a substrate of up to 6 inch in diameter and possesses a 

travel range of 150 x 150 mm in the horizontal direction. The movement is realized using 

two HR2 ultrasonic piezo driven ceramic linear drives (Nanomotion Ltd., Israel) being 

directly controlled via the lithography software. The ceramic linear drives can be operated at 

speeds of up to 50 mm/sec. and are capable of reaching a minimal step size of roughly 0.5 
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µm. The horizontal position of the stage can be estimated using two build-in laser 

interferometers with a precision of 2.5 nm. 

The stitching algorithm works as follows. The pattern is first internally divided into sub-

areas according to the specified size of the writing field. These sub-areas are then exposed in 

a meander-like mode. Between each two of them, the stage moves relatively according to the 

distance between the center points of the sub-areas. This movement is controlled directly by 

the lithography software. The interferometer readings are then used to compensate for the 

remaining position mismatch caused by the limited precision of the linear drives. The 

compensation takes place by recalculating the beam path. Using appropriate self calibration 

routines, a stitching accuracy in the range of 50 nm could be achieved with the presented 

system. The main factor limiting this value is the substrate charging. 

In addition to the stitching technique, a so-called multi-aperture approach was developed in 

order to decrease the exposure time as much as possible. A typical sample exposure area lies 

between 0.1 and 0.3 mm2 for one branch. However, less than 1 % of this area (typically only 

the photonic crystal itself) needs to be exposed with the highes resolution and thus with a 

low probe current. The remaining area (typically the entire coupling waveguides) does not 

require that high resolution and can be exposed with a much larger current, allowing to 

decrease the exposure time significantly. In order to be able to change the probe current 

during the exposure without the need of the optical electron realignment, a special technique 

using multiple apertures during the running lithography process was developed and utilized. 

This approach uses a small aperture resulting in a low current and a small exposure step for 

the exposure of areas needing the high resolution, and the use of a large aperture resulting in 

a high current and a large exposure step for the exposure of areas with a lower resolution. 

Further, in order to fully exploit the advantage of this approach, larger writing fields were 

used in combination with the use of a larger aperture allowed by the larger step. This helped 

to further reduce the settling time needed after each stage movement between two writing 

fields. Using the multi aperture approach, a new writing strategy and more advanced stage 

calibration routines had to be developed in order to reach a sufficient alignment accuracy 

even after changing the apertures. In this way, the total exposure time of a 12 branch sample 

could be reduced to approximately 2 hours instead of more than 100 hours.  
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Interlude: Proximity effect correction 

The task of the electron beam exposure is to distribute enough energy in the resist in order to 

disrupt the molecular chains (when PMMA is used) and so to increase the solubility of the 

resist. The energy distribution in the resist, however, is not a trivial one because of the 

complicated electron matter interactions including the elastic and the inelastic electron 

scattering. The resist is typically exposed both by the primary incident electrons as well as 

by the back scattered electrons from the substrate. In addition, the low energy secondary 

electrons generated as a result of inelastic scattering play an important role [86].  

The energy distribution within the resist is governed by the proximity function I(ρ), with 

ρ = (x,y). Assuming no dependence on the resist thickness, ( )I ρ  can be described by two 

Gaussian distributions [87] 
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Equation (3.2-2) can be interpreted as the contribution of the primary beam I1(ρ) and that of 

the backscattered electrons I2(ρ). Parameter α describes the electron beam radius, β 

represents the radius of the area of backscattered electrons and η represents the factor of the 

energy contribution of backscattered electrons in the range of β. While the parameter α is 

typically given by the SEM, β and η depend on the substrate material and incident beam 

energy. Using the reference from [88] and the material data of silicon dioxide, I(ρ) can be 

plotted for varying beam energies or electron beam spot diameters as shown in figure 3.2-7. 

 
Figure 3.2-7 – Proximity function I(ρ) calculated for varying electron beam diameter and beam incident energy 
split into the contribution of the primary beam electrons and backscattered electrons; the primary electrons 
concentrate close to the beam impact area whereas the backscattered electrons spread much wider; the 
contribution of the backscattered electrons depends strongly on the incident energy; silicon dioxide was 
assumed as a substrate for the calculation; 
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Obviously, the influence of the primary electron beam is the dominating one. However, 

when small and densely packed features are to be exposed, the influence of the 

backscattered electrons becomes significant. Another way to calculate the energy 

distribution within the volume of the resist is the Monte Carlo simulation [89]. This allows 

to calculate the path of the primary electrons as well as the generation of the secondary 

electrons or emitted X-rays within a specific material system for a given electron incident 

energy as depicted in figure 3.2-8 for a material system as used in the real fabrication of the 

investigated photonic crystals samples.  

   
5 kV 10 kV 15 kV 

   
20 kV 25 kV 30 kV 

Figure 3.2-8 – Monte Carlo simulation using [89] for the calculation of electron trajectories within a 150 nm 
thick PMMA resist on top of a 300 nm thick silicon nitride layer; with increasing energy, the electron path 
within the resist becomes narrower and the forward scattering is reduced; at the same time, the range of the 
secondary electrons increases; this effect, however, is not visible in the images since the range of backscattered 
electrons stretches over a much larger area (4 – 5 µm for 30 kV); 

As illustrated in figure 3.2-8, using a higher accelerating voltage helps to decrease the 

forward scattering within the resist and to increase the lithographic resolution. At the same 

time, the range of the influence of the backscattered electrons increases as illustrated in 

figure 3.2-7. In order to compensate for this effect, proximity correction algorithms have to 

be used. These typically involve several iteration steps. Starting with an even dose exposure 

distribution, the expected distribution after the exposure is calculated using equation (3.2-2), 

taking into account the influence of the dose redistribution due to the forward- and 

backscattering. In the next step, the values of the exposure dose are adjusted and the 

calculation is repeated in an iteration procedure until the specified convergence level is 
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reached. The need of the proximity correction is particular important for the photonic crystal 

areas as illustrated in figure 3.2-9, showing the dose distribution before and after the 

proximity correction.  

  
(a) (b) 

Figure 3.2-9 – Electron-beam lithography exposure dose distribution without the proximity correction (a) and 
after performing the proximity correction using the algorithm described in the text (b); the recalculated dose 
distribution results in a higher exposure dose needed in the outer portions of the waveguide, since the inner 
parts receive more contributions from the backscattered electrons; proximity correction becomes very 
important especially for the regions of photonic crystals as illustrated in (b);  

3.2.3. Dry etching technique 

In order to transfer the nickel pattern created by the EBL and the lift off process into the 

silicon nitride, a dedicated dry etching process was developed delivering the needed 

performance regarding the side wall profile and the roughness of the etched holes as well as 

the process repeatability and stability.  

The utilized etching recipe used sulphure hexafluoride (SF6) combined with octafluor 

cyclobutane (C4F8). Using an inductively coupled plasma (ICP), these gases dissociate into 

charged and uncharged components SFx and CyFz and free F-radicals. The free F-radicals are 

used to chemically etch the silicon nitride by forming silicone tetra fluoride (SiF4) and 

nitrogen gas (N2). Simultaneously with the etching, the decomposed fluorocarbons from 

C4F8 react with the free F-radicals and form a thin Teflon-like ([CF2]x) passivation film on 

the entire surface preventing the etching process. It is the ion bombardment caused by the 

additional use of a radio frequency (RF) directional plasma which serves to accelerate the 

positively charged ions from the plasma against the substrate and to remove the passivation 

film on the horizontal surfaces thus enabling the vertical etching. Obviously, the etch 

process has to be optimized in such a way that an equilibrium arises with respect to the 

formation and removal of the passivation layer in order to result in a vertical etch profile.  

The most important process parameters of the etching recipe include the gas composition, 

the pressure, and the power density within the plasma. The last one is a combination of the 
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independent power densities of the ICP and RF plasma. Since the chemical equilibrium is 

extremely sensitive, the process parameters have to be selected and controlled in a very 

careful manner.  

Getting inspired by the silicon etch process, the initial etching recipe was found by 

conducting a series of test experiments and involved a mixture of 15 sccm of C4F8 and 

20 sccm of SF6 at a pressure of 2x10-2 mbar. The RF power generator was operated at 20 W, 

the ICP power generator was operated at 220 W. This recipe resulted in an etch rate of 

roughly 5 nm / min and a mask sensitivity (the etch rate of the silicon nitride divided by the 

etch rate of the nickel mask) of roughly 8. Although capable to deliver samples suitable for 

the measurements, the mask selectivity was rather poor, resulting in the need of thick nickel 

masks, which are much more difficult to fabricate. Apart from that, the etching resulted in a 

slightly conical shape of the holes (typical angles of up to 7°), which may have negative 

influence on the optical performance of the photonic crystals. For these reasons, the etching 

recipe was a subject of a constant improvement along the time progress of the work. At the 

end of this process optimization, a modified process was found with slightly different 

conditions. These mainly included a different gas composition with a reduced relative 

amount of SF6, use of a lower pressure and a slightly increased RF power. Besides 

significantly reducing the sidewall tilt of the etched holes, the etching speed and the process 

selectivity could be increased to the values of up to 50 nm/min and 50, respectively, thus 

enabling to operate with thinner nickel mask layers of no more than 10 nm thickness. 

Figure 3.2-10 compares the results of the initial and that of the optimized etching process. 

  
(a) (b) 

Figure 3.2-10 – SEM micrograph of etched holes using the initial etching recipe (a) and the result of the 
optimized etch process (b); the sidewall tilt of the holes in (a) is clearly visible, appearing on the SEM image as 
a ring inside the holes; by optimizing the etching process, the conical shape could be suppressed significantly 
as observed in (b); 
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Concluding the fabrication section, it is worthwhile summarizing the reached precision of 

the fabricated structures. Besides the ultimate resolution of 25 nm as discussed earlier in this 

chapter, there are some other critical issues about the fabricated structures such as the hole 

misplacement, the roundness of the holes, the hole size distribution as well as the previously 

stated sidewall tilt. To estimate the hole misplacement and the hole roundness on the 

sub 100 nm scale range qualitatively turned out to be extremely difficult. As a result of 

inevitable fabrication defects, however, the fabricated holes were not perfectly round and as 

a result of that, hole misplacements were surely present as well. As will also be show later, 

these kinds of shape distortion worsen the performance of the fabricated structures. For the 

same inevitable reasons, the fabricated holes within one sample showed some distribution of 

their diameters. Taking the area of the holes as a base for the calculation of the effective hole 

diameter (as explained before, the holes are not perfectly circular), the hole diameter 

distribution was found Gaussian with typical deviations in the range of 10 nm for an average 

hole diameter of 180 nm. The sidewall tilt, as shown earlier, ranged up to 7 Deg, while the 

exact experimental determination of this value was not possible for the overall small size of 

the structures.  

Concerning the size scale of the fabrication related defects, it should be mentioned that the 

dimensional range of the structures is extremely small and on the lower edge of what 

nowadays can be fabricated this way. This again illustrates the challenges one has to 

overcome when trying to investigate photonic crystals for the visible spectral range.  

3.2.4. Alternative fabrication methods 

The general fabrication method using EBL and RIE techniques as presented in chapter 3.2.1 

is the most often practiced methods for the fabrication of 2D photonic crystals (not only 

those working in the visible regime). The reason for this is the method’s high flexibility 

combined with its high achievable resolution. All samples in the presented works in the 

introduction chapter were fabricated this way (in the general sense only, since the concrete 

methods varied and, e.g., different resist materials or etching chemistry were used since the 

photonic crystals were fabricated in different materials). Despite this fact, some other 

fabrication techniques exist and are being explored by various research groups.      

Another serial fabrication method (EBL is a serial fabrication process because the structure 

is created in a series of small exposure steps) being able to fabricate photonic crystals in the 

visible range is the focused ion beam (FIB) etching. In [90] 2D photonic crystals in ZnO 

with a lattice period of only a = 130 nm were presented. Although being able to achieve 
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very high resolution, this method is far to complex and exotic in the microelectronic industry 

that it is doubtful that it finds a large application.  

Thinking about the of photonic crystal devices in the future, it probably will be one of the 

parallel fabrication methods used for the fabrication of the devices, which is why many 

research groups spend a lot of effort on this field.  

Nano-imprint technique is one of the candidates allowing for a larger volume fabrication of 

photonic crystal devices at reasonable costs. Using typically silicon [91] of nickel [92] 

stamps, photonic crystal patterns transferred to the resist can be used either directly [93] or 

transferred into an optical material via etching techniques [94]. Although demonstrated 

mainly for the photonic crystals in the IR range, this technique is principally suitable also for 

the fabrication of photonic crystals for the visible range as demonstrated recently, e.g., 

in [95]. 

Another promising high volume fabrication technique of photonic crystals utilizes the well-

established deep ultra violet lithography for the fabrication of 2D photonic crystals. For 

example Intel shown that it is possible to pattern silicon photonic crystals with the lattice 

constant as small as 280 nm and the hole radii of 150 nm [96], sufficient for the fabrication 

of photonic crystals in the visible as well. 

Other promising methods are the laser interference lithography and the laser holography, 

proving both being suitable for the fabrication of large area photonic crystals for the visible 

spectral range [97, 98]. Although being able to create large and regular sub-micron patterns, 

the incorporation of lattice defects remains extremely difficult and typically needs to be 

accomplished by some of the serial methods such as EBL, FIB or direct laser writing such as 

in [99]. The laser interference lithography is also a very promising tool for the fabrication of 

3D photonic crystals [100].  

