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Abstract 
 
 
Photonic crystals (PCs) are a new class of artificial materials which consist in a periodic 

modulation of the dielectric constant in one, two, or three dimensions. This spatial periodicity of 
the dielectric function gives rise to a photonic band gap, a frequency interval of forbidden light 
propagation. PCs incorporating point or line defects may serve as building blocks in future 
photonic integrated circuits (PICs). 

Two-dimensional PCs based on a hexagonal pattern of air holes were deeply-etched in an 
InP/InGaAsP/InP heterostructure slab waveguide. Their spectral properties were assessed by 
optical transmission measurements. A systematic investigation of several types of 2D PC-based 
cavities and waveguides is performed. Resonances in the smallest point-defect structure, with one 
hole unetched, were observed with quality factors on the order of cavities in membrane photonic 
crystals. The mini stop-band (MSB), a dip in the transmission spectrum of a three-missing row 
PC waveguide, is also investigated. 

Tunable PC devices required for PIC applications can be realized by infiltrating the air 
holes with liquid crystals (LCs) which are characterized by a temperature-dependent index of 
refraction. A red shift of the PC transmission spectrum is observed after infiltration. Temperature 
tuning of the optical properties of these LC-filled PC devices is successfully demonstrated not 
only for cavities but also for the MSB. Thermally-induced red shifts of the H1-cavity resonance 
peak and of the MSB location are evaluated at approximately 7-8 nm. 
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1 Introduction 

1.1 Photonic crystals – playing with light 
 
It is an obvious reality that our present-day society would be unthinkable without the 

existence of data communications, be it voice, internet browsing or television broadcasts. A key 
component of its success lies in the usage of optical fibres which allow signal transportation with 
fast speed and in great data quantities. The bottleneck lies in the control and distribution of the 
optical signal over the fibre network where complex electronic circuitry is required. At present, 
these controllers include optoelectronic components in order to convert light photons into 
electrons, so that the produced electric signal is easily amplified and further processed by 
standard electronic circuitry. Finally, this will be transformed back into photons. This is a mature 
technology which works very well but would it not be wonderful to have only photonic circuits to 
process the photons directly instead of having that additional conversion step? At the same time, 
conventional dense electronic circuits that are envisaged to be present in future-generation 
processors require fast and low-dissipation interconnects. In the light of ongoing research, it is 
believed that these interconnects should be preferably realized by optical circuitry [1, 2]. And 
here is where photonic crystals come into play… 

 
In the most general sense, photonic crystals (see Figure 1-1) are defined as a periodic 

arrangement of two materials with different dielectric constants which extends in one (1D), two 
(2D) or three dimensions (3D) [3]. 

 

 
 

Figure 1-1:  a periodic arrangement in one, two or three dimensions of two dielectric 
materials with different refractive indices (represented here by the two different colours) is called a 
photonic crystal. 

 
 It all started with the original idea of Eli Yablonovitch who demonstrated theoretically in 

the article published in Physical Review Letters in 1987 [4] the possibility of enhancement or 
inhibition of spontaneous emission of atoms when photonic crystals are employed. This new and 
interesting phenomenon is based on the concept of photonic band gap which is the optical 
analogue of the electronic band gap found in “traditional” semiconductor crystals. It basically 
states that the light photons are forbidden or allowed to propagate through the photonic crystal 
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depending on whether their energy lies inside or outside the photonic band gap – hence the name 
of photonic-band-gap materials often assigned to photonic crystals. A few years later, 
Yablonovitch pioneered again the emerging field of photonic crystals by being the first one to 
fabricate a three-dimensional photonic crystal [5] by simply drilling holes into a dielectric 
material. Nevertheless, “photonic crystals” had existed even before this achievement  in a 
different shape and under a different name, since a distributed Bragg reflector [6] is nothing else 
but a one-dimensional photonic crystal. 

Although only 3D photonic crystals offer the much desired omnidirectional photonic 
band gap, they are difficult to fabricate and therefore people turned their attention to 2D photonic-
band-gap systems which are easily amenable to practical patterning and etching techniques. The 
periodic structures can consist of either dielectric columns surrounded by a lower refractive index 
material (typically air) [7] or the more frequently encountered case where  air holes are etched 
through a dielectric material (hole-type photonic crystals). In this latter category two main classes 
can be distinguished based on: 

• a semiconductor heterostructure slab waveguide in which deep cylindrical air 
holes [8-10] are drilled by various etching techniques (see Figure 1-2). A genuine 2D 
photonic crystal is periodic in the horizontal plane and homogeneous in the third direction 
(see Figure 1-1). However, the type of photonic crystal shown in Figure 1-2 is based on a 
planar waveguide structure for confining light to the horizontal core layer. Therefore, the 
vertical symmetry is broken and this type of 2D non-ideal photonic crystal is referred to in 
this thesis as planar photonic crystals [10].  

• a dielectric membrane [11] which is either air-suspended (surrounded by air on 
both sides) (Figure 1-2) or supported on a different material (e.g. silica) substrate [12]. 
 

 
 

Figure 1-2: (left) deeply-etched 2D photonic crystals where the core layer is shown in gray 
and the buffer and cladding layers are coloured in light gray (picture taken from [10]). (right) 
suspended membrane patterned with a triangular lattice of air holes. 

 
One can distinguish two different mechanisms responsible for guiding and confining the 

light through the photonic crystal. One the one hand, light is confined in the vertical direction by 
total internal reflection or more generally index guiding1, whereas in-plane confinement is 
achieved by Bragg reflection (due to periodic modulation of the dielectric constant across the 
photonic crystal). 

                                                      
1 This can be viewed as a more general form of total internal reflection and accounts for the 

presence of voids in the semiconductor slab waveguide or membrane material. Even though light rays 
might sometimes escape into air through such a hole out of the guiding layer, light is still guided by the 
average refractive index contrast. 
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The main difference between the two types of photonic-band-gap materials, based on 
either a perforated slab waveguide or a membrane, is the vertical refractive index contrast. In the 
former case there is a low index contrast between the core layer (depicted in gray in Figure 1-2), 
for example 3.38 for indium gallium arsenic phosphide (InGaAsP), and the buffer and cladding 
layers (shown in light gray), 3.17 for indium phosphide (InP). Thus, the vertical confinement of 
the optical mode travelling through the core layer will not be efficient and it will extend 
considerably in the vertical direction. This requires the air holes to be deep enough to completely 
overlap with the propagating electromagnetic mode. Hence the name of deeply-etched photonic 
crystals, which is frequently given to this kind of structures. 

On the other hand, the membrane configuration is characterized by a high refractive 
index contrast in the vertical direction (3.17/1 for an InP/air system). This way, a more efficient 
vertical optical confinement of the guided mode is achieved. The disadvantage is lower 
mechanical stability compared to the deeply-etched configuration and decreased heat dissipation 
in case of active devices [12] such as photonic crystal-based microlasers. 

 
The tremendous advantage brought in by employing photonic crystals in optical circuitry 

is the possibility of controlling light at a wavelength scale. But since a practical photonic 
integrated circuit requires many functions to be carried out, such as detection, generation, 
modulation, filtering and guiding of light, the functionality of photonic crystals must be increased 
by incorporation of new features. This is accomplished by integrating defects in the standard 
layout of a photonic crystal. The defect can be implemented either by leaving out air holes which 
creates point defects [7, 11, 13, 14] or one or several rows which gives rise to a line defect [15, 
16] (see Figure 1-3). 

 

             
 
Figure 1-3: a point defect can be easily integrated by not etching an air hole whereas a line 

defect is defined by a complete row of unetched holes. 

 
If one creates a point-defect structure and embeds a light source (e.g. a quantum well or a 
quantum wire array) in the core layer, then the fabricated photonic device may act as a low-
threshold nanolaser (under appropriate conditions) operating at 1.55 μm telecom wavelength [12, 
17, 18]. Point-defect cavities can also act as add-drop filters [19, 20] further increasing the 
functionality of optical circuits. Because light transport from one optical device to another is of 
fundamental importance, line-defect photonic-crystal waveguides can be employed for efficient 
low-loss steering of light particularly where sharp bends are needed [21]. Wavelength division 
multiplexing (WDM) in integrated optics is another promising application of such waveguides 
which is now under the scrutiny of researchers [22]. 
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1.2 Tuning of photonic crystal optical properties 
 
For many optical applications it is highly desirable to have the ability to modify by means 

of an external perturbation the optical response of a photonic crystal device (tuning). For 
example, one can imagine a photonic crystal microlaser with tuneable lasing frequency to be 
exploited in a WDM application to provide for the different wavelengths necessary to be 
multiplexed. At the same time, it is needed to correct for the photonic structure fabrication 
imperfections or the temperature sensitivity of the semiconductor refractive index 
(trimming)[23]. 

So far, the best approach to reach this goal was to replace the low dielectric constant 
material inside the air holes with an electro-optically active substance whose refractive index 
could be easily changed upon application of an external field. A promising candidate to meet this 
requirement seems to be liquid crystals. The idea was introduced by K. Busch and S. John in 
1999 [24] in a theoretical paper where they demonstrated the possibility of tuning by an applied 
external electric field the optical properties of an 3D photonic-band-gap material infiltrated with a 
nematic liquid crystal. The basic mechanism behind infiltration lies in the strong capillary forces 
induced in a liquid crystal subjected to confinement in extremely small geometries. 

Following the suggestions from this paper, several successful infiltration attempts were 
carried out in the last years. People directed their research efforts towards the investigation of two 
obvious approaches: infiltrating either 3D or 2D photonic crystals. In the former case, it is worth 
mentioning the first results of Shimoda et al. who filled the interconnected nanoscale voids of a 
synthetic opal (a type of 3D photonic-band-gap material) with the nematic liquid crystal 5CB 
[25]. They proved experimentally the blue shift of the reflection spectrum by applying an external 
voltage on the liquid crystal-infiltrated synthetic opal. 

Coming back to 2D photonic crystals, S. W. Leonard, H. M. van Driel et al. [26] were the 
“pioneers” of liquid crystal infiltration of this type of photonic structures. They filled the air 
columns of a 2D macroporous silicon photonic crystal with the nematic liquid crystal E7 and 
managed to obtain the temperature tuning of the photonic band gap. 

Investigations of the influence of liquid crystal infiltration on the spectral properties of 
InP-based deeply-etched photonic crystals can be found in the work of Martz et al. [23, 27, 28]. 
They typically used the K15 (5CB) nematic liquid crystal to fill in the air columns of 
InP/InGaAsP/InP hole-type photonic crystals and observed a shrinkage of the photonic band gap 
upon infiltration. Further degree of tunability is achieved by thermally changing the refractive 
index of the infiltrated system. Because the work of Martz et al. has many similarities with 
present work, it will be sometimes used as a means of comparison with the results presented in 
this report. The possibility of infiltrating 2D planar photonic crystals based on the AlGaAs/GaAs 
system with a liquid crystal mixture of type E7 was also reported [29]. In order to prove the 
versatility of photonic crystal infiltration, the possibility of infilling the air holes with a polymer 
was demonstrated as well [30]. 

The tunability of liquid crystal-infiltrated photonic band gap materials is generally proven 
by means of temperature change because of its simplicity of experimental implementation. 
However it is not suitable for practical applications due to its inherently slow tuning capabilities 
(on the order of milliseconds). Therefore, an applied external electric field is a better alternative 
for achieving faster tuning rate on the order of microseconds [31]. 



 10 

1.3 Thesis outline 
 
This paper provides a systematic investigation of InP-based photonic crystal point and 

line defects. The smallest possible optical component, a 1-hole missing defect, relatively 
unexplored for deeply etched InP photonic crystals is extensively analyzed. 

A brief theoretical background is given in chapter 2 explaining the origin of photonic 
band structures and the photonic band gap. Fundamentals of numerical simulations widely 
utilized in this work are laid out in chapter 2 as well. A detailed analysis of the relevant physical 
quantities and geometrical features characterizing photonic-crystal point and line defect structures 
and interesting physical phenomena associated to them concludes chapter 2. 

Next section is concerned with presenting the experimental methods used to fabricate and 
optically characterize the photonic crystal samples investigated in this report. A succinct 
description of nematic liquid crystals with focus on the K15 liquid crystal along with the 
infiltration procedure and its consequences is presented in chapter 4. 

The following two chapters deal with the experimental results for both empty and liquid 
crystal-filled photonic crystal devices: first point-defect cavities followed by line-defect cavities 
and waveguides. The infiltration results at room temperature and elevated temperatures will be 
compared with simulation data. 

The last part of the thesis contains the conclusions, bibliography and acknowledgements. 
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2 Theoretical background 

The electromagnetic equation governing the properties of light propagation in a photonic-
band-gap material is first derived. It allows the calculation of the dispersion relations of photonic 
crystal-guided modes, called the photonic band structure. Next, the methods of computer 
numerical calculations are briefly described followed by an overview of the classical Fabry-Perot 
resonator. Finally, an extensive analysis of photonic crystal point and line defects is given. 

 

2.1  Master equation and its properties 
The goal of achieving a complete understanding of the mechanisms responsible for the 

optical behaviour of photonic-band-gap materials can be attained by making use of the laws of 
classical electrodynamics. The starting point of this endeavour is represented by the four 
macroscopic Maxwell equations in vacuum written in SI-units [32]: 

 

0

BD E
t

DB H J
t

ρ ∂
∇ ⋅ = ∇× = −

∂
∂

∇ ⋅ = ∇× = +
∂

 (2.1) 

where (respectively) E  and H are the macroscopic electric and magnetic fields, D  and B  are 
the displacement and magnetic induction fields, and ρ  and J represent the free charge and 

current densities. The constitutive relations connecting E  and H with D  and B are respectively  

 0 0 and D E B Hε μ= =  (2.2) 

where 0ε and 0μ are the electric permittivity and magnetic permeability in vacuum. 
The next step is to apply Maxwell equations to a linear low-loss dielectric medium 

characterized by a scalar dielectric constant denoted by ( )rε  – typical of semiconductor materials 
currently used for fabrication of photonic crystals and relative magnetic permeability ( )rμ . 
Relations (2.2) then become  

 0 0( ) ( ) ( ) and ( ) ( ) ( )D r r E r B r r H rε ε μ μ= = . (2.3) 

For most dielectric materials of interest it holds ( ) 1rμ ≅  and one simply gets 0( ) ( )B r H rμ= . 

Assuming that the medium contains no free charges or currents ( 0Jρ = = ) entails the 
divergence equations of (2.1) to vanish: 

 ( ) 0, ( ) ( ) 0H r r E rε∇ ⋅ = ∇ ⋅ =  (2.4) 

which ensure at the same time the transversality requirement of the electromagnetic field [32]. 

Under these assumptions and assuming a harmonic time variation of the fields of the 
form ( , ) ( ) i tH r t H r e ω−= and ( , ) ( ) i tE r t E r e ω−=  one arrives at the following equation [3]: 
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( )

21 ( ) ( )H r H r
r c

ω
ε

⎛ ⎞ ⎛ ⎞∇× ∇× =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠
 (2.5) 

This is called the master equation and it allows the determination of the magnetic 
field ( )H r , subjected to the transversality requirement, for a given dielectric distribution ( )rε  
and at frequencyω . The electric field can then be recovered from its magnetic counterpart by 
means of equation 

 
0

( ) ( )
( )

iE r H r
rωε ε

= ∇×  (2.6) 

Equation (2.5) represents an eigenvalue problem [3] with operator 
( )
1
rε

⎛ ⎞
Θ = ∇× ∇×⎜ ⎟⎜ ⎟

⎝ ⎠
  

acting on eigenvectors ( )H r called modes and with eigenvalues ( )2/ cω . The similarity between 
this expression and the Schrödinger equation in quantum mechanics gives some useful properties 
of the modes ( )H r : their eigenvalues are real, they are orthogonal, and symmetry considerations 
can be used to catalogue them. 

The scaling property is another important characteristic of the master equation and it 
comes from the absence of a fundamental length scale in equation(2.5). Thus, if one expands or 
contracts the dielectric distribution ( )rε  by a scaling parameter s then the electromagnetic mode 
profile and its frequency have to be scaled accordingly by the same quantity s [3]. In other words, 
the optical behaviour of a photonic crystal with lattice constant a in a frequency interval 

1 2( , )ω ω is similar to that of a photonic crystal described by a’ = a/s operating in the scaled 
frequency range 1 2( , )s sω ω . For this reason, the optical properties of a photonic crystal in the 
microwave regime can be easily translated into the infrared simply by scaling down its size. In 
order to permit this easy translation from one length scale to another, it is generally preferred to 
use the normalized frequency units / 2 /a c aω π λ= instead of absolute frequency/wavelength 
values.  

 

2.2 Photonic band diagrams. Photonic band gap 
In solid-state physics, atomic crystals are characterized by discrete translational 

symmetry with lattice vectors R  which can be written as a linear combination of primitive lattice 
vectors [33]. Due to the periodicity of the electrostatic potential ( ) ( )V r V r R= +  the solutions 

of the Schrödinger equation can be written as Bloch functions: ( ) ( )ik r
k kr e u rψ ⋅= , that is a plane 

wave ik re ⋅ modulated by a function having the periodicity of the crystal lattice 
( ) ( )k ku r u r R= + . 

In a similar way, the photonic crystal geometries in Figure 1-2 have a periodic dielectric 
function ( ) ( )r r Rε ε= + which makes it possible to write the solution with frequency ( )kω  of 
master equation (2.5) as a Bloch state [3]:  
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 ( )( ) ( )i k r
k kH r e u r⋅= . (2.7) 

Here each component of ( )ku r is a function periodic on the photonic crystal lattice: 

( ) ( )k ku r u r R= +   for all lattice vectors R . The wave vector k belongs to the first Brillouin 
zone, the region of nonredundant wave vector values [33]. The master equation (2.5) then 
becomes: 

 ( ) ( )
2

( ) 1( ) ( )      with 
( )k k k k

ku r u r ik ik
c r

ω
ε

⎛ ⎞ ⎛ ⎞
Θ = Θ ≡ +∇ × +∇ ×⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
 (2.8) 

being a differential operator dependent on the wave vector k . By solving this eigenvalue 
problem in a finite region represented by the Brillouin zone, one gets a discrete set of dispersion 
relations ( )n kω . These are continuous functions when k  is varied continuously and are indexed 
in order of increasing frequency by the band number (index) n. The information residing in these 
functions makes up the photonic band structure of the crystal and gives important information on 
the optical properties of the crystal under study. 

Now that all the necessary formalism is given, the next step is to apply it on the particular 
case of 2D photonic crystals defined by a triangular lattice of air columns in a slab waveguide, 
such as the one depicted in the left panel of Figure 1-2. The two geometrical quantities 
characteristic of every 2D photonic crystal, the interhole spacing a and hole radius r, are 
schematically shown in Figure 2-1. The unit cell of the hexagonal lattice is also illustrated by the 
red-outlined parallelogram. A typical quantity employed to characterize photonic-band-gap 
materials is the normalized hole radius r/a or the air-filling factor f given for this type of lattice 
by the next formula: 

 
22

3
rf
a

π ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (2.9) 

It is defined by the area occupied by the holes divided by the whole area. The photonic crystal 
devices measured in this work have a nominal air filling factor equal to 0.33 (which corresponds 
to a normalized hole radius of 0.3). 
 

          
 

Figure 2-1: (left) the lattice pitch a, the air hole radius r, and unit cell (shown in red) for a 
triangular lattice of air holes with r/a = 0.3.  (right) the Brillouin zone for a triangular lattice of air 
holes is delimited by the yellow hexagonal area.  The three high-symmetry points Γ, M and K define 
the two main symmetry directions of the crystal ΓM and ΓK which are illustrated for both the real 
(left) and reciprocal space (right). 
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As it was already mentioned, the photonic band diagram is calculated by solving the 
eigenvalue problem for the Bloch modes inside the Brillouin zone which is depicted by the 
yellow hexagon in the right panel of Figure 2-1 for the case of a triangular lattice. Due to 
photonic crystal symmetry considerations, one need not consider all the k points inside the 
Brillouin zone but should restrict only to the region containing wave vectors not related by any 
symmetry operations like rotation, reflection or inversion [3]. This area is called the irreducible 
Brillouin zone and the rest of the Brillouin zone consists only of redundant copies of the 
irreducible zone. It is depicted by an orange triangular wedge in Figure 2-1 (right) and has three 
high-symmetry points: Γ, M and K. These three points define the two main symmetry directions 
ΓM and ΓK in 2D triangular lattice photonic crystals which are given for both the real lattice and 
the reciprocal lattice in the left and, respectively right panel of Figure 2-1. Photonic crystals of the 
type studied in this work may be oriented along ΓM, ΓK, or any other direction that lies in-
between them. However, only ΓM and ΓK are practically implemented. 

