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Chapter 1

Introduction

This thesis is focussed on the tuning of photonic crystal devices intended for photonic
integrated circuits. A general introduction to the background of subject matter is
given in section 1.1. In section 1.2 the envisioned role of photonic crystals in photonic
integrated circuits is dealt with. Section 1.3 deals with photonic crystals and their
extraordinary properties. Finally, the outline of this thesis will be given in section
1.4.

1.1 General introduction

Since the advent of organized societies, there has been a continuing effort to develop
faster, cheaper and more elaborate ways of telecommunication for very diverse pur-
poses, although most methods found their first application in hunting and warfare.
In particular, optical telecommunication has been widely used, and has been for a
long time the only means of telecommunication which does not involve transporting
a message physically. The earliest forms of optical telecommunication, which include
fire, smoke and flag signals and the heliograph, were employed to transport simple
messages over long distances. In particular, a network of fire signals, described by
Aischylos, which is now known as ”Agamemnon’s link”, was employed to transport
the message of the fall of Troy to Argos [1]. This is quite an accomplishment, consid-
ering the message was relayed over a distance of more than 600 km in a few hours,
by a factor of 10 faster than the best known human messenger, Phidippides. A
more sophisticated form, the opto-mechanical telegraph (semaphore) was developed
during the French revolution by Chappe from ideas described in the classical era
by Polybios [2] and refined by Hooke [3]. With this device, 196 different signals
could be transmitted, opening up the possibility to relay more complex messages.
Such was the importance of this invention that Napoleon ordered the construction
of a complete network of semaphores stretching from The Netherlands to Italy and
Spain. From the late nineteenth century onwards, optical telecommunication has
lost its prevalence due to the invention of the electrical telegraph and later radio,
which have a range beyond the line of sight, in bad weather and at night.

With the advent of modern electronics the demand for cheap high bandwidth

1



2 Introduction

communications has exploded. In the 1970s, the car-phone, the modest beginning
of mobile telephony, was a rarity and considered a niche market. Nowadays, over a
billion cell-phones are sold worldwide every year (2008) [4]. Even with the current
credit crunch, sales are expected to hit a billion in 2009 [5]. Although impressive,
the growth of global internet traffic is larger still. Already in 1999 data traffic has
overtaken voice traffic in terms of volume and annual growth, and 2009 showed an
acceleration of the international traffic per year to 79% up from 61% in 2008 [6].
To accommodate the transfer of these large amounts of data, optical fibers are
increasingly employed due to its high bandwidth and low propagation losses. This
trend has resulted in transatlantic fiber networks with bandwidths up to 5.1 Tb/s,
capable of transmitting the contents of the US Library of Congress, the largest
library in the world, in roughly 2 seconds. However, a Berkeley study estimated the
total amount of transmitted information worldwide in 2002 to be 18 exabytes, more
than a million times the content of the Library of Congress, with a staggering 66%
annual increase [7].

The bottleneck in the transmission of these huge amounts of data is the elec-
tronic switching circuitry, which analyzes the data that arrives on either side of the
ocean from the long haul optical fibers, and relays the information either via electri-
cal cable or fiber to consumers. Due to the limited speed of the electronic circuitry,
several switching units are operated in parallel, leading to high power consumption.
To fully benefit from the high speed, high bandwidth data transfer capabilities of the
optical fiber, optical circuitry is required, which is intended to replace the electronic
switching functions and maintain transmission speed. Conventional integrated op-
tical circuits have a relatively large footprint compared to electronics, increasing
cost. The use of photonic crystals in these integrated optical circuits will reduce the
footprint of the circuitry and allow for monolithic integration of optical switching
circuitry.

Photonic crystals have the extraordinary property that they exhibit an optical
bandgap, i.e. a range of frequencies of light which does not propagate inside the
crystal. This property is analogous to the bandgap for semiconductors, which is
the cause of their richness in possible applications. Bandgap engineering in semi-
conductors has led to ultra-small electronic circuits that are in many household
appliances today. For photonic crystals a similar route is envisaged; photonic crys-
tals can be exploited for storing, filtering and guiding of light signals which can be
implemented on the smallest possible scale, that of the wavelength. In this thesis,
the optical properties of several building blocks for such photonic integrated circuits
are explored. The study includes the adaptation of the frequency range through
the use of liquid crystals and introduces a novel method to achieve ultimate design
freedom for components in photonic integrated circuits by local modification.

1.2 Photonic integrated circuits

The succes of modern electronics, unleashed by the invention of the electronic inte-
grated circuit (IC) by Jack Kilby in 1958, has had a profound impact on the world.
Electronics is nowadays omnipresent and has evolved into a multi 100 billion dollar
industry. In 1965, Gordon Moore observed that the number of transistors on ICs was
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growing exponentially, doubling every year. This observation has since been known
as Moore’s law and is still satisfied, see figure 1.1. The same diabolical growth has
also been observed for other parts of computer hardware, such as magnetic storage
and the number of pixels per dollar for display devices.
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Figure 1.1: Illustration of Moore’s law. The number of transistors per
IC doubles each year.

This extraordinary growth had been made possible by the ability to monolithi-
cally integrate increasingly larger numbers of transistors and other electronic devices
into a single chip. Since the switching speed of the circuits depend largely on the
physical distance between the devices, the individual transistors are made succes-
sively smaller to keep up with the demand for growth of the capacity. Currently,
the extremely small size of individual components is in the range of 100 nm. As
devices become smaller, the degree of perfection of the basic material and the heat
dissipation of the components becomes problematic. This is attested to by the num-
ber and size of the cooling fans required in desktop computers. While computers in
1990 only required passive cooling, nowadays desktop computers have three cooling
fans. These problems raise the question whether the fabrication of electronics has
reached a fundamental limit, i.e. a breakdown of Moore’s law.

The wide usage of electronics for communications, such as telephone and inter-
net, has introduced the usage of optical fibers for transporting data. The advantages
of using optical fiber are high bandwidth with low signal interference and low prop-
agation loss, which decreases the need for intermediate amplification. However, the
need for costly and slow Optical-to-Electrical-to-Optical (OEO) conversions to op-
erate the network, has limited the use of optical networks. This high cost is incurred
since every optical channel has to be fiber-coupled to the electronics, requiring ex-
pensive alignment and rigorous testing. Photonic integrated circuits (PICs) seek to
eliminate as much of the OEO conversions as possible by increasing the number of
functions that can be carried out optically.

PICs can be realized in several different material systems, such as InP, GaAs,
LiNbO3 and Si. To date, only InP has demonstrated the ability to integrate active
and passive components in the telecom band in the near infra red 1.3 µm and 1.55 µm
wavelength ranges. Since InP supports light generation, amplification, modulation
and detection, it enables all key functions required to be integrated on a single
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substrate, maximizing potential cost reduction [8].
Conventional InP PICs are based on ridge waveguides (RWG), see figure 1.2,

in which the light is confined by total internal reflection. RGWs exist as deeply
etched (a) and shallow etched (b) waveguides. Deeply etched RWGs have a better
confinement of the light but higher losses than shallow etched RWGs [9]. Absorbing
and amplifying sections of the InGaAsP core layer can be made by controlling the
composition of the core layer across the chip. With this RWG architecture and
control over the core layer properties, complex devices such as tunable lasers can
be fabricated [10]. However, RWG-based devices have a large on-chip footprint,
e.g. the Arrayed Waveguide Grating (AWG) which takes care of the wavelength
(de)multiplexing in the device, makes up about a quarter of the total device. The
size of these components is mainly determined by the minimum bending radius of
the RWG, which depends on the refractive index contrast between the RWG and
the surroundings.

substrate

bufferlayer

core layer

cladding

a) b)

Figure 1.2: Schematic representation of the semiconductor layer stack,
deeply etched ridge waveguide (a) and shallow etched waveguide (b) used
in PIC.

Since the fabrication technology of photonic crystals has not been perfected to
the degree that has been achieved for RWGs, photonic crystals have higher losses per
unit length than RWGs, typically RWGs have losses which are an order of magnitude
lower than PC waveguides. However, this does not take into account the expected
loss per component. While a AWG takes up almost a square millimeter [10], a
PC may perform the same function within 100 square microns [11], i.e. a space
reduction of 4 orders of magnitude. This translates to a reduction of the losses with
2 order of magnitude, even without using any of the extra area for amplification.

1.3 Photonic crystals

Photonic crystals are materials with a periodic modulation of the refractive index.
This modulation can occur in one dimension (1D), two dimensions (2D) or three
dimensions (3D), see figure 1.3, and gives rise to reflection of light of certain wave-
lengths at certain angles. The term photonic crystals (PCs) was first introduced
in 1989 by Yablonovitch [13], after being first described in pioneering papers by
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Figure 1.3: Photonic crystals in one, two and three dimensions.
Adopted from ref. [12]

Yablonovitch [14] and John [15]. Some of the properties of PCs were already widely
known before this time. For the 1D case, also known as a distributed Bragg reflector,
lord Rayleigh, in the late nineteenth century already reported that for certain angles
and frequencies complete reflection occurs for the slightest of refractive index mod-
ulations [16]. Also, this property was observed in X-ray crystallography, described
in 1914 by C.G. Darwin (grandson of the famous biologist) [17]. Although crystals
used in X-ray crystallography are in essence 3D structures, the reflection properties
do not arise from their 3D nature, but rather from certain crystallographic planes.
The refractive index contrast for X-rays is much too small (approximately 10−4) to
allow regular crystals to function as 2D or 3D PCs [18]. In the 1D case, formed by
the crystallographic planes, a non-vanishing refractive index contrast is sufficient.
It was however not recognized that both phenomena are part of a larger class: PCs.
Generally, only the 2D and 3D structures are referred to as PC.

PCs are also found abundantly in nature as is illustrated in figure 1.4. The
naturally occurring mineral opal (a) consists of densely packed silica spheres, which
form a 3D PC. The tendency of the silica spheres to form PC-like structures is
exploited in the process of making artificial 3D PCs [19]. The variation of the size
and stacking orientation of the spheres account for the multitude of reflected colors.
The occurrence of natural PCs is not limited to inanimate objects; the coloration
of various animals is also due to PCs. Figure 1.4b displays the Lamprocyphus Au-
gustus beetle, which has scales (detail picture below) consisting of 3D PCs, with a
multidomain diamond-like structure. The scales exhibit a near angle-independent
reflection of green light [20], lending the beetle its green coloration. The sea mouse,
Polychaeta Aphroditae, has brilliantly colored spines and hair (c) consisting of 2D
PCs. The walls of the hollow spines are made up out of chitin containing wavelength
sized pores oriented along the length of the spine [21]. Another example of 2D PCs
is found in the colorful patterns of peacock feathers (d), which consist of melanin
rods connected by keratin [22].

Although PCs are in name ”photonic”, referring to the quantum nature of light,
their optical behavior is described entirely classical. The optical properties of PC



6 Introduction

a) b) c) d)

Figure 1.4: Photonic crystals found in nature. a) Mineral known as
opal, consisting of densely packed silica sheres. b) The Lamprocyphus

Augustus beetle has scales consisting of 3D PCs, reflecting green light.
c) The sea mouse (Polychaeta Aphroditae) has spines and hair consisting
of 2D PCs. d) The brilliant colors of peacock feathers are due to a 2D
PC structure.

structures can be analyzed using Maxwell’s equations for macroscopic media:

∇ · ~D = ρ, (1.1)

∇ · ~B = 0, (1.2)

∇× ~E = −∂ ~B
∂t , (1.3)

∇× ~H = ~J + ∂ ~D
∂t , (1.4)

with ~D the displacement current, ρ the free charges, ~B the magnetic induction, ~E
the electric field, ~H the magnetic field and ~J the free current density. Under the (in
real systems satisfied) assumptions of small electric fields in an isotropic, low-loss
medium with a frequency independent dielectric constant ǫ, a magnetic permeability
µ close to 1, no free charges and currents, and harmonically varying fields, the four
equations can be incorporated into one, so called master equation [12]:

∇×
(

1

ǫ (~r)
∇× ~H (~r)

)

= ω2 ~H (~r) , (1.5)

with ǫ (~r) the dielectric function. The master equation is often written as

~Θ ~H (~r) = ω2 ~H (~r) , (1.6)

to emphasize the analogy with Schrödingers equation, which governs the behavior
of electrons in a solid. The solid state equivalent is given by

HΨ = EΨ, with H = − ~
2

2m
∇2 + V (~r) , (1.7)
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where Ψ is the electron wavefunction, E the energy, ~ is Planck’s constant divided
by 2π, m the electron mass and V (~r) the potential, which has a role similar to
the dielectric function. Equation 1.6 is an eigenvalue equation with an Hermitian
operator ~Θ and thus has real eigenvalues ω2 and orthogonal eigenfunctions ~H (~r).

When a periodic dielectric function is chosen, i.e. ǫ (~r) = ǫ
(

~r + ~R
)

with ~R a

lattice vector, the eigenfunctions are usually written according to Bloch’s theorem
as

~H~k (~r) = ei~k·~r~u~k (~r) , (1.8)

which represents the magnetic field as a plane wave modulated by a function ~u~k (~r),

which has the periodicity of the lattice, ~u~k (~r) = ~u~k

(

~r + ~R
)

. The wavevector ~k

labels the eigenfunctions and is not unique. An unique wavevector ~kred in the
irreducible Brillouin zone, can be constructed by choosing ~kred = ~k − ~k′, with ~k′

a reciprocal lattice vector. The master equation can be rewritten in terms of the
Bloch fields ~u~k:

~Θ~k~u~k =
(

ω
(

~k
))2

~u~k, (1.9)

with

~Θ~k =
(

i~k + ∇
)

×
(

1

ǫ (~r)

(

i~k + ∇
)

×
)

. (1.10)

Due to the translational symmetry, for every ~k a discrete set of eigenvalues ωn

(

~k
)

exist, which are uniquely labeled by the bandnumber n and the wavevector ~k.
Given adequate dielectric contrast, a bandgap opens up at the edge of the Bril-

louin zone, analogous to the opening of an electronic bandgap for electrons in semi-
conductors in solid state physics. These equations do not contain a fundamental
scale, the only requirement is that the modulation of the dielectric contrast is on the
scale of the wavelength in the medium. Thus, the master equation is scale invariant
with the dimensionless frequency a/λ and the dimensionless wavevector ka, in which
a is the period of the dielectric modulation, i.e. the lattice constant. This makes the
photonic bandgap concept invariant to length scale, provided the reduced scaling is
translated adequately into technology.

The existence of the photonic bandgap and the close resemblance to solid state
physics have sparked tremendous interest for the possibilities for engineering of the
bandstructure and the creation of defect states [12]. Presently, an active research
field exists, focused on the control of light on the scale of its wavelength.

Generally, 1D PCs are widely used as multilayer films for either reflection [23]
or anti-reflection coating and Distributed Bragg Reflectors (DBRs) in conventional
ridge waveguides [24]. 3D systems, such as colloidal crystals [19], Yablonovite [25],
woodpile structures [26] and inverse opals [27] have complete bandgaps, i.e. for all
polarizations and in nearly all directions; however, the introduction of intentional
defects, which in PCs take the role of dopants atoms in semiconductors, to the
lattice comes at the cost of an elaborate fabrication process [28], which makes them
less suitable for application in photonic integrated circuits. 2D PCs are periodic in
two dimensions and homogeneous in the third. For practical applications, 2D PCs
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are fabricated in a double heterostructure waveguide slab [29], in which the light
is confined in-plane by total internal reflection. These so-called planar PCs, can
be fabricated either as a lattice of airholes [29], or a lattice of pillars in air [30];
pillar-type PCs are not widely used, because of technological difficulties and high
expected losses.

In the present work a triangular lattice of air holes etched into an InP/InGaAsP/InP
heterostructure waveguide slab [31] was chosen, see figure 1.5. For a triangular lat-
tice of air holes, the electric field experiences a relatively large bandgap when the
electric field is polarized perpendicular to the axis of the holes, i.e. TE polarization.
The yellow colored layer in figure 1.7a is the InGaAsP layer which has a slightly
higher refractive index than the surrounding InP (white). Since the refractive in-
dex contrast is low (3.35 for InGaAsP vs. 3.17 for InP) the electromagnetic mode
extends quite far into the InP claddings, requiring hole depths in excess of 2 µm to
adequately interact with the optical field; see section 2.2 for details on the etching
process.

a) b)

Figure 1.5: a) PC consisting of a triangular lattice of air holes. b)
Top view of the triangular lattice, indicating the lattice constant a, the
hole radius r and the high symmetry directions ΓK and ΓM. c) Brillouin
zone of the triangular lattice, in which the irreducible Brillouin zone is
highlighted. The points of high symmetry are marked Γ, K and M.