Other methods having already proved their suitability for the fabrication of the photonic 

crystals for the visible range is the self assembly method [101] and the multilayer deposition 

on previously (via EBL or FIB) patterned substrates [102]. However, as in the previous 

cases, the introduction of defects in such structures turns out to be very difficult. 



   

  

 



   

Chapter 4:  

Results: Photonic band gaps, 

line defect filters, point defect resonators  

The following chapter summarizes the most relevant experimental results of this work. In 

the first part, transmission spectra of bulk photonic crystal slabs are presented, showing 

photonic band gaps of hexagonal and square lattice type photonic crystals. The next two 

parts of this chapter present results of the investigation of demonstrators of potential 

photonic crystal devices. These include the investigation of line defects in photonic crystals 

in order to create highly efficient compact photonic filters and the inclusion of point defects 

in order to create high quality photonic crystal optical resonators. Concerning the line 

defects, hexagonal lattice type photonic crystals were in the center of interest. The results 

include major defect geometry variations and optimizations performed both theoretically 

(simulation) and experimentally. Regarding the point defects, longitudinal resonance modes 

of L3 cavities in a hexagonal lattice were in the center of interest. In all cases, the 

experimental results of the measurements are accompanied with results of numerical 

simulations.   
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4.1. Photonic band gaps of hexagonal and cubic lattices 

The first task after finding a suitable fabrication process was to investigate some of the bulk 

photonic crystal properties. The major information sought was to investigate the photonic 

band gap. Two types of lattices were investigated within this work. These included the 

square and hexagonal 2D lattice of holes in a high dielectric slab of silicon nitride. 

Characteristic lattice geometries including the Brillouin zones with points of high symmetry 

as well as the corresponding directions within the real lattice are shown in figure 4.1-1.  

  

(a) (b) 

Figure 4.1-1 – Geometry of the square (a) and hexagonal lattice (b) type photonic crystals with the highlighted 
unit cell, unit vectors and the corresponding irreducible Brillouin zone with characteristic symmetry points;  

The hexagonal lattice of holes possesses a more spherical-like Brillouin zone, increasing 

thus the probability to exhibit a full band gap for the TE polarization as stated in 

chapter 2.2.4. Typical 2D band structures for both lattice types and the TE polarization state 

are shown in figure 4.1-2. 

  
(a) (b) 

Figure 4.1-2 – Different dispersion relations (TE – polarization) calculated using the PWE method for 2D 
square and hexagonal lattice types of photonic crystals; (a) band structure for the square lattice with εr = 4.0 
and a/r = 0.3 featuring two stop bands in the ГХ and ГМ direction which do not overlap; (b) band structure for 
the hexagonal lattice of air holes in a dielectric material with εr = 4.0 and a/r = 0.3; the overlap of the stop 
bands in the ГM and ГK directions is clearly visible; 

Principally, the band structures of both lattice types show some similarities. Considering the 

direction of propagation along the ГX direction (square lattice) and along the ГM direction 

(hexagonal lattice), a wide gap arises around λ/a = 0.3. This gap arises for the 1D argument 

of the dielectric modulation. Considering the other symmetry direction, however, the 
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dispersion relation shows significant differences. Still, there is a gap arising in both cases 

(there is again a modulation of the dielectric function), its frequency, however, is shifted up 

due to the fact of the shorter period, which is effectively seen by the propagating wave. Even 

more significant is the difference when comparing the width of this gap. For the square 

lattice, the modulation is obviously not strong enough for the gap to overlap with the lower 

energetic one. Therefore, there is no overlap and thus no full gap in the case of the square 

lattice. The hexagonal lattice, on the other hand, provides wider gaps for the arguments 

stated earlier and therefore an overlap can exist. 

In order to estimate the gaps experimentally, samples particularly dedicated for transmission 

measurements were prepared. The photonic crystal samples were embedded in a waveguide 

structure as shown in figure 4.1-3. The width of the waveguide was set large enough to 

ensure sufficient under etching with HF (see chapter 3.2.1 for fabrication details). A typical 

waveguide width lay between 10 and 12 µm. Waveguides with the same geometry but with 

omitted holes were used for the reference signal branch in order to have an appropriate 

reference structure for the estimation of the transmission spectra (see chapter 3.1.1).  

  
(a) (b) 

Figure 4.1-3 – Experimental arrangement for the estimation of the band gaps; (a) photonic crystal embedded in 
a waveguide structure; the photonic crystal is realized in form of a free standing membrane, supported by two 
non-perforated portions of the waveguide; shown is an example of a square lattice type photonic crystal slab 
with 13 periods as used for measurements of the transmission along the ГХ direction; (b) reference waveguide 
created simply by omitting the holes;    

By arranging the holes in the proper way with respect to the propagation of light, 

transmission characteristics of photonic crystal slabs can be estimated along an arbitrary in-

plane direction of the photonic crystal. By normalizing the spectrum of the waveguide 

including the photonic crystal to the spectrum of the reference branch, the contribution of 

the embedded photonic crystal can be estimated (see chapter 3.1.1).  

Typical transmission spectra of square and hexagonal type photonic crystal slabs with band 

gaps in the visible range are shown in figure 4.1-4. With the r/a ratio around r/a = 0.30, the 
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sample’s geometry corresponds very well to that in figure 4.1-2, thus being an excellent 

example to further illustrate the principal difference regarding the gap position and overlap.  

  

  
(a) (b) 

Figure 4.1-4 – Typical measured transmission spectra of square lattice type (a) and hexagonal lattice type (b) 
photonic crystal slabs in Si3N4 for the TE-like polarization; (a) square lattice sample consisting of 20 periods of 
holes with an r/a ratio of r/a = 0.298, a lattice period of a = 275 nm, and a slab thickness of t = 200 nm; the 
stop bands do not overlap along the ГХ and ГМ direction; (b) hexagonal lattice sample consisting of 10 periods 
of holes with an r/a ratio of r/a = 0.33, a lattice period of a = 300 nm, and a slab thickness of t = 270 nm; 
clearly, the stop bands overlap along the ГK and ГМ directions indicating the existence of the full photonic 
band gap; the upper parts show the SEM micrographs of the actual photonic crystal structure; shown are 
always three periods of the holes along the characteristic symmetry directions;  

As shown in figure 4.1-4, there is a clear indication of the band gaps in form of regions of 

transmission drops for both lattice types. However, as stated at the beginning of this section, 

an overlap can be observed for the hexagonal lattice only, while no overlap exists for the 

square lattice. The band gaps lie centered on the wavelength of roughly two to three times 

the effective period along the propagation direction of light (in the case of the square lattice 

aeff = a for the ГХ direction and aeff = 0.71a for the ГМ direction). Thus, in order for silicon 

nitride based photonic crystal slabs to exhibit the band gaps in the visible and near-IR 

spectral range, lattice periods between 250 and 300 nm are required.  

Common to both lattice types is the exponential decay of the transmitted spectrum (since the 

transmission axis is given in a logarithmic scale, in figure 4.1-4 this behavior appears as a 

linear decay) indicating the presence of an additional loss mechanism. This is believed to be 

related to the Rayleigh scattering [103] caused by fabrication imperfections such as 

roughness, variation of the hole diameter, and shape variations. 
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The signal noise, common to all spectra in figure 4.1-4 but pronounced more significantly in 

figure 4.1-4 (a), is believed to result from the use of the broadband light source in 

combination with the utilized coupling technique using the cleaved edges of the sample.  

In order to check for the correct position of the band gap, the measured spectra were 

compared with the calculated band structure of the considered photonic crystal. 

Additionally, the spectra were compared with results of the finite difference time domain 

(FDTD) simulation, which allows calculating the evolution of electromagnetic waves 

through an arbitrary structure. For details about the FDTD simulation, refer to Appendix 

A.III. Figure 4.1-5 shows such a comparison for a representative example of a square lattice 

type photonic crystal with N = 20 periods.  

  
(a) (b) 

Figure 4.1-5 – Comparison of the measured transmission of a square lattice type photonic crystal with FDTD 
and PWE calculations; (a) measured transmission (TE-like polarization, both directions of the high symmetry) 
of a square lattice type photonic crystal with an r/a ratio of r/a = 0.235, a lattice period of a = 275 nm, and a 
slab thickness of t = 200 nm compared to FDTD calculations (dashed lines); (b) calculated photonic band 
structure of a photonic crystal slab with the corresponding geometry showing the band gaps in a good 
agreement with the FDTD calculation and measurements; 

Shown is a sample with a rather small r/a ratio of r/a = 0.20, exhibiting the ГM band gap 

centered around 600 nm with an extinction ratio of roughly 28 dB and the ГX band gap 

centered around 800 nm with an extinction ratio of roughly 20 dB. Comparing the measured 

band gaps with those estimated using the PWE method for a = 275 nm and t = 200 nm (as 

estimated via SEM) reveals a very good agreement regarding the position of the band gaps. 

Remarkable is the position of the ГM band gap, opening now between the second and the 

third band, other than between the first and the second band as in the case of a pure 2D 

photonic crystal (compare figure 4.1-2).  

A direct comparison can be drawn by comparing the measured spectra with the FDTD 

simulation. In order to account for the probable multimode excitation caused by the large 

width of the waveguide (width λ≫ ), several lateral eigenmodes of the waveguide were used 

in the FDTD model to excite the field simultaneously. The waveguide modes were launched 
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with an equal power and randomly distributed phases into the waveguide. Launching the 

first six eigenmodes was found to best fit the experimental data. In order to account for the 

additional losses as stated earlier, the calculated spectra were multiplied with an 

exponentially decaying function with numerical parameters extracted from the experiment. 

As shown in figure 4.1-4 (a), a good agreement between the experiment and simulation data 

could be found regarding the position of the band gaps. The attenuation strength of the gaps, 

however, is not fitted well by the simulation data. The experimentally estimated attenuation 

within the band gap is lower than as predicted by the simulation. As shown later in this 

chapter, the main contributing reasons are the limited fabrication accuracy, existing material 

absorption and surface roughness of the fabricated structures.  

In an analogous way, the position and the width of the gap may be checked for the 

hexagonal lattice. Figure 4.1-6 shows an interesting example of a second order band gap in a 

hexagonal crystal lattice with N = 30 periods. 

  

(a) (b) 

Figure 4.1-6 – Comparison of the measured transmission of a hexagonal lattice type photonic crystal with the 
FDTD and PWE calculation; (a) transmission measurement along the ГK direction of a photonic crystal with 
an r/a ratio of r/a = 0.20, a lattice period of a = 300 nm, and a slab thickness of t = 270 nm for the TE-like 
polarization; the primary stop band centered at 770 nm and the secondary stop band centered at 500 nm are 
clearly observed; (b) corresponding photonic band structure calculated for a  photonic crystal slab with the 
same geometry showing band gaps in a good agreement with measurements; 

The sample features the primary band gap centered at 770 nm with an extinction ratio of 

roughly 20 dB. Interesting is the existence of the secondary band gap centered at 500 nm 

with a slightly lower extinction ratio. The measured data are in a good agreement with the 

results of the FDTD simulation as well as with the calculated band structure. The results 

correspond also generally with measurements presented in [29] and with those more recently 

extended in [30]. Compared with both publications, the attenuation strength turns out to be 

roughly the same or slightly lower, which is mainly due to the lower r/a ratio (r/a = 0.20 in 

figure 4.1-6 and r/a = 0.28 in [29]). On the other side, the presented sample shows 

significantly lower losses for frequencies above the upper band edge of the primary band 
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gap, indicating higher quality of the fabricated structures (according to the data in [29], the 

absorption losses of the used silicon nitride waveguides are roughly the same). As in the 

previous case, the experimentally achieved band gap attenuation is lower than expected, 

being caused by limited patterning accuracy and material absorption.  

In order to investigate the influence of the number of lattice periods on the attenuation 

strength within the band gap, samples with identical geometry and a varying number of 

periods were fabricated and experimentally investigated. In figure 4.1-7, the attenuation 

strength within the band gap of an exemplary hexagonal lattice photonic crystal slab 

with r/a = 0.30 is plotted for the TE-like polarization and a varying number of periods N.  

  
  
  

N dB/N 

3 1.79 

5 2.47 
10 1.52 
15 1.18 

  

(a) (b)  

Figure 4.1-7 – Experimentally estimated attenuation strength as a function of the number of periods N for a 
hexagonal lattice type photonic crystal with an r/a  ratio of r/a = 0.30, a lattice period of a = 300 nm, and a slab 
thickness of t = 200 nm; spectra taken for the TE-like polarization and along the ГK symmetry direction; 
(a) transmission spectra for different N; (b) comparison of the experimentally estimated maximal attenuation 
within the band gap with results of the FDTD simulation (dashed line); the inset table shows the attenuation 
per period as a function of N;  

An excellent agreement between experiment and theory could be reached for up to 

5 periods. Above that, the experimentally observed attenuation is lower than expected and 

exhibits a kind of saturation behavior. This is in full agreement with measurements 

performed on photonic crystals for IR wavelengths made of silicon as reported, e.g., in [104] 

and are caused by various effects including the hole’s size, shape and position deviation 

from the ideal case as well as the material absorption, scattering effects and roughness, some 

of which will be investigated more in detail in the following part.  