Genuine hole-type 2D photonic crystals possess translational symmetry along the vertical 
hole axis. This allows a convenient classification of electromagnetic modes propagating in the 
horizontal plane by separating them into two independent polarizations. Transverse-electric (TE) 
modes have the electric field E  oscillating in a plane normal to hole axis, whereas transverse-
magnetic (TM) modes have the magnetic field H in the horizontal plane and E  oscillating in the 
vertical direction along the air column axis. But in the case of planar photonic crystals as 
investigated in present work, the vertical layer structure breaks the symmetry in the out-of-plane 
direction and thus one speaks merely about TE-like and TM-like modes2. 

As a consequence, photonic band structures are also studied independently for the two 
distinct polarizations. For a planar photonic crystal consisting of a triangular lattice of air holes 
having a normalized hole radius equal to 0.3, the numerically calculated photonic band diagrams 
for TE and TM polarizations are given in Figure 2-2.  
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Figure 2-2: photonic band structures for a triangular array of air holes with r/a = 0.3 and 
lattice pitch a = 400 nm for both TE and TM polarizations. The dielectric band and air band for TE 
polarization are coloured in black and red, respectively. 

 
Details on the numerical procedure employed to calculate them will be given in the next section.  

A few comments concerning these two photonic band diagrams need be done. The TE 
band structure presents two photonic stop gaps for the two crystal symmetry directions ΓM and 
ΓK between 0.194 ≤ a/λ ≤ 0.283 and 0.219 ≤ a/λ ≤ 0.301, respectively. The stop gaps are 
characterized by a vanishing density of electromagnetic states. The overlapping of the stop gaps 

                                                      
2 However, in the remainder of this thesis they will be referred to simply as TE and TM modes. 
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yields the TE photonic band gap for all possible wave vector directions which extends from 0.219 
to 0.283 in normalized frequency units. On the other hand, the TM band structure shows only a 
small ΓM stop gap for 0.190 ≤ a/λ ≤ 0.220 but no photonic band gap for all crystal directions. In 
conclusion, this particular photonic crystal configuration exhibits no complete photonic band gap 
for all polarizations. However, with an appropriate choice of lattice parameters one can achieve 
such a complete band gap [3], for example by increasing the hole radius. In this report, we will 
work only with TE polarization. 

Analogously to the electronic band structures in semiconductors where the conduction 
band and valence band surround the fundamental gap, the lowest two bands delimiting the 
photonic band gap carry special names as well. The one with band index n = 1 is called the 
“dielectric band” since the electromagnetic mode has most of its displacement energy 
concentrated in the high-ε material (the dielectric). It was already established that the Bloch 
modes have to be orthogonal to each other and therefore the n = 1 mode will expel the second 
mode out of the high-ε into the low-ε region which is usually air – hence the name of “air band” 
commonly utilized for the second band. The first band has most of its power in the dielectric 
region and according to the electromagnetic variational theorem [3], this lowers the frequency of 
the mode; the second has most of its power concentrated in the air region and has a higher 
frequency. This way, a splitting occurs between the two bands and a photonic band gap opens up. 

 

2.3 Simulations 
All numerical simulations presented in this report were performed with the commercially 

available software package “CrystalWave” version 4.1 produced by the company Photon Design. 
It is not the aim of this section to give a detailed description of the software and its computing 
specifications, which can be found in previous works [3, 10, 34, 35], but only a short overview of 
its capabilities. 

CrystalWave is able to calculate the photonic band structures and transmission spectra of 
various photonic crystal geometries. The device is first discretized into a computational grid (see 
Figure 2-3 left) and the calculation is carried out in each rectangular grid cell. Obviously, the 
larger the number of grid cells per unit cell length, the smaller the grid cell will be and the higher 
the accuracy of the calculations. Normally, deeply-etched photonic crystals would require the use 
of full 3D calculations to account for the vertical layer structure and the inherent out-of-plane 
losses. But this automatically implies large computational times especially when high accuracy is 
needed. To overcome this obstacle the choice was made for 2D calculations based on the effective 
index approach[11]. 

The 3D structure is then replaced by a 2D photonic crystal having an effective refractive 
index equal to 3.27 (value taken from [34]) which takes into account the vertical guiding of the 
propagating optical mode inside the waveguide core layer. The effective index approach was 
exploited in all numerical simulations presented in this work. No losses are taken into account in 
the computations unless otherwise stated. 

Computation of photonic band diagrams is based on the plane wave expansion method 
[36] and produces the band diagrams for both TE and TM polarizations. The result for a 
photonic-band-gap material consisting in a triangular array of holes with a normalized hole radius 
equal to 0.3 and an effective index equal to 3.27 was already given in Figure 2-2. The software 
determines the dispersion relations of the photonic crystal modes for wave vectors along the 
contour ΓMKΓ of the irreducible Brillouin zone of the triangular pattern of holes (right side of 
Figure 2-1). 
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Figure 2-3: (left) discretization of a photonic crystal region into a computational mesh of 
rectangular grid cells; (right) typical simulation layout showing the mode excitor (in yellow), the 
input and output sensors (in red) and the two access waveguides. The coordinate system employed in 
CrystalWave simulations is also shown.  

 
Transmission spectrum calculations are based on the finite-difference time-domain 

(FDTD) method [37]. The typical simulation layout displayed in the right panel of Figure 2-3 is a 
schematization of a photonic crystal device used for optical measurements. This consists of two 
access waveguides for coupling light into and out of the photonic crystal and the crystal itself in-
between. 

A mode excitor (see Figure 2-3 right) is used to excite the waveguide fundamental mode 
with a sinusoidal pulse of light with a Gaussian envelope in time. This travels along the access 
waveguide from the excitor to the photonic crystal where it experiences the periodic modulation 
of the dielectric function. The input sensor (shown in red in Figure 2-3 right) records the time 
evolution of the flux impinging on the photonic crystal while the output sensor monitors the flux 
transmitted through the crystal. The spectral information contained in these data is obtained by 
performing a Fourier transform on the time-domain data. One obtains the normalized 
transmission spectrum through the analyzed photonic crystal by dividing the flux transmitted 
through the output sensor to the flux transmitted through the input sensor.  

The photonic band gap material described by the photonic band diagrams in Figure 2-2 
has a typical TE transmission spectrum in the ΓM direction as shown in Figure 2-4. The two pass 
bands (dielectric and air bands) and the ΓM stop gap are indicated as well. The dielectric and air 
band edges marked by vertical solid lines were computed with the plane wave expansion (PWE) 
method. While the frequency position of the air band edge calculated with the PWE coincides 
with the onset of the air band as given by FDTD transmission calculations, the situation is rather 
different in the case of the dielectric band. This asymmetry may be explained in the following 
way. 

Although the photonic crystal in Figure 2-3 is oriented in the ΓM direction, the light 
impinging on it cannot be constrained to propagate only in the ΓM direction but will be scattered 
in other directions as well at the semiconductor-air hole interfaces. So, part of the light will also 
travel in directions that lie between ΓM and ΓK (see Figure 2-3). On the other hand, according to 
the TE band diagram in Figure 2-2, light waves having wave vectors lying on the Brillouin zone 
edge between ΓM and ΓK  experience normalized frequencies higher than 0.194 (the lower limit 
of the ΓM stop gap). 
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Figure 2-4: TE transmission spectrum in the ΓM direction for a photonic crystal with a 
triangular pattern of holes with r/a = 0.3 and neff = 3.27.  The dielectric band, air band and the stop 
gap are also indicated. The two vertical lines representing the boundaries of the ΓM stop gap which 
were calculated with the plane wave expansion method. 

 
In conclusion, because of scattering electromagnetic waves with frequencies larger than 0.194 are 
transmitted through the ΓM-oriented photonic crystal and they account for the non-vanishing 
transmission at the ΓM dielectric band edge. 

 

2.4 Fabry-Perot Resonator 
When light propagates through the device shown in Figure 2-3 right, it is back reflected 

at the sample edges and therefore exhibits interference fringes as in a classical Fabry-Perot cavity. 
Due to the importance of this phenomenon for the understanding of the measured transmission 
spectra presented later in this report, an overview of the most important quantities typical of a 
Fabry-Perot cavity will be given in what follows. 

A Fabry-Perot optical resonator or Fabry-Perot etalon is defined as a one-
dimensional resonator constructed from two parallel, highly reflective, flat mirrors separated by a 
distance d [6].  

2.4.1 Fabry-Perot resonator without losses 

Assuming the two mirrors to be lossless, the light rays trapped inside the cavity are 
reflected back and forth and cannot escape (see Figure 2-5). 

The resonator modes are represented by standing waves with the complex amplitude [6]: 

 ( ) sinU r A kz=  (2.10) 
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where A is a constant and the wavenumber k must satisfy the condition kd qπ=  with q an 
integer. This consideration imposes a restriction on the allowed k values: 

 , 1, 2, ,qk q q
d
π

= = …  (2.11) 

so that the resonator modes have complex amplitudes 

 ( ) sinq qU r A k z=  (2.12) 

where qA  are constants. 

 
 

Figure 2-5: two-mirror planar resonator (Fabry-Perot etalon); light travelling along the z 
direction and perpendicular to the mirrors reflects back and forth without escaping. 

 
The modes of the resonator are the standing waves (2.12), where the positive integer 

1,2,q = …  is called the mode number. Any arbitrary wave inside the resonator can be written in 
terms of a superposition of the resonator modes (2.12). It follows from (2.11) that the associated 
frequencies / 2ckν π=  constitute a discrete spectrum of values 

 , 1, 2, ,
2q
cq q
d

ν = = …  (2.13) 

entitled the resonance frequencies of the resonator, where 0 /c c n= is the speed of light in the 
medium of refractive index n placed between the two mirrors. 
 

 
 

Figure 2-6: the adjacent resonance frequencies of a planar-mirror resonator are separated 
by νF = c/2d = c0/2nd. When the length d of the resonator is decreased (cases (a) and (b)) the spacing 
between consecutive resonance frequencies increases (the number of resonator modes inside a given 
spectral bandwidth decreases). 
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As illustrated in Figure 2-6 adjacent resonance frequencies are separated by a constant frequency 
difference, called the free spectral range, 

 
2F
c
d

ν =  (2.14) 

The corresponding resonance wavelengths are / 2 /q qc d qλ ν= = . Therefore, the round-trip 
distance travelled at resonance must precisely equal an integer number of wavelengths: 

 2 , 1,2,qd q qλ= = …  (2.15) 

 

2.4.2 Fabry-Perot resonator with losses 

Losses in a Fabry-Perot resonating cavity may arise from two principal causes [6]: 
1. Imperfect reflections at the resonator mirrors when only a fraction of the incident 

light is reflected back. This may be due to either a partially transmitting mirror (as usually 
implemented in laser resonating cavities) or mirror geometrical features. 

2. Losses attributable to absorption and scattering that take place in the medium 
between the two mirrors. 

By taking into account the effects of these two loss sources, the standard transmission 
formula for a lossy Fabry-Perot resonator becomes [38]: 

 
( )2

2 2

1
1 2 cos(2 )

d
t

d d
inc

eI
I e e kd

α

α α

−

− −

−
=

+ −
R

R R
 (2.16) 

where R is the mirror reflectance, d is the resonator length, k is the wave number, and α is the 
total intensity attenuation coefficient which includes the losses due to medium absorption and 
scattering. 

The most important consequence of the loss inclusion is the spectral broadening of the 
resonance lines as pictured in the resonator transmitted intensity profile shown in the bottom part 
of Figure 2-7. The maximum internal intensity Imax is attained at the resonance frequencies νq and 
the minimum intensity Imin at the midpoints between the resonances. 
  
 

 
 
 
Figure 2-7: (top) a lossless resonator 

sustains light waves only at the precise resonance 
frequencies νq; (bottom) a lossy resonator supports 
waves in the immediate vicinity of the resonance 
frequencies. 
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The “quality” of the optical resonator performance when losses are taken into account is 

naturally decreased as compared to the ideal loss-free case. This effect can be quantified by 
means of the dimensionless parameter 

 
R

F
R1

π
=

−
 (2.17) 

called the finesse of the resonator. 
When the finesse is large ( 1F ), i.e. the resonator losses are negligible, it is clear that 

the spectral response of the Fabry-Perot resonator is sharply peaked at the resonance frequencies 
νq and the ratio Imin/Imas is very small3. In this case, the full width at half maximum (FWHM) of 
the resonance peaks is /Fδν ν≈ F . 

Before moving on with the analysis, it is worth summarizing that the spectral response of 
the Fabry-Perot optical resonator is characterized by two parameters: 

• The frequency spacing νF between adjacent resonator modes: 

 
2F
c
d

ν =  (2.18) 

• The spectral width δν  of the individual resonator modes: 

 Fνδν ≈
F

 (2.19) 

Equation (2.19) is valid under the assumption that 1F . The spectral width δν is inversely 
proportional to the finesseF : as the loss increases, F decreases and the spectral width 
consequently increases. 

Another dimensionless quantity used to characterize optical resonators is the quality 
factor Q [6] defined as 

 
stored energy2 .

energy loss per cycle
Q π=  (2.20) 

Large values of Q are associated with low-loss resonators. After a series of mathematical 
derivations [6], the following expression for calculating Q is obtained: 

 0Q ν
δν

=  (2.21) 

where the resonance peak centred at frequency ν0 has the FWHM δν. Combining (2.21) and 
/Fδν ν≈ F yields an equivalent expression relating the quality factor and the finesse F of the 

resonator: 

 0

F

Q ν
ν

= F    . (2.22) 

                                                      
3 It will be shown in section 3.4 that evaluating this ratio from optical transmission measurements 

through ridge waveguides constitutes a means of estimating the total losses of the waveguide. 
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Equation (2.21) will prove itself very useful later in this work when use shall be made of 
it for calculating the quality factors of various photonic-crystal cavity resonances from measured 
optical transmission spectra. 

 
 

2.5 Photonic crystal defect structures 
As already mentioned in §1.1, two categories of photonic crystal defects can be identified 

(see Figure 1-3): (1) a point defect which consists of one omitted air hole and (2) a line defect 
materialized by an entire row of unetched holes. In both cases, the size of the defect for a given 
photonic crystal can be increased by the etching mask which can be designed to leave an 
additional number of holes unetched, while keeping the symmetry of the defect unaltered. This 
will become clearer in the next sections. 

 

2.5.1 Photonic crystal point defects 

By creating a point defect in a 2D photonic-band-gap material, the periodicity of the 
dielectric structure is broken and an electromagnetic mode (or group of modes) gets localized 
around the defect [3, 7]. If the defect has the proper size to sustain an optical mode inside the 
photonic band gap then its propagation through the surrounding crystal is forbidden because no 
photonic crystal guided mode exists for that frequency. Thus, light is “trapped” inside the defect 
region which acts like a resonating microcavity surrounded by reflecting photonic crystal “walls”. 

The simplest realization of such a defect is achieved when only one hole is left unetched 
(see Figure 2-8 left) and is commonly denoted as an H1 cavity [12]. Larger hexagonal 
microcavities are constructed by skipping additional air holes around the centre hole. For 
example, an H2 microresonator is fabricated by leaving out one hole and one additional hexagon 
of air holes surrounding it, as depicted in Figure 2-8 (right). 

 

             
 
Figure 2-8: (left) H1 cavity in triangular lattice of air holes; the unetched hole is marked 

with a dotted circle. The red line bouncing back and forth is a schematic representation of the 
resonant cavity mode.  (right) an H2 hexagonal microcavity; the seven unetched holes are marked 
with dashed circles. 

 
It has been shown theoretically [11] that an H1 cavity defined in a 2D photonic crystal 

with air filling factor f = 0.33 supports a doubly degenerate dipole mode. The two dipole modes 
with the same frequency are oriented along the perpendicular symmetry directions ΓM and ΓK. 
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The x-component of the electric field distribution for the mode in ΓM direction has an amplitude 
profile as illustrated in Figure 2-9 (left) with an antinode in the centre of the defect region. The 
corresponding amplitude profile for the mode oriented in the ΓK direction is displayed in Figure 
2-9(right) The colour mapping used in this plot as well as in all subsequent electric field patterns 
is: increasing positive amplitudes are shown on a black-red-yellow-white scale, whereas 
decreasing negative amplitudes are shown on a black-blue-cyan-white scale [39]. By computing 
the transmission spectrum, the resonant mode associated to a H1 cavity between two 4-row thick 
mirrors shows up like a peak (see Figure 2-10) inside the photonic stop gap of the ΓM-oriented 
photonic crystal. 

 

         
       

Figure 2-9: the x-component of the electric field distribution for the two dipole modes 
oriented along ΓM direction (left) and ΓK direction (right). 
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Figure 2-10: transmission spectrum through a 2D ΓM-oriented photonic crystal containing 

an H1-defect displays a resonance peak in the stop gap. The simulation device had 4 rows of holes on 
each side of the microcavity. 
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This type of defect structure is introduced by decreasing the radius of a hole which is 
equivalent to saying that dielectric material is added to the hole. This has the effect of decreasing 
the frequency of the localized mode with respect to the unperturbed crystal. The mode will thus 
derive from the upper band and it is called a donor mode reminding of the properties of donor 
impurities in semiconductor crystals. 

Considering a triangular-lattice photonic crystal with an interhole spacing a = 400 nm 
and r/a = 0.3, the initial radius of the hole is set to r’ = 240 nm. When the radius is only slightly 
reduced, the perturbation is too small to localize a mode in the crystal. When it becomes r’ = 180 
nm (r/a = 0.225) a doubly degenerate dipole mode appears at the top of the gap [7]. Figure 2-11 
shows the normalized frequency of the H1-resonant mode for several values of the defect hole 
radius. 
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Figure 2-11: frequency of the H1-defect state in a triangular array of air holes with r/a = 0.3 
as a function of the defect hole radius. The light gray regions indicate the edges of the band gap 
which extends from a/λ = 0.219 to 0.283. 

 
As the radius is further reduced by adding more dielectric material, the frequency of the 

cavity mode sweeps downwards across the band gap and eventually reaches 0.254(a/λ) when the 
hole is completely removed. The frequency of the mode can be simply tuned by adjusting the 
radius of the hole. 

 
 

2.5.2 Photonic crystal line defects 

2.5.2.1 Fabry-Perot-type resonant cavity 

The first type of photonic crystal line defect that will be studied in what follows is a 
resonant cavity resembling a Fabry-Perot (FP) resonator. It can be introduced in a triangular 
lattice photonic-band-gap material by simply removing one or more rows of holes [9]. Figure 
2-12 shows schematically a ΓM-oriented photonic crystal with two access ridge waveguides in 
which an entire row of holes is removed in the ΓK direction. In this particular case, the width of 
the defect (distance between nearest hole centres) is equal to 3W a= , where a stands for the 
lattice constant. When light is coupled from the left into the photonic crystal, the cavity starts to 
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resonate for a frequency inside the photonic band gap. The naïve representation of a light ray 
(shown in red in Figure 2-12) bouncing back and forth between the two photonic crystal mirrors 
refers to the resonant mode confined to the defect region. 

 

 
 

Figure 2-12: Fabry-Perot-type cavity introduced in a ΓM-oriented photonic crystal. The 
cavity is bounded on both sides by two 3-row thick photonic crystal (PC) mirrors.  

 
It is preferable to remove a row of holes in the ΓK direction because this approach gives “flatter” 
photonic-crystal mirror walls than the ΓM direction, entailing a more efficient confinement of the 
Fabry-Perot-like resonant mode. 
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Figure 2-13: (left) calculated transmission spectrum through a Fabry-Perot cavity between 

two 3-row thick ΓM-oriented photonic crystal mirrors. The lattice constant was chosen to be 400 nm 
and r/a = 0.3. The effective refractive index was set to neff = 3.27.  (right) amplitude profile of the x-
component of the electric field distribution of the Fabry-Perot-like cavity mode. 
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The calculated transmission spectrum through a configuration as the one pictured in 

Figure 2-12 is given in Figure 2-13. The photonic crystal mirrors delimiting the Fabry-Perot-like 
cavity are characterized by a lattice pitch a = 400 nm and a normalized hole radius r/a = 0.3. A 
clear and sharp resonance peak rises up inside the ΓM stop gap at a normalized frequency a/λ = 
0.250 which corresponds to an absolute wavelength λ = 1.60 μm. The x-component of the electric 
field distribution of the Fabry-Perot-like resonant mode between the two photonic crystal mirrors 
has an amplitude profile as pictured in Figure 2-13 (right). The cavity mode penetrates into the 
mirrors and thus it is able to transfer energy to the output waveguide through the evanescent field 
across the arrays of holes giving rise to the resonance peak in the transmission spectrum. 

Similar to the H1-cavity case (see §2.5.1), this type of defect structure involves as well 
addition of dielectric material. Therefore, by gradually decreasing the radius of the defect holes a 
cavity mode rises up at the top of the gap and continues to move downwards in frequency until 
the holes are completely eliminated. 

