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Rob van der Heijden 
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The 2D photonic crystal structure inside the spines and hairs of the sea 

mouse (Aphrodite aculeate) gives rise to magnificent reflections. 



Abstract 

Photonic crystals are periodic dielectric arrangements that can exhibit a photonic band 

gap in analogy with semiconductors exhibiting an electronic band gap. In this work 

the focus is on two-dimensional (2D) photonic crystals in InP. Photonic band 

structures and -densities of states are calculated for a 2D triangular lattice of 

cylindrical air holes in lnP. It is shown that this structure exhibits a photonic band gap 

for transverse electric (TE)-polarized electromagnetic (EM) waves with a width (~f) 

of 26% of the mid gap frequency (fmg). Filling of the holes with a polymer decreases 

this ~f/fmg ratio to 14%. Field distributions and transmission spectra of 2D photonic 

crystals are calculated with a finite element method. It is shown that the calculated 

field distributions give insight in the physical origin and the polarization dependence 

of the band gap. Furthermore it is shown, that both transmission- and band structure 

calculations should be performed for a full understanding of the properties of a 

photonic crystal. A 2D model for calculation of relative out of plane losses of a one

dimensional (ID) photonic crystal is presented and discussed. Finally a procedure for 

fabrication of 2D photonic crystals in InP is proposed and some first XSEM-results 

are shown. 

*** This work has been performed as part of the MSc. degree in Applied Physics at 

the Eindhoven University of Technology in the group Semiconductor Physics under 

supervision of Dr. R.W. van der Heijden and Prof. Dr. H.W.M. Salemink 
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Chapter 1: Introduction 

The possibility to control the electrical properties of materials has revolutionized 

society in the second half of the 20th century. The growing demand for transmission 

and processing of information has led to a boost in the search for the control of the 

optical properties of materials. With the control of optical properties in this respect is 

meant the ability to prohibit or allow the propagation of light at particular 

wavelengths in certain directions. 

One promising recent development in this respect is the concept of the photonic 

crystal. A photonic crystal is an arrangement of material with periodically varying 

refractive index in one, two or three dimensions. The periodic nature of a photonic 

crystal opens the possibility to have a frequency range in which there are no allowed 

electromagnetic (EM) states in the crystal in a certain direction and for a certain 

polarization. This feature of a photonic crystal is analogous to the existence of an 

electronic band gap in semiconductors that arises as a result of the periodically 

modulated electric potential generated by the atom-cores. The frequency range in 

which propagation of EM waves with a certain polarization is forbidden in a certain 

direction of a photonic crystal is called a stopgap of the crystal (1). These stopgaps for 

different directions in the crystal can overlap to form a photonic band gap in which no 

EM modes of the particular polarization are allowed in one-, two- or three

dimensions, depending on the dimensionality of the periodicity of the crystal. lf 

propagation of EM waves is forbidden in all directions for all polarizations in three 

dimensions, the term complete photonic band gap is used (2). The existence of the 

photonic band gap is the reason why a photonic crystal might be a useful tool to 

control and process an optical signal. It opens the possibility to have a frequency 

dependent steering and guiding of light on the scale of its wavelength, which allows 

for the realization of compact optical components as waveguides, bends, cavities etc. 

in one or more dimensions. 

From a historica! point of view, the concept of the photonic band gap is usually said 

to have started with the observation of E.M. Purcell in 1946 [3]. He stated that the 
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radiation properties of electromagnetic dipoles, in the particular case of nuclear 

magnetic moment transitions at radio frequencies, are fundamentally altered when 

they are placed inside a cavity. This insight led in 1987 to the concept of the photonic 

band gap, which was independently developed by E. Yablonovitch [4] and S. John [5] 

from different perspectives. Y ablonovitch was interested in the control of spontaneous 

emission by atoms due to electronic transitions, while John was working on strong 

Anderson localization of photons. The first experimental work on photonic band gap 

structures was also performed by Yablonovitch et. al. (6]. Because photonic crystals 

require a spatial refractive index period in the order of a wavelength of the EM wave 

under consideration, fabrication of such crystals for wavelengths in the optica! or near 

infrared (IR) regime involves sophisticated lithographic techniques. Therefore, these 

first experiments were carried out with EM waves in the microwave regime (1 to 20 

GHz). The required structures for microwaves were constructed from bulk pieces of 

low loss dielectric material using precision machine tools. All the test structures 

tumed out to have only stopgaps except for one particular structure, which was found 

to exhibit a photonic band gap in three dimensions [6]. Further experiments in the 

microwave regime were done by Yablonovitch and proved conclusively the 

possibility of the fabrication of an ordered dielectric structure with a photonic band 

gap in three dimensions [7], [8]. Although the microwave regime had thus proven to 

be a useful test ground and to offer a variety of applications for photonic crystals, 

applications in the optica! or near IR domain have been the real interest of most 

research groups. The fabrication of such structures is a difficult task however. Noda 

et. al. [9], (10] reported in 2000 the successful hut time-consuming and delicate 

fabrication of a so-called woodpile structure, exhibiting a band gap in the optical 

domain. In the last few years, there has been a growing interest in self-assembled 

photonic crystals, consisting of a crystal of dielectric spheres, which is formed during 

drying of colloidal solutions (11]. This is still subject to ongoing research however, as 

it is difficult to have full control over the fabrication process. A more feasible 

approach towards structures operating at communication wavelengths is the use of 

two-dimensional (2D) photonic crystals, which can be fabricated in semiconductors 

by available lithographic techniques. The confinement in the third (out of plane) 

dimension is realised by conventional waveguide design, although the losses in this 

third dimension are a problem. M. Plihal et. al. reported the first calculations on the 

photonic band structure of two-dimensional lattices in 1991 [12] and two-dimensional 
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photonic crystals for optical or near infra-red wavelengths have been fabricated in 

(Al)GaAs [13, 14], InP [15, 16] and Si [l, 17, 18]. At present, lithographic techniques 

are being further developed to improve the quality of 2D photonic crystal structures 

and functional devices containing these structures are under investigation. 

In this thesis the focus is on the use of two-dimensional photonic crystals in the InP 

material system. The choice for 2D photonic crystals is made because the 

implementation of 2D structures in functional optica! devices is more feasible, 

particularly on the short term, than the implementation of three-dimensional (3D) 

structures. The reason for working with InP is that it is the base active material for the 

long haul telecommunications wavelength of 1550 nm. The relatively high refractive 

index of InP (3.17 at A.= 1550 nm) implies a strong interaction of light with photonic 

crystals based on this material. Photonic crystals in InP therefore exhibit relatively 

large band gaps compared to photonic crystals in, for instance, SiON [19]. Another 

consequence of the high refractive index of InP is related to the fact that the 

dimensions of photonic crystals that have a band gap for a certain frequency get 

smaller with increasing refractive index. The fabrication of such crystals is therefore a 

more difficult technological task in InP than in Si ON. A disadvantage of working with 

lnP for applications in integrated opties is the poor overlap of the mode field in an 

optica} fibre with the mode field in a planar wave-guide in InP, which results in high 

coupling losses. 

The outline of this thesis is as follows. After this introduction, a basic photonic crystal 

theory is built up in chapter 2 starting from Maxwell's equations. In chapter 3, results 

of modelling the response of a light wave to photonic crystals with two different 

software tools are reported. Results of calculations of photonic band structures, 

photonic density of states, relative transmission spectra, local field distributions and 

out of plane losses are all presented in this chapter. Chapter 4 deals with the 

fabrication of photonic crystals in InP. The fabrication process is outlined, some first 

results are reported and future work is indicated in this chapter. Finally, conclusions 

are drawn and recommendations are given in chapter 5. 

6 



Chapter 2: Theory 

2.1 Introduction 

In this chapter, a basic photonic crystal theory will be built up from Maxwell's 

equations and a physical understanding of some of the properties of photonic crystals 

is developed. Some basic properties of one-dimensional (lD) photonic crystals are 

explained and the 2D triangular lattice is presented. An excellent treatment of the 

basic theory that is presented in this chapter is given in the textbook by J .D. 

Joannopoulos et. al. [2]. The textbook by J.D. Jackson [20) contains all the required 

classica! electrodynamics. Some well-known concepts from solid-state physics are 

also applicable to the behaviour of EM waves in photonic crystals and can be found in 

the textbook by C. Kittel [21). 

2.2 Basic theory 

2.2.1 From Maxwell's equations toa Hermitian eigenvalue problem 

The behaviour of EM waves in any dielectric arrangement is govemed by Maxwell's 

equations. The dimensions of the dielectric features in photonic crystals for visible 

and infrared applications are large compared to atomie dimensions and therefore the 

macroscopie form of Maxwell' s equations is used for the description of the 

propagation of EM waves through such crystals. In differential form and SI units, 

these equations can be written as: 

v ·D(r,t) = p(r,t) 

vxf!(r,t)- an(r,t) =l(r,t) 
at 

r, E-(- ) aË(r,t) 0 v x r,t + at = 

V·Ë(r,t)=O 

where E(r,t) is the electric field, H(r,t) the magnetic field, D(r,t) the displacement 

field, B(r,t) the magnetic induction, p(r,t) the free charge and J(r,t) the free current, 
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all depending on the position vector r and the time t. The following derivation is 

restricted to the propagation of EM waves within a medium in which there and no free 

charges and -currents, so that: 

p(r,t) = l(r,t) = o 
The following standard assumptions that determine the relation between E(r,t) and 

D(r,t), which are valid for most materials of interest, are made: 

• The field strengths are small, so that E(r,t) and D(r,t) are linearly dependent. 

• The regions of dielectric material are all isotropic and low-loss, which means 

that the dielectric constant e(r) of the material can be considered respectively 

as a scalar field and as purely real. 

• The explicit frequency dependence of the dielectric constant e(r) is ignored. In 

calculations one can simply choose the value of e(r) of the dielectric structure 

appropriate to the frequency range under investigation. 

With these assumptions, the constitutive relation between E(r,t) and D(r,t) reduces to: 

D(r,t) = e0e,(r)Ë(r,t) 

The dielectric constant e(r) of a material is the product of the susceptibility e0, which 

has the value of8.853·10-12 C2/Nm2 and the relative susceptibility er(r) so that: 

e(r) = eoer (r) 

From this point in the thesis, er(r) will be abbreviated to e(r) and will be referred to as 

the dielectric constant. 

A similar story holds for the relation between B(r,t) and H(r,t). For most materials of 

interest the relative magnetic permeability µr(r) is close to unity, so that under the 

previous assumptions the relation between B(r,t) and H(r,t) can be written as: 

Ë(r,t) = µ0ÏI(r,t) 

where µ0 is the magnetic permeability in vacuum and has the value of 4n· 10-7 Ns2/C2
• 

When equations 5, 6 and 8 are substituted into equation 1-4, the Maxwell equations 

become: 

V·Ë(r,t)=O 

V- H-(- ) (-) é3Ë(r,t) _ O x r,t -e0e r -
dt 

n E-(- ) é3ÏI(r,t) O 
v X r,t + µ 0 = at 
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v. H(r,t) = o 
The position- and time-dependent field pattems E(r,t) and H(r,t) are now expanded 

into a set of harmonie modes: 

H(r,t) = ii(r)e'ox 

Ë(r,t) = Ë(r)e'"'1 

for it is known from Fourier analysis that any solution of a time-dependent linear 

equation can be written as a superposition of these harmonie modes. 