A top view of the triangular lattice is given in figure 1.5a; the unit cell is high-
lighted. The triangular lattice has 60◦rotational symmetry, the important directions
in the lattice are indicated by the vectors ΓK and ΓM with a length of a, the lattice
constant, and

√
3a respectively. The names ΓK and ΓM are chosen according to the

direction in reciprocal space. The ratio of the radius of the holes, r, and a is the
parameter determining the air filling fraction:

f =
π√
3

( r

a

)2

, (1.11)

which gives the fraction of low-index material, which in turn also determines the
size of the bandgap.



1.3. Photonic crystals 9

Figure 1.5b displays the Brillouin zone of the triangular lattice. Due to the
60◦rational symmetry and the inversion symmetry of the lattice, the irreducible
Brillouin zone, which is highlighted in figure 1.5b is one twelfth of the Brillouin zone
of the lattice. The points of high symmetry are marked Γ, K and M. To calculate

the bandstructure it is sufficient to calculate the eigenvalues ωn

(

~k
)

along the path

connecting the points of high symmetry in the irreducible Brillouin zone, see figure
1.6a. This figure shows the first four bands, displaying a bandgap between the first
and second band. These bands are known respectively as the ”dielectric” and ”air”
band, which is derived from the distribution of the electric field (eigenfunctions).
In band 1 the electric field is primarily distributed in the high refractive index
material, the dielectric, while in band 2 the electric field is more concentrated in the
low refractive index material, usually the air holes.

0.0
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Figure 1.6: a) Bandstructure of the triangular lattice for the first four
bands in TE polarization, the band gap is indicated by the gray bar. b)
Bandstructure of the triangular lattice in TE polarization after replacing
the air in the holes by a material with a higher refractive index.

This difference in field concentration is a consequence of the orthogonality of
the eigenfunctions due to the Hermiticity of the ~Θ operator. Since the frequency
(eigenvalue) is minimized by minimizing

ω =
ck√

ǫ
=

ck

n
, (1.12)

for uniform media, with c the speed of light in vacuum and n the refractive index, the
lowest frequency eigenfunction is constructed by maximizing the field distribution
in the high refractive index material. The next eigenfunction is orthogonal to the
first which means

∫

~H∗

1,~k
(~r) ~H2,~k (~r) d~r = 0, (1.13)

requiring that the field of ~H2,~k (~r) is low where ~H1,~k (~r) is high, leading to less field
concentration in the high refractive index material, resulting in a higher frequency.
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Planar PCs can be implemented as deeply etched structures or membranes.
Deeply etched structures, such as the InP/InGaAsP/InP system, have a core waveg-
uiding layer which is sandwiched between two cladding layers with a slightly lower
refractive index, i.e. a low refractive index contrast system, see figure 1.7a. This
geometry makes these structures mechanically robust and allows for good heat sink-
ing for active applications. The drawback is that the electromagnetic mode is only
weakly confined to the plane, which has ramifications on the fabrication process,
see section 2.2. Also, due to the small refractive index contrast, all frequencies in
the bandgap may couple to modes in the substrate giving rise to intrinsically high
losses. These leaky modes are hatched in the bandstructure diagram in figure 1.7a.
Due to these intrinsic losses to the cladding layers, cavity Q-factors are expected
to be relatively low. The best Q-factor for the InP/InGaAsP/InP system so far is
reported to be 300 for a single missing row Fabry-Pérot-type cavity [32].

By choosing a different material with a lower refractive index as cladding, the
refractive index contrast can be increased; this case is depicted in figure 1.7b. In
this case the holes are etched through the bottom cladding as well. The obvious
advantages of such a system is the substantial increase of the part of the bandgap
located under the lightline for substrate modes, which allows theoretically loss-less
propagation. With a cladding layer of sufficiently low refractive index, the field
is well confined to the core layer and it is not even necessary to etch holes in the
bottom cladding. An example of this type of system is Silicon on Silica [27]. In these
systems usually there is no top cladding while the bottom cladding is not etched.

Membrane structures are generally produced by a etching similar pattern into
a heterostructure waveguide, after which the cladding layers are etched away se-
lectively, leaving a membrane surrounded by air, see figure 1.7c. In this case the
refractive index contrast is high, giving rise to a strong in-plane confinement and
low intrinsic losses, as most of the bandgap is located below the lightline. However,
this advantage is paid for by low structural stability. Membrane systems are widely
used, since they generally provide high cavity Q-factors and fabrication is relatively
straightforward as the required hole-depth is small.

Although the PC does not allow propagation for light of frequencies in the
bandgap, evanescent modes are possible. The introduction of intentional defects
in the PC creates confined states, where the field is allowed but decreases exponen-
tially away from the defect. This property has been exploited to create devices such
as waveguides [33] and cavities, see figure 1.8a and b respectively. Cavities, which
are generally produced by leaving one or more holes unetched, confine the field in a
small volume. The energy build-up inside the cavity with respect to the energy that
is lost per cycle of the cavity resonance can be very high and is expressed as the qual-
ity (Q) factor. High Q factors in small volumes make cavities an ideal system for the
observation of the Purcell effect [34] and cavity Quantum Electro-Dynamics (QED)
effects [35]. Record Q factors have been reported as high as 106 for cavities which
have been modified by shifting the surrounding holes [36]. Even higher Q-values, up
to 106, have been reported for so called double heterostructure cavities, which are
realized in waveguides [37], and theoretical predictions range into 109 [38]. Numer-
ous applications of cavities and waveguides as basic elements have been reported
such as lasers [34, 39–50], sensors [45, 51, 52], filters [53–55], bends [11, 56–64] and
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Figure 1.7: Sketch of PC systems with different refractive index con-
trast between core and cladding layers and their corresponding band-
structures. The bold red lines indicate the lightline of the cladding ma-
terial; In the hatched areas the modes couple to the continuum, i.e. leaky
modes. a) Low refractive index system (InP/InGaAsP/InP). b) High re-
fractive index system (refractive index cladding ∼1.45). c) Membrane
system (air cladding).

slow-light generation for applications such as enhanced light-matter interaction and
optical storage [65–67].

a) b)

Figure 1.8: a) Waveguide formed by intentional defect consisting of a
row of holes in a PC lattice. b) Cavity formed by a one missing hole
intentional defect in a PC lattice.

The fact that different bands have different field distributions, allow the alter-
ation of the bandgap by influencing either the high-index semiconductor or the
low-index holes. Changing the refractive index of the high-index material can be
carried out by either changing the ambient temperature [68] or straining the lattice.
Both the effect of temperature and straining are rather small. In the case of InP
lattice straining is impossible, since the material is brittle. Lattice straining has
been reported in 3D PCs as a method for taking fingerprints [69]. Replacing the
air inside the holes by another material with a different refractive index was first
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suggested by Busch and John for 3D PCs [70]. This has a dramatic effect on the
photonic band gap as is shown in figure 1.6b. The first four bands are drawn for
the case that a material with a refractive index of 1.5 is infiltrated inside the PC
holes. The gap between the first two bands is decreased by 30%. This effect may be
used for trimming or passive tuning and can be used to correct for deviations which
may have occurred during the fabrication process by choosing a material with an
appropriate refractive index. This behavior was experimentally demonstrated using
polymers in deeply etched InP/InGaAsP/InP [71] and isopropanol and methanol in
InGaAsP membranes [45].

While passive tuning can be an excellent way to trim the spectral features of
a pre-fabricated PC device, active tuning of PCs as a means of operating a device
is more desirable. Functionality of this kind can be realized by infiltrating the
air holes with a material whose properties can be externally controlled, such as
polymer nanoparticles [72], and LCs [46, 73–77]. Through the application of for
instance an external field or ambient temperature, the optical properties of the
infill can be switched allowing the device to be operated. Other approaches include
the nanofluidic introduction of different substances [78] and to selectively expel the
material altogether [79].

This type of active tuning is however less desirable when a PC device consists
of several independent components, with possibly varying operation ranges. Infil-
tration of the PC holes may be beneficiary to one component, but may distort or
eliminate the functionality of another. Therefore, the ultimate design freedom can
be obtained by changing the refractive index of PC holes individually. The ability to
influence the refractive index of PC holes individually, also opens up the possibilities
of creating additional functionality in a PC device, or even create one from scratch
as proposed by Mingaleev [80]. Recently, several groups have reported the adapta-
tion of the refractive index of a few holes [78, 81–86], but none have succeeded in
individual PC hole adaptation so far.

1.4 Outline of this thesis

The main topic of this thesis is the local modification of PC holes on an individual
basis for tuning purposes and the exploration of properties of wavelength sized
components in the InP/InGaAsP/InP system for future PICs. To this end, several
types of PC devices have been designed, fabricated, measured and analyzed. The
envisioned modification process is the local infiltration of PC holes with LCs. As
a starting point, PC devices with intentional defects have been chosen to assess
the behavior of these device with a high refractive index ”infill”, i.e. the devices
are completely fabricated in InP/air. Moreover, the effect of the LCs infiltration
was tested by globally infiltrating PCs which incorporate interesting components
for future PICs.

Chapter 2 deals with the methods and materials. This includes the methods used
for calculation and measurement of the properties of PC devices. The fabrication
process is explained in detail, including a new etching process using Chromium for
deep etching of PC holes, adapted from a process used for etching DBRs [24]. Also,
a procedure is presented to convert deeply etched PCs into membrane PCs, while
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keeping the coupling with the deeply etched access RWGs intact.
In chapters 3 and 4 the optical properties of several types of PC waveguides

(chapter 3) and cavities (chapter 4) are explored for further use for infiltration
experiments and were studied using transmission spectroscopy and analyzed in
combination with calculations. PC Waveguides consisting of a single missing row
(W1) [57, 58, 63, 87–89] and three missing rows (W3) [56, 61, 62, 64] are consid-
ered. Bends in W3 PC waveguides are also studied for later use in a scheme to
demonstrate local infiltration, as explained in section 6.2.1. Two classes of defect
cavities are studied, which are derived from Fabry-Pérot (FP) type cavities, con-
sisting of a single missing row and three missing rows respectively. As part of the
single row defect cavities, two point defect cavities (H0 and H1) are demonstrated
in the InP/InGaAsP/InP system for the first time. The H0 cavity [34] consists of
two shifted holes, and the H1 cavity [90, 91] is comprised of a single unetched hole.
Also a ring cavity [43, 51, 92] consisting of six unetched holes around a central hole
is demonstrated for the first time in the InP/InGaAsP/InP system. Furthermore,
the evolution of the resonance frequencies of cavities starting from a line defect to
a cavity with more circular symmetry is analyzed.

The results of the global infiltration experiments are presented in chapter 5. The
holes around an H1 defect cavity and a W3 PC waveguide are infiltrated with LCs
and polymers in the case of the H1 cavity, to trim both the cavity resonance and
the W3 PC waveguide mini-stop-band (MSB). Subsequently, the LC infil is tuned
by variation of the temperature, both have not been reported previously.

Chapter 6 covers the results of the local modification of individual PC holes. A
novel lithographic technique using Focussed Ion Beam (FIB) milling is presented.
In order to effectively post-process the few selected holes the approach of local post-
processing by local opening by FIB of a SiNx mask layer is taken. The functionality
of individual addressing of PC holes is demonstrated by Scanning Electron Mi-
croscopy (SEM). To demonstrate the process optically, six holes adjacent to an H1
cavity are locally enlarged by digital etching, and subsequently infiltrated with LCs.
The optical proof is given by the observation of substantial shifts of the resonance
frequency (local effect), while the band edges (bulk effect) remain unaffected.





Chapter 2

Methods and Materials

This chapter covers the fabrication, characterization and calculational methods
which were used to obtain the results that will be presented in chapters 4, 5 and
6. Also, the relevant properties of the materials used will be given. The details on
Liquid Crystals (LCs) and the infiltration of LCs will be given in section 5.1. Section
2.1 deals with the calculational methods. Section 2.2 details the fabrication process.
Samples were fabricated using SiNx, see section 2.2.1, and using Chromium/SiOx as
a hard mask, see section 2.2.2. In section 2.3 the optical characterization method is
explained. Finally, section 2.4 presents results obtained from suspended membranes
and waveguides which were created from deeply etched devices with access ridge
waveguides.

Part of this chapter is published as H.H.J.E. Kicken, I. Barbu, S.P. Kersten,
M.A. Dündar, R.W. van der Heijden, F. Karouta, R. Nötzel, E. van der Drift, and
H.W. M. Salemink, Tuning of narrow-bandwidth photonic crystal devices etched in
InGaAsP planar waveguides by liquid crystal infiltration, Proc. SPIE 7223, 72230C
(2009).

All optical characterization experiments and calculations on Photonic Crystals
(PCs) were carried out by sending light along one of the high symmetry directions
of the crystal, i.e. the general propagation of the light is either along the ΓK or ΓM
direction. The light is guided from the cleaved sample edge to the PC using access
Ridge WaveGuides (RWGs), which are fabricated connected to the PCs. At the
other side of the PC a similar RWG is fabricated to guide the light to the cleaved
sample edge. Next to the PC and the RWG deep trenches (> 5 µm) are etched.
Figure 2.1 shows a schematic representation of the typical configuration of the PCs
and RWGs used in experiments and calculations.

The width of the access RWGs is 2.5 µm, which means that the RWGs support
multimodal light propagation. Since the light is coupled into the RWGs by micro-
scope objectives from free space beams with a gaussian beam profile, primarily the
fundamental mode is expected to be excited. In addition, higher order modes incur
higher losses, hence, the fundamental mode is expected to be dominant.

The width of the PC blocks, w, varies with the orientation of the crystal. The
number of rows that a PC consists of, is counted along vertical lines, see figure 2.2.

15
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Figure 2.1: Schematic representation of the configuration of the PCs
and RWGs in experiments and calculations. The RWGs are fabricated
next to the PCs to facilitate the guiding of light from and to the sample
edges. The PCs are oriented in either the ΓK direction (a) or the ΓM
direction (b). The white areas the PC and RWGs are trenches, which
are more than 5 µm deep, here the core guiding layer is etched away.

Thus, a PC oriented in the ΓM direction has a physical width which is larger than
a PC oriented in the ΓK direction by a factor of

√
3 for the same number of unit

cells. The distance of the outer PC holes to the edge of etched trenches, are chosen
0.5a for PCs oriented in the ΓK direction and 0.5

√
3a for PCs oriented in the ΓM

direction, i.e. a mirror line between two rows.

In general, PC blocks were chosen with an odd number of rows, since this places
an intentional defect structure, such as an omitted hole, in the middle of the PC.
The PCs are symmetric with respect to the line through the middle of the access
RWGs.
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Figure 2.2: The PC consists of a number of rows that are counted in
vertical planes. a) Part of a PC oriented in the ΓK direction, consisting
of 5 rows. b) Part of a PC oriented in the ΓM direction, consisting of 3
rows.
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2.1 Numerical calculations

Although the optical behavior of the PCs are completely described by Maxwells
equations, as described in section 1.3, the structural layout of actual PC devices can
be thoroughly complicated, making analytical analysis nearly impossible. Therefore,
numerical calculations are used to characterize the PCs for design and analysis of
measurements.

For the work presented in this thesis, a commercially available software pack-
age, ”CrystalWave” by the ”Photon Design” company, was used exclusively. For the
computation of bandstructures this program uses the Plane Wave Expansion (PWE)
method [93]. In order to obtain the time-dependent response of the system, other
methods are used. These methods generally involve the discretization of the struc-
ture into calculation cells. The Finite Difference Time Domain (FDTD) method
solves the Maxwell equations in such calculation cells in the time domain [94], while
the Frequency Domain (FD) method solves the Maxwell equation in the frequency
domain. Both methods are available in the ”CrystalWave” program.

