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Abstract 
 
In recent years quasi-two-dimensional (2D) photonic crystals, also known as photonic crystal 
slabs, have been the subject of extensive research. The present work is based on photonic 
crystals where a hexagonal 2D lattice of air holes is etched through a silicon-on-insulator 
(SOI) slab. Light is guided in the horizontal plane using photonic band-gap properties, and 
index guiding provides the optical confinement in the third dimension. 

This work discusses photonic crystal slabs with Ge quantum dots (QDs) as internal sources. 
Ge quantum dots have luminescence around 1500nm, which is well suited for optical fiber 
communication in a way that is fully compatible with standard silicon technology. QD 
emission can be controlled by epitaxial growth on a pre-patterned SOI substrate. In this way 
the position of the QDs is controlled, as well as their homogeneity and spectral emission 
range. During this thesis, photonic crystal fabrication techniques together with techniques for 
the alignment of the photonic crystal holes with the QDs positions were developed. The 
employed techniques involve electron beam lithography (EBL) and inductively-coupled-
plasma reactive ion etching (ICP-RIE). Perfect ordering of the QDs position was achieved by 
employing these techniques for pit patterning and the subsequent growth of Ge dots using 
molecular beam epitaxy (MBE). A second EBL step was then used for photonic crystal 
writing, which needed to be aligned with respect to the pit pattern with a precision of about 
± 30nm. 

Micro-photoluminescence spectroscopy was used for the optical characterization of the 
photonic crystal. The emission from ordered quantum dots in different symmetry positions 
within a unit cell of photonic crystal was theoretically and experimentally investigated and 
compared with randomly distributed ones. Besides, different geometrical parameters of 
photonic crystals were studied. 

The theoretical investigations were mainly based on the rigorous coupled wave analysis 
(RCWA) method. In a novel approach a small imaginary refractive index was artificially 
assigned to the QD emitters to produce absorption in photonic crystal. In the simulations the 
photonic crystal was illuminated with plane waves. The calculated absorption then depends on 
the in-coupling of the plane waves and the guided waves inside the photonic crystal. Using 
the fact that all materials are reciprocal, the calculated mode spectra in absorption can be 
interpreted in terms of QD emission. The artificially introduced complex refractive index was 
either distributed homogenously over a layer to simulate randomly distributed emitters, or in a 
periodic pattern for the simulation of ordered emitters. Both the simulations and the 
experiments show that the local position of the emitters inside a photonic crystal can result in 
different photoluminescence enhancements and radiation patterns. Thus, combining the 
narrow spectral range of QD emission with high local electric field on certain locations in the 
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unit cell of the photonic crystal can be exploited to tailor the enhancement of spontaneous 
emission and the far field radiation pattern.  
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Kurzfassung 
 
In den letzten Jahren wurden quasi-zweidimensionale (2D) photonische Kristalle intensiv 
untersucht. Die vorliegende Arbeit basiert auf photonischen Kristallen, bei denen ein 
hexagonales 2D-Gitter durch eine Silicon-on-Insulator-(SOI)-Substrat geätzt wird. Die 
Lichtführung erfolgt in der Substrat-Ebene durch die Eigenschaften der photonischen 
Bandstruktur und vertikal durch optisches Confinement an den Brechungsindex-Sprüngen zur 
Umgebung. 

Diese Arbeit beschreibt photonische Kristalle mit Ge Quantenpunkten (QDs) als internen 
Quellen. Ge zeigt Lumineszenz im Wellenlängenbereich um 1500nm und ist somit gut 
geeignet für die optische Glasfaserkommunikation. Gleichzeitig ist Ge kompatibel mit der 
Standard-Silicium-Prozeßtechnologie. Die QD-Emission kann über epitaktisches Wachstum 
auf einem vorstrukturierten SOI-Substrat kontrolliert werden. Auf diese Weise wird die 
Position der QDs definiert, aber ebenso deren Homogenität und die spektrale Verteilung der 
Lichtemission. Im Rahmen dieser Doktorarbeit wurden Herstellungstechniken für photonische 
Kristalle entwickelt sowie Techniken zur Justierung der QDs relativ zum Photonischen 
Kristall. Dazu wurden Elektronenstrahllithographie (EBL) und induktiv gekoppeltes 
Plasmaätzen (ICP-RIE) eingesetzt. Perfekt geordnete QDs wurde durch Einsatz dieser 
Methoden zur Vorstrukturierung der SOI-Substrate und nachfolgendes selektives Wachstum 
von Ge-QDs mit Molekularstrahl-Epitaxie (MBE) erzielt. In einem zweiten EBL-Schritt 
wurden dann die photonische Kristalle geschrieben, die relativ zu den periodischen QDs mit 
einer Genauigkeit von ±30nm justiert werden konnten. 

Die so hergestellten Photonischen Kristalle wurden mit Mikro-Photolumineszenz- 
Spektroskopie charakterisiert. Die Emission geordneter QDs in verschiedenen Symmetrie-
Positionen innerhalb einer Einheitszelle des photonischen Kristalls wurde theoretisch und 
experimentell untersucht und verglichen mit der Emission zufällig verteilter QDs. Außerdem 
wurden Photonische Kristalle mit unterschiedlichen geometrischen Parametern untersucht. 

Die theoretischen Untersuchungen wurden hauptsächlich mit der RCWA-Methode (rigorously 
coupled wave analysis) durchgeführt. In einem neuartigen Ansatz wurde den QDs künstlich 
ein kleiner imaginärer Brechungsindex zugeordnet, um Absorption im Photonischen Kristall 
zu erzeugen. In den eigentlichen Simulationen wurde der photonische Kristall dann von außen 
mit ebenen Wellen beleuchtet. Die berechnete Absorption hängt dann von der Einkopplung 
der ebenen Wellen und den geführte Wellen innerhalb des photonischen Kristalls ab. Wegen 
der Umkehrbarkeit des Lichtweges kann das berechnete Moden-Spektrum in Absorption als 
ein von den QDs induziertes Emissionsspektrum interpretiert werden. Der künstlich 
eingebrachte komplexe Brechungsindex war dabei entweder homogen über die Schicht 
verteilt, zur Simulation zufällig verteilter Emitter, oder aber in einem periodischen Muster 
entsprechend der Positionierung der geordneten QDs. Sowohl die Simulationen als auch die 
Experimente zeigen, dass die lokale Position der QD Emitter innerhalb eines photonischen 
Kristalls zu unterschiedlicher Verstärkung des Photolumineszenz-Signals und zu 
unterschiedlicher Abstrahlcharakteristik führen kann. Durch die Kombination der relativ 
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schmalbandigen Emission geordneter QDs mit hohen lokalen elektrischen Feldstärken an 
definierten Stellen des Photonischen Kristalls lassen sich daher die Emissionsverstärkung und 
die Abstrahlcharakteristik maßschneidern. 
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Introduction 
 

Silicon is the backbone of the electronic industry for over four decades. However, the 
increasing requirements of high data rate transmission are a problem with metallic 
interconnections, since electrical signal attenuation and power dissipation rise dramatically 
with increasing data rates. Using optical interconnects in which the information signals are 
carried by photons can solve the problem. 

Silicon photonic is a new technology which uses silicon based heterostructures integrates 
optical devices and electrical circuits on a single chip. The transparency of silicon at 
wavelength between 1270 nm and 1625nm, and improving, more precise lithography 
technologies make it well-suited for optical communication. However, the indirect band-gap 
of silicon reduces efficient emission and absorption of light and makes it a challenge to 
fabricate light-emitting devices based on silicon. An approach to improve this situation is the 
development of efficient light sources based on group-IV semiconductors [1-3]. It has been 
shown that nanostructures such as quantum wells and quantum dots utilize quantum effects to 
enhance the nonradiative recombination of excited carriers [4-8]. The Stranski-Krastanow 
growth method was used for the formation of Ge dots. Easy fabrication and emission between 
1.3µm and 1.6µm are advantages of Ge dots as internal sources. However, the poor spectral 
purity, low directionality and low luminescence yield are the problems which must be 
overcome [9]. In fact, the enhancement due to the 0D confinement of the carriers is not high 
enough to overcome the restriction of an indirect band gap. Embedding self-organized Ge or 
Si1-xGex quantum dots in photonic crystal and resonators has therefore been an approach to 
enhance light emission.  

A photonic crystal can be described as a periodic modification of a dielectric medium 
approximately at the scale of the wavelength. This periodic array could be extended in a one-
dimensional (1D), two-dimensional (2D) or three-dimensional (3D) array [10]. Photonic 
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An approach to improve the emission of the germanium dots in a photonic crystal
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crystals. This includes an investigation of the geometrical parameters of photonic crystals and 
the Purcell enhancement effects on a defect-free photonic crystal. The Ge dots are placed in 
two high symmetry points available in a hexagonal array of holes in a SOI slab, which are the 
center position between three and two adjacent air holes, respectively. Simulations and 
experimental result show the Purcell enhancement in dependence of the emitter positions 
within the unit cell. 

The manuscript is divided into 5 chapters. The first chapter introduces the basic photonic 
crystal concepts and explains the generation of photonic band-gap. A number of different 
available simulation methods for 2D photonic crystals and photonic crystal slabs is given in 
chapter 2. Chapter 3 explains in detail the design of a photonic crystal or a photonic crystal 
cavity and the effect of the third dimension in photonic crystal slabs. Chapter 4 describes in 
detail different available fabrication methods. In chapter 5 techniques for the structural and 
optical characterization of the sample are presented, followed by a short presentation of a new 
idea of modeling photonic crystal slabs supported by experimental measurement, and finally a 
short conclusion. 

The final simulation method which is based on the rigorous coupled wave analysis (RCWA) 
method and was used for an interpretation of the experimental data, became accessible only 
after the samples were already fabricated. Therefore, it could not be applied for the design-
optimization process. In this method, artificially a small complex refractive index is assigned 
to the photonic crystal slab material. This allows the calculation of total reflection, 
transmission and absorption energy of the reflected, transmitted and absorbed wave, 
respectively. The resulting calculated absorption, artificially introduced for the dielectric 
constant, dependence on the in-coupling of the external wave i.e. its mode overlap with the 
guided one. This complex refractive index can either be distributed everywhere in a layer of 
the slab to simulate a random distribution of emitters, or it can be distributed in a periodic 
pattern to simulate ordered Ge dots.  Dispersion diagrams calculated with the presented 
method are successfully compared with the ones calculated with the guided mode expansion 
(GME) method. 
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Chapter1 
 
Light confinement in structured 
dielectrics 
 

    1.1 Maxwell equations in homogeneous media 
 
The Maxwell equations are one of the most elegant ways to investigate the behavior of 
electric and magnetic fields. They were first written down in complete form by Clerk 
Maxwell [30]. According to his theory all electric, magnetic, electromagnetic and optical 
phenomena can be studied by the same fundamental laws of electromagnetism. These 
equations are written mathematically in different ways. The differential form of them (in SI 
units) is: 
 

  D


    (1. 1. 1) 

 
t
BE







          (1. 1. 2) 

 0 B


  (1. 1. 3) 

 
t
DJH







               (1. 1. 4) 

The equations have a solution that describes waves propagating in a medium with a fixed 
speed. The maximum amount of the speed is the velocity of electromagnetic waves in 
vacuum. In the equations (1.1) E


 and H


 are electric and magnetic field vectors, respectively. 
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These two vectors describe the electromagnetic field of a wave. D


 and B


 are the electric 
displacement vector and the magnetic induction vector, respectively. These two describe the 

effect of an electromagnetic field on matter. The source terms   and J


are the electric charge 
density and the electric current density vector, respectively. They can be considered as a 

source of the electromagnetic wave radiation. When setting for optics 0  and 0J


 one 
can find solutions for the Maxwell equations. To solve uniquely the Maxwell equations one 
needs supplementary equations called constitutive equations or material equations [31] 
 

 PEErD


 0)(      (1. 2) 

 MHHrB


 0)(     (1. 3) 

Where the parameters   and   are the permittivity and permeability tensors, respectively. P


 
and M


 are the electric and magnetic polarization vectors, respectively. 0 is the permittivity 

of vacuum and is equal to mF /10854.8 12 , 0  is the permeability of vacuum and has the 
value mH /104 7 . If the material is isotropic both and   reduce to scalars. In some 
applications the quantities   and   can be assumed to be independent of frequency of the 
electromagnetic wave, but in this thesis, to some extent, the dependence of these quantities on 
frequency is considered. 
 
 

 1.1.1 Equations and Eigenvalue problem 
 
The most important result of the Maxwell equations are wave equations and energy 
propagation of a wave. Here, we are interested in the propagation of electromagnetic fields in 
homogeneous and isotropic media. To derive the wave equation we start with a region free of 
charges and electric currents. Using the constitutive equations we obtain  

0)(  Er
                                                (1. 4. 1) 
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When we eliminate E


 or H


 in equations (1. 4. 2) and (1. 4. 4) by using equation (1. 4. 1) and 

(1. 4. 3) we obtain the following equations 
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To simplify further, we use the vector identity 
 AAA
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Where A


is an arbitrary vector. In a homogenous isotropic medium ( 0)(  r ) using 
equation (1.7) equations (1. 5, 1. 6) can simplify to  

 02

2
2 





t
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    (1. 8) 
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    (1. 9) 

Equations (1. 8) and (1. 9) are standard wave equations. We seek solutions of the form: 
 )exp()(),( tirEtrE 

   (1. 10) 

 )exp()(),( tirHtrH 
   (1. 11) 

In the case of homogenous and isotropic media the solutions are monochromatic plane waves 
with the following form  

 ))(exp(0 rktiE 
   (1. 12) 

 ))(exp(0 rktiH 
   (1. 13) 

Here 0E


and 0H


are constant and usually called amplitude and ω is the angular frequency. 

The angular frequency is related to real frequency  by the following equation ω=2π and k


 

is the propagation constant called wave vector. k


is related to the angular frequency by  

 k


   (1. 14) 

The direction of k


 determines the direction of propagation of the plane wave. In equations (1. 

12) and (1. 13) the value rkt 
 is the phase. For plane waves at any given moment and 

coordinate the surfaces of constant phase define as consrkt 


 . It is clear from this 

equation that the surface of constant phase travels in direction k


with velocity  

 
k

V 


     (1. 15) 

Where V  is the phase velocity of the plane wave. V  is a property of the medium. From 

equations (1. 14) and (1. 15) one obtains εμ
1V . In vacuum this amount is equal to 

smc /458,792,2991
00




, the speed of light in vacuum, whereas the speed of light in 

matter has the value v=c/n where 00n is the refractive index of the dielectric 

medium. Most transparent media are nonmagnetic and 0  . In an isotropic medium in a 

most general way equation (1. 15) must be written in the following way, 

 
kk

kV 


 
    (1. 16) 
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This relation between   and k


 is called dispersion relation. In an isotropic medium the 

direction of propagation has no effect on the amount of the k


, and the phase velocity is the 
same in all directions, which can be written as kV  . This relation is often called light line. 

In the field of optical communication, usually short pulses are used to transfer information. 
Indeed, a pulse is the superposition of many plane waves with different frequencies. Since the 
Maxwell equations are linear the sum is also a solution of the Maxell equations. If the 
medium is dispersive, different frequency components of the pulse propagate with different 
velocities. As a result, the shape of the pulse will change and the velocity of energy flow of a 
pulse could be different from the phase velocity. Here another velocity can be defined, the 
group velocity. Group velocity is the velocity of the propagation of a wave packet 

 )(
kg kd

dV      (1. 17) 

In a medium without loss the group velocity represents the velocity of the energy transport 

and its direction. The dispersion is usually described by the relation between k


 ,   and the 
index of reflection n(ω)  

 
c

nk )(  (1. 18) 

Using equations (1. 17) and (1. 18) one can obtain 

 
)(  ddnn

cVg 
    (1. 19) 

 
)( n

cV    (1. 20) 

It is possible that a group velocity becomes smaller or larger than the phase velocity, 
however, as long as a material is isotropic the direction of gV


and V


is the same and is always 

perpendicular to iso-frequancy contours constk )(


 . Anisotropy leads to different directions 
of the group and the phase velocity. 
 
 

    1.2 Light propagation in slab waveguides 
 
In the previous section we discussed the propagation of light in homogeneous media, but in 
optical communication one often deals with propagation of the light in dielectric waveguides 
which consist of different dielectric layers. Although the physical properties may change 
across the dielectric interface there is some continuity in some component of the electric and 
magnetic fields. The Maxwell equations can easily show us these conditions referred to as 
boundary conditions  

 0)( 12  EEn
   (1. 21) 

 jHHn
  )( 12   (1. 22) 
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Where n  is the unit vector normal to the interface between medium 1 and medium 2, and j


 

is the interface current density. 211 ,, EHE


and 2H


 are the field vectors at the boundary in the 
media 1 and 2, respectively. In the case of an oblique incident on a dielectric boundary the 
electromagnetic fields are partly transmitted and partly reflected. Two independent solutions 
are possible for the fields. Transverse electric (TE) waves have the electric field perpendicular 
to the plane of incidence, and transverse magnetic (TM) waves have the magnetic field 
perpendicular to the plane of incidence. Both can be derived from the Maxwell equations and 
the structure geometry. As a consequence of continuity condition for the tangential 
components of E


 and H


 at the dielectric interface one can write the following equations: 

 k   (1. 23. 1) 

 tittii kk  sinsinsinsin 2211                        (1. 23. 2) 
 rirrii kk   sinsin                                      (1. 23. 3) 

Equation (1. 23. 2) is referred to as Snell’s laws in optic. In the case in which 21    and 

121sin    one easily can see 90t , which  means that there is no flux of real power 

in the second medium and the wave only propagates along the boundary. This is referred to as 
the surface wave and the incident angle is referred to as the angle of total internal reflection 
(TIR). For incident angles larger than TIR  the wave is totally internally reflected at the 
interface. This property can be used to propagate a guided mode inside a dielectric slab 
structure. Figure (1.1) shows a schematic drawing of a slab waveguide. The slab consists of a 
thin dielectric layer called core n2 sandwiched between two semi-infinite dielectrics called 
clad, n1 and n3. Usually, the dielectric constant of the core layer is greater than that of the 
cladding layers, i.e. n2> n1 and n3. The physics of confined propagation can be explained by 
total internal reflection between the core and the cladding layers. The incident beam is in the 
core layer and the incident angle should be larger than TIR  between core and cladding layer. 
This concept is called index guiding. Nevertheless, light cannot propagate with any incident 
angle larger than the critical angle. A guided mode in a dielectric slab is a solution of the 
Maxwell equations which fulfills the continuity boundary condition at both interfaces of the 
slab. 
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 For a confined mode in the slab the field amplitude must exponentially vanish in the cladding 
layers, which means, the quantity 22 k  in equation (1. 25) must be negative in the 

cladding layers  0, 22 pr  and the solution must be oscillatory in the core layer  02 q . 