Equations 9 and 12 lead to the requirement of transversality of the fields that build up 

an EM wave. This requirement means that E(r,t) and H(r,t) and thus also the 

stationary solutions E(r) and H(r) are necessarily orthogonal (in the geometrical 

meaning) to the direction of propagation of the EM wave. 

Substitution of equations 13 and 14 into equations 10 and 11 and subsequent 

elimination of E(r) leads to the following eigenvalue equation for H(r): 

Vx --VxH(r) = - H(r) - ( 1 - - ) ((J) )
2 

-

e(r) c 

in which c = (Eo·µ 0Y112 is the speed of light and ro is the angular frequency of the EM 

wave. 

Equation 15 is the master equation in this basic photonic crystal theory. With this 

equation and the transversality requirement, it is in principle possible to calculate the 

modes H(r) in a photonic crystal with a given dielectric constant E(r) for a given 

frequency. It is then possible to recover the electric mode profiles E(r) from the 

magnetic mode profiles H(r). It is important to notice here, that there is no apriori 

assumption on the shape of E(r). 

Equation 16 specifically identifies the master equation as an eigenvalue problem: 

- (J) -
( )

2 

8H(Y) = -;; · H(r) 

In this equation, operator e is thus the differential operator that takes the curl, then 

divides by E(r) and then takes the curl again. The eigenvectors H(r) are the field 

pattems of the harmonie modes and the eigenvalues ( ro/c )2 are proportional to the 

squared angular frequencies of those modes. The operator e is linear and tums out to 

be Hermitian (see reference [2], page 13-14), which has the following consequences: 
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• Any linear combination of solutions to equation 16 with the same frequency ro 

is itself a solution with frequency ro. This follows from the linearity of 8. 

• All eigenvalues ( ro/c )2 are real and positive, so that only real and positive 

angular frequencies need to be considered. 

• Any two solutions H 1(r) and H2(r) to equation 16 with different frequencies 

ro1 and mi are mutually orthogonal (in the linear algebra meaning). Different 

solutions H 1(r) and H2(r) with equal frequencies, ro1 = ro2, are said to be 

degenerate and are not necessarily mutually orthogonal. 

• The eigenfunctions can be obtained by a variational principle. This will be 

used to derive physical properties of the EM field patterns in photonic crystals 

in section 2.3. 

• The eigenfunctions may be catalogued by their symmetry properties. This 

property will be used to distinguish between transverse electric (TE) and 

transverse magnetic (TM) modes and to account for point group symmetries 

within the Brillouin zone. 

2.2.2 Electromagnetic variational principle 

In analogy with quantum mechanics, a variational principle can be used to determine 

the eigenfunctions of 0 by minimizing the electromagnetic energy functional Er after 

an initial guess for H(r): 

EI (if ):::; _!_. (if_:E>~ 
2 H,H 

The lowest EM eigenmode Ho minimizes Er, so that for this particular field pattern 

equation 17 becomes an equality. The next lowest eigenmode H1 will minimize Erin 

the subspace orthogonal to Ho and so on. The physical consequences of this can be 

derived from equation 18, where (H, E>H) is substituted by the corresponding integral: 

Ef(H) :5 ( ~ - îr(ár ~1(1) D(r)l
2

J 
2·(H,H) J e(r) c 

This expression shows, that concentration of the displacement field in the regions of 

high dielectric constant is favourable for the minimization of Er. The quadratic term in 

the integral implies, that uniform spatial distribution of the D-field is also favourable 

for the minimization of Er. The requirements of concentration of field in the high 
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dielectric and uniform distribution of D-field throughout the structure are competing. 

The distribution of the displacement field in a photonic crystal is thus a trade-off 

between these two requirements and depends on the specific geometry of the crystal 

and on the dielectric constants of the material system. The properties of the field 

pattems of electromagnetic modes in photonic crystals will be further discussed in 

sections 2.3.1 and 3.3.1. 

2.2.3 Symmetries 

As in quantum mechanics, the symmetries of the photonic crystal under investigation 

play an important role in the classification of the eigenmodes in such a system. The 

relevant symmetries and their implications for the solutions to the master equation are 

discussed below; an elaborate treatment is given in chapter 3 of reference [2]. 

• Discrete translational symmetry. This is inherently present in photonic 

crystals and lead to the in solid state physics well-known concepts of the 

Brillouin zone and Bloch modes (2, 21]. Each value of the wave vector k 

inside the Brillouin zone identifies a unique eigenstate of E> with eigenvalues 

(COn(k)/c)2 and eigenmode Hk. The eigenvalues form a family of continuous 

functions COn(k), indexed by the band number n in order of increasing 

frequency. These functions are well known in solid-state physics as dispersion 

relations and the whole of the dispersion relations is called the (frequency) 

band structure. The eigenmodes Hk have the form of a plane wave modulated 

by the periodicity of the crystal. This form is well known in solid-state physics 

as a Bloch mode. 

• Point group symmetries. These include rotational-, mmor- and inversion 

symmetry. If the photonic crystal is unchanged after a certain symmetry 

operation S and wave vector k2 = S(k1), the electromagnetic modes in the 

crystal at wave vectors k1 and k2 will be physically equivalent. This means 

that the dispersion relations COn(k) have additional redundancies within the 

Brillouin zone because of the symmetry of the crystal. The collection of non

redundant k-vectors in reciprocal space is called the irreducible Brillouin 

zone. A simple example of this redundancy is a lD photonic crystal, 

consisting of altemating dielectric layers, which is symmetrie towards 
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reflection in the mirror plane indicated as the dash-dotted line in the 2D view 

of figure 2.1. There is no physical difference between travelling through the 

structure from the right or from the left, which means in reciprocal space terms 

that the irreducible Brillouin zone consists of all positive k-values inside the 

Brillouin zone. The negative k-vectors in the Brillouin zone are redundant 

because of the mirror symmetry of the crystal. 

• Mirror symmetry in 2D photonic crystals. A 2D photonic crystal consisting of 

dielectric rods of infinite length is mirror-symmetric towards every plane 

perpendicular to the rods. The modes in the crystal can therefore be classified 

according to their behaviour under reflection in the horizontal plane (plane of 

periodicity), see reference [2], page 34-36. Two different types of modes can 

be distinguished: modes with the electric field in the horizontal plane and the 

magnetic field perpendicular to this plane and modes with the magnetic field 

in the horizontal plane and the electric field perpendicular to this plane. In this 

respect one speaks of the polarization of the mode, which can either be 

transverse electric (TE, electric field in plane) or transverse magnetic (TM, 

magnetic field in plane). 

2.2.4 Scalability 

In the derivation of the master equation there has been no assumption on the length 

scale of the dielectric constant modulation other than the assumption that it is larger 

than atomie dimensions. It follows from the master equation that a simple relationship 

exists, conceming the mode profiles H(r) and their frequencies ro, between crystals 

that differ only by a multiplication of all distances with a factor s. It tums out that 

changing the length scale with a factor s expands the modes with the same factor, 

without changing the mode profile, and decreases the frequencies of the modes by a 

factors. This has some practical consequences including: 

• It is possible and desirable to normalize mode profiles and dispersion relations 

by a characteristic length scale of the crystal in consideration. An obvious 

choice for this sealing parameter is the lattice constant a. The normalized 

dispersion relations can then be applied to real structures just by multiplication 

with the lattice constant of the crystal. 
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• The fabrication of photonic crystals with band gaps at visible and infrared 

wavelengths is a difficult task because of the small dimensions of such 

crystals. It is possible however to test the desired structure at larger 

wavelengths, which makes fabrication much easier. The first experiments by 

Yablonovitch et. al. [6], which were already mentioned in the introduction to 

this thesis, were therefore carried out in the microwave regime. 

2.3 JD and 2D photonic crystals 

The theoretica! concepts introduced in the previous paragraphs, will be applied to the 

2D photonic crystals to be modelled and fabricated in the following chapters. To gain 

some basic insights first, 1 D photonic crystals are discussed in the next session. 

2.3.1 Alternating dielectric layers: JD photonic crystals 

A system of alternating dielectric layers as in figure 2.1 is periodic along the normal 

of the crystal planes and continuous along the other two axes and can therefore be 

considered as a ID photonic crystal. The widths of the layers are equal to 0.5a, where 

a is the lattice constant, as indicated in figure 2.1. Also indicated in figure 2.1 is the 

ID Brillouin zone of this structure. This implicates, that only EM waves that travel 

through the layers entirely along the normal (which is the z-axis in figure 2.1), are 

considered (k = kz , kx = ky = 0). For simplicity, kz is abbreviated to kin the rest of 

this section. 

- rt/a 0 

z 

Figure 2-1: Three different views of a dielectric multilayer. The dielectric constant altemates between 

the shaded and the white layers. Left: 3D view. Centre: 2D view. The lattice constant (a) and the mirror 

plane are indicated. Right: The lD Brillouin zone of the multilayer. The bold part of the line is the 

irreducible Brillouin zone. 
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In figure 2.2 the dispersion relations Oln(k) are displayed for three different 

multilayers, from left to right a homogeneous material (both layers have E = 13), a 

multilayer system with dielectric constants altemating between 13 and 9 (low 

contrast) and a multilayer system with dielectric constants altemating between 13 and 

1 (high contrast). These dispersion relations were calculated by the program 

Translight, see reference [22). Note that the vertical frequency scale is normalized. 

0,30 0,30 0,30~ 
~ 0,25 0,25 0,25~2 

û û û 
~ 0,20 ~ 0,20 î 0,20 photonic band gap 

!015 ! >. 0,15 il' 0,15 il'' 
~ 0,10 

8 ~ 0,10 !!! 0,10 

l 0.05 l 0,05 l 0,05 

0,00 
-1,0 -0,5 0,0 o.s 1,0 

0,00 
"1,0 -0,5 0,0 0,5 1,0 0,0?1,0 -0,5 0,0 0.5 1,0 

Wave vector (ka/~) Wave vector (ka!.) Wave vector (kal.) 

Figure 2-2: Photonic band structures in the frequency range 0-0.3 for three different multilayer films 

as calculated with Translight (22). The layer width is 0.5a and wave propagation is along the normal. 

Left: e = 13 for both layers. Centre: layers altemate between e = 13 and e = 9. Right: layers altemate 

between e = 13 and e = I. The shaded rectangles in the figures represent the photonic band gap of the 

multilayer stacks. Also indicated is the band number n of the different bands in the dispersion relation. 