The most reliable calculations to describe the experiments are obtained with a
three dimensional (3D) discretization of the device [95]. However, 3D calculations
are computationally expensive since the computation time and memory require-
ments have a cubic dependence on the size of the discretization cell. Planar PCs,
as used here, have a low refractive index contrast, leading to a low in-plane con-
finement, which makes the planar waveguide mode two-dimensional (2D)-like. In
this case an effective index approach may be used [96]. In this approach, the planar
PC is modeled as a 2D PC with an effective refractive index, for the high index
material, neff , equal to the effective index of the planar waveguide. This yields
a good agreement with 3D calculations. Parameters of the low index medium can
be used in combination with 2D calculations to model intrinsic losses and losses as
result of deviations of the PC holes from the ideal cylinder, i.e. tapered hole shape,
surface roughness and ellipticity [97]. Intrinsic losses occur even for perfectly round,
infinitely deep holes, since the bandgap of the PC is almost completely located above
the lightline of the substrate. Due to the intrinsic losses, the quality (Q) factors
obtained for cavities in a low refractive index system are relatively low, compared
to membranes. In this thesis, mainly 2D calculations are used. The quality factor
is defined as the ratio of the energy concentrated in the cavity and the energy lost
per cycle of the resonance, corresponding to λ/∆λ.

The bandstructure of a 2D triangular lattice is determined by the calculation of
a set of eigenvalues ωn for every value of the wavevector k along the path connecting
the points of high symmetry Γ, K and M on the edge of the irreducible Brillouin
zone. For these calculations the unit cell of the PC is discretized with a mesh
of 16x16 calculation cells. Figure 2.3a shows the calculated bandstructure for TE
polarization for a PC with a triangular lattice of air holes with neff = 3.25, the
effective index of the planar waveguide, a lattice constant a of 400 nm and r/a =
0.3, with r the radius of the air holes. From a/λ = 0 to a/λ = 0.5 five bands,
with n = 1 trough n = 5 are visible. Between the n = 1 and n = 2 bands a
region, highlighted by the grey area, exists where no modes are available for light
propagation. This region is called the Photonic Band-Gap (PBG) in analogy with
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Figure 2.3: a) Bandstructure of a PC. The Photonic Band-Gap (PBG)
is indicated by the grey area. The stopbands in the ΓK and ΓM re-
spectively are also indicated by the arrows. b) Calculated transmission
through a PC corresponding to the bandstructure in a), i.e. the vertical
axis of a) corresponds to the horizontal axis of b).

the electronic bandgap for semiconductors. The directions with high symmetry, ΓK
and ΓM, display a stopgap, a region where no modes are available for propagation in
that particular direction. In the spectral region where both stopgaps coexist, there
are no modes, this corresponds to the bandgap.

To calculate the transmission through a PC, the PC is discretized into calculation
cells. The fields inside such a cell are computed in the time domain using the finite
difference version of the Maxwell equations and boundary conditions. With this
information the next cell is computed, propagating the field through the structure. A
mode-excitor is used in the access RWG where it excites the fundamental mode of the
RWG, which travels towards the PC. This excitor emits a sinusoidal pulse in time,
which has a gaussian frequency distribution, with the center frequency corresponding
to a wavelength of 1.55 µm. The field is stored in two sensors which are placed in
the access RWGs. The reference sensor is placed between the excitor and the PC,
while the collection sensor is placed in the RWG on the other side of the PC. At
the end of the calculation, the collected field in the sensors is Fourier transformed
to extract the spectral information. By dividing the flux through collection sensor
by the flux through the reference sensor, the normalized transmission is obtained.

The calculation cells are given a refractive index corresponding with the under-
lying structure. In the case that the underlying structure is the high index material
(semiconductor) the index is neff , while in the case the underlying structure is an
air hole the index is n0. Since the air holes are circular, the square calculation mesh
cannot possibly represent the structure accurately. To increase the accuracy the
air holes are discretized by at least 10 calculation cells. In cells where both the
semiconductor and the air hole need to be represented an average index is used.
Care was taken to match the mesh size with the lattice constant of the PC, to avoid
different refractive index representations at different locations in the PC, since this
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will give rise to artificial defects. As the PC has a triangular lattice while the dis-
cretization mesh is square, some artificial features are unavoidable. This effect is
mainly observed in the case of degenerate modes with different spatial symmetry of
defect cavities in the PC, where the degeneracy is (partly) lifted.

Figure 2.3b displays the transmission in the ΓM direction through the PC whose
bandstructure is shown in figure 2.3a (neff = 3.25, a = 400 nm, r = 120 nm). High
transmission is seen for a/λ < 0.2, and for a/λ > 0.28, the dielectric and air band
respectively. No light is transmitted in the bandgap. Although no modes exist in
the bandgap, evanescent modes do exist and may propagate on the other side of the
PC if the field is sufficiently high, or if the PC is sufficiently thin.

For this thesis, unless stated differently, calculations have been carried out using
a lattice constant a of 400 nm and a hole radius r of 120 nm. For 2D-FDTD
calculations an effective index neff of 3.25 was used, while for 3D-FDTD calculations
refractive indices of 3.35 and 3.17 were used for InGaAsP and InP respectively.

2.2 Sample fabrication

This section covers the design and fabrication of the samples (chips) containing the
PC structures. The fabrication process involves several steps. Initially, a layer struc-
ture is prepared on an InP wafer by deposition of the waveguide heterostructure,
hard mask and electron beam resist. Next the PC structures are defined and etched
into the semiconductor layer stack. Figure 2.4 displays the process-scheme of the
sample fabrication, which will be covered in this section.

Two different types of samples containing PC hole patterns were fabricated: one,
to test the fabrication process (test structures) and the other to produce samples
for optical experiments. For the samples intended as test structures, the PCs were
fabricated directly on the substrate. The PC structures intended for testing are
fabricated with a 3◦angle between one of the symmetry directions of the PC and
the (011) or (01̄1) InP crystallographic planes. The InP wafer can be easily cleaved
along these directions by scratching the surface and applying force. This creates
a near atomically flat surface, with minimal damage to the PC structures. Due
to the small angle between the cleave plane and the PC symmetry direction, a
cross-section through the PC is obtained which intersects the PC holes in different
segments, which slowly varies along the cross-section. Thus, a complete overview
of the hole shape is acquired by inspecting the cross-section by Scanning Electron
Microscopy (SEM).

For the samples intended for optical characterization of the structures the fab-
rication sequence is covered next. First, the heterostructure was grown by Metal
Organic Chemical Vapor Deposition (MOCVD), see figure 2.4a. Starting from a 2
inch InP wafer, a 1 µm InP buffer layer of InP is grown. On top of the buffer layer,
a 500 nm In0.73Ga0.27As0.57P0.43 core layer, with a refractive index of 3.35, and a
500 nm thick InP cladding layer is grown. The InGaAsP layer is lattice matched to
InP.

Second, a hard mask was deposited using Plasma Enhanced Chemical Vapor
Deposition (PECVD). This hard mask was either a 400 nm SiNx layer or a 500 nm
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a) b) c)

d) e) f)

Figure 2.4: Process scheme of the fabrication of a PC. a) Deposition
of the slab waveguide structure. b) Deposition of the hard mask layer.
c) Spin coating of the electron beam resist. d) Definition of the PC
structure. e) Pattern transfer to the hard mask. f) Pattern transfer to
the slab waveguide.

SiOx layer, see figure 2.4b. This step is further detailed in sections 2.2.1 and 2.2.2
respectively.

Third, electron beam resist, ZEP-520A solution in anisole was spin coated onto
the sample using a rotation speed of 5000 rpm for 50 seconds, see figure 2.4c. The
resist layer is then baked at 120◦C for 60 seconds and subsequently at 200◦C for
120 seconds. This procedure results in a resist layer of approximately 340 nm.

The design of the PC device is patterned using Electron Beam Lithography
(EBL), see figure 2.4d. Two electron beam machines were used for the work in this
thesis. For the EBL with the LEICA 5000 e-beam pattern generator (NanoLab,
TUDelft), the RWGs and the PC device were defined in one step using 100 kV
electron energy. For the EBL with the Raith 150 (TU/e) using 30 kV electron
energy, the RWGs were defined in a second patterning step, after fabrication of
the PCs and markers, necessary for alignment of the RWGs to the PCs. Although
a two-step process is more involved, separate etching of the RWGs and PCs has
the advantage that for both steps the optimal etch-process can be used. After
the exposure with the electron beam, the pattern was developed by immersing the
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sample for 60 seconds in n-amyl acetate. The n-amyl acetate acts as an solvent for
the exposed regions, but also attacks the unexposed regions at a lesser rate. The
development is stopped by rinsing the sample for 30 seconds with a 9:1 mixture of
methylisobutylketone and isopropanol. Next, the sample is dried by nitrogen flow.
The result of the development process of a test sample is shown as SEM images
in figure 2.5, in cross-section (a) and top view (b). The cross-sectional view shows
straight and vertical holes in the resist layer, which is on top of the SiNx mask layer
(slighly darker color), which in turn is on top of the InP substrate. The sample is
slightly tilted, giving a birds eye view of the top surface. The top view (b) shows
the PC holes and the RWGs.

a) b)1 mm100 nm

Figure 2.5: SEM micrograph of a PC defined in the e-beam resist with
the LEICA machine. a) Cross-section of the holes along the cleaved edge.
The image scale is indicated by the small white bar in the black caption,
which is 100 nm b) Top view of the PC showing the PC holes as well as
the RWGs. The image scale is indicated by the small white bar in the
black caption, which is 1 µm.

The pattern after development can significantly deviate from the designed pat-
tern, due to the proximity effect. This effect arises as a result of parasitic exposure
of the resist layer from both scattering of electrons in the resist layer and back-
scattering of electrons from the hard mask layer beneath. If not compensated for,
this results in an over-exposure of the regions near to areas which receive high doses
of electrons. For an electron energy of 100 kV this amounts to an almost uniform
dose over a range of approximately 15 µm from the beam. In the case of an elec-
tron energy of 30 kV the dose is spread over a much smaller area, and requires
Proximity Effect Correction (PEC), especially for small features such as PC holes
and tapered waveguides. Generally, this correction is implemented in the software
of the EBL machine and requires parameters which are critically dependent on the
precise structure to be written. Basically, the software determines the areas and the
magnitude of the overexposure caused by the proximity effect and adjusts the dose
of the nearby features accordingly.

The ZEP resist layer is not suitable as a mask for etching the PC structures,
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since the etching rate of the Cl2/O2 plasma, used to etch the holes in the InP is
very high. Also, the ZEP degrades very quickly as the etching occurs at a high
temperature (200 ◦C). Thus, the pattern defined in the electron beam (e-beam)
resist is subsequently transferred to a hard mask. The details of the etching of the
hard mask are covered in the next two sections.

2.2.1 SiNx masks

The pattern transfer from the e-beam resist to the 400 nm SiNx layer is carried
out by Reactive Ion Etching (RIE)1 for 20 minutes in a tri-fluor-methane (CHF3)
plasma, with a gas flow of 60 sccm of CHF3, 50 W RF power and a chamber pressure
of 2.0 Pa. The result is sketched in figure 2.4e. The large area etch rates, obtained
for 15 mm x 15 mm chips, for this process are determined to be 20 nm/min. for
SiNx and 15 nm/min. for ZEP. Inside the small holes the etch rate may be lower,
depending on the size of the holes, which causes the smaller holes to be etched less
deep than the larger holes. This effect is known as RIE lag. Due to the RIE lag,
the 340 nm : 400 nm ratio of the e-beam resist layer to the SiNx mask layer was
only just sufficient to open the smaller holes. Figure 2.6 shows two cross-sectional
SEM images of typical etch results with this process. Figure 2.6a displays PC holes,
with a diameter of 280 nm, which have been fully opened in the mask layer, while
figure 2.6b shows smaller holes, with a diameter of 160 nm, for which the opening
process was not able to open the holes completely. After the transfer of the pattern
to the hard mask, the remaining ZEP is removed by a 10 minute oxygen plasma in
a barrel etcher2.

a) b)

100  nm100  nm

Figure 2.6: SEM cross-section micrographs of PC holes etched into the
SiNx hard mask layer. The image scales are indicated by the small white
bars in the black captions, which is 100 nm. a) The largest PC holes,
with a diameter of 280 nm, are fully opened. b) Smaller holes, with a
diameter of 160 nm, have not been fully opened, leaving a thin SiNx

layer. Note that the images were taken at the same magnification (37k).

Although the holes in figure 2.6b were not fully opened in the hard mask, the
etching depth is sufficient that the hole pattern will be transferred to the InP layer

1Oxford Plasma Technology Plasmalab 100 system
2PVA TePla 100 plasma system



2.2. Sample fabrication 23

in the next step, which also etches the SiNx. Since the bottom part will have
to be etched away first, the small holes will not be as deep. Since this process
worked reasonably well, with acceptable optical results, we did not pursue working
with somewhat thinner SiNx masks. To significantly improve the mask, an entirely
different masking method was followed, see section 2.2.2.

The patterned hard mask is transferred to the InP by Inductively Coupled
Plasma (ICP) etching3, with a Cl2/O2 chemistry [98], see figure 2.4f. The pro-
cess parameters for this process are gas flows of 14 sccm Cl2 and 3 sccm O2, ICP
power of 1000 W, RF power of 160 W at a pressure of 1.4 mTorr and a temperature
of 200◦C. Silicone-based heat-sink paste in combination with back-side cooling of a
Si carrier wafer was used to reduce the heating of the sample from the plasma. After
the etching process the heat-sink paste is carefully removed with a cue-tip soaked
in acetone. Also the remaining SiNx of the hard mask layer may be removed by wet
chemical etching in a solution of hydrogenfluoride (HF) in water.

This ICP process has a much higher etching rate than the RIE process, typically
300 nm SiNx per minute compared to 40 nm SiNx per minute for the RIE process;
after 1 minute of etching the morphology of the hard mask starts to deteriorate
severely, causing further etching to result in under-etching of the mask, i.e. the
etching of the PC hole sidewalls under the mask. Figure 2.7 shows cross-sectional
SEM micrographs of typical etch results of the ICP etching with a hard mask similar
to that of the cross-sections displayed in figure 2.6. In figure 2.7a the largest holes,

a) b)1 mm1 mm

Figure 2.7: SEM cross-section micrograph of PC holes etched into the
InP. The image scales are indicated by the small white bars in the black
captions, which is 1 µm. Note that the images were not taken at the same
magnification (17k and 27k respectively). a) The largest PC holes with
a diameter of 280 nm have depth of approximately 3.5 µm. b) Smaller
holes, with a diameter of 160 nm, are etched to a depth of approximately
2.5 µm.

with a diameter of 280 nm are shown. These have an approximate depth of 3.5 µm.
The smallest holes with a diameter of 160 nm have a depth of approximately 2.5

3Oxford Plasma Technology Plasmalab 100 system
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µm. The upper 1.5 µm part of the holes, i.e. the region where the electromagnetic
mode is concentrated, has straight and vertical sidewalls. The bottom part of the
hole is tapered and is slightly warped, which will induce losses. On the surface, a
remaining 100 nm of the hard mask is still present, seen as darker colored ”hats”.
The profile of the mask has clearly been heavily deformed from the situation in the
pictures of figure 2.6.

3D-FDTD calculations varying the hole depth, have determined that a hole depth
of 2 µm is sufficient to reach values within 5% of the value for infinitely deep holes,
see also figure 4.11b. Since the trenches defining the RWGs, which have a much
larger size, are fabricated in the same etching steps, these trenches have a depth
close to 10 µm. The aspect ratio of the RWGs of 2.5 µm width, 10 µm depth and 1.2
mm length makes these structures fragile. The cleaved facets, used to couple light
in and out, break easily under mechanical stress. On some occasions, RWGs were
observed to have been broken in the process of cleaving the facets. In particular,
fragility of the RWGs is an issue when the RWGs are tapered to a width of ∼ 0.5
µm.

Two-Step process

Using the Raith 150 system, a two step process was developed in which the PC holes
and RWGs are defined in different EBL runs. In the first step, the PC patterns
and alignment markers were defined by EBL and subsequently etched into the InP
layerstack. The etched patterns are then covered with a new SiNx mask layer and
electron beam resist. The SiNx mask layer covers the holes completely, protecting
the holes against further etching. Due to the planarization by the deposition of the
masking layer a resist layer can be spin-coated normally. In the next step, the RWGs
are defined using the alignment markers to find the correct positions to connect
the RWGs to the previously fabricated PC structures. However, some alignment
error in the order of a few tens of nanometers is unavoidable, which leads to slight
misalignment of the RWGs with respect to the PCs. The misalignment is systematic
and entirely due to some asymmetry in the readout of the markers. In principle, this
can be corrected for, but this was not pursued. After the definition of the RWGs in
the e-beam resist, the resist is developed, and the RWGs are subsequently etched
to a depth of 1 µm, i.e. just deep enough to remove the high index layer from the
trenches. This etching was done in a different process, optimized for RWGs [9].