The limited pattering accuracy of EBL combined with the influence of the remaining 

fabrication steps can result in a somewhat inaccurate shape of the etched holes as well as 

holes misplacement. Because of the high positioning accuracy of the electron beam, the 

misplacement factor is less significant. Examining the fabricated structures using the SEM, 

both hole’s size and shape deviations can be observed. This is indicated in Figure 4.1-8 (a) 
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for the distribution of the effective hole’s diameter for the sample from figure 4.1-7 with 

N = 10 periods and N = 5 periods.  

  
(a) (b) 

Figure 4.1-8 – SEM measurements of the effective hole’s diameter (diameter of the circle with the same 
surface area as that of the horizontal cross section of the fabricated hole); (a) experimentally measured 
distribution of the effective hole diameter for samples from figure 4.1-7 with N = 5 and N = 10 periods with 
mean values of µN=5 = 181 nm and µN=10 = 180 nm and standard deviation values of σN=5 = 8.3 nm and 
σN=10 = 9.2 nm; (b) SEM micrograph of the holes of the sample with N = 5 from the edge (upper image) and the 
middle of the sample showing the effect of the partially not corrected proximity effect resulting in an 
enlargement of the holes towards the edge (refers to the size of the holes only, the different brightness of the 
holes originates from the charging effect in the SEM); 

In both cases (N = 5 and N = 10), the distribution can be assumed as Gaussian. While the 

mean values do not differ much, the standard deviation is smaller in the case of N = 5. The 

value of the standard deviation can be understood as a measure for the level of the non-

compensated proximity effect. Since the elongation along the ГK direction remains smaller 

than the proximity parameter β (see chapter 3.2.2), a non compensated proximity effect 

mainly has the impact on the hole’s diameter along the perpendicular ГM direction (as 

indicated in figure 4.1-8 (b)).  

In order to better understand the effect of the hole size inhomogeneity on the transmission 

characteristics, a simple 2D FDTD model consisting of 15 hole periods with varying hole 

diameters according to the Gaussian distribution with a mean value of µ  = D = 2r with 

r = 0.3a and a = 300 nm and a variable standard deviation σ was set up. A 2D model was 

selected for its simplicity and the simulation speed. Although the results cannot be 

transferred one to one to the real 3D case, the characteristic behavior should still be included 

in the model and so fundamental conclusions can be drawn. The results of the simulation as 

well as an illustration of the modeled structure are shown in figure 4.1-9. With the mean 

diameter value kept constant, the gap position only changes very little as illustrated in 

figure 4.1-9 (a) by varying the value of σ from 0 to 20 nm, covering thus even a larger 

region than in the experiment. While the gap position does not change, the attenuation 

strength changes slightly as shown in figure 4.1-9 (b). This change, however, is far too small 
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to explain the behavior as observed in figure 4.1-8. The small notches observable for σ = 20 

nm around 620 nm and 800 nm are believed to be a result of the discrete implementation of 

the hole size distribution and thus represent no physical behavior.  

 
(a) (b) 

Figure 4.1-9 – Simulation of the influence of the hole size inhomogeneity on the transmission spectra; 
(a) calculated transmission spectra using a 2D FDTD model consisting of 15 periods of holes with a mean hole 
diameter of µ  = 180 nm and a varying standard deviation σ between 0 and 20 nm (the model arrangement for 
σ = 20 nm is depicted in the inset of (a)) showing only little evidence of significant influence on the 
transmission spectra; (b) maximal attenuation strength as a function of standard deviation σ; inset of (b) shows 
a close-up of the transmission spectra; 

The second possible geometric parameter is the shape of the holes. Modeling the hole’s 

shape inhomogeneity, however, turns out to be a larger challenge. It is first a fundamental 

question how to experimentally quantify this effect and secondly how to incorporate it into 

the simulation model. In principal, there are two main kinds of shape defects regarding the 

etched holes. In the vertical direction, the holes may exhibit a cone like shape because of the 

potentially yet non-fully optimized RIE step, in the horizontal direction the hole’s shape 

may differ from the circle as a result of unavoidable EBL defects.     

The conical hole shape can be simply examined using a strongly simplified 2D FDTD model 

consisting of a single vertical slab cross section along an arbitrary crystal direction. 

Although this simplification does not correspond to the structure of a 2D photonic crystal 

slab anymore, it allows drawing adequate conclusions about the influence of the hole’s tilt 

angle. The corresponding model with realistic values of the sidewall hole tilt as estimated 

using SEM as well as the results of the corresponding simulation are shown in 

figure 4.1-10 (a).  

The influence of the horizontal shape distortion was estimated again using a strongly 

simplified model of a periodic module of a 2D photonic crystal as depicted in the inset in 

figure 4.1-10 (b). In this model, distorted holes were modeled as holes elongated along 



66 4.1 Photonic band gaps of hexagonal and cubic lattice  

arbitrary directions by an offset parameter δ. In order to keep the mean hole size constant, 

the offset was alternatingly added or subtracted. In this way, a somewhat randomly 

distributed disorder characterized by a single parameter δ could be incorporated in the 

model.     

  
(a) (b) 

Figure 4.1-10 – (a) Simulation of the influence of the hole’s sidewall tilt on transmitted spectra using a model 
consisting of a cross-section through the photonic crystal slab; only a week influence can be observed even at 
large values of 20 degrees (exceeding the worst observed values by a factor of more than 2); (b) simulation of 
the influence of the horizontal hole’s shape disorder using a model of a 2D photonic crystal with incorporated 
disorder in form of holes widened along random directions by a parameter δ; strong disorder (in the range of 
the half hole diameter) shows significant influence; 

As illustrated in figure 4.1-10, the hole’s sidewall tilt may have some influence, however 

with realistic values of up to 10 degrees, this influence seems to remain rather low. On the 

other hand, the horizontal shape disorder shows significant influence on the attenuation 

strength (the additionally occurring small gaps for δ/r > 0.5 are more likely to result from 

the model implementation of the disorder). It should be stated at this point, however, that the 

presented model only serves as a qualitative indication of the influence strength and for its 

simplicity does not allow any quantitative conclusions regarding the horizontal hole size 

inhomogeneity with respect to the real measured samples.  

By taking into account the dimensional ranges of various lithography defects as estimated 

using SEM measurements and by incorporating these into appropriate FDTD simulation 

models, it is the shape distortion seeming to have the most significant impact on the band 

gap attenuation strength. With the estimated standard fabrication process related deviation of 

the hole diameter lies around 10 nm and a typical sidewall tilt angle does not exceed some 

7 Deg., these structural defects do not seem to have a significant impact. 

In order to investigate the influence of the material’s absorption on the band gap attenuation, 

an FDTD model including a 2D photonic crystal with a varying number of periods and lossy 
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material was used. Since the influence of the surface roughness is very difficult to 

incorporate into the simulation, this model may also be used to give some hints about the 

influence of the roughness in real samples. The simplest implementation of absorption is 

that using a complex index of refraction. Although strongly simplified (since the absorption 

effects in the real case will be wavelength dependent), the conclusions, which can be drawn 

from such model, should be sufficient. The results of some selected FDTD simulations 

incorporating the complex refraction index are shown in figure 4.1-11.   

  
(a) (b) 

Figure 4.1-11 – (a) calculated transmission through N = 10 periods of a 2D photonic crystal with complex 
refractive index nɶ  = n + iα causing absorption effects leading to a dramatic decrease of the attenuation strength 
and simultaneously to a ‘smearing’ effect close to the band gap edges; (b) maximal attenuation within the band 
gap for a varying number of periods plotted along the imaginary part of the refractive index;   

By incorporating a constant imaginary part of the refractive index α, the attenuation, strength 

drops significantly. This can be explained by the evanescent propagation nature of waves 

with frequencies from the band gap. From the same point of argumentation, it is clear, that 

this behavior becomes more pronounced for a larger number of periods, as indicated in 

figure 4.1-11 (b). Another remarkable effect when examining figure 4.1-11 (a) is the 

broadening of the band gap edges. The slow group velocity of the modes close to the band 

edges causes this effect. Their quasi standing wave nature results in an intense light-matter 

interaction causing losses due to the present absorption coefficient. Comparing this to results 

in figure 4.1-7, the absorption and surface roughness thus seem to be the most probable 

source of the disagreement and reducing them is thus the key to increase the band gap 

attenuation strength. While the roughness is directly related to the fabrication process, the 

most probable sources of absorption is the nanoscopic material inhomogeneity of silicon 

nitride caused by small inclusions of silicon in the nitride matrix.  
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One of the very powerful properties of photonic crystals is the possibility to engineer the 

band gap by changing the geometrical parameters of the structure. Figure 4.1-12 shows the 

result of such a variation for square lattice type photonic crystals with a varying r/a ratio, 

fixed lattice constant of a = 275 nm, and a fixed slab thickness of t = 200 nm. 

  
(a) (b) 

Figure 4.1-12 – Measured transmission spectra (TE-like polarization) of square lattice type photonic crystals 
with N = 20 periods along the ГM (a) and ГX (b) direction for a varying r/a ratio, a fixed lattice period of 
a = 275 nm, and a fixed slab thickness of t = 200 nm; the blue shift of the band gap with an increasing r/a ratio 
is clearly visible; 

A clear blue shift can be observed with an increasing r/a ratio. This can be easily understood 

by the fact of reducing the effective index of the structure (more air, less dielectric), pushing 

up the frequency of the band edges. By varying the r/a ratio from roughly 0.23 to 0.43, the 

ГX band gap can thus cover a region of more than 250 nm in width. 

Corresponding spectra for the hexagonal lattice are shown in figure 4.1-13. 

  
(a)  (b) 

Figure 4.1-13 – Measured transmission spectra (TE-like polarization) of hexagonal lattice type photonic 
crystals with N = 30 periods along the ГK (a) and the ГM (b) direction for a varying r/a ratio, a fixed lattice 
period of a = 300 nm, and a slab thickness of t = 270 nm; apart from the blue shift caused by the increasing r/a 
ratio, increased losses for frequencies above the band gap can be observed; 

As in the previous case of the square lattice, increasing the r/a ratio leads to an increase of 

the frequency of the band edges, shifting the band gap towards the blue part of the visible 

spectrum. Remarkable are the relatively large losses for wavelengths below the band gap, 
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especially for the large r/a ratios. The high level of losses is believed to arise from the large 

number of periods (N = 30 in figure 4.1-13) combined with probably less optimal fabrication 

of the particular sample. Besides that, a decrease of the slab’s effective refractive index as a 

result of an increased r/a ratio increases the mode mismatch between the patterned and non-

patterned waveguide, increasing thus the radiation losses at the crystal/waveguide boundary.  

An extremely useful tool when designing 2D photonic crystals are the so-called band gap 

maps. These maps give an overview over the band gap edges and their widths, typically 

plotted versus the r/a ratio as one of the key geometry parameters. In the case of photonic 

crystal slabs, an additional parameter containing the thickness information, given typically 

as the t/a ratio, is needed. Such a band gap map for a fixed values of the slab thickness and 

that of the lattice period is shown in figure 4.1-14 for both the hexagonal and the square 

lattice.  

  
(a) (b) 

Figure 4.1-14 – Photonic band gap maps as measured for the TE-like polarization for the square lattice type (a) 
and for the hexagonal lattice type (b) photonic crystals in Si3N4 for a fixed lattice constant of a = 270 nm (a) 
and a = 300 nm (b) and exemplary t/a ratios of t/a = 0.74 (a) and t/a = 0.9 (b); shown are the band gaps 
observed along the characteristic crystal symmetry directions; for the square lattice (a), there is no overlap of 
the band gaps along the ГX and ГM direction; for the hexagonal lattice (b), a band gap overlap (hatched 
region) is observed for the entire range of investigated r/a ratios, indicating the full band gap; 

The graphs show the edges of the band gaps as estimated from the transmission spectra for 

discrete values of the parameter r/a. In order to better visualize the band gaps along the 

directions of the crystal symmetry, the points are fitted with polynomial curves. Since the 

band gap edges appear in the transmission as rather smooth transitions from high 

transparency to high attenuation, a clear edge position cannot be identified. The error bars 

reflect this fact by presenting the possible error estimation by the identification of the band 

gap edge. Especially in the case of the hexagonal lattice type photonic crystal with a low 

r/a ratio, the band edges are not easily recognizable as can be seen, e.g., in figure 4.1-14 (b), 

resulting in large possible errors.  
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As expected, since the square lattice type photonic crystal possesses no full band gap, the 

band edges corresponding to the ГX and ГM directions do not overlap, other than in the case 

of the hexagonal lattice type. There, the band gap width increases with the increasing r/a 

ratio, which can be explained due to the stronger refractive index modulation. 