The following points are to be made from figure 2.2: 

• The frequency spectrum of the uniform medium, which is the graph at the left, 

is the light line given by: w(k) = F . 
• The graphs in the middle and at the right, which represent the frequency 

spectra of the multilayer films with altemating dielectric constant, show a 

linear behaviour for k-vectors with small absolute value. The reason for this is 

the fact that small k-vectors correspond to wavelengths of the electromagnetic 

wave that are much larger than the lattice constant of the crystal. These waves 

therefore "see" a uniform medium with an effective dielectric constant (Eeff) 

somewhere in between the high E and the low E and their dispersion relation 

follows the light line w(k) = ~. The slope of this part of the dispersion 
'\JEeff 

relation is highest for the high contrast system at the right hand side of figure 

2.2, because in this case the effective dielectric constant is lowest. 
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• For k-vectors close to the edge of the Brillouin zone, the dispersion relations 

bend away from the light line. This effect is strongest in the high contrast 

system. This bending opens a frequency region in which no modes are allowed 

in the multilayer, the so-called photonic band gap. 

The physical origin of this photonic band gap can be explained by the electric field 

profiles for the states immediately above and below the gap in figure 2.3 in 

combination with the variational principle of section 2.1.2. The field profiles in the 

centre and on the right of figure 2.3 are calculated with the commercial software 

product FEMLAB, which will be presented in the next chapter. 
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Figure 2-3: Displacement field profiles for the states at k = rr/a of the first (n = 1) and the second (n = 

2) band calculated with FEMLAB (see chapter 3). The grey regions correspond to the layers with high 

dielectric constant. Left: e = 13 for both layers. Centre: layers alternate between e = 13 and e = 9. 

Right. layers alternate between e = 13 and e = 1. These graphs give a qualitative account of the mode 

profiles; quantitative conclusions cannot be drawn from this figure. 

The displacement field profiles in figure 2.3 correspond to the states at the edge of the 

Brillouin zone for the dispersion relations in figure 2.2. For k = rt/a, the modes are 

standing waves with a wavelength of 2a. For a homogeneous material there are two 

possible mutually orthogonal mode profiles as seen in the left hand picture of figure 

2.3. In this case there is no energy difference between the two modes, because the 

dielectric constants of the layers are equal. If the layers have different dielectric 

constants, as in the centre and right hand side picture of figure 2.3, the modes tend to 

concentrate their displacement fields in the layers of high dielectric constant, 

according to equation 18. The n=l state has anode in the low E layer to minimize its 

energy. The n=2 state has to be orthogonal to the n=l state and therefore has anode in 

the high E layer. The displacement field of the n=2 state is thus less concentrated in 
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the high E lay er than the n= 1 state and from the variational principle of equation 18 it 

follows that an energy difference exists between these states. The concentration of 

displacement field in the high E is enhanced as the dielectric contrast increases, see 

figure 2.3 from left to right. This increases the significance of the node in the high E 

layer and thus the width of the photonic band gap, see figure 2.2. The band above the 

photonic band gap is referred to as the air band and the band below the band gap as 

the dielectric band. These names arise from the location of the displacement fields of 

the modes (the low E layer is often air). 

2.3.2 Dielectric columns: 2D photonic crystals 

A system of dielectric columns embedded in a dielectric material with a different 

dielectric constant that is periodic in the plane perpendicular to the columns and 

continuous along the axis perpendicular to this plane, can be considered as a 2D 

photonic crystal. The shape of the columns is arbitrary, hut will be circular in this 

thesis. Important special cases are the system of cylindrical dielectric rods in air and 

that of cylindrical air holes in dielectric. The intersection of the columns with the 

plane perpendicular to the columns (which is defined here as the x,y-plane) 

determines the two-dimensional lattice. Side view, top view and Brillouin zone of the 

2D triangular lattice of columns are displayed in figure 2.4 on the next page. The 

shaded region in the Brillouin zone is the irreducible Brillouin zone, which is 1/12th of 

the Brillouin zone because of the 6-fold rotational symmetry and the mirror symmetry 

of the lattice. The characteristic symmetry points are the r point, the M point and the 

K-point, as indicated in the Brillouin zone. The fM- and fK-directions are indicated 

in the lattice in real space. 

For the description of the band structure of 2D photonic crystals, only EM waves that 

travel in the plane of periodicity are considered. For these waves: k = kxx + kyy, kz = 

0, with x and y the unit vectors of the x and y direction respectively. Implications of 

nonzero kz-values will be discussed in section 2.4. 

Calculations of band structures, density of states, field distributions and transmission 

spectra of the 2D triangular lattice will be discussed in chapter 3. 

16 



r K 

x 

Figure 2-4: A 2D photonic crystal of rods with the periodicity of a triangular lattice in the 2D plane. 

Left: A 3D view of the crystal. Centre: A top view of the triangular lattice in which the crystal 

parameters and the two characteristic crystal directions are indicated. Right: The 2D Brillouin zone of 

the triangular lattice, the shaded region represents the irreducible Brillouin zone. The three symmetry 

points are indicated. 

2.4 Out of plane propagation 

The behaviour of an infinitely extruded 2D photonic crystal is only purely two

dimensional for EM waves with no component in the out of plane direction (k2=0). 

Inclusion of non-zero k2-values produces a continuum of states above the first band of 

the dispersion relation for both polarizations and destroys the band gap of the 2D 

structure [2, 23]. 

In practice, photonic crystals are finite in the out of plane direction. Confinement of 

EM waves in the out of plane direction is obtained by total internal reflection in a 

planar waveguide structure consisting of a core layer sandwiched by cladding layers. 

The effect of the waveguide structure is accounted for in the band diagram by 

inclusion of the light cone. The light cone is a continuous region indicating all 

possible frequencies of the background modes. States lying under the light cone in the 

band diagram decay exponentially in the out of plane background and are therefore 

guided by the waveguide structure. States that lie above the light cone are extended in 

the out of plane background and can thus radiate away from the waveguide. A 2D 

photonic crystal sufficiently etched through the waveguide structure to overlap the 

entire profile of the waveguide mode can be considered as a photonic crystal slab 

(which is the perforated core) with periodic backgrounds (which are the perforated 

claddings). For such a structure the light cone is the lowest band of the 2D 

background system [23]. Part of the dispersion relation of the 2D photonic crystal slab 
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lies below this light cone. The states in this particular part of the dispersion relation 

are guided by the waveguide structure and will therefore exhibit lossless propagation 

through the photonic crystal. In most practical situations however, states that lie above 

the light line are ( also) excited. Practical applications of photonic crystal slabs 

therefore suffer from out of plane losses (24). 
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Chapter 3: Modelling 

3.1 Introduction 

To gain further insight in the properties of 2D photonic crystals it is necessary to 

model the spectra! behaviour of these crystals. The results of modelling the EM 

properties of a 2D triangular lattice of air holes in the InP are presented in this 

chapter. An important property of a photonic crystal is its photonic band gap. To 

evaluate this property, it is necessary to calculate the dispersion relations (photonic 

band structures) of the photonic crystal under consideration. Calculations of photonic 

band structures and density of states for the triangular lattice have been performed 

with a Matlab-program written by Henri Benisty that uses a plane wave method. The 

results of these calculations are presented in section 3.2. In section 2.2.2 it was shown 

that the distribution of the displacement field in a photonic crystal provides insight in 

the EM properties of the crystal. Calculations of field distributions in 2D lattices have 

been performed with the commercial software product FEMLAB and are presented in 

section 3 .3 .1. In section 3 .3 .2 it is shown that an EM wave with a frequency within 

the photonic band gap of a crystal decays exponentially in the crystal. Transmission 

spectra of finite photonic crystals are also calculated with FEMLAB and important 

conclusions are drawn from these spectra in section 3 .3 .3. The calculations of sections 

3.2 and 3.3 are all performed for photonic crystals consisting of air holes InP. In 

section 3.4 some consequences of filling a 2D triangular lattice of air holes in InP 

with a material different from air are considered. The calculations of sections 3.2-3.4 

were purely 2D. An important topic in recent photonic crystal research is the radiation 

losses in the third dimension in real structures. A model to calculate relative out of 

plane losses of lD photonic crystals with FEMLAB is presented in section 3.5 and 

results of first calculations are given. 
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3.2 Band structures, densities of states and gap maps 

3.2.1 Photonic band structures 

The calculation of photonic band structures is done with a Matlab-program written by 

Henri Benisty of the Ecole Polytechnique in Paris, France. This program uses the 

plane wave method, as described by Plihal and Maradudin [25] to solve the master 

equation for plane EM waves with a certain wave vector k in a 20 triangular lattice. 

Results obtained with this program will be compared with results from the literature 

in section 3.2.4. The 20 photonic crystal under consideration is a triangular lattice of 

circular air holes in InP with a radius of 0.3a, where a is the lattice constant. 

Eigenfrequencies for equally spaced k-values along the boundaries of the irreducible 

Brillouin zone of this lattice (see figure 2.4) are calculated for TE- and TM-polarized 

EM waves. The first six branches of the resulting band structures are displayed in 

figure 3.1. 

TE TM 

0.7.------.--------...-----, o.• ..--------.--------.------, 

0, 1 

0,0 '-------=----------'-----' 
M r K M r K M 

Wave vector (k,- ) Wave vector (k"- ) 

Figure 3-1: Photonic band structures for TE- (left hand graph) and TM- (right hand graph) polarized 

EM waves in a 2D triangular lattice of air holes (E =l) in InP (E =10.05). The vertical axis displays the 

normalized frequency. The horizontal axis displays the route along the boundaries of the irreducible 

Brillouin zone: starting from the M-point to the r-point, then from r- to K-point and back to the M

point. The photonic band gap for TE-polarized EM waves between the n=l band and n= 2 band is 

visualized by the shaded rectangle in the left hand graph. 

The dispersion relation c.o1(k) of the n=l bands in figure 3.1 shows a linear behaviour 

around the r-point. This is due to the fact that the wavelength of these EM waves is 
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much larger than the periodic modulation of the dielectric constant. These waves 

therefore behave as if they "see" a uniform medium with an effective dielectric 

constant (Eeff) somewhere in between 10.05 (InP) and 1 (air). This behaviour was also 

observed in the dielectric multilayer in section 2.3.1. At the edges of the Brillouin 

zone, the first band bends away from the linear behaviour and stopgaps open up for 

different crystal directions, except for the rK-direction in the TM case. In the TE case 

the stopgaps overlap to form a photonic band gap, which starts from the top of the 

first band at the K-point and ends at the bottom of the second band at the M-point. It 

is visible in figure 3.1, that the n=l and n=2 band for the TM-polarization are 

degenerate in the K-point. 

3.2.2 Photonic densities of states 

Photonic band structures represent the behaviour of EM waves with a certain 

polarization in a certain photonic crystal. A quantity related to the photonic band 

structure is the photonic DOS (density of states). For the calculation of the photonic 

DOS, the plane wave-routine of Benisty was used to solve the master equation for 

over 10,000 equidistant k-values inside the irreducible Brillouin zone. The Matlab

program that was written for this purpose was somewhat different from the program 

written by I.M.P. Aarts [19] and is validated in section 3.2.5. The calculated photonic 

density of states for TE-polarized EM waves in a triangular lattice of air columns in 

InP with r/a = 0.3 is displayed in figure 3.2 on the next page. Only the first six 

eigenvalues are taken into account. 