 
 

2.5.2.2 Photonic crystal waveguides 

As it was already stated in the introductory chapter, photonic crystal waveguides may 
find applications in future photonic integrated circuits thanks to their ability to guide light with 
low losses particularly at sharp bends [21]. This structure is implemented by removing one or 
more rows of holes in a photonic crystal lattice in the direction of light propagation. This 
distinguishes them from Fabry-Perot-like microresonators where the removal of holes is 
performed perpendicular to the direction of light propagation (see Figure 2-12). Figure 2-14 
illustrates a photonic crystal waveguide created by omitting three rows in the ΓK direction in a 
triangular array of air holes with a= 400 nm and r/a = 0.3. The two depicted access ridge 
waveguides are used as usual for coupling light into and out of the photonic structure. The 
waveguide in Figure 2-14 will be denoted as W3 in what follows, in a similar manner to the 
notation convention of Benisty et al.  [40], where Wn stands for a photonic crystal waveguide 
defined by removing n rows. 

 

 
 

Figure 2-14: W3 photonic crystal waveguide in a triangular array of air holes with a = 400 
nm and r/a = 0.3 defined by leaving out three rows of holes in the ΓK direction. The green rectangle 
represents the supercell used to calculate the waveguide band structure. 

 
The photonic band structure of such a waveguide was computed with a plane wave expansion 
method using the supercell depicted in Figure 2-14 by the green rectangle straddling across the 
W3 waveguide. 

The advantage of employing a waveguide as the one depicted in Figure 2-14 lies in the 
strong light confinement induced by the band gap of the surrounding photonic crystal. This way, 
if light propagating through the waveguide has the energy inside the photonic band gap then it 
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cannot couple to any photonic crystal extended modes and will be confined to the waveguide 
region as if bounded by perfect mirror walls. Consequently, when working in the band gap of the 
photonic crystal and not taking any losses into account, the input energy into the channel 
waveguide should match the output energy i.e., the normalized transmission must equal 1. 

In order to better understand the mechanisms which govern the functioning of the W3 
waveguide, the simpler picture of a lossless, planar, metallic waveguide will be used. Its 
dispersion relation ||( )kω is sketched in Figure 2-15 (taken from [40]). Each branch has a cut-off 
frequency dependent on the guide thickness and a defined number of modes can be supported by 
the waveguide for a given guide thickness. If a periodic perturbation is introduced, e.g. a 
repetition of holes with period a, then mode coupling will occur between modes i and j whenever 
the two wave vectors along the direction of propagation differ by an integer number of reciprocal 
lattice vectors. One talks about diagonal couplings [40] at the Brillouin zone boundaries 
( || /k aπ= ) when the two mode indices are the same i = j. The mode is coherently scattered 
back at the Brillouin zone edge into a counter-propagating mode. The two modes are in phase and 
their interference gives rise to a standing wave pattern and the photonic band gap will open up. 
Nonetheless, different modes can also couple inside the first Brillouin zone (off-diagonal 
couplings, i j≠ ) giving rise to a crossing between the dispersion relation of mode 2 and that of 
mode 1 which was back folded at || /k aπ= −  (see Figure 2-15). 

 

 
Figure 2-15: dispersion relations for an ideal metal waveguide (picture taken from [40]). 

 
The band structure of the W3 photonic crystal waveguide was calculated in CrystalWave 

using a plane wave expansion (PWE) method and the supercell depicted in Figure 2-14. The 
supercell spanned the waveguide and four additional rows of holes on either side. The result 
given in Figure 2-16 shows not only the dispersion relations of the waveguide modes but also the 
dispersion relations of dielectric and air band modes. 

Off-diagonal couplings can occur also between different modes of a photonic crystal 
waveguide. Figure 2-16 shows such a coupling between the waveguide fundamental mode (FM) 
and a higher-order mode (HOM). This time, an anti-crossing (marked by the red circle) instead of 
a crossing occurs at a well-defined wave vector k|| and is centred about the normalized frequency 
a/λ=0.259. 
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Figure 2-16: band diagram calculated with a PWE method using the supercell drawn in 

Figure 2-14 shows both the W3 waveguide modes and the dielectric/air band modes. 

 
The W3 band diagram in Figure 2-17(a) displays a zoom-in on the anti-crossing and is 

given for a frequency interval corresponding to the photonic band gap of the crystal 0.219 ≤ a/λ ≤ 
0.283. In this frequency interval, the branch of the FM dispersion relation coloured in red was 
folded at || /k aπ= − back into the first Brillouin zone. 
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Figure 2-17: (a) dispersion relations of the W3 fundamental guided mode (FM) (shown in 

red) and a higher-order mode (HOM) (shown in black). The anticrossing between the two dispersion 
relations is centred at a/λ = 0.259.  The letters refer to the electric field distributions of the two modes 
given in Figure 2-19.  (b)  Normalized transmission spectrum of the photonic crystal W3 waveguide 
shown in the frequency interval corresponding to the photonic band gap of the crystal.  
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A clear manifestation of the coupling between the FM and the HOM is the appearance of 
a dip in the waveguide transmission spectrum, called the mini-stopband (MSB) [40] (see Figure 
2-17(b)). The centre frequency of the mini-stopband coincides with that of the anticrossing in 
Figure 2-17(a). Being in the photonic band gap, the normalized transmission is equal to 1 with the 
exception of the mini-stopband at a/λ = 0.259. According to Olivier et al. [41], at the anti-
crossing there is no cancellation of the overall density of states of the photonic crystal waveguide 
and thus the transmission does not need to be necessarily zero, due to the presence of other 
guided modes. 

 
An intuitive physical explanation of the anti-crossing observed in the calculated band 

structure of the W3  waveguide is represented by the scattering at the corrugated waveguide walls 
of the fundamental mode into the higher-order mode which propagates in opposite direction [41]. 
The coupling of the two modes is accompanied by an energy transfer from the fundamental to the 
higher-order mode which results in the mini-stopband transmission dip. 

The scattering as sketched in Figure 2-18(left) is induced by the corrugation of the 
waveguide walls as a result of the periodicity of photonic crystal air holes. The fundamental mode 
is scattered then at the corrugation sites into a mode which travels with a small group velocity in 
the backwards direction. The higher-order mode has a wave vector almost perpendicular to the 
photonic crystal walls resulting in small k|| (the slow propagation of the mode). While 
propagating, it bounces back and forth between the waveguide walls and therefore it resembles to 
a great extent the Fabry-Perot-like cavity mode resonating between the photonic crystal mirrors 
(compare with Figure 2-12). 

 

  
 

Figure 2-18: (left) the fundamental mode is back scattered at the corrugation sites into a 
slowly counter-propagating higher-order mode (HOM). (right) the HOM bounces between the 
waveguide mirrors and reminds of a Fabry-Perot-like resonant mode (pictures taken from [22]). 

 
The coupling of the fundamental mode to the higher-order mode is governed by 

symmetry considerations [40, 41]. The two photonic crystal boundaries of the W3 waveguide in 
Figure 2-14 are mirror symmetric with respect to a plane perpendicular to the waveguide plane 
and passing through its centre. According to the theory developed in.[22, 40, 41], this determines 
a coupling of the fundamental even mode only with a higher-order mode which possesses the 
same even symmetry. 

The amplitude profile of the fundamental mode is shown in Figure 2-19(A) (location A in 
Figure 2-17(a)) and proves the strong confinement to the waveguide region without any 
noticeable penetration of the field into the photonic crystal walls. This mode has even symmetry 
with respect to the median plane perpendicular to the waveguide region. 
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Figure 2-19: Discrete snapshots showing the conversion process (from A to H) of the 
fundamental mode into the higher-order mode as one approaches the anti-crossing. The amplitude 
profiles show the x-component of the electric field distribution of the two propagating waveguide 
modes. The letters refer to the locations marked by A, B, C,… on the mode dispersion relations in 
Figure 2-17(a). The supercell used to calculate the W3 waveguide band structure is also shown. 

 



 30 

As it was just mentioned, the off-diagonal coupling means effectively an energy transfer 
from the fundamental to the higher-order mode. The fundamental mode is gradually converted 
into the higher-order mode as one approaches the anti-crossing as clearly illustrated by the 
sequence of amplitude profiles in Figure 2-19 (the letters refer to the discrete set of frequency 
locations marked by A, B, C,… in Figure 2-17(a)). The transition from one mode to the other is a 
continuous process but Figure 2-19 shows only a discrete sequence of snapshots from the process. 
Near the anti-crossing there is a complex intermixing between the two modes (pictures C and D) 
resulting in the unidirectional energy transfer. 

As it can be noticed in images F-H, the higher-order mode is also even to mirror 
symmetry, confirming the theoretical expectation. As the dispersion relation gets flatter by 
approaching k|| = 0 (by moving from point E to H), the mode travels with steadily lower group 
velocity4 vg. As already inferred from the ray trace analysis in Figure 2-18(right), the resemblance 
of the slowly propagating higher-order mode with a Fabry-Perot-like resonant mode becomes 
even more obvious by comparing the electric-field amplitude profiles in Figure 2-13(right) with 
Figure 2-19(G). 

As a final remark, the field associated to the higher-order mode penetrates deep into the 
photonic crystal mirrors as it can be easily seen from Figure 2-19(F-H). Thus any modifications 
to the mirrors (for example, by infiltrating the photonic crystal air holes with a higher-index 
material) will affect the higher-order mode to a much larger extent than the fundamental mode. 
This will result into a shift of the mini-stopband spectral location as it will be seen in the next 
chapters. 

                                                      
4 The group velocity is defined as /gv d dkω=  
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3 Experimental methods 

This chapter includes an overview of the fabrication steps required to produce a 2D 
photonic crystal based on a hexagonal array of air holes deeply-etched in an III-V semiconductor 
slab waveguide. Next, an account is given on the setup used to measure the optical transmission. 
Calculations of waveguide propagation losses based on the Fabry-Perot resonance technique are 
introduced. Lastly, normalization and smoothing techniques of the measured data are presented. 

 
 

3.1 Sample fabrication 
 
During the various steps necessary to deliver a final photonic crystal sample, three 

different technologies play a crucial role: growth of semiconductor layers by epitaxial techniques, 
device patterning by electron-beam lithography and hole formation by plasma chemical etching. 

Two chips, denoted by A and B in what follows, each containing up to ~ 100 photonic 
crystal devices were measured during this project. Sample A was produced with the standard 
sequence of fabrication steps presented in greater detail in [8, 10] and outlined here: 

 
1. The planar waveguide structure is grown on top of a (100) oriented epi-ready InP 

wafer by metal-organic chemical vapour deposition. First, a 1000 nm-thick InP buffer layer is 
grown, followed the InGaAsP core layer with a thickness of 500 nm and to finish an 500 nm-
thick InP cladding layer is added on top (Figure 3-1(1)). 

2. A silicon nitride SiNx hard mask with approximately 400 nm in thickness is 
deposited by plasma enhanced chemical vapour deposition. A layer of approximately 350 nm 
thick electron-beam resist ZEP-520 is deposited by spin coating (Figure 3-1(2)). 

3. The photonic crystal pattern and the access ridge waveguides which are 2.5 μm 
wide are defined at the same time into the ZEP layer by 100-keV electron-beam (e-beam) 
lithography followed by chemical development of the exposed resist layer (Figure 3-1(3)). 

4. The ZEP layer is not suitable as a mask for the InP etching, because of its high 
etch rate and high sample temperature reached during photonic crystal hole etching. Therefore, 
the exposed resist pattern is first transferred to the intermediate SiNx layer using a reactive ion 
etching (RIE) process based on CHF3 chemistry (Figure 3-1(4)). 

5. The reactive chemical species involved in the RIE process etch away not only the 
hard mask but also part of the ZEP layer. This imposes a limitation on the SiN mask etching 
because this process can proceed as long as the ZEP layer still exists. After the pattern is 
transferred, it is needed to remove the residual resist layer by means of O2 plasma in a barrel 
etcher (Figure 3-1(5)). 

6. The holes and the trenches defining the ridge waveguides are simultaneously 
etched away with an inductively coupled plasma (ICP) etching process using Cl2/O2 chemistry. 
At this step, much research effort was directed into finding an optimized etching recipe to allow 
for deep, vertical and smooth hole sidewalls [8]. Generally, this good quality is achieved in the 
upper 2 μm part of the holes. The remaining SiNx layer after ICP is removed through wet 
chemical etching with a HF solution (Figure 3-1(6)). 
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Figure 3-1: graphical representation of consecutive fabrication steps required to produce a 
2D photonic crystal deeply-etched in the semiconductor multilayer structure. 

 
A typical cross-sectional scanning electron microscopy (SEM) micrograph showing the 

etched holes’ profile is given in Figure 3-2(a). In Figure 3-2(b) is depicted the typical layout of a 
photonic crystal device with access ridge waveguides used for light in- and out-coupling. A major 
shortcoming of the ICP etching technique is its “aspect ratio dependence” which basically states 
that the vertical etch rate is dependent on the area of patterned features – the higher this area, the 
faster the vertical etch rate. For that reason, larger holes are etched deeper than smaller holes (a 
hole with 240 nm in diameter is ~3 μm deep [8]). 

 

 
  Figure 3-2: (a) SEM image of etched holes’ profile showing the quaternary core layer 

InGaAsP (picture taken from [8]). (b) top-view of the typical layout of a photonic crystal device with 
the two access ridge waveguides (image taken from [34]). 
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Due to the considerably larger area covered by trenches the etch rate is much higher for 
these structures giving rise to ~ 10 μm deep waveguides. Nominally, the ridge waveguides are 2.5 
μm wide which leads to an aspect ratio (depth divided by width) of ~ 4. 

The combination of the aspect ratio-dependent etching and a new type of structure that 
was included on sample B posed a considerable challenge on the fabrication approach that should 
be pursued for sample B. This contained W3 waveguides and in order to increase the light 
coupling efficiency between the ridge and the photonic crystal waveguide, it was chosen to taper 
the access waveguides (to progressively adapt the geometry of the ridge) in the vicinity of the 
photonic crystal (see Figure 3-3).  Tapering can be a solution for decreasing the modal mismatch 
at the ridge waveguide-photonic crystal waveguide interface, decreasing the coupling losses [42, 
43]. The tapering angle α must be smaller than 3o, so that the propagating light experiences a 
smooth transition with no back reflections when going from the straight into the tapered 
waveguide sections. If this condition is satisfied, the waveguide fundamental mode is not 
converted into a higher-order mode during propagation and maintains its mode profile (adiabatic 
transition). 

 
 

Figure 3-3: diagram showing one ridge waveguide and the W3 photonic crystal waveguide. 
The ridge waveguide is tapered by an angle α to increase the light coupling efficiency into the W3 
structure. The drawing is not on scale. 

 
In the case of a W3 photonic crystal waveguide, the width of the tapered ridge waveguide 

is as small as ~ 1 μm at the photonic crystal edge. Using the standard etching recipe would give 
rise to a high aspect ratio of approximately 10 which would jeopardize the mechanical stability of 
the tapered waveguides making them highly susceptible to breaking during sample manipulation. 

To counteract this mechanical fragility problem, the photonic crystal pattern and the ridge 
waveguides were etched in two different etching steps with different processes that would allow 
for shallow ridge waveguides with a smaller aspect ratio. To facilitate this, modifications and 
additions needed to be brought to the 6 fabrication steps presented above. They are exemplified in 
what follows: 

       1, 2 are identical       
                    3. The photonic crystal holes are first patterned by 30-keV e-beam lithography into 
the spin coated resist layer. Additionally, markers are exposed which are necessary to align the 
(tapered) waveguides to the photonic crystal pattern in the second etching step. Thus, no 
waveguides are written during this e-beam exposure. The exposed e-beam resist layer is finally 
developed. 

       4, 5 are identical as above 
6. The holes and markers are etched with the ICP process (see step 6 from above). 
7. Removal of residual SiNx layer by etching in HF. 
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Figure 3-4: a new SiN hard mask is deposited everywhere on the sample to cover and protect 
the holes. Due to immersion of SiN into holes, the hard mask surface is not flat right above the holes. 

 
From now on, all the fabrication stages constitute the second process step in which ridge 

waveguides are patterned and etched: 
8. In order to protect the newly perforated photonic crystal holes during the next 

steps the entire sample is covered again with a SiN hard mask. The holes are small enough so that 
this new hard mask layer completely closes the holes and ensures their protection against further 
undesired etching. The surface is almost flat except just above the holes where small “valleys” 
(see Figure 3-4) are noticed because of the SiN penetration into the air cylinders. 

9. A new ZEP e-beam resist layer is spin coated 
10. Exposure of the resist layer with 30-keV e-beam lithography for the new pattern: 

waveguide and tapers5. The markers exposed at step 3 were now used to align the waveguides to 
the photonic crystals. This alignment process proved to be a difficult one and it was carried out 
sequentially for one side at a time. One time for the side containing the access waveguides for 
light input into the photonic crystals and second time for the side with output access waveguides. 
Next the ZEP layer is developed. 

11. Transfer the ZEP mask into the SiN layer by an RIE process as in step 4. 
12. Removal of residual resist layer as in step 5. 
13. Etching of the new pattern with waveguides and tapers through the InP-based 

multilayer structure is performed with an RIE process based on a CH4/H2 chemistry. This 
different etching recipe has lower etch rates than the ICP process and its specifications are well-
known for InP etching allowing for a good control on the etch depths. The process is stopped 
when the trenches are estimated to be ~ 1 μm deep which drastically reduced the aspect ratio of 
the waveguide tapered section from ~ 10 to only 1. 

14. The residual SiN is removed as in step 6 and the sample is now finished. It 
contains both the photonic crystal patterns and the tapered and non-tapered waveguides. 

 
Two main advantages can be attributed to this two-step process: 

1. The reasonable height of the ridge waveguides of ~1μm gives them a low aspect 
ratio which is of fundamental importance for the mechanical robustness of integrated tapers. 

2. Smooth waveguide sidewalls which decrease the light propagation losses caused 
by scattering at the sides out of the guiding core layer. However, this was already achieved [8] 
with the standardized process which uses solely the ICP process for etching the semiconductor 

                                                      
5 It must be pointed out here that tapered ridge waveguides were used only in the case of photonic 

crystal waveguides and not for crystals containing cavities. 
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multilayer structure. So from the viewpoint of loss minimization, switching to the more complex 
two-step process was not of utmost importance. 

So the only argument that stands out in favour of the process combining ICP hole- and 
RIE ridge waveguide-etching is the decrease in the waveguide aspect ratio, equivalent to the 
increase in the mechanical robustness of tapered waveguides. And this is needful for the optimal 
performance of photonic crystal waveguides. 

Multi-step processing with high accuracy using alignment markers will also be required 
for future devices, where photonic crystal patterns need to be aligned to semiconductor structures 
(such as quantum dots) selectively grown at precise locations. 

 

3.2 Optical characterization 

3.2.1 Measurement setup 

The setup employed for performing optical transmission measurements through photonic 
crystal devices is shown in Figure 3-5. It is based on coupling light from an external light source 
into the sample by means of optical instruments and to measure the transmitted optical power at 
the other end of the setup by means of a photodetector. For that reason, it is called the “end-fire 
technique” [15]. It distinguishes itself from the “internal light source technique” also used for 
optical measurements of deeply-etched InP-based photonic crystals where the light source 
consists of quantum wells or quantum dot arrays [9] embedded into the slab waveguide core 
layer. 

 
Figure 3-5: “end-fire technique”-based setup used to measure the optical transmission 

(picture adapted from [10]. 

 
Prior to measuring, the samples were cleaved perpendicular to the ridge waveguide long 

axis in order to provide for smooth end facets. The light is generated by an external cavity Tunics 
BT diode laser which is tunable in the wavelength range 1470-1570 nm with a resolution of 1 pm.  
The infrared light is coupled into a polarization-maintaining fibre and collimated by a microscope 
objective with a numerical aperture (NA) of 0.25 prior to being emitted into free space. A beam 
splitter is used to monitor the laser output power by means of an Agilent 8163A lightwave 
multimeter (LM). The polarization of light is set to TE with a Glan-Thompson prism and is 
chopped at a frequency of 310 Hz to allow for phase-sensitive detection by use of lock-in 
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technique. Two microscope objectives with NA = 0.65 are used to couple the light into and 
collect it out of the ridge waveguide cleaved facets. The sample and the in- and out-coupling 
objectives are positioned on translational stages with differential screws for alignment in three 
directions. A translational x,y,z-piezo control is added to the input microscope objective in order 
to make fine adjustments of the coupling into the waveguiding layer. The optimization is done by 
maximizing the output signal reaching the InGaAs photodiode. A lens-pinhole system is used to 
filter the transmitted light and to diminish the contribution of stray light. Due to material 
dispersion, the focal length of the light-coupling objectives is wavelength dependent. This might 
trigger unwanted transmission losses when signal optimization is carried out only in the middle of 
the laser tuning interval at λ = 1520 nm [10]. To reduce this effect, the optimization and the 
subsequent measurement are performed in two steps: one time at λ = 1495 nm for the 1470-1520 
nm wavelength interval and second time at λ = 1545 nm for 1520-1570 nm6 range. The infrared 
camera was used to align the sample end facet with respect to the output objective. 