Since this two-step process allows the fabrication of shallow etched RWGs, ta-
pered RWGs can be fabricated more easily, as the aspect ratio is smaller than for
the deeply etched RWGs. Due to the small lateral size of the tapered RWGs, the
e-beam definition of these structures requires the use of the PEC. Figure 2.8a shows
the tapered sections of access RWGs connecting to two PC waveguides. In this case,
the improper application of the PEC resulted in a too low dose for some features in
the trenches, which have remained unetched. Since these features have a periodic
arrangement, 2D-FDTD calculations were carried out to rule out any effect on the
measurements, e.g. Bragg reflection minima in the wavelength range of interest.
Actually, the structures as shown in figure 2.8a have been used for optical experi-
ments and worked well. The roughness on the tapers caused by the incomplete PEC
has no major effect on the transmission. Figure 2.8b displays another example of



2.2. Sample fabrication 25

a) b)

1 mm1 mm

Figure 2.8: SEM Top view of PC waveguides coupled to tapered access
RWGs written in a two-step process using PEC. Due to improper use of
the PEC, parts of the tapered section of the RWGs were given a too low
dose, resulting in unetched features in the trenches defining the RWGs.

fabricated tapers, in which the PEC has been successful. In this case no unwanted
features are obtained and the misalignment has decreased. The main advantage of
the two-step process is the possibility of using the optimal process for the etching
of both the PC holes and the RWGs. At this point both the RWGs and PCs are
defined using EBL, as this eases the alignment of the two steps. By defining the
RWGs and alignment markers first in an optical definition step, followed by the
definition of the PCs by EBL, expensive electron beam time can be saved. This,
however, does require the development of planarization technology, since the spin
coating of the e-beam resist on a patterned sample does not produce an uniform
layer suitable for EBL.

Improved hard masks

As noted in the beginning of this section, the SiNx hard mask quality is limiting the
ICP etching process. Figure 2.9 shows that both the large holes (a) and the small
holes (b) suffer from under-etching, damaging the upper part of the PC holes, if the
process is only slightly non-optimal. Although the damaged parts are only 200 nm
in height, these deviations from the more cylindrical shape observed in figure 2.7
have a large impact on the optical behavior of the PC device. This will be covered
further in section 2.4. As the process parameters were already at the limit of the
capabilities of the etching machines in terms of gas flows and required pressure,
the process window parameters could not be easily improved. Also, a thicker resist
layer is not expected to yield better results, since the RIE lag will increase while
in general, the aspect ratio of patterns in the resist layer should be kept as low as
possible to avoid deformation during the etching process. Thus, another masking
layer was adopted using Chromium.
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a) b)1 mm1 mm

Figure 2.9: SEM cross-sectional view of etching damage to the PC hole
sidewalls. The image scales are indicated by the small white bars in the
black captions, which is 1 µm. Note that the images were not taken at
the same magnification (15k and 23k respectively). For both the large
holes, with a diameter of 280 nm, (a) and small holes, with a diameter
of 160 nm, (b) the top part of the PC hole is damaged by underetching.

2.2.2 Chromium masks

Due to problems with the originally used SiNx hard mask layers, an alternative was
developed using Chromium (Cr) as an intermediate layer to open a 500 nm thick
SiOx hard mask layer. This process was previously developed by others for etching
deeply etched Distributed Bragg Gratings (DBRs) in RWGs [24] and PCs [99]. This
intermediate step alleviates the difficulty of completely opening the hard mask layer
as the Cr layer is very resistant to the CHF3 etching process. In the new process
SiOx was chosen since it is more resistant to the Cl2/O2 etching process [99]. In the
process scheme of figure 2.4 the step of the deposition of the hard mask layer (b)
is replaced by two steps: first the deposition of the SiOx layer using PECVD and
second the deposition of the 50 nm Cr layer by metal evaporation. The e-beam resist
pattern is transferred to the Cr layer using a Cl2/O2 ICP process similar to the one
used for etching the PC holes. In this case the gas flows are 15 sccm Cl2 and 15 sccm
O2, at a temperature of 60◦C and pressure of 10 mTorr. This Cl2/O2 process does
not affect the SiOx layer to any extent. After the opening of the Cr layer the e-beam
resist is now not removed, since the removal of the resist requires an oxygen plasma
in the barrel etcher, which also removes the Cr. Only after the SiOx hard mask is
opened, the remains of the resist (if any) and Cr are removed. The etching results
for this process are displayed in figure 2.10. The pattern transfer from the e-beam
resist to the Cr layer (a) is only partially successful, since the Cr is not completely
etched through. However, the SiOx layer can be opened completely with this mask
as shown in figure 2.10b by etching for 42 minutes, approximately twice as long as
needed for opening the 400 nm SiNx layer. The Cr opening does however remain a
critical step; when small deviations arise in the thickness of the layers or the size of
the sample, the Cr layer may not be opened completely. Also, using the imperfect
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a)

b) c)1 mm

100 nm

100 nm

Figure 2.10: SEM cross-sectional views of the etching results obtained
with the Cr/SiOx mask. The image scales are indicated by the small
white bars in the black captions. The images were taken for holes with
nominal diameter of 220 nm. a) Opening of the Cr mask by the 60◦C
Cl2/O2 process. b) Pattern transfer to the SiOx layer. c) Etch result of
the 200◦C Cl2/O2 process.

Cr-mask comes at the cost of high surface roughness of the PC hole sidewalls, which
is visible both in figure 2.10b and 2.10c. The surface roughness is most likely due
to the grain size of the Chromium layer as the etching occurs faster along the grain
boundaries. The length of the deep etch process is extended by 30s to 90s to be
able to achieve a larger hole depth. Figure 2.10c shows that with this process the
hole depth can be improved to a depth of 3.5 µm for 220 nm diameter holes, while
the mask layer is still in good shape, allowing even longer etching. Although the
surface roughness of the SiOx holes is reduced by dipping (1-2s) the sample in a 1%
solution of HF in water, the PC holes in the InP still show a large roughness.

To counter the high surface roughness caused by the incomplete opening of the
Cr, and to improve the reliability of the process, another 50 nm intermediate layer
of SiOx was deposited on the Cr layer. This layer is opened by the CHF3 process
using the e-beam resist as mask, see figure 2.11a. With the SiOx as a mask, which
is very resistant to the Cl2/O2 process, the Cr mask can be opened completely, see
figure 2.11b. The holes in the Cr layer have become larger than the holes in the
SiOx mask; this can be overcome by decreasing the hole sizes in the design or using
a slightly thicker SiOx layer. The 500 nm thick SiOx mask can then be opened
in the CHF3 process in approximately 35 minutes instead of 42 minutes. In this
process, the 50 nm intermediate SiOx layer is completely etched away, a small part
of the Cr layer is still present on the sample. The surface roughness of the holes in
figure 2.11c is significantly reduced with respect to the holes shown in figure 2.10b.
After the opening of the hard mask, the remnants of the Cr-layer are removed by
an oxygen plasma in a barrel etcher. Finally, the result of the deep etching of the
PC holes is shown in figure 2.11d. The holes have a depth in excess of 4.5 µm.
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b)

c)
100 nm

a)100 nm

100 nm
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Figure 2.11: SEM cross-sectional views of the etching results obtained
with the SiOx/Cr/SiOx mask. The image scales are indicated by the
small white bars in the black captions. The images were taken for holes
with nominal diameter of 220 nm. a) Opening of the 50 nm SiOx mask
by the CHF3 process. b) Pattern transfer to the Cr layer. c) Opening
of the 500 nm SiOx mask. d) deeply etched PC holes after 90 seconds of
etching.

With the increased depth, the holes are more warped and some damage is visible on
the surface. It is expected that the warping of the holes will give rise to increased
disorder at the core layer, leading to losses.

2.2.3 Samples

Since several definition and masking processes were used to etch the samples for
optical characterization, this sections lists the samples with their properties with
respect to etching in table 2.1. The table lists which material was used for the
hard mask, which EBL machine was used, whether the two-step approach was used
and remarks with respect to the etching process. The remark ”good SiNx process”
means that the test samples which were etched and inspected by SEM directly prior
to the etching of the sample for optical characterization, did not exhibit damage as
shown in figure 2.9. The test samples etched before MO404s6a, marked with the
”bad SiNx process” remark, did exhibit the damaged upper part of the PC hole.
This sample is discussed further in section 2.4.
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Sample Mask EBL machine Two-step Remarks

SiNx Cr/SiOx

MO138s7a X Raith 150 X good SiNx process
MO138s8a X Raith 150 X sidewall roughness
MO404s1a X LEICA 500 good SiNx process
MO404s2a X LEICA 500 good SiNx process
MO404s3a X LEICA 500 good SiNx process
MO404s4a X LEICA 500 good SiNx process
MO404s4b X LEICA 500 good SiNx process
MO404s5a X LEICA 500 bad SiNx process

Table 2.1: Listing of the fabricated samples that were used to obtain
the optical results in subsequent chapters. The table lists the masking
that was used as detailed in the last two sections, the used EBL machine,
whether or not the sample was fabricated in a two-step process and any
remarks.

2.3 Transmission spectroscopy

The optical properties of the PC devices were characterized using transmission spec-
troscopy in an end-fire setup [100], see figure 2.12. The name end-fire is used since
the light is coupled in from an external light source into the RWGs. In contrast,
an internal lightsource technique [31] uses the luminescence of quantum wells or
quantum dots embedded in the sample to couple the light into the PC structure.

detector

detector

Figure 2.12: Schematic representation of the end-fire setup using from
the transmission experiments.

Figure 2.12 displays the transmission setup. The polarized light from a tunable
laser (Tunics BT) with a tuning range of 1470 nm to 1570 nm is coupled into a
polarization maintaining optical fiber. The output of the fiber is radiated to free
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space and fed to a microscope objective with a numerical aperture (NA) of 0.25.
This produces a collimated beam, which is split by a 90-10 splitter. The 10%
output is detected by an Agilent 8163A lightwave multimeter, which is used for
laser diagnostics. The polarization of the 90% output is enhanced by sending it
through a Glan-Thomson prism. The polarization is set to TE for the PC, i.e. the
electric field is in the plane of the sample. This beam is then focussed onto the
sample by a microscope objective with NA = 0.65. The beam waist of the focus
is approximately 4 µm, i.e. almost twice the width of the RWG, which is 2.5 µm.
On the other side of the sample a similar objective is used to collect the light into
a collimated beam again. Both objectives are placed on translation stages which
are fine-controlled with piezo-electric elements. The translation stages are used to
optimize the in- and out-coupling of the light. The sample is placed on a sample
holder, which is integrated with a thermo-electric (Peltier) element to heat or cool
the sample for temperature dependent measurements. The temperature range of the
heater stage is -10 ◦C to 60 ◦C. The sample holder is placed on a translation stage,
which can be moved in the direction perpendicular to the light path, to facilitate
switching from one PC device to the next. After the collection, the beam is fed
through a lens-pinhole system to remove stray light. The light is then split to an
infra-red (IR) camera, which is used for alignment purposes and the detector, an
Agilent 8163A lightwave multimeter. Since the response of the optical system varies
over the wavelength range of interest, each measurement is split in two intervals,
with an alignment optimization at the center wavelength, i.e. at 1495 nm and 1545
nm.

As seen from figure 2.3, the PBG is roughly located at 0.22 < a/λ < 0.28. For a
PC device with a = 400 nm, this means that the PBG spans a range of approximately
1400 nm to 1800 nm, which is a tuning range beyond commercially available lasers.
Therefore, the lattice constant is varied in discrete steps consistent with the tuning
range of the laser (1470 nm to 1570 nm), known as lithographic tuning [31]. Some
overlap, roughly 10%, between subsequent measurements is taken for verification
purposes. Every step of this variation is fabricated next to each other on the chip,
each connected to a different set of access RWGs, see figure 2.13. Each PC, indicated
by the hole pattern in the middle is connected to a pair of access RGWs to guide
the light to and from the PC to the sample edge. After every three PC structures,
one intermediate RWG without PC is fabricated. The signal from these RWGs can
be used to normalize the signal from the PCs to remove any influence from the
RWGs and serves as an aid for intermediately optimizing the alignment. The facets
of the RWGs on both sides of the sample edges are made by cleaving the sample
perpendicular to the RWGs. For this procedure it is important that the masking
material is removed, as the strain redistribution caused by the cleaving can result
in breaking of the high aspect ratio RWGs. In total, a sample typically contains
approximately 100 RWGs.

2.3.1 Fabry-Pérot resonances

Due to the reflectance of the RWG facets, which is approximately 0.33, a pattern
of Fabry-Pérot (FP) fringes is seen when light is transmitted through an 2.5 mm
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a~270 nm a~500 nm

Figure 2.13: Schematic representation of a sample containing PCs con-
nected to RWGs. The flow of light is indicated by the arrows. Each PC,
indicated by the hole pattern in the middle is connected to a pair of
access RGWs to couple the light in and out. Per three structures an
intermediate RWG is placed.

long RWG, see figure 2.14a, of which a detail is given in figure 2.14b showing the
FP fringes more clearly. The supermodulation, i.e. the change of the minimum to
maximum ratio of the fringes, is due to the multimodal behavior of the RWG. The
beat that is caused by two sets of interfering FP fringes is low, which proves that
primarily the fundamental mode of the waveguide is excited. By calculating the
overlap integral between the gaussian beam, focussed on the facet of the RWG, and
different RWG modes, the excitation efficiency of fundamental mode with respect
to higher order modes is found to be approximately 95%. Also, the higher order
modes have a higher concentration of the modal field at the etched edges of the
RWG, where losses due to surface roughness scattering occur.

The propagation losses of the RWG may be estimated using Fabry-Pérot theory.
The transmission, T of a RWG surrounded by air of length, l, is given by [101]

T =
(1 − R) e−α l

1 − 2 e−α lR cos [2 kz l] + R2 e−2 α l
, (2.1)

with R the modal reflectivity, α the propagation loss coefficient and kz the wavenum-
ber along the RWG. The modal dispersion is influenced by the material dispersion
and the geometry. For the InP/InGaAsP/InP RWG kz is strongly dependent on the
frequency: kz (ω). The observed dispersion is dominated by material dispersion as
the telecom frequency range (∼ 1.55 µm) is close to the bandgap for InGaAsP. The
modal dispersion was taken in account explicitly to describe the measured fringes.
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Figure 2.14: a) Transmission measurement of a 2.5 mm long RWG,
measured with a resolution of 10 pm, showing Fabry-Pérot (FP) fringes
caused by the reflections at the samples edges. b) Detail of the trans-
mission plot shown in a. The fringes have a minimum to maximum ratio
of 3.3. c) Transmission measurement of an RWG intersected by a PC,
measured with a resolution of 10 pm, displaying a large beat and fine
FP fringes. d) Detail of transmission plot shown in c. The fringes have
a maximum to minimum ratio of approximately 72.4. e) Coupled cav-
ity calculation of the spectrum shown in c. f) Detail of the calculation
displayed in e, corresponding to the spectrum shown in d.

The free spectral range of the peaks in figure 2.14 is given by

∆ (kl) =
l

c
∆(nmω) =

lng

c
∆ω, (2.2)

with c the speed of light in vacuum, nm the modal index and ng the group index
which is given by

ng = c
dk

dω
. (2.3)
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ng may considerably deviate from nm = ck/ω. For the measured fringes in figure
2.14 a group index of 3.7 was found.

The maximum to minimum ratio, C, can be calculated by setting the argument
of the cosine to zero and π respectively. This leads to

C =

(

1 + R e−α l

1 − R e−α l

)2

. (2.4)

Assuming lossless propagation, C is found to be 3.9 for a RWG facet reflection of
0.33. The measured minimum to maximum ratio is 3.3, which leads to a propagation
loss lower than 2.4 dB/cm, . For all further analysis of FP fringes in this thesis, the
propagation losses of the RWGs are considered negligible.