For low frequencies, and thus large wavelengths, the density of states shows a linear 

behaviour with frequency. This is explained as follows. The number of available 

states N behaves in two dimensions as dN=2nkdk. The dispersion relation for large 

wavelengths shows a linear behaviour, see figure 3.1, so dk-dro. From these relations 

it is concluded that dN/dro-ro. For frequencies approaching the edge of the irreducible 

Brillouin zone the density of states increases rapidly, because of the flattening of the 

n=l band. A sharp peak is visible in figure 3.2 at normalised frequency roa/2nc=0.20 

for both TE- as TM-polarization, where the n=l band is almost horizontal in the rM

direction. In the TE-case the density of states finally drops to zero at roa/2nc=0.23, 

where also no allowable state is left in the rK-direction and the complete photonic 
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band gap opens up. The gap ends at roa/2nc=0.29, where the first allowed state of the 

n=2 band is situated at the M-point. In the TM-case the density of states has a 

minimum at roa/2nc=0.22, where the n=l and n=2 band are degenerate in the K-point. 

No gap opens up for this polarization, because of this degeneracy. 
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Figure 3-2: Left: Photonic density of states vs. frequency for TE-polarized EM waves in a triangular 

lattice of air colwnns (e = 1) in InP (e = 10.05). The frequency region 0.23-0.29, in which the photonic 

density of states is zero, corresponds to the photonic band gap. Right Photonic density of states vs. 

frequency for TM-polarized EM waves in a triangular lattice of air columns (e = 1) in InP (e = 10.05). 

It is observed, that no band gap is present for this polarization. 

3.2.3 Gap maps 

The information in figures 3.1 and 3.2 is limited to the particular situation of a 

triangular lattice of holes in InP with the specific r/a-value of 0.3. Band structure 

calculations have been performed for a triangular lattice of air holes in InP and of InP

rods in air, for both TE- and TM-polarization and for values of r/a ranging from 0 

(homogeneous material) to 0.5 (touching columns). The results have been plotted in 

so-called gap maps, see figure 3.3 on the next page. The coloured vertical line at 

every r/a value in these gap maps corresponds to the photonic band gap of that 

particular structure, while the colour of the line corresponds to the polarization of the 

EM wave under investigation. The TE gap in the left hand figure is situated between 

the n= 1 band and the n=2 band, while the TM gap in this figure is situated between 

the n=2 and n=3 band. The lowest TM gap in the right hand figure is situated between 
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the n= 1 band and the n=2 band, the second TM gap between the n=3 and n=4 band 

and the TE gap in this figure is situated between the n= 1 band and the n=2 band. 
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Figure 3-3: Gap maps fora 2D triangular lattice of cylindrical air holes (E = 1) in lnP (E = 10.05) (left 

hand side plot) and fora 2D triangular lattice of cylindrical InP-rods (E = 10.05) in air (E = 1) (right 

hand side plot). 

In the left hand picture it is immediately visible, that a band gap exists for both 

polarizations simultaneously in the case of air holes in InP. This yellow part of the 

figure only opens up at high values of r/a however (r/a>0.42). Fabrication of such 

structures is a very difficult task, for it implies small feature sizes in between the 

holes. Furthermore these structures suffer from high out of plane losses, because most 

of the guiding material is removed [26). For these two reasons the focus in this 

chapter is not on structures with r/a>0.42, hut on the structure with r/a=0.3, which is a 

compromise between the width of the gap, only for one polarization, on the one hand 

and the manufacturability on the other hand. 

lt is also directly visible from figure 3.3, that a structure of InP-rods in air exhibits 

large TM gaps and small TE gaps, while a structure of air holes in InP exhibits large 

TE gaps and small TM gaps. An explanation for this polarization dependence will be 

provided in section 3.3.2. 
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3.2.4 Designing the photonic crystal 

A gap map provides an overview of the band gaps of a photonic crystal. It does not, 

however, contain the proper information to directly design a photonic crystal with the 

desired properties. The use of a photonic crystal is often related to the properties of its 

photonic band gap. lf the width of the gap is the key property for the design of the 

crystal, the relevant parameter to consider is the width of the band gap Lif, divided by 

the frequency in the centre of the band gap, the mid gap frequency fmg· This parameter 

is not directly visible from a gap map plot. A plot of Lif/fmg as a function of r/a for the 

TE gap of a triangular lattice of air holes in InP, which corresponds to the red gap in 

the left hand gap map of figure 3.3, is provided in figure 3.4. Also displayed in figure 

3 .4 is a graph of the mid gap frequency fmg as a function of r/a for the same situation. 

The combination of both graphs provides sufficient information to directly determine 

a photonic crystal with a specified photonic band gap for a specified wavelength. 
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Figure 3-4: Graphs of ~f/fmg as a function of r/a (left hand side graph) and fmg as a function of r/a (right 

hand side graph) for the photonic band gap of a lattice of air holes in InP for TE-polarised EM waves. 

From the left hand graph it is visible that the TE-band gap for this lattice of air 

columns in InP opens up at r/a = 0.17. The width of this gap (Lif / fmg) increases 

linearly with r/a in the region r/a = 0.17-0.35, has a maximum of0.47 (47% of the mid 

gap :frequency) at r/a = 0.42 and is zero again at r/a = 0.5, where the air columns are 

touching each other. At r/a = 0.3, which is the structure under consideration in 

sections 3 .2.1 and 3 .2.2, the width of the gap is 26 % of the mid gap frequency, which 

is 0.26. From the right hand graph it is clear that the mid gap frequency increases with 

r/a. This effect is due to the decrease of the effective dielectric constant (eeft-) of the 
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structure with increasing r/a. The effective wavelength of an EM wave in such a 

structure increases with decreasing êeff. which implies an increasing gap frequency. 

3.2.5 Comparison with the literature 

Results obtained by Benisty's Matlab-programs, that were used to calculate the 

photonic band structures and the photonic density of states in the previous sections, 

are compared with results from the literature in this section, to validate the results in 

the previous sections. Figure 3.5 shows the gap map for a triangular lattice of rods 

with e = 11.4 in air that was calculated with the plane wave routine mentioned in 

section 3.2.1 on the left hand side and the gap map for the same structure from 

Joannopoulos et. al. [2] on the right hand side. 
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Figure 3-5: Gap map fora triangular lattice of dielectric columns with e = 11.4 in air. The graph on the 

left is the calculated gap map from Benisty' s program, while the graph on the right originates from 

Joannopoulos et. al [2]. 

The calculated gap map from Benisty's program shows good agreement with the gap 

map from the literature, except for the TM-gaps in the top of the graph. These are 

gaps between the n= 15 and the n= 16 band and between the n= 17 and the n= 18 band, 

however. The accuracy of this calculation is apparently sufficient for the lower bands 

only. 

On the next page, figure 3.6 shows the density of states calculated with the Matlab 

program mentioned in section 3 .2 .2 of a TM-polarised EM wave in a triangular lattice 

of columns with ê = 5 in air with a filling factor of 0.169 (r/a=0.28) on the left hand 

25 



side and the density of states for the same structure from Plihal and Maradudin [25] 

on the right hand side. 
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Figure 3-6: Photonic density ofstates in a triangular lattice ofrods with E = 5 in air. The graph on the 

left is the calculated density of states, white the graph on the right originates from Plihal and 

Maradudin [25]. 

The calculated density of states for this structure is also in good agreement with the 

results from the literature. 

These two comparisons show that it is possible to reproduce results that were 

published earlier, with the used Matlab-programs. This conclusion validates the 

results in sections 3.2.1-3.2.4. 

3.3 Field distributions and transmission spectra 

The Matlab-programs that were used to obtain the results from section 3 .2, calculate 

eigenvalues of the master equation for plane waves in an infinite and perfect 2D 

triangular dielectric lattice. It is desirable however, to calculate the response of finite 

crystals to an EM wave of arbitrary shape to model real structures. Furthermore it is 

desirable to model crystals with certain defects, since many possible applications of 

photonic crystals are based on such defects. A line defect in a photonic crystal for 

instance, could serve as a waveguide for frequencies within the band gap. 
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The commercial software product FEMLAB [27] was used to calculate field 

distributions in- and spectra! response of finite photonic crystals. This program 

divides the designed structure into a mesh of triangles and uses a finite element 

method to calculate the stationary solution to Maxwell's equations at every mesh 

point with the desired boundary- and initia! conditions. FEMLAB runs on top of 

MATLAB and therefore generates and executes a MATLAB-file containing the 

modeled structure. 

Calculations of field distributions with FEMLAB and further insights from these 

calculations are presented in section 3.3.1. The exponential decay of an EM wave 

with a frequency within the photonic band gap is shown in section 3.2.2. Section 3.3.3 

deals with FEMLAB-calculations of the relative transmission spectra of the 2D 

triangular lattice of air holes in InP. 

3.3.1 Field distributions 

In section 2.2.2 it was discussed that the energy of an EM mode in a photonic crystal 

is related to the distribution of the displacement field (D-field) in the crystal. 

Calculations of displacement field distributions can therefore provide insight on the 

frequency gaps exhibited by a photonic crystal. An example of D-field distribution in 

a 2D photonic crystal is shown in figure 3. 7 on the next page. This figure represents 

the D-field of a TM polarized EM wave in a square lattice of dielectric rods having a 

dielectric constant of 8.9 and an r/a-value of 0.2 in air. The electric field (and thus the 

displacement field) lies in the direction perpendicular to the horizontal plane for TM 

polarized waves. The top and bottom part of figure 3. 7 correspond to the higher band 

edge of the n=l band and the lower band edge of the n=2 band respectively in the rx

direction (after the nomenclature of reference [2]). The field distributions shown in 

this figure therefore represent standing waves at the X-point. The rx-direction is 

indicated in the centre of figure 3. 7. Presented on the left of this figure are the results 

calculated by FEMLAB and on the right the results from reference [2]. Note the good 

agreement between the results calculated by FEMLAB and the results from the 

literature. 
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Figure 3-7: Distribution of the displacement field in the horizontal plane of a TM polarized EM wave 

in a 2D square lattice of cylindrical rods with E = 8.9 and r/a = 0.2 in air at the X-point. The top part of 

the figure represents the state belonging to the n= 1 band of the dispersion relation; the bottom part 

represents the state belonging to the n=2 band of the dispersion relation. The left hand side of this 

figure represents the results calculated by FEMLAB; the right hand side represents results from the 

literature [2] . The black circles mark the interface between the rods and the air background in the 

calculated plots. 