Assuming 132 nnn   it is straight forward that the possible values for   are given by

103020 nknknk   .  

By imposing continuity on xE y  at x=0 and x=-d one gets  

 rqAB    (1. 28) 
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And finally the mode condition equation: 

 
prq
rpqqd




 2

)()tan(        (1. 30) 

The only unknown parameter in these equations is   which can be found as a numerical or 
graphical solution. 
In the case of a symmetric slab with n1 = n3, then r = p and the solution of the TE modes may 
be divided into two classes: (i) symmetric wavefunctions and (ii) antisymmetric 
wavefunctions. For simplicity, without loss of generality, we assume a symmetric geometry 
(figure 1.2) and a wavefunction as following for Ey,  
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We can find two sets of solution for symmetric and antisymmetric modes 
 For the symmetric (even) TE modes:         )2tan(qdqp   (1. 32) 
 For the antisymmetric (odd) TE modes:         )2cot(qdqp   (1. 33) 
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Figure 1.2: Schematic illustration of a symmetric slab wave guide. 
 
It can be shown that only certain discrete values of   can satisfy these equations.   depends 
on the thickness of the slab and the dielectric constants of the waveguide and the surrounding 
media. For a given waveguide only a certain discrete number of modes can propagate through 
it. 
A well-known graphic solution to these equations is as follows: first one can introduce new 
variables like 2/qdu  , 2/pdv   and equations (1. 32) and (1. 33) become 

              For the symmetric (even) TE modes:        )tan(uuv                           (1. 34) 
           For the antisymmetric (odd) TE modes:         )tan(uuv                       (1. 35) 
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The intersection of curve )tan(uuv   and a circle with radius 22
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first quadrant of the uv plane gives the values for the propagation constant  . Figure (1.3) 
shows such a graphical method for values n1=n3=1.5, n2=3.46 and two different slabs with 
thicknesses d=0.3 and 0.6μm. In figure (1.3) one can also see how different wavelengths in 
the range 1.2<λ<1.6 μm can excite different modes. It can be seen in figure (1.3) that for 
values 0<R<π/2 there exists just one TE mode of the first class, and this mode (TE0) has no 
cutoff frequency. In other words, these modes are always confined in a symmetric slab. The 
higher order modes start with a cut-off frequency because for the value p = 0 the field no 
longer decays exponentially in the cladding layers.  
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Where A, B, C and D are constants and the parameters q and r have the same definition as 
before, equation (1. 27). In a similar manner as for the TE modes, considering the continuity 
of the tangential component at the two interfaces x = ±d/2 leads to following equations:  
 For the symmetric (even) TM modes:           pnnqdq 2

12)2tan(               (1. 40) 
 For the antisymmetric (odd) TM modes:           pnnqdq 2

12)2cot(            (1. 41) 
 

 

1.2.3 Cut-off frequency 
 
For an asymmetric slab the number of confined modes depends on the thickness of the core 
layer (d), and the index of confined mode (m). m can be obtained by taking the argument of 
tangent in equations (1. 30) and (1. 38) equal to (qd - mπ). Here the argument is restricted to 
values 0 - π/2. Since n2 > n3 > n1 the cut-off condition given by p = 0  

 033 / kncn    (1. 42) 
This is corresponding to the loss of power in the substrate (n3) layer. 
The cut-off condition for TE and TM modes can be found by substituting equation (1. 42) into 
equations (1.30) and (1.38) for TE and TM, respectively, using the definition for the mode 
numbers and the definitions of p, q and r 
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where m is an integer, the number of TE guided modes. 
The corresponding cut-off condition and the number of TM guided modes is given in the 
following, 
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Because of equation (1. 49) for any vector in reciprocal space like 332211 blblblG


 (where 

l1, l2 and l3 are integer numbers), one gets the following equation: 

 NlmlmlmGR  2)(2 332211 


   (1. 51) 
 

1.3.1 Eigenmodes in periodic media 

         1.3.1.1 The Bloch theorem 
 
Until now we have not specified any particular solution for propagation of an electromagnetic 
wave in a periodic environment. For this purpose one can begin with the Maxwell equations 
(1. 4). By substituting equations (1. 4. 1) and (1. 4. 3) into (1. 4. 2) and (1. 4. 4), respectively, 
one obtains the following wave equation for the electric and the magnetic field, respectively: 
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Where the operators E and H are defined by the first equality in each of the above 
equations. In the literature these equations are sometimes referred to as the ‘master 
equations’[32]. It can be easily shown that  is a Hermitian operator. Let R be a translation 
operator which operates on any function f like  

 )()( RrfrfTR


    (1. 53) 

Because of the periodicity of the permittivity  
 )()( rRr      (1. 54) 

Since equation (1. 53) is valid for any function )(r  

 )()( rTrT RR


  (1. 55) 
Equation (1. 55) shows operators  and T are commutative and have common eigenfunctions 
(r). Under operator TR, )(r  should differ only by a change of the phase. Thus, the 

eigenfunctions of operator TR can have the plane wave form )exp( rki 
 , and corresponding 

eigenvalues have the form )exp( Rki

 . However, one can introduce a wave vector k


 in which

Gkk


 . So, according to equation (1. 51), there are degenerate eigenfunctions that yield 

the same eigenvalues. This periodicity allows to analyse photonic crystals with k


 vectors that 
are only located in a limited area called Brillouin zone [33]. 
Consequently, the eigenfunction of the master equation can be written like  

 )exp()()( rkirur k

                                   (1. 56) 

Where )(r represent either E or H, and )(ru  is a periodic vectorial function that satisfy the 
following equation 

 )()( ruRru kk


    (1. 57) 
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This result is known as Bloch’s theorem. )(r  is a periodic function of its argument and is a 
general form for eigenfunctions of the master equations (1. 52. 1, 2).  
 

         1.3.1.2 The scaling properties of the photonic crystal 
 
Photonic crystals have an interesting property referred to as scaling law. The scaling law tells 
us: scaling all geometric dimensions or scaling the dielectric permittivity finally leads to a 
scaling of the frequency and the wavefunction. The proof of this property is given in the 
following: 
We just show it for the master equation of the electric field, but the method would be the 
same for magnetic field. If the distribution of dielectric permittivity is scaled by factor , like 

)()(  rr  , after changing the variable rr   and  equation (1. 52. 1) will 
change as  
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But )()( rr    and ),(),( trEtrE 


 , thus the equation (1. 58) can be written again 
as  
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This is again the master equation (1. 52. 1). Hence, if the structure of two photonic crystals is 
the same and the difference is only the scale of length, for the new mode profile we only scale 
the old mode and its frequency by factor . Since the variable r  is dimensionless, now we 
can take into account a dimensionless eigenangular frequency ca  2  and a wave 

vector 2kak


 , where a  is the lattice constant of the structure. Therefore, if we measure 

the angular frequency in units of ac2  and the wave vector in units of a2  the 
eigenfunctions of all photonic crystals which differ only in these length scales are the same 
independently of the amount of the scaling factor. The scaling properties can be used also for 
different materials the dielectric permittivities of which change by a factor of  like 

)()( 2 rr   . Substituting this in equation (1. 52.1) one get the following equation:  
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Hence, the field profile stays the same but the angular frequency changes by the factor . 
Another interesting property of photonic crystals is the time reversal symmetry. According to 
the time reversal symmetry any photonic crystal band structure has inversion symmetry 
regardless of whether the structure of the photonic crystal has inversion symmetry or not [34]. 

1.3.2 One dimensional photonic crystal and the origin of gap 
 
In the following paragraphs we derive the bang gap of periodic structures from a 
mathematical and a physical point of view. For convenience of notation, we assume light 
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propagation in a one dimensional photonic crystal. Because of the special periodicity one can 
expand )(r  in a Fourier series like follow, 

  

G
m RGicr



 )exp()(1    (1. 61) 

Where cm is the mth Fourier component of the periodic dielectric function. For simplicity we 
assume that the inverse of )(x  is a co-sinusoidally varying function i.e.  
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Where the 1D photonic crystal has the dielectric permittivity modulated in x direction with 
period a . Because of the spatial periodicity the wavefunction )(r  can be expanded in 
Fourier space as,  

 ))(exp()()( rGkiGErE
G

m



   (1. 63) 

for the electric field. We can have the same expression for the magnetic field. Thus, the next 
step is to write equation (1. 63) in 1D form as follows: 
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We consider the one dimensional form of the master equation,  
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    (1. 65) 

Substituting equations (1. 62) and (1. 64) into equation (1. 65) one gets the following set of 
equations,  
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Which is equivalent to  
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Because the Fourier basis is orthogonal, the coefficients at both sides of (1. 67) for every m 
must be equal to each other thus, 
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Let us first assume the situation of a homogeneous material, i.e. 1
0

 c , c1=c2=0. It is 

straightforward to get,  
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In addition to this mathematical proof there is a simple physical concept which can explain 
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to this theorem an electromagnetic mode with lower frequency tends to 
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dimensional structures is similar. However, the higher numbers of periodic directions make it 
difficult to solve the problem analytically, and numerical calculations are necessary to 
determine 2D and 3D band structures. 
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1.3.3 Two dimensional photonic crystals
 
The previous section was about the origin of the bang gap in a periodic structure, the 
following part is devoted to introduce 2D photonic crystals. Actually, a theoretical 2D 
photonic crystals has a 2D periodic pattern in plane and is extended infinity in 
perpendicular to the plane. 2D photonic crystals can confine light in the 
reality such 2D photonic crystals do not exist, however, we will show in the next section the 
confinement in the third direction can be easily 
reflection). It has also, the technological advantage, that the fabrication process is fully planar. 
In general, one can say that 2D photonic crystals are more important than 3D photonic 
crystals because they are m
crystals with lots of new fabrication techniques such as nano
achievable.
There are two popular lattice configurations for 2D photonic crystals, square and hexagonal 
lattices. As in solid state physics, we can define a reciprocal lattice for each of them. The 
method to find the reciprocal lattice vectors was obtained in the previous section and the final 
results were presented in equation (1.50.2). Schematic illustrations 
reciprocal lattices were already depicted in figure (1.
some highly symmetry points in the first Brillouin Zone (
M, K for the hexagonal lattice). The con
Brillouin zone
possible symmetry transformations of the master equation. Figure (1.8) presents the first 
Brillouin zone and th
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Consequently, in order to d
restrict calculations only on the 
edges of this zone. There are several methods to calculate the dispersion diagram some of 
which will be shown in chapter 3. In a 2D photonic crystal there are not only more 
propagation directions in comparison to 1D photon
wave plays an important 
possibility of achieving a complete band gap in all direction
polarizations is not very high. In general
in the xy
Considering that the mode of the photonic crystal propagates in the xy
vanishing components fo
Hx, Hy 
configurations, a bulk high index background with holes of low index in it, or a high index 
pillar str
and the TM in the latter one. However, it is not a strict rule, because, the band gap can be 
engineered with several other parameters such as the index contrast, filling fa
of the periodic elements 
chapter.

         1.3.3.1 
 
In the following paragraphs, we discuss the different behavior between the TE and TM 
polarizations. The band structure of a square array of silicon rods with 
the radius of holes to the lattice constant equal to 0.3, (
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A two-dimensional photonic crystal with hexagonal periodic lattice and one atom in each unit 
cell has higher symmetry in comparison to a square lattice. It can be argued from figure (1.8) 
that the Brillouin zone has a hexagonal shape whic
to have a band gap in all directions is higher in hexagonal lattice. Here again, we can 
introduce either disconnected dielectric rods in a lattice, or connected high dielectric regions 
with periodic holes in it
The two different polarizations TE and TM have a similar behavior as in the square lattice. 
Similarity as for the square lattice one can argue that the TE polarization supports a band gap 
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optical properties, such as the radiation life time of the atom. In order 
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perpendicular direction to the plane of propagation by index guiding. In addition, they have 
the advantage of the ease of fabrication, as they require, only a relatively small etching depth. 
It is enough to etch through the thickness of the slab and get access to the underlying 
‘sacrificial’ layer. Indeed, because of the lower aspect ratio between the depth and the 
diameter, it is also much easier to obtain vertical sidewalls along the entire height. In some 
publication they are named 2.5D photonic crystals [37].  
Compared to 2D photonic crystals one can say that 3D photonic crystals are able to open an 
omnidirectional band gap, but they are very difficult to fabricate. They need very large index 
contrast, and are very sensitive to fluctuations of the lattice constant. In nature, opals have 
band gaps, but there are only few man-made structures like Yablonovitch [12] or Woodpile 
[38] structures, which are not straightforwardly compatible with planar fabrication 
technologies.  
A photonic crystal slab can be used for light extraction purposes and to modify the emission 
of an active material. A typical light emitting structure is consisting of a rather localized 
emitting region embedded in a semiconductor of different band gap and lower refractive 
index. In a planar slab only light propagation below the critical angle can escape from the 
slab, and the rest of light is trapped inside. There are some techniques to increase extraction of 
light, like changes of the macroscopic geometric shape, surface roughening and patterned 
structures. The most important purpose of photonic crystals is to improve the light extraction 
efficiency, and also the internal efficiency by changing the spontaneous emission rate and the 
radiation pattern. 
For these purposes one can use photonic crystals in different ways. (i) Use of a photonic 
crystal as a mirror for photon recycling [39-41]. In this case the photonic crystal is positioned 
like a ring around the region with active material and light impinging on the photonic crystal 
is reflected back toward the active material. (ii) Use of a band gap approach, in which the 
photonic crystal and the active materials are in the same region. When the active material 
emits light in the photonic band gap, emission into guided modes is forbidden, therefore all 
emission is extracted. In addition, to enhance extraction one can also enhance the excitation. 
By this method one can engineer a photonic crystal to achieve modes which have higher 
electromagnetic fields at the places of the emitters.   
 
 

1.4.1 Leaky eigenmods 
 
Indeed, light extraction from a photonic crystal slab needs to be investigated more exactly. 
For this purpose one can start with studying a dispersion diagram of a 2D photonic crystal. 
Owning to the lower effective refractive index of photonic crystal slabs compared to 2D 
photonic crystals with the same parameters, one can roughly say that the band structure of the 
photonic crystal slab will shift to higher energies, but not in a simple way. Here we need to 
recall again the concept of the light line. Actually, for a slab waveguide without any pattern 
on it, only modes with propagating angles exceeding the critical angle, or in other words, with 
an in-plane k  exceeding nclad ω/c, can be a guided slab mode. The dispersion curves of these 
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velocity, it defines to absorption with unit s-1. (c) Photons which are absorbed with some 
parasitic absorption like free carrier absorption (c/n). Consequently, the total emission rate 
of a photon to a leaky eigenmode is the sum of the different partial emission rates  
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Where X is the probability of the external light emission defined as 
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 Z is defined as the probability of reabsorption into electron hole pairs  
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And finally Z is the parasitic reabsorption into some other, less useful, light absorption 
mechanisms 
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For the modes below the light line X=0.  For frequencies in the region A the relation is X=1 
and Z=Z=0. This finally leads to the net electron-hole recombination rate  
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The external efficiency for the B modes can be defined as 
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Where the numerator is the leak-out rate and the denominator is the total electron-hole 
recombination. As already mentioned for the case of a slab without pattern X=0. 
 

1.4.2 Spontaneous emission rate 
 
The following paragraphs are devoted to the introduction of the basic concepts of excitation 
enhancement in photonic crystal slabs with control over the spontaneous emission rate. EM 
Purcell in 1946 mentioned that the spontaneous emission rate, rather than being an intrinsic 
property of an emitter, also depends on the coupling between the emitter and its 
electromagnetic environment[21]. According to Fermi’s Golden rule the spontaneous 
emission rate from a transition dipole at a location r  is given by [46]  
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Where d


is the electric dipole of the transition, E


is the local electric field, and  is the 
density of electromagnetic modes. In a photonic crystal slab the local electric field and the 
density of states can be engineered to enhance, or inhibit, spontaneous emission. This value 
can be compared with the value of the spontaneous emission rate in the case where the emitter 
is embedded in a homogeneous medium. The ratio is called Purcell enhancement ratio. 
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When the line width of the Rabi1 frequency is larger than the line width of the mode then the 
coupling between emitter and mode called is weak coupling. One can also say that when the 
emitter excites a photon in the frequency of a leaky eigenmode the spontaneous emission rate 
for a dipole at location r is as follow: 
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Where d


and E


have the same meaning as before. The mode density of leaky modes is 
replaced by a Lorentzian function of width  , and g is the mode degeneracy. For such 
modes the Purcell factor is as follows: 
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Where  Q  is the cavity Q-factor, which represents the total intrinsic radiation loss 
associated with a given cavity2, and Veff  is the modal volume introduced as 
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It appears as if the leaky modes do not have large Purcell factor because they occupy the full 
area of the photonic crystal and have large Veff, but a large degeneracy factor compensates the 
large modal volume. Boroditsky et al. [41] showed that this spontaneous emission 
enhancement is comparable with the enhancement of a single cavity mode.  
 
 
 
 

                                                            
1 In a system of two coupled oscillators (e.g. an excited atom and cavity) without loss, each oscillator 
periodically exchanges its energy with the other, this phenomena in quantum mechanics is known as 
Rabi oscillations [19]. 