Figure 2.14c displays the transmission spectrum of a 2.5 mm long RWG inter-
sected by a PC. Due to the presence of the highly reflective PC, the spectrum is
now modulated by a large beat. Figure 2.14d shows a detail of this beat, resolving
the FP fringes. The free spectral range of the fringes has doubled with respect to
figure 2.14b, since the size of the RWGs is approximately halved due to the insertion
of the PCs. The beat frequency is determined by the length difference of the two
access RWGs. Assuming that the reflection of the PC, RPC is high, this system
may be modeled as two weakly coupled cavities, i.e. light transmitted through the
PC will exit the system through the RWG facet, with reflection RRWG, eliminating
the phase change across the PC. The transmission through this coupled cavity, Tc

is then given by multiplying the FP equations for the transmission of the separate
cavities with lengths l1 and l2,

Tc =
(1 − RPC)

2
(1 − RRWG)

2

(

1 − 2
√

Rt cos [2 k l1] + Rt

) (

1 − 2
√

Rt cos [2 k l2] + Rt

) , (2.5)

with Rt = RPC RRWG. The reflectivity of the PC can thus be determined from the
measured C (72.4) of this coupled cavity, this yields RPC = 0.73. These calculations
were verified using a scattering matrix approach, using the theory of multi-layer
films [101]. An example of the coupled cavity calculation, which is indistinguishable
from the result of the scattering matrix calculation, is given in figure 2.14e and f.
The differences (precise location of the maxima) with the measured spectrum of
figure 2.14c and d can be attributed to the uncertainty in the group index and the
length of the waveguides.

All transmission measurements presented in this thesis suffer from modulations
caused by the reflections at the PCs and RWG facets. Since the cause of the modu-
lations in the measured spectra is well known and the linewidth of spectral features
of the low refractive index contrast InP/InGaAsP/InP are generally broad, not all
spectra were measured at a wavelength resolution of 10 pm. In order to measure
wide band spectra quickly, frequently a resolution of 1 nm was used. At this reso-
lution the spectra of figures 2.14a and 2.14c then look like figures 2.15a and 2.15b
respectively. With this resolution the FP fringes are not resolved, displaying an ap-
parently noisy signal. However, it is still useful in those cases when signal variations
over orders of magnitude are involved.
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Figure 2.15: a) Transmission measurement of a 2.5 mm long RWG,
measured with a resolution of 1 nm. b) Transmission measurement of an
RWG intersected by a PC, measured with a resolution of 1 nm. In both
figures the FP fringes are now not resolved.

2.4 Suspended membranes and waveguides

As explained in section 1.3, the properties of membrane and deeply etched PC
devices are complementary to a large extent. While membranes have the advantage
of lower losses and therefore higher cavity Q-factors, deeply etched devices can be
integrated with conventional RWGs, are mechanically robust and have good heat
sinking capabilities. Therefore continual effort is being aimed at the integration of
both approaches on a single chip, e.g. by the combination of membrane PCs with
suspended membranes [67, 102–105].

One problem in the integration of membranes and deeply etched devices is the
difference between the thickness of the guiding layer necessary for single mode op-
eration. Due to the difference in refractive index contrast, the thickness of an single
mode InGaAsP membrane PC is approximately half the thickness of the core layer
in deeply etched devices (220 nm vs. 500 nm). Since losses are already relatively
high for deeply etched devices, decreasing the core layer thickness in the deeply
etched PCs for integration purposes is not advisable. Also, tapering the guiding
layer from membrane devices to deeply etched devices raises the complexity level
so that realistic applications are not expected. Increasing the membrane thickness
however is a decent alternative, which can even lead to improvements in the Q-factor
for optimal thicknesses [106].

To test the integration of thick membranes with deeply etched waveguides, sam-
ple ”MO404s5a”, as indicated in tabel 2.1, was used to convert into a membrane
device. This sample was etched with the SiNx hard mask, but in this particular case,
the hard mask was not sufficiently opened, see section 2.2.1. From SEM inspection
of the test samples etched prior to this sample, some damage to the upper part of
the PC holes was also expected.

As this sample was too poor to be used for experiments, i.e. it did not exhibit a
bandgap, it was converted into a membrane device by etching away the InP cladding
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layers by a 1:4 solution of HydroChloric (HCl) acid in water. This procedure leaves
an InGaAsP membrane of 500 nm thick. Despite the fact that the connected RWGs
are approximately 10 µm high, the RWGs are not completely under-etched, see
figure 2.16a. Only stretches of approximately 50 µm in de vicinity of the PC and at
the sample edges have been under-etched. The PCs however have been completely

InGaAsP

InP

a)

b)

c)1 mm10 mm

Figure 2.16: a) SEM overview of the underetched PCs, showing par-
tially underetched RWGs. b) Profile of the PC and RWGs along the
RWGs after the wet chemical etch. c) SEM close up of an underetched
PC, showing that the PC is indeed a membrane.

underetched. The profile of the underetching, which is caused by different etching
speeds in different crystallographic directions, is shown in figure 2.16b. This profile
was deduced from the study of several SEM pictures from different angles and by
inspection of broken structures. The precise shape of the underetch is not relevant
for the performance of the membrane and is not analyzed further. Figure 2.16c
shows a SEM close-up of the PC membrane at an angle of 35◦ with the RWG. From
this angle, the membrane is observed to be completely separated from the underlying
structure. Also the membrane surface shows the effects of the dry-etching. All along
the RWG and PC and on the sides of the PC holes damage caused by the dry etching
is visible.

Figure 2.17a displays a wide band transmission spectrum of this sample obtained
after fabrication, i.e. before underetching, showing the part of the spectrum that
should normally display the air band, see figure 2.3b. The effect of the damaged
holes is clearly large, since no evidence of the PBG is present. After the under-
etching procedure the spectrum shown in figure 2.17b is measured. It is expected
that the underetch will eliminate the influence of the possible poor quality of the
top and bottom parts of the holes. This measurement clearly shows the rise of the
airband edge at a/λ = 0.31, proving that the quality of the cladding layer is of
the utmost importance in deeply etched structures. The airband was expected to
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Figure 2.17: Transmission measurements before (a) and after under-
etching (b).

appear at a/λ = 0.30, on the basis of the designed holes sizes, the shift is attributed
to the changed refractive index contrast after the removal of the claddings. The
data illustrate that membrane devices can be easily combined with conventional
RWGs in standard Photonic Integrated Circuits (PIC). The properties of PCs may
dramatically improve after underetching. The fragility of the devices is increased,
due to both the membrane sections and the thinned high aspect ratio RWGs. Also,
coupling losses from the RWG to the suspended waveguide are an issue as matching
the waveguide modes might be difficult to implement. The results of chapter 6 show
that underetching of deeply etched devices may even be possible on the order of the
scale of the wavelength.

In order to have an indication of the light scattered by the underetched structure,
particularly at the transition from ridge to suspended membrane, infra-red images
were taken with a microscope objective from above, see figure 2.18. Figures 2.18b
and 2.18d show a visible light image of the structure in two focal planes. In figure
2.18d the focus is on the top of the RWG, while figure 2.18b shows the focus on the
bottom of the trenches, showing clearly the partially underetched RWG. Figures
2.18a and 2.18c display the infra-red scattered light from the structure in the air
band and band gap respectively. In dashed lines the topography of the sample is
highlighted for clarity. Note that the light is coupled in from the top RWG. The
patterns as indicated by figures 2.18a and 2.18c exhibit the same features. They
indicate a considerable scattering at the transition from bridge-type waveguide to
RWG, despite that the wet etching leads to a natural smooth transition, see figure
2.16b. The smooth transition is only a few microns, which too short to be considered
an adiabatic transition In addition strong scattering is seen from the PC device
itself. Also, quite a large portion of the light apparently is scattered by the PC
in almost perpendicular directions within the sample plane, exiting the sample at
the next device structure. The reflective properties of the PC are emphasized when
comparing the air-band image (a) to the bandgap image (c). In the band gap
the light exiting the structure after the PC is severely reduced, indicating larger



2.5. Summary & Conclusions 37

b c d

PC

lightairband bandgaplight

a

Figure 2.18: Infra-red and visible images of a PC device. Visible light
images b) and d) are taken at different focal planes, respectively with
the focus on the PC and the bottom of the trenches, showing the extent
of the underetching. Infra-red images a) and c) show the location and
intensity of scattering center in the airband and bandgap respectively.

reflection, while light outcoupling is increased from the other scattering locations,
which are linked to the reflection of the PC.

2.5 Summary & Conclusions

In this chapter the methods and materials used in this thesis were described. For
numerical calculations the ”CrystalWave” program is used, which uses the PWE
method for the calculations of bandstructures. Transmission spectra were calculated
using the FDTD algorithm. For the calculation of modal fields the FD calculator was
used. In general, parameters of a = 400 nm, r = 120 nm will be used. For 2D-FDTD
calculations an effective index neff of 3.25 is used, while for 3D-FDTD calculations
refractive indices of 3.35 and 3.17 are used for InGaAsP and InP respectively.

The samples were defined with EBL, and etching using two types of hard masks.
On the one hand 400 nm thick SiNx and on the other hand Cr/SiOx, which were
opened by an CHF3 RIE process. Both the Cr opening process and deep etching
process uses Cl2/O2 chemistry. The fabrication process produces PCs with a depth
of at least 2.5 µm for holes with a diameter of 160 nm. A Cr masking process was
developed for improving the stability of the etching process and the depth of the
holes. For the Cr masking process a maximum hole depth of approximately 4.5 µm
was obtained. The Cr masking processes yield larger hole depths and less damage
to the upper cladding from etching under the mask, however, this comes at the cost
of higher surface roughness.

The samples were optically characterized using transmission spectroscopy. The
wide band spectra are obtained by measuring several PC structures with different
lattice constants, so called lithographic tuning. As a result of the transmission
measurements with approximately equally sized RWGs for coupling the light from
free space to the PCs and vice versa, the transmission measurements are modulated
by a large beat and fine FP fringes. These features arise from the cavities formed
by the mirror reflections at the RWG facets and the PC in between.
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Deeply etched PC devices may be integrated with membrane devices by conver-
sion of the deeply etched devices to membranes by underetching. The prefabricated
RWGs are still usable after the conversion.



Chapter 3

Photonic crystal waveguides

This chapter deals with the properties of Photonic Crystal (PC) waveguides and
PC waveguide bends. First an introduction to the field will be given. In future
Photonic Integrated Circuits (PIC) applications, a large role is envisaged for PC
waveguides. Firstly as low-loss, small footprint connectors among the diverse PC
components [33]. Secondly as photonic devices in their own right. Several possible
applications were reported, such as wavelength demultiplexing [11], the construction
of high-Q cavities by variation of the lattice constant [37], infiltration of part of the
PC holes [86, 107] or the generation of slow light [67].

PC waveguides are formed by leaving out one or more complete rows of holes
in a PC. These line defect waveguides are denoted by their lateral size as Wn,
where n is the number of rows that are left out. Generally, PC waveguides in
2D hexagonal lattices are fabricated in the ΓK direction, since this provides the
smoothest possible sidewalls, reducing scattering and thus propagation loss, see
figure 3.1. In the following, only waveguide in the ΓK direction will be considered.

Figure 3.1: Sketch of a PhC waveguide. On the left the ΓK oriented
W1 PC waveguide, on the right the ΓM oriented W1 PC waveguide.

In contrast with conventional RWGs, PC waveguides do not have to rely on total
internal reflection as a means of light guiding. Instead, due to the existence of the
PBG, the light cannot penetrate the PC claddings, giving rise to lossless transmis-
sion in the ideal case. However, in any realistic situation, losses are unavoidable due
to fabrication imperfections. In the case of a low vertical refractive index contrast
system PC, losses are intrinsic, since the bandgap is located above the lightline, see
section 1.3.

39
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If n is chosen to be odd, the waveguide has an even symmetry. In the case that
n is chosen even, the PC waveguide presents a highly corrugated boundary, and
the light traveling along this waveguide will propagate in zig-zag pattern, since it
follows the path of the highest index, see figure 3.2, which will induce losses [108].
Figure 3.2a shows a W1 PC waveguide were the light always remains centered in
the waveguide, while the W2 PC waveguide shows a perturbed path. The most
widely used PC waveguides with even symmetry are the W1 [109] and W3 [110]
waveguides. Also wider PC waveguides were reported [111, 112].

a) b)

Figure 3.2: a) Light traveling in a W1 PC waveguide, showing a sym-
metric field (Ex) along the waveguide. b) Light traveling in a W2 PC
waveguide, displaying a wobbling pattern along the waveguide.

In the deeply etched InP/InGaAsP/InP system several groups have reported
the properties of both the W1 PC waveguide [54, 87, 89, 113–115] and the W3 PC
waveguide [41, 42, 110, 114–118]. In general, only narrow frequency bands of these
devices were examined. Here, we focus on wide band spectra and on sharp spectral
features suitable for infiltration experiments, which are discussed in chapter 5. Also,
special focus is given to W3 PC waveguide bends, since this is a suitable system to
demonstrate local infiltration, see section 6.2.1.

The properties of the W1 and W3 PC waveguide will be discussed supported by
experimental data and FDTD calculations in sections 3.1 and 3.2 respectively. Next,
the properties of W3 waveguide bends will be discussed in section 3.2.1. Finally, the
propagation losses of the W3 PC waveguides will be determined in section 3.2.2.

3.1 W1 waveguide

The W1 PC waveguide is formed by leaving out one ΓK oriented row in an otherwise
uniform PC, as sketched in figure 3.1. This type of waveguide supports two guided
modes in the bandgap, a mode with even symmetry and one with uneven symmetry.
In practice only the symmetric mode is excited, which has a cut-off frequency well
above the dielectric band. Due to the small size of the W1 PC waveguide, the
coupling to the much wider access RWGs (2.5 µm wide) gives rise to large reflection
losses. To improve the coupling between the RWG and the PC waveguide, the part
of the RWG connected to the PC waveguide was tapered down to the size of the
PC waveguide, see section 2.2.1. The tapered RWGs have a slight misalignment to
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the PC waveguide. It is possible to optimize the coupling between RWG and PC
waveguide, but this was not necessary for the present experiments.

Figure 3.3a shows the experimentally obtained spectrum of the W1 PC wave-
guide. This W1 PC waveguide was fabricated on sample ”MO139s7”, see table 2.1.
Parts of the spectrum are missing due to broken access RWGs at some structures of
the lithographically tuned series. A SEM image of a typical device is shown in figure
3.3b. The overall transmission of the 15 µm long waveguide, see figure 3.3a, is low
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Figure 3.3: a) Wide band experimental spectrum of a W1 PC wave-
guide. Some of the parts of the lithographically tuned series are missing
from the spectrum due to broken access RWGs. b) SEM micrograph of a
typical device measured in a. c) Detail of the wide band spectrum shown
in a, focussing on the onset of the modegap. Note that the transmission
is given on a logarithmic scale. d) Calculation of the electric field (Ex) in
the modegap at a/λ = 0.224, showing that the light is effectively blocked
from entering the waveguide.

with a peak value of ∼ 0.045. This is attributed to reflection loss at the entrance
and exit points, intrinsic losses and losses due to imperfections of the PC, to which
the waveguide mode is susceptible, since the modal width of the W1 guided mode
is larger than its physical width. We expect that most of the loss is due to the
insertion loss, since no attempt at optimization was undertaken, thus no estimate
of the propagation losses could be made.

Figure 3.3c displays the behavior of the waveguide mode at cut-off frequency.
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The spectral region between the band edge and the cut-off frequency is known as
the modegap. Note that the transmission is given on a logarithmic scale. At the
onset of the modegap ∼ a/λ = 0.225, the signal rapidly decreases with decreasing
normalized frequency to the detection limit of the setup. Figure 3.3d shows the
modal electric field at a/λ = 0.224, near the onset of the modegap. Since no modes
exist for this frequency the field is effectively blocked from entering the waveguide.