 

3.2.2 Lithographic tuning 

As stated in the previous section, the infrared laser tuning was limited to only 100 nm 
range. If only one lattice constant had been used per photonic crystal device, then the acquired 
transmission spectrum would have been totally insufficient to cover the whole spectrum of 
interest (dielectric band, stop gap and air band) which usually extends to more than 1000 nm (see 
transmission spectrum in Figure 2-4). 
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Figure 3-6: the lithographic tuning approach is used to scan the whole transmission 
spectrum in view of the narrow laser tuning range. The colouring makes the correspondence between 
the photonic crystal lattice constant from the top of the graph and the associated transmission 
spectrum interval. The gap between a= 278 nm and a = 309 nm is due to a damaged ridge waveguide. 

                                                      
6 Nonetheless, when the transmitted signal was extremely low and comparable in magnitude with 

the stray light level (e.g. in the band gap), optimization was usually done only at 1520 nm. 
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For example, if the lattice constant was a = 402 nm, then only the normalized frequency 

interval between 0.256 and 0.2735 would be probed, see Figure 3-6. To overcome this issue 
inherent of the measurement setup in Figure 3-5, several photonic crystal devices with increasing 
lattice constant values are included on the same sample so that the whole transmission spectrum 
of interest is measured (Figure 3-6). The measurement was done with a wavelength spacing of 1 
nm. This technique of acquiring the transmission spectrum for a certain photonic crystal 
configuration by including several copies of it with increasing lattice constants on the same 
sample while keeping the probing wavelength interval constant is called “lithographic tuning” 
[9]. 

 

    
 

Figure 3-7: Typical layout of a photonic crystal block illustrating the lithographic tuning and 
the uninterrupted ridge waveguides (denoted by rwg1, rwg2 and rwg3) used for alignment and 
normalization.  

 
The samples containing the photonic crystal structures are typically very small which 

makes their manipulation hazardous to breakage. For example, sample B was only 6.3 × 7.2 mm2. 
It contained a large number of photonic crystal structures:  

- 2 Fabry-Perot-like cavities with 5 row-thick and 3 row-thick photonic crystal 
mirrors (see §2.5.2.1) 

- a ΓM-oriented 11-row thick photonic crystal with no defects 
- several point defect structures (H1, H2, ring cavities) 
- W1 photonic crystal waveguide 
- W3 photonic crystal waveguide. 

 
Each photonic crystal structure was lithographically tuned in order to cover the 

transmission spectrum of interest. A lithographically tuned photonic crystal structure will be 
referred to as a “block”. Figure 3-7 shows schematically the typical layout of such a block with 
increasing lattice constant values and uninterrupted ridge waveguides. These are reference ridge 
waveguides with no photonic crystal sections in-between, inserted for alignment, recognition and 
normalization purposes (see next sections). As shown in Figure 3-7(b), the distance between two 
successive block elements is designed to be 50 μm. 
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3.3 Propagation loss determinations based on Fabry-
Perot resonance technique 

The transmission spectrum through a reference ridge waveguide 6.3 mm long, 2.5 μm 
wide and 1 μm high is given in Figure 3-8. The wavelength range displayed in Figure 3-8(a) was 
swept with a resolution of 10 pm. This high resolution measurement allows one to fully resolve 
the Fabry-Perot resonant modes arising from reflections at both end facets of the sample (see 
Figure 2-7). The spacing between adjacent resonant modes is measured to be 50 pm. On the other 
hand, if a low resolution measurement is performed with a data point spacing of 1nm, as shown in 
Figure 3-8(b), the Fabry-Perot modes no longer show up clearly in the data even for much larger 
spectrum intervals. 
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Figure 3-8: (a) transmission spectrum through a ridge waveguide with a data spacing of 10 
pm.  (b) Same waveguide, but now with only 1 nm spacing between consecutive data points. 
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The measured transmission spectra given in this report for various photonic crystal 
configurations will be generally given in low resolution. The high resolution measurement was 
used only in the case of important spectral features which require a detailed analysis, such as the 
H1-cavity quality factor. 

The Fabry-Perot modulation in the ridge-waveguide transmission spectrum in Figure 
3-8(a) can be used to estimate the total light propagation losses by evaluating the fringe contrast 
(ration between minimum and maximum transmitted intensity). Considering the ridge waveguide 
as a simple Fabry-Perot resonator with losses whose transmission is given by relation (2.16), the 
fringe contrast is derived as being equal to: 

 
2

min

max

1
1

L

L

I e
I e

α

α

−

−

⎛ ⎞−
= ⎜ ⎟+⎝ ⎠

R
R

 (3.1) 

where R is the reflectivity of the sample cleaved facet, L is the ridge waveguide length and α is 
the waveguide light attenuation coefficient. Imin and Imax are the minimum and maximum intensity 
within a certain wavelength interval. The coefficient α accounts for absorption and radiation 
losses corresponding to the semiconductor material. Based on (3.1), the loss coefficient is given 
by: 
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A rigorous calculation [10] of the dielectric-air facet reflectivity yields a value  R  = 0.33. This is 
close to the Fresnel coefficient for reflection of a plane wave at the dielectric-air interface 

Fresnel 0.28=R , when the index of refraction of the dielectric is assumed to be equal to the 
effective refractive index of the waveguide neff = 3.27. 
 

The Fabry-Perot resonance technique is a reliable method for calculating the propagation 
optical losses because it does not depend on the coupling efficiency between the probing laser 
light and the access ridge waveguide [15]. By considering the optical transmission spectrum in 
Figure 3-8(a) given for a ridge waveguide with L = 6.3 mm, the minimum and maximum 
transmitted intensity are found to be Imin = 0.18 and Imax = 0.51. By replacing these numerical 
values in formula(3.2), the waveguide light attenuation factor is calculated to be α = 1.80 dB/cm. 
This waveguide was fabricated in the two-step process (see §3.1) by etching with the RIE process 
and its attenuation factor is fairly comparable with α = 2 dB/cm for a ridge waveguide etched 
with an ICP process [10]. The observed loss factors are close to values reported for InP ridge 
waveguides deeply etched with an ICP process optimized for low waveguide losses [44]. 

In conclusion, the move towards two-step processing of photonic crystal devices entailed 
no supplementary fabrication-induced losses. 
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3.4 Normalization, smoothing and FDTD fitting of 
measured data 

If one measures the transmitted optical power through a photonic crystal block element 
such as the one depicted in Figure 3-7(b), only a measure of the absolute transmission through 
that particular structure is obtained. In order to compare it to the simulated transmission spectra 
which are normalized with the procedure outlined in §2.3, the absolute transmission through 
reference ridge waveguides is used. 

Each ridge waveguide contained in a block is measured in both wavelength intervals 
1470-1520 and 1520-1570 nm, with signal optimization at 1495 and 1545 nm. The typical 
absolute transmission spectra are given in Figure 3-9. The two horizontal lines represent the 
average transmission values for each wavelength interval. This procedure is applied to all the 
other ridge waveguides in one block and a final value Tav for the average transmission is 
calculated. Sometimes, one or several waveguides in a block were damaged and therefore the 
corresponding transmission spectra were discarded. 
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Figure 3-9: low-resolution transmission measurement through a ridge waveguide in the 

1470-1520 nm (a) and 1520-1570 nm intervals (b). 

 
The normalization procedure consists in dividing by Tav the absolute transmission through a 
photonic crystal section [10]. The result of normalization can be seen in the spectra in Figure 
3-10. The small peak noticeable in the middle of the stop gap belongs to a Fabry-Perot-like cavity 
resonant mode. The normalization procedure based on the apparently “noisy” data in Figure 3-9 
might seem unrealistic at first sight because of the signal amplitude variation by more than a 
factor of three. However, this variation is considerably less than the one observed in the pass 
bands and especially in the dielectric band where the transmission may vary by several orders of 
magnitude. So, the averaging of the signal as in Figure 3-9 makes sense. 

In order to eliminate the unwanted Fabry-Perot oscillations as a result of the end-fire 
measurement technique which are always present in the transmission spectra, the sample end 
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facets can be covered with an anti-reflection coating [10]. However, this approach was not 
pursued because this would have meant coating the whole sample with the anti-reflection layer. 
The air holes would have been covered as well, hindering or even excluding the possibility of 
infiltration. Therefore, a numerical approach was followed in order to smooth the apparent noise 
due to Fabry-Perot oscillations. 

The normalized transmission spectra were smoothed out with a Fast-Fourier Transform 
(FFT)-based smoothing technique included in a data analysis software (Origin, version 7.5885). 
The result can be seen in Figure 3-10(b). Smoothing gives the possibility to emphasize important 
spectral features, such as resonance peaks, by reducing the Fabry-Perot “noise” in the 
transmission spectra. Numerically decreasing the Fabry-Perot oscillations also “sharpens” the 
edges of the dielectric and air band which makes the estimate of their spectral positions easier. 
All measured spectra in this report are given after FFT smoothing unless otherwise stated. 
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Figure 3-10: (a) absolute transmission through a photonic crystal containing a Fabry-Perot-
like cavity. (b) Same spectrum after normalization and FFT smoothing. 

 
 
All photonic crystal devices measured in the present work had a designed r/a = 0.30. In 

reality, due to fabrication imperfections the actual normalized radius is smaller than 0.30. An 
estimate of the actual value can be found by best-fitting the smoothed spectrum to FDTD 
calculated data at a sharp spectral feature, which can be the air band edge or a cavity resonance 
peak. 

As an example, the fit of the air band from Figure 3-10(b) is shown with three simulation 
curves in Figure 3-11. The blue curve represents r/a = 0.29. The low level of the experimental 
air-band level is due to optical losses which are not considered in the blue spectrum calculation. 
However, they can be included in numerical simulations by specifying a so-called loss parameter 
α to the air holes. The best fit of the air band edge is obtained with r/a = 0.285 and the band 
transmission level is reproduced well by adding a parameter α = 10,000 cm-1 to the air holes. 
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Figure 3-11: zoom-in on the air band (in black) of smoothed spectrum in Figure 3-10(b). 
Three simulation curves are given: r/a = 0.29 (blue), r/a = 0.285 and α = 5,000 (dashed red line), and 
r/a = 0.285 and α = 10,000 (solid red line). 

 
Furthermore, a similar behaviour upon r/a variation is observed for the frequency 

position of photonic-crystal cavity resonances: the resonance peak red shifts by decreasing the r/a 
value of photonic crystal holes. The transmission spectrum between the Fabry-Perot-like resonant 
cavity displayed in Figure 2-12 was calculated by FDTD for five different values of the 
normalized hole radius, starting from the nominal value of r/a = 0.3 and decreasing down to 0.26 
in steps of 0.01. The result is given in Figure 3-12. 

0.15 0.18 0.21 0.24 0.27 0.30 0.33
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

no
rm

al
iz

ed
 tr

an
sm

is
si

on

normalized frequency (a/λ)

  r/a = 0.3
  r/a = 0.29
  r/a = 0.28
  r/a = 0.27
  r/a = 0.26

 
 
Figure 3-12: red-shift of the Fabry-Perot-like cavity resonance from a/λ = 0.250 to 0.236 

when the normalized radius of the photonic crystal is reduced from 0.3 to 0.26. 
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The cavity peak shifts to lower frequencies by Δ(a/λ) = 0.014 from a/λ = 0.250 to a/λ = 0.236. 
The red shift is explained by the addition of dielectric material into the holes, similarly to the 
behaviour of the H1 cavity mode upon decreasing the radius of the central hole (see §2.5.1). 

The enhancement in the cavity peak transmission is due to modifications occurring in the 
photonic-crystal mirror properties. By decreasing the fill factor, the holes become smaller and the 
Bragg-scattering of electromagnetic waves in the photonic crystal is weakened. The transmission 
of the photonic crystal mirror increases and so, more light is coupled from the resonant mode to 
the output access waveguide; thus the enhancement of the cavity peak. 

Because the dielectric band mode is predominantly confined to the dielectric matrix, it is 
only little influenced by the variation of the r/a value. Therefore, the edge of the dielectric band 
shifts by a very small amount as shown in Figure 3-12.  

Another necessary remark concerning the fitting of measured spectra to FDTD 
transmission calculations has to be pointed out. Generally it is not possible to fit simultaneously 
with the same r/a value both the air band edge and a cavity resonance peak (H1 or Fabry-Perot-
like). For this reason, it will be clearly stated in what follows whether the fitting procedure was 
performed for the air band edge or a cavity peak. 
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4 Liquid crystal infiltration 

The motivation behind infiltration of two-dimensional hole-type photonic crystals with 
liquid crystals was already laid out in §1.2 and basically aims at obtaining tunable photonic 
crystal devices. This chapter will give a brief presentation on nematic liquid crystals followed by 
the liquid crystal-filling procedure. The last section will focus on the infiltration results to be 
expected from numerical calculations. 

 

4.1 Nematic liquid crystals 
Liquid crystals are organic substances which possess both liquid (fluidity) and crystalline 

properties (macroscopic order) depending on the temperature. When the temperature is increased 
and the liquid crystal undergoes a transition from solid state to liquid state, different liquid 
crystalline phases can be noticed.  

They liquid crystal molecules are called mesogens and for the liquid crystal used in this 
work they exhibit a rod-like morphology (see Figure 4-1). Due to the anisotropic shape of the 
molecules, liquid crystals are characterized by a large optical anisotropy which underlies their 
various applications. 

At sufficiently low temperatures, the mesogens are in a solid state and present a high 
degree of order where all the molecules are oriented exactly in the same direction, with 
translational and orientation ordering (as shown in Figure 4-1) resembling a crystalline lattice. 
For this reason, this phase is also called the crystalline phase. When the temperature is increased, 
this high molecular order is broken and only an average orientation of the mesogens along a 
certain direction called the director can still be found. This molecular configuration is catalogued 
as the nematic phase and it plays an important role in the optical properties of liquid crystals. 
Above a certain temperature threshold, the molecules have enough energy to be oriented 
completely randomly with no preferential director. Due to the absence of anisotropy, this 
configuration is termed the isotropic phase. 

 

 
 

Figure 4-1: the liquid crystal used for infiltration experiments has rod-like shaped molecules. 
Depending on the temperature, the liquid crystal can exist in three different phases: crystalline, 
nematic and isotropic. 
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Due to the strong anisotropy of the molecular arrangement in the crystalline and nematic 
phases, the liquid crystals are birefringent materials. When they interact with an electromagnetic 
wave, they exhibit different refractive indices dependant on the polarization direction of the 
electric field. If the field is linearly polarized parallel to the liquid crystal director then it 
experiences the extraordinary refractive index ne. If the polarization is perpendicular to the 
director then it feels the ordinary refractive index no. The liquid crystal birefringence is then 
given by 0en n nΔ = − . In the isotropic state, the liquid crystal is no longer birefringent and the 
light experiences the isotropic refractive index ni. 

However, if the liquid crystal is confined to very small geometries, as in the case of 
photonic crystal holes with submicron diameter, the actual molecular configuration is more 
complicated than presented above. In this case surface anchoring of the mesogens to the hole 
sidewalls as well as elastic properties of the liquid crystal start to play a crucial role modifying 
considerably the exact spatial configuration. Light travelling through the liquid crystals does not 
experience precisely the ordinary or the extraordinary refractive index, but an average index of 
refraction dependent on the director field that is, the position dependent orientation of the 
mesogens in the holes. 

 

 
Figure 4-2: possible director fields for a liquid crystal confined in a submicron cylindrical 

geometry. In case of planar surface anchoring, all mesogens are parallel to the cylinder axis (AX). 
When the anchoring mechanism is homeotropic, the liquid crystal director field may be planar-polar 
(PP) or escaped-radial (ER). Due to the 3D character of ER configuration, both a side view and a 
cross-sectional view through the cylinder are given (picture adapted from [10]). 
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Two major surface anchoring mechanisms can be identified: homeotropic, when the 
liquid crystal molecules align perpendicular to the hole sidewalls and homogeneous, where the 
alignment is parallel to the hole axis [26]. If homogeneous (or parallel) alignment is assumed, 
then the director field is axial (AX) i.e., all the liquid crystal molecules are oriented parallel to the 
air cylinder axis (see Figure 4-2). If homeotropic surface anchoring is considered, the possible 
director fields are the escaped-radial and the planar-polar configurations [26]. The escaped-
radial (ER) arrangement occurs when the director is oriented perpendicular at the hole sidewall 
but “escapes” in the vertical dimension towards the centre of the hole. If the director field remains 
in the plane perpendicular to the hole axis forming a polar distribution, then one speaks about the 
planar-polar (PP) configuration. 

 

 
Figure 4-3: (a) molecular structure of the liquid crystal K-15 (5CB). (b) Ordinary no, 

extraordinary ne and isotropic ni refractive index values of K-15 as a function of temperature (plot 
taken from [23]). The nematic-to-isotropic phase transition temperature at 35.4oC (denoted by Tc1 in 
the graph) is indicated. 

 
Two liquid crystals have been extensively studied in the literature for photonic crystal-

infiltration experiments: E7 [26, 29, 45] and K-15 [23, 25, 27, 28]. The liquid crystal E7 is 
actually a blend of cyanoterphenyl and several cyanobiphenyl molecules. On the other hand, K-
15 presents the advantage of consisting of only one type of molecule, 4-cyano-4’-pentylbiphenyl 
(5CB), whose structure is given in Figure 4-3(a). This guarantees the stability of the chemical and 
physical properties of the liquid crystal during infiltration. 

The liquid crystal used in this project for infiltrating deeply-etched planar photonic 
crystals was K-15 (5CB) (Merck, Germany). The transition from crystalline phase to nematic 
phase occurs for K-15 at Tcn = 23oC (melting point) [23]. The nematic-to-isotropic phase 
transition temperature is Tni = 35.4oC (clearing temperature) according to the certificate of 
analysis provided by Merck. The ordinary no, extraordinary ne and isotropic ni refractive index 
values of K-15 as a function of temperature [23] are given in Figure 4-3(b) for a wavelength λ = 
1.5 μm. 

 
 

(a) 
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4.2 Infiltration procedure 

4.2.1 Sample surface cleaning. Contact angle 

The sample containing the photonic crystal was first completely measured for empty 
devices. During this measurement process, dust and other impurities accumulated on the sample 
surface. Thus, it was important to guarantee an uncontaminated sample surface before the liquid 
crystal-infiltration could be carried out. To this end, several cleaning steps were performed. 

The sample was first cleaned with iso-propanol and then blown dry with a nitrogen flow 
to remove visible impurities from the surface. Then, it was placed in a “barrel etcher” where it is 
subjected for 5 minutes to oxygen plasma that “burns” residual organic particles remnant on the 
surface. During this process, oxidized material is formed on the InP surface which is subsequently 
removed by dipping the sample for 2 minutes in a 10% phosphoric acid (H3PO4) solution. The 
sample is then rinsed in de-ionized water to remove remaining H3PO4 and finally it is blown dry 
with nitrogen flow. 

 

 
 

Figure 4-4: definition of the contact angle θ between the InP substrate and the liquid crystal (LC). 

 
A necessary condition that must be fulfilled in order to ensure a successful liquid crystal-

infiltration consists in having the contact angle θ (as defined in Figure 4-4) between the 
semiconductor and the liquid crystal as low as possible. Due to the size and shape of the photonic 
crystals, the properties of the wetting between the two materials may be very different. The 
wetting is considered sufficiently good when θ < 10o. Contact angle measurements were 
performed on a test InP wafer with no photonic crystal devices patterned on it. After exposing the 
wafer to oxygen plasma in an identical process as above, a droplet of liquid crystal was placed on 
it. Measurements revealed a contact angle of circa 12o. Surface-cleaning steps identical to those 
taken for regular photonic crystal-patterned samples were also carried out for this test InP wafer. 
The wetting was improved during these cleaning steps. After the test wafer was finally rinsed 
with water and dried, the contact angle was measured to be approximately 6o. Thus, adequate 
liquid crystal-wetting of the semiconductor surface was attained. 

 

4.2.2 Infiltration technique 

After the cleaning procedure is finished, the photonic crystal sample is transported in iso-
propanol to the infiltration set-up. The role of the iso-propanol is to prevent the sample from 
additional oxidation and surface contamination. 

The set-up consisted of a small glass chamber (see Figure 4-5) from which the air could 
be evacuated in order to reach low vacuum conditions. Although no gauge was present in order to 
measure the quality of the vacuum, it was estimated to be around 10 mbar [35]. Working under 
vacuum conditions is beneficial to the infiltration process by evacuating the air from the holes in 
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order to avoid formation of air bubbles inside the deeply-etched air pores of the photonic crystal. 
The chamber was equipped with two tweezers on either side to allow the manoeuvring of 
necessary items. A heating stage was also present inside the glass bell. 

 

 
Figure 4-5: the set-up used for liquid crystal-infiltration. It is located at the polymer 

chemistry group of Eindhoven University of Technology (picture taken from [35]). 