From the top part of figure 3. 7 it is clear that the D-field is concentrated in the 

features of high dielectric constant as was predicted from the energy functional in 

section 2.2.2. This part of the figure represents the state at the X-point belonging to 

the n=l band of the dispersion relation en this state therefore represents the situation 

with the lowest possible energy at this particular k-value. The state of the bottom part 

of figure 3.7 belongs to the n=2 band of the dispersion relation at the X-point and 
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from section 2.2.1 it follows that this state is orthogonal to the state in the top part of 

figure 3.7. Although the D-field in the bottom part of figure 3.7 is also concentrated in 

the regions of high dielectric constant, it has a node in this region because of the 

mentioned requirement of orthogonality. Figure 3. 7 shows the ability to calculate field 

distributions with FEMLAB. 

It was shown in figure 3.3 that a structure of cylindrical air holes in InP exhibits large 

TE-gaps and small TM-gaps. An explanation for this polarization dependence will be 

given in the following, focussing on the stopgap between the n= l and n=2 band at the 

M-point in a triangular lattice of air holes in InP with an r/a value of 0.3. It is shown 

in figure 3 .1 that this stop gap is substantially larger for TE-polarized EM waves than 

for TM-polarized EM waves. This is due to the difference in frequency of the n=2 

band at the M-point, which is 0.23 for the TM-mode and 0.29 for the TE-mode. The 

frequency of the n= l band at the M-point is 0.20 for both polarizations. The physical 

origin for this difference is related to the vector character of the displacement field . 

The displacement field of the TE-mode lies in the horizontal plane and its field lines 

are therefore continuous in this plane. The displacement field of the TM-mode lies in 

the vertical direction and has no component in the horizontal plane. Calculated results 

of the distribution of the norm of the displacement field of the TE-states of the n= 1 

and n=2 band at the M-point (see figures 2.4 and 3.1) of a triangular lattice of air 

holes in InP with r/a=0.3 are presented in figure 3.8. 

high 
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Figure 3-8: Distributions of the displacement fields of TE-modes at the M-point of a triangular lattice 

of air holes in InP with r/a=0.3. The state at the left belongs to the n=l band; the state at the right 

belongs to the n=2 band and these states are therefore mutually orthogonal. The black circles mark the 

interface between the holes and the background InP material. 
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Consider the left plot of figure 3.8, which represents the TE-state at the M-point 

belonging to the n= 1 band of the dispersion relation. The vertical blue lines in this 

picture represent the nodes of this state and it is visible that they are situated in the 

holes. The right plot in figure 3.8 represents the state at the M-point belonging to the 

n=2 band. This state is orthogonal to the state in the left plot of figure 3.8 and its 

nodes are therefore situated in between the holes. The displacement field is forced 

into the air holes as a consequence of the continuity of the field lines in the horizontal 

plane. In order to minimize the total energy, part of the field is rejected from the 

holes. This is visible in the upper right plot of figure 3.8 by the high displacement 

field in the InP at the perimeter of the holes. This redistribution of the displacement 

field implies a large energy difference between the n= 1 and n=2 band at the M-point 

and thus a large stopgap in this direction for TE-polarized EM waves. 

Calculated results of the distribution of the norm of the displacement field of the TM

states of the n=l and n=2 band at the M-point (see figures 2.4 and 3.1) of a triangular 

lattice of air holes in InP with r/a=0.3 are presented in figure 3 .9. 

high 

zero 

Figure 3-9: Distributions of the dis placement fields of TM-modes at the M-point of a triangular lattice 

of air holes in InP with r/a=0.3. The state at the left belongs to the n= 1 band; the state at the right 

belongs to the n=2 band and these states are therefore mutually orthogonal. The black circles mark the 

interface between the holes and the background InP material. 

The displacement field of the TM-modes has no component in the horizontal plane. 

The total energy is thus minimized with no requirement on continuity of field lines for 
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this polarization, resulting in the field distributions of figure 3.9. As a consequence 

the stopgap is smaller than that of the TE-polarization for the same crystal direction 

(see figure 3.1). 

The conclusion of the field analysis in this section is in line with the general rule of 

thumb, that TM band gaps are favored in a lattice of isolated high-e regions and TE 

band gaps are favored in a connected lattice (reference [2], page 64). An elaborate 

analysis of field distributions in 20 photonic crystals is also given in references [2] 

and [28]. 

3.3.2 Exponential decay within the band gap 

When an EM wave with a frequency within the photonic band gap is launched into 

the photonic crystal it will be evanescent into the crystal, because there are no allowed 

modes in the crystal at that frequency. The field magnitude will therefore decay 

exponentially in the crystal along the initia! propagation direction of the wave. This is 

clearly visible in figure 3.10 on the next page for a TE-wave with a normalized 

frequency of 0.27 in the rM-direction of a triangular lattice of air columns in InP. 

Normalized frequency 0.27 is within the photonic band gap of this crystal (see figure 

3.1). The left hand part of this figure displays the distribution of the absolute value of 

the displacement field for this situation, as calculated by FEMLAB. The right hand 

part of this figure is a plot of the norm of the displacement field in the crystal from the 

left hand side along the rM-direction, which is also the launch direction of the TE

polarized EM wave. 

Figure 3.10 clearly demonstrates the exponential decay into the photonic crystal of an 

EM wave with a frequency within the band gap of that crystal. The repeating features 

in the right hand side graph of figure 3.10 represent the local field variations inside 

the crystal. 
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Figure 3-10: Illustration of the exponential decay of the norm of the displacement field of a TE

polarized EM wave launched in the rM-direction of a triangular lattice of air holes in InP with r/a=0.3. 

The left hand side picture represents the distribution of the norm of the displacement field in the 2D 

crystal. The vertical blue and red lines indicate the plane wave that is launched from the left. The black 

circles mark the interface between the holes and the background InP material. The displacement field is 

evaluated along a horizontal line in the rM-direction, starting from the outer edge of the leftmost holes 

of the crystal. A graph of the norm of the evaluated displacement field as a function of the distance 

from the boundary of the crystal is presented in the right hand side picture of this figure. The vertical 

scale is logarithmic and normalized by the highest field value. The path length on the horizontal scale 

is normalized by the lattice constant of the crystal. 

3.3.3 Transmission spectra 

When an EM wave is launched into a finite photonic crystal, it is partly reflected and 

transmitted, depending on the frequency of the wave and the launch direction of the 

wave with respect to the crystal orientation. Transmission spectra of a 2D triangular 

lattice of air holes in InP are calculated with FEMLAB. For this purpose, a 2D plane 

wave was launched into the crystal under consideration (see figure 3.10). The time 

averaged Poynting vector of the EM wave was integrated over the boundary at the end 

of the crystal for 600 equally spaced normalised frequencies between 0 and 0.64. A 

relative transmission was obtained by normalizing the calculated values by the largest 

value. The crystal designed for these calculations is finite in the direction of 

propagation of the EM wave (horizon tal direction in figure 3 .10) and infinite in the 

direction perpendicular to the propagation of the EM waves (vertical direction m 

figure 3 .10), by applying periodic boundary conditions. 
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The calculated relative transmission as a function of normalised frequency is shown 

fora triangular lattice of air holes in InP with r/a = 0.3 in figure 3.11 for TE-waves in 

both the rK- and the rM-direction. The length of the crystal was nine times the lattice 

constant, which means that the EM wave encounters ten air holes while traveling 

through the crystal. The band structure for an infinite 2D triangular lattice of air holes 

in InP with r/a=0.3, which was already presented in figure 3.1, is also displayed in 

figure 3.11. 
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Figure 3-11: Calculated spectrum of the relative transmission of a TE-polarized EM wave for a 2D 

triangular lattice of air holes in InP with r/a=0.3 for both the rK- (solid line) and the rM- (dashed line) 

direction. The propagation length is nine lattice constants. Note the logarithmic vertical scale. Also 

displayed on the right is the band structure for an infinite 2D triangular lattice of air holes in InP with 

r/a=0.3. 

Figure 3.11 shows a dip in the calculated relative transmission spectrum around 

roa/21tc "" 0.25 for both directions, because of the high reflection of the crystal for 

frequencies inside the photonic band gap. The dip in the relative transmission 

spectrum in the rM-direction (dashed line) starts at a normalised frequency of 0.20 at 

the upper edge of the n=l band in this direction. It then has a bump that ends at 

roa/21tc = 0.23, where the upper band edge of the rK-direction is situated and goes 

further down to a value of 5.10-11
. The dip ends at roa/21tc = 0.30 at the lower band 

edge of the n=2 band in the rM-direction. Apparently there is a weak coupling for 

EM waves in the rM-direction into the other directions in this calculation, which 

allows a small part of the wave being transmitted via other directions than the 

propagation direction. This is also visible in the transmission dip for waves travelling 

in the rK-direction, which has a bump at roa/21tc = 0.30, where the lower band edge 
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of the second band in the rM direction is situated. This dip finally ends at ma/21tc = 

0.31 at the lower band edge of the second band in the fK-direction. The overlap in the 

transmission dip of both crystal directions is an indication for the photonic band gap 

for the TE-polarization. 

The question arises, if a dip in the transmission spectrum of a photonic crystal in a 

certain crystal direction can be conclusively recognized as a stopgap or a band gap. It 

is shown below, that more information is obtained from transmission calculations, 

when the spectra for different crystal lengths are compared. It follows from figure 

3.10 that the dip in the transmission spectrum in the band gap of a photonic crystal 

decreases exponentially with the length of the crystal. A transmission dip outside a 

photonic band gap does not necessarily exhibit this exponential dependency. 

Transmission spectra are calculated for TE-waves launched in the rK-direction of a 

triangular lattice of air columns in InP with r/a = 0.3. Calculations were performed for 

crystals with 5, 10, 15 and 20 rows of holes in fK-direction. The results of these 

calculations are presented in figure 3.12. Note that calculations for the crystal with 10 

rows were already presented in figure 3 .11. 
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Figure 3-12: Left: Calculated spectrum of the relative transmission ofa TE-polarized EM wave in the 

rK-direction of a triangular lattice of air columns with a radius of 0.3a in InP. Calculations have been 

preformed for crystals with 10 rows (solid line) and 20 rows (dashed line) of holes in the propagation 

direction. Right: Transmission minimum of the dip in the left hand graph as a function of the number of 

rows in the rK-direction, which is also the launch direction of the EM wave. The expected exponential 

dependence on the number of rows, which is a measure for the length of the crystal, is observed in this 

graph. The line represents a linear fit through the data points. 
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An exponential decrease of the relative transmission in the dip inside the photonic 

band gap is indeed visible in the right hand graph of figure 3.12. These calculations 

confirm that a transmission dip that represents a photonic band gap, necessarily 

exhibits an exponential decrease as a function of the crystal length. The position of 

the bump at the right of the dip however, which was attributed to weak coupling of 

waves travelling in the fK-direction into other directions, does not change both in 

frequency and transmission. This confirms the given explanation for the bump, 

because the coupling will not change significantly with the length of the crystal. It 

also shows that (part of) a transmission dip with no exponential dependence on crystal 

length can still represent (part of) a stopgap in the crystal direction under 

investigation. However, it is also possible that a calculated transmission dip with no 

exponential dependency on the crystal length does not represent a stopgap. This is 

clearly visible in figure 3.13. The left hand graph of this figure represents the relative 

transmission spectrum for TM-waves in the fK-direction of a triangular lattice of air 

holes with r/a = 0.3 in InP for crystals with 10 and 20 rows of holes in the propagation 

direction. The right hand graph of this figure represents the band structure for TM

wa ves in an infinite triangular lattice of air holes with r/a=0.3 in InP, which was 

already presented in figure 3 .1. 
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Figure 3-13: Left: Calculated spectrum of the relative transmission of a TM-polarized EM wave in the 

rK-direction in a triangular lattice of air columns in InP for crystals with r/a=0.3. Calculations have 

been performed for 10 rows (solid line) and 20 rows (dashed line) of features in the propagation 

direction. Right: TM band structure for an infinite 2D triangular lattice of air holes in InP with r/a=0.3. 