Figure 3.4a shows the 2D-FDTD calculation of the transmission through the
W1 PC waveguide. The calculations show a good agreement with the experimental
data, except for the higher transmission in the airband part of the spectrum for the
calculations. The tapers were not included in the calculations. In figure 3.4b the
projected bandstructure [119] of the W1 PC waveguide is displayed. The gray area
framed by the bold red lines are the bulk PC modes. The black lines are the guided
modes.
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Figure 3.4: a) 2D-FDTD calculated spectrum a W1 photonic crystal
waveguide, the lattice constant is 400 nm and the r/a ratio is 0.3, con-
sistent with the value found from SEM inspection. b) Projected band
structure of a W1 PC waveguide obtained with the same parameters as
in a. The gray area framed by the bold red lines are the bulk PC modes.
The black lines are the guided modes.

For 0.22 < a/λ < 0.225 in figure 3.4a, no light is transmitted through the device,
as this is the frequency region between the waveguide cut-off frequency and the
dielectric band, see figure 3.4b. In the dielectric band, a/λ < 0.22, transmission is
possible. However, at these frequencies, a large number of slab modes are available,
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allowing the light to propagate away from the PC waveguide. Thus, in conjunction
with the large size of 15 µm, little of the field will reach the output RWG. The sharp
onset of the transmission at the waveguide cut-off near a/λ ∼ 0.225 is to be noted,
both in the experiment (figure 3.3c) and the calculation. From 0.225 < a/λ < 0.30
the waveguide has nearly constant and high transmission as the mode is guided by
the bandgap. Near the cut-off the mode dispersion is quite flat, see figure 3.4b,
which causes a low group velocity, increasing the interaction with the PC. Due to
the large interaction with the PC holes the mode is susceptible to losses, explaining
the slow rise of the transmission at a/λ ∼ 0.23 in the experiment. At a/λ = 0.28,
the transmission signal is again reduced in the calculations as the air band onset
is reached, eliminating the bandgap confinement. The rises in the signal after a/λ
= 0.29 in figure 3.3a are well reproduced by the calculations and are attributed to
slab modes.

The W1 PC waveguide modes shown in figure 3.4b have distinct modal profiles,
see figure 3.5. The fundamental mode (FM(e)) has an even symmetry and corre-
sponds to an index guided mode whose dispersion relation is folded at the Brillouin
zone edge. This modes is strongly confined to the high dielectric as seen in figure
3.5a and is mainly responsible for the transmission, since its excitation is favored
due to the symmetric RWG mode. The higher order mode (HOM(u)) is a FP-like
mode which has a low group velocity and is guided by the photonic bandgap. This
mode penetrates the PC to a large extent as is visible in figure 3.5b. Since both
modes have different parities, no coupling occurs. The observed cutoff frequency of
the FM(e) is due to coupling with a HOM which has an even symmetry and whose
dispersion curve roughly coincides with the band edge. The coupling between modes
of equal parity will be covered in detail in the next section for the W3 PC waveguide
where it gives rise to the phenomenon of the mini-stopband.

a) b)

Figure 3.5: a) Modal profile (Ex) of the fundamental even mode
(FM(e)). b) Modal profile (Ex) of the Higher Order uneven Mode
(HOM(u)).

3.2 W3 PC waveguide

The W3 PC waveguide is formed by leaving out two more rows of holes with respect
to the W1 PC waveguide, thus obtaining the second smallest symmetric waveguide,
as sketched in figure 3.6a. Due to its larger lateral size, the waveguide supports
the propagation of more than one mode, as seen from figure 3.7. Also, light is
transmitted over a larger bandwidth and suffers from lower losses [110, 116, 117,
120], as compared to the W1 PC waveguide.
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a) b)

Figure 3.6: a) Sketch of a W3 PC waveguide. The waveguide is formed
by leaving out 3 adjacent rows of a PC. b) A higher order counter propa-
gating mode is formed as a result of scattering of the fundamental mode
at the corrugated PC boundary, from ref. [11].

Figure 3.7a displays the calculated transmission of the W3 PC waveguide. In
contrast to the W1 PC waveguide, no cut-off frequency is observed. Also the trans-
mission of the waveguide does not diminish significantly as the frequency crosses
the air-band edge. Several modes of the W3 PC waveguide exist in the bandgap,
indicated by the black lines in figure 3.7b. The bold green line highlights the Funda-
mental Even Mode (FM(e)), which is mainly responsible for the transmission, since
its excitation is favored due to the symmetric RWG mode. Higher Order Modes
(HOMs), whose dispersion is nearly flat for small in-plane wavevectors, k//, are also
present. These modes resemble FP-like modes and alternatingly have even and odd
symmetry.

The most interesting feature of this defect waveguide is the fact that it displays
a mini-stopband (MSB), which can be seen in figure 3.7a as a sharp dip near a/λ
= 0.26. The transmission at this frequency does not vanish completely, since other
modes exist, however, these modes are only weakly exited. The MSB originates from
coupling between the fundamental mode and a higher order counter-propagating
mode[11]. This counter propagating mode originates from scattering at the corru-
gated boundaries of the PC waveguide, see figure 3.6b. The coupling effect generally
occurs when the dispersion curves of modes of equal parity cross, and produce an
anti-crossing behavior[11, 112], see also the gaps in the FM(e) and FM(u) in fig-
ure 3.7b. In the case of the W3 waveguide, the FM(e) will thus only couple to
the HOM(e). Due to this coupling effect, the group velocity of the modes directly
near the anti-crossing site is very low, giving rise to slowly propagating, FP-like
modes. These modes have a stronger interaction with the PC, since they penetrate
the PC to a larger extent. This also makes them susceptible to losses as a result
of fabrication imperfections. Also, the large variation of dispersive properties near
the MSB make this feature interesting for the investigation of slow light phenomena
and dispersion engineering.

The coupling between the FM(e) and the HOM(e) at the MSB is visualized
by figure 3.8A-H, the continuous process of the transformation of the FM(e) to the
HOM(e) is displayed in eight intermediate steps. Subfigures A through H correspond
to the calculated electric field profile (Ex) of the locations marked by the arrow from
A to H in figure 3.7b. At A, the light is traveling in the FM(e), with a modal profile
confined to the center of the waveguide and little overlap with the PC. Going towards
the MSB (B) the mode spreads out laterally. Closest to the MSB, in image C and
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Figure 3.7: Calculated transmission and projected bandstructure of a
W3 PC waveguide. a) 2D-FDTD calculation of the transmission of a
7.5 µm long W3 PC waveguide. b) Corresponding bandstructure. The
gray area framed by the bold red lines are the bulk PC modes. The
black lines are the guided modes. The bold green line highlights the
fundamental even mode (FM(e)). The bold cyan line emphasizes the
fundamental uneven mode (FM(u)). The curved arrow with the letters
A and H correspond to the images A through H displayed in figure 3.8

D, the mode shows an intermixed profile of the FM(e) and the HOM(e). Images
E-H show a gradual transition to a FP-like mode, which indeed has even symmetry
with respect to the waveguide.

The other HOM that is visible at k// = 0 is a mode with odd symmetry which
crosses the FM(e) at a/λ = 0.23. This mode has a strong interaction with the
Fundamental Uneven Mode (FM(u)). This anti-crossing has no visible correspon-
dence in the transmission spectrum, proving indeed that the FM(e) is the main
transmission channel of the waveguide. The edges of the broad transmission dips
at a/λ ∼ 0.18 and a/λ ∼ 0.22 can be explained by the FM(e) dropping into the
dielectric band. The appearance of the fine structure at a/λ = 0.21 is attributed to
slab modes. High transmission is still present even beyond the onset of the airband.
2D-FDTD calculations at these frequencies reveal that the field at this point is still
strongly guided in the waveguide, although more light diffracts away into the PC
with rising frequency.

Figure 3.9 shows the calculated electric field (Ex) in the W3 PC waveguide at
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Figure 3.8: Calculated electric field profiles (Ex) of the conversion from
FM(e) to HOM(e) at the MSB. The images A through H correspond to
the locations marked by the arrow from A to H in figure 3.7.
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four different frequencies. In the dielectric band (a) the electric field is quite well
confined to the high dielectric although a small part of the field penetrates the PC
on either side of the waveguide. In the bandgap (b) the field is better confined to
the defect structure, since the light cannot penetrate the PC to a large extent. At
the MSB (c) the light is converted into the HOM, which travels slowly backward
into the input RWG. In the airband (d) the light also is penetrating the PC, but
the main part travels along the high dielectric.

a)

b)

c)

d)

Figure 3.9: Calculated electric field (Ex) in the W3 PC waveguide at
four different frequencies a) a/λ = 0.19 in the dieletric band. b) a/λ =
0.25 in the bandgap. c) a/λ = 0.263 at the MSB. a/λ = 0.32 in the air
band.

Figure 3.10a shows the measured spectrum of a 15 µm long W3 PC waveguide
(black line). This W3 PC waveguide was fabricated on sample ”MO139s7”, see table
2.1. The red line is a 2D-FDTD calculation; to fit the MSB a ratio r/a = 0.28 was
used. A SEM micrograph of the measured device is displayed in figure 3.10b. For
this device the access RWGs were tapered to improve coupling, however, the tapers
are slightly misaligned with respect to the PC waveguide.

The spectrum is modulated by strong FP-fringes arising from reflections at the
cleaved sample edges and at the entrances of the PC waveguide. In general, the
calculations resemble the measured spectrum quite well except for the feature at a/λ
= 0.26. It should be noted that in contrast to the W1 waveguide no low-frequency
cut-off is observed, in agreement with calculations. There is some uncertainty on
the identification of the MSB, since another, broader feature is also present at a/λ
= 0.26. This feature may be the same MSB due to deviations in the lithographic
tuning. Since this feature displays a weak FP modulation over a broad range, it
could indicate that some part of the structure is broken. By optical microscopy
however no broken parts could be identified.
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a) b)

Figure 3.10: a) Experimental spectrum of a W3 PC waveguide. The
black line displays the experimental data obtained from the device of
which a SEM micrograph is shown in b. The MSB feature is indicated
in the graph. The red line is a 2D-FDTD calculation which fits the
measured MSB closest for r/a = 0.28. b) SEM micrograph of the W3
PC waveguide.

3.2.1 PC Waveguide Bends

In this section W3 PC waveguide bends are covered; this subject is of special in-
terest, since it provides a model system to demonstrate local infiltration of a bent
waveguide [80]. Details on local infiltration are given in chapter 6.

With conventional optoelectronic circuitry, the limitations on the minimum cur-
vature of RWGs give interconnected optical components a large footprint. As the
bending radius becomes too small, total internal reflection is not satisfied and light
radiates out to free space. Due to the existence of the PBG, PC waveguides may
have much smaller bending radii, even up to a complete 90◦ bend on the order of
the wavelength [60, 121].

For triangular lattices a 90◦ bend is less attractive, since one part of the PC
waveguide would then be oriented in the ΓM direction, which is intrinsically lossy
due to the corrugated boundaries [108]. The natural bending direction for these
lattices is 60◦, retaining the symmetry of the PC waveguide. Much attention has
been devoted on the optimization of the transmission through this type of bend,
both for W1 [57, 58, 63, 87–89] and W3 [56, 61, 62, 64] systems.

Since we use the PC waveguides bends as a testbed for local infiltration experi-
ments as explained in section 1.4, the W3 system was chosen for further experiments
for three reasons. First, due to the existence of the MSB which can be influenced by
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infiltration, see section 5.4. Second, because it shows high-level, wide band trans-
mission and third, because of the relative ease of coupling to access RWGs, even
without adaptations.

In the deeply etched InP/InGaAsP/InP system, Talneau et al. [64] have reported
(optimized) W3 PC waveguide bends, in which only a 100 nm wide frequency window
was taken into account. In the present experiments wide band spectra covering the
complete bandgap and parts of the transmission bands were measured similar to the
results presented in the previous sections.

Figure 3.11 displays a sketch of a W3 PC WaveGuide with 60 degree Bends
(PCWGB). The device is coupled to two sets of access RWGs, labeled A through D.
The waveguide is probed by measuring the transmission from B to D (BD), while
the stopgap can be measured by selecting either AD or BC. The sketch of figure
3.11 is not drawn to scale, in reality, the device width (along the AD direction)
ranges from approximately 12 µm for a = 265 nm to approximately 23 µm for a
= 481 nm. For this sample, the 2.5 µm wide access RWGs were not tapered down
to fit the dimensions of the PC waveguide, giving rise to some reflection loss. The
access RWGs are slightly curved to achieve a spacing of 10 µm at the sample edge
to ensure that no stray light is coupled to the neighboring RWG.

A

B C

D

Figure 3.11: Sketch of the W3 PC waveguide with two 60 degree bends
(not to scale). Transmission through the device can be measured by
the RWGs labeled A-D. The width of the actual device (along the AD
direction) is approximately 12 µm for a = 265 nm to approximately 23
µm for a = 481 nm. The width of the device in the other direction is
approximately 20µm for a = 265 nm to approximately 40 µm for a =
481 nm.

Figure 3.12a shows the spectrum of the PCWGB probed in the AD direction,
as sketched in figure 3.11. This bent W3 PC waveguide was fabricated on sample
”MO404s4a”, see table 2.1. Note that the transmission is given on a logarithmic
scale. The spectrum shows a sharp dielectric band edge at a/λ = 0.22, which rises
over 3 decades. A slow rise of the signal is observed towards the band edge, a small
jump in the signal is be observed at a/λ = 0.19, which is attributed to the onset of
the dielectric band in the ΓM direction. The level of transmission in the bandgap
is determined by the sensitivity of the experimental setup and is determined by the
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Figure 3.12: a) Spectrum of the PCWGB probed through the AD ac-
cess RWGs; the transmission is on a logarithmic scale. The dielectric
band edge is located at a/λ = 0.22; the air band edge is absent due
to losses and the large size of the device (∼ 80a). b) Measured trans-
mission of the PCWGB through the BD access RWGs on a logarithmic

scale. Note that the spectrum is obtained from a series of structures
with different a, so called lithographic tuning, which accounts for the
apparent jumps of the transmission level.

stray light level. No air band edge is found, which is attributed to losses due to the
large size of the structure.

Figure 3.12b shows the spectrum of W3 PC waveguide probed in the BD direc-
tion, as sketched in figure 3.11. Note that the transmission is given on a logarithmic
scale. In figure 3.13a the same spectrum is displayed on a linear scale. Figure 3.13b
shows the 2D-FDTD calculated transmission through the device, again on a linear
scale. Qualitatively, the calculated transmission fits the measured spectrum of figure
3.13a.

Below the dielectric band edge (a/λ < 0.22), the signal displays a broad mini-
mum, in which the transmission is reduced by two orders of magnitude, see figure
3.12b. This range coincides with a region of slab modes which have large losses
since the modes penetrate to a large extent into the PC. This minimum is well re-
produced by 3D-FDTD simulations of straight waveguides, see figure 3.14. In order
to qualitatively show the effect of the waveguide length, the transmission through
stretches of 3 µm and 5 µm length were calculated. It is not possible to calculate
the long experimental PC waveguides due to computational limitations. No effort
was undertaken to fit the measured spectrum. The main effect of the increase in
the length of the PC waveguide is seen in the frequency range of 0.17 < a/λ < 0.22.
A reduction of the transmission of roughly 30% and 10% can be determined at a/λ
= 0.18 and a/λ = 0.21, respectively, as a result of the 2 µm length increase. Since
the fabricated PC waveguide has a total length ranging from of approximately 22
µm to 46 µm, the measured decrease in transmission is adequately accounted for by
intrinsic losses.

The bend has a large transmission well below the dielectric band edge (a/λ ∼
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Figure 3.13: a) Transmission measured in the BD direction, as sketched
in figure 3.11. Note that the transmission in on a linear scale. b) Calcu-
lated transmission in the BD direction using 2D-FDTD. Note that the
transmission is on a linear scale.

0.17), which is attributed to index guiding. The waveguide has the highest trans-
mission in the bandgap (0.22 < a/λ < 0.30). Two pronounced minima are observed
at a/λ = 0.25 and a/λ = 0.26 respectively, see figures 3.12b and 3.13a, which are
well reproduced by the calculation is figure 3.13b. The feature at a/λ = 0.26 is
attributed to the MSB as described in section 3.2.

The minimum at a/λ = 0.25 is attributed to the reflections occurring at the
bend. As the light enters the bend, it experiences a larger waveguide. Larger
waveguides such as the W4 and W5 PC waveguide also exhibit MSBs. These MSBs
are located approximately at the position of the broad transmission minimum at
a/λ = 0.25 [112].