As stated before, the second important geometry parameter is the slab thickness. To 

investigate its influence on the band gap width and the band gap position, hexagonal lattice 

type photonic crystals with a constant lattice parameter of a = 300 nm, different values of 

the r/a parameter, and varying thicknesses were fabricated and investigated. The hexagonal 

lattice was selected due to the presence of the full band gap, making it generally more 

interesting for potential applications. Three samples with thicknesses of 150 nm, 200 nm and 

270 nm and r/a values varying between 0.18 and 0.35 were fabricated and investigated. The 

estimated band gap edges served to estimate the mid-gap frequency and the full band gap 

width. The estimated values were plotted in dimensionless units of a/λ versus the r/a ratio 

and the slab thickness. Finally, the experimental data were compared with the results from 

the band structure calculation done using the PWE method. The PWE method was selected 

for its fastness and for an easy identification of the band edges, eliminating thus the 

additional possible errors if estimating the band gap edges from FDTD simulations. Both 

experimental and theoretical data are plotted in figure 4.1-15.  

  
(a) (b) 

Figure 4.1-15 – Experimentally obtained band gap maps (TE-like polarization) of hexagonal lattice type Si3N4 
photonic crystal slabs of various thicknesses and varying r/a ratios; (a) mid-gap frequency given in 
dimensionless units of a/λ; (b) gap width related to the mid-gap frequency; in both cases experimental data 
(dots) are compared to theoretical values calculated using the PWE method (lines); very good agreement can 
be observed for the mid-gap frequency (a), less good agreement for the band gap width in (b); the origin of this 
discrepancy is discussed in more detail in the text;  

Excellent agreement can be found in figure 4.1-15 (a) with respect to the mid gap frequency. 

The mid-gap frequency increases with an increasing r/a ratio and decreases with an 

increasing slab thickness. This can be easily understood if compared with a usual film 
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dielectric waveguide. With a decreasing core thickness, the modes are shifted up in their 

frequency by the effect of lowering their effective refractive index.  

Examining figure 4.1-15 (a) closely, a clear tendency of slightly lower experimental mid-

gap frequencies is observed when compared with the theoretical prediction. This can be 

explained by the measurement uncertainty of the slab thickness. The estimation of the slab 

thickness was done using a tilted SEM image, resulting in a large potential error. The 

observed discrepancy may indicate a systematic underestimation of the slab thickness. 

When comparing the gap width with theoretical predictions as in figure 4.1-15 (b), a less 

good agreement is observed, although a qualitative agreement seems to exist too. The 

measured gap widths seem to be larger than the theoretically expected values. The 

explanation for this behavior can be found in figure 4.1-11 and is believed to be related to 

the absorption and scattering effects leading to a significant broadening of the gap edges. 

The relative error becomes larger for smaller r/a ratios, because of an overall decreasing 

maximal attenuation strength.  

 

Summarizing the results achieved so far, photonic band gaps in the visible spectral range 

could be successfully experimentally proven for the 2D silicon nitride based photonic 

crystals of both the square and the hexagonal lattice. Both crystal lattices exhibit significant 

attenuation bands in their transmission characteristics, thus indicating the theoretically 

predicted band gap structure. For the hexagonal lattice, these bands overlap for the TE-like 

polarization, indicating the full band gap nature, while in the case of the square lattice, these 

bands do not overlap. The measured data fitted fairly well with both FDTD and PWE 

simulations, leading to the conclusion that the fabrication process is delivering high quality 

and well defined structures. This could also be proven by comparing the experimental 

results obtained for the hexagonal lattice with the results of other groups. 

By conducting a series of experiments, the main geometrical parameters of the hexagonal 

lattice, namely the r/a ratio and the slab thickness t, were varied in order to obtain band gap 

maps by extracting the band gap center frequency and the band gap width as a function of 

the r/a ratio and of the slab thickness t. These data were also found to be in a good 

agreement with the results of the simulation. To the knowledge of the author, so far, no such 

data were presented up to date for silicon nitride photonic crystals in the visible spectral 

range.     
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4.2. Line defect based photonic crystal filters 

After exploring some of the fundamental optical properties of the bulk samples, two types of 

photonic crystal based devices shall be introduced. The first one is a photonic crystal based 

filter. The main idea of the device is to remove a row of holes perpendicular to the k-vector 

of light propagation. Ideally, this line defect enables the existence of a discrete mode within 

the band gap of the bulk photonic crystal. By designing the entire device properly, this 

discrete mode can be used for evanescent coupling through the bulk and so a narrow 

transmission peak arises within the band gap. The situation is illustrated in figure 4.2-1.  

 

  

(a) (b) (c) 

Figure 4.2-1 – Photonic crystal filter using an incorporated line defect; (a) the schematic of the device with one 
removed row of holes perpendicular to the light propagation and the mode profile for the transmission 
frequency; (b) calculated photonic band structure for wave vectors perpendicular to the line defect showing the 
continuum of the crystal bulk modes and one single defect mode within the band gap; (c) corresponding 
transmission spectra calculated for an ideal 2D hexagonal photonic crystal device consisting of N = 9 periods 
of holes with a lattice period of a = 250 nm and the r to a ratio of r/a = 0.3 where the middle row of holes was 
removed; the transmission peak appears around 650 nm; 

As illustrated in figure 4.2-1 (b), the defect mode has no dispersion for k-vectors 

perpendicular to the removed row of rods. The zero group velocity indicates the standing 

wave and so the non-propagating nature of the mode. This behavior is further underlined by 

the fact of a strong mode confinement (figure 4.2-1 (a)). The theoretical transmission is 

illustrated in figure 4.2-1 (c), representing an ideal 2D lossless case. In such a case, the 

transmission at the resonant frequency through such a cavity is 100% and the transmission 

width is only a function of the Q-factor of the cavity [105]. In a real 3D case, additional 

radiation losses leading to the decrease of the transmission and eventually to the broadening 

of the peak will occur. By proper defect engineering, however, both the high transmission as 

well as a narrow peak line can be achieved.  
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(a) (b) (c) 

Figure 4.2-2 – Photonic crystal line defect filter created by removing one row of holes; (a) schematics of the 
crystal defect without any further geometry variation; (b) schematics of the crystal defect with an additional 
variation of the surrounding holes by reducing the radius of the closest holes to the value of r, by shifting the 
row of these smaller holes out of the defect region by the value of HS (hole shift) and by pushing the two 
halves of the entire photonic crystal together by the value of S (offset); (c) example of the influence of the r 
parameter on the transmission characteristics (FDTD simulation) of a device as depicted in (b) with 
a = 300 nm, R/a = 0.315 and t = 200 nm; significant influence on the position and the transmission is clearly 
observed;  

In order to optimize the filter’s performance, the geometry of the defect and that of the 

defect’s surroundings were varied according to figure 4.2-2 (b). Besides removing just one 

row of holes (figure 4.2-2-(a)), the adjacent holes were reduced in the diameter (r < R) and 

shifted out of the defect by the value of the parameter HS (‘hole shift’). Further, the two 

halves of the photonic crystal structure (right and left with respect to the line defect) were 

pushed together by introducing an offset S. A useful combination of all three parameters (r, 

HS and S) enables both to increase the Q-factor (and so to produce a narrow peak) and to 

tune the transmission frequency as shall be shown later in this chapter.  

In order to evaluate the performance of the devices with different defect geometry, 

3D FDTD simulations were used in addition to experimental measurements. The FDTD 

simulation enables to extract the expected position of the transmission peak, the peak height 

as well as the peak width. Exemplary results of such simulations are shown in figure 4.2-2 

(c) for the variation of the small hole radius r. The decrease of r leads to the enlargement of 

the modal volume and so to the red shift of the peak frequency. The value of r also has a 

small impact on the Q-factor and thus influences the peak width as well as the peak height. 

For a more thorough discussion of the simulation results see later parts of this section.     
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In order to experimentally proof the theoretically expected and simulated results, samples 

with selected geometrical combinations were fabricated and investigated. The initial sample 

geometry setup is shown in figure 4.2-3. 

   
(a) (b) (c) 

Figure 4.2-3 – Experimental arrangement for the characterization of line defect based photonic crystal filters; 
(a) SEM micrographs of the waveguide structure used both as a reference path and as a carrier of the filter 
structure; (b) an example of a photonic crystal with no defect serving as a reference structure; (c) an example 
of a photonic crystal filter structure;  

The sample setup was fairly similar to the one used for the investigation of bulk photonic 

crystal transmission spectra. The main difference was the use of a narrower waveguide in 

order to reduce the number of lateral waveguide modes and the use of a second type of a 

reference sample. While a pure waveguide was sufficient as a reference sample for the 

investigation of bulk photonic crystals, an additional reference sample in the form of a plain 

photonic crystal without any defect was used in this case. In this way, both the absolute 

transmission as well as the signal enhancement at the peak frequency with respect to the 

bulk photonic crystal can be extracted from the collected spectra. 

One of the first experiments included the variation of the radius of the first adjacent hole 

row (parameter r according to figure 4.2-2). The geometrical parameters of the surrounding 

lattice were selected with respect to the results achieved in chapter 4.1. The fabricated 

samples were of the hexagonal lattice type with the lattice constant of a = 300 nm, the slab 

thickness of t = 270 nm and the R to a ratio of R/a = 0.358. The radius of the defect hole r 

varied from the full size of R to roughly 50 nm. The SEM micrographs of the fabricated 

structures are depicted in figure 4.2-4. The bright rings observed around the etched holes 

originate in the yet non optimized RIE process, since the samples were fabricated prior to 

the RIE step optimization with respect to the hole’s sidewall tilt (see chapter 3.2.3). This 

effect becomes best visible for the smallest value of r.  
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(a) (b) 

  
(c) (d) 

Figure 4.2-4 – SEM micrographs of fabricated samples of line defect based photonic crystal filters; the samples 
consist always of 3 intact hole rows adjacent to the defect on both sides with an R/a ratio of R/a = 0.358, a 
lattice period of a = 300 nm, and a slab thickness of t = 270 nm; the radius of the holes next to the defect is 
altered and varies from the full value of R (a) to the smallest value of 50 nm (d); the defect hole radii of the 
sample (b) and (c) are 85 nm and 70 nm, respectively;  

Despite of the hole’s sidewall tilt, the estimated transmission spectra show nice evidence of 

peaks within the band gap region as illustrated in figure 4.2-5 (a), however the peak position 

and the peak height do not correspond to the values obtained from FDTD simulations (as 

illustrated in figure 4.2-5 (b) for the defect with r = 50 nm).  

  

(a) (b) 

Figure 4.2-5 – Measured absolute transmission of the samples from figure 4.2-4; (a) transmission spectra 
obtained by referencing the sample spectra to the spectra of a plain waveguide as shown in the upper part of 
figure 4.2-3 (a); the resonant peak of sample (1) is hardly visible, resonant peaks of samples (2) and (3) are 
clearly visible at around 692 nm and 710 nm respectively; sample (4) shows two resonance peaks at 731 nm 
and 628 nm; (b) comparison of the experimentally obtained transmission and FDTD calculation for sample (4) 
showing only very limited quantitative agreement; 
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With a decreasing value of r, the transmission peak shifts towards the red edge of the band 

gap as indicated in figure 4.2-5 (a). This can be explained by the increase of the mode 

volume as will be addressed later in this chapter. Obviously, the value of r also has a 

significant impact on the peak transmission. The direct comparison with FDTD simulations, 

however, reveals a significant disagreement. The explanation of this could be found by 

taking into account the multimodal nature of the incoming wave. In the FDTD simulation in 

figure 4.2-5 (b), only the fundamental mode of the waveguide is present in the launched 

field. However, since the waveguide is of several microns width, there may be more lateral 

modes entering the photonic crystal simultaneously. Although no multimode nature should 

be expected directly at the cleaved edge of the wafer, due to the present roughness (on both 

the cleaved side and the waveguide edge itself), a high probability exists that higher order 

modes will be excited over the propagation length of several millimeters (from the cleaved 

edge to the photonic crystal). In order to check this assumption, a modified simulation 

model was set up, including the multimodal excitation by launching simultaneously up to 10 

lateral waveguide modes with randomly distributed phases and evenly distributed power. 

Although this model cannot exactly represent the real situation in the sample (no exact 

information about the mode distribution is available and additionally, due to its random 

character, the mode distribution surely varies from sample to sample), it still may help to 

explain the discrepancy from figure 4.2-5 (b). Using this approach and taking the data of 

sample (4), launching the first 5 lateral modes resulted in a fairly good agreement between 

the simulation and experimental data as illustrated in figure 4.2-6 (a).  

  
(a) (b) 

Figure 4.2-6 –  Influence of the multimodal excitation on the calculated transmission spectra; (a) comparison of 
the experimentally measured transmission spectra (solid line) with an FDTD simulation using a single mode 
(SM) and multimode (MM) excitation for the sample with r/R = 0.47 showing a good agreement for the MM 
excitation; the reference signal is the transmission through the plain photonic crystal with no introduced defect 
as depicted in figure 4.2-3 (b); the MM excitation occurs using the first 5 lateral modes of the waveguide (see 
details in text); (b) applying this excitation technique to all the remaining samples indicates better agreement 
than in figure 4.2-5; 
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For reasons of better comparison between the experiment and simulation, the signal of the 

plain photonic crystal (that with no introduced defect) was taken for the reference signal in 

figure 4.2-6 (a). The resulting signal corresponds to the signal enhancement due to the 

incorporated line defect and can be better compared with the simulated data when plotted in 

a logarithmic scale. Obviously, the described multimode approach results in a much better 

agreement between simulation and experiment compared to the single mode approach (see 

figure 4.2-6 (b)).  