 
The photonic crystal-sample was placed on the stage. A droplet of liquid crystals was 

deposited on a glass plate held by one of the tweezers. The glass bell was put into place and the 
air was evacuated. Vacuum not only helps to evacuate the air from the photonic crystal holes but 
also to degas the air that might have been trapped into the liquid crystal. In the meantime, the 
stage was heated up to 40oC. After waiting several minutes for the low vacuum to be reached, the 
glass plate with the liquid crystal was brought into contact with the heated stage. The liquid 
crystal heated above its clearing point reduced considerably its viscosity and flowed more easily. 
By carefully tilting the glass plate the liquid was dropped onto the sample. The pressure inside the 
vacuum bell was slowly brought back to atmospheric pressure. 

The infiltration mechanism is based on the strong capillary forces that arise in the liquid 
confined to small cylindrical geometries with submicron diameter. The capillary pressure is 
sufficiently larger than that of the residual air which might have got trapped beneath the liquid 
crystal layer. The capillary forces will thus draw the liquid crystal inside the pores. A detailed 
account on the underlying physical mechanisms of the infiltration is given in [10, 35] and it is not 
repeated here. 

Temperature tuning of the liquid crystal-infiltrated photonic crystal devices was made 
possible by adding a Peltier element to the sample holder (see [34], §3.4). Thermal grease was 
applied to allow for a good thermal contact and a thermistor was used to monitor the temperature. 
There was a small difference between the sample temperature and the one recorded by the 
thermistor, estimated in [34] to be approximately 0.8oC. The temperature could be adjusted from 
a software product delivered with the temperature control unit. Due to the feedback-loop 
configuration used to control the temperature, it took about 6 minutes for the temperature to 
stabilize sufficiently7 so that transmission measurements could be commenced. 

 
                                                      
7 Due to intrinsic properties of the utilized feedback-control loop (”hunting”), the temperature 

always oscillated around the set-point value. It was considered that it had “stabilized” sufficiently when 
these deviations were ± 0.1oC. 
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4.3 Infiltration effects 
As one may recall from previous chapters, the dielectric band mode has most of its 

displacement energy concentrated in the high dielectric region (the semiconductor matrix). 
Because of orthogonality of air band and dielectric band modes, the air band mode tends to be 
localized in the low dielectric (the air holes). Therefore, the mode is very sensitive to 
modifications of the index of refraction inside the holes. As stated in §2.2, if a Bloch mode 
concentrates its energy in a high-ε medium its frequency will be reduced according to the 
electromagnetic variational theorem. In conclusion, increasing the refractive index inside the air 
holes (by infiltration with liquid crystals) will cause the frequency of the air band mode to 
decrease. 

The red shift of the air band is evident by looking at the TE photonic band diagrams in 
Figure 4-6 calculated for a hexagonal array of holes with r/a = 0.3, an interhole spacing a = 400 
nm and a hole refractive index equal to 1.575 (the index of refraction of liquid crystal K-15 in its 
isotropic phase). Another conclusion that can be drawn by examining Figure 4-6 is that the 
dielectric band mode is less sensitive to infiltration, as expected, modifying its frequency only by 
a very small amount. 
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Figure 4-6: photonic band diagrams for an empty (in black) and liquid crystal-infiltrated (in 

red) photonic crystal based on a triangular array of holes with r/a = 0.3 and a = 400 nm. The 
refractive index inside the holes was set to nhole = 1.575. The photonic band gap (PBG) now covers 
only the interval 0.217-0.247 (a/λ). 

 
The consequence of the red shift of the air band is the shrinkage of the photonic band gap 

from Δ(a/λ) = 0.064 (uninfiltrated case) to only Δ(a/λ) = 0.030 (liquid crystal-infiltrated case). 
The photonic band gap (PBG) now covers only the interval 0.217 ≤ a/λ ≤ 0.247. The reduction of 
the photonic band gap is even clearer if one computes the transmission spectrum in the ΓM 
symmetry direction through the photonic crystal whose band structure is given in Figure 4-6. The 
transmission spectrum for both the empty and infiltrated (nhole = 1.575) situation is shown in 
Figure 4-7. 
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Figure 4-7: transmission spectra for empty (black) and infiltrated (red) photonic crystal 
whose band diagram is displayed in Figure 4-6.  

 
The shift with Δ(a/λ) = 0.036 of the air band edge towards lower frequencies is 

significant: from a/λ = 0.283 to 0.247. At the same time, as expected from the band diagram in 
Figure 4-6, the dielectric band edge changes its spectral location by a negligible amount Δ(a/λ) = 
0.0036 from 0.1940 (a/λ) to 0.1904 (a/λ). The red shift of the air band edge is 10 times larger than 
that of the dielectric band edge proving the strong influence which is exerted on the air band 
mode by modifications in the index of refraction of photonic crystal holes. 
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Figure 4-8: gap map for a triangular-array photonic crystal with r/a = 0.3, a = 400 nm 

calculated with a plane wave expansion method for a semiconductor effective index equal to 3.27. 
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The natural expectation is that by further increasing the index of refraction inside the 
holes the photonic band gap will shrink even further. Therefore, there is a threshold value of nhole 
above which the photonic band gap will have completely collapsed. This can be estimated by 
calculating the so-called ”gap map”, a plot showing the dependence of the ΓM and ΓK stop gaps 
on the index of refraction inside the holes. Such a gap map is showed in Figure 4-8. The 
dependence of the frequency position of ΓM dielectric band (DB) and air band (AB) edges on the 
hole refractive index are given with solid black lines (curves 1 and 2) and the corresponding 
dependences in the ΓK direction with dashed black lines (1’ and 2’). The normalized frequency 
interval between curves 1 and 2 and between curves 1’ and 2’ represents the ΓM stop gap and ΓK 
stop gap, respectively. Their overlap gives rise to the photonic band gap (PBG). When the 
photonic crystal is empty (nhole = 1), the PBG spans from a/λ = 0.219 to a/λ = 0.283 as mentioned 
in §2.2 

The width of the band gap is continuously reduced when nhole increases and eventually 
becomes zero for nhole = 2.24. Above this threshold value there is no photonic band gap any more, 
although the ΓM and ΓK stop gaps continue to exist. Obviously, when the index of refraction 
inside the holes becomes equal to the semiconductor effective refractive index (neff = 3.27), the 
periodicity of the dielectric constant has vanished and there are no longer stop gaps due to Bragg 
scattering. 

 
What happens if the infiltrated photonic-band-gap material contains a defect structure, for 

example a H1 cavity? As it can be noticed from Figure 2-9, the field profile of the H1 dipole 
mode overlaps with neighbouring air holes and it will be naturally influenced by the hole 
infiltration. The H1 cavity resonance will shift to lower frequencies when the dielectric constant 
of the holes is increased. This infiltration effect is shown in the calculated transmission spectra in 
Figure 4-9. The index of refraction in the holes was set to nhole = 1.575 and the photonic crystal 
had r/a = 0.3 and a = 400 nm. There are 5 rows of holes on either side of the cavity. The cavity 
resonances are positioned at λ = 1.57 μm (a/λ = 0.254) and λ = 1.66 μm (a/λ = 0.240) for the 
empty and infiltrated crystal, respectively. 
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Figure 4-9: transmission spectra for a triangular-array photonic crystal containing a H1 
cavity bounded by two 5-row thick mirrors shown for the empty (black) and infiltrated case (red). 
Infiltrated nhole = 1.575. 
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The H1-cavity resonance peak red shifts by Δ(a/λ) = 0.014 from a/λ = 0.254 to 0.240. 
The smaller red shift observed for the H1 cavity peak as compared to that of the air band edge 
Δ(a/λ) = 0.036 comes from the weaker interaction of the H1 dipole mode with the hole area. The 
cavity mode is mainly confined to the defect region and only slightly overlaps with the 
neighbouring holes, whereas the air band mode due to its confinement characteristics has a 
considerably larger interaction region with the holes. 

Another striking observation that can be made based on the theoretical plots in Figure 4-9 
is the extraordinarily large increase in the cavity peak transmission. An intuitive explanation of 
this phenomenon is related to the reduced refractive index contrast Δn between the 
semiconductor matrix and the holes as a result of infiltration. Additionally, measurements 
reported in literature for the liquid crystal-infiltration of Fabry-Perot-like photonic-crystal cavities 
also indicate the same transmission enhancement effect [23]. 

The resonance lies in the band gap of the crystal and light wave at this frequency cannot 
propagate through the photonic-band-gap material. By introducing a point defect, the optical 
power builds up into a resonant mode located at the defect and a fraction of this power leaks out 
through the photonic-band-gap mirror into the collecting ridge waveguide. How much leaks out is 
dependent on the transmission and reflection coefficients of the mirrors8. And these in turn are 
determined by the refractive index contrast Δn and the number of rows: the higher the index 
contrast Δn, the larger the refraction of light at the semiconductor-hole interface. By decreasing 
Δn, the diffraction is also reduced at the ridge waveguide-photonic crystal interface which leads 
to a higher overall mirror transmission. 

By increasing the mirror transmission, a better coupling of incoming light into the 
resonant mode of the defect cavity is achieved. This is clearly shown in the two plots in Figure 
4-10 which show the intensity patterns of the H1 defect mode before and after infiltration. They 
were obtained by frequency-domain calculations at a wavelength of 1.57 μm and 1.66 μm for the 
empty and infiltrated crystal, respectively. When the photonic crystal is empty, only a small 
fraction of light manages to propagate through the mirror and to reach the defect region. The 
energy builds up into the ΓM-oriented dipole mode clearly visible in the picture. The low 
transmission of the resonance peak in Figure 4-9 is connected to a very poor energy transfer from 
the cavity mode to the collecting waveguide through the photonic band gap mirror. 

 
 

                            Empty                                                             Infiltrated 
 

  
 

Figure 4-10: intensity profiles of the H1 dipole mode before and after infiltration.  

 

                                                      
8 For a real situation the losses must also be taken into account but they are neglected for this ideal 

two-dimensional system. 
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When the mirror transmission increases as a result of infiltration, a considerably larger 
fraction of light penetrates the mirrors and more energy gets stored into the cavity mode as it is 
evident from the right-hand picture in Figure 4-10. At the same time, a broadening of the H1 
defect mode is observed in the in-filled crystal. As illustrated in Figure 4-10, in contrast with the 
empty situation a significantly larger amount of light penetrates the 5-row thick mirror and 
reaches the output waveguide. To sum up, a more efficient coupling of the cavity mode to the 
access waveguides is achieved which is thus responsible for the higher peak transmission in 
Figure 4-9. By pursuing a similar line of reasoning, the reduced refractive index contrast also 
determines the higher transmission in the air band. 

All these theoretical observations will be confirmed experimentally in chapter 6 where 
the transmission measurements on LC-infiltrated photonic crystals will be presented. 
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5 Empty photonic crystal devices 

This chapter presents the experimental results provided by optical transmission 
measurements for the empty deeply-etched InP-based photonic crystal devices. The first section 
deals with the results obtained for a defect-free photonic crystal. Next, three different types of 
cavities are investigated: a H1, H2, and a ring cavity. The last section gives measurements on 
Fabry-Perot-like resonators and photonic crystal waveguides (W1, W3 and bent waveguide). All 
devices were included on sample B with a few exceptions that are pointed out when necessary 
(see §3.1 for a description of fabrication differences between sample A and B). Both sample-A 
and sample-B photonic crystal devices were designed before the commencement of this master 
project. 

 

5.1 Defect-free ΓM-oriented photonic crystal 
The transmission through a photonic crystal consisting of a hexagonal array of air holes 

oriented in the ΓM direction (shown in the right inset of Figure 5-1) was measured. The crystal 
included on sample A was 11 rows thick and the normalized radius was designed to be r/a = 0.3. 
The TE normalized transmission spectrum is shown in Figure 5-1. 
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Figure 5-1: measured TE transmission spectrum through a ΓM-oriented photonic crystal 
(shown in the SEM micrograph on the right of the figure). The left inset shows the “rising features” 
(coloured in red) before background subtraction. 
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The transmission spectra of sample-A devices showed inside the band gap some 
abnormal spectral features which were not expected from simulations nor from literature (shown 
in red in Figure 5-1). Their origin (most likely linked to the fabrication process) is not completely 
understood but these spectral characteristics were sample dependent as they did not occur again in 
the case of sample B. Therefore, this abnormal band gap “rising features” were numerically 
removed from the spectra of devices on sample A by subtracting the “rising” background. It 
should be pointed out here that this procedure does not affect the numerical results based on the 
analysis of transmission spectra of sample-A structures. 

In the numerically calculated spectrum in Figure 2-4 the average transmission levels in 
the dielectric and air band is roughly the same because the losses are not taken into account. On 
the other hand, in the case of real devices out-of-plane losses start to play an important role. 

The light travelling in the waveguide core layer can be scattered into the vertical direction 
at the semiconductor-air hole interface. Since the air band mode is mainly confined in the low-
dielectric region it will suffer the most from out-of-plane losses. Therefore, in all measured 
transmission spectra the air band will always have an average transmission lower than the 
dielectric band. The difference between them is thus dependent on the quality of etched holes: 
deep and vertical sidewalls will offer less scattering sites. Additional scattering will be introduced 
by sidewall roughness. Therefore, poor-quality etched holes can easily lead to an air band 
transmission one or several orders lower than the dielectric band. 

The small difference in transmission levels of the two pass bands in Figure 5-1 is an 
indication of good quality of the hole sidewalls. Unfortunately, the air band is impaired by a 
lower transmission in the frequency interval a/λ = 0.271 – 0.290. This is due to a damaged access 
waveguide of the litho-tuned photonic crystal structure with a = 427 nm. 

By comparing the spectra in Figure 2-4 and Figure 5-1, the pass-band edges are not as 
steep as in the numerically calculated spectra, mainly because of the negative influence of losses 
and Fabry-Perot ridge-oscillations. A precise determination of the photonic band gap limits is 
thus difficult to achieve. The vertical solid lines mark the locations of the dielectric and air band 
edges as illustrated in the simulated spectrum in Figure 2-4. There is good agreement in the case 
of the low-frequency band edge, the expected value being a/λ = 0.194 for a normalized hole 
radius equal to 0.3. In contrast, the experimental air band edge estimated at a/λ ≈ 0.25 is 
significantly lower than the theoretical value (i.e., a/λ = 0.283). The best fit9 of the air band edge 
yields only r/a = 0.245 ± 0.005 indicating holes smaller than designed. This fact may account for 
the high frequency-band edge location lower than expected from numerical calculations. 

 

5.2 Point-defect structures 

5.2.1 H1 cavity 

Two photonic crystals nominally identical to the one studied in §5.1 and containing a H1 
cavity between two 5-row thick photonic-crystal mirrors were included on sample A and B. The 
corresponding transmission spectra are displayed in Figure 5-2(a) and (b), respectively. Sample-A 
device had enough litho-tuned structures so that the entire photonic band gap was scanned. The 
air band edge was at a considerably lower level than the dielectric band which can be accounted 
for by high out-of-plane losses. Transmission spectra in Figure 5-1 and Figure 5-2(a) belong to 
devices included on the same chip. Nevertheless, it is surprising that the air band level is so 

                                                      
9 All 2D FDTD calculations used for estimating r/a values in this chapter were performed 

assuming an effective refractive index neff = 3.27 for the semiconductor matrix. 
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different in the two cases. This could mean that the etching was not done uniformly throughout 
the sample leading to a H1-cavity photonic crystal lossier than the defect-free crystal. This might 
also explain why there is no distinguishable resonance peak inside the band gap. However, after 
infiltration this became visible due to the enhancement in peak transmission, a phenomenon 
analyzed in §4.3 and presented experimentally in chapter 6. 
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Figure 5-2: transmission spectra for photonic crystals with a H1 cavity present on sample A 
(plot in (a)) and sample B (plot in (b)). The SEM image of the H1 cavity between two 5-row thick 
photonic crystal mirrors is shown as an inset in (b). 

 
Even though it is hard to distinguish in Figure 5-2(a) the air band from the photonic band 

gap level, it seems that the onset of the air band is at a/λ ≈ 0.285 close to the theoretical value. 
This could mean that the holes are characterized by an r/a value close to the nominal 0.3. It is 
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thus difficult to explain why, for devices on the same sample, the air band in Figure 5-2(a) is very 
low but roughly at the correct position, whereas the air band in Figure 5-1 has high transmission 
but is spectrally situated much lower than the expectation. 

In contrast, the H1 cavity resonance (the doubly degenerate dipole mode) rises up in the 
spectrum in Figure 5-2(b) as a small peak centred at a/λ ≈ 0.247. Best-fit of the measurement with 
simulation data was performed in this case for the H1-resonance peak position and yielded a 
value r/a = 0.275 ± 0.005. This value will be later used to estimate the liquid crystal-infiltration 
efficiency. 

All photonic crystal devices on sample B were imaged by scanning electron microscopy 
(SEM). The SEM micrograph for the device containing the H1 cavity is shown as an inset in 
Figure 5-2(b). From these images it is possible to obtain an estimate of the r/a value for all 
structures. For the H1 cavity the determined value was r/a ≈ 0.270 close to the value obtained 
from best fitting by FDTD calculations. 

The spectrum of the H1 cavity in Figure 5-2(b) was acquired with a data wavelength 
spacing of 1 nm which is insufficient for a reliable estimate of the cavity quality factor. To this 
end, a high resolution measurement of the transmission spectrum around the H1 peak with dλ  = 
10 pm had to be performed. The result is shown in Figure 5-3. 

 

0.244 0.246 0.248 0.250 0.252
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.2468 0.2470 0.2472

0.002

0.004

0.006

0.008

0.010

0.012

no
rm

al
iz

ed
 tr

an
sm

is
si

on

normalized frequency (a/λ)  
 

Figure 5-3: high resolution measurement of the H1 resonance peak showing both the high-
frequency (in the inset) and the low-frequency Fabry-Perot modulation. The inset is a zoom-in on the 
peak located at a/λ = 0.247. The envelope of the beat given with red solid line represents the 
Lorentzian fit of the peak transmission spectrum. 

 
Several observations can be made on the basis of transmission spectrum in Figure 5-3. 

The first one regards the low-frequency beat which modulates the transmitted signal and which 
can be visualized only when measurements are performed in high resolution. The beat 
phenomenon is caused by interference of the Fabry-Perot oscillations that take place in each of 
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the two access waveguides from reflections at the cleaved end facets and the photonic crystal 
mirrors [34]. If the length of the two ridge waveguides is denoted by L1 and L2, respectively, then 
the Fabry-Perot oscillations arising in each of them can be mathematically expressed by 
sinusoidal functions such as 1cos(2 )kL  and 2cos(2 )kL . 

In the case of an uninterrupted ridge waveguide (see spectrum in Figure 3-8(a)), the 
oscillations take place between the end facets of the sample. The mode spacing was found to be 
50 pm for a waveguide length L = 6.3 mm. The lengths of the two access waveguides are 
approximately the same L1 ≈ L2 ≈ L/2 and differ only slightly in length due to the inaccuracy of 
the cleaving process10. According to formula (2.14), the oscillations that take place in a Fabry-
Perot resonator with length L/2 will have a double mode spacing. Indeed, the high frequency 
oscillations shown in the inset of Figure 5-3 have a spacing of ~ 100 pm and thus are attributed to 
oscillations in the access waveguides. They can be mathematically expressed by 

( ) ( )1,2cos 2 coskL kL≅ . The low-frequency beat in the Fabry-Perot modulation will then be 

caused by the difference in access waveguide lengths and is expressed by ( )1 2cos 2k L L−⎡ ⎤⎣ ⎦  

[34]. 
Second observation is on the maximum peak transmission. It was observed that the 

smoothing process (data in Figure 5-2(b) are shown after smoothing) sometimes results in lower 
values of the resonance peak transmission as a result of considerable suppression of Fabry-Perot 
fringes. The high-resolution data was not smoothed and consequently shows higher values for the 
peak transmission. 

This spectrum is used for estimating the quality factor Q of the H1 cavity between the 
two 5-row thick photonic-band-gap mirrors. The peaks of the low-frequency beat are picked and 
fitted with a Lorentzian profile in order to perform a quantitative analysis of the cavity resonance. 
Fitting the resonance peak with a Lorentzian function is a reliable method especially for low 
values of Q [7]. 

By determining the peak central frequency and the full width at half maximum, the 
quality factor was found to be Q = 65 ± 2. The envelope of the cavity transmission spectrum 
given with a red solid line represents the Lorentzian fit of the data. Monat et al. [12] report values 
of Q of ~ 100 for InP suspended membrane crystals for filling factors f ~ 0.59; for lower f  = 0.43 
a quality factor Q ~ 70 is obtained, comparable to the result of Figure 5-3. Thus we find for 
simple defects such as the H1 cavity Q values for deeply-etched photonic crystals similar  to high 
vertical index-contrast systems (membrane-type photonic crystals). This is indeed remarkable 
because properly designed defects in membranes yield typically very high Q factors. An early 
example of this situation is represented by Q  values around 250 reported by Painter et al. in [17] 
for the first H1-cavity photonic-crystal laser in a InP-based membrane structure. 