Going towards the air band edge, see figures 3.12b and 3.13a, the signal again
diminishes by two decades. For straight W3 waveguides, see figure 3.7a, transmission
is still high for frequencies well into the airband. Note that in the case of the
waveguide bend, see figure 3.13b, the transmission rapidly drops off at the point
where the FM(e) coincides with the airband, see figure 3.7b.

In order to test the dependence of the transmission through the bent waveguide
on deviations, with emphasis on defects that could result from local infiltration
experiments, the bends are closed with a single line of holes, see figure 3.15. This is
considered a worst case scenario for selectively infiltrating a PC waveguide bend.

For the transmission in the AD direction, no significant changes in the spectrum
with respect to figure 3.12a were found. Figure 3.16a shows the transmission in
the BD direction of the device displayed in figure 3.15. Qualitatively, the spectrum
exhibits only minor changes with respect to figure 3.12b. The transmission below the
dielectric band edge at a/λ = 0.17 is decreased by a decade, which is attributed to
the perturbation of the refractive index along the waveguide, reducing the efficiency
of the index guiding.

A pronounced transmission band is visible at 0.18 < a/λ < 0.19. This band is
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Figure 3.14: 3D-FDTD calculated transmission through 3 µm and
5 µm W3 PC waveguide stretches. The lattice constant was chosen 400
nm and the hole radius 120 nm. Since 3D-FDTD calculations are com-
putationally expensive, only relatively short stretches of PC waveguide
were considered, no effort was taken to fit the measured spectrum.

also present in the spectrum of figure 3.12a, but partially obscured due to deviations
of the hole size, which causes non-matching parts of data from devices with different
lattice constant (lithographic tuning). This transmission band is weakly present in
the calculated spectra of figures 3.13b and 3.16b

Remarkably, due to the addition of the line of holes, the large transmission dip
at a/λ ∼ 0.25 in figure 3.12b is shifted to a/λ ∼ 0.245 by approximately ∆a/λ =
0.005. Also, the transmission of the waveguide is further reduced approximately at
a/λ = 0.26, the location where the MSB is expected; the MSB is not observed in
this structure. In this case the transmission level of the waveguide is larger then the
normal W3 bend, see figure 3.12b at higher frequencies up to a/λ = 0.31.

The 2D-FDTD calculated transmission for this device is displayed in figure 3.16b.
The calculation does not reproduce the measurements completely. Especially the
broad minimum centered at a/λ = 0.24 in the measurement , and the double peaked
structure in the center of the bandgap, see figure 3.16a, is missing from the calculated
spectrum.
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A

B C

D

Figure 3.15: Sketch of the W3 PC waveguide with two 60 degree bends,
with a single row of holes closing the bends (not to scale). Transmission
through the device can be measured by the RWGs labeled A-D. The
width of the actual device (along the AD direction) is approximately 12
µm for a = 265 nm to approximately 23 µm for a = 481 nm. The width
of the device in the other direction is approximately 20µm for a = 265
nm to approximately 40 µm for a = 481 nm.

3.2.2 Determination of the propagation losses

In this section measurements on a W3 PC waveguide sample ”MO139s8a” that was
fabricated with the chromium masking process, see section 2.2.2 are covered. On
this sample a 10 µm and 100 µm long waveguide was fabricated in a two step process.
Since PC waveguides of different lengths were measured, the propagation losses can
be extracted from analysis of the measurements.

Figure 3.17 shows the normalized transmission spectrum of the 10 µm long W3
PC waveguide. In this case the transmission is normalized with respect to two
tapered RWG sections, i.e. connected at the tapered end. The transmission is given
both on a linear scale (a) and on a logarithmic scale (b). The average transmission
is approximately 0.7, which is slightly higher than the average transmission reported
in section 3.2, figure 3.10a.

In comparison to figure 3.10a, the MSB is not easily identified in figures 3.17a
and b. Five sharp features are present, at a/λ = 21, a/λ = 0.253, a/λ = 0.26, a/λ
= 0.285 and a/λ = 0.335. These features are not expected from FDTD calculations
as shown in figures 3.7a and 3.14. Also the projected band diagram in figure 3.7b
does not provide an explanation.

On the linear scale a broad global minimum is visible at 0.25 < a/λ < 0.27,
approximately at the position where the MSB should be according to the calculations
of figure 3.7. For the PC holes produced with the Cr-masking large roughness of
the hole sidewalls was observed. This roughness may manifest itself as a random
modulations of hole radii and hole center positions of the photonic crystal. This
degree of randomness results in a spectral modulation of the position of the MSB,
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Figure 3.16: a) Transmission measured in the BD direction, as sketched
in figure 3.15. b) 2D-FDTD calculation of the transmision through the
closed bend (BD direction).
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Figure 3.17: Transmission spectrum of a 10 µm long PC waveguide on
an (a) linear scale and on a (b) logarithmic scale.

i.e. some waveguide sections have a different diameter.
Figure 3.18 displays the normalized transmission spectrum of the 100 µm long

W3 PC waveguide. In this case the transmission is normalized with respect to two
tapered RWG sections. The transmission is displayed on a linear scale in figure
3.18a and on a logarithmic scale in figure 3.18b. The average transmission of the
waveguide is approximately 0.5, which is slightly smaller than the 10 µm waveguide,
which indicates low propagation losses.

The transmission of the two PC waveguide sections are equal within the range
of the FP modulations, thus, the propagation losses cannot be extracted from these
measurements. The losses are dominated by the coupling loss between the tapered
RWG and the PC waveguide. An upper limit for the propagation losses can be
calculated by taking the average transmission over the whole spectrum. The losses
of the 90 µm long part of the RWG are neglected (propagation loss 2.4 dB/cm, see
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Figure 3.18: Transmission spectrum of a 100 µm long PC waveguide
on an (a) linear scale and on a (b) logarithmic scale.

section 2.3.1) which has been displaced by the PC waveguide, estimated at 0.2 dB.
The transmission of the PC waveguide is given by

I1

I0
=

(

e(−α lwg) + Lc

)

, (3.1)

with I1/I0 the measured normalized transmission, α the propagation loss, lwg the
length of the PC waveguide and Lc the loss of the coupling of the RWG with the
PC waveguide. Since two waveguides were measured with equal coupling losses
with an average transmission of 0.7 for the 10 µm long waveguide and 0.5 for the
100 µm long waveguide, both the propagation losses and the coupling loss can be
determined. This yields α = 25.5cm−1, which leads to a propagation loss, Lp of 110
dB/cm and a coupling loss of 5.6 dB, i.e. 2.8 dB per taper-PC connection.

As in figure 3.17, the spectrum of the 100 µm long waveguide does not correspond
completely to the calculated spectra of figures 3.7a and 3.14. The spectrum of the
100 µm long waveguide does however have a good qualitative correspondence to
figure 3.17. All of the sharp features of figure 3.17 are reproduced in figure 3.18.
Also a number of new features have appeared, notably at a/λ = 0.22, a/λ = 0.243,
a/λ = 0.272, a/λ 0.3, a/λ = 32 and a/λ = 0.325. As in figure 3.17, at the expected
location of the MSB a broad minimum is observed at 0.25 < a/λ < 0.27. The depth
of the global minimum has increased.

The sharp features are most frequently observed a the longest wavelengths for
each lithotuned structure, see figure 3.19. Since the location of the dips occurs
approximately at the same wavelength, it is likely that they are not caused by the
PC. However, the dummy tapers, used for the normalization, do not exhibit this
behavior. This rules out a periodic modulation of the RWG width, which acts as a
Bragg reflector as the cause of the dips.
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Figure 3.19: Non-normalized transmission of the 10 µm (a) and 100
µm (b) W3 PC waveguides on a logarithmic scale.

3.3 Summary & Conclusions

The optical properties of W1 and W3 PC waveguides were explored for their suit-
ability for subsequent infiltration experiments. Since for the infiltration experiments
sharp features are required, the W3 waveguide was selected for further experiments,
since it exhibits the MSB feature and shows a high transmission over a large band-
width. PC waveguide bends were examined as reference for a local infiltration
scheme, which is discussed further in chapter 6. A best estimate for the value of
the propagation loss of the W3 PC waveguide is 110 dB/cm, consistent with other
reports for InP/InGaAsP/InP.



Chapter 4

Cavities

In this chapter the properties of several cavities, consisting of intentional defects in
Photonic Crystals (PCs), are explored for possible applications in Photonic Inte-
grated Circuits (PIC). The cavities are divided into two classes, according to their
size in terms of the number of PC rows they span. The first class, the ”single row
defects” are covered in section 4.1. The second class, the ”three row defects” are
dealt with in section 4.2. Infiltration of some of these cavities for tuning purposes
is dealt with in chapters 5 and 6.

Parts of this chapter are published as H.H.J.E. Kicken, I. Barbu, R.W. van der
Heijden, F. Karouta, R. Nötzel, E.W.J.M. van der Drift, and H.W.M. Salemink,
Wavelength sized, tunable nanocavity in deeply etched InP/InGaAsP/InP photonic
crystals, Opt. Lett. 34, 2207 (2009), and accepted for publication in J. Appl. Phys.
as H.H.J.E. Kicken, I. Barbu, R.W. van der Heijden, F. Karouta, R. Nötzel, C.W.M.
Bastiaansen, D.J. Broer, E.W.J.M. van der Drift, H.W.M. Salemink, Wavelength
sized cavities in high aspect InP/InGaAsP/InP photonic crystals.

Resonant cavities are of particular importance for PIC, where they find diverse
applications such as components for laser and sensors. Even for moderate Q factors,
cavities have applications such as add/drop filters, minimizing of waveguide bending
loss and broadband coupling [53, 59, 122]. The smallest size cavities in dielectrics
are of the order of the cube of the wavelength, which is approximately the size of a
unit cell in a photonic crystal.

The smallest defect cavities in PCs therefore consist of a single modified or
unetched hole (H1), see section 4.1.2 or of two displaced holes (H0), see section 4.1.3.
In this deeply etched system, the smallest cavities reported so far are line defects
consisting of a single row of unetched holes [31, 76, 123], i.e. a Fabry-Pérot (FP) like
cavity, and PC waveguides terminated by PC mirrors [117]. Point defect cavities
have so far only been reported for membranes in case of the H0 cavity [34] and in
the case of the H1 cavity for both membrane [91] and half membrane structures [90].
Since both the H0 and the H1 cavity, as well as the the single missing row FP cavity
(FP1), occupy a single row, we categorize them as one class of cavities.

If the radius of the point defect cavity is extended to the neighbouring unit cell,
the slightly larger H2 cavity (7 unetched holes) is obtained, see section 4.2.2. This
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cavity and the smallest ring cavity, formed by addition of a center hole into the H2
cavity, see section 4.2.3, extends over three rows of the photonic crystal. In the ΓM
direction, as indicated in figure 4.1, these cavities are of equal size as the FP3 cavity
(3 unetched rows). This class of cavities is expected to have a higher Q factor due
to its larger size. So far, H2 cavities were reported in several membrane systems
(InP [91, 124], GaAs [125]) and also for AlGaAs/GaAs half-membranes [90]. The
ring cavity is reported in Si [51, 92] and InGaAsP [43] membranes.

The gradual change of the FP like cavities (FP1, FP3) from a line defect into
more circular cavities is experimentally studied by transmission spectroscopy and
analyzed using Finite Difference Time Domain (FDTD) calculations. In addition,
for the large cavities the reflection of the PC is studied by analysis of FP fringes of
both PC cavities and ridge waveguide (RWG) cavities terminated by a PC mirror.
Also, the dependence of the Q-factor on thickness of the PC mirror was studied for
the H2 cavity.

In figure 4.1 a sketch of the different cavities, which were investigated experi-
mentally, is given. The top row shows the class of cavities designated as ”single row
defect” cavities: FP1, H1 and H0; the bottom row displays the class of cavities des-
ignated as the ”three row defect” cavities: FP3, H2 and ring cavities. The cavities
of each row can be transformed into its neighbor on the right by addition of holes.

H0

H2 Ring

FP1

FP3

GK

GM

Figure 4.1: Overview of the different cavity geometries. The top row
shows the single row defect cavities, form left to right: FP1, H1 and H0
cavities. On the bottom the three row defects from left to right: FP3, H2
and Ring cavities. The cavities are probed by measuring transmission in
the ΓM direction via mode access waveguides.

4.1 Single row defects

In this section the single row defects are systematically investigated, starting from
an FP1 cavity, as detailed in figure 4.1. This cavity is sketched in figure 4.2a by
the uncolored holes. To obtain the H1 cavity, the FP1 cavity is modified by adding
holes from both sides, leaving only the center hole unetched. For each of the set
of the colored holes the radii, r(4), r(3) and r(2), are successively and gradually
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increased from 0 to r, the radius of the bulk crystal (white holes), i.e. first r(4)

is increased from 0 to r, next r(3) etc. The holes with radius r(4) extend to the
edge of the PC. Finally, the resonance frequency of the H0 cavity is investigated
by modification of the colored holes in figure 4.2b with radius r′ and shift s′. The
impact of the addition of the holes and the gradual increase of the radius on the
resonant frequency is studied by 2D-FDTD calculations. For PCs in low refractive
index contrast systems, the Q-factor of the resonance peaks is limited to a few
hundred while resonant frequencies are well reproduced by 2D-FDTD calculations
with effective index approximation [96].

Figure 4.2c shows the behavior of resonant modes of a PC system containing a
single row defect as obtained from 2D-FDTD calculations (black lines). The lines
connect the resonance frequencies found by 2D-FDTD calculations of the transmis-
sion of the PC and RWGs; each line consists of eight calculations per panel. Due to
the excitation with RWGs, modes with a large coupling to the waveguide mode are
preferentially excited.

From left to right in figure 4.2c (normalized frequency vs. hole radii), the defect
cavity is transformed from a FP cavity with one missing row of holes (FP1) to an
H1 cavity by successive addition of holes with radii r(4), r(3) and r(2), as sketched
in figure 4.2a. In the rightmost panel of figure 4.2c the resonance frequency of the
H0 cavity is shown as a function of the radius r′ of the two holes with radius r′

and shift s′ designated in figure 4.2b. At selected positions, indicated by the crosses
and capitals, the modal field pattern (Hy, magnetic field, which is perpendicular
to the plane for TE-modes) is displayed is figure 4.2d; the letters a-j correspond to
A-J in figure 4.2c. The grey shaded areas indicate the transmission bands. The
experimental peak positions obtained by transmission measurements from several
samples, are shown in squares, circles and triangles. The spread of the resonance
frequency from sample to sample is due to different fabrication runs. The results
from these measurements will be discussed in further detail below.

4.1.1 FP1 cavity

The FP1 cavity (r(4) = 0) has a single resonant mode roughly in the center of the
bandgap, with a modal field pattern, see mode a in figure 4.2d, characteristic for a
FP mode. This FP1 cavity was fabricated on sample ”MO404s3a”, see table 2.1.
The device is shown in a Scanning Electron Microscopy (SEM) micrograph in figure
4.3a. The experimental spectrum of the resonance is displayed in figure 4.3b. A
SiNx anti-reflection coating was applied to the sample to suppress FP modulations
arising from reflections at the samples edges. In the coating process some SiNx

is likely to end up inside the PC holes. However, measurements taken before and
after application of the coating do not exhibit significant changes in the resonance
position or linewidth. Fitting of the resonance peak (bold line) yields a Q-factor
of 47. This Q-factor compares favorably to previously reported results of FP-type
cavities of similar width, where Q-factors of 20 to 30 were found [31]. More recently,
optimization in etching (Chemically Assisted Ion Beam Etching (CAIBE)) has led
to an increase of the Q-factor for the FP1 to approximately 300 [76, 123], which is
primarily attributed to increased hole depths. The measured resonance frequency is
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Figure 4.2: a) By addition of the colored holes with radii r(4), r(3)

and r(2) respectively a FP1 cavity is transformed into an H1 cavity. b)
Detail of the formation of an H0 cavity. The colored holes are shifted
by s′ which is related to the radius r′ by s′ + r′ = r, with r the radius
of the holes of the bulk PC. c) the evolution of the resonant modes of
a single row defect cavity. The FP1 cavity is transformed into an H1
cavity by addition of PC holes as depicted in figure 4.2a, ultimately an
H0 cavity is formed. The horizontal axis gives the ratio of the hole radii,
r(4), r(3), r(2) and r′ with respect to the bulk hole radius r; the tick
labels are displayed below and above alternating. The squares, triangles
and circles indicate the available experimental data,with each different
symbol representing data from a different fabrication cycle. The vertical
axis gives the normalized frequency. The gray areas denote the dielectric
and air band. d) Magnetic field maps (Hy) of the various modes indicated
by the crosses and capital letters in b. The mode patterns a-m correspond
to A-M indicated in figure 4.2c.
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Figure 4.3: a) SEM micrograph of a FP1 cavity. b) Spectrum of a FP
type defect cavity with one missing row. The bold line is a Lorentzian
fit used to accurately determine the Q-factor, which is found to be 47.

slightly lower than obtained by the 2D-FDTD calculations, which can be attributed
to deviations from the desired r/a value in the fabrication process (deviation of
about 10%).