2 The quality factor Q describes the number of  periods of the oscillating electric field after which the 
energy of the localized mode has decreased by 1/e2, and the amplitude of the field by 1/e 
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    1.5 Defects in two-dimensional photonic crystals 
 
The last part of this chapter is about cavities in photonic crystals. From a mathematical point 
of view any disturbance in a periodic lattice is a defect and this defect works as a scattering 
center for propagating Bloch modes. These irregularities work like defects in solid state 
physic. They excite modes inside the band gap and they are localized near the defect core and 
decay exponentially into the bulk photonic crystal. The defect can be a displacement of an 
atom in a photonic crystal, changing the size or the shape of an atom or changing the 
dielectric permittivity. Any larger change has stronger effects on the dispersion diagram. The 
largest change is removing or adding one atom.  
In a perfect cavity a mode should be localized inside the cavity, but in reality there is no 
perfect cavity. This means that the amount of electromagnetic energy stored inside the cavity 
decreases with time. The Q-factor is the parameter which describes the quality of a cavity. 
The Q-factor is defined as: 
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Where ω is an angular frequency of the mode, and U is the electromagnetic energy stored 
inside the cavity. Optimizing cavities to get higher Q-factor is one of the most important 
aspects in the photonic crystal field. Higher Q means less dissipation of energy, in addition 
when a mode confined in a cavity has small effective mode volume. Usually, a defect mode 
has a very flat dispersion diagram, which leads to a high density of state. According to 
equation (1. 81), all these parameters lead to a high spontaneous emission rate for an emitter 
inside a cavity. 
In general, defects can be classified into cavities and waveguides depending to their size. If 
the size is comparable with the lattice constant then the defect is called the cavity, and if the 
size in one dimension is large, then the defect is referred to as waveguide. Most popular 
cavities in the triangular lattice are H1 and L3. With an exact design they can have quality 
factors of up to 106 with small modal volume as was reported in reference [18]. In some 
publications these cavities are called zero-dimensional cavities. Cavities can become larger 
when removing more atoms, e.g. Hn. Figure (1.18) shows some typical cavities in photonic 
crystals. 
If the defect is long in one direction then it is called waveguide. The modifications of the 
dispersion for the Bloch modes create a mode in the band gap. Because of the photonic band 
gap the defect mode cannot enter the photonic crystal and stays confined at the defect. 
Nevertheless the defect mode can propagate along the waveguide. This is the same behavior 
as in a normal slab waveguide. The most famous examples of a line defect is the W1 
waveguide, which is created by removing one row of atoms in K direction in a hexagonal 
periodic lattice. A notable difference for the photonic crystal waveguides is that they have less 
loss especially in sharp corners. Thus they can be used to control the direction of light at the 
wavelength scale. On the other hand, because they have a very flat band diagram near the 
band edge, they are a good candidates to obtain a slow light regime [47, 48]. Photonic crystal 
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Figure 1.19:Figure 1.19: A schematic view of a channel drop filter.
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Chapter 2 
 
Numerical calculation models 
 

A part of this dissertation concerns the design of photonic crystals. Indeed, the fabrication 
process of the photonic crystals is expensive, especially for the near-infrared region of the 
spectrum. For this reason, in order to get good results, it is reasonable to start with promising 
parameters for the fabrication process. Owing to the tolerances in fabrication processes the 
final parameters are different, but rule-of-thumb simulations can provide good results. 

Numerical modeling of photonic crystals is difficult, because in the sub-wavelength scale and 
the high index contrast vectorial solving especially near the boundaries is necessity. A large 
number of numerical methods both in time domain [53] and in frequency domain [54] have 
been developed for photonic crystal calculations. The purpose of this chapter is to present an 
overview on some of the most popular numerical techniques and tools which are appropriate 
for photonic crystal design and analyzation. 

 

    2.1 Plane wave expansion (PWE) method  
 
The plane wave expansion method is one of the most common calculation techniques applied 
to photonic crystals, which has high efficiency. We will expand it with some more details 
because it is the most relevant method which can explain the physical properties of photonic 
crystals which were already mentioned in chapter 1. One of the first implementations of this 
method in 1990 was not successful [55] because of the lack of, a vectorial approach. 
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However, shortly afterwards this problem was solved [56] and the PWE has became one of 
the most used methods for analyzing photonic crystals.  This method is a frequency domain 
approach based on the expansion of fields and the dielectric constant into a plane wave basis. 
However, it is known that the convergence of this method depends on the number of plane 
waves which has to be retained in order to ensure a given precision of the numerical results 
[57, 58].  

The PWE consists of expanding the periodic functions in appropriate Fourier series and 
inserting the expansions into the master equation. To see how this method works we start with 
master equations: 
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These statements were already introduced in chapter 1, and it was mentioned that possible 
eigenfunctions of these equations are periodic functions. The eigenfunctions can be written 
as: 
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Because of the spatial periodicity, the Fourier expansion leads to the following form for the  
eigenfunctions. 
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One can expand )(1 r  in a Fourier series like the following: 
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By substituting equations (2. 6) and (2. 7) into equation (2. 2), it is straightforward to get the 
following equation for the magnetic field, 
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A similar equation is valid for the electric field. Equation (2. 8) is (after a suitable choice of 

the G


 subset) a standard eigenvalue problem with a Hermitian matrix. Here n  is the eigen-

frequecy of Gnh 


, . We expect by varying k


 for each value of n a continuous frequency change, 

i.e. there is a family of continuous functions )(kn


 , which leads to the concept of the band 

structure. Diagonalization of the matrix on the left side of the equality in equation (2. 8) leads 

to the eigenvalues and the eigenfunctions for each k


.  

In the following, as an example, we show how to calculate the explicit form of the expansion 
coefficients G

 in the case of the simple shape of circular dielectric rods. 
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Where Vc shows the volume of the unit cell of the photonic crystal. In general, this is a 3D 
integral, but this example is about a 2D periodic array of rods with dielectric constant εa and 
radius ra in a background with dielectric constant εb. Therefore, all vectors are in the xy-plane. 
1/ε(r) is thus given by 
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Where S is defined such that 
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Substituting equations (2. 11) and (2. 10) into equation (2. 9) yields 
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In order to calculate the integral one needs to use polar coordinates. After some trivial 
calculations [34], a solution of integral in equation (2. 12) is found: 
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Where GG


  and J1 is the Bessel function of the first order. Then, the Fourier coefficients 

G
  have the form 
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As a final remark, the dimension of the matrix on the right side of equation (2. 8) is 3N for the 

ne  calculation, and 2N for nh


calculation. Here, N is the value for the truncation of the sum. 

The dimension of the matrix is less in the case of the magnetic field, because, according to 

equation (1. 1. 2) of chapter 1, nh


 should be perpendicular to Gk


 . From a computational 

point of view the calculation of nh


 needs much less CPU time than the calculation of ne . It is 

worth reminding that both ne  and nh


 have the same amount of eigenvalues and the difference 

arises because N of 3N eigenvalues of ne are zero [34].  

As already mentioned in the beginning of this section, the PWE method basically relies on a 
finite basic expansion. The truncation of the sum is the main approximation of this method. 
The poor convergence of the PWE method has been improved by some other methods such as 
the HCS method (named after its authors, Ho, Chan and Soukoulis [14]) or the KKR method 
(Koringa-Kohn-Rostker [59]). A good reference on plane wave expansion (PWE) methods 
can be found in [60]. PWE can be applied to any 2D photonic crystal as long as the wave 
vector of incident angle lies in the 2D plane of the photonic crystal. Although the convergence 
becomes poor when the index contrast is large, it has the advantage that it can deal with 
complex dielectric constants as well as with real dielectric constant. Nevertheless, the material 
dispersion is not adoptable by this method. 

 

    2.2 Finite Difference Time Domain (FDTD) method  
 
The most common time domain method to simulate the behavior of the electromagnetic 
waves is the FDTD. The FDTD method reproduces numerically the propagation of the 
electromagnetic waves in both space and time. The time domain methods have the advantage 
to remain applicable to nonlinear or active materials. The FDTD has widely been used to 
calculate the properties of finite-size photonic crystals such as the quality factor or 
transmission spectra. In addition, it has been combined with periodic boundary conditions to 
calculate photonic band structures. Yee described the basis of the FDTD in 1966 [61] and 
then the method was developed by Taflove and Brodwin [62]. The FDTD is mostly 
implemented by the Yee algorithm. As advantages of this method one can say, first of all, that 
the algorithm is usable for vector and parallel calculations, and hence, can reduce the CPU 
time. Secondly, the spatial symmetry of the eigenmode can be taken into account, and the 
material dispersion and the imaginary part of dielectric constant can be dealt with. The FDTD 
is based on the direct solution of the time-dependent Maxwell equations. It divides space and 
time into grids of discrete points and approximates the derivates in the Maxwell equations by 
finite differences. The equations are iteratively solved in a leapfrog manner, where the value 
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of the H-field at time t depends on stored values of H-field at the time t-t/2 along with the 
value of E-field at the time t-t/2. In this way, the E and the H field move through time with 
an offset of one half of a time step. In the Yee algorithm the different components of each 
vector are associated with the different locations on the grid cell. FDTD results in six 
equations. As an example, the following equations show two of them: 
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Where the x, y and z are the spacing of the spatial grid and t is the time step. The 
function discretization is as follow, 

 ),,,(),,,( ,, tnzkyjxiFFtzyxF t
kji    (2. 17) 

Details about the calculation method can be found in [63]. 

 

The FTDT method can compute the response of linear system at many frequencies in a single 
computation by use of the Fourier transform of the response. However, because of the 
uncertainty of the Fourier transform, the FDTD needs long-time calculations to resolve a 
sharp peak. In addition, to calculate a stationary solution a frequency domain method is more 
efficient. Finally, for high spatial resolution FDTD needs high time resolution and, in order to 
get a stable simulation, one must adhere to the Courant condition which relates the spatial and 
the temporal grid sizes as follows 
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Figure 2.1: Location of the field 
components on a Yee cell with 
dimension x, y and z. Note that the 
H field is computed at a point shifted by 
one half grid spacing from the E field 
grid point. 



 

Here c is the speed of light in vacuum. The FDTD method can be used to identify resonant or 
leaky modes. Actually, the solver looks at the response of the structure to a short puls
then eigenfrequencies can be found as sharp peaks in the spectrum. The widt
proportional to the loss rate. Nevertheless, resolving degenerate and nearly degenerate modes 
needs long calculation times. 
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Because of the geometry of the grating the solution can be divided into the TE and the TM 
polarization with the electric field parallel to the y axis for the former, )0,,0( EyE 


, and the 

magnetic field parallel to the y axis for the latter, )0,,0( HyH 


.  To find solutions more 
conveniently one can divide space into three regions. Region I above the grating (the input 
region) is a homogeneous dielectric region with the dielectric constant εI. Likewise, region III 
below the grating has the dielectric constant εIII. The grating region, or region II, consists of 
the periodic distribution of both materials. The master equations should be solved separately 
in each region and then matched at the boundaries. Referring to the dash-dotted line of figure 
(2.2) there are five borders in the problem.  At the borders B1 and B3 the field has to be finite 
when z±. Since the structure is periodic in the x direction with period a, the transition in 
the x coordinate from x to x+a only adds a phase factor of the form sinikae to the solution, as 
can be seen in  figure (2.3) . To fulfill the Bloch Theorem, periodic boundary conditions apply 
to the boundaries B2 and B4. The last boundary is B5 where the tangential components of the 
electromagnetic fields are continuous.  

 

Figure 2.3: Phase determining the periodicity 

We only follow the problem with an incident plane wave of TE polarization. For analyzing 
the problem in the TM polarization one can refer to [66]. We will briefly derive some basics 
of the differential theory of gratings. An incident (TE polarization) plane wave the has the 
following form 
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In linear optics the transformation into the total field is also linear, therefore, the total field in 
region I satisfies  

 ),()sinexp(),( zxEaikzaxE yIy                                      (2. 21) 

This will hold in all three regions. Consequently, for any function F(x,z) one can write, 
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Using the periodicity and the Fourier expansion for the separation of variables in space one 
gets, 
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The relation (2. 25) is referred to as Floquet condition. Since the wavenumber of the reflected 
field is preserved,  
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One can determine the discrete reflected angles as follows 
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See figure (2.4) and [67]. Equation (2. 27) represents the diffraction law for the grating. In the 
case of m=0 this equation represents the common Snell’s law for a surface without 
corrugations. There, the kx component of the incident plane wave is preserved, but here kx can 
take different values for different integers m in equation (2. 25).  

 

Figure 2.4: Light scattered in different angles. 

To define the solution one should determine the Fourier coefficients fm. We write the master 
equation for homogeneous material in the region I and III as,  

 IIIILEkE yLy ,022    (2. 28) 

Substituting equation (2. 24) into (2. 28) one gets  
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Keeping a single incident wave in region I and no incident wave from region III the solution 
of (2. 29) in the region I is, 
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And the solution for the region III reads, 

 





m

zmIIIxmm
III
y dzikxikTE ))(exp( ,   (2. 32) 

Where, 222
, xmIIIzmIII kkk  . 

Here, the coefficients Rm and Tm are the reflection and the transmission coefficients, 
respectively. The solution is derived by considering the boundary conditions at the boundaries 
B1 and B3. Note that here the z coordinate is in downward direction. The coefficients Rm and 
Tm must be determined from the boundary condition in the grating region i.e. B5. In the 
grating region the dielectric constant is a periodic function, and one can use the Fourier 
expansion to write it as, 
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Inserting the Fourier expansions (2. 33) and (2. 24) into equation (2. 28) one gets, 
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Substituting for kxm in the expansion leads to,  
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Equating for the index j lead to 
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For any homogeneous material only 0 is non-zero and equal to ε. Therefore, equation (2. 36) 
converts to the coupled equations (2. 29).  In equation (2. 36) the sum with the infinite Fourier 
coefficients needs to be converged. However, in the numerical solution the sum cannot be 
infinite. There are many different methods to truncate the sum. After truncation, the different 
mathematically equivalent forms can produce different approximation errors and convergence 
properties. 
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To get a reasonable error, the choice of N, depends on the problem and the accuracy of the 
numerical computational method for solving the system of ordinary differential equations. 
The RCWA method deals with the grating region mathematically as a single region with a 
dielectric constant depending on x. No other boundary conditions are considered. Using the 
assumption that ε and Ey(x,z) are sufficiently smooth helps to the solution. In order to get a 
good match of the computed results with the physical reality, it is therefore necessary to use 
truncation rules which remain valid in the presence of discontinuities. Without a correct 
mathematically truncation approximation there is the possibility that the discretized problem 
may not formed correctly.  

To solve the problem numerically there will be (2N+1) transmission coefficients (Tm) and 
(2N+1) reflection coefficients (Rm). Correspondingly, there will be 2(2N+1) unknown values 
of fm and m. Therefore, the total number of unknown is 4(2N+1). To find them one uses the 
boundary matching conditions, 
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and region II is the grating region. Equations (2. 37) represent 4(2N+1) equations containing 
the 4(2N+1) unknowns which can be solved simultaneously.  

Here, we explained the basics for the solution of the Maxwell equations applying the RCWA 
method to a simple rectangular grating. To extend the RCWA method for more complicate 
shapes it is necessary to approximate the original shape with a set of horizontal regions, or 
slabs, within which the permittivity is constant as a function of height. 

 

    2.4 Guided Mode Expansion (GME) method 
 

The present method has been proposed in 2002 by Andreani [68]. The purpose of the GME 
method is to study the dispersion features and intrinsic out-of-plane radiation losses in 
photonic crystal slabs. As already explained in chapter 1, photonic crystal slabs are 
intermediate between 2D photonic crystals and slab waveguides. To study the photonic 
crystal modes, it appears reasonable to start with the slab waveguide modes and then 
introduce the effect of a periodic structure. Actually, this is the central idea of the GME 
method, in which the magnetic field in the Maxwell equation is expanded in the basis of 
guided modes of an effective homogeneous waveguide. By calculating the coupling to the 
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leaky modes of the effective waveguide, the intrinsic losses of quasi guided modes will be 
obtained by using perturbation theory. Although the GME method is an approximate method 
because the basis is not a complete set, its use has several benefits. First of all, it is a three-
dimensional approach leading to both truly guided modes and leaky eigenmodes in photonic 
crystal slabs, while the CPU time is comparable to that of the PWE method. This allows 
systematic studies on many parameters like the waveguide thickness, the filling factor or the 
dielectric constant in a photonic crystal slab. Secondly, it can straightforwardly calculate 
intrinsic out-of-plane losses. Usually, the PWE is a proper method to calculate truly guided 
modes. However, to calculate the energy and the loss of leaky modes some exact method such 
as the FDTD or the scattering matrix calculation are mostly used, which need numerical 
computational effort.      

                                            

 Here, we explain briefly the mathematics of the GME method. A schematic illustration of the 
system is presented in figure (2.5). It consists of the photonic crystal slab with three layers 
which are homogeneous in the z direction. The middle layer or the core layer, with thickness 
d, has a periodic pattern in the xy-plane. A typical situation is that, the cladding layers are 
homogeneous i.e. they can be described with the same periodic lattice with filling factor zero. 
As with other methods the starting point of the GME method are Maxwell equations, which 
are transferred into second-order equations. For convenient of notation we rewrite it here for 
the magnetic field, 
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By expanding the magnetic field in an orthogonal set as, 
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equation (2. 39) becomes equivalent to a linear eigenvalue problem, 
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Where the matrix Hmn is given by 
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Figure2.5: A schematic representation of a 
photonic crystal slab. The lower and upper 
cladding layers can be the same, and can 
also be considered to be semiinfinite  
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Once the magnetic field is known, the electric field can be obtained as 
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In order to find a proper set of )(rhm


 an effective slab waveguide made of three homogenous 

materials with 3,2,1, jj  are considered in which, 
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Because, the dielectric permittivity is constant in the z direction it can take the form )(


j  

where, ),( zr 


 . The integral is evaluated over the unit cell with area A. the definition in 
equation (2. 44) is not unique and actually is a kind of approximation for the GME method. 
However, the different choices of average dielectric constants do not lead to any significant 
change of the results above the mode cutoff. It is assumed that the average dielectric constant 
fulfills the condition 312 ,   in order to support guided modes. The calculation of the slab 

guided modes involves almost the same procedures as we have already explained in section 2 
of chapter 1.  

The wave vectors of the guided modes of the effective waveguide are called g , which can 
have any value in the xy-plane. However, the photonic crystal modes have the modulation of 
the 2D periodic pattern and are restricted to the first Brillouin zone. The effect of the periodic 
pattern is to shift the guided modes into the first Brillouin zone and create the band gaps. 

Therefore, one can write kGg


 . Here k


is the Bloch wave vector which lies in the first 

Brillouin zone, andG


is the reciprocal lattice vector. In the GME method )(, rh guided
Gk





is chosen 

as a basis for the expansion in equation (2. 42). The index  takes into account both order and 
the polarization of the guided mode. Therefore, the guided mode expansion of the magnetic 
field is 
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Here, the general index m can be written as ),( GKm


 . This basis is orthogonal but not 
complete, since the radiative modes of the effective waveguide are not included in the basis 
set. This effect will as partly lifted when the effect of the radiative modes in determining 
diffraction losses will be taken into account. The formulation presented here applies to the 
most general case of an asymmetric slab. In the case of a symmetric slab, the basis set and the 
photonic eigenmodes can be divided into even and odd modes.  