It is worth mentioning that there are no reports in the literature of similar H1 cavities 
defined in planar photonic crystals deeply etched in the InP/InGaAsP/InP material system, to the 
best of our knowledge. H1 cavities in the InP system were reported so far only for membrane-
type photonic crystals. This makes the H1 defect studied in present work the smallest nanocavity 
fabricated in deeply-etched InP-based photonic crystals. 

 

                                                      
10 The length of the photonic crystal section is only 5 μm at most and it can be neglected in 

comparison with the length of the ridges. 
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5.2.2 H2 cavity 

The H2 cavity is realized by removing six additional holes around the hole which defines 
the H1 point defect. The normalized transmission of a H2-cavity with 4 rows of photonic crystal 
mirrors on both sides oriented in the ΓM direction is shown in Figure 5-4. The inset gives the 
SEM top view of the cavity. The missing part of the spectrum is due to a broken ridge waveguide 
of the block element with a = 402 nm. 
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Figure 5-4: measured transmission spectrum for the H2 cavity. Two cavity modes are 
probed within the frequency interval allowed by the litho-tuning range: at a/λ = 0.257 and 0.251. The 
inset gives the SEM top view of the H2 cavity. 

 
The spectral density of modes is closely related to the size of the cavity: wider cavities 

will support a larger number of mode configurations [12]. Since the H2 defect is larger than the 
H1, it will thus sustain more cavity modes. Two resonant modes show up in the probed frequency 
interval in Figure 5-4, denoted by 1 and 2 in order of increasing wavelength, at a/λ = 0.257 and 
0.251, respectively. The best fit of the frequency locations of the two cavity modes yields r/a = 
0.273 ± 0.005 close to r/a = 0.272 determined from hole inspection of the SEM images. However, 
in the simulated transmission spectrum shown in Figure 5-5 there are three cavity modes. The H2 
cavity sustains an extra resonant mode denoted by 3 at a/λ = 0.218 which does not show up in the 
measurement because of the limited lithographic tuning range. The lattice constant was varied 
only from 361 nm up to 470 nm11, insufficient to probe the whole band gap. 

                                                      
11 The lithographic tuning range was based on the H1-cavity resonance position. It was desired to 

probe only the part of the transmission spectrum around the most relevant spectral feature (the H1 
resonance) and to pay less attention to the transmission bands. Unfortunately, the limits of the litho-tuning 
interval were not chosen adequately enough and thus some modes for cavities larger than H1 were not 
optically observed. Additionally, reducing the litho-tuning range for some devices also made it possible to 
include a great number of photonic crystal structures on the same chip, without unreasonably increasing the 
chip’s size. 
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Figure 5-5: simulated transmission spectrum for the H2 cavity with r/a = 0.273 and loss 

parameter α = 2500.  

 
The intensity distributions of the three H2 resonant modes are pictured in Figure 5-6. 

From the mode intensity profiles it can be noticed that the energy contained in the second mode 
seems to be less than that stored in mode number 1. This could explain why mode number 2 has 
the cavity peak transmission lower than mode number1 in both the measured and the calculated 
spectrum. Modes 1 and 3 resemble a Fabry-Perot-like resonant mode and are orthogonal to each 
other. The number-2 mode is similar to the H2-cavity mode described in the literature as a 
“whispering gallery mode” typical of microdisks [12, 13]. 

 
                                3                                              2                                          1 

            
 
Figure 5-6: intensity profiles for the three H2 resonant modes.  

 
The quality factors of the experimentally observed H2 cavity modes were determined 

with the same method as described in §5.2.1. The transmission spectrum measured in high 
resolution in the vicinity of cavity peaks is shown in Figure 5-7 along with the Lorentzian fit 
curves. The quality factors of mode number 1 and 2 are Q1 = 90 ± 18 and Q2 = 101 ± 26, 
respectively. The large absolute errors come from the high uncertainty in evaluating the FWHM 
of the cavity peaks because of the small number of beat peaks per cavity mode available for 
Lorentzian fitting.  
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Figure 5-7:  high-resolution transmission spectrum of the H2 cavity in the vicinity of cavity 
peaks. The cavity Lorentzian profiles are given with red solid lines. 

 
The slightly larger Q values for the H2 point defect than for the H1 point defect are 

caused by the larger size of the cavity. The photon mean-free time between two interactions with 
the photonic crystal holes is longer in wider microcavities, proving thus higher Q values. A 
similar difference was observed in membrane-based cavities by Monat et al.[12]. 

It should be noted here that the quality factor of photonic-crystal cavities is highly 
dependent on the number of rows surrounding the point defect. The Q factor will be radically 
improved by increasing the thickness of the photonic-band-gap mirrors as proven by Painter et al. 
in [11] for a H1 defect in an optically thin dielectric slab. Consequently, the direct comparison of 
the Q factors for the sample-B H1 and H2 defects is not completely truthful since the photonic 
crystal mirrors had different number of rows: 5 rows for the H1 and 4 rows for the H2 cavity. 
Therefore, the Q factors cannot be directly related to the cavity volume. It is thus expected a H2 
defect with 5-row thick mirrors to exhibit even larger quality factors. 

 

5.2.3 Ring cavity 

A new type of point defect structure was included on sample B. It can be obtained from 
the H2 cavity by etching a central hole. From geometrical considerations it will be called a ring 
cavity from now on. The SEM micrograph of the ring cavity is displayed in the inset of Figure 
5-8. All photonic crystal cavities on sample B were designed to have on each side 4 row-thick 
photonic band gap mirrors. This normalization inadvertently got mixed up in the final design. As 
a result, the H1 cavity had five mirror rows (see inset Figure 5-2) while the ring had only three 
rows. 
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Figure 5-8: transmission spectrum through the ring cavity shown in the inset. Three out of 
four expected defect modes are visible in the band gap. 

 
From the simulated TE transmission spectrum of the ring cavity, 4 defect modes are 

expected to rise up in the photonic band gap: at a/λ = 0.218, 0.231, 0.254, and 0.261. In the 
measured spectrum in Figure 5-8, two modes are clearly distinguishable: at a/λ = 0.231 (mode 
number 3) and 0.254 (mode number 2). The FDTD best fit of these two cavity modes gives r/a = 
0.275 ± 0.005. The spectrum of the mode at a/λ = 0.261 (mode number 1) is incomplete because 
of a broken ridge waveguide of the block element with a = 402 nm. The lithographic tuning range 
for this structure was again too limited to scan the entire photonic band gap, so that the mode at 
a/λ = 0.218 does not show up in the spectrum. 

 
                                  3                                      2                                    1 

          
 
Figure 5-9: intensity patterns of the ring cavity modes which are visible in Figure 5-8. 

 
Intensity-distributions plot of the ring cavity modes 1, 2 and 3 are shown in Figure 5-9. 

Note the similarity between the modes of the H2 and the ring cavity. This is not surprising since 
the two defects have the same size and shape, the central hole being the only dissimilarity. Mode 
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number 3 shows a high overlap with both the neighbouring holes and with the central hole. The 
fact that only this mode has an antinode in the central hole makes it attractive for tuning by 
selectively infiltrating the inner hole 

If the whole photonic crystal is infiltrated with liquid crystals, then all modes are 
expected to red shift but not all at the same rate due to the different interaction with neighbouring 
holes. If it were possible to selectively infiltrate only the central hole, then mode number 3 would 
be expected to feel the influence of infiltration to a greater extent than the other two modes. 
However, chances for a successful selective tuning of the modes are highly dependent on the 
overall quality of the ring resonating cavity. One step towards achieving a higher quality could 
consist in etching the cavity mirrors with a thickness of 4 rows, as originally planned. 

The transmission spectrum of the ring cavity in Figure 5-8 was concluded to be 
unsatisfactory for a quantitative analysis of the ring defect. High-resolution measurements of the 
ring cavity peaks were thus not performed because they would have been incomplete due to either 
missing block elements (in the case of mode 3) or damaged ridge waveguides (mode number 1). 
This would have led to a very large inaccuracy in the estimation of Q values. Therefore, no 
quality factors are reported for the ring cavity. 

 
 

5.3 Line-defect structures 

5.3.1 Fabry-Perot cavities 

A Fabry-Perot-like resonating cavity was defined in a ΓM-oriented photonic crystal based 
on a hexagonal array of air holes. It was present on sample B. The defect was fabricated by 
leaving out one row of holes in the ΓK direction which provided smooth cavity mirror walls. The 
mirror on either side was 5 row-thick. A SEM top view of the fabricated device is shown as an 
inset in Figure 5-10. Cavities of this type have been explored previously for the InGaAsP material 
system by Ferrini et al. [9]. 
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Figure 5-10: transmission spectrum through a Fabry-Perot cavity with 5 row-thick photonic 

crystal mirrors (shown in the inset). 
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The Fabry-Perot-like cavity mode appears in the photonic band gap as a small peak 

centred around a/λ = 0.237. The FDTD best fit of the resonance peak gives a normalized radius 
equal to r/a = 0.270 ± 0.005 close to approximately 0.265 estimated from the hole inspection of 
SEM images. 

The maximum peak transmission is Tpeak ≈ 0.02 well below the level of the air band. This 
is in sharp contrast with the FDTD transmission spectrum in Figure 2-13 calculated for a Fabry-
Perot cavity with only 3-row thick photonic band gap mirrors. This spectrum is repeated in Figure 
5-11 along with the calculated transmission through the Fabry-Perot defect with 5 row-thick 
mirrors. It is evident from the two plots that thinner mirrors allow more light to be coupled from 
the access waveguides into and out of the cavity resonant mode and hence to provide a higher 
cavity transmission. 

Unfortunately, this transmission enhancement is accompanied by a disadvantage. Fewer 
mirror rows mean at the same time a weaker confinement of the cavity mode inside the defect 
region. This automatically entails a decrease in the cavity quality factor. The negative influence 
of decreasing the number of photonic crystal layers surrounding the defect region on the cavity 
quality factor is  a well-known effect, already pointed out in §5.2.2. In the case presented in 
Figure 5-11, the theoretical quality factors estimated from the 2D FDTD calculation by 
Lorentzian fitting decrease from Q5row = 318 ± 4 to Q3 row = 66 ± 1 when the number of mirror 
rows is lowered from 5 to 3, respectively. It is also important to mention here that the mode does 
not change its resonance frequency upon variation of mirrors rows; it remains constant at a/λ = 
0.248. 
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Figure 5-11: numerically calculated spectra through a Fabry-Perot-like cavity with 3 row-
thick (in black) and 5 row-thick (in red) photonic crystal mirrors. 

 
Moreover, the measurement in Figure 5-10 is affected by high losses which are not taken 

into consideration in the simulations in Figure 5-11. They cause the air band level to be much 
lower than that of the dielectric band in the measured transmission. The quality factor of the 
cavity mode was estimated to be Q = 39 ± 3, significantly smaller than the theoretical expectation 
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(i.e., ~ 318). It is comparable to Q ≈ 20-30 reported in [9] for a Fabry-Perot cavity with 4 row-
thick photonic crystal mirrors deeply etched in the same III/V semiconductor heterostructure as in 
present work. The low Q value in [9] was also ascribed to high out-of plane losses of the photonic 
crystal devices. 

To experimentally study the influence of the mirror thickness on the cavity transmission 
spectral profile, a Fabry-Perot-like cavity with only 3-row thick mirrors was also included on 
sample B. The measured optical transmission is given in Figure 5-12. It is assumed that the broad 
peak centred around a/λ = 0.210 belongs to the Fabry-Perot resonant mode. Nevertheless, the red 
shift of the resonance frequency location is extremely large from the expected value a/λ = 0.250 
(taken from spectrum in Figure 2-13). The explanation is not yet clear but it might be caused by 
r/a values of the lithographically tuned structures much lower than 0.3. The SEM hole inspection 
revealed average r/a values of about 0.264 for the block element with a = 325 nm and as low as 
0.236 for the structure with a = 361 nm. However, when it was attempted to fit the measured 
spectrum with numerical calculations, not even r/a = 0.21 was successful in fitting the presumed 
Fabry-Perot cavity peak. The explanation of this surprising behaviour is further complicated by 
the unexpectedly low transmission between a/λ = 0.207 and 0.221, because of a damaged ridge 
waveguide. 
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Figure 5-12: measured spectrum (in black) through the Fabry-Perot cavity shown in the 
SEM micrograph on the right. A simulated transmission plot for r/a = 0.21 attempted at fitting the 
experimental data is shown with the red solid line. 

 
In conclusion, the experimental investigation of the dependence of the Fabry-Perot-like 

cavity peak transmission on the photonic mirror rows proved to be inconclusive. 
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5.3.2 W1 waveguide 

As already mentioned in §2.5.2, the second type of line defects which can be 
implemented in a 2D photonic-band-gap material consists in photonic crystal waveguides (PCW). 
The W1 PCW is fabricated by omitting one row of air holes in the direction of light propagation 
in a ΓK-oriented photonic crystal, see the SEM micrograph in Figure 5-13(right) for the litho-
tuned element a = 309 nm. Note that this configuration is geometrically the same as the Fabry-
Perot-like cavity from §5.3.1, however the light propagates now parallel to the defect row. 

In order to increase the light coupling efficiency into the PCW by reducing the insertion 
losses, the access waveguides were tapered in the vicinity of the photonic crystal section. The 
tapering reduces the modal mismatch between the ridge and PCW modes and prevents back 
reflection of light at the photonic crystal mirror. However, the tapering procedure imposed some 
constraints on the e-beam patterning of the access ridge waveguides. This resulted in the etching 
features inside the trenches caused by proximity effect12 corrections (PEC) of the e-beam 
machine. It would require a few calibration exposures to remove these features. Despite these 
undesired structures, the tapers are fully present and well aligned as seen in Figure 5-13(right). 
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Figure 5-13: measured transmission spectrum through a W1 photonic crystal waveguide 
(shown in the SEM image on the right). 

 
In order to understand the transmission plot in Figure 5-13, the FDTD-calculated 

spectrum for the tapers + W1 PCW geometry is also given, in Figure 5-14. The band gap of the 
host photonic crystal lies between a/λ = 0.219 and 0.283. The light with frequency in the 
dielectric band is poorly confined to the waveguide region and couples easily to photonic crystal 
guided modes. The transmission below a/λ ≈ 0.22 is therefore very low in both the measured and 
the simulated spectrum. Above the cut-off frequency a/λ = 0.225 the light starts to experience the 
band-gap confinement of the surrounding crystal. In this regime, the transmission gets almost as 

                                                      
12 The proximity effect is due to scattering of electrons in the e-beam resist material and in the 

substrate. These scattered electrons travel through the resist and cause parasitic exposure outside the area 
that was directly targeted by the electron beam [10]. Software exists that models the scattering and corrects 
the charge dose for this in segmented areas. 
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high as 1 in the calculated spectrum. Unfortunately, the fabricated W1 PCW suffered from very 
strong out-of-plane losses and consequently the measured transmission does not exceed 0.045. 
The transmission increases steadily above the cut-off frequency up to the maximum level. There 
is a remarkably good agreement between measurement and simulation represented by the abrupt 
rise in transmission at a/λ = 0.225! 
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Figure 5-14: calculated transmission through a W1 PCW with photonic crystal mirrors 

having r/a = 0.3 and a = 400 nm. 

 
When the waveguided light has a normalized frequency above a/λ ≈0.285, the 

transmission drops again and remains at a low level (see Figure 5-14). The decrease in 
transmission for this spectral region is also noticeable in the measurement but the reason for the 
re-increase at a/λ ≈ 0.32 is not yet understood. Additionally, the block element with a = 423 nm 
was damaged and provided very low transmission in the interval a/λ = 0.269-0.288. 

As stated above, the transmission is low for frequencies outside the photonic band gap 
due to the leakage of waveguided light into the mirrors. However, between the low-frequency 
edge of the photonic band gap (a/λ ≈ 0.219) and the onset of high waveguide transmission (at a/λ 
≈ 0.225), the transmission vanishes completely. The reason for this zero transmission can be 
understood if the W1 PCW band structure in Figure 5-15 is analyzed. 

The band diagram was calculated for r/a = 0.3 and a = 400 nm with the plane wave 
expansion method using a supercell similar to the one drawn for the W3 waveguide in Figure 
2-14. The plot shows the dispersion relations of both the W1 waveguide modes and of the 
dielectric/air band modes. A gap is visible in the band structure, marked by the two red arrows, 
between the top of the dielectric band and the dispersion relation of the W1 fundamental mode. 
Therefore, the density of electromagnetic states will be zero inside the frequency interval a/λ = 
0.219-0.225 corresponding to the gap. 

An interesting feature of the calculated spectrum is the transmission dip centred at a/λ = 
0.257 reminding of the mini stop-band of the W3 photonic crystal waveguide presented in 
§2.5.2.2. According to the band structure in Figure 5-15(a), this W1 waveguide supports the even 
fundamental mode (FM) and an odd higher-order mode (HOM) whose electric field profiles are 
pictured in Figure 5-15(b). The two modes have different symmetry properties and a crossing will 
occur between their dispersion relations at a/λ = 0.257.  This crossing determines the transmission 
dip but there is unfortunately no clear experimental evidence of it. 
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Figure 5-15: (a) photonic band diagram calculated with a PWE method shows the dispersion 
relations of the W1 PCW modes and of the dielectric/air band modes. (b) the Ex  field patterns of the 
two waveguide modes. 

 
 

5.3.3 W3 waveguide 

A W3 waveguide was introduced in a ΓK-oriented hexagonal array photonic crystal by 
removing 3 complete lines of holes in the direction of light propagation. Figure 5-16 shows the 
SEM image of the block element with a = 381 nm. For the same considerations as outlined in the 
previous section, all access waveguides in the W3 block were also tapered near the ridge-
photonic crystal waveguide interface. The same etching features induced by the e-beam proximity 
effect corrections in the trenches are present in this block as well. 

The mini stop-band, characteristic of the transmission spectrum of the W3 waveguide 
(see §2.5.2.2), is clearly visible at a normalized frequency a/λ ≈ 0.256. This is lower than the 
expected theoretical value of 0.259 and indicates an average r/a value smaller than 0.3. The 
FDTD best fit of the mini stop-band shown in red in Figure 5-16 yields r/a = 0.28. The spectral 
interval right besides the MSB between a/λ = 0.256 and 0.273 disagrees with the calculated 
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transmission and is most likely caused by a damaged access waveguide in the block element with 
a = 402 nm.  The measurement in Figure 5-16 was performed with a data spacing dλ = 1 nm. 
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Figure 5-16: measured transmission spectrum through the W3 photonic crystal waveguide 

shown in the SEM top view on the right of the figure.  The FDTD best fit of the mini stop-band 
(MSB) with r/a = 0.28 is displayed in red solid line. 

 
In order to eliminate possible uncertainties concerning the true nature of the mini stop-

band transmission dip at a/λ ≈ 0.256, the measurement was repeated in high resolution with dλ = 
0.02 nm between a/λ = 0.250 and 0.273. The result is given in Figure 5-17 along with the low 
resolution measurement. The excellent overlap of the two completely independent measurements, 
especially for the mini stop-band, reinforces the correspondence between the transmission dip at 
a/λ ≈ 0.256 and the W3 mini stop-band. 

The transmission plots in both Figure 5-16 and Figure 5-17 are not smoothed in order to 
emphasize the strong suppression of the high-frequency Fabry-Pérot oscillations near the mini 
stop-band. In this frequency range, the W3 waveguide becomes lossy because of the energy 
transfer from the forward-propagating fundamental mode to the back-propagating Fabry-Perot-
like higher-order mode. The latter mode penetrates into the photonic crystal holes and a fraction 
of its energy is lost by out-of-plane scattering. The high-resolution measurement also clarifies the 
fact that the unexpectedly low transmission in the spectral interval a/λ = 0.256-0.273 indeed 
belongs to a broken ridge waveguide. 

The two neighbouring litho-tuned structures with a = 381 nm, in which the MSB is 
observed and with a = 402 nm would have completely distinct spectral responses in the 
wavelength interval 1470-1570 nm if the etched holes were ideal (same depth and vertical and 
perfectly smooth sidewalls). Then the MSB would be observed only for a = 381 nm. In reality, 
due to inherent fabrication imperfections the two block elements are not totally different and thus 
their spectral responses are slightly similar. The two transmission “valleys” noticeable between 
a/λ = 0.256-0.273 might actually be the mini stop-band occurrence in the next litho-tuned 
structure with a = 402 nm. It is however hard to say whether both valleys or only one of them 
should be attributed to the mini stop-band. 
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Figure 5-17: high-resolution measurement (in black) with dλ = 20 pm in the normalized 

frequency interval a/λ = 0.250 – 0.273. The low-resolution spectrum with dλ = 1 nm is also displayed 
(in red) for comparison purposes.  

 
The measured waveguide transmission in the band gap of the photonic crystal is lower 

than calculated because it is primarily affected by scattering-induced losses (in the air holes, at 
the ridge waveguide sidewalls or in the tapered sections). Nevertheless, it is still one order of 
magnitude higher than the W1 transmission (see plot in Figure 5-13) in the same frequency 
interval. The reason for this is the fact that light propagation is photonic-crystal waveguides is 
strongly dependent on the waveguide width: in narrow guides the light will interact more strongly 
with the holes, yielding high losses. 