The calculated relative transmission spectrum exhibits a dip from f = 0.23, which is 

the frequency of the n= l and n=2 band at the K-point, tof = 0.30, where the lower 
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band edge of the n=3 band at the K-point is situated. From the fact that there is no 

significant difference between the two transmission spectra in figure 3.13, it is 

concluded that the transmission dip in this figure does not represent a photonic band 

gap. This conclusion is supported by the band structure in figure 3 .13, from which it is 

clear, that there is not even a stopgap present for the fK-direction in this frequency 

region, let alone a photonic band gap. Strongly reduced transmission in frequency 

regions with non-zero density of states was also observed theoretically by Sakoda [29] 

and experimentally by Robertson et. al. [30] and Krauss et. al. [8]. The explanation 

for this behaviour lies in the symmetry of the mode of, in this case, the second TM

band. This mode is anti-symmetrie with respect to the mirror plane cutting through the 

centre of the holes in the fK-direction [8]. The plane wave is symmetrie with respect 

to this mirror plane, can therefore not couple into the anti-symmetrie mode and 

transmission is reduced. The n=3 band in the dispersion relation of figure 3.12 is 

symmetrie with respect to the mentioned mirror plane and the transmission is indeed 

recovered at the low er band edge of that band in the fK-direction. 

The interesting aspect of :figure 3.13 is the reduction of the transmission with a factor 

of 10,000 (which would be sufficient for many applications) over a considerable 

range of frequencies, which cannot be concluded from the corresponding band 

structure. This proves the value of the transmission calculations. 

The companson of the calculated transmission spectra in this section with the 

corresponding photonic band structures illustrates, that these two calculations are 

often complementary. To get a full understanding of the properties of a photonic 

crystal it is therefore advisable to perform both band structure and transmission 

calculations. 

3.4 Filling up the holes 

The calculations of the previous sections were all performed for photonic crystals 

consisting of air holes of InP. An interesting question is, how the EM properties of the 

crystal are adjusted, when the holes are filled with a solid material with a refractive 

index different from 1. Filling of the air holes might be advantageous for the use of 

36 



photonic crystal in integrated opties, since it makes overgrowth and further processing 

possible. Polymers seem the most obvious candidates for such a filling material, 

because of the suitable material properties of polymers and because of the progress in 

knowledge and technological possibilities in this field of material science. Polymers 

typically have a dielectric constant in the order of 2.3. The question is of course, if 

these filled structures still exhibit a photonic band gap, since the contrast between the 

high index material InP and the low index material (which is naw a polymer) is lower 

than in the case of the non-filled structure. In figure 3.14 the width of the band gap for 

a TE-polarized EM wave in a 2D triangular Iattice of holes in InP is given. A plot of 

L\f/fmg (see section 3.2.4) as a function ofr/a is presented in the left hand graph in this 

figure for the filled and non-filled case. Also presented in the right hand graph of this 

figure is a plot of the mid gap frequency fmg as a function of r/a for bath cases. Note 

that the graphs for the non-filled case were already presented in figure 3.4. 
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Figure 3-14: Comparison of the TE-band gap in a triangular lattice of holes in InP, which are either 

empty (the filling material is air) or filled with a material with E = 2.3. The filled circles represent the 

situation with the filled holes and the open circles represent the situation with the non-filled holes. 

A substantial photonic band gap remains present in the crystal for TE-polarized waves 

after the filling of the holes, although it is significantly smaller than with the air filled 

holes. The gap in the filled structure has a maximum value of L\f/fmg=0.22 at r/a=0.40, 

which is a reduction with a factor 2 .1 compared to the air filled case. The width of this 

gap is still 14 % of the mid gap frequency at r/a = 0.3, which is a reduction with a 

factor of 1.9 in comparison with the air filled case. The mid gap frequency is lower in 

the situation of the filled holes, because the effective dielectric constant is higher in 

that case. 
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It is therefore possible to fill the empty spaces in a 2D triangular lattice of holes in InP 

with polymer (E=2.3) without losing the property of the photonic band gap for the TE 

polarization. However gap width and mid gap frequency are reduced. Similar 

calculations have been performed for the TM-gap of the 2D triangular lattice of holes 

in InP. These calculations show, that a photonic band gap for TM-polarized EM 

waves is no longer present in the filled case. In the next section, an investigation of 

the effect of hole filling on out of plane losses is presented. 

3. 5 Out of plane loss es 

3.5.1 The 2D model 

Out of plane losses (see section 2.4) degrade the desired properties of for instance 

resonators [31) or in-plane waveguides based on photonic crystals. Understanding the 

nature of the out of plane losses is therefore an important topic in current photonic 

crystal research [24, 26, 31, 32). Full 3D EM calculations on photonic crystals are 

very time-consuming, because of the required large number of mesh points. In this 

thesis, a 2D model is therefore used to investigate the out of plane losses of a ID 

photonic crystal. The geometry that was used is shown in figure 3 .15 
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Figure 3-15: View of the geometry used in the investigation of out of plane losses from a three period 

ID photonic crystal. The grey scale represents the dielectric constant of the different regions, 

(white=low index and black=high index). Boundary 2 (the hold line on the right) is used to characterize 

the energy outflow of the waveguide. This boundary is extended beyond the claddings to capture the 

full mode profile. Boundaries 3-8 are used to characterize the energy flows out of plane. 

38 



The ID photonic crystal consists of three holes, etched into the waveguide structure, 

having a width of 0.4a, where a is the lattice constant as depicted in figure 3.15. The 

core of the waveguide is a 1.Sa thick InGao.23As0.5P layer with a refractive index of 

3.34, lattice matched with InP. The InP claddings have a thickness of 0.75a and a 

refractive index of 3 .17. The structure is placed on an InP suhstrate with a refractive 

index of 3.17. 

Figure 3.16 shows the relative transmission spectrum of a three-period lD photonic 

crystal infinitely extruded in the 2D plane consisting of air layers having a width of 

0.4a and lnGa0.23As0.sP layers having a width of 0.6a, calculated with FEMLAB. The 

first two gaps of the ID crystal under consideration are clearly visihle in this figure 

and are centred at normalized frequencies around 0.2 and 0.4. 
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Figure 3-16: Transmission spectrum of the lD photonic crystal offigure 3.15 calculated with 

FEMLAB. The transmission in the gaps is distinguishable from zero in this linear plot, because the 

crystal consists ofthree periods only. 

In this model, a plane wave is launched into the care and the claddings of the 

waveguide. The wave propagates through the waveguide and impinges on the lD 

photonic crystal in the centre of the spatial region under investigation. The normal 

component of the time-averaged Poynting vector is calculated with FEMLAB and 

integrated over the different houndaries in figure 3.15. Boundary 1 (hold line on the 

left of figure 3 .15) represents the net energy inflow of the system, houndary 2 (hold 

line on the right of figure 3.15) represents the energy outflow and houndaries 3-8 
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represent the energy flows out of plane. The relative out of plane losses are calculated 

according to: 

OUT OF PLANE LOSSES;::: ENERGY FLOWS OUT OF PLANE ( l 9) 
ENERGY OUTFLOW + ENERGY FLOWS OUT OF PLANE 

The launched plane wave is finite in the vertical direction and has thus a finite angular 

distribution. Part of this input wave therefore does not satisfy the condition for total 

intemal reflection and will radiate out of the waveguide. These intrinsic losses are 

taken into account in the energy flows out of plane. Therefore this method only allows 

for qualitative investigation of the structure in figure 3.15, as will be shown in the 

next section. To obtain quantitative results, it is necessary to launch the frequency 

dependent eigenmode in the waveguide instead of a plane wave. The out of plane 

losses are then given by the energy flows out of plane divided by the energy inflow. 

This was out of the scope of this thesis however. 

3.5.2 Effect of etch depth on out of plane losses 

From the literature it is known, that insufficient overlap of the mode field with the 

etched photonic crystal is a source of out of plane losses [24). To test the model 

proposed in the previous section, calculations are performed to investigate the 

influence of etch depth on the losses. Etch depths of 2.25a ( etched to the bottom of the 

core), 3a (etched to the bottom of the lower cladding) and 5a are considered. The 

results of this investigation are shown in figure 3 .17 on the next page. 

Comparison of figure 3.17 with figure 3.16 teams, that the relative out of plane losses 

calculated with this method are high within the band gaps of the lD crystal. This is 

due to the low transmission in the band gap, which decreases the "outflow" term in 

the denominator of equation 19. The qualitative dependence of out of plane losses on 

etch-depth known from the literature is also observed in figure 3 .17. The structure 

with an etch-depth of 2.25a exhibits significantly higher relative out of plane losses 

than the structure with an etch-depth of 3a especially in between the first and the 

second gap. The relative out of plane losses are further reduced in the first gap and 

between the first and the second gap as the etch depth is increased from 3a to 5a. For 
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normalised frequencies higher than 0.35 however, there is no significant difference 

between the 3a and Sa case, which indicates that an etch depth of 3a is sufficient to 

overlap the entire mode field at these frequencies. 

0,9 

gi 0,8 
(/) 

~ 0,7 : 

~ 0,6 ' . ro . 
"5. 0 5 ." .... ' : 
0 
:î 0,4 

0 
Q) 0,3 
> 'äi 0,2 

Qi 
Il:'. 0,1 

. ' · .. 'i . ' 

f 
' ' ; 

i 
' ' "· ~ ( 

•. 1 ; 

"· ', ' 
: 1 ! 

: \,(\,/ 
· - etch depth = 2.25a 
----- etch depth = 3a 

o,o ._____. _ __., _ __.__._" ...... "._ .. e_tc_._de-'-pt_h_,_=_sa_....____, 
0,2 0,3 0,4 0,5 

Frequency (ooa/2itc) 

Figure 3-17: Spectrum of the out of plane losses of the structure offigure 3.15 for etch-depths of2.25a 

(etched to the bottom of the core, solid line), 3a (etched to the bottom of the lower cladding, dashed 

line) and Sa (dotted line), calculated with equation 19. 