When a photonic mode in the photonic crystal slab lies above the light line (or light lines in an 
asymmetric slab), it is coupled to a radiative mode of the slab and becomes a leaky 
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eigenmode. This causes intrinsic losses due to scattering out of plane. This loss can be 
represented by an imaginary part of frequency Im(ω) [69]. Imaginary part of a photonic 

crystal mode with Bloch wave vector k


is calculated by time-dependent perturbation theory 
and is given by [70], 
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Where,  
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and ),( 2

2

c
Gk k

j

 
   is the 1D photonic density of state (DOS) at a fixed in-plane wave vector 

for radiation states that are outgoing in to medium j. Finally, one can easily calculate Im(ω) as 
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This approach is analogue to Fermi’s Golden rule in quantum mechanics. The main advantage 
of the present method in comparison to other methods is the possibility to include the losses 
of truly guided modes within the perturbation Hamiltonian. The reader who is interested to 
know more about this method can refer to [42].   
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Chapter 3 
 
Photonic crystal design and photonic 
cavities 
 

    3.1 Photonic crystals 
 

Extensive research on photonic crystals aims to their application in integrated optics. With an 
exact design a photonic crystal can offer a variety of appealing optical functionalities, such as 
beam splitters, add drop filters or waveguiding with sharp bends and low loss, which are 
components for highly integrated optical circuits. However, getting the light out of the 
structure is one of the most important problems for optical emitter devices. Depending on the 
application, there are different solutions for this problem, such as refracting objects on the 
surface, cavities and diffractive optics. In this thesis photonic crystals were designed to 
enhance the radiative emission intensity of Si-Ge QDs embedded in a photonic crystal.      

The dispersion band structure of a photonic crystal provides complete information about the 
position and the width of the band gap(s) in the relevant frequency range. In addition, the 
velocity and the propagation direction of electromagnetic waves in the photonic crystal can be 
determined using the dispersion band diagram. For the calculation of the dispersion one needs 
to solve the full vectorial Maxwell equations (1-1) in a quasi-periodic medium. There is a 
large variety of algorithms which can be used to solve the Maxwell equations. In chapter 2 
different computational methods employed for this thesis were explained. 
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Since the work of Purcell, the using of cavities in photonic crystals becomes an interesting 
topic. The Purcell factor describs the modification of the spontaneous emission rate of a 
source inside a cavity due to the couplin
cavity in a photonic crystal is defined by introducing a defect in the periodic structure. 
Defects in photonic crystals can support localized modes with low mode volume and high 
quality factor, therefore, th

Especially the photonic crystal slab cavities have a great potential to achieve high Purcell 
factors due to their ability to confine light in three dimensions.  
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There are a variety of different cavities that can be produced in photonic crystals. Two of the 
most popular ones are L3 and H1 cavities
L3 and a H1 cavity. A L3 cavity forms by removing three adjacent holes in the 
and it is capable to support several cavity modes. Figure (3.15) shows the dispersion diagram 
and the mode profiles of an ordinary L3 cavity.

Figure 3.15
profile of the cavity for modes with normalized frequencies b) a/

 An H1 cavity forms by removing one hole from the photonic crystal. The H1 cavity is the 
smallest cavity and can support two modes. Figure (3.16) shows the dispersion diagram and 
mode profiles of the electric di
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Figure 3.14: Schematic of a) a L3 cavity and b) a H1 cavity
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An H1 cavity forms by removing one hole from the photonic crystal. The H1 cavity is the 
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mode profiles of the electric displacement vectors of two nearly degenerate modes.

a) The dispersion band diagram of the H1 cavity with 
for two almost degenerate cavity modes with normalized frequencies b) a/

a

b 

e 

60 

Schematic of a) a L3 cavity and b) a H1 cavity

There are a variety of different cavities that can be produced in photonic crystals. Two of the 
most popular ones are L3 and H1 cavities[76, 77]. Figure (3.14) shows an
L3 and a H1 cavity. A L3 cavity forms by removing three adjacent holes in the 
and it is capable to support several cavity modes. Figure (3.15) shows the dispersion diagram 
and the mode profiles of an ordinary L3 cavity. 
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Chapter 4 
 
Fabrication Process 
 
So far, this thesis is mainly driven by the theoretical description of light propagation in 
photonic crystals and the numerical methods to describe it. On the experimental side, the 
problem of sample fabrication is caused by the fact that the lattice constant of the photonic 
crystal has to be in the order of half the wavelength of light in the material. This is not a major 
challenge in the microwave regime, but for devices designed for telecommunication 
applications everything is more difficult. Many different methods have been established for 
the fabrication of 2D photonic crystals, such as electrochemistry which uses anodic etching 
and growth [78], vertical selective oxidation [79] also, there are some self-organized photonic 
crystals, such as opals which consist of a regular arrangement of nearly spherical balls of 
amorphous silica [80]. Electron beam lithography and selective etching, as well as nano-
imprinting are two promising fabrication methods for the photonic crystal slabs designed in 
this thesis, which can be realized with our lab facilities. The most important machines which 
were used in this thesis are explained in the first part of this chapter, and the second part deals 
with some details of the fabrication process.    

    4.1 Experimental Instrumentation 

 4.1.1 Scanning Electron Microscopy (SEM) 
 
This subchapter is based on the detailed work of Thomas Berer [81]. The scanning electron 
microscopy (SEM) scans the surface of the sample with a focused electron beam. In 1873 
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Ernst Abbe found that if a wave with wavelength λ is focused to a spot with a lens the spot 
radius  becomes 

  sin,
2

nN
N A

A

  (4.1) 

Here NA is the numerical aperture, n the refractive index of the material in which the lens is 
immersed, and  is the half opening angle of the lens.   is called the diffraction limit and is a 
parameter to define the resolution of the system. According to the de Broglie relation one can 
define a wavelength for electrons as 

 
eVm

h

e
electron 2

  (4.2)  

Here h is Planck’s constant, me is the electron mass, e the elementary charge and V is the 
applied potential. For an electron with 30KeV energy the wavelength is about 710-12m. 
Compared to optical microscopy here λ is not a limiting factor. However, lens aberrations 
limit the resolution of the SEM.  
Development of SEMs was started in 1962 at Cambridge Instruments, and the first SEM was 
launched in 1965. The SEM which was used for this thesis is a LEO Supra35 FE-SEM (field 
emitting scanning electron microscope) which is based on a Gemini column, figure (4.1). The 
LEO Supra35 is a product of the Carl Zeiss Company. 
 

         4.1.1.1 Gemini column 

A main difference of the Gemini column to other FE columns is the integrated beam booster, 
which keeps a relatively high acceleration voltage through the column. The column is 
designed without any cross-over between source and sample surface [82]. If a column is 
optimized for low acceleration voltages the resolution for higher voltages degrades. The 
approach of the Gemini column is to keep the beam inside the column at a higher voltage and 
then decelerate the beam to the desired energy at the end of the column. 
The standard SEM column consists of five main parts [83]:  
 
I) The cathode to create an electron beam with small beam diameter, long-term stability and 
high beam current. Usually, there are two types of the electron sources available: a) 
Thermionic emission like tungsten or LaB6 cathodes.  b) Field emission (cold FE and 
Schottky FE) like tungsten or ZrO2. A field emitting (FE) source is a natural choice for high 
resolution scanning electron microscopes. The source diameters of field emitting cathodes are 
much smaller than those of thermionic emitters. Also, their brightness is about 2−3 orders of 
magnitude better than the brightness of the thermionic emitters. The brightness is a parameter 
which determines the efficiency of the electron gun. However, cold FE cathodes need ultra-
high vacuum and also their current is not long-term stable. For electron beam lithogeraphy 
stable current over time is needed, which makes Schottky FE the preferable choice as a source 
[84]. The Gemini column is equipped with a Schottky FE source. 
  



 

II) Condenser which demagnifies the cross
probe current by varying the focal length of the lens. 
 
III) Objective lens which is a combination of a magnetic lens and an electrostatic lens, this 
combination reduces the chromatic aberration factor.
 
IV) Deflection coils which control the scanning of the beam over the sample.
 
V) Coils to control the astigmatis
  
The three parameters that determine the quality of an image are: 
electron beam on the sample, 
and p, the convergence angle of the probe current on the sample. These parameters are not 
independent of each other and should be optimized to get a good signal from the sample. 

 
In the Gemini column the beam current can only be changed by switching between different 
apertures. All apertures are located on a plate which is located inside the condenser lens. The 
aperture with a diameter of 30μm is located in the center of this disk 
circularly with the other apertures with diameters of 7.5μm, 10μm, 20μm, 60μm and 120μm, 
as well as an aperture
beam through the desired aperture. Larger apertures have hi
divergence angle, smaller depth of field and more lens aberration.  
Another parameter which determines the resolution of an image is the acceleration voltage. 
The higher acceleration voltages lead to a smaller probe beam diameter and higher resolution, 
however, it has some disadvantage, such as more edge effects and more damage on the 
sample.
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igher acceleration voltages lead to a smaller probe beam diameter and higher resolution, 
however, it has some disadvantage, such as more edge effects and more damage on the 
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Condenser which demagnifies the cross-over in the electron gun assembly, and adjusts the 
probe current by varying the focal length of the lens. 

Objective lens which is a combination of a magnetic lens and an electrostatic lens, this 
combination reduces the chromatic aberration factor.

Deflection coils which control the scanning of the beam over the sample.

m errors. 

The three parameters that determine the quality of an image are: 
, the probe current (i.e. the current which reaches the sample) 

, the convergence angle of the probe current on the sample. These parameters are not 
independent of each other and should be optimized to get a good signal from the sample. 
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In the Gemini column the beam current can only be changed by switching between different 
apertures. All apertures are located on a plate which is located inside the condenser lens. The 
aperture with a diameter of 30μm is located in the center of this disk 
circularly with the other apertures with diameters of 7.5μm, 10μm, 20μm, 60μm and 120μm, 
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divergence angle, smaller depth of field and more lens aberration.  
Another parameter which determines the resolution of an image is the acceleration voltage. 

igher acceleration voltages lead to a smaller probe beam diameter and higher resolution, 
however, it has some disadvantage, such as more edge effects and more damage on the 

the electron gun assembly, and adjusts the 
probe current by varying the focal length of the lens.  

Objective lens which is a combination of a magnetic lens and an electrostatic lens, this 
combination reduces the chromatic aberration factor. 

Deflection coils which control the scanning of the beam over the sample.

The three parameters that determine the quality of an image are: 
(i.e. the current which reaches the sample) 

, the convergence angle of the probe current on the sample. These parameters are not 
independent of each other and should be optimized to get a good signal from the sample. 

Figure 4.2: Cross section of the Gemini electron 
optical column.
Uex: extractor voltage of first anode, 
Upe: primary beam voltage,
UB: booster voltage,
UF: EsB filtering grid voltage 

In the Gemini column the beam current can only be changed by switching between different 
apertures. All apertures are located on a plate which is located inside the condenser lens. The 
aperture with a diameter of 30μm is located in the center of this disk 
circularly with the other apertures with diameters of 7.5μm, 10μm, 20μm, 60μm and 120μm, 

free region. An electromagnetic aperture changer is used to shift the 
beam through the desired aperture. Larger apertures have hi
divergence angle, smaller depth of field and more lens aberration.  
Another parameter which determines the resolution of an image is the acceleration voltage. 

igher acceleration voltages lead to a smaller probe beam diameter and higher resolution, 
however, it has some disadvantage, such as more edge effects and more damage on the 
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In the Gemini column the beam current can only be changed by switching between different 
apertures. All apertures are located on a plate which is located inside the condenser lens. The 
aperture with a diameter of 30μm is located in the center of this disk 
circularly with the other apertures with diameters of 7.5μm, 10μm, 20μm, 60μm and 120μm, 
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beam through the desired aperture. Larger apertures have higher probe current, larger 
divergence angle, smaller depth of field and more lens aberration.   
Another parameter which determines the resolution of an image is the acceleration voltage. 

igher acceleration voltages lead to a smaller probe beam diameter and higher resolution, 
however, it has some disadvantage, such as more edge effects and more damage on the 
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Deflection coils which control the scanning of the beam over the sample. 
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B filtering grid voltage [82] 

In the Gemini column the beam current can only be changed by switching between different 
apertures. All apertures are located on a plate which is located inside the condenser lens. The 
aperture with a diameter of 30μm is located in the center of this disk and surrounded 
circularly with the other apertures with diameters of 7.5μm, 10μm, 20μm, 60μm and 120μm, 

free region. An electromagnetic aperture changer is used to shift the 
gher probe current, larger 

Another parameter which determines the resolution of an image is the acceleration voltage. 
igher acceleration voltages lead to a smaller probe beam diameter and higher resolution, 

however, it has some disadvantage, such as more edge effects and more damage on the 

the electron gun assembly, and adjusts the 

Objective lens which is a combination of a magnetic lens and an electrostatic lens, this 
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, the convergence angle of the probe current on the sample. These parameters are not 
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Cross section of the Gemini electron 
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Another parameter which determines the resolution of an image is the acceleration voltage. 
igher acceleration voltages lead to a smaller probe beam diameter and higher resolution, 

however, it has some disadvantage, such as more edge effects and more damage on the 
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The working distance (WD), which is defined as the distance between the objective lens and 
the sample, has also influence on the image. Larger working distance means higher resolution, 
smaller depth of field and larger magnification. 

         4.1.1.2  Detection 

When high energy electrons hit the sample a series of interactions occurs. Detection of the 
signals from the sample after interaction reveals information, such as morphology, chemical 
composition, crystals structure, electrical potential, local magnetic field, band structure and 
defects. The signals include secondary electrons (SE), back scattered electrons (BSE), 
diffracted back scattered electrons, photons (x-rays), and heat. The secondary electrons and 
the back scattered electrons usually are used for imaging a sample. Generally, there are two 
classes of interaction between the electron beam and the specimen. a) Elastic scattering, 
which applies to back scattered electrons, causes the deflection of electrons. b) Inelastic 
scattering, which applies to secondary electrons, leads to an energy loss of the electrons, but 
only small deflection occurs. Combination of both types of scattering defines the interaction 
volume. The interaction volume has a characteristic tear-drop shape because initially the high-
energy inelastic scatterings are dominant, which cause small scattering angles. At lower 
energies the elastic scattering events become more important leading to large scattering angles 
and a wider interaction volume. The interaction volume increases with the energy of the 
electron beam, and it extends laterally when the mass of the target atoms increases. The 
secondary electrons can leave the sample if they are generated sufficiently close to the 
surface. However, they yield the best resolution regarding topographical information. In the 
LEO Supra35 there are three detectors which are explained here briefly.  
 

         4.1.1.3  In-Lens SE Detector 

In our SEM an in-lens SE detector implemented. The secondary electrons are created by  
interactions between the primary beam and the electron in the outer-most atomic shell 
(conduction band). Electrons with energies below 50eV are defined as secondary electrons. 
Two kinds of SEs exist. (i) SEs which are generated at the focal point of the electron beam 
(SEI). They have high lateral and in-depth resolution. (ii) SEs which are created where the 
BSEs leave the sample (SEII). Like the BSEs they induce low resolution. There is a third 
group of SEs which are generated by the incident beam at the apertures and by the 
backscattered electrons on the chamber walls and the pole piece of the objective lens. They 
induce also low resolution. The in-lens SE detector only detects the SEI. This is the most 
important feature of the in-lens detector that leads to improved  resolution as compared to the 
other SE detectors which detect all types of the secondary electrons. As the beam booster is 
set to ground potential for acceleration voltages above 20 kV, the retarding field at the 
electrostatic objective lens vanishes. As a consequence, the electrons cannot be intercepted 
anymore and an in-lens detection is not possible for acceleration voltages above 20 kV.  
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         4.1.1.4  SE2 Everhart-Thornley Detector (ET detector) 

The ET detector was designed at 1960 by Thomas E. Everhart and Richard F. M. Thornley. 
This detector was designed to increase the efficiency of existing SE detectors. The detector 
consists of a Faraday cage which collects electrons. A potential of about ±250V is applied to 
the Faraday cage to attract or reject low-energy secondary electrons. The back scattered 
electrons have too high energy to be attracted by this voltage and only the BSEs impinging on 
the detector can contribute to the signal. If a negative voltage is applied to the Faraday cage 
only BSEs can be detected with the ET detector. By applying a voltage between Faraday cage 
and a scintillator the electrons are accelerated toward the scintillator. In the scintillator the 
electrons are converted to photons. Then these photons are transmitted through a waveguide 
to a photomultiplier. In the photomultiplier the photons are again converted to electrons. The 
generated electrons are then accelerated to the next charged plate (dynode) and produce more 
electrons. This procedure is repeated several times, and ultimately each electron can produce 
typically 106 electrons. 
 

         4.1.1.5  Centaurus BSE Detector 

The Centaurus detector (K. E. Developments Inc., Cambridge, UK) is designed for the 
detection of low energy backscattered electrons. It is constructed as an annual device with the 
primary electron beam passing through a 1mm2

 aperture of the detector. Whenever the 
detector is used it has to be inserted in a position just above the specimen by turning a control 
knob. The detector has an area of 120mm2 and the thickness of the scintillator tip which 
placed at the end of a light guide assembly is about 4 mm. The detector can be used at 
voltages between 0.5 kV and 30 kV.  
 

         4.1.1.6  Rait Elphy plus 

The Rait Elphy plus is an SEM converter which make it possible to create micro- and 
nanostructures by using electron beam writing. The pattern data can be generated with a 
simple CAD program, and the hardware is designed to convert the digital pattern into the 
analog signals. In addition, a beam blanker is installed in the Gemini column because the 
electromagnetic apertures in the Gemini column are too slow for electron beam lithography. 
To turn the beam off, an additional voltage applies to a plate which is situated in the upper 
region of the beam booster. This additional voltage causes the beam to sweep off axis. The 
Elphy plus system supports fully automatic alignment mark detection. The software can be 
used to adjust the dose and the magnification with respect to the current as well as the writing 
field size. Focus correction is also implemented in the system by finding the best focus at 
three points close to the structure and estimate the correct focus. In addition, a proximity 
correction can also be carried out by the system. 
 
 



 

4.1.2 Molecular Beam Epitaxy (MBE)
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The MBE machine used for this thesis is a Riber SIVA 45 chamber with a base pressure of 
510-11mbar. The MBE system consists of the main growth chamber, a load-lock chamber for 
wafer loading and storage in UHV, and an additional chamber for special evaporation 
processes. Growth parameters are monitored with a Sentinel flux sensor. The MBE is 
controlled by commercial software via PC. The readers who are interested to know more 
about MBE and growth processes are referred to [85]. 
 