Despite the better agreement between simulation and experiment using the multimodal 

simulation approach, the discrepancy still remained present and the overall filter 

performance turned to be rather poor. In order to be able to fully investigate the true nature 

of the filter behavior, single mode operation was needed, requiring a different experimental 

approach. The main task was to experimentally achieve a single mode excitation while 

maintaining the entire hardware setup and the basic sample geometry. The problem could be 

solved by using a specially designed mode converter structure positioned in front of the 

photonic crystal sample as indicated in figure 4.2-7.  

  
(a) (b) 

Figure 4.2-7 –  A modified experimental arrangement using a mode converter in order to provide lateral single 
mode excitation of the investigated sample; (a) SEM micrograph of the entire structure consisting of a wide in-
coming waveguide ending with a taper merging into a section of a very narrow waveguide bend connected to 
yet another waveguide taper on the sample side; the entire mode converter structure is free standing as 
indicated in the zoom-in (b); the cross section of the waveguide bend is only 200 x 200 nm resulting in its 
single mode behavior for wavelengths above 550 nm; the wide endings of the waveguides are necessary in 
order to provide mechanical stability by supporting the converter on the remaining SiO2 structure;  

The idea of the structure described above is the following. The initial width of the 

waveguide at the cleaved wafer edge is 10 µm and gradually decreases to a value of roughly 

2.7 µm as depicted in figure 4.2-7 (a) upper left. Due to the relatively long path (5 mm or so) 

and the presence of roughness as well as edge defects as discussed above, it is to be 
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expected that at this point, that there will be more lateral waveguide modes entering the 

mode converter simultaneously. In order to prevent the higher order modes from entering 

the sample, a short piece of a narrow waveguide bend is incorporated. This waveguide bend 

is the actual mode converter structure since due to its small cross section of only 200 x 200 

nm, it allows the existence of only the fundamental mode for wavelengths above 550 nm. If 

higher order modes are present, they will be strongly attenuated. In order to sustain the 

mechanical stability of the structure (after the HF step, the entire structure forms a free 

standing membrane – see chapter 3.2.1), the overall length of the converter needs to be 

limited and both ends have to be supported by wider waveguides where the width is 

sufficient to leave some SiO2 in the middle (see figure 3.2-3 (b) on page 45 as a nice 

illustration for this). This is the reason why the mode converter is embedded in the 

waveguide structure using only relatively short waveguide tapers. In order to prevent 

coupling of the higher order modes back into the waveguide, a 90-degree bend with a radius 

of roughly 4.3 µm was incorporated. The concrete design of the taper and that of the 

waveguide bend was a result of a number of simulations and fabrication tests. 

Using this setup, the sample to be investigated can be embedded in the wide portion of the 

outgoing waveguide and will ideally only be excited by the fundamental mode. In order to 

check this, a new set of samples was fabricated using the mode converter structure as shown 

in figure 4.2-7. SEM micrographs of two exemplary samples as well as the measured 

transmission spectra compared to simulations using the fundamental mode only are shown 

in figure 4.2-8. Shown are samples with r/R = 0.77 and with different values of the hole 

shift (HS) and that of the offset parameter (S). In both cases, resonant transmission peaks can 

be identified corresponding to the localized defect modes of the photonic crystal. Very good 

agreement can be found by comparing the experimental data with the results of the FDTD 

simulation. Excellent agreement exists regarding the position of the peak. The slight 

mismatch in the peak’s height and the peak’s width results from the limited frequency 

resolution of the simulation model. 
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(a) (b) 

Figure 4.2-8 – Measured transmission signals through photonic crystal filters excited dominantly by the 
fundamental waveguide mode; (a)  SEM micrograph of a sample with a radius of R = 110 nm, r to R ratio of 
r/R = 0.77, and an offset of the two halves of S = 50 nm; the corresponding transmission spectrum shows the 
resonant transmission peak arising at 623 nm; (b) an SEM micrograph of a sample with a radius of R = 110 
nm, r to R ratio of r/R = 0.77, and with all small defect holes shifted away from the defect area by the value of 
the hole shift parameter of HS = 28 nm; the corresponding transmission spectrum shows the resonant 
transmission peak arising at 682 nm; in both cases (a) and (b), hexagonal photonic crystal lattice with the 
lattice period of a = 300 nm and the slab thickness of t = 200 nm was used; the comparison with FDTD 
simulations reveals an excellent agreement; 

Two conclusions can be drawn from figure 4.2-8. First, the assumption that a multi-modal 

field excitation smears and lowers the transmission peak seems to be proven. Second, the 

mode converter structure seems to fulfill its purpose of mode seeding very well. 

Having proven the working principle of the mode converter and prior to continue with 

further experiments, an extensive FDTD simulation study was conducted in order to better 

understand the behavior of the device and in order to find geometrical parameters resulting 

in an improved device performance. The varied parameters included the radius r of the first 

hole row adjacent to the defect, the hole shift parameter HS, and the offset parameter S as 

introduced earlier in figure 4.2-2. For the purpose of the study, the lattice period and the slab 

thickness were kept constant at the values of a = 300 nm and t = 200 nm, respectively. The 

value of the R/a ratio was set to R/a = 0.3. With respect to the manufacturing 



80 4.2 Line defect based photonic crystal filters  

possibilities (minimal hole size and minimal wall thickness), parameters r, HS and S were 

varied according to the following table: 

   

 

 

Parameter r/R HS (nm) S (nm)  

Min. value 0.6 0 0  

Max. value 1.0 75 180  
 

 

Table 4.2-1. Overview over the investigated geometrical parameters for the 
FDTD simulation; the schematics of the photonic crystal line defect filter from 
Figure 4.2-2 is attached for illustration purposes; 

It should be emphasized at this point that it was not the intention of this work to find the 

geometrical parameters delivering the absolute best performance of the device. It was much 

more the intent to understand the principal behavior by conducting a limited number of 

simulations to later realize and investigate some interesting geometric configurations 

experimentally.  

In the first simulation run, the parameters r and HS were varied independently. The results 

of calculations for r were already presented in figure 4.2-2 (c), the influence of HS is shown 

in figure 4.2-9 (a). In both cases, the change of the parameter influences the modal volume 

since it changes the dielectric distribution along the line defect. Decreasing r or increasing 

HS leads to a local increase of the dielectric function within the spatial range of the 

resonance mode and thus to a red shift of the transmission peak frequency. Apart from the 

frequency shift, an improvement in the peak transmission can be observed to some extent. 

Despite this improvement, however, the transmission values do not exceed 50 % for any of 

the considered parameter values. Even a combination of the best results of r and HS 

variation does not improve the performance much further as indicated in figure 4.2-9 (b).  

  
(a) (b) 

Figure 4.2-9 – (a) FDTD simulation results showing the influence of the hole shift HS on the transmission 
characteristics of the filter device; increasing the hole shift initially leads to some improvement in the 
transmission before the transmission drops for hole shift values of HS > 50 nm; (b) FDTD simulation results 
showing that even a combined introduction of the hole shift HS and hole radius r does not improve the 
performance much further;  
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In order to better understand the behavior of the filter as indicated in the simulations, a 

simple model based on the coupled mode theory [105] may provide better insights into the 

nature of the transmission process. Using this theory, the photonic crystal filter may be 

described as a waveguide coupled cavity according to figure 4.2-10. 
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Figure 4.2-10 – Coupled mode theory approach to describe the transmission mechanisms in the photonic 
crystal based line defect filter where the line defect acts like a coupled cavity; the signal is partially transmitted 
and partially radiated away from the cavity; for ideal case (QR → ∞), the influence of the radiated power 
disappears and the transmission characteristics becomes a form of a Lorentzian filter with T = 1 for ω = ω0; 

Taking the relation for Q and for T, it can be proven easily that 1 2 RT Q Q= −  and thus 

increasing QR is one way to increase the waveguide transmission. The question remains how 

to increase the value of QR. Some general rules can be drawn by evaluating the form for the 

far field radiation ( )rE r  caused by the disturbance ε∆  on the place of the cavity. 

( ) ( ) ( ) ( ),r G ε
′

′ ′ ′= ∆∫
r

E r r r E r r   (4.2-1) 

where ( ),G ′r r  is the Green function and ( )′E r  is the field in the cavity.  Evaluating 

equation (4.2-1), to decrease the amount of the radiation field, stretching the field out of the 

cavity and decreasing the gradient of the dielectric function should increase QR and thus 

improve the waveguide transmission. Although strongly simplified, this semi-analytical 

approach explains the simulation results surprisingly well as illustrated in figure 4.2-11 by 

showing the calculated field distribution for the resonance frequency for two different defect 

geometries. By reducing the radius of the adjacent defect hole (parameter r) and by shifting 

the first hole row out of the defect (parameter HS), the resonant factor QR improves 

significantly, increasing simultaneously the value of the filter transmission, thus being in 

perfect compliance with (4.2-1). 
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r/R = 1.0, HS = 0 r/R = 0.6, HS = 50 nm 

  
T ~ 10 %, QR ~ 80;  T ~ 50 %, QR ~ 190;  

(a) (b) 

Figure 4.2-11 – Calculated normalized magnetic field distribution (calculated for the resonance frequency) in 
the middle horizontal plane (z = 0) of two filter structures differing by the defect surrounding geometry; (a) 
removal of one row of holes without any further geometrical variation (r = R, HS = 0) resulting in a high field 
concentration within the defect as well as in a strong dielectric modulation towards the bulk crystal leading to 
low values of Qr and thus resulting in low transmission; (b) reducing the radius of the holes in the first defect’s 
adjacent row to r < R and introducing a hole shift HS lowers the field amplitude and stretches the field towards 
the bulk crystal as well as smoothens the dielectric function transition leading to the increase of Qr and thus to 
the increase of T; 

Taking these results into account, introducing the offset parameter S (see figure 4.2-2 or 

table 4.2-1) should have a significant impact on the transmission. 

By varying the value of S from 0 to 180 nm for a fixed value of r = 0.7R (this value was 

selected since the fabrication of r = 0.6R would be very challenging), this assumption could 

be confirmed as illustrated in figure 4.2-12.  

 

 

(a) (b) 

Figure 4.2-12 – Simulation results illustrating the influence of the offset parameter S on the peak wavelength 
and peak transmission; (a) peak transmission values plotted versus the wavelength and the value of S with three 
characteristic spectra displayed fully (solid lines); three groups of peaks can be identified  (see details in text); 
(b) peak heights plotted over the wavelength range for all three groups of peaks; 

As shown in figure 4.2-12, the offset is a very powerful parameter having a significant 

impact on the position of the transmission peak, on the peak height and the peak width. 

Obviously, three groups of transmission peaks appear in the calculated spectra in 

figure 4.2-12 (a), indicating three different defect modes. Starting at small values of the 
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offset parameter S, the mode profile should be similar to the one depicted in 

figure 4.2-11 (a) and thus increasing the offset only leads to slight changes in the mode 

volume, causing the blue shift of the peak. At the same time (starting already at S = 0), a 

second transmission peak appears in the spectra (group 2 – empty circles) with its frequency 

shifted towards the red. Apart from the red shift, this peak also exhibits much higher peak 

transmission values compared to peaks from group 1. For even larger values of the offset 

(S ≥ 120 nm) yet another group of peaks appears (group 3, empty squares), again red shifted 

with respect to group 2 and again with relatively large values of the peak transmission.  

The existence of three groups and the observed systematic red shift between them indicate 

their different nature. The explanation of this behavior can be found by examining the mode 

profiles and the QR values as done in figure 4.2-13 for representative examples of each 

group. 

 r/R = 0.7, S = 0 r/R = 0.7, S = 80 nm r/R = 0.7, S = 160 nm 

    
 T ~ 30 %, QR ~ 170 T ~ 80 %, QR ~ 280 T ~ 75 %, QR ~ 108 

 (a) (b) (c) 

Figure 4.2-13 – Calculated normalized magnetic field distribution (calculated for the resonance frequency) in 
the middle horizontal plane (z = 0) illustrating the different nature of the modes for groups 1 to 3 from the 
figure 4.2-12; (a) monopole profile typical for group 1 for small values of S; (b) dipole cavity mode for the 
values of S around 80 nm; (c) distorted monopole cavity profile for large values of the offset S;  

By examining the mode profiles in figure 4.2-13, the principal differences in the 

transmission behavior become clear. The high transmission values from group 2 can be 

explained by the dipole cavity mode nature of the resonance mode, which significantly 

lowers the integral contribution of ( )′E r  in (4.2-1). The opposite situation occurs for large 

offset values (group 3) where the small distance between the holes results in large fields. 

Despite that, the transmission values of group 3 peaks are large. However, this can be 

explained by the vicinity to the band gap edge and by the low perturbation of the photonic 

crystal by a practically missing defect. The mode profiles also nicely explain the jumps in 

the peak position when increasing the offset S. Starting with the monopole cavity mode 

fitting nicely in the area of the defect, by shifting the holes together, initially, the modal 

volume decreases and so a blue shift occurs (group 1). With a decreasing dielectric 

perturbation an additional mode from the bulk is pulled into the band gap. In order to stay 
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orthogonal to the previous mode, the new mode possesses an odd symmetry, being very 

advantageous for the field distribution with respect to the value of QR. The odd symmetry is 

accompanied with the increase of the modal volume, explaining thus the observed red shift. 