Another reason is represented by the imperfect alignment of the taper to the PCW. Figure 
5-18 shows a zoom-in on the interface between the taper and the PCW corresponding to the same 
lattice constant a = 381 nm.  

 
W1 waveguide W3 waveguide

 
 

Figure 5-18: magnifications of the SEM pictures of the W1 and W3 structures which show 
the slight misalignment of the taper to the PCW. 
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A slight misalignment observable in both cases affects the mode coupling between the ridge and 
the photonic-crystal waveguides. However, the overlap of the ridge waveguide mode with the 
PCW mode is expected to be higher for the W3 waveguide do to its larger width. Its transmission 
is thus less impaired by the misalignment than that of the W1 PCW. Therefore, the very low 
transmission of the W1 waveguide is attributable not only to high losses but also to a lower mode 
coupling with the ridge waveguide than that of the W3 device. 

Outside the photonic band gap region, the transmitted intensity decreases because of the 
disappearance of the band-gap confinement. This signal attenuation is present in both the 
measurement and the calculated spectra of Figure 5-16. 

 

 
Figure 5-19: intensity profiles for four different frequencies a/λ of the waveguided light: 0.17 

in the dielectric band (DB), 0.24 in the photonic band gap (PBG), 0.32 in the air band (AB), and 0.256 
at the mini stop-band (MSB). 

 
However, both in the calculated and measured cases the transmission for high frequencies 

in the air band is larger than for low frequenices corresponding to the dielectric band. This 
suggests that the mode propagating in the W3 waveguide semiconductor core layer couples more 
efficiently to the photonic crystal dielectric band mode than to the air band mode. Figure 5-19 
shows the intensity pattern of the waveguided mode at a/λ = 0.17, deep in the dielectric band of 
the surrounding crystal. It is clear that the energy is poorly confined inside the W3 waveguide 

a/λ = 0.17 (DB) a/λ = 0.32 (AB) 

a/λ = 0.256 (MSB) a/λ = 0.24 (PBG) 
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region and leaks into the photonic crystal mirror being guided predominantly through the 
semiconductor matrix. On the other hand, at a/λ = 0.32 the coupling of the waveguided mode to 
the air band Bloch mode is weaker and a smaller fraction of light penetrates into the W3 PCW 
boundary. Therefore, the waveguide transmission will be larger when working inside the high-
energy than in the low-energy pass band. Figure 5-19 also shows the field distribution for the 
frequency a/λ = 0.24 inside the photonic band gap. The band-gap confinement is here clearly 
illustrated by practically no leakage of light into the mirrors 

The intensity profile of waveguided light at the mini stop-band frequency a/λ = 0.256 is 
also shown in Figure 5-19.  The higher-order mode slowly propagating in the backwards direction 
is responsible for the intensity modulation in the W3 PCW region.  Even though this frequency 
lies in the band gap of the crystal, Figure 5-19 clearly shows how most of the light still penetrates 
the photonic band gap mirrors. The reason resides in the resemblance of the higher-order mode 
with a Fabry-Perot-like resonator (see also Figure 2-13 and Figure 2-19 for proof of this 
similarity). The propagating light intensity is strongly attenuated in this region and thus the 
transmission dip in the spectra in Figure 5-16. Note also the nodal lines of the field intensity 
parallel to the waveguide direction, reminiscent as well of the Fabry-Perot resonator. 

 

5.3.4 W3 waveguide bend 

Photonic crystal waveguide bends may constitute one of the building blocks of future 
photonic integrated circuits. The use of the band-gap confinement phenomenon offers the 
advantage of minimizing the light propagation losses at the bend as compared to traditional 
dielectric waveguides [21]. A W3 PCW bend (included on sample A) defined in a ΓK-oriented 
photonic crystal (sketched in Figure 5-20) was analyzed. It was provided with one input access 
waveguide, denoted by A, and two output ridges, denoted by C and D. 

 
Figure 5-20: W3 PCW bend in a ΓK-oriented photonic crystal provided with one input and 

two output access waveguides. The numerically calculated transmission between each pair of ports is 
also given for a normalized hole radius of 0.3. 
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The optical transmission between ports A – C and A – D was numerically calculated and 
the results are given in Figure 5-20. Between ports A – D the light travels along the W3 PCW and 
experiences high transmission in the band gap of the surrounding photonic crystal. The three 
etched holes inside each bend were aimed at reducing the losses occurring at these abrupt changes 
in propagation direction. Nonetheless, the transmission in the band gap is still affected by losses 
and does not reach the value of 1 typical of straight W3 PCW (see Figure 2-17). The W3 mini 
stop-band is noticeable in the band gap at a/λ ≈ 0.239. When the transmission between ridge 
waveguides A and C is simulated, the result is similar to the ordinary transmission through a 
defect-free photonic crystal. The photonic band gap edges at a/λ = 0.219 and 0.283 clearly delimit 
the region with zero transmission. 

The measured transmission spectra are shown in Figure 5-21 for both pairs of ports. The 
spectral profile of transmission between ports A and D shows great resemblance between 
measurement and theory. The mini stop-band frequency location is a/λ ≈ 0.236 slightly lower 
than the theoretical value of 0.239, most probably due to the fabricated average r/a lower than the 
designed value of 0.3. The measurement between ridges A and C exhibits, as expected, higher 
transmission in the low-frequency pass band and almost zero transmission in the photonic band 
gap. Another remarkable feature of the two experimental plots in Figure 5-21 is the cut-off 
frequency of the W3 waveguide bend at a/λ ≈ 0.216 which agrees very well with the dielectric 
band edge. 
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Figure 5-21: measured transmission spectra of the W3 PCW bend between ports A – C and 

A – D shown in red and black, respectively. The W3 mini stop-band (MSB) is also marked. 

 
A final important observation is that the bend works well only in the lower part of the 

band gap (a/λ ≤ 0.245). This is not expected from the waveguiding properties of the W3 device 
which works well at all band-gap frequencies (see Figure 5-16). The poor transmission of the 
waveguide bend above a/λ ~ 0.245 is attributable to reflections at the bends (see Chow et al. [46] 
for similar observations in GaAs/AlxOy slab). 
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6 Infiltration results 

As already mentioned in several places in this report, liquid-crystal tuneable photonic 
crystal devices might serve as building blocks for future photonic integrated circuits. In order to 
investigate the tuning possibilities of devices analyzed in the previous chapter, it was decided to 
infiltrate them with the nematic liquid crystal (LC) K15 (5CB), due to its low clearing 
temperature and large birefringence. The infiltration was assessed by optical transmission 
measurements. 

All devices showed proof of successful LC-infiltration. Nevertheless, due to the various 
fabrication imperfections pointed out in §5, some transmission spectra of infiltrated photonic 
crystal structures did not provide sufficient information for a reliable quantitative analysis of the 
infiltration results. Therefore, they are not dealt with in this chapter. The conclusive results will 
be first presented at room temperature followed by the thermal tuning of LC-filled devices’ 
spectral properties. 

 
 

6.1 Room temperature measurements 

6.1.1 H1 cavity 

The photonic crystal device containing a H1 cavity characterized by the empty 
transmission spectrum in Figure 5-2(b) was infiltrated with the LC-K15 under the procedure 
outlined in §4.2.2. The transmission spectrum at room temperature is given in Figure 6-1 for both 
the empty and the infiltrated sample. As expected from previous chapters, filling the air holes 
with a higher refractive-index material triggers a red shift of the resonance peak to a/λ = 0.239. 
The shift amounts to Δ(a/λ) ≈ 0.8 × 10-2. The expected red shift of the cavity from FDTD 
transmission calculations was Δ(a/λ) = 1.4×10-2, assuming a normalized hole radius equal to 0.3, 
100% LC-infiltrated pore volume and an infill refractive index nhole = 1.575 (see spectrum in 
Figure 4-9). The causes of this discrepancy between measurement and simulations will become 
clearer in the next sections since neither the actual r/a nor the nhole value were as large for the real 
device as in the simulated case. 

Since there are no data in the literature for H1 cavities in deeply etched InP-based planar 
photonic crystals, the results of Martz et al. published in [23] on Fabry-Perot-like cavities defined 
in the same type of photonic crystals as in present work will be used for comparison. The authors 
report a red shift of Δ(a/λ) = 1.38 × 10-2 for the Fabry-Perot-like resonator between two 4-row 
thick ΓM-oriented photonic crystal mirrors. The different red shift values are attributed to the 
higher r/a ratios of the Fabry-Perot-like cavity (intended r/a = 0.33-0.37) and the larger hole 
volume infiltrated with liquid crystals (63% in our case and 71% in [23]; the method for 
estimating the infiltrated volume will be described in §6.2.1) 

The peak in the “empty” spectrum is only slightly visible and therefore, the inset provides 
a zoom-in on the two peaks, before and after the infiltration. The data in both cases were not 
smoothed in order not to reduce any further the H1 resonance transmission for the unfilled 
situation. According to the theoretical expectations (see §4.3), the significant red shift Δ(a/λ) ≈ 
3.5×10-2 of the air band edge is considerably larger than that of the H1 peak. 

A first remark to be made after comparing the two plots in Figure 6-1 concerns the 
enhancement of the cavity peak transmission by more than a factor of 5. The transmission 
increase is clearly noticeable in the air band level as well. This is an expected result which derives 
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from the higher photonic-crystal mirror transmission. This was explained in §4.3 on the basis of 
2D simulations and accounted for by the lower in-plane refraction of propagating optical waves. 

For real devices, the decrease of the in-plane index contrast Δn after LC-infiltration of the 
air holes has also the beneficial effect of reducing the out-of-plane losses. The diffraction angle 
when the light passes from the waveguiding dielectric into the holes is reduced and therefore the 
light scatters less in the vertical direction. The combination of these two effects, reduction of in-
plane refraction and out-of-plane losses, accounts for the overall transmission enhancement in the 
“infiltrated” spectrum in Figure 6-1. 
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Figure 6-1: transmission spectrum through the empty (in black) and LC-infiltrated (in red) 
H1 cavity. The left inset gives a zoom-in on the spectra near the resonance peaks and the right inset 
displays the high-resolution data used for estimating the infiltrated H1-cavity Q factor. 

 
The quality factor of the H1 cavity mode after LC-infilling is estimated from high 

resolution measurements (shown as an inset in Figure 6-1) to be Q = 46 ± 9. The decrease of the 
H1 cavity Q value from approximately 65 to 46 is reported in the literature for other cavities as 
well. In the case of the Fabry-Perot-like cavity with 4-row thick mirrors, Martz et al. report in 
[23, 27] a reduction of the Q factor from ~310 to ~ 100 after infiltration with the same liquid 
crystal 5CB.  A decrease of the quality factor for a Fabry-Perot-like cavity is also reported in [29] 
when it is infiltrated with the LC-E7, although the authors mention no explicit value in the case of 
the in-filled cavity. 

The reason behind Q factor reduction is the increase in mirror transmission and intra-
cavity losses [23]. Because of the reduced in-plane refractive index contrast, the confinement of 
the cavity mode inside the defect region is weakened (the photonic crystal mirrors get worse). 
The mode penetrates deeper into the mirrors and it will interact more with the surrounding holes 
(see also the cavity mode intensity pattern in Figure 4-10). It will thus be affected to a greater 
extent by out-of-plane losses occurring in the low-dielectric region. The quality factor is a 
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measure of how lossy the resonant cavity is and therefore, higher cavity losses will provide for 
lower Q factors. 

Two important characteristics regarding the LC-infilling are the infiltration efficiency and 
the LC molecule orientation inside the holes. Their evaluation requires measuring the LC-
infiltrated photonic-crystal devices at temperatures higher than the 5CB clearing point and will be 
presented in the section dealing with the outcomes of temperature tuning. 

 
In order to show the reliability of deeply-etched planar photonic crystal infiltration, 

another infiltrate candidate was also tried: the polymer BCB in solution (DOW 3022-46). BCB 
(BenzoCycloButene) is a widely known polymer generally used for planarising micrometer-sized 
structures in multi-step lithography [47]. Sample A was chosen to be infiltrated with the polymer 
solution. In order to ensure a small wetting angle and thus to guarantee efficient filling of the 
holes, the chip underwent a surface pre-treatment with an adhesion promoter (AP3000). The 
transmission spectrum of the BCB-infiltrated H1-cavity photonic crystal, shown in Figure 5-2(a) 
in the empty case, is displayed in Figure 6-2. As a result of infiltration, the air band edge shifts to 
lower frequencies from a/λ ≈ 0.285 to a/λ ≈ 0.26. The strong reduction of out-of-plane losses is 
clearly manifested by the transmission enhancement in the air band and especially for the cavity 
resonance which is not visible in the empty spectrum. A comparison between the H1 cavity 
quality factors before and after BCB-infilling is not possible because of missing information on 
the empty device. For this reason, high-resolution data were not taken for either situation. 
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Figure 6-2: the transmission spectrum through a BCB-infiltrated H1 cavity (in red) displays 
a very pronounced resonance peak as opposed to the empty case (shown in black).  A Lorentzian fit of 
the low-resolution data around the infiltrated-cavity peak is shown in the inset. 

 
Nonetheless, a rough estimate of the cavity peak position and quality factor can be made 

for the filled spectrum. Fitting the low-resolution data with a Lorentzian function (given in the 
inset of Figure 6-2) yields a peak position at a/λ ≈ 0.239 which is consistent with the value 
obtained for the LC-infiltrated H1 cavity on sample B. This is remarkable taking into 
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consideration the fact that the two devices are present on chips whose photonic crystal patterns 
were differently processed (see §3.1) and also the infiltrate is distinct. Moreover, the Q factor of 
the BCB-infiltrated cavity is evaluated at Q = 74 ± 41. Within the large error margins, this value 
is also about the same as that estimated for the LC infiltration case (i.e., Q = 46 ± 9). 

 
 

6.1.2 H2 cavity 

The optical transmission spectrum through the H2 cavity (see Figure 5-4) infiltrated with 
the LC K15 is given in Figure 6-3. A quantitative estimate of the red shift of the air band edge 
cannot be made because of missing data between a/λ = 0.260-0.269 (damaged ridge waveguide). 
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Figure 6-3: (a) transmission through empty (in black) and LC-infiltrated (in red) H2 cavity. 
(b) High-resolution data around the H2 cavity resonances before (in black) and after infiltration (in 
red) showing the peak mergence. 

 
The two closely spaced H2-cavity modes clearly visible in the empty spectrum merge 

with each other as a consequence of infiltration. The merging of the two peaks is reproducible in 
ulterior high-resolution measurements shown in Figure 6-3(b) in red. The two plots in Figure 
6-3(b) taken in high-resolution corresponding to the empty and LC-infiltrated case clearly 
demonstrate the peak mergence as a consequence of infilling. 

This experimental observation agrees very well with the numerically calculated H2-
cavity spectrum displayed in Figure 6-4 for both empty and infiltrated cases. The two cavity 
peaks are expected to broaden after infiltration (equivalent to the decrease of their Q factors) and 
they combine due to their proximity. 
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Figure 6-4: transmission spectra calculated by FDTD for the empty (in black) and filled (in 
red) H2 defect. The index of refraction of the infill was assumed to be n = 1.5. 

 
 

6.1.3 Fabry-Perot cavity 

The transmission spectrum through an empty 1 row-wide Fabry-Perot-like resonator with 
5-row thick photonic-crystal mirrors was already given in Figure 5-10. The optical transmission 
in Figure 6-5 shows obvious proof of LC-infiltration of the device air holes. The average 
transmission in the air band increases by more than a factor of 3 which is indicative of the 
reduction of out-of-plane losses. The red shift of the air band edge is evaluated at Δ(a/λ) ≈ 3×10-2 
whereas there is no influence on the dielectric band edge. 

A significant enhancement of the cavity peak transmission is observed. The inset of 
Figure 6-5 presents a zoom-in on the two spectra around the resonance frequencies. While the 
Fabry-Perot-like resonance is barely visible in the black spectrum, it becomes very pronounced in 
the infiltrated case. 

The asymmetry of the resonance peak in the red spectrum because of a damaged litho-
tuned structure makes a quantitative analysis, in terms of cavity peak red shift and Q factor 
reduction, highly unreliable. Assuming the highest amplitude of Fabry-Perot fringes, denoted by 
“A” in the inset Figure 6-5, to coincide with the peak maximum transmission of the cavity mode 
in the infiltrated crystal, the location would be a/λ ≈ 0.231. A lower-limit estimate of the red shift 
of the cavity peak would then be Δ(a/λ) ≈ 0.6×10-2. This value compares reasonably well, in spite 
of the likely undervaluation, with the observed red shift of the H1 cavity (that is, 0.8×10-2).  An 
evaluation of the quality factor for the infiltrated Fabry-Perot-like cavity was not attempted for 
reasons related to the high inaccuracy which would have characterized the result. 
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Figure 6-5: transmission spectrum through the empty and LC-infiltrated Fabry-Perot-like 
cavity displayed in black and red, respectively. The inset gives a zoom-in on the spectra near the 
resonance peaks. 

 
 

6.1.4 W3 waveguide 

The W3 photonic crystal waveguide (PCW) analyzed in the previous chapter was 
successfully infiltrated with the liquid crystal 5CB as well. The measured optical transmission is 
displayed in Figure 6-6 for both the empty and the infiltrated case. There is no significant 
difference in the transmission level between the two situations, the data being reproduced well 
between the two sets of measurements. The only notable exception lies at the spectral location of 
the mini stop-band which experiences a red shift of Δ(a/λ) ≈ 0.5×10-2 or Δλ ≈ 30 nm (a = 381 nm) 
from about a/λ = 0.256 to 0.251 (the shift is more clearly shown in Figure 6-6(b)). A red shift of 
the interval a/λ = 0.256-0.273 containing a less sharp mini stop-band transmission dip (see the 
discussion in §5.3.3) is also observed. 

Remember that the mini stop-band occurrence involves the even W3 higher-order mode 
which bears a resemblance to the Fabry-Perot-like photonic-crystal resonant mode. It is thus not 
surprising that shift of the mini stop-band is very close to the red shift of the Fabry-Perot-like 
mode shown in Figure 6-5 and evaluated at Δ(a/λ) ≈ 0.6×10-2. 

The experimental data from above are supplemented with the theoretical transmission 
spectra obtained from FDTD calculations presented in Figure 6-7. The red curve was computed 
assuming a refractive index inside the holes nhole = 1.5. The similarity between empty and 
infiltrated experimental spectra is observed also in the simulations where the important feature is 
the shift of the mini stop-band towards lower frequencies. 
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Figure 6-6: (a) transmission spectrum through the empty and LC-infiltrated W3 photonic 
crystal waveguide displayed in black and red, respectively. (b) zoom-in on the mini stop-bands. 

 
The explanation lies in the manner under which the energy is transferred along the W3 

PCW. The energy is conveyed through the waveguide primarily by the fundamental mode. It was 
shown in Figure 2-19 that this mode is very well confined to the waveguide dielectric region and 
only slightly interacts with the adjacent air region. When the holes are infiltrated with a higher 
index material, this will have only a modest influence on the propagation behaviour of the mode. 
Thus, the transmitted light intensity will not be considerably affected. 
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Figure 6-7: transmission spectra calculated by FDTD for the empty and filled W3 PCW 

coloured in black and red, respectively. The index of refraction of the infill was assumed to be n=1.5. 

 
On the other hand, the mini stop-band is due to the complex interplay between the 

fundamental and the higher-order mode. As already demonstrated in the previous chapters, the 
latter mode resembles a Fabry-Perot-like resonator and penetrates significantly into the 
waveguide mirrors (see Figure 2-19 and Figure 5-19). As predicted in §2.5.2.2, the mode will be 
influenced by the liquid crystal-infiltration of the photonic-crystal waveguide walls and this 
determines the red shift of the mini stop-band. This effect might have been expected due to the 
similar red shift of the Fabry-Perot-like resonant peak upon LC-infiltration. In conclusion, there is 
an agreement between measurement and theory in terms of the stop-band shift towards lower 
frequencies. 

 
 

6.2 Temperature tuning 
The optical properties of LC K15-infiltrated photonic crystal devices were tuned by 

means of temperature variation. The most promising candidates for this endeavour were the H1 
cavity and the W3 photonic crystal waveguide because they showed clearly distinctive spectral 
features as opposed to the merged H2 peak or the incomplete Fabry-Perot-like resonance. The 
results on the temperature tuning of the infiltrated H1 cavity and W3 PCW are presented in the 
following sections. 

 

6.2.1 H1 cavity 

The influence of the temperature-induced change of the LC refractive index on the 
spectral response of the infiltrated H1 defect was studied for the following temperature points: 
room temperature (~ 23oC), 30oC when the LC-K15 is still deep in its nematic state, 35oC close to 
the 5CB clearing point and 40oC when the LC is in the isotropic phase. 