4.1.3 Dry etching  
 
Etching which is a key technology in modern IC manufacturing, is referring to the process by 
which material is removed from the surface. There are two major types of etching, dry etching 
and wet etching. Dry etching does not utilize any liquid chemicals to remove material from 
the surface. It is usually employed because of reproducibility, anisotropy and the good 
controllability. It can be accomplished by bombarding sample with a beam of high energy 
electrons or ions. Removing molecules from the substrate can be physical, chemical or 
combination of both. 
Plasma etching is an example of chemical etching. A plasma is a highly ionized gas. In the 
dry etching techniques plasmas are made by using an electromagnetic excitation. After 
interaction between the ions and the substrate atoms the formed byproducts are desorbed from 
the surface. 
 Chemical etching is selective i.e. only the material for etching should be removed, and in 
particular it must not attack the mask material. A completely anisotropic etching, which 
removes material only in one direction, is very desirable but usually not achieved. 
Unfortunately, purely chemical etching techniques are seldom anisotropic. On the other hand, 
physical dry etching is highly directional but not selective. Physical sputtering, also called ion 
beam milling, is a purely physical process, in which high-energy ions hit the surface 
perpendicular and remove the atoms or the molecules of the substrate and the mask at almost 
the same rate. 
Reactive ion etching is a combination of both chemical and physical processes. It creates a 
good balance between isotropy and selectivity. Reactive ion etching, which is sometimes 
refered to as reactive sputtering etching (RSE), employs the bombarding ions such that they 
will chemically react with the substrate material. Gases such as CF4, SF6, Cl2 and CCl3F are 
usually used for etching silicon substrates.  
  

         4.1.3.1 Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE) 
 
Inductively Coupled Plasma (ICP) etching is a dry etching technique which employs radio 
frequencies (RF) to create a plasma of ionized atoms and radicals of reactive gases. The ion 
energy is controled by the RF applied to the substrate and the ion density is controled by the 
power applied to the ICP coil. In comparison with the RIE technique, the ICP has the 
significant advantage to create a high density of free radicals without generating a large 
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number of highly energetic ionic species. In the etching process an inhibitor layer can form on 
the sidewall surfaces to increase the anisotropy of the etching. The ion bombardment can 
enhance the etching rate by creating new surfaces or by removing byproducts and the 
inhibitor on the horizontal surfaces.  
The system used for these processes is the Oxford Instruments Plasmalab System 100 ICP 
180 etcher. RF powers (13.56 MHz) are applied to both the ICP source and the substrate 
electrode to generate the etch plasma. To ensure that the ICP power is purely inductively 
coupled an electrostatic shield around the ICP tube is used. Wafers are first loaded into a 
load-lock chamber and then transfer to the etching chamber to keep good stability of the 
chamber vacuum. The system can be operated over a pressure range from 0.1mT to 100mT 
with automatic pressure control. The low pressure improves the anisotropy by minimizing 
scattering of species by gas-phase collision. The wafers are clamped either mechanically or 
electrostatically to the temperature-controlled lower electrode. Helium pressure is applied to 
the back of the wafers to provide good thermal conductance between the chuck and the wafer 
[86]. Small samples are attached to a carrier wafer with Fomblin oil or photoresist. By adding 
a cryogenic supply of liquid nitrogen, the substrate temperature can be changed over a 
temperature range of –150 ºC to +400 ºC to an accuracy of ±1 °C. Figure (4.3) shows a 
schematic of the etch chamber. 
The temperature control on the sample is critical because any temperature variation leads to a 
change of the etch profile. The cryogenic temperature suppress the evaporation of the etch 
products which act as an inhibitor and create smooth sidewalls. In addition, etching of the 
mask material is more chemical in nature, and the cryogenic temperature helps to reduce the 
etching rate of the mask. The cryo etching is normally operated at low bias, leading to less 
attack on the mask materials, which is very significant for nano-scale structures such as 
photonic crystals. However, the low temperature can cause cracking of some organic 
materials which is more severe for resist thicker than 1.5m [87].   
Finally, one can say that RIE-ICP produces high etch rates, decent selectivity and good 
directionality while keeping ion energy and damage low. 
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holes. b) The Si-Ge quantum dots are positioned in high-symmetry places between the 
photonic crystal holes. The latter one needs alignment techniques which will be explained in 
the next sub sections.    
  

         4.2.1.1 Fabrication process for photonic crystals with randomly distributed self-
assembled Si-Ge quantum dots 
 
The device consists of a SOI-based 2D photonic crystal slab. The SOI wafer has a SiO2 
intermediate layer with a thickness of 2μm and a 160nm silicon layer on top. Molecular beam 
epitaxy (MBE) was used to grow the Si-Ge QDs as an internal source inside the active layer. 
The formation of dislocation-free Si-Ge QDs via SK growth on Si (100) substrates was for the 
first time performed by Eaglesham et al [90]. Since then, the interest in Si-Ge QDs has 
increased. Si-Ge QDs grown on a Si (100) substrate exhibit a large variety of shapes which 
depend to several parameters, such as the growth temperature and the intermixing of two 
materials. The different known types of islands are Hut lusters, Pyramids, Domes, Barns and 
Cupola islands [91]. The Si-Ge QDs which were grown for this thesis have the dome shape, 
and the growth process is as follows. After an RCA cleaning the sample was loaded into the 
MBE chamber. By heating the sample up to 900 °C the native oxide layer is desorbed from 
the sample. A silicon buffer layer is deposited on the sample at the desired temperature. The 
germanium deposition was started after termination of the buffer layer growth and a ramp-up 
to the desired temperature for QD growth. Thus, a silicon spacer layer is grown. The last two 
steps are repeated several times to get several layers of Si-Ge QDs. Then the sample was 
cooled down to preserve the QDs shape. Finally, a capping layer was grown on it. The ideal 
place for the Si-Ge quantum dots is in the middle of the slab, where the fundamental slab 
mode has its maximum intensity. Because the available SOI wafers at the institute had a 
rather thick silicon layer on top, fabrication of a slab with the Si-Ge QDs in the central plane 
of the slab leads to thick slabs. The advantage of the thicker slab is that large numbers of 
modes are confined below the light line and the true loss-less guided mode can exist for a 
large range of frequencies and wave vectors. MBE growth was performed by Moritz Brehm 
and Martin Glaser. In this dissertation the samples are labeled with the MBE growth code. 
Growth details of each sample are listed in table (4.1). 
 

Table 4.1: The MBE growth parameters for randomly distributed Si-Ge QDs. 
 

sample Si-Buffer 
layer [nm] 

Germanium 
layer [ML] 

Si-Capping 
layer [nm] 

Ge growth 
temperature 

Number 
of Ge 
layers 

Si-
spacer 
[nm] 

3071BGS 50 5.5*3.2  210 550 °C 10 10 
3073BGS 45 5.53.2 205 700 °C 10 10 
3075BSG 45 5.53.2 205 500 °C 10 5 
3671GSG 22.5 8.3 60 650 °C 1 - 
3713GSG 50 6.2 60 650 °C 1 - 

*:  means that the number of Ge monolayers was changed  
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However, the process improvements for EBL writing were done at the same time for both, 
and some results will be shown later.
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following steps: 
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development is proportional to the beam energy. In the Leo Supra 35 the highest acceleration 
voltage is 30KV.  
To write a pattern on the sample electromagnetic coils deflect the focused beam. Due to the 
unavoidable current noise in the electromagnetic coils, the deflection accuracy decreases at 
large deflection angles. The accuracy of the exposure is defined by the minimum pixel step 
size ps,min (the smallest distance between the two individual spots that can be scanned by the 
deflection unit). This parameter is set by the magnification of the SEM and the resolution of 
the deflection units. The write field is the maximum possible deflection at a given 
magnification and is inversely proportional to the magnification. In our lab the investigations 
to find the corresponding magnifications and writing fields with good accuracy was 
performed by Thomas Berer [81]. The proper magnification and the field size for this thesis 
are 1000 and 230m respectively. The maximum size of the photonic crystal is around 30m 
but for further lithography processes which are needed for aligned photonic crystals with 
ordered quantum dots a larger write field is needed. This process will be explained completely 
in the next section of this chapter. 
The next important parameter for electron beam lithography is the working distance. Smaller 
working distances cause higher resolution in imaging. However, the resolution of electron 
beam lithography is dependent on the scattering in the resist. A large working distance 
enhances the dept of field. In the Leo Supra35 there are three scan generators and according to 
the experiment of Thomas Berer for a magnification of 1000 and a corresponding writing 
field of 230m working distances of more than 18mm are required to use a low-noise scan 
generator.    
After choosing an adequate magnification the beam current and the step size has to be set. 
These parameters together with the current and the clearing dose define the speed of the beam 
during the lithography. If the speed is very high the beam cannot follow the wanted deflection 
leading to distorted structure. The clearing dose for the area (DA) is the minimum of the 

charge Q per area A to develop the resist completely. DA is defined as 
min,
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Here, td,A is the area dwell time i.e. the duration for which the electron beam stays at each 
point before it is deflected to the next point. I is the beam current, which can be adjusted by 
choosing the aperture size. The apertures 7.5m and 10m were used for this work. 
To start lithography the electron beam has to be adjusted. Because the sample is already 
coated with resist, to protect sample from undesired exposures it is better to do adjustment on 
a dummy sample with the same thickness as real sample, or do adjustment on the Faraday 
cup. The working distance, which is chosen for the calibration, should be almost the same as 
the working distance for lithography. The most important parameters for the beam calibration 
are the astigmatism corrections, which lead to a circular cross section of the beam, and also 
the spherical aberration for which the beam will be centered by adjusting the aperture 
alignment. After beam calibration the current can be measured at the Faraday cup. 
Once this is done, the sample should be rotated in a way that the sample edges are parallel to 
the scan direction of the beam. One needs to define a point on the sample as the origin. The 
coordinates of the structures on the sample will be counted relative to this point. The last step 
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of the adjustment before starting the lithography is called “three-point-adjustment”, which is 
very important, in order to find the correct working distance at each point on the sample 
surface, especially when the substrate is not completely flat or tilted. For this purpose, three 
coordinates close to the position of the structure to be written are chosen, and by using the dot 
mode of the SEM at a magnification around 80000 carbon tips (contamination dots) are 
grown on the sample. The round shape of the carbon tips is a sign of a good astigmatism 
correction. By defining the best focus on each tip, the corresponding value for the working 
distance will be saved with the Elphy software to interpolate the working distance at every 
coordinate on the substrate.   
Finally, the lithography can start with the exposure of the mask, which is provided by the 
Elphy software and was saved with the correct coordinates, dose factor and layer number in 
the position list. To have a good photonic crystal structure with the proper feature sizes, some 
more effort was put into finding the correct parameters, which is briefly explained here.     
 
Proximity effect: 
An important issue distorting the original pattern of the mask during EBL is the proximity 
effect. The proximity is mostly related to the back-scattered electrons. They originate from the 
substrate where they have been scattered by wide angles toward the resist, leading to 
additional resist exposure. Therefore, when two features are closely spaced the electron beam 
exposing one feature will also expose the neighboring object via the BSE. Consequently, their 
sizes are enlarged. In the case of a photonic crystal the features in the center are over exposed 
whereas the features at the borders of photonic crystal are under exposed. This leads to local 
variation in the filling factor between the center and the border. In the extreme case two 
separate features of the structure are connected to each other. Therefore, a proximity effect 
correction is indispensable in order to obtain a mask where the written diameters correspond 
to the coded one.  
There are two possibilities to avoid this problem, namely dose modulation and pattern 
biasing. For the first one different doses are assigned to each individual feature. This requires 
intensive calculations with the resist material, the thickness of resist and the energy of the 
electron beam as input parameters. For the pattern biasing method the extra dose that a dense 
pattern receives is compensated by slightly reducing the size of the features. This method has 
less dynamic range than the first one since it cannot be applied to sizes with the scale of the 
pixel spacing. In addition, its computation is as costly as that for dose modulation [92].  
An efficient photonic crystal proximity correction with specific correction scheme has been 
presented in 2005 which relies on the inherent periodicity of the photonic crystal. In this 
approach the structures are represented as binary matrixes, leading to a set of linear equations 
[93]. 
In the beginning of this thesis, because of lack of a software to calculate the proper proximity 
correction, an elementary calculation has been performed to overcome the problem. With this 
a dose assigned to each feature with respect to the acceleration voltage, the position of the 
feature in the structure and the number of surrounding features. The proximity correction 
parameters were improved by trial and error during the work. Figure (4.8) shows the result for 
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which during lithography will be exposed as a mesh of defined step size. This writing mode is 
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at one point for the defined dwell time and then leave
advantages of fast writing and reduced charging effects which lead
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SEM images of photonic crystals with different order of writing. a) Zoom
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VI) Dry Etching:
After lithography the pattern of the photonic crystal was transferred to a high
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VII) Buried oxide removal:
Removing the bottom oxide layer increases the vertical index contrast which leads to 
increased optical confinement and reduced propagation loss due to radiation or evanescence 
into the substrate.  
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The simulations show that the high symmetry points between three neighboring holes of a 
hexagonal photonic crystal and the bridge points between two neighbor holes are two suitable 
positions for the QDs to be placed.   
To achieve a photonic crystal with ordered internal sources, the device needs several 
lithographical steps. With use of alignment marks the subsequent lithography steps are 
aligned with respect to each other. The detailed list of lithography and dry etching steps are 
almost the same as for normal photonic crystals, and here we just explain the details of the 
alignment process. 
 

 
Figure 4.16: Process sequence for fabrication of photonic crystals with ordered Si-Ge QDs as internal sources. 

a) Writing alignment marks and etching. b) EBL writing of pits for the positioning of the ordered QDs and 
etching. c) MBE growth of the Si-Ge QDs and the Si cap. d) EBL writing and oxide removal of the photonic 

crystal which is aligned with the order QDs. 
 
Figure (4.16) shows the stepwise description of the whole process which explained here:  
1-Writing alignment marks: 

Alignment marks with either optical or electron beam lithography will written on the 
substrate. Then the marks will be etched deeply through the silicon into the SiO2 layer 
with ICP-RIE. 

2- The EBL for pit writing: 
With respect to the alignment marks the pits with diameter between 150-200nm will 
be written on the sample using RIE or ICP-RIE to etch them to a depth of around 
50nm.  

3- MBE growth of the quantum dots: 
After cleaning the substrate a thin silicon buffer layer will be deposited on the sample, 
then the Ge quantum dots are grown selectively in the pits and finally, the QDs will be 
capped with a silicon layer. 

4- EBL for photonic crystal writing: 
Using the alignment marks the photonic crystal pattern will be aligned with the QDs. 
ICP-RIE is used to etch through the silicon layer and finally wet etching to remove the 
oxide layer.    

 
I) Alignment marks:  
In order to align the ordered QDs with the photonic crystal in the subsequent lithography 
steps markers are essential. Actually, in electron beam lithography viewing the structure is 
exposing the resist. Therefore, the markers should be far enough from the position defined for 
the main structure. In addition, they should be positioned in places to which one has easy 
access without exposing the structure area. Finally, they should be large enough for further 
alignment scanning. A characteristic point which is accessible during all process steps should 
be defined as an origin for the EBL writing. Because of the MBE growths between the 
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process steps and the high accuracy needed for this structure, one cannot use a specific point 
on the sample (e.g. one corner of sample). Therefore, three markers, called origin
written on the sample to define a specific coo
lithography steps. The origin marks are composed of two squares (Figure 4.17). The point of 
interest is where two squares touch. Unavoidable variations could happen during lithography 
which leads to a different size 
geometry for the origin marks the center coordinate remains fixed. These three markers can be 
used to grow carbon tips and adjust the coordinate and the focus on the sample at the same 
time.  

Usually on each substrate a few tens of structures with different photonic crystal parameters 
are available. A few nanometers of misalignment between the photonic crystal and the 
ordered QDs might render the structures useless. Therefore, in addition to th
for each structure separate alignment marks were designed in the EBL mask. 
In order to read the alignment markers there are two possibilities in the Elphy software: 
manual mark alignment and auto mark alignment. In the manual mode, one sh
specific field in layer 63 of the EBL mask. The size of this field must be large enough that one 
can find the marker even with some misalignment. The same geometry as the one explained 
for the origin markers is suitable for the manual mark al
needed to define the correct coordinates for each structure. In the case of an offset between 
the read
mark field should lie). The ac
user and could be only a few nanometers. However, when a large number of structures needs 
to be aligned, this method is time consuming.
The other possibility is using auto alignment in which th
marker structure and the Elphy software evaluates the signal of the line scan. A threshold 
value for the brightness of the picture should be determined by the user. Using the threshold 
value Elphy determines the material cont
sample. Then, the center or the width of each mark can be evaluated by the software. The 
threshold value might change in each new sample, and it is better to define it at the beginning 
of each alignment.
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process steps and the high accuracy needed for this structure, one cannot use a specific point 
on the sample (e.g. one corner of sample). Therefore, three markers, called origin
written on the sample to define a specific coordinate frame and the origin during the 
lithography steps. The origin marks are composed of two squares (Figure 4.17). The point of 
interest is where two squares touch. Unavoidable variations could happen during lithography 

from the desired one for markers. However, in the used 
geometry for the origin marks the center coordinate remains fixed. These three markers can be 
used to grow carbon tips and adjust the coordinate and the focus on the sample at the same 
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brown squares are the fields defined for manual alignment. The center of each field for the manual alignment is 

placed in the 
recognized edges in red color. The threshold values in the Threshold Algorithm windows can be changed to 

An L shap
each arm of the mark in the x and the y directions define a point. At least three marks are 
needed then the software can define the correct coordinate frame. According t
positions the coordinate system might be shifted in the x and the y direction or rotated, and, if 
needed a change of the zoom factor may be required.
As final point for this section, in this work a specific geometry for the markers was designed 
which consist of an L shape and a square. The center point is where the square and the L 
touch. This marker can be used either for manual mark alignment or for a
(Figure 4.18). 
After cleaning the substrate, a proper resist, depending on the method of the lithography, will 
be spin coated onto the sample. The markers can be defined either by optical lithography or 
the electron beam lithography. Fo
explained in section (4.2.1.1) was spinned on the sample. For optical lithography resist S1805 
with a speed of 4000rpm for 40s was spin coated on the sample. Afterwards, the sample was 
baked on a hotplate
After lithography, markers are etched by ICP
layer with the same recipe that was already explained for photonic crystals in the previous 
section. The next step is using HF to remove the ox
and ensure that they are still visible after MBE growth.
 