For larger values of the offset (approximately for S > 120 nm), the distance between the 

holes becomes small enough to support a monopole-like field profile again.   

In order to confirm the simulation results experimentally, samples with selected geometry 

combinations were fabricated and investigated. Table 4.2-2 gives an overview over the 

geometrical parameters of the fabricated samples as estimated using SEM. 
  

 Parameter a (nm) R/a r/R HS (nm) S (nm) t (nm) 

 Range 300 0.315 0.71 – 0.79 0 – 53 103 – 156 200 
 

Table 4.2-2. Overview over the geometrical parameters of experimentally investigated 
photonic crystal filter structures; the schematics of the photonic crystal line defect 
filter from figure 4.2-2 is attached for illustration purposes; 

In order to be able to compare the experimental measurements with the simulation data 

quantitatively, the peak position, the peak height, and the peak width (FWHM) were 

extracted from both the measured and calculated spectra and compared with each other as a 

combined product defined as follows 

 Re s
Max Max TransP T T Q

FWHM

ν
= =   (4.2-2) 

where P can be interpreted as a performance factor of the filter, TMax is the peak transmission 

and νRes is the resonance frequency. Using this definition, νRes / FWHM can be understood as 

a kind of a transmission Q-factor QTrans. This, however, is not the same QR as introduced 

earlier, as this was calculated for an ideal cavity without any coupled waveguides. The 

definition of P according to (4.2-2) is very advantageous, since it combines the peak 

transmission value and its line width with the peak frequency position. Obviously, P grows 

with the increasing transmission and increasing QTrans. 

Comparing the experimentally obtained values of the product P as defined in (4.2-2) with 

the values predicted by the simulation reveals a good match between experiment and 

simulation as indicated in figure 4.2-14 for two different groups of samples with 

r/R = 0.791 (a) and r/R = 0.710 (b). 
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(a) (b) 

Figure 4.2-14 – Comparison of the experimentally obtained P product (circles and squares) of the investigated 
photonic crystal filter structures with results obtained from the simulation (lines); (a) defect with r/R = 0.791; (b) 
defect with r/R = 0.710; in both cases, two different values of hole shift were used while the value of the offset 
varied from S = 100 nm to S = 160 nm; 

The best results could be achieved for samples with no hole shift and with the offset value 

around S = 100 nm. Hole shift becomes advantageous for larger offset values, which can be 

attributed to the fact that introducing a hole shift at large offset values helps to smoothen the 

dielectric transition from the bulk region to the defect region.  

Generally, the agreement between the experimental and simulation values in figure 4.2-14 

can be understood as good with respect to the fact, that P is a product of 3 key parameters, 

each of them possibly afflicted with individual errors.  

To underline the agreement from figure 4.2-14, selected spectra with high values of P were 

plotted in figure 4.2-15 (a) and (b). Figure 4.2-15 (c) shows additionally a selected spectrum 

showing the double peak resonance as already discussed previously in this section. As 

illustrated in figure 4.2-15, incorporating the offset into the geometry of the line defect 

increases the filter’s transmission dramatically to values of up to 90 % while the 

transmission within the band gap of the crystal remains smaller than 5 %. At the same time, 

the line width of the peaks remains below 3 nm, resulting in a remarkable performance, 

especially when keeping in mind the compact size of the filter of only roughly 3 x 3 µm. 

Examining figure 4.2-15 (a) in detail, one observes a very good agreement between the 

measured spectra and the simulated data. The simulated data fit the form of the peaks 

perfectly. The peak height turns slightly lower in the simulation, which is believed to be 

caused by the limited resolution of the simulation model. To further increase this resolution, 

however, excessive memory resources would be needed. 
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(a) (b) 

       

  Peak height  Peak width (nm)  

 Peak # Exp. Sim. Exp. Sim.  

 1 0.88 0.74 3.0 2.9  

 2 0.58 0.48 4.5 5.0  

 3 0.81 0.47 4.1 5.2  

 4 0.90 0.76 2.9 3.7  

       

(c) (d) 

Figure 4.2-15 – Comparison of measured spectra of photonic crystal based filters with results of FDTD 
simulations; (a) samples with r to R ratio of r/R = 0.791, an offset S of S = 103 nm, and varying values of the 
hole shift HS; excellent agreement can be observed in both cases; (b) spectra of samples with r/R = 0.710 and 
varying values of the offset S and of the hole shift HS show less good agreement, caused probably by SEM hole 
size measurement errors; (c) example of a double resonance spectrum showing a sample with r/R = 0.710 and 
values of the offset S and that of the hole shift HS set in such a way that two resonance peaks appear in the 
transmission spectrum simultaneously; 

In figure 4.2-15 (b), the agreement between the experiment and the simulation is less good. 

This is believed to have its origin in errors of the SEM measurement of the holes with radius 

r. Since the transmission spectrum is very sensitive to the value of r (see figure 4.2-2 (c)), 

even small errors in this value may contribute to large changes in the spectrum. At the same 

time, measuring that small hole size (only around 120 nm) with high precision is 

challenging. After performing a series of measurements, the value of r/R = 0.710 turned out 

to be the most reliable value. The mismatch between simulation and measurements, 

however, may suggest that the real size of the holes is larger.  

Finally, figure 4.2-15 (c) depicts an interesting case of the occurrence of two resonance 

peaks simultaneously as predicted by the previous simulation (see figure 4.2-12). 

Using the data in figure 4.2-15 (d) together with the peak position, Q-factors of the 

transmission lines can be calculated. The values of the Q-factors for the four peaks from 
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figure 4.2-15 (a) and (b) are given in table 4.2-2. As expected, the best Q-values can be 

found for the peak #1 and peak #4. 
    
 Peak # 1 2 3 4  

 λC (nm) 683 717 684 691  

 FWHM (nm) 3.0 4.5 4.1 2.9  

 QTrans 227 159 166 238  
       

Table 4.2-3. – Center peak wavelengths (λC) and peak widths (FWHM) extracted from the transmission lines of 
photonic crystal filters as shown in figure 4.2-15 (a) and (b) and used to calculate the values of filter’s quality 
factors (QTrans); 

The achieved results significantly outperform the values reported elsewhere. Regarding 

photonic crystal filters of the same type as discussed within this work, two papers were 

published in 2004 [106] and 2005 [107] presenting structures based on GaAs 

(n ~ 3.3 at 500 nm). In the earlier one, filter spectra with maximal transmission of only 5 % 

and maximal Q-values of 115 at the minimal transmission wavelength of 820 nm are 

presented. In the later one, the transmission could be improved to about 15 % while the Q-

factor rose up to 170. In [35], only one experimentally measured transmission spectrum of a 

polystyrene (n ~ 1.6 at 630 nm) based system is presented with a maximal transmission of 

85 % and a peak width of 2.5 nm at the wavelength of 550 nm resulting in a Q-factor value 

of 230. However, due to the low refractive index of the polymer, the band gap attenuation is 

only weak, resulting in more than 30 % transmission within the band gap, deteriorating thus 

the performance of the filter significantly.   

 

Concluding this section, photonic crystal line defect based filters for the visible range could 

be successfully fabricated and investigated. It turned out that single mode excitation is 

important in order to fully exploit the potential of these devices. For this purpose, a specially 

designed mode converter structure was implemented, allowing seeding the fundamental 

mode only. Using this converter, several examples of filters were investigated and the 

measurements showed very good qualitative and quantitative agreement between measured 

data and FDTD simulations. By varying the defect geometry, the filter response could be 

engineered with respect to the peak position, peak transmission, and peak width. The 

samples with the best performance showed peaks in the visible with transmissions as high as 

90 % and peak widths as small as 3 nm, resulting in Q-values of up to 238.   
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4.3. Characterization of L3 point defect cavities  

After investigating photonic crystal filters extensively, L3 photonic crystal cavities were 

investigated as a second type of a prototype device. The principal idea is very similar to the 

previous case where a row of holes was removed to create a discrete defect band within the 

band gap of the bulk photonic crystal. In the case of L3 cavities, instead, only three 

consecutive holes along the ГK direction are removed, creating thus a point-like lattice 

defect. Unlike in the case of the line defect, point defect modes are entirely localized within 

the region of the defect and thus appear as flat bands through the entire band structure (in 

case of a line defect, mode dispersion occurs for k-vectors along the defect direction). As 

already learned for the line defect, the geometry of the defect surrounding possesses a 

significant impact on the resonances and its appropriate changes can therefore increase the 

cavity performance. The design of the L3 cavity, as discussed later in this section, with its 

corresponding band structure showing the characteristic defect modes is depicted in 

figure 4.3-1. 

 

  

(a)  (b) 

Figure 4.3-1 – Photonic crystal L3 cavity as a model for the investigation; (a) geometry of a simple L3 cavity 
(upper sketch) created by omitting three holes along the ГK direction; slightly modified L3 cavity geometry 
created by altering the surrounding holes; the radius of the defect outside holes was reduced to a value of r1<R 
and the holes were sifted out of the defect by the value of the hole shift HS; further, the radius of the remaining 
8 holes around the defect was reduced to a value of r2 < R; (b) photonic band structure calculated for a 2D case 
with a = 275 nm, R/a = 0.263, r1/R = r2/R = 0.779, and HS = 50 nm showing 4 flat defect modes within the 
band gap region corresponding to 4 different cavity resonance modes; 

The design was derived from a simple L3 cavity by shifting the outside defect holes out of 

the defect as proposed in [62] for high refractive index materials. Additionally, the radii of 

the holes surrounding the defect were reduced. As indicated in figure 4.3-1 (b), there are 

four defect modes appearing within the band gap. These modes show no dispersion, 

indicating their zero group velocity arising from their standing wave nature. For the same 



4.3 Characterization of L3 point defect cavities 89 

reason, the mode profiles are spatially localized and strongly confined within the region of 

the cavity as indicated in figure 4.3-1 for all four cavity modes.  

  

  
Figure 4.3-2 – Calculated mode profiles of all four cavity resonance modes; the fundamental mode and the 
fourth mode are longitudinal cavity modes, the remaining two are horizontally polarized; strong confinement 
can be observed for all four modes; 

As stated in chapter 2.4.2, such cavities can be very useful for the creation of high-Q 

resonators for novel light sources such as high efficient single photon sources. For this 

purpose, typically, the cavity modes need to be identified and their Q-factors estimated. The 

commonly used method is to collect the spontaneous emission signal of emitters embedded 

in the cavity. Due to the Purcell enhancement, resonance peaks should appear, 

corresponding to the modes of the cavity. By measuring their widths, the Q-factors can be 

calculated. However, using this technique for silicon nitride cavities requires the use of 

external emitters since the silicon nitride itself does not exhibit any spontaneous emission. 

This possesses some drawbacks such as the problem of the spatial emitter alignment with 

respect to the cavity and the fact, that the cavity emission may be altered due to the presence 

of the emitters. This makes emitter free methods of cavity characterization very interesting. 

The proposed method relies on a transmission technique where the specific cavity modes get 

excited by placing the cavity in the vicinity of a W1 waveguide (referred to in figure 4.3-3  

as the ‘Design version #1’) or by directly incorporating the cavity into the W1 waveguide 

structure (‘Design version #2’). Such an arrangement is also very advantageous since it 

allows for a direct optical pumping of the cavity in case of a potential application.  
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The design of the samples was derived from the successful photonic filter arrangement and 

the already proven structure of the mode converter was implemented. A typical arrangement 

including the placement of the cavity is illustrated in figure 4.3-3.  

   
(a) (b) (c) 

Figure 4.3-3 – Experimental arrangement for the characterization of L3 point cavities; the same mode 
converter structure as for the investigation of photonic crystal filters was used in order to ensure a single mode 
excitation; the actual photonic crystal samples consisted of L3 cavities placed either in the vicinity (b) or 
directly embedded (c) within a W1 photonic crystal waveguide; for the reference structures, either a pure W1 
waveguide (upper SEM image in (b)) or the original region of the photonic crystal instead of the cavity (upper 
SEM image in (c)) were used; 

As depicted above, in order to find the evidence of cavity resonances, the cavities were 

placed either next to a straight portion of a W1 waveguide or directly incorporated into it 

and separated from the waveguide by one period of holes. In both cases, one expects 

evanescent coupling of certain cavity resonance modes into the cavity. In the first case this 

should be exhibited by characteristic drops in the spectrum, corresponding to the extraction 

of these modes from the waveguide spectrum into the cavity. In the second case resonance 

peaks should be observable. For the reference branches, photonic crystals with a plain W1 

waveguide as depicted in the upper part of figure 4.3-3 (b) or samples with the cavity region 

reassembling the bulk photonic crystal as illustrated in the upper part of figure 4.3-3 (c) 

were used.  

For both cases, representative samples were fabricated and experimentally investigated. 