3.5.3 Effect of hole-filling on out of plane losses 

The influence of polymer filling in the holes of a 2D photonic crystal on the photonic 

band structures was already discussed in section 3.4. In this section, the influence of 

polymer filling on the out of plane losses is discussed. Relative out of plane losses are 

calculated for the geometry of figure 3.15 with an etch depth of 3a and a dielectric 

constant of 2.3 in the holes. The results ofthis calculation are compared in figure 3.18 

with the results of air holes with an etch depth of 3a ( see figure 3 .17) on the next 

page. 

From figure 3 .18 it is observed that the filling of the holes decreases the width of the 

photonic band gaps of the crystal. A more important notice from figure 3 .18 is the 

significant reduction of the relative out of plane losses in both the first and the second 

gap after filling of the holes. This can at least partly be explained by the increase of 

the transmission within the band gaps of the ID photonic crystal after the filling of the 

holes ( compare the right hand graph of figure 3 .18 with figure 3 .16). From equation 

19 it follows that an increase in the "outflow" term, leads to a decrease in the relative 
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out of plane losses calculated with this equation. From these calculations it cannot be 

concluded that the decrease in the relative out of plane losses after filling of the air 

holes is fully accounted for by this effect. Further calculations using the frequency 

eigenmode of the waveguide instead of a plane wave should clarify this issue. 

0,9 

~ 0,8 

~ 
..Q 0,7 

~ 0,6 

"' ëi 0,5 

ö 
'S 0.4 

0 
Q) 0,3 
> 
:; 0,2 

(ij 
a::: 0,1 

-non-filled 
-·filled 

o.o L__.__~__._::::===.:::::=::.. _ _..__J 
oi 0,3 0,4 0,5 

Frequency (roa/2nc) 

0,8 

0.7 

5 0,6 

:1 0,5 

:!! 0,4 

~ 0,3 

0,2 

0,1 

0, 1 0,2 0,3 0.4 

Frequency (roa/2xc) 

Figure 3-18: The left hand graph represents a comparison of the relative out of plane losses spectra for 

the ID photonic crystal of figure 3.15 for air holes and for holes filled with a material having a 

dielectric constant of 2.3. The right hand graph represents the relative transmission spectrum calculated 

with FEMLAB of the ID photonic crystal of figure 3.16 filled with a material having a dielectric 

constant of 2.3. 
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Chapter 4: Fabrication 

4.1 Introduction 

Most of the calculations of the previous chapter have been performed for a 2D 

triangular lattice of air holes in InP with a radius of 0.3a. If such a photonic crystal is 

to be used at the optical communication wavelength around 1550 nm, it needs to have 

a lattice constant in the order of 400 nm. The holes in such a lattice would then have a 

radius in the order of 240 nm. It is obvious that fabrication of structures with such 

feature sizes is not trivial and requires sophisticated lithographic and etching 

techniques. It is shown in section 3.5, that overlap of the 2D photonic crystals with the 

waveguide mode field in the vertical direction is important for the reduction of out of 

plane losses. The aspect ratio of the holes is therefore a critical parameter for the 

application of 2D photonic crystals. Furthermore it is important that the photonic 

crystal is uniform in the vertical direction [33], which implies the requirement of 

vertical and smooth sidewalls. The aspect ratio of the holes, verticality of the 

sidewalls and sidewall roughness are therefore a measure for the quality of the etched 

photonic crystals. 

A first attempt to fabricate 2D triangular lattices of air holes in InP with sub-micron 

dimensions is presented in this chapter. An outline of the different techniques is given 

in the stepwise description of the fabrication process in section 4.2. First results 

obtained with this process are presented in section 4.3 and future work is indicated in 

section 4.4. 

4.2 The f abrication process 

A stepwise description of the fabrication process is given in this section. The desired 

photonic crystal structure is defined by electron beam lithography (EBL), transferred 

into a 50 nm thick SiN mask and etched into InP substrate by reactive ion etching 

(RIE). A schematic cross section of the structure is shown after every relevant step in 

the process. The EBL has been performed at the Eindhoven University of 
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Technology. The reactive ion etching (RIE) has been done at the Delft Institute of 

Microelectronics and Submicron Technology. Characterisation of the etch-results by 

cross-sectional Scanning Electron Microscopy (XSEM) has also been performed at 

DIMES. 

4.2.1 Spin coating of EBL-resist 

In this work, electron beam lithography (EBL) is used for the necessary sub-micron 

patteming. Polymethyl(methacrylate) (PMMA) was used as EBL-resist because of its 

properties in terms of sensitivity, resolution, plasma stability and thermal stability 

[34). A SiN-layer with a thickness of 50 nm was deposited on bulk InP substrate by 

Plasma Enhanced Chemical Vapour Deposition (PECVD). The resist layer was spun 

on the sample at 2500 rpm from a solution of 2 wt.% PMMA 950 Kin Anisole (the 

addition 950 K stands for the average molecular weight). Spin time was in the order 

of 30 seconds, until no Newton rings were observed on top of the sample anymore. 

The sample was subsequently baked in a convection oven at 175°C for one hour to 

remove the residual solvent. This spin coating and pre-baking was performed using 

the cleanroom facilities of the Opto-Electronic Devices group at the Eindhoven 

University ofTechnology. The thickness of the PMMA-layer was measured to be 130 

nm after this procedure. A cross section of the sample after the PMMA spin coating is 

given schematically in figure 4.1. 

130mnPMMA 

50nm SiN 

InP substrate 

Figure 4-1: Schematic view of the cross section of the sample structure after PMMA spin coating. 

4.2.2 Exposure and development 

Exposure of the desired pattems was performed in the Raith 150 EBL vector scan 

system (35]. To relax exposure and etching conditions, lattice constants of the 
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exposed structures were designed to be a factor of 2.5 and 3.75 larger than those 

mentioned in section 4.1. The designed structures were corrected for the proximity 

effect, which is the parasitical exposure by reflected electrons from the PMMA/SiN 

and the SiN/lnP interfaces. Exposure of the structures was performed by direct 

writing at an acceleration voltage of 30 kV, which is the maximum possible 

acceleration voltage in the Raith 150. Prior to exposure, a 13 nm thick gold layer was 

evaporated on top of the PMMA layer to prevent the sample from charging during 

exposure. This thin Au layer does not significantly affect the path of the electrons and 

the influence on the exposed pattem is negligible. The sample was immersed in a 

KCN solution after exposure to remove the Au layer, subsequently rinsed in H20 and 

blown dry with N2. After the removal of the Au layer, the sample could be developed 

in a methyl-iso-butyl-ketone (MIBK): isopropyl alcohol (IP A) = 3 : 1 dilution for 30 

seconds, subsequently rinsed in IPA for 30 seconds and blown dry with N2, all at 

room temperature. To remove residual developer, rinse solvent and moisture from the 

sample, it was baked on a hot plate at a temperature of 100°C for 80 seconds. A cross 

section of the sample after exposure and development is given schematically in figure 

4.2. 

130nmPMMA 

50nm SiN 

InP substrate 

Figure 4-2: Schematic view of the cross section of the sample structure after exposure and 

development. 

4.2.3 Pattern transfer to the SiN-mask 

This step is performed in the Nextral NE 110 RlE-system at DIMES in Delft. The 

pattem that is defined by EBL is transferred into the SiN-mask by a RIE process with 

a CHF3 chemistry, reaction chamber pressure of 20 mTorr, DC bias of 70 V, RF 

power of 55 Wanda CHF3 flow rate of 20 seem. The residual PMMA was stripped in 

an 0 2-plasma. A cross section of the sample after this procedure is given 

schematically in figure 4.3 on the next page. 
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1 1 50 run SiN 

InP substrate 

Figure 4-3: Schematic view of the cross section of the sample structure after pattem transfer to the SiN 

mask. 

4.2.4 Deep etching in lnP by RIB 

This step was performed in the Nextral NE 110 RIE-system at DIMES in Delft. The 

pattem that is defined in the SiN is transferred into the InP substrate by a RIE proeess 

with a CHJH2 ehemistry, reaetion ehamber pressure of 20 mTorr, DC bias of 70 V, 

RF power of 55 W, CH4 flowrate of7 seem and H2 flowrate of35 seem. A problem of 

this methane-based chemistry is the built up of polymer on top of the sample during 

the etehing proeess. It is therefore neeessary to remove the deposited polymer from 

the sample in an 0 2-plasma ( descumming) at regular intervals during the process. The 

parameters of this cleaning process were identieal to those of the InP-etching, except 

that only 0 2 was used with a flowrate of 20 seem However, the SiN-mask is strongly 

eroded by this 0 2-plasma, therefore fine-tuning of the deseumming parameters in 

relation to the InP etch parameters have a large influence on the final etch result. A 

cross seetion of the sample after the deep InP etehing proeess is given sehematically 

in figure 4.4. 

== residual SiN 

InP substrate 

Figure 4-4: Schematic view of the cross section of the sample structure after the deep InP etching 

process. 
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4.3 Results 

After the fabrication procedure as described in paragraph 4.2, samples are cleaved 

through the photonic crystal area and the etch result is characterised by XSEM at 

DIMES in Delft. The following structures were fabricated: 

• Triangular lattice of holes with a lattice constant of 1 µm and hole diameters ( d) of 

300 nm (r/a=0.15), 500 nm (r/a=0.25) and 700 nm (r/a=0.35) 

• Triangular lattice of holes with a lattice constant of 1.5 µm and hole diameters of 

500 nm (r/a=0.17), 800 nm (r/a=0.27) and 1.1 µm (r/a=0.37) 

Results of two processes with slightly different etch parameters are compared below: 

Process 1: 

Pattem transfer to the SiN (section 4.2.3): the etch time was 300 seconds 

Deep etching of InP (section 4.2.4): the etch sequence consisted of a CH4/H2-etch 

with an etch time of 600 seconds, followed by removal of the deposited polymer in an 

0 2-plasma for 10 seconds. This sequence was repeated 4 times. Pressure in the 

reaction chamber was 15 mTorr. 

Process 2: 

Pattem transfer to the SiN (section 4.2.3): etch time was 250 seconds 

Deep etching of InP (section 4.2.4): the etch sequence consisted of a CHJH2-etch 

with an etch time of 900 seconds, followed by removal of the deposited polymer in an 

0 2-plasma for 10 seconds. This sequence was repeated 5 times. Pressure in the 

reaction chamber was 20 mTorr. 

The reaction chamber pressure was not intentionally varied, but was necessarily 

increased in process 2 to activate the plasma. XSEM results of process 1 and 2 are 

presented in figure 4.5 for the triangular lattice of holes in InP with a lattice constant 

of 1 µm and a hole-diameter of 700 nm. 
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Figure 4-5: XSEM pictures of the results of the etching procedures for a 2D triangular lattice of air 

holes in InP with a lattice constant of 1 µm and a hole-diameter of 700 nm. On the left the result of 

process 1, on the right the result of process 2. 