 
 
 II)  Pit writing:      
The pits with diameters of about 150nm can be written either in a honeycomb structure or in a 
hexagonal periodic structure which has the lattice constant equal to 
crystal’s period and is rotated by 30 degrees with respect to the hex
photonic crystal. Figure (4.19) shows the EBL mask of the pit pattern with respect to the 
photonic crystal. The EBL system writes the structure with respect to a Cartesian grid of 
pixels. The finite resolution of the EBL system and 

 4.18: a) The mask for alignment marks. The red lines are the line scans for auto alignment marks. The 
brown squares are the fields defined for manual alignment. The center of each field for the manual alignment is 

placed in the position where the L shape and the square touch. b) Average scanned lines on the marker with 
recognized edges in red color. The threshold values in the Threshold Algorithm windows can be changed to 

An L shape is appropriate for the auto mark alignment. The cross section of the center lines of 
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needed a change of the zoom factor may be required.
As final point for this section, in this work a specific geometry for the markers was designed 
which consist of an L shape and a square. The center point is where the square and the L 
touch. This marker can be used either for manual mark alignment or for a
(Figure 4.18).  
After cleaning the substrate, a proper resist, depending on the method of the lithography, will 
be spin coated onto the sample. The markers can be defined either by optical lithography or 
the electron beam lithography. Fo
explained in section (4.2.1.1) was spinned on the sample. For optical lithography resist S1805 
with a speed of 4000rpm for 40s was spin coated on the sample. Afterwards, the sample was 
baked on a hotplate
After lithography, markers are etched by ICP
layer with the same recipe that was already explained for photonic crystals in the previous 
section. The next step is using HF to remove the ox
and ensure that they are still visible after MBE growth.
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The pits with diameters of about 150nm can be written either in a honeycomb structure or in a 
hexagonal periodic structure which has the lattice constant equal to 
crystal’s period and is rotated by 30 degrees with respect to the hex
photonic crystal. Figure (4.19) shows the EBL mask of the pit pattern with respect to the 
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The mask for alignment marks. The red lines are the line scans for auto alignment marks. The 
brown squares are the fields defined for manual alignment. The center of each field for the manual alignment is 

position where the L shape and the square touch. b) Average scanned lines on the marker with 
recognized edges in red color. The threshold values in the Threshold Algorithm windows can be changed to 

define the width or the position of the marker.

e is appropriate for the auto mark alignment. The cross section of the center lines of 
each arm of the mark in the x and the y directions define a point. At least three marks are 
needed then the software can define the correct coordinate frame. According t
positions the coordinate system might be shifted in the x and the y direction or rotated, and, if 
needed a change of the zoom factor may be required.
As final point for this section, in this work a specific geometry for the markers was designed 
which consist of an L shape and a square. The center point is where the square and the L 
touch. This marker can be used either for manual mark alignment or for a

After cleaning the substrate, a proper resist, depending on the method of the lithography, will 
be spin coated onto the sample. The markers can be defined either by optical lithography or 
the electron beam lithography. Fo
explained in section (4.2.1.1) was spinned on the sample. For optical lithography resist S1805 
with a speed of 4000rpm for 40s was spin coated on the sample. Afterwards, the sample was 
baked on a hotplate at 150°C for 2min.
After lithography, markers are etched by ICP
layer with the same recipe that was already explained for photonic crystals in the previous 
section. The next step is using HF to remove the ox
and ensure that they are still visible after MBE growth.

II)  Pit writing:       
The pits with diameters of about 150nm can be written either in a honeycomb structure or in a 
hexagonal periodic structure which has the lattice constant equal to 
crystal’s period and is rotated by 30 degrees with respect to the hex
photonic crystal. Figure (4.19) shows the EBL mask of the pit pattern with respect to the 
photonic crystal. The EBL system writes the structure with respect to a Cartesian grid of 
pixels. The finite resolution of the EBL system and 
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The mask for alignment marks. The red lines are the line scans for auto alignment marks. The 
brown squares are the fields defined for manual alignment. The center of each field for the manual alignment is 

position where the L shape and the square touch. b) Average scanned lines on the marker with 
recognized edges in red color. The threshold values in the Threshold Algorithm windows can be changed to 

define the width or the position of the marker.

e is appropriate for the auto mark alignment. The cross section of the center lines of 
each arm of the mark in the x and the y directions define a point. At least three marks are 
needed then the software can define the correct coordinate frame. According t
positions the coordinate system might be shifted in the x and the y direction or rotated, and, if 
needed a change of the zoom factor may be required.
As final point for this section, in this work a specific geometry for the markers was designed 
which consist of an L shape and a square. The center point is where the square and the L 
touch. This marker can be used either for manual mark alignment or for a

After cleaning the substrate, a proper resist, depending on the method of the lithography, will 
be spin coated onto the sample. The markers can be defined either by optical lithography or 
the electron beam lithography. For electron beam lithography the same PMMA resist as 
explained in section (4.2.1.1) was spinned on the sample. For optical lithography resist S1805 
with a speed of 4000rpm for 40s was spin coated on the sample. Afterwards, the sample was 

at 150°C for 2min. 
After lithography, markers are etched by ICP
layer with the same recipe that was already explained for photonic crystals in the previous 
section. The next step is using HF to remove the ox
and ensure that they are still visible after MBE growth.

The pits with diameters of about 150nm can be written either in a honeycomb structure or in a 
hexagonal periodic structure which has the lattice constant equal to 
crystal’s period and is rotated by 30 degrees with respect to the hex
photonic crystal. Figure (4.19) shows the EBL mask of the pit pattern with respect to the 
photonic crystal. The EBL system writes the structure with respect to a Cartesian grid of 
pixels. The finite resolution of the EBL system and 
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The mask for alignment marks. The red lines are the line scans for auto alignment marks. The 
brown squares are the fields defined for manual alignment. The center of each field for the manual alignment is 

position where the L shape and the square touch. b) Average scanned lines on the marker with 
recognized edges in red color. The threshold values in the Threshold Algorithm windows can be changed to 

define the width or the position of the marker.
 

e is appropriate for the auto mark alignment. The cross section of the center lines of 
each arm of the mark in the x and the y directions define a point. At least three marks are 
needed then the software can define the correct coordinate frame. According t
positions the coordinate system might be shifted in the x and the y direction or rotated, and, if 
needed a change of the zoom factor may be required.
As final point for this section, in this work a specific geometry for the markers was designed 
which consist of an L shape and a square. The center point is where the square and the L 
touch. This marker can be used either for manual mark alignment or for a

After cleaning the substrate, a proper resist, depending on the method of the lithography, will 
be spin coated onto the sample. The markers can be defined either by optical lithography or 

r electron beam lithography the same PMMA resist as 
explained in section (4.2.1.1) was spinned on the sample. For optical lithography resist S1805 
with a speed of 4000rpm for 40s was spin coated on the sample. Afterwards, the sample was 

After lithography, markers are etched by ICP-RIE all through the silicon down into the oxide 
layer with the same recipe that was already explained for photonic crystals in the previous 
section. The next step is using HF to remove the ox
and ensure that they are still visible after MBE growth.

The pits with diameters of about 150nm can be written either in a honeycomb structure or in a 
hexagonal periodic structure which has the lattice constant equal to 
crystal’s period and is rotated by 30 degrees with respect to the hex
photonic crystal. Figure (4.19) shows the EBL mask of the pit pattern with respect to the 
photonic crystal. The EBL system writes the structure with respect to a Cartesian grid of 
pixels. The finite resolution of the EBL system and inherent difference

The mask for alignment marks. The red lines are the line scans for auto alignment marks. The 
brown squares are the fields defined for manual alignment. The center of each field for the manual alignment is 

position where the L shape and the square touch. b) Average scanned lines on the marker with 
recognized edges in red color. The threshold values in the Threshold Algorithm windows can be changed to 

define the width or the position of the marker.

e is appropriate for the auto mark alignment. The cross section of the center lines of 
each arm of the mark in the x and the y directions define a point. At least three marks are 
needed then the software can define the correct coordinate frame. According t
positions the coordinate system might be shifted in the x and the y direction or rotated, and, if 
needed a change of the zoom factor may be required. 
As final point for this section, in this work a specific geometry for the markers was designed 
which consist of an L shape and a square. The center point is where the square and the L 
touch. This marker can be used either for manual mark alignment or for a

After cleaning the substrate, a proper resist, depending on the method of the lithography, will 
be spin coated onto the sample. The markers can be defined either by optical lithography or 

r electron beam lithography the same PMMA resist as 
explained in section (4.2.1.1) was spinned on the sample. For optical lithography resist S1805 
with a speed of 4000rpm for 40s was spin coated on the sample. Afterwards, the sample was 

RIE all through the silicon down into the oxide 
layer with the same recipe that was already explained for photonic crystals in the previous 
section. The next step is using HF to remove the oxide, to create a sink beneath the marker 
and ensure that they are still visible after MBE growth. 

The pits with diameters of about 150nm can be written either in a honeycomb structure or in a 
hexagonal periodic structure which has the lattice constant equal to 
crystal’s period and is rotated by 30 degrees with respect to the hex
photonic crystal. Figure (4.19) shows the EBL mask of the pit pattern with respect to the 
photonic crystal. The EBL system writes the structure with respect to a Cartesian grid of 

inherent difference
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The mask for alignment marks. The red lines are the line scans for auto alignment marks. The 
brown squares are the fields defined for manual alignment. The center of each field for the manual alignment is 

position where the L shape and the square touch. b) Average scanned lines on the marker with 
recognized edges in red color. The threshold values in the Threshold Algorithm windows can be changed to 

define the width or the position of the marker. 

e is appropriate for the auto mark alignment. The cross section of the center lines of 
each arm of the mark in the x and the y directions define a point. At least three marks are 
needed then the software can define the correct coordinate frame. According t
positions the coordinate system might be shifted in the x and the y direction or rotated, and, if 

As final point for this section, in this work a specific geometry for the markers was designed 
which consist of an L shape and a square. The center point is where the square and the L 
touch. This marker can be used either for manual mark alignment or for auto mark alignment 

After cleaning the substrate, a proper resist, depending on the method of the lithography, will 
be spin coated onto the sample. The markers can be defined either by optical lithography or 

r electron beam lithography the same PMMA resist as 
explained in section (4.2.1.1) was spinned on the sample. For optical lithography resist S1805 
with a speed of 4000rpm for 40s was spin coated on the sample. Afterwards, the sample was 

RIE all through the silicon down into the oxide 
layer with the same recipe that was already explained for photonic crystals in the previous 

ide, to create a sink beneath the marker 

The pits with diameters of about 150nm can be written either in a honeycomb structure or in a 
hexagonal periodic structure which has the lattice constant equal to 3/3 times the photonic 
crystal’s period and is rotated by 30 degrees with respect to the hexagonal structure of the 
photonic crystal. Figure (4.19) shows the EBL mask of the pit pattern with respect to the 
photonic crystal. The EBL system writes the structure with respect to a Cartesian grid of 

inherent differences between the Cartesian 

The mask for alignment marks. The red lines are the line scans for auto alignment marks. The 
brown squares are the fields defined for manual alignment. The center of each field for the manual alignment is 

position where the L shape and the square touch. b) Average scanned lines on the marker with 
recognized edges in red color. The threshold values in the Threshold Algorithm windows can be changed to 

e is appropriate for the auto mark alignment. The cross section of the center lines of 
each arm of the mark in the x and the y directions define a point. At least three marks are 
needed then the software can define the correct coordinate frame. According to the detected 
positions the coordinate system might be shifted in the x and the y direction or rotated, and, if 

As final point for this section, in this work a specific geometry for the markers was designed 
which consist of an L shape and a square. The center point is where the square and the L 

uto mark alignment 

After cleaning the substrate, a proper resist, depending on the method of the lithography, will 
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RIE all through the silicon down into the oxide 
layer with the same recipe that was already explained for photonic crystals in the previous 

ide, to create a sink beneath the marker 

The pits with diameters of about 150nm can be written either in a honeycomb structure or in a 
3/3 times the photonic 
agonal structure of the 

photonic crystal. Figure (4.19) shows the EBL mask of the pit pattern with respect to the 
photonic crystal. The EBL system writes the structure with respect to a Cartesian grid of 

between the Cartesian 

 
The mask for alignment marks. The red lines are the line scans for auto alignment marks. The 

brown squares are the fields defined for manual alignment. The center of each field for the manual alignment is 
position where the L shape and the square touch. b) Average scanned lines on the marker with 

recognized edges in red color. The threshold values in the Threshold Algorithm windows can be changed to 
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The honeycomb pattern, which was proposed by Magdalena Schatzl, has the advantage of 
faster writing. The EBL parameters used for pit writing were almost 
parameters for photonic crystal writing. Here, the dot mode at the focus point was used for 
pit-pattern lithography. Three origin marks were used to define the coordinates and the 
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scanning the exact position of the pits was defined in each writing field.
After developing, etching can be perform
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For the RIE etching a recipe which had already been 
follows:
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The growth parameters for different samples are summarized in table (4.2). To figure out the 
alignment quality the sample was capped with a thin capping layer deposited at low 
temperature. The AFM image in figure (4.21) shows the nucleation of the Ge 
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IV) Photonic crystal writing:
After the MBE growth the substrate is extremely clean and only a HF dip immediately before 
spin coating of the resist is necessary. All parameters for electron beam lit
same as for the photonic crystal writing without alignment. The critical point is to use the 
alignment marks to align the photonic crystals with respect to the ordered Si
accuracy of the primary adjustment, such as defining the
coordinate frame by defining the three points alignment are very important to get results with 
higher accuracy. The highest zoom factor accepted by the Elphy software is one, therefore, 
the size of the writing field and the ma
factors of more than one. The auto
auto alignments before starting to expose each photonic crystal pattern improves the quality 
of alignment. 
On each sample several different photonic crystals with different lattice constants and filling 
factors were fabricated. During the experiments it turned out that choosing smaller distance 
between neighboring structures lead
developed in collaboration with Magdalena Schatzl.
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The growth parameters for different samples are summarized in table (4.2). To figure out the 
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Figure 4.22: SEM images of photonic crystals with ordered QDs (sample 3591GWSG). a) Photonic crystal 
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quantum dots. Very good alignment with an accuracy of about 20nm was achieved with this 
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removed. (iii) Pattern transfer to the substrate. Usually, an anisotropy etching technique like 
RIE is used. 
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and hot and then stabilized by cooling. Ultraviolet NIL is another method 
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There are two main types of nanoimpronting techniques. The first is thermal NIL, or hot 
embossing, which uses a thermoplastic polymer, in which the pattern is formed when it is soft 
and hot and then stabilized by cooling. Ultraviolet NIL is another method 
curable resist with low viscosity is used. The pattern is formed on it by pressing the mold on it 
at room temperature and low pressure. Finally, the resist is cured by UV

Schematic view of the UV NIL process a) a mold is pressesed into a UV curable resist b) the resist 
is hardened by UV exposure and the mold is removed from the resist. c) Anisotropic

residual resist layer and transfers the pattern into the substrate.

NIL process is available by using the EVG
system is basically a mask aligner for photolithography which adopts an 
and the stamp for the nanoimprinting. The UV lamp radiates in the spectral range of 350

620 please refer to [98]
1mm2 were fabricated with this method. A 

m and Si-Ge QDs as internal sources were used 
for the photonic crystal fabrication. The larger size of the photonic crystals which were 

this method in comparison with the ones fabricated with EBL provides more 
and measurements. After performing some 

simulations, a hexagonal photonic crystal was designed for the imprint fabrication including 
e high symmetry points in the middle of every three neighboring holes to position the Si

QDs as ordered internal sources for the photonic crystal.      
The process to fabricate the photonic crystals with Si-Ge QDs consist of two main steps. The 

ep is introducing the position of the order Si-Ge QDs into the SOI substrate. After 
shallow etching using the RIE and the MBE growth of the Si
defines the position of the photonic crystal holes. To align the photonic crystal with th

98].  
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ce of the sample. (ii) The polymer is hardened and then the stamp is 
removed. (iii) Pattern transfer to the substrate. Usually, an anisotropy etching technique like 

There are two main types of nanoimpronting techniques. The first is thermal NIL, or hot 
embossing, which uses a thermoplastic polymer, in which the pattern is formed when it is soft 
and hot and then stabilized by cooling. Ultraviolet NIL is another method 
curable resist with low viscosity is used. The pattern is formed on it by pressing the mold on it 
at room temperature and low pressure. Finally, the resist is cured by UV-radiation through the 

Schematic view of the UV NIL process a) a mold is pressesed into a UV curable resist b) the resist 
is hardened by UV exposure and the mold is removed from the resist. c) Anisotropic RIE etching removes the 

residual resist layer and transfers the pattern into the substrate. 