Figure 4.3-4 shows the results achieved on a sample with the L3 cavity placed next to the 

W1 waveguide according to the lower SEM micrograph in figure 4.3-3 (b) with a lattice 

period of a = 270 nm, a slab thickness of t = 200 nm, the R to a ratio of R/a = 0.27, and the 

r1 to R and r2 to R ratios of r1/R = 0.850 and r2/R = 1.  
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(a) (b) 

Figure 4.3-4 – Transmission spectra of a sample with an embedded L3 cavity separated from the W1 waveguide 
by one period of holes; (a) experimentally measured spectra showing some evidence of resonant coupling at 
wavelengths around 640 nm; (b) corresponding simulation data showing some qualitative agreement; the 
experimental data exhibit strong Fabry-Pérot oscillations caused probably by partial reflections at 
discontinuities resulting from fabrication errors; 

As observed in figure 4.3-4, some evidence of resonance coupling exists, being in a good 

qualitative agreement with the FDTD simulation. The spectra, however, exhibit large Fabry-

Pérot oscillations caused probably by multiple reflections on defects or discontinuities 

caused by fabrication errors. The fabrication of the samples turned out to present a big 

challenge for the utilized EBL system. The geometry of cavity surroundings resulted in 

problems during the proximity correction algorithm and finally in a large defect rate during 

the actual EBL. Therefore, only few measurable samples could be fabricated and thus no 

systematic study could be conducted.  

On the other side, placing the cavity directly into the W1 waveguide according to the lower 

part of figure 4.3-3 (c) yielded very good results and cavity resonances could be observed 

nicely as illustrated in figure 4.3-5 for samples with a lattice period of a = 270 nm, slab 

thickness of t = 200 nm, R to a ratio of R/a = 0.278, and varying values of r1, r2, and HS.  

As can be observed in the measurements, very nicely resolved peaks corresponding to the 

sought resonances appear in the transmission signals. The comparison with FDTD 

simulations proves the excellent agreement with respect to the peak position. The limited 

quantitative agreement regarding the peak height and width originates in the limited 

resolution (spatial and time grid) of the FDTD model. Further increase of the model 

resolution would exceed the available computational resources. Still, the simulation model 

could reproduce many of the characteristic features such as the decreasing peak transmission 

from the sample (a) to (c) as well as the overall spectra shape. 
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(a) (b) 

 

       

       

  
Peak position 

(nm)  
Q-factor 

 

 Peak # Exp. Sim. Exp. Sim.  

 1 620 622 119 404  

 2 637 636 199 464  

 3 644 643 325 665  

       

(c) (d) 

Figure 4.3-5 – Measured transmission spectra (normalized to the spectrum of a straight W1 waveguide) of L3 
cavities directly embedded in a W1 waveguide structure showing cavity characteristic resonances; (a) sample 
with r1/R = 0.77, r2/R = 1, and HS = 0 showing the evidence of a cavity resonance mode at 620 nm; (b) sample 
with an additionally incorporated hole shift of HS = 60 nm exhibiting a red shift of the resonance of roughly 
20 nm; (c) sample with additionally decreased radius r2 showing a further red shift of the resonance peak of 
roughly 10 nm; (d) table summarizing the measured positions of the resonance peaks as well as the 
experimentally obtained values of Q-factors compared with corresponding results of performed FDTD 
simulations;    

Besides the excellent agreement regarding the peak position, comparison of the 

experimental achieved quality factors with those calculated using the FDTD model reveals 

good agreement as well, especially concerning the peak number #3 with the maximum 

quality factor of Q = 325. When compared to the results of other research groups, the value 

turns out to be better than reported elsewhere for corresponding material systems. The only 

successfully achieved experimental results with silicon nitride L3 cavities [32] showed 

maximal Q-values of only Q = 305 at wavelengths of roughly 700 nm.  

Further, taking into account the weak confinement along the W1 waveguide axis, achieving 

up to 50 % of the theoretical value of the Q-factor (calculated for the ideal geometry of a 

fully embedded cavity) can be interpreted as an excellent result.  
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It is a remarkable fact that in all cases, only one specific cavity resonance gets excited. Other 

than expected, it is not the fundamental cavity mode but the fourth resonance (labeled M3 in 

figure 4.3-2). By conducting a simple 2D FDTD simulation, it can be shown that the peak 

corresponding to the fundamental mode is missing in the spectra. While the horizontally 

polarized modes (M1 and M2 as labeled in figure 4.3-2) show zero mode match and thus 

cannot be excited, the missing evidence of the fundamental mode is rather surprising. A 

possible explanation could be found in the field profiles of the modes as indicated in 

figure 4.3-6. 

  
(a) (b) 

Figure 4.3-6 – Field profiles of the fundamental (a) and the fourth (b) cavity mode superimposed on a large part 
of the photonic crystal lattice showing principally different field distribution outside of the cavity; while the 
fundamental mode (a) stretches its exponentially decaying field in the bulk crystal along the ГM direction, the 
fourth mode exhibits similar behavior along the ГK direction;   

As can be observed in figure 4.3-6, the field distribution within the bulk photonic crystal is 

fundamentally different for the fundamental and the fourth resonance mode. While the field 

profile of the fundamental mode stretches along the ГM direction, the field profile of the 

fourth mode stretches along the ГK direction. This fact could help to explain the different 

coupling behavior, since in a W1 waveguide, the light propagates along the ГK direction. 

The assumption could further be underlined by performing a simple 2D FDTD simulation 

with a cavity placed off axis of the W1 waveguide in such a way that coupling can occur 

along the ГM direction. By this way, the fundamental mode could be excited in the cavity as 

well, indicating the need of a modified setup to investigate the fundamental mode.  

Concerning the mode profile of the fundamental mode as depicted in figure 4.3-2, the 

fundamental mode should exhibit even higher values of quality factors, since there is smaller 

portion of its energy concentrated within the holes. This could be proven by calculating the 

Q-factors of both the fundamental and the fourth resonance mode for sample geometries 
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corresponding to values from figure 4.3-5. The values of calculated Q-factors as well as the 

wavelengths of the expected resonances are summarized in table 4.3-1.  
  

 Sample (#1) (#2) (#3)  

 

Geometry 
r1/R = 0.77 

r2/R = 1 
HS = 0  

r1/R = 0.75 
r2/R = 1 

HS = 60 nm 

r1/R = 0.75 
r2/R = 0.80 
HS = 60 nm 

 
Modes M0 M3 M0 M3 M0 M3 

Peak – measured (nm) - 620 - 637 - 644 
Peak – FDTD (nm) 656 622 659 636 668 643 
Q-factor - measured - 119 - 199 - 325 

Q-factor - FDTD 873 404 1405 464 1544 665 
 

Table 4.3-1. Summary of the measured and calculated cavity resonances; the experimentally observed cases are 
highlighted;  

As indicated in the table, the fundamental mode exhibits Q-values of up to three times more 

than that of the fourth resonance mode. Using a measurement method based on the use of 

the spontaneous emission of external emitters embedded within the cavity, Q-values of the 

fundamental modes of up to Q = 1500, being in an excellent agreement with the values from 

table 4.3-1, were published in a close collaboration with the author of this thesis in [108]. 

These values further illustrate the high potential of such micro optical resonators when 

taking into account that the overall area of the resonator is only few square micrometers.   

 

Concluding this section, silicon nitride based L3 photonic crystal cavities with resonances in 

the visible spectral range could be successfully fabricated and investigated using an in-plane 

transmission setup with no need of an additional light emitting material. The geometry of the 

cavities was optimized with respect to the value of the Q-factor by altering the geometry of 

the holes adjacent to the L3 defect. For the purpose of the investigation, the cavities were 

embedded within a W1 waveguide or placed in the vicinity of these. The embedded 

arrangement was found more appropriate for the estimation of the resonant modes. By this 

way, the fourth resonant mode could be excited and observed in the transmission spectrum 

as a narrow peak. The positions of the peaks were found to be in excellent agreement with 

FDTD simulations proving the high quality of both the fabrication method as well as that of 

the transmission measurement setup. The best experimentally achieved value of the Q-factor 

was 325 representing roughly 50 % of the theoretically expected value. This value is higher 

than that of the corresponding results achieved by other groups in the visible spectral range 

and with similar material systems. Further, a different kind of investigation technique 

indicates Q-values of the fundamental modes of up to Q = 1500.  



 

Chapter 5:  

Summary and outlook  

5.1. Summary 

The main task of this thesis was to explore the possibilities of silicon nitride based 2D 

photonic crystals in the visible range of the electromagnetic spectrum. For this purpose, a 

fabrication process capable of patterning silicon nitride with an ultimate resolution of 25 nm 

as well as an investigation technique based on non-coherent white light transmission 

measurements were successfully developed.  

Using these techniques, photonic crystals with square and hexagonal lattice geometry were 

shown to possess photonic band gaps in the visible range for wavelengths above 500 nm. By 

conducting a geometry variation study, photonic band gaps in the visible range were 

experimentally mapped for the hexagonal lattice type as a function of the r/a ratio and of the 

slab thickness. The results were found in a good agreement with FDTD simulations, proving 

thus the high precision and accuracy of the fabrication method. 

In order to demonstrate a passive device, extremely compact filters based on photonic 

crystal linear defects were investigated intensively both experimentally as well as by 

conducting FDTD simulations. Such devices are potential candidates for highly integrated 

optical circuits. After few optimization steps, devices with a peak transmission of up to 90 % 

and a line width of less than 3 nm (resulting in quality factor values of up to 240) with an 

overall size of a device as small as 3 x 3 µm could be successfully fabricated and 

investigated. The values were found to be the best reported up to date when compared with 

corresponding photonic crystal devices operating in the same wavelength range.  

The last part of the thesis dealt with optical resonators based on L3 photonic crystal cavities 

embedded in a hexagonal lattice as high potential candidates for optical micro resonators. 

Using an emitter free characterization method based on transmission measurements, second 

order longitudinal cavity resonance modes could be identified, exhibiting values of quality 

factors as high as 325, corresponding to about 50 % of the theoretically expected value as 
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estimated using FDTD simulations. Regarding the weak lateral confinement of the cavity 

resulting from the experimental arrangement, these values are to be considered as high, even 

when compared with values reported elsewhere for corresponding devices operating in the 

same wavelength spectrum. Further simulations indicated Q-factors of the fundamental 

modes of up to 1500. In order to detect them, however, different experimental arrangement 

would be necessary, exceeding the time scale of this thesis.   

5.2. Outlook 

Encouraged by the initial promising results as achieved within this thesis, the future work 

will concentrate mainly on the exploration of the high potential of the fabricated cavities. 

The operation wavelength range is extremely interesting, e.g., for the realization of a high 

efficient single photon source operating in the visible range. The indicated values of 

potential Q-factors of up to few thousands would be sufficient to increase the efficiency of 

such photon sources of at least one order of magnitude. In order to succeed, further 

investigations of the cavities will be required. Further, methods of embedding of the emitters 

as well as fine tuning of the cavity resonances need to be developed.  

Another interesting field of further exploration is the use of the fabricated photonic crystal 

devices as sensors. Because of the wavelength range of operation, applications of these 

devises in optical bio sensing seem to be a very promising, mainly for their possibility to 

sense only a very small volume with high sensitivity. Further, silicon nitride photonic 

crystals are biocompatible, allowing their direct use in contact with biological samples.  

Simultaneously to the ongoing investigation of the photonic crystal themselves, there is also 

still room for further optimization and improvement of the fabrication process. A remarkable 

improvement of the L3 cavity Q-factor, for instance, is expected when even smaller defect 

holes could be fabricated or when the roundness of the holes would improve. Similar 

improvements are to be expected with respect to the propagation losses through the samples 

if the remaining roughness and the hole tilt could be further suppressed.  

On the experimental side, exploring some of the alternative fabrication methods such as the 

nano-imprinting would be desired if one would be interested in creating real photonic crystal 

based applications. In addition, using a tunable laser source would be desired in order to 

increase the signal to noise ratio.     

 

 

 



 

Appendix 

A.I. Bloch’s theorem in solid state physics and electromagnetism 

The concept of Bloch’s state was developed by Felix Bloch in 1928 [47] to describe the 

conduction of electrons in crystalline solids. The theorem was first stated by Floquet in 1883 

for the 1D case, where it is frequently called Floquet’s theorem [109].  

Using the independent electron approximation [49], the interactions of electrons represented 

by a periodic effective one-electron potential ( )U r . For photons, the dielectric function is 

periodic.  

( ) ( )U U+ =r R r  ( ) ( )ε ε+ =r R r  (5.1-1) 

where R represents the Bravais lattice vector.  

Using the periodic potential, the Schrödinger equation as well as the eigenvalue formulation 

for H can be rewritten 
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The independent electrons which obey the equation (5.1-2) are known as Bloch electrons, 

the solutions of (5.1-2) are Bloch waves.  

The eigenstates of (5.1-2) can be chosen to have the form of a plane wave times a function 

with the periodicity of the Bravais lattice 

( )i
n ne uψ ⋅= k r

k k r  ( ) ( )i

n ne ⋅
=

k r

k kH u r  (5.1-3) 

where ( )nu k r  is periodic with the lattice vector R  

( ) ( )n nu u+ =k kr R r  (5.1-4) 

The index n is known as the band index and is needed, because many states exist for a given 

wave vector k. 

Due to the periodicity of ( )nu k r , Bloch’s theorem can also be stated in the following form 

( ) ( )i
n neψ ψ⋅= k R

k kr + R r  ( ) ( )i
n ne ⋅+ = k R

k kH r R H r  (5.1-5) 
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The proof of (5.1-4) can be drawn using general quantum-mechanical considerations. The 

proof is the same for the Hamiltonian and the wave state ψ  or the operator Θ  and the wave 

state H. Therefore the classical quantum-mechanical approach will be used in this section. 