High-resolution measurements were performed in order to fully resolve the Fabry-Perot 
fringes and to permit the estimation of cavity quality factors for all temperatures. It was observed 
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that the low-frequency Fabry-Perot modulation (see §5.2.1) shifts with increasing temperature 
because of the thermally-induced modification of the semiconductor refractive index [34, 48]. In 
order to evaluate the shift of H1 resonance peak, the low-frequency beats were fitted with 
Lorentzian profiles using the same technique as outlined in the preceding chapter. The result 
given in Figure 6-8 shows the spectral response of the LC-infiltrated H1 cavity mode 
corresponding to the four temperatures mentioned above. 

The three inset graphs on the right of Figure 6-8 display the beat-modulated spectra at the 
three elevated temperatures along with the Lorentzian fit curves. The room-temperature data was 
already presented in Figure 6-1. The resonant mode was observed in a single litho-tuned device (a 
= 361 nm) and because the relative shift of the resonance peak upon temperature variation can be 
evaluated easier from absolute wavelengths, normalized frequencies are not used in Figure 6-8. 
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Figure 6-8: (left) Lorentzian profiles of the H1 cavity peak for 4 different temperatures of 

the LC K15-infiltrated photonic crystal device. (right) the inset graphs show the high-frequency raw 
data used to compute the Lorentzian profiles on the left. 

 
Since room temperature (RT) lies very close to the crystalline-to-nematic phase transition 

temperature of K15 (Tcn = 23oC), the liquid crystal is observed to be always in the nematic state at 
RT because it is in the liquid state. It is worth reminding here that the temperature generally 
varied with ± 0.1oC throughout all measurements. When the temperature is raised to 30oC and the 
LC is deep in the nematic phase, there is a small variation in the LC refractive index nLC  which 
accounts for the slight shift of the H1 cavity peak from λ = 1512 ± 0.9 nm to 1514.8 ± 0.5 nm. 

Next, the temperature is increased to 35oC in order to observe the phenomena occurring 
near the nematic-to-isotropic phase transition temperature (clearing point) Tni = 35.4oC. A red 
shift to 1520.3 ± 0.7 nm is observed which is indicative of an increase in the refractive index of 
the holes’ infill.  By further increasing the temperature, no further modification is expected 
because the LC refractive index remains constant (niso = 1.575) in the isotropic regime. At 40oC 
when the LC is deep in its isotropic state, the location of the H1 peak is fitted at 1519.6 ± 0.5. The 
slightly smaller value than that at 35oC is attributed to measurement uncertainties. The total shift 
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from RT to 40oC is then Δλ ≈ 7 nm. Martz et al. report in [23] a similar red shift of Δλ = 7 ± 1 
nm for the above-mentioned Fabry-Perot-like cavity when the temperature was varied from RT to 
40oC. 

However, a contribution to this shift comes also from the variation with temperature of 
the semiconductor refractive index. In order to quantify this effect, the transmission spectrum of 
the empty H1 cavity was also measured at RT and 40oC. The resonance peak exhibits a red shift 
of Δλsemi ≈ 2.5 nm. By comparing this value with the overall shift of H1 peak it follows that the 
largest contribution of ΔλLC ≈ 4.5 nm comes from the LC refractive index change. 

The quality factor of the LC-infiltrated H1 cavity resonance does not change significantly 
over the analyzed temperature range with an exception at 35oC. The estimated Q factors at all 
four temperatures are listed in  

Table 6-1. The reason behind the larger value at 35oC is due to measurement inaccuracies 
– notice the peak asymmetry in the high-resolution spectrum at 35oC in Figure 6-8 in comparison 
with the peak profiles at other temperatures. This also explains the peak position which was not 
expected to be slightly red shifted from the value corresponding to 40oC. 

 
Temperature (oC) Q factor

RT 46 ± 9 

30 46 ± 4 

35 65 ± 10 

40 49 ± 5 

 

Table 6-1: infiltrated H1 cavity Q factors at temperatures indicated in Figure 6-8. 

 
An unwanted effect was the thermal expansion of the sample-stage materials. This 

necessitated the refocusing and the reoptimization of the measured signal every time the 
temperature was varied. Unfortunately, these two steps could not be carried out completely 
identical and they account for the different peak maximum transmissions in Figure 6-8. 

 
Infiltration efficiency 
The degree to which the photonic crystal pores are filled with liquid crystals can be 

estimated by calculating the infiltration efficiency η defined by: 

 
1
1

hole

LC

n
n

η −
=

−
 (6.1) 

where nhole is the average refractive index of the infiltrated holes and nLC is the refractive index of 
the liquid crystals inside the pores. They must not be necessarily the same since the infiltration 
efficiency is generally smaller than 100%. 

When the LC 5CB is in the nematic state, the refractive index that the TE-polarized light 
experiences when passing through the holes depends on the relative orientation of the electric 
field with respect to the LC director field. The electric field polarized in the plane of the slab 
waveguide will feel the ordinary refractive index no = 1.516 in case of homogeneous molecular 
alignment that is, LC mesogens oriented predominantly parallel to the hole sidewalls (see §4.1). 
In case of homeotropic (perpendicular) surface anchoring, the LC director field has a more 
complex configuration (planar polar or escaped radial). Therefore, the LC refractive index 
experienced by the propagating light is generally a tensor and its value depends on the exact 
director configuration and on the electric field map [23]. In the light of all these considerations, it 
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is difficult to estimate nLC when the LC exists in the nematic phase. On the other hand, in the 
isotropic phase the LC is no longer birefringent and irrespective of the polarization of light the 
LC index of refraction is always a scalar equal to niso = 1.575. 

Therefore, in order to get an estimate of the infiltration efficiency, a best fit by FDTD 
calculations of the H1 cavity transmission at 40oC is performed. The normalized hole radius r/a 
found in the previous chapter for the empty H1 device serves now as an input parameter to the 
simulations. The r/a value is set equal to 0.275 and the refractive index inside the holes is varied 
in steps of 0.01 until a best fit between measurement and numerical calculations is obtained. The 
best fit is obtained for nhole ≈ 1.36 and is shown in Figure 6-9. To take into account the thermal 
dependence of the semiconductor refractive index, neff was set to 3.2736. A temperature gradient 

4 o/ 2 10 / Ceffdn dT −= + × is reported in [48] for calculations made on the same III-V 
semiconductor material system as in present work. Since neff = 3.27 was used for simulations of 
devices at room temperature, a difference of ΔT = 17oC yields Δneff = 0.0036. 

Taking nLC = niso = 1.575 and nhole ≈ 1.36 and replacing them in (6.1), the infiltration 
efficiency is found to be η ≈ 63%. A value of η ≈ 71% is reported in [23] for the LC K15-
infiltration of planar photonic crystals deeply etched in the InP/InGaAsP/InP heterostructure slab 
waveguide. It must be pointed out here that η ≈ 63% is only an average infilling efficiency of the 
overall crystal and does not contain any information on the partial or complete filling of single 
pores. 
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Figure 6-9: best fit by FDTD method of the H1 transmission at 40oC.  The experimental 

spectrum and the calculated one are given in black and blue, respectively. The fitting parameters 
were nhole = 1.36 and neff  = 3.2736. 

 
LC molecule orientation 
When infiltrating nematic liquid crystals in cylindrical cavities, such as the photonic 

crystal holes, the equilibrium configuration of the molecules inside the pores depends primarily 
on the anchoring of the LC mesogens to the lateral surface of the holes. It is also dependent on the 
confinement effects linked to the LC properties (for example, the LC elastic moduli), to the cavity 
itself (e.g. its size), and to the sidewall surface (its chemical state, roughness, etc.) [23]. 

An estimate of the average molecular orientation of the liquid crystal K15 in the nematic 
state inside the holes can be achieved as follows. The H1 cavity transmission spectrum at 30oC is 
best fit by FDTD numerical calculations and an average hole refractive index value nhole = 1.33 is 
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obtained. Knowing the infiltration efficiency η ≈ 0.63, an index of refraction of liquid crystals 
inside the pores nLC ≈ 1.524 is determined from equation (6.1). This value is slightly larger than 
the LC-K15 ordinary refractive index no = 1.516 and it suggests that the average LC director is 
not entirely perpendicular to the TE-polarized electromagnetic field. Therefore, the most likely 
molecular configuration of the LC inside the holes is the escaped radial: the mesogens are 
oriented predominantly parallel to the hole vertical axis but near the sidewall they tend to be 
anchored perpendicular to the surface (see §4.1 for a graphical illustration of this arrangement). 
Then nLC can be considered as a combination of no and ne weighted on the local electric field 
distribution near the H1 defect region. 

Temperature tuning of a Fabry-Perot-like cavity infiltrated with the LC-E7 in a 
hexagonal-array photonic crystal perforating an AlGaAs/GaAs slab waveguide is also reported in 
[29]. Following TE optical transmission measurements, the authors also suggest that the electric 
field only interacts with the ordinary phase of the LC. 

 

6.2.2 W3 waveguide 

Optical transmission measurements at elevated temperatures were also performed 
through the LC-infiltrated W3 photonic crystal waveguide. Only measurements of the MSB 
transmission dip are presented in this section because, as observed in Figure 6-6, it is the sharpest 
feature in the W3 waveguide transmission and it is most sensitive to infiltration. The results are 
given in Figure 6-10. The stop-band was observed in only one block element (a = 381 nm) and 
absolute wavelengths will be employed in what follows instead of normalized frequencies, 
similarly to the previous section. 
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Figure 6-10: transmission through the W3 PCW in the empty and LC-filled cases. The red 
and blue spectra correspond to the LC-K15 in the nematic and isotropic phase, respectively. 
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A broadening and a flattening of the MSB are observed in the spectra for the K15-
infiltrated device. These two effects allow only a rough estimate of the MSB wavelength location. 
The difference between the profiles of the stop-band between the empty and filled situations can 
be related to the higher-order mode behaviour upon infiltration. It was shown before that the 
resonance peaks of photonic crystal-based cavities also broaden when their holes are filled with 
LCs. This phenomenon was observed for both point defects (H1, H2, and the ring) and the Fabry-
Perot-like line defect. The large resemblance between the W3 higher-order mode and a Fabry-
Perot-like photonic-crystal resonator explains the broadening of the MSB when the PCW is filled 
with LCs.  

The empty MSB lies at approximately λ = 1487 nm. The spectra of empty and infiltrated 
device at room temperature (around 22.2oC) indicate a red shift Δλ ≈ 30 nm. By further increasing 
the temperature to 30oC no significant shift is noticeable. Only at 35oC, when the LC has 
undergone the nematic-to-isotropic phase transition a visible red shift is observed due to the 
increase in the hole refractive index. Above this temperature, the LC is in the isotropic state and 
no variation is further observed. The overall red shift of the MSB from room temperature up to 
45oC is Δλ ≈ 8 nm. 
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Figure 6-11: transmission spectra of the W3 mini stop-band after the intentional removal of 

LCs. The room temperature and 45oC spectra are given with black and red, respectively. 

 
As before, the influence of the thermal dependence of the semiconductor refractive index 

on the MSB position was investigated. Normally, this investigation should have been performed 
before infiltrating the sample with LCs. However, this was not possible because at that time the 
sample holder was not fitted with the hole necessary for mounting the thermistor. Due to several 
considerations, it was decided to fill the photonic crystals despite this inconvenience and the 
measurements proceeded. Only later, when a new and appropriate holder was fabricated the 
temperature-dependent measurements for the filled devices were done. Afterwards, the liquid 
crystals were removed from the sample with iso-propanol (the LC K15 dissolves easily in iso-
propanol) and it was expected that most of liquid crystals had been removed from the holes as 
well.  

The discrepancy between the location at λ ≈ 1505.5 nm of the MSB at RT in Figure 6-11 
and λ = 1487 nm for the empty W3 PCW in Figure 6-10 might be determined by the incomplete 
removal of LCs from the photonic crystal pores. The red shift of the MSB is estimated from 
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Figure 6-11 at Δλsemi ≈ 3 nm. It should be remembered that this value is an overestimation of the 
influence of the semiconductor refractive index thermal dependence. It follows that the MSB red 
shift caused by the LC-K15 nematic to isotropic phase transition remains ΔλLC ≈ 5 nm. 

The MSB spectrum of LC-filled W3 waveguide at 45oC in Figure 6-10 was best fit by 
FDTD simulations in the same way as described for the H1 cavity. The effective refractive index 
was adjusted to neff = 3.2746 and the index of refraction onside the holes was evaluated at nhole ≈ 
1.45. Using formula(6.1), the infiltration efficiency is calculated to be η ≈ 78%. These values are 
larger than nhole and η obtained from temperature-dependent measurements of the LC-filled H1 
cavity. They might be explained by the different overlap region between the filled holes and the 
field patterns of the H1 mode and the W3 higher-order mode. 

The best fit of the MSB spectrum at 30oC yields nhole ≈ 1.39. The refractive index of the 
liquid crystals inside the holes is found nLC ≈ 1.5. Within the large uncertainties involved in 
evaluating the MSB wavelength location, this value suggests a LC director field very close to the 
axial configuration (see §4.1). 

It is worth mentioning here that, in spite of the fact that the W3 mini stop-band is 
extensively studied both experimentally and theoretically in the literature, this is the first 
investigation on the LC-infiltration effects on the optical properties of the W3 photonic crystal 
waveguide. Consequently, the temperature tuning of the mini stop-band spectral location 
constitutes a first-time achievement as well. 

 
 

6.2.3 Remarks on the LC molecule orientation 

In ref. [23] the authors took a slightly different approach in determining the molecular 
orientation. They fit by 2D-FDTD calculations the air band edge in transmission spectra through 
a K15-infiltrated hexagonal-array photonic crystal slab deeply etched in the same III/V material 
system as in present work. A refractive index LC slab

n  ≈ 1.675 of the LCs inside the holes in the 
nematic state is determined. They deduced that the LC molecules are aligned on planes 
perpendicular to the hole axis, in contrast with the finding given in the previous sections. On the 
other hand, when they performed the fit of the Fabry-Perot-like resonance peak (already referred 
to in this chapter) they obtained a totally different result: LC FP

n ≈ 1.55. The authors attributed 
the discrepancy between the two contradictory values to (i) different electric field maps in the 
transmission band (slabs) and in the photonic band gap (cavity), and (ii) the fact that the real LC 
molecule configuration is 3D, while the theoretical models were all 2D. 

Similar arguments apply to the results of infiltration of photonic crystal structures studied 
in this work. The electric field map of the H1 cavity mode and the complex nature of mode-
intermixing involved in the mini stop-band occurrence explain the different nLC values obtained in 
the two situations. It is assumed that the fit of the air band edge is a more reliable method to 
estimate the LC orientation inside the holes due to the large overlap of the air band mode with the 
hole region than that experienced by cavity fields. This is expected to provide a realistic image of 
what happens inside the infiltrated photonic crystal holes. This was not done in the present work 
because of the following reason. 

This approach requires steep air band edges which are very difficult to achieve in the 
end-fire technique due to the “parasitic” Fabry-Perot ridge oscillations. This issue is further 
complicated by the intrinsic lossy character of photonic crystals fabricated with the technique 
described in §3.1. For these reasons, measurements of the air band edge through infiltrated 
photonic crystals at various temperatures showed no visible difference and thus were 
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inconclusive.  On the other hand, the photonic-band-gap devices investigated in [23] are 
measured with the internal light source technique which is less affected by Fabry-Perot fringes. 
Additionally, the devices fabricated with a different etching method (chemically assisted ion 
beam etching) also exhibit lower losses as manifested by the high Q value of the Fabry-Perot-like 
cavity. Thus the photonic crystals have steep transmission band edges which can exhibit 
thermally induced shifts for the LC-infiltrated devices. 

In the light of these arguments, optical transmission measurements do not seem yet the 
most reliable method for the determination of LC molecule configuration in infiltrated photonic 
crystal holes. 



 89

 

7 Concluding remarks and suggestions 

Two-dimensional photonic crystals patterned on a hexagonal array of air holes were 
deeply etched in an InP/InGaAsP/InP heterostructure slab waveguide. In the standard technique, 
the photonic crystal holes and the ridge access waveguides are etched simultaneously with an ICP 
process. In order to optimize the light coupling efficiency into photonic crystal waveguides, the 
ridge access waveguides were tapered. Issues related to the mechanical stability of the narrow 
tapers called for a two-step etching process where the photonic crystal pattern and the ridges were 
etched independently. Despite being the first time when this two-time processing was attempted, 
it yielded good results in terms of observed spectral properties of photonic crystal structures and 
alignment of the (tapered) waveguides to the air-hole patterns. 

Several types of photonic crystal defects were investigated: point defects (such as H1, H2 
and ring cavities) and line defects (Fabry-Perot-like microresonators and photonic crystal 
waveguides). The H1 and H2 cavity quality factors ranging from ~ 65 to ~ 101 are comparable to 
values obtained for membrane-type photonic crystals. The transmission spectrum of the W3 
photonic crystal waveguide exhibited a mini stop-band transmission dip at a/λ = 0.256. The 
normalized hole radius value is consistent for most of the investigated devices and remains within 
the range r/a ≈ 0.273-0.28. 

The photonic crystal air pores were infiltrated with the nematic liquid crystal K15(5CB) 
which has a low clearing temperature Tni = 35.4oC. As a result of hole refractive index increase, 
the transmission spectra show a red shift of the transmission band edges and of the cavity 
resonance peaks. A red shift of the air band edge as large as Δ(a/λ) ≈ 3.5 × 10-2 is measured. In 
contrast to this, no significant shift of the dielectric band edge is recorded. This is an expected 
result and is related to the different guiding mechanisms of the air band and dielectric band mode, 
respectively. 

The H1 cavity resonance peak is shifted by Δ(a/λ) ≈ 0.8×10-2 towards longer 
wavelengths, simultaneously with the enhancement of peak maximum transmission and decrease 
in the cavity quality factor from 65 to 46. These effects are mainly ascribed to the reduction of 
out-of-plane losses and broadening of the cavity mode field distribution when infiltrating the air 
holes with a higher-index material. The W3 mini stop-band also exhibits a red shift equal to 
Δ(a/λ) ≈ 0.5×10-2. 

The optical response of the LC K15-infiltrated photonic crystals was dynamically 
modified by increasing the sample temperature above the clearing point of LC-5CB. The H1 
cavity peak and the W3 mini stop-band experienced an additional red shift of approximately 7-8 
nm. This indicates a further increase in the hole refractive index due to temperature tuning. 

The liquid crystals inside the holes undergo a transition from nematic to isotropic state 
when the temperature is raised above the K15 clearing point. It was concluded that the LC 
molecules in the nematic state were preferentially aligned parallel to the pore axis and thus 
perpendicular to the TE polarized optical field. Therefore, the LC refractive index inside the holes 
increased from no = 1.516 to ni = 1.575 and thus accounting for the larger hole refractive index 
observed from optical measurements. The liquid crystal infiltration efficiency was evaluated at 
63% for the H1 cavity and 78% for the W3 waveguide. 

It is worth emphasizing here that this report presents two experimental investigations 
which are not reported yet in the literature. 

First one concerns the H1 cavity. This is the smallest microcavity ever reported in deeply 
etched InP-based planar photonic crystals. The change of its optical properties by LC-infiltration 
and temperature tuning is an added accomplishment of present work. 
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Second achievement concerns the first optical study on W3 photonic crystal waveguides 
infiltrated with a higher index material. The tuning of the W3 mini stop-band by temperature 
change was successfully realized. 

 
 
As pointed out in §5, there were a number of problems with some of the investigated 

devices. These encompass damaged access ridge waveguides, lithographic tuning ranges too 
limited to scan the entire photonic band gap in the case of point defect cavities, or the improper 
number of mirror rows for the ring cavity. A new sample was designed aimed at correcting some 
of these undesired features: a broader litho-tuning range so that all the different cavity modes may 
be probed and an identical number of photonic crystal mirror rows for all cavities included on the 
sample. The sample will also contain a new type of point defect, the so-called H0 cavity, 
implemented by reducing the radius of a single air hole. Unfortunately, the processing of this 
sample could not be accomplished during the course of this graduation project. 

The work carried out in this master project is part of a larger project aimed at selective 
infiltration of photonic crystal air holes. This represents a refinement of global infiltration of 
photonic band-gap materials and aims at increasing the functionality of photonic crystal devices. 
Briefly stated, the selective infiltration as envisaged in the project consists in the redeposition of a 
SiN hard mask layer over the ICP-etched photonic crystal pattern and subsequent selective 
opening of holes only at desired locations by focussed ion beam. Preliminary results look 
promising and improvements are already under way.  

Thermal tuning of the optical properties of LC-infiltrated photonic crystal devices is an 
excellent proof of concept at the laboratory level. However, due to its intrinsically slow character, 
thermally tuneable photonic crystal devices do not seem feasible for implementation into future 
photonic integrated circuits where fast switching speeds are required. This inconvenience could 
be overcome by employing an electrical field instead of temperature to control the LC molecule 
configuration. A follow-up of the research performed in this project would then naturally be the 
liquid-crystal electric tuning of photonic-band-gap structures. 
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