NIL process is available by using the EVG620 nanoimprinter. The 
system is basically a mask aligner for photolithography which adopts an extra substrate holder 
and the stamp for the nanoimprinting. The UV lamp radiates in the spectral range of 350

].   
were fabricated with this method. A 

Ge QDs as internal sources were used 
for the photonic crystal fabrication. The larger size of the photonic crystals which were 

this method in comparison with the ones fabricated with EBL provides more 
and measurements. After performing some 

simulations, a hexagonal photonic crystal was designed for the imprint fabrication including 
e high symmetry points in the middle of every three neighboring holes to position the Si

Ge QDs consist of two main steps. The 
Ge QDs into the SOI substrate. After 

shallow etching using the RIE and the MBE growth of the Si-Ge QDs the second layer 
defines the position of the photonic crystal holes. To align the photonic crystal with th
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ce of the sample. (ii) The polymer is hardened and then the stamp is 
removed. (iii) Pattern transfer to the substrate. Usually, an anisotropy etching technique like 

There are two main types of nanoimpronting techniques. The first is thermal NIL, or hot 
embossing, which uses a thermoplastic polymer, in which the pattern is formed when it is soft 
and hot and then stabilized by cooling. Ultraviolet NIL is another method in which a UV 
curable resist with low viscosity is used. The pattern is formed on it by pressing the mold on it 

radiation through the 

Schematic view of the UV NIL process a) a mold is pressesed into a UV curable resist b) the resist 
RIE etching removes the 

620 nanoimprinter. The 
extra substrate holder 

and the stamp for the nanoimprinting. The UV lamp radiates in the spectral range of 350

were fabricated with this method. A 
Ge QDs as internal sources were used 

for the photonic crystal fabrication. The larger size of the photonic crystals which were 
this method in comparison with the ones fabricated with EBL provides more 

and measurements. After performing some 
simulations, a hexagonal photonic crystal was designed for the imprint fabrication including 

e high symmetry points in the middle of every three neighboring holes to position the Si

Ge QDs consist of two main steps. The 
Ge QDs into the SOI substrate. After 

Ge QDs the second layer 
defines the position of the photonic crystal holes. To align the photonic crystal with th
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removed. (iii) Pattern transfer to the substrate. Usually, an anisotropy etching technique like 

There are two main types of nanoimpronting techniques. The first is thermal NIL, or hot 
embossing, which uses a thermoplastic polymer, in which the pattern is formed when it is soft 

in which a UV 
curable resist with low viscosity is used. The pattern is formed on it by pressing the mold on it 

radiation through the 
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Ge QDs as internal sources were used 
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this method in comparison with the ones fabricated with EBL provides more 

and measurements. After performing some 
simulations, a hexagonal photonic crystal was designed for the imprint fabrication including 

e high symmetry points in the middle of every three neighboring holes to position the Si-Ge 
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Ge QDs into the SOI substrate. After 

Ge QDs the second layer 
defines the position of the photonic crystal holes. To align the photonic crystal with the 
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The IMS03N master mold used for photonic crystal imprinting contains 8 hexagonal shaped 
fields with a width of about 1mm in the center. In each quadrant of the stamp two fields are 
positioned, each being a hexagonal photonic crystal the lattice constants o
about 2nm. From quadrant I to IIII the periods of the photonic crystals change according to 
table (4.3). In the IMS master mold for the ordered QDs there are 12 hexagonal fields with 
three fields in each quadrant. Within each quadrant the
to IIII the density of the pits increases. Ea
QDs with respect to the corresponding photonic crystal. The benefit of this special design for 
the mold is that th
exact position was chosen in a way that perfect alignment beating occurs twice over a 
hexagonal field. Consequently, the effect of the alignment can be qualified by 
photoluminescence mea
photonic crystal to be used for reference measurements. The mold was designed by Thomas 
Fromherz and the NIL fabrication was done by Elisabeth Lausecker. Figure (4.24) shows the 
silicon stamps u

Figure 4.24: a) 
with the same parameters. The density of pits increases from quadrant I to IIII. b) The IMS03N silicon master 

mold for the photonic crystals with hexagonal pattern. The lattice constant of every two fields in each quadrant is 
about 2nm different. The latt

 
Three photonic crystal samples were fabricated with this method on SOI substrates with 
randomly distributed QDs
After NIL the sample was etched using RIE to a depth of 310nm
SEM image of the fabricated photonic crystals
 
Table 4.4: 

sample

3377BGS
3654G
3799GL

a: polished on the back side 
b: Ordered QDs

 
                                        
17 The MBE growth were done by Moritz Brehm and Martin Glaser
18 The RIE etching was down by Elisabeth Lausecker

The IMS03N master mold used for photonic crystal imprinting contains 8 hexagonal shaped 
fields with a width of about 1mm in the center. In each quadrant of the stamp two fields are 
positioned, each being a hexagonal photonic crystal the lattice constants o
about 2nm. From quadrant I to IIII the periods of the photonic crystals change according to 
table (4.3). In the IMS master mold for the ordered QDs there are 12 hexagonal fields with 
three fields in each quadrant. Within each quadrant the
to IIII the density of the pits increases. Ea
QDs with respect to the corresponding photonic crystal. The benefit of this special design for 
the mold is that th
exact position was chosen in a way that perfect alignment beating occurs twice over a 
hexagonal field. Consequently, the effect of the alignment can be qualified by 
photoluminescence mea
photonic crystal to be used for reference measurements. The mold was designed by Thomas 
Fromherz and the NIL fabrication was done by Elisabeth Lausecker. Figure (4.24) shows the 
silicon stamps used for the NIL.

Figure 4.24: a) The IMS silicon master mold for the pit pattern consist
with the same parameters. The density of pits increases from quadrant I to IIII. b) The IMS03N silicon master 

mold for the photonic crystals with hexagonal pattern. The lattice constant of every two fields in each quadrant is 
about 2nm different. The latt

photonic crystal samples were fabricated with this method on SOI substrates with 
randomly distributed QDs
After NIL the sample was etched using RIE to a depth of 310nm
SEM image of the fabricated photonic crystals

Table 4.4: The MBE growth parameters for randomly distribut

sample 

3377BGS 
3654GWSGa 

GLSGb 

a: polished on the back side 
b: Ordered QDs , The MBE growth were done by 

                                        
The MBE growth were done by Moritz Brehm and Martin Glaser
The RIE etching was down by Elisabeth Lausecker

The IMS03N master mold used for photonic crystal imprinting contains 8 hexagonal shaped 
fields with a width of about 1mm in the center. In each quadrant of the stamp two fields are 
positioned, each being a hexagonal photonic crystal the lattice constants o
about 2nm. From quadrant I to IIII the periods of the photonic crystals change according to 
table (4.3). In the IMS master mold for the ordered QDs there are 12 hexagonal fields with 
three fields in each quadrant. Within each quadrant the
to IIII the density of the pits increases. Ea
QDs with respect to the corresponding photonic crystal. The benefit of this special design for 
the mold is that this stamp even works without perfect alignment. The deviation from the 
exact position was chosen in a way that perfect alignment beating occurs twice over a 
hexagonal field. Consequently, the effect of the alignment can be qualified by 
photoluminescence measurements. The third QD field on each quadrant leaves out the 
photonic crystal to be used for reference measurements. The mold was designed by Thomas 
Fromherz and the NIL fabrication was done by Elisabeth Lausecker. Figure (4.24) shows the 

sed for the NIL.

The IMS silicon master mold for the pit pattern consist
with the same parameters. The density of pits increases from quadrant I to IIII. b) The IMS03N silicon master 

mold for the photonic crystals with hexagonal pattern. The lattice constant of every two fields in each quadrant is 
about 2nm different. The lattice constant decreases from quadrant I to IIII according to table 4.3

photonic crystal samples were fabricated with this method on SOI substrates with 
randomly distributed QDs17 and ordered QDs
After NIL the sample was etched using RIE to a depth of 310nm
SEM image of the fabricated photonic crystals

The MBE growth parameters for randomly distribut
on top. The samples were grown for NIL.

Buffer layer

30nm 
30nm 
45nm 

a: polished on the back side  
The MBE growth were done by 

                                                           
The MBE growth were done by Moritz Brehm and Martin Glaser
The RIE etching was down by Elisabeth Lausecker
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The IMS03N master mold used for photonic crystal imprinting contains 8 hexagonal shaped 
fields with a width of about 1mm in the center. In each quadrant of the stamp two fields are 
positioned, each being a hexagonal photonic crystal the lattice constants o
about 2nm. From quadrant I to IIII the periods of the photonic crystals change according to 
table (4.3). In the IMS master mold for the ordered QDs there are 12 hexagonal fields with 
three fields in each quadrant. Within each quadrant the
to IIII the density of the pits increases. Ea
QDs with respect to the corresponding photonic crystal. The benefit of this special design for 

is stamp even works without perfect alignment. The deviation from the 
exact position was chosen in a way that perfect alignment beating occurs twice over a 
hexagonal field. Consequently, the effect of the alignment can be qualified by 

surements. The third QD field on each quadrant leaves out the 
photonic crystal to be used for reference measurements. The mold was designed by Thomas 
Fromherz and the NIL fabrication was done by Elisabeth Lausecker. Figure (4.24) shows the 

sed for the NIL. 

The IMS silicon master mold for the pit pattern consist
with the same parameters. The density of pits increases from quadrant I to IIII. b) The IMS03N silicon master 

mold for the photonic crystals with hexagonal pattern. The lattice constant of every two fields in each quadrant is 
ice constant decreases from quadrant I to IIII according to table 4.3

photonic crystal samples were fabricated with this method on SOI substrates with 
and ordered QDs

After NIL the sample was etched using RIE to a depth of 310nm
SEM image of the fabricated photonic crystals

The MBE growth parameters for randomly distribut
on top. The samples were grown for NIL.

Buffer layer Germanium 

 6.5 ML
 6.5 ML
 5.5ML

The MBE growth were done by 

                    
The MBE growth were done by Moritz Brehm and Martin Glaser
The RIE etching was down by Elisabeth Lausecker
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The IMS03N master mold used for photonic crystal imprinting contains 8 hexagonal shaped 
fields with a width of about 1mm in the center. In each quadrant of the stamp two fields are 
positioned, each being a hexagonal photonic crystal the lattice constants o
about 2nm. From quadrant I to IIII the periods of the photonic crystals change according to 
table (4.3). In the IMS master mold for the ordered QDs there are 12 hexagonal fields with 
three fields in each quadrant. Within each quadrant the
to IIII the density of the pits increases. Each field defines nucleation sites
QDs with respect to the corresponding photonic crystal. The benefit of this special design for 

is stamp even works without perfect alignment. The deviation from the 
exact position was chosen in a way that perfect alignment beating occurs twice over a 
hexagonal field. Consequently, the effect of the alignment can be qualified by 

surements. The third QD field on each quadrant leaves out the 
photonic crystal to be used for reference measurements. The mold was designed by Thomas 
Fromherz and the NIL fabrication was done by Elisabeth Lausecker. Figure (4.24) shows the 

The IMS silicon master mold for the pit pattern consist
with the same parameters. The density of pits increases from quadrant I to IIII. b) The IMS03N silicon master 

mold for the photonic crystals with hexagonal pattern. The lattice constant of every two fields in each quadrant is 
ice constant decreases from quadrant I to IIII according to table 4.3

photonic crystal samples were fabricated with this method on SOI substrates with 
and ordered QDs. Table (4.4) shows the MBE growth parameters. 

After NIL the sample was etched using RIE to a depth of 310nm
SEM image of the fabricated photonic crystals with random QDs

The MBE growth parameters for randomly distribut
on top. The samples were grown for NIL.

Germanium 
layer 

6.5 ML 
6.5 ML 
5.5ML 

 

The MBE growth were done by Elisabeth Lausecker
 

The MBE growth were done by Moritz Brehm and Martin Glaser
The RIE etching was down by Elisabeth Lausecker 
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The IMS03N master mold used for photonic crystal imprinting contains 8 hexagonal shaped 
fields with a width of about 1mm in the center. In each quadrant of the stamp two fields are 
positioned, each being a hexagonal photonic crystal the lattice constants o
about 2nm. From quadrant I to IIII the periods of the photonic crystals change according to 
table (4.3). In the IMS master mold for the ordered QDs there are 12 hexagonal fields with 
three fields in each quadrant. Within each quadrant the fields are identical and from quadrant I 

ch field defines nucleation sites
QDs with respect to the corresponding photonic crystal. The benefit of this special design for 

is stamp even works without perfect alignment. The deviation from the 
exact position was chosen in a way that perfect alignment beating occurs twice over a 
hexagonal field. Consequently, the effect of the alignment can be qualified by 

surements. The third QD field on each quadrant leaves out the 
photonic crystal to be used for reference measurements. The mold was designed by Thomas 
Fromherz and the NIL fabrication was done by Elisabeth Lausecker. Figure (4.24) shows the 

The IMS silicon master mold for the pit pattern consists of 12 fields, in each quadrant 3 field
with the same parameters. The density of pits increases from quadrant I to IIII. b) The IMS03N silicon master 

mold for the photonic crystals with hexagonal pattern. The lattice constant of every two fields in each quadrant is 
ice constant decreases from quadrant I to IIII according to table 4.3

photonic crystal samples were fabricated with this method on SOI substrates with 
Table (4.4) shows the MBE growth parameters. 

After NIL the sample was etched using RIE to a depth of 310nm
with random QDs

The MBE growth parameters for randomly distributed Si-Ge QDs on a SOI with 160nm silicon layer 
on top. The samples were grown for NIL.

Capping layer

100nm
100nm
100nm

Elisabeth Lauseckerand Martin Glaser

The MBE growth were done by Moritz Brehm and Martin Glaser 

I 

IIII 

IMSo3N ,  PhC  

The IMS03N master mold used for photonic crystal imprinting contains 8 hexagonal shaped 
fields with a width of about 1mm in the center. In each quadrant of the stamp two fields are 
positioned, each being a hexagonal photonic crystal the lattice constants o
about 2nm. From quadrant I to IIII the periods of the photonic crystals change according to 
table (4.3). In the IMS master mold for the ordered QDs there are 12 hexagonal fields with 

fields are identical and from quadrant I 
ch field defines nucleation sites of the order

QDs with respect to the corresponding photonic crystal. The benefit of this special design for 
is stamp even works without perfect alignment. The deviation from the 

exact position was chosen in a way that perfect alignment beating occurs twice over a 
hexagonal field. Consequently, the effect of the alignment can be qualified by 

surements. The third QD field on each quadrant leaves out the 
photonic crystal to be used for reference measurements. The mold was designed by Thomas 
Fromherz and the NIL fabrication was done by Elisabeth Lausecker. Figure (4.24) shows the 

of 12 fields, in each quadrant 3 field
with the same parameters. The density of pits increases from quadrant I to IIII. b) The IMS03N silicon master 

mold for the photonic crystals with hexagonal pattern. The lattice constant of every two fields in each quadrant is 
ice constant decreases from quadrant I to IIII according to table 4.3

photonic crystal samples were fabricated with this method on SOI substrates with 
Table (4.4) shows the MBE growth parameters. 

After NIL the sample was etched using RIE to a depth of 310nm18. Figure (4.25) shows the 
with random QDs. 

Ge QDs on a SOI with 160nm silicon layer 
on top. The samples were grown for NIL. 

Capping layer 

100nm 
100nm 
100nm 

Martin Glaser 

II 

III 

IMSo3N ,  PhC  

The IMS03N master mold used for photonic crystal imprinting contains 8 hexagonal shaped 
fields with a width of about 1mm in the center. In each quadrant of the stamp two fields are 
positioned, each being a hexagonal photonic crystal the lattice constants of which differ by 
about 2nm. From quadrant I to IIII the periods of the photonic crystals change according to 
table (4.3). In the IMS master mold for the ordered QDs there are 12 hexagonal fields with 

fields are identical and from quadrant I 
of the ordered

QDs with respect to the corresponding photonic crystal. The benefit of this special design for 
is stamp even works without perfect alignment. The deviation from the 

exact position was chosen in a way that perfect alignment beating occurs twice over a 
hexagonal field. Consequently, the effect of the alignment can be qualified by 

surements. The third QD field on each quadrant leaves out the 
photonic crystal to be used for reference measurements. The mold was designed by Thomas 
Fromherz and the NIL fabrication was done by Elisabeth Lausecker. Figure (4.24) shows the 

 
of 12 fields, in each quadrant 3 field

with the same parameters. The density of pits increases from quadrant I to IIII. b) The IMS03N silicon master 
mold for the photonic crystals with hexagonal pattern. The lattice constant of every two fields in each quadrant is 

ice constant decreases from quadrant I to IIII according to table 4.3 [

photonic crystal samples were fabricated with this method on SOI substrates with 
Table (4.4) shows the MBE growth parameters. 

. Figure (4.25) shows the 

Ge QDs on a SOI with 160nm silicon layer 

Ge Growth 
temperature

700°C 
700°C 
700°C 

The IMS03N master mold used for photonic crystal imprinting contains 8 hexagonal shaped 
fields with a width of about 1mm in the center. In each quadrant of the stamp two fields are 

f which differ by 
about 2nm. From quadrant I to IIII the periods of the photonic crystals change according to 
table (4.3). In the IMS master mold for the ordered QDs there are 12 hexagonal fields with 

fields are identical and from quadrant I 
ed Si-Ge 

QDs with respect to the corresponding photonic crystal. The benefit of this special design for 
is stamp even works without perfect alignment. The deviation from the 

exact position was chosen in a way that perfect alignment beating occurs twice over a 
hexagonal field. Consequently, the effect of the alignment can be qualified by 

surements. The third QD field on each quadrant leaves out the 
photonic crystal to be used for reference measurements. The mold was designed by Thomas 
Fromherz and the NIL fabrication was done by Elisabeth Lausecker. Figure (4.24) shows the 

of 12 fields, in each quadrant 3 fields 
with the same parameters. The density of pits increases from quadrant I to IIII. b) The IMS03N silicon master 

mold for the photonic crystals with hexagonal pattern. The lattice constant of every two fields in each quadrant is 
[98]. 

photonic crystal samples were fabricated with this method on SOI substrates with 
Table (4.4) shows the MBE growth parameters. 

. Figure (4.25) shows the 
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Figure 4.25: 

 

4.2.3 Fabrication of a silicon
 
 In an independent work in collaboration with 
was fabricated. The electron beam lithography was used to pattern a photonic crystal with a 
hexagonal lattice on a silicon substrate. The designed photonic crystal was included a 
photonic crystal waveguide, which was achieve
direction, figure (4.27.b). Using the ICP
deep with the same recipe as the one explained for photonic crystal etching. The overall size 
of the stamp was 2.5
crystal area was covered by selectively depositing the photoresist. The remaining area was 
etched down for about 5
photonic crystal 
recipe for deep etching by ICP
Sample temperature = 
RF power = 3Watt
ICP power = 700 Watt
Gases: O
Etching time = 5
Chamber pressure = 20mTorr     
After etching, the residual layer of the resist remains on the sample and a thin layer of 
chromium was evaporate
covered with the metal layer, so that during UV exposure (after nanoimprinting) only the 
active area, slightly larger than the photonic crystal structure will be exposed by the UV light. 
Therefore, the resist around is not exposed. Such a replicated stamp can be used for repeated 

             
Figure 4.25: SEM images of the photonic crystal fabricated with NIL I) 

4.2.3 Fabrication of a silicon

In an independent work in collaboration with 
was fabricated. The electron beam lithography was used to pattern a photonic crystal with a 
hexagonal lattice on a silicon substrate. The designed photonic crystal was included a 
photonic crystal waveguide, which was achieve
direction, figure (4.27.b). Using the ICP
deep with the same recipe as the one explained for photonic crystal etching. The overall size 
of the stamp was 2.5
crystal area was covered by selectively depositing the photoresist. The remaining area was 
etched down for about 5
photonic crystal etching, a deep etch is desired to fabricate the mesa. Therefore, a new etching 
recipe for deep etching by ICP
Sample temperature = 
RF power = 3Watt 
ICP power = 700 Watt
Gases: O2 : 6sccm, SF
Etching time = 5min  
Chamber pressure = 20mTorr     
After etching, the residual layer of the resist remains on the sample and a thin layer of 
chromium was evaporate
covered with the metal layer, so that during UV exposure (after nanoimprinting) only the 
active area, slightly larger than the photonic crystal structure will be exposed by the UV light. 

ore, the resist around is not exposed. Such a replicated stamp can be used for repeated 
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SEM images of the photonic crystal fabricated with NIL I) 

4.2.3 Fabrication of a silicon

In an independent work in collaboration with 
was fabricated. The electron beam lithography was used to pattern a photonic crystal with a 
hexagonal lattice on a silicon substrate. The designed photonic crystal was included a 
photonic crystal waveguide, which was achieve
direction, figure (4.27.b). Using the ICP
deep with the same recipe as the one explained for photonic crystal etching. The overall size 
of the stamp was 2.52.5cm2

crystal area was covered by selectively depositing the photoresist. The remaining area was 
etched down for about 5m to place the photonic crystal area on a mesa. Compared to 

etching, a deep etch is desired to fabricate the mesa. Therefore, a new etching 
recipe for deep etching by ICP
Sample temperature = -80°C 

 
ICP power = 700 Watt 

: 6sccm, SF6 : 10sccm  
min   

Chamber pressure = 20mTorr     
After etching, the residual layer of the resist remains on the sample and a thin layer of 
chromium was evaporated on the sample. After lift
covered with the metal layer, so that during UV exposure (after nanoimprinting) only the 
active area, slightly larger than the photonic crystal structure will be exposed by the UV light. 

ore, the resist around is not exposed. Such a replicated stamp can be used for repeated 

SEM images of the photonic crystal fabricated with NIL I) 
Period=814nm IIII) Period=779nm.