First, the translation operator TR  is defined as follows 

( ) ( )T f f= +R r r R  (5.1-6) 

Since the operator is periodic, it can easily be shown 

( ) ( ) ( ) ( )T H H H HTψ ψ ψ ψ= = =R Rr + R r + R r r + R  (5.1-7) 

and hence 

[ ], 0H T =R  (5.1-8) 

Since H  and TR  commute, they must have common eigenstates 

( )

H

T c

ψ εψ

ψ ψ

=

=R R
 (5.1-9) 

with R consisting of primitive lattice vectors 

n m l= + +1 2 3R a a a  (5.1-10) 

from which follows  

( ) ( ) ( ) ( )
n m l

c c c c= 1 2 3R a a a  (5.1-11) 

Any ( )c ia  can be written in the form  

( ) 2 ii xc e π=ia  (5.1-12) 

therefore for an arbitrary vector the eigenvalue ( )c R in (5.1-9) becomes  

( ) ic e ⋅= k RR  (5.1-13) 

where  

1 1 2 2 3 3x x x= + +k b b b  (5.1-14) 

and the ib are the reciprocal lattice vectors satisfying 

2i j ijπδ=a b  (5.1-15) 

Substituting (5.1-13) into (5.1-9), Bloch’s theorem can be proven 

( ) ( ) ( )iT c eψ ψ ψ ψ⋅= = = k R

R r + R R r  (5.1-16) 
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A.II. Electrodynamics vs. quantum mechanics  

Comparing an electron propagating in a periodic potential with a system of electromagnetic 

modes in a photonic crystal, one can observe strong analogy. In order to emphasize the 

similarities, one can compare the principal relations 

 solid-state electrodynamics 

Discrete translation symmetry ( ) ( )V V= +r r R  ( ) ( )ε ε= +r r R  

Commutating relations [ ], 0H T =R  [ ], 0TΘ =R  

Bloch’s theorem ( ) ( ) ( )i

n n eψ ⋅
=

k r

k kr u r  ( ) ( ) ( )i

n n e ⋅
=

k r

k kH r u r  

 

In both cases, the systems have translation symmetry. In the quantum mechanics, it is the 

periodic potential of electrons. In the electrodynamics, it is the periodic dielectric function. 

In both cases, the eigenvalue operators are Hermitian and commute with the translation 

operator, thus have the same eigenstates. Finding these eigenstates can be limited to the 

Brillouin zone and in both cases, one can index them using the translation operator 

eigenstates.  All of the eigenstates can be stated using Bloch functions – periodic functions 

modulated by a plane waves. In both cases, the wave undergoes multiple scattering, which is 

coherent because of the periodic potential. 

 

A.III. Simulation methods  

Plane wave expansion method 

The numerical solution of (2.2-5) for ω and uk can be found using the variational statement 

of Maxwell’s equations. Because of the hermiticity of Θk, the functional [ ]F ku  defined as  

[ ]
3 *

3 *

dx
F

dx

Θ
=
∫
∫

k k k

k

k k

u u
u

u u
  (5.3-1) 

is guaranteed to be real and positive for any choice of uk and it can be shown that the 

function minimizing [ ]F ku  is the eigenfunction of Θk with the frequency ω. The next 

function minimizing [ ]F ku  and being simultaneously orthogonal to the previous one is the 

next lowest mode. By this way, finding as many modes as required limits to finding 

functions uk minimizing [ ]F ku  and orthogonalizing them. In order to implement this 

method numerically, the unknown function uk is represented by a Fourier series over plane 

waves of reciprocal lattice 
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  ( )
, ,

,

ic eσ σ
σ

⋅
=∑ G x

k G G

G

u e   (5.3-2) 

where the sum is taken over all reciprocal vectors G and polarization states σ, ,σGe are unit 

polarization vectors. In the numerical approximation, the sum is truncated at a reasonable 

resolution and the calculation of [ ]F ku  becomes a matrix problem. For its approach, this 

method is referred to as the plane wave expansion method (PWE). A very nice overview 

over the implementation of PWE is given in [110]. 

PWE method is advantageous with respect to its accuracy and efficiency but shows at the 

same time some drawbacks. In order for Θk to remain Hermitian, lossy material cannot be 

treated using the PWE. In addition, the refractive index must be constant for all frequencies 

so that dispersive material cannot be treated using the PWE. Last but not least, the truncated 

sum in (5.3-2) requires a periodic problem definition.  

Several commercial software packages exist with the PWE implemented for solving for the 

optical Bloch modes in photonic crystals. Within this work, BandSolve Package (RSoft 

Design Group, USA) was used. Using this package, the computation procedure consisted of 

defining the crystal geometry using a CAD interface, specifying the refractive index 

distribution, defining the crystal unit cell, and setting the numerical parameters, which of the 

most important one is the number of the plane waves to be used for the approximation.  

When calculating photonic band structures of 2D photonic crystals, 64 plane waves per unit 

vector of the computation cell were used. For the photonic crystal slabs, this number was 

reduced to 32 in order to speed up the calculation.  

In order to account for the membrane like structure of the photonic crystal slabs, an artificial 

unit cell was defined, containing the in-plane unit cell according to the lattice geometry and 

extending vertically by typically 5·t where t is the slab thickness. This trick is the only way 

to calculate a quasi 3D band structure of a 2D problem since the PWE method requires a 

fully periodical problem (in 3D calculations such as in the case of photonic crystal slabs, this 

means that periodicity exists in the vertical direction as well).  

When calculating the band structures of incorporated photonic crystal defects such as of the 

cavities or waveguides, the so-called super cell approach was used. This concept uses a trick 

to specify an artificial periodic cell being large enough to encapsulate the entire defect 

region of interest. By this way, some degree of error is always incorporated in the model, 

since the calculated band structure is more like one of a super-symmetry structure. By 

defining the super cell large enough, however, this error can be limited. Typical for this kind 
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of calculation is a restriction to certain k-vectors or single points only, since the information 

from the entire k-space often is not needed. Throughout this work, only purely 2D band 

defect structures were calculated this way since combining the super cell approach with the 

slab concept would result in too long simulation times. For cavities calculations, a super cell 

consisting of 5 x 5 unit cells was used.  

 

Finite difference time domain method 

The finite difference time domain method (FDTD) is a rigorous solution of Maxwell's 

equations, which is not based on any physical approximations or theoretical restrictions. It 

uses the Maxwell’s curl equations written in Cartesian coordinates as a starting point. These 

equations describe a situation in which the temporal change in the E field is dependent upon 

the spatial variation of the H field, and vice versa. As an example, 2 of a total of 6 existing 

relations for the x component of the E and H field are given in (5.3-3) 

  

1

1

yx z

yx z

EH E

t z y

HE H

t z y

µ

ε

∂ ∂ ∂
= − − 

∂ ∂ ∂ 

∂ ∂ ∂
= − − 

∂ ∂ ∂ 

  (5.3-3) 

The FDTD method solves Maxwell's equations by first discretizing the equations via central 

differences in time and space and then numerically solving these equations.  

The most common method to solve these equations is based on Yee's mesh [111] and 

computes the E and H field components at discrete points on a spatial grid. Without going 

deep into the mathematical details at this point (see the reference [111] for full details on the 

method), it should be stated here that the grid points for E and H are shifted against each 

other by a half of the spatial grid and that the same holds for the time scale. The Yee 

implementation finally results in 6 equations which enable to successively calculate the E 

and H field at a given mesh point, denoted by integers i, j, k as well as its time evolution. 

For example, two of the six are: 

  
( ) ( ) ( ) ( )( ) ( ) ( )( )

( ) ( ) ( ) ( )( ) ( ) ( )( )

1/2 1/2
, , , , , , , , 1 , , , 1,

1 1/2 1/2 1/2 1/2
, , , , , 1, , , , , 1 , ,

n n n n n n

x i j k x i j k y i j k y i j k z i j k y i j k

n n n n n n

x i j k x i j k y i j k y i j k z i j k y i j k

t t
H H E E E E

z y

t t
E E H H H H

z y

µ µ

ε ε

+ −

− −

+ + + + +

+ +

∆ ∆
= + − − −

∆ ∆

∆ ∆
= + − − −

∆ ∆

  (5.3-4) 

These equations are iteratively solved in a leapfrog manner, alternating between computing 

the E and H fields at subsequent / 2t∆  intervals. 
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In order to utilize the FDTD algorithm, both physical and numerical parameters need to be 

defined. The physical parameters include the structure geometry, its physical properties and 

the temporal and spatial excitation. The numerical parameters include the specification of 

the boundary conditions on the border of the model and the spatial and the temporal grid.  

Other than the PWE, the FDTD algorithm allows for both lossy and dispersive material and 

practically any kind of functional relation for ε or µ. The advantage of the method is thus its 

versatility and the existence of virtually no restrictions regarding the sample’s geometry or 

material properties. However, due to the high computational and memory resource demand, 

the overall model size is limited to few hundreds of square micrometers. 

A typical result of the simulation is a time evolution of a specific field component (or 

product of those such as the total power or the energy flow) at defined spatial grids as a 

reaction on a given spatial and temporal excitation. This is why the FDTD method is so 

useful for the calculation of the transmission spectra. Yet the FDTD can also help to find 

specific modes of photonic structures or to calculate Q-factors of resonator structures.  

Commercially available FullWave package (RSoft Design Group, USA) was used for the 

FDTD simulations within this work.  

The first step in setting up an FDTD simulation model included the specification of the 

model geometry and setting the proper boundary conditions. The geometry of the simulation 

models was created using a CAD interface according to the SEM measurements. The 

flexibility of the FDTD method allows one to incorporate the entire geometry with no 

restrictions. However, due to the finite computational resources, only the portions of the 

photonic crystal were typically incorporated in the model (thus excluding the vast portion of 

the incoming and outgoing waveguide). Further, all available symmetry boundary conditions 

(BC) (typically one vertical symmetry BC since the membrane is symmetric and one 

horizontal BC since the structure geometry is symmetric as well) were implemented to speed 

up the calculation. On all other boundaries of the simulation model, the so-called perfect 

matching layer (PML) BC was used. This BC forms a strongly absorbing layer, preventing 

thus artificial reflections (reflections not occurring in the real structure) on the model’s 

boundaries from re-entering the simulation domain. The absorption coefficient of the PML 

layer α was set to 10-8 µm-1 throughout the simulation. The thickness of this layer was 

5 times the grid size (grid size will be discussed later in this chapter). 

The second step included the specification of the launching field. In order to receive the 

transmission characteristics, a broadband frequency spectrum covering the entire wavelength 
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region of interest was used. Depending on the nature of the model, either Gauss mode 

distribution or directly computed waveguide modes were used.  

For the simulation of the transmission characteristics of samples used to determine the band 

gap, typically, multiple modes were launched simultaneously (details see text part, chapter 

4.1). For the simulation of transmission of the filter structure or cavities, Gaussian 

distribution was used simulating a single mode excitation.  

In order to obtain the transmission characteristic, the Poynting vector was recorded over 

time at a specified location behind the investigated sample. The transmission was then 

estimated by normalizing the sample’s Fourier transformed (FFT algorithm) signal to the 

corresponding signal of an appropriate reference structure.  

The estimation of the quality factors occurred in two steps. First, a broadband point field 

source was launched within the region of the cavity and the field evolution within the cavity 

was monitored over time. The resonant frequencies of the cavity were then found through 

Fourier analysis (FFT) as sharp peaks in the spectra. In the next step, a field with a narrow 

band frequency characteristics (with the center frequency of one of the peaks found 

previously) was launched into the cavity and the field evolution was monitored over the 

time. The Q-factor was then estimated from the exponential decay of the energy conserved 

within the region of the cavity. The corresponding spatial mode could be found by extracting 

the coherent field pattern at the resonant frequency. 

Important parameters of the FDTD simulation are the spatial and time grid. In order to 

resolve the waves within the structure, spatial grid ∆x of ∆x = 20 nm (corresponding to 1/10 

of the wavelength λ = 400 nm in a material with the refractive index n = 2.0) was used. In 

order to fulfill the convergence condition of the FDTD method (see [111] for details), the 

time grid ∆t was set so that c0·∆t = 10 nm where c0 is the speed of light in vacuum.  
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1D One-dimensional 

2D  Two-dimensional 

3D Three-dimensional 

BC Boundary condition 

e-beam Electron beam 

EBL Electron beam lithography 

CCD Charge-coupled device 

CMOS Complementary metal-oxide semiconductor 

DOS Density of states 

FDTD Finite difference time domain 

FIB  Focused ion beam 

FWHM Full width at half maximum 

HF Hydrofluoric acid 

ICP Inductive coupled plasma 

LED Light emitting diode 

LPCVD Low-pressure vapor deposition 

PC Personal computer 

PML Perfect matching layer 

PMMA Poly(methyl methacrylate) 

PWE Plane wave expansion 

Q-factor Quality factor 

RF Radio frequency 

RIE Reactive ion etching 

SEM Scanning electron microscope 

SI Système International d'unités 

TE Transversal electric 

TM Transversal magnetic 

 

 