The holes obtained with process 2 (right hand XSEM-picture in figure 4.5) appear to 

be better than those obtained with process 1 in terms of aspect ratio and verticality of 

the side walls, although it is difficult to give exact numbers from the pictures in figure 

4.5. A marked feature of the holes in the picture at the right hand side of figure 4.5 is 

the narrowing of the holes near the bottom. This feature is further pointed out 

according to figure 4.6 on the next page, which contains XSEM results for four 

different structures, all obtained with process 2. 

The holes with a diameter of 1.1 µm in the top left picture of figure 4.6 exhibit 

straight sidewalls down to the bottom. The holes with a diameter of 700 nm, which 

were also displayed in figure 4.5, exhibit the mentioned slight narrowing at the 

bottom. This narrowing becomes more pronounced as the diameter of the holes 

decreases, which is visible in the two XSEM-pictures at bottom of figure 4.6. This 

dependence on hole-diameter indicates that the etch time of the pattem transfer in the 

CHF3-plasma (250 seconds in process 2) was insufficient to fully open circular 

features with a diameter of 700 nm and smaller. This feature was not observed in even 

the smallest holes obtained with process 1, in which indeed the etch time of the 

pattem transfer (300 seconds) was higher than that in process 2. It is known from the 

literature [8] that the etch-rate of RIE processes depends on the size of the etched 

feature, which explains the fact that the narrowing becomes more pronounced for 

decreasing hole diameters. Another distinct feature of the holes obtained by process 2, 

is the sloping sidewalls at the top of the holes, which is most clearly visible in the two 
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XSEM-pictures at the bottom of figure 4.6. Closer examination of the XSEM-results 

leams, that this is part of a polymer layer built up during the process. This layer was 

not visible in the XSEM-pictures obtained with process 1, because of the shorter 

CH4/Hretch time in between the 0 2.descum steps in this process (600 seconds) 

compared to process 2 (900 seconds). 
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Figure 4-6: XSEM pictures of the results of four different triangular lattices of holes in InP all 

obtained with process 2. Top left: a=I.5 µm, d=l.1 µm; Top right: a=I µm , d=700 nm; Bottom left: 

a=l.5 µm, d=SOO nm; Bottom right: a=lµm, d=300 nm. 

To optimise this process, further experiments are required. Key parameters are the 

etch time of the pattem transfer in the CHF3-plasma and the etch time in the CH4/H2-

plasma in relation to the 0 2-descum time ( etch-to-clean-ratio [36]). 

4.4 Future work 

The results of the last section show the possibility to fabricate holes with a diameter 

down to 300 nm with the procedure described in section 4.2, although the RIE

processes would have to be optimised. The next step would be the fabrication of the 
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structures mentioned in the introduction to this chapter, with a lattice constant of 400 

nm and a hole-diameter of 240 nm. Fabrication of such structures in InP with a 

methane-based RIE-process has been reported [16] and should in principle be possible 

with the procedure described in section 4.1. The maximum achievable aspect ratio of 

the holes fabricated with this process is limited, because of the relatively thin SiN

mask. The use of a thicker SiN-mask would require a thicker PMMA layer to 

facilitate the pattern transfer in the CHF 3-plasma. The thickness of the dielectric mask 

is therefore a compromise between resistance to the plasma-etch and resolution of the 

e-beam writing process and is typically chosen around 100-200 nm [8]. 

An interesting possibility for improvement of the fabrication process would be the use 

of mask materials different from SiN. It has been demonstrated [36] that a bilevel 

mask consisting of a metal on top of a dielectric material is more suitable for <leep 

etches than a dielectric mask. A promising combination in this respect is Ti on top of 

Si02 [36]. The use of a Ti- Si02 mask would require an extra SF6-RIE process for 

pattem transfer to the top Ti-layer. Pattem transfer to the SiOi-layer can be done with 

the CHF3-plasma process described in section 4.2. 

Ultimately the maximum achievable aspect ratio of holes obtained in a dry etching 

process is limited by the pressure in the reaction chamber [37). Low pressure dry 

etching techniques as inductively coupled plasma etching (ICP) and chemically 

assisted ion beam etching (CAIBE) are considered more promising for the fabrication 

of high aspect ratio 2D photonic crystals than RIE [8]. Photonic crystal waveguides 

with losses as low as 1 dB/1 OOµm have been obtained recently with CAIBE [33]. 
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chapter 5: Conclusions and 
recommendations 

The results of the prev1ous chapters are summarized in this chapter and some 

recommendations for future work are given. In this thesis the focus has been on 2D 

photonic crystals based on the InP-material system. Photonic band structures and 

photonic densities of states of these crystals are calculated with a plane wave method. 

Transmission spectra, local field distributions and relative out of plane losses are 

calculated with the commercial software product FEMLAB that uses a finite element 

method. Fabrication of 2D photonic crystals of air holes in InP has been performed 

using e-beam lithography followed by reactive ion etching processes. 

Concerning this thesis, the following conclusions are made: 

1. It is shown that the Matlab-programs used to calculate photonic band structures 

and photonic densities of states are able to reproduce results from the literature. 

From the band structure and density of states calculations it is shown, that a 20 

triangular lattice of cylindrical air holes in InP with a radius of 0.3a has a photonic 

band gap for TE-polarized EM waves in the normalized frequency range 0.23-

0.29. The width ofthis gap is thus 26% of the mid gap frequency 

2. Distributions of the displacement field in a square array of cylindrical dielectric 

rods calculated with FEMLAB show good agreement with results from the 

literature. It is also shown, that transmission spectra calculated with FEMLAB are 

in agreement with the corresponding calculated band structures. It is therefore 

concluded that FEMLAB is a reliable tool for modelling of 2D photonic crystals. 

3. It is shown by calculations with FEMLAB that the displacement field of an EM 

wave with a frequency within the band gap of a photonic crystal decays 

exponentially into the crystal. This implies that the transmission of a photonic 

crystal decreases exponentially with the length of the crystal in the launch 

51 



direction of the wave for frequencies inside the photonic band gap. It is shown 

that this property can be used to assign a dip in the calculated transmission to a 

photonic band gap. A transmission dip with no exponential dependence on crystal 

length however, can still represent a stopgap in the crystal direction under 

investigation. 

4. To get a full understanding of the properties of a photonic crystal it is advisable to 

perform both band structure and transmission calculations. 

5. Filling the air holes with a material having a dielectric constant of 2.3 decreases 

the width of the band gap and the mid gap frequency. The width of the TE-gap is 

still 14 % of the mid gap frequency for the structure with r/a = 0.3, which is 

sufficient for many applications. This opens the possibility for overgrowth and 

further processing of 2D photonic crystals in InP. 

6. A 2D model is presented to calculate relative out of plane losses of a ID photonic 

crystal qualitatively with FEMLAB. It is shown, that this model predicts a 

decrease in out of plane losses with increasing etch depth of the holes, which is a 

known effect from the literature. The effect of filling of the air holes with a 

material with a dielectric constant of 2.3 on out of plane losses is investigated with 

the 2D model. The found decrease in relative out of plane losses is at least partly 

explained by the reduction in transmission due to the hole filling. 

7. A procedure has been proposed to fabricate 2D photonic crystals of air holes in 

InP. Holes with a diameter down to 300 nm have been fabricated with this 

procedure. Once the mask definition is optimised, the etch-to-clean-ratio is the 

most important parameter for optimisation of the etch results. 

The following recommendations are made for future work: 

1. Now that FEMLAB has been shown to give reliable results, functional optica} 

elements based on defects in 2D photonic crystals in the InP material system 
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should be characterised with this program. These include photonic crystal 

waveguides, waveguide bends and coupled cavity waveguides. 

2. The model for calculation of out of plane losses should be adapted by launching 

the frequency dependent eigenmode of the waveguide instead of a plane wave. 

Quantitative calculations of the out of plane losses of a 1 D photonic crystal should 

then be possible. The adapted model can be used to further investigate the effect 

of hole filling on out plane losses. 

3. The 3D-version of the FEMLAB Electromagnetics module should be used to do 

3D calculations on out of plane losses of 2D photonic crystals. Computation 

power beyond that of a PC is required for these calculations. 

4. The etch parameters of the RIE processes should be further optimised for an 

optimal etch result. Key parameters that determine the quality of the etched holes 

for application in 2D photonic crystals are aspect ratio, verticality and sidewall 

roughness of the holes. 

5. The fabrication procedure should be improved for better etch results. On the short 

term, mask materials different from SiN should be considered, for instance a 

combination of Ti and Si02 . On the longer term it is advisable to investigate the 

possibilities of low pressure etching techniques as ICP and CAIBE for the 

fabrication of 2D photonic crystals in InP. 
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Dankwoord 

Het is traditie om in een afstudeerverslag de mensen te bedanken die hebben 

bijgedragen aan de totstandkoming ervan. Deze traditie houd ik graag in ere: zonder 

alle mensen die ik hieronder ga noemen, zou dit verslag niet zijn geworden wat het nu 

is. Allereerst wil ik Huub Salemink bedanken voor de afstudeerplaats en voor zijn 

kritische blik op mijn verslag. Ook mijn begeleider Rob van der Heijden heeft door 

zijn kritische opmerkingen zeker bijgedragen aan dit verslag. Henri Benisty is greatly 

acknowledged for providing the Matlab-program for band structure calculations. Het 

hoofdstuk over fabricage van 2D fotonische kristallen in InP zou er niet zijn geweest 

zonder de beschikking over de RIB-machine van DIMES in Delft. Ik heb de 

samenwerking met Siang Oei, die deze machine ter beschikking heeft gesteld, erg 

gewaardeerd. Aan dit experimentele gedeelte hebben verder bijgedragen: Erik Jan 

Geluk (PMMA aanbrengen en hulp met de Raith 150), Peter Nouwens (goud 

opdampen), Barry Smalbrugge (goud verwijderen en ontwikkelen) en Tjibbe de Vries 

(begeleiding bij de RIE en XSEM karakterisatie ). Grote dank gaat uit naar mede

afstudeerder Igor Aarts, voor de vele zinnige en onzinnige discussies, het kritisch 

lezen van mijn verslag en de leuke tijd in inderdaad het gezelligste hok van HGF! 

Tot zover de mensen die inhoudelijk hebben bijgedragen aan dit verslag. Daarnaast 

wil ik graag nog een aantal mensen bedanken die op een andere manier het leven de 

moeite waard hebben gemaakt tijdens mijn afstudeerperiode. Te beginnen met alle 

leden van de groep HGF, voor de goede sfeer en collegialiteit. Daarnaast mijn ouders, 

Will en Hannie van der Heijden, voor de broodnodige financiële en andersoortige 

steun en de gezelligheid. Ook mijn broer(tje) Joep en zusGe) Jeske van der Heijden 

voor de gezelligheid en de irritaties. Zonder mijn vrienden en vriendinnen van het 

Pauluslyceum en die bij volleybalclub Sarto, beide in Tilburg, zou het leven tijdens 

mijn afstudeerperiode wel een stuk saaier en minder de moeite waard geweest zijn, 

fijn dat jullie er waren! Tot slot wil ik graag mijn allerbeste vriendin Krista Brugman 

bedanken. Voor alles. 
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