4.2.3 Fabrication of a silicon-based photonic

In an independent work in collaboration with 
was fabricated. The electron beam lithography was used to pattern a photonic crystal with a 
hexagonal lattice on a silicon substrate. The designed photonic crystal was included a 
photonic crystal waveguide, which was achieve
direction, figure (4.27.b). Using the ICP
deep with the same recipe as the one explained for photonic crystal etching. The overall size 

 including 500
crystal area was covered by selectively depositing the photoresist. The remaining area was 

m to place the photonic crystal area on a mesa. Compared to 
etching, a deep etch is desired to fabricate the mesa. Therefore, a new etching 

recipe for deep etching by ICP-RIE was developed as follow

: 10sccm   

Chamber pressure = 20mTorr      
After etching, the residual layer of the resist remains on the sample and a thin layer of 

on the sample. After lift
covered with the metal layer, so that during UV exposure (after nanoimprinting) only the 
active area, slightly larger than the photonic crystal structure will be exposed by the UV light. 

ore, the resist around is not exposed. Such a replicated stamp can be used for repeated 
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SEM images of the photonic crystal fabricated with NIL I) 
Period=814nm IIII) Period=779nm.

based photonic

In an independent work in collaboration with Iris Bergmair a
was fabricated. The electron beam lithography was used to pattern a photonic crystal with a 
hexagonal lattice on a silicon substrate. The designed photonic crystal was included a 
photonic crystal waveguide, which was achieved by removing one line of holes in the 
direction, figure (4.27.b). Using the ICP-RIE the silicon substrate was etched about 350nm 
deep with the same recipe as the one explained for photonic crystal etching. The overall size 

ncluding 500500m
crystal area was covered by selectively depositing the photoresist. The remaining area was 

m to place the photonic crystal area on a mesa. Compared to 
etching, a deep etch is desired to fabricate the mesa. Therefore, a new etching 

RIE was developed as follow

After etching, the residual layer of the resist remains on the sample and a thin layer of 
on the sample. After lift

covered with the metal layer, so that during UV exposure (after nanoimprinting) only the 
active area, slightly larger than the photonic crystal structure will be exposed by the UV light. 

ore, the resist around is not exposed. Such a replicated stamp can be used for repeated 
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SEM images of the photonic crystal fabricated with NIL I) Period=883nm II) Period=849nm III) 
Period=814nm IIII) Period=779nm. 

based photonic-crystal stamp with EBL

Iris Bergmair a 
was fabricated. The electron beam lithography was used to pattern a photonic crystal with a 
hexagonal lattice on a silicon substrate. The designed photonic crystal was included a 

d by removing one line of holes in the 
RIE the silicon substrate was etched about 350nm 

deep with the same recipe as the one explained for photonic crystal etching. The overall size 
m2 of photonic crystal area. The photonic 

crystal area was covered by selectively depositing the photoresist. The remaining area was 
m to place the photonic crystal area on a mesa. Compared to 

etching, a deep etch is desired to fabricate the mesa. Therefore, a new etching 
RIE was developed as follows: 

After etching, the residual layer of the resist remains on the sample and a thin layer of 
on the sample. After lift-off, only the etched

covered with the metal layer, so that during UV exposure (after nanoimprinting) only the 
active area, slightly larger than the photonic crystal structure will be exposed by the UV light. 

ore, the resist around is not exposed. Such a replicated stamp can be used for repeated 
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m 

Period=883nm II) Period=849nm III) 

crystal stamp with EBL

 photonic-crystal silicon stamp 
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"step and repeat" process [99]. Finally, the silicon stamp has photonic crystal structures on a 
500 × 500 µm² area which forms a mesa and, the surrounding area is thus recessed. In Figure 
(4.26) one can see a schematic view of whole process. 
 

 
Figure 4.26: Schematic view of the silicon master stamp fabrication and imprinting into the ormostamp for 

fabrication replica of the master stamp (working stamp). 
 
For further nanoimprint lithography the silicon master stamp was treated with an antisticking 
layer BGL-GZ-83 and replicate into the working stamp material (ormostamp) twice so that 
the achieved working stamp has the same shape as the Si master stamp. Figure (4.27) shows 
some SEM images of the silicon master stamp and the replicated photonic crystal. 
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Figure 4.27: (a) A photonic crystal with dimension 500μm after imprinting. (b) SEM micrograph of a 
waveguide in a photonic crystal after imprint. (c) Photonic crystal after second replica. (d)  Photonic crystal after 
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Chapter 5 
  
Sample characterization 
 

An internal light source measurement was used to characterize photonic crystals. It used Si-
Ge quantum dots embedded in a SOI slab as internal sources to excite electromagnetic waves 
into the photonic crystal. The device was characterized using atomic force microscopy 
(AFM), photoluminescence (PL) spectroscopy, and scanning electron microscopy (SEM). The 
SEM is the same as the one used for EBL and is explained in chapter 4. Here are some basic 
informations about AFM and micro photoluminescence setup.  

 

     5.1 Atomic Force Microscopy (AFM) 
 
Atomic fore microscopy is a high resolution scanning probe microscopy with a resolution in 
the order of nanometers. The tip can scan over the surface and create a 3D image.  The first 
AFM imaging technique was developed by Binnig (Geber, 1988)[100] in the early 1980ies. 

An AFM performs its imaging function by measuring a local property of the surface, such as 
height, optical absorption or magnetic properties. A several micrometers long tip with a 
diameter around 10nm is located at the free end of a cantilever. The force between tip and the 
surface causes the cantilever to bend or deflect. As the tip is scanned on the surface a detector 
measures the deflection of the cantilever. The amounts of these deflections are measured by 
reflected laser light from the back of cantilever onto a position sensitive photodetector 
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sample temperature can reveal important information about the semiconductors. The most 
common use of PL in semiconductors is for determining the band-gap. Radiative 
recombination also can involve localized defect levels, and the PL can then be used to identify 
impurity levels [103].  

We deal with photonic crystals on the order of 30m in width and length. Therefore, we need 
a set-up with good enough spatial resolution to only excite the quantum dots within the area 
of the photonic crystal structure. A micro-photoluminescence (PL) set-up, which was 
designed and installed by Florian Hackl, was used for the measurements. The spatial 
resolution is defined by that part of the sample area which contributes to the detected PL 
signal passing through pin-holes. It can be adjusted in the range of a few micrometers to 
approximately 30m in diameter [104]. The setup was also equipped with a CCD camera 
connected to a computer, to get a magnified image of the structure and to control the position 
of the focused laser spot on it. The light for the image is provided by a cold light source 
(CLS). Figure (5.2) shows a schematic view of the PL set-up. Two light sources as 
excitation sources for the photoluminescence are available in the set-up, either a frequency-
doubled Nd:YAG laser emitting at 532 nm with a tunable laser power of up to 13 mW or an 
extended Ar+ laser (e.g. 457.9nm, 488nm, 514nm)  whose emission is guided to the set-up via 
a single mode fiber. 

A microscope objective with a numerical aperture NA=0.719 was used to focus light on the 
sample. The same objective was also used to collect the vertical photoluminescence emission 
from the sample. The emission signal is guided to a spectrometer through a fiber. The 
spectrometer is an Acton Spectra Pro 300i, in which the emission signal is dispersed by a 
grating. The spectrometer contains three refraction gratings with different periods and blaze 
angles (“150, BLZ =3μm”, “300, BLZ = 1.0μm”, and “600, BLZ =1.6μm”). In general, the 
higher the groove density the higher spectral resolution of the system can be achieved [104]. 
The frequency spectrum will be detected by a liquid-nitrogen cooled InGaAs line detector 
(OMA V:512-1.7) with a cut-off frequency at 0.785eV. Its operating temperature lies in the 
temperature range of -50°C to -100°C. The sensitivity changes with temperature. In this work, 
usually measurements were performed with the detector being cooled to -80°C.  

Since at room temperature non-radiative recombination is dominant, measurement at low 
temperatures are more desirable. Therefore, the samples were placed inside a cryostat which 
can be cooled down to 4.2 K (liquid helium temperature). An x-y translation implemented in 
the cryostat allows the positioning of the excitation spot on the sample. 

                                                            
19 )sin(nNA , where n is the refractive index of surrounding medium of, and  is the half-angle of 
the maximum cone of light that can enter or exit the lens. 
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previous section we showed the effect of the position of ordered QDs with respect to the PhC. 
A 2D photonic crystal slab can modify the radiation pattern of spontaneous emission of 
internal sources by changing the density of optical modes. However, due to several 
parameters which need to be optimized for a correct design, photonic crystal design is always 
a challenge. A full 3D simulation method is needed to characterize the behavior of photonic 
crystal slabs. Our approach in this work is as follows: We first focus on in-plane parameters 
and study the influence of different photonic crystal periodicities filling factors on the light 
extraction from the Ge dots embedded in the silicon slab. We then concentrate on the vertical 
direction and investigate the influence of the etching depth. Finally, we turn to the 
combination of ordered dots with PhC slabs and study the spontaneous emission 
enhancement. Hence, by optimizing the geometrical parameters of the PhC slab and 
simultaneously defining size, composition and the location of the emitters within the PhC 
slab, it should become possible to control the light emission properties.  

The NIL fabrication method allows for the fabrication of large area photonic crystal in short 
time. However, to characterize the influence of different PhC parameters on PL emission, or 
to investigate confined PhC cavity modes NIL is not the best fabrication method. In this 
section, we show studies on the PhC parameters. Hence, samples were fabricated by electron 
beam lithography (EBL). The fabrication included three main steps. First of all writing 
alignment marks and etch them deeply through the silicon into the SiO2 layer with ICP-RIE. 
Secondly, EBL for writing the pit pattern with respect to the alignment marks to define the 
locations for the nucleation of Ge quantum dots followed by MBE growth. Finally, EBL for 
photonic crystal writing: Using the alignment marks the photonic crystal pattern will be 
aligned with the QDs. ICP-RIE is used to etch through the silicon layer. More details of the 
fabrication method was already explained in chapter 4. The samples were characterized using 
SEM and AFM images. 

 

5.5.1 Scalability  
 
Scalability is an interesting property of the photonic crystals. According to this property 
simulations with a lattice constant a1 can be used for a structure with lattice constant a2 by 
adjusting the frequency. Details of this fact were already explained in chapter 1. Figure (5.15) 
shows dispersion diagrams calculated by the RCWA method for two photonic crystals of 
infinite size which are similar in all geometrical parameters except the lattice constant. The 
lattice constants are adjusted to the range studied with the EBL sample. The respective 
dispersions are very similar (figure (5.15)). The increasing lattice constant shifts the modes to 
lower energies. However, it does not change the profile of the modes. 
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length. Therefore, it is a difficult task to define the direction of emission or traveling length of 
each mode. To overcome this problem we performed calculations as follows:  = (∆ , )	                                                           (5.1) = ( − )∆ + 	 	                                                     (5.2)  ∆ =                                                                       (5.3) 

Here, Ei shows the energy of the ith peak of the Fabry-Perot resonance and Δk the separation 
of the Fabry-Perot resonance in k-space. In equation (5.3) ‘x’ is a dimensionless parameter 
which defines the effective propagation length. Substituting (5.3) into (5.2) and defining the 
new parameter  =                                                                 (5.4) ∆ = − = ( − )                                           (5.5) 

ΔEi is the free spectral range which is decreasing with increasing size. Equation (5.5) is a 
linear equation with respect to the integer value ( − ) with slope   . The photonic crystals 

shown in figure (5.34) have equal geometrical parameters and differ only in size. Thus, 
Fabry-Perot modes of all three samples originate from the same dispersion branch of the basic 
(infinite) photonic crystal. So, as a result, similar modes should be excited in them. Therefore, 

to be =  in the range of the Fabry-Perot oscillation in equation (5.4) can be assumed equal 

for all three photonic crystals shown in figure (5.34). Also, it can be expected that there are 
different types of Fabry-Perot modes indicated schematically in figure (5.35) for a finite 
hexagonal photonic crystal. Therefore, the effective propagation length must scale with the 

linear dimension of the photonic crystal and was set to xL in equation (5.3). The parameter    

can be defined from the dispersion diagram. So, for each mode one can define a parameter ‘x’. 

Finally, from equation (5.3) one can define Δk. Here one can compare the value ∆∆ 	 of the 

Fabry-Perot modes with  of the dispersion diagram. Since we have several dispersion 

diagrams for different directions and different polarizations, the desired modes are those that 
have coinciding values from the approach. Therefore, we can conclude that the Fabry-Perot 
modes originate from bands with a curvature.  
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Figure 5.35: top view of the geometry of a) finite size photonic crystal with propagation length L b) finite size 
photonic crystal with hexagonal shape which can have several propagation lengths as trajectories shown in the 

The average deviations between 

measure Fabry-Perot mode
values are for mode
the dispersion diagram

orresponding modes are shown with labels in figure (5.3

5.36: Dispersion diagrams calculated for sample with silicon thickness T=300nm , period 

ode labeled with B has P
polarization. Another parameter that can be used to define the Fabry

which is listed in table 5.2 for different modes. This parameter defines the effective 
propagation length. The sign of the parameter 
experimentally checked that photonic crystals with 
size do not have such Fabry
large value, compared to the lateral extension o

top view of the geometry of a) finite size photonic crystal with propagation length L b) finite size 
photonic crystal with hexagonal shape which can have several propagation lengths as trajectories shown in the 

The average deviations between 

Perot modes are listed in Table 5.
values are for modes B, D and F which are 
the dispersion diagrams calculated for 

orresponding modes are shown with labels in figure (5.3

Dispersion diagrams calculated for sample with silicon thickness T=300nm , period 

ode labeled with B has P
polarization. Another parameter that can be used to define the Fabry

listed in table 5.2 for different modes. This parameter defines the effective 
propagation length. The sign of the parameter 
experimentally checked that photonic crystals with 
size do not have such Fabry-Perot modes. Therefore, effective propagation length cannot be a 
large value, compared to the lateral extension o

L 

a 

C 

top view of the geometry of a) finite size photonic crystal with propagation length L b) finite size 
photonic crystal with hexagonal shape which can have several propagation lengths as trajectories shown in the 

The average deviations between the calculated 

are listed in Table 5.
B, D and F which are 

calculated for a 
orresponding modes are shown with labels in figure (5.3

Dispersion diagrams calculated for sample with silicon thickness T=300nm , period 

ode labeled with B has P-polarization and modes labeled with D and F have
polarization. Another parameter that can be used to define the Fabry

listed in table 5.2 for different modes. This parameter defines the effective 
propagation length. The sign of the parameter 
experimentally checked that photonic crystals with 

Perot modes. Therefore, effective propagation length cannot be a 
large value, compared to the lateral extension o

 

P 

A 
B 

125 

top view of the geometry of a) finite size photonic crystal with propagation length L b) finite size 
photonic crystal with hexagonal shape which can have several propagation lengths as trajectories shown in the 
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lowest values, respectively. The mode labeled with B is propagating in M direction with P-
polarization, the mode labeled with F also propagates in M direction with S-polarization and 
the mode labeled with G is propagating in K direction with S-polarization. 
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Chapter 6 
 
Conclusion and outlook 
 
The main objectives of this work were to experimentally and theoretically investigate the light 
propagation in photonic crystal slabs. In this context, the most important figure is the 
calculated dispersion diagram E(kx,ky), which relates the frequency of each mode to the in 
plane wave vector. The dispersion diagram provides complete information about light 
propagation in the photonic crystal, group velocity, phase velocity and density of modes in the 
desired frequency range. 

To follow this purpose, we developed and tested an original calculation technique based on 
the rigorous-coupled-wave-analysis (RCWA). Compared to some conventional calculation 
techniques, like the PWE, that can calculate only 2D dispersion diagrams, the developed 
technique can calculate a 3D dispersion diagram. Results are compatible with far-field 
measurement without cumbersome data post-processing, as would be the case for e.g. FDTD 
simulations.  

Furthermore, this simulation technique calculates the coupling of leaky modes into free space 
and the substrate. Leaky eigenmodes can spend a long time in a photonic crystal before 
leaving it, which can induce enhancement of the spontaneous emission. This simulation 
technique allows us to recognize the main factors that limit the maximum achievable 
enhancement.  

We also managed to calculate field profiles inside the photonic crystal, which, in combination 
with µPL measurements allows us to visualize the emission of Si-Ge QDs. The current 
method represents an ideal tool to study the underlying physics of light propagation into 
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To conclude, the theoretical and experimental results reported in this thesis represent a part of 
the recent achievement in the field of photonic crystal slabs with ordered QDs as internal 
sources, which will be slowly but surely becoming a new approach in silicon technology. 
There are still many questions to be answered, improvements to be made and new ideas to be 
followed.  
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Appendix  
For the experimental verification of the influence of different PhC parameters on PL 
emission, more samples were fabricated. Here we present some of the µPL measurement on 
photonic crystals with different periodicities, filling factors and etching depths. 

A.1 Sample 3071BGS 

Photonic crystals were fabricated with the EBL method on an SOI wafer with 2µm oxide 
thickness. Si-Ge quantum dots were grown randomly in the middle of the slab. Details of the 
fabrication parameters are presented in table 4.1 for sample 3071BGS. The total thickness of 
this sample from the MBE growth parameters is expected to be 530µm. However, the SEM 
images of the cross section cut of the sample shows 630µm thickness for this sample for 
unknown reasons. This sample was divided to four pieces. On each piece photonic crystals 
with different periodicities and filing factors were fabricated. Then, each piece was etched 
separately to have photonic crystals with similar in-plane parameters but different etching 
depths. The RIE-ICP etching recipes had similar parameters with different etching times: 2.5, 
4, 5.5 and 6.5min, which result in etching depths of 250, 450, 500 and 600µm, respectively. 
The top surface of the photonic crystals with the longest etching time (6.5min) is partly etched 
which leads to a very rough surface.  

Figure (A.1) shows the µPL spectra of photonic crystals with different periodicities, r/a=0.3 
and etching depth of h=500µm. A red shift with increasing periodicity is clear in the µPL 
measurement.  
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