By steadily increasing radius r(4) the resonant mode is compressed in the direc-
tion parallel to the defect row, showing a pattern with a higher field concentration
in the center of the PC, see mode b in figure 4.2d. The resonance frequency and the
modal pattern remain essentially unchanged. As radius r(3) is successively increased,
the mode splits into 3 separate dipole-like modes which have distinct modal patterns
(c, d, e in figure 4.2d). The lowest frequency mode (e) is the zeroth order mode
with a high field concentration in the center of the PC. Both higher order modes
have extra nodes along the direction perpendicular to the access RWGs. The sec-
ond order mode (c) is concentrated on the holes with radius r(3), which explains the
strong dependence of the resonance frequency on the radius. This mode disappears
when r(3) approaches r.

As the modes are more confined by the increase of r(3) and subsequently r(2),
the splitting of the two lowest order modes is increased after the next set of holes
is added and their radii r(2) increased. Since the first order mode is concentrated
near the r(2) (blue) holes, it is driven towards the air band. At r(2)/r = 1 the H1
cavity is obtained, which has only one (degenerate) mode [126].

4.1.2 H1 cavity

The experimental spectrum of an H1 defect cavity is shown in figure 4.4. This H1
cavity was fabricated on sample ”MO139s7”, see table 2.1. The resonance feature is
modulated by a large beat and fine FP fringes originating from the cavities formed
by the cleaved facets and the PC in between [100] (resolved in the right inset). The
frequency of the fine fringes is due to the length of the RWGs and the frequency of
the beat is caused by the length difference of the RWGs. From a lorentzian fit of
the envelope (bold line) the Q-factor of the H1 cavity is determined to be 65.
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Figure 4.4: Spectrum of an H1 defect cavity. The bold line is a
lorentzian fit of the envelope, used to obtain a Q-factor of 65. In the
inset a SEM micrograph of the H1 structure is shown. The modulation,
beat and fine fringes, which are detailed in the inset, are caused by re-
flections at the cleaved facets of the RWGs and the PC in between and
are discussed in section 2.3.1.

As seen from the evolution of the mode patterns from point A via B, E and G
(modes a, b, e and g in figure 4.2d), the character of the modes does not significantly
change, i.e. the modes have a node in the center of the cavity and no node in the
ΓK direction. The main difference among the modes is the gradual confinement of
the field into the center of the cavity. For all these modes the primary confinement
direction is in the ΓM direction. Therefore it is reasonable to analyze the H1 as a
FP1 cavity. The H1 cavity is confined in two dimensions while the FP cavity is only
confined in one dimension, therefore the FP cavity is expected to yield lower losses.
From the FP analysis using the Q-factor a value for the reflectivity of the PC mirror
can then be determined. This will yield a lower bound on the reflectivity of the PC
mirror of the H1-cavity. The reflectivity can be calculated from

Q = mπ

√
R

1 − R
, (4.1)

with m, the mode number associated with the cavity length and R the reflectivity of
the PC. The mode number can be estimated to be 5±1 from the modal field pattern
a in figure 4.2d. From this, the reflectivity is calculated to be 0.8 ± 0.1.

Theoretically, for filling factors around 0.3, as in our structures, the H1 defect
cavity displays a single degenerate resonance in the center of the bandgap [91, 126].
This dipole mode is known to have a relatively low Q-factor [50].

H1 cavities were reported for InP membranes with Q-factors of 70 for an air
filling factor of f = 0.43 and Q = 100 with f = 0.55 [91]. Q-factors of 270 and
250 for the H1 cavity were found for the AlGaAs/GaAs half-membrane [90] and
GaAs membrane [125] systems respectively. From 3D-FDTD calculations for our
experimental structure a Q-factor of 180 was obtained, see figure 4.5a, compared
to a measured result of 65. For this calculation the holes were approximated as
cylinders with a depth of 2.5 µm. Since the hole shape of the actual structure suffers
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Figure 4.5: a) 3D-FDTD calculation of the H1 resonance. A Q-factor
of 180 was obtained for 2.5 µm deep vertical holes, neglecting the tapered
shape of the holes. Splitting of the resonance peak due to discretization
effects is artificially removed. b) Q-factor of the H1 cavity vs. the etch
depth of the holes obtained by 3D-FDTD calculations.

from tapering, ellipticity and sidewall roughness, the calculation is an upper limit
of the Q-factor. Hole tapering is the main contribution to the deviation between
calculation and experiment [97].

Given that improved etching for FP-cavities has led to a dramatic increase of
the Q-factor [76, 123], it is likely that a similar improvement of the Q-factor may be
possible for H1-cavities in these deeply etched systems. Berrier et al. show that an
increase of the hole depth beyond 2.5 µm, which is obtained in this work, would lead
to an increase of the Q-factor by approximately a factor of two [32]. Variation of the
hole depth in 3D-FDTD calculations, see figure 4.5b, show only a limited increase
of the Q-factor beyond a depth of 2.5 µm to a maximum of approximately 220.
Thus the major improvements in Q-factor resulting from improved deep etching to
a depth beyond 2.5 µm, are expected from the increased verticality of the holes.

To determine whether the mirror transmission limits the Q of the H1 cavity,
several cavities were fabricated on a different sample (”MO404s4b”), varying the
number of PC holes on either side of the defect, see figure 4.6a. The results are
displayed in figure 4.6b) (squares). For this sample the resonance with 5 hole rows
was not observed due to poor coupling efficiency. The Q-factor of the H1 cavity
in figure 4.4b (circle) and the Q-factor of the FP1 cavity (triangle), made in inde-
pendent process runs, are also shown. The data in figure 4.6b show a monotonic
increase of the Q-factor with increasing number of mirror rows, while saturation is
not evident.

4.1.3 H0 cavity

Finally, the resonance frequency of the smallest possible cavity, i.e. the H0 cavity,
is shown as a function of r′ in the rightmost panel of figure 4.2c). This H0 cavity
was fabricated on sample ”MO139s8a”, see table 2.1. The radius r′ and the shift
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Figure 4.6: a) b) Variation of the Q-factor of the H1 cavity as a function
of the number of rows. The squares indicate the Q-factors obtained from
sample ”MO404s4b”, the circle displays the Q-factor from figure 4.4b and
the triangle is the Q-factor of the FP1 cavity.

of the holes s′ are related as r′ + s′ = r, with r the radius of the holes of the bulk
PC, see figure 4.2b. Figure 4.7a displays a SEM micrograph of the structure. The
spectrum of an H0 cavity taken at a designed value of r′/r = 0.8 and s′/r = 0.2, is
given. From inspection of the SEM micrograph a value of approximately r′/r = 0.7
and s′/r = 0.19 was obtained.

The spectrum is modulated by a beat and fine FP fringes stemming from the
reflections at the PC and RWG facets. The Q-factor of the H0 resonance is approxi-
mately 30, somewhat smaller than that found for the H1 cavity. The experimentally
found resonance frequency deviates considerably from the value found by 2D-FDTD;
this is attributed to deviations in the size and shape of the two shifted holes. Since
the two holes with radius r′ are much smaller than the regular PC holes, the hole
shape is expected to suffer from etching lag, which causes the holes to be less deep
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Figure 4.7: a) SEM micrograph of the H0 cavity. b) Spectrum of the
H0 cavity resonance. The Q-factor was determined from the envelope to
be approximately 30. This structure has a lattice constant of 380 nm,
bulk hole radius r of 115 nm, r′/r = 0.7 and s′/r = 0.19.
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and more tapered. This will present a much smaller average hole cross-section to
the electric field.

In membrane type PCs, H0 cavities are reported to have a Q-factor that is
at least an order of magnitude larger than unmodified H1 cavities[34, 127]. The
large Q-factor of the H0 cavity in membrane devices is due to a gentle spatial
decay of the modal electric field pattern. This gentle decay reduces the number
of field components with a wavevector above the lightline, decreasing out of plane
losses[128]. In these low vertical index contrast systems this mode engineering does
not apply, since the complete bandgap is located above the lightline.

In contrast to membranes, all three types of deeply etched cavities discussed
here, have similar Q factors, with a best result for the H1 cavity. The coupling of
the cavities to the incoming waveguide mode is very different. For the FP1 cavity
the coupling to the waveguide mode is large as it is in the path of all the light
exciting the RWG. However, since the incoming mode is not a plane wave, there are
large diffraction effects, while there is no confinement in the direction perpendicular
to the RWGs which gives rise to leakage. For the H1 and H0 cavities the coupling
to the waveguide mode is successively worse, due to a smaller overlap between the
modal field profile and the RWG mode. However, the confinement in the direction
perpendicular to the RWGs is much better.

4.2 Three row defects

In this section the three row defects are systematically investigated, starting from an
FP3 cavity, as shown in figure 4.1 (bottom row). This cavity is reproduced in figure
4.8a by the white holes. To obtain the H2 cavity, the FP3 cavity is modified by
adding the colored holes except for the central hole. For each of the holes of a single
color, the radii r(4), r(3) and r(2), are successively and gradually increased from 0
to r, the radius of the bulk crystal (white holes). Finally, the resonance frequency
of the ring cavity is investigated by increasing the central hole with radius r′. The
impact of the addition of the holes and the gradual increase of the radius on the
resonant frequency is analyzed by 2D-FDTD calculations.

Figure 4.8b shows the evolution of the modes of a simple three row defect FP-
type cavity (FP3) towards hexagonal symmetric defect cavities, i.e. the H2 cavity
and ring cavity successively. The lines connect the resonance frequencies found by
2D-FDTD calculations of the transmission of the PC and RWGs; each line consists of
eight calculations per panel. The cavities transform into one another by modification
of the radii of the holes indicated in figure 4.8a. At selected positions indicated by
the crosses and capital letters, the modal field pattern is displayed in figure 4.8c. The
modes a-m correspond to A-M in figure 4.8b. The squares, triangles and diamonds
indicate the available experimental data of the FP3 cavity, the H2 cavity and ring
cavity. The different symbols indicate that the results were obtained from samples
fabricated in independent production runs. The results from these measurements
will be discussed in further detail below.
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Figure 4.8: a) Sketch of the three defect row cavities. By addition
of the colored holes with radii r(4), r(3) and r(2) the FP3 cavity (white
colored holes) is transformed into an H2 cavity. Finally, by addition of
the center hole with radius r′ the H2 cavity is changed into a ring cavity.
b) Evolution of the resonant modes from FP type cavity to H2 cavity to
ring cavity as a function of the ratio of the radii of the holes, designated
in a and the radius of the bulk holes r. The squares, triangles and
diamonds indicate the available experimental data,with each different
symbol representing data from a different fabrication cycle. The grey
areas denote the dielectric and airband. c) Magnetic field maps (Hy) of
the various modes indicated by the crosses and capital letters in subfigure
a. The mode patterns a-m correspond to A-M indicated in figure 4.8a.
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4.2.1 FP3 cavity

For the case of the FP3 cavity only modes with nodal planes in the ΓK direction are
expected. When viewed as a FP type cavity with discrete mirrors, the mode number
is determined by the cavity width L, i.e. m = Ln/(2λ), with n the refractive index
and λ the resonant wavelength. In the case of PC FP cavities, the penetration of
the light into the PC mirrors also has to be taken into account[129]. Figure 4.9
shows the spectrum of a FP3 cavity. This FP3 cavity was fabricated on sample
”MO404s2a”, see table 2.1. For a/λ < 0.18 and a/λ > 0.26 the dielectric and air
band edge respectively are visible. In the bandgap two resonances with a Q-factor
of approximately 30 are shown. The apparent discontinuities in the spectrum (peak
and air band onsets) correspond to non-matching parts of data from cavities with
different lattice constant and are due to the usage of lithographic tuning technique
to span the wide window of normalized frequency. In this fabricated device set, a
SiN anti-reflection coating was applied to the end-facets of the sample, removing
the FP fringes resulting from reflections, as described previously.
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Figure 4.9: Wide band spectrum of a FP3 defect cavity. The differently
colored parts of the spectrum result from structures with a varying lattice
constant and radius (lithographic tuning).

As the ratio r(4)/r is increased, the FP-like mode is distorted, resulting in a
small shift of the resonant frequencies. Additional modes (a, d), with nodes in
the ΓM direction, appear when r(4) is sufficiently large to have a stopband in the
ΓK direction. However, these modes are only weakly excited due to the waveguide
geometry, as their modal profile has limited overlap with the waveguide mode. Mode
a in figure 4.8c shows a complicated modal pattern as a result of reflection in both
directions reminiscent of monopole modes (compare with modes f and l in figure
4.8c). Modes b and c display a slight perturbation of the FP-like modes of the
FP3 cavity. The subsequent increase of the ratio r(3)/r shows a continuation of this
trend. Confinement in the ΓK direction is increased as shown by modes d and e,
which show dipole modes with nodes in the perpendicular direction.
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4.2.2 H2 cavity

With the increase of r(2)/r hexagonal symmetry is introduced to the cavity resulting
in the appearance of a hexapole (I) and monopole mode (F) to the spectrum. For
r(2)/r = 1, an H2 cavity is obtained (see inset of figure 4.10b). The experimental
spectrum of the H2 cavity is given in figure 4.10a. In the bandgap two resonance
peaks with a Q-factor of approximately 30 are visible within the photonic bandgap
range from approximately a/λ = 0.20 to a/λ = 0.28. This graph reflects the spec-
trum of an H2 cavity with only 3 mirror rows resulting in the low Q-factor. The
peak at a/λ = 0.21 can be identified with the degenerate dipole/ hexapole mode
in figure 4.8b. Due to the modest Q-factor of the resonance at a/λ = 0.255, the
dipole and monopole mode have also merged. The designed r/a value of 0.27 for
this sample was slightly lower than used for the calculations, which accounts for
the different resonance frequency. As with the FP3 spectrum in figure 4.9, an anti-
reflection coating was applied on the cleaved facets of the access RWGs, however,
a residual modulation is still present. The origin of this modulation is not relevant
for the present work and is not further investigated, it is likely due to a modulation
of the width of the RWGs.
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Figure 4.10: a) Wide band spectrum of an H2 cavity. b) Part of the
spectrum of an H2 cavity (different sample) detailing the monopole and
dipole resonances. The red bold line is a lorentzian fit of the envelope.
In the inset an SEM image of the structure is shown.

Figure 4.10b) shows the results obtained from a different sample (”MO139s8a”),
displaying the monopole and dipole mode resolved. To increase the Q-factor of the
resonance, two extra rows of holes were added to the PC mirror with respect to
figure 4.10a, i.e. the cavity of figure 4.10 is terminated by 3 rows of holes while the
cavity of figure 4.10b is terminated by 4 rows of holes, as seen in the inset. Since
the Q-factor of these resonance peaks is substantially higher (approximately 100),
the modes are now separated.

The measured Q-factor of the H2 cavity in this deeply etched system is some-
what smaller than values found for InP-membranes on Si (300 to 400) [91]. Higher
values are found for the AlGaAs/GaAs half-membrane system [90] and InP air mem-
branes [124], in which a Q-factor of approximately 600 for the H2 cavity was found.
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Even larger Q-factors, up to 4000 [125], are found in GaAs membranes.

Q-factor vs. mirror rows

The Q-factor of the H2-cavity resonances was investigated as a function of the width
of the PC mirrors. The number of rows on either side of the defect (mirror rows, MR)
is varied from 2 to 5, see sketch in figure 4.11a. The squares (”MO404s4b”) and re-
versed triangles (”MO404s2a”) in figure 4.11b denote the Q-factors of the first order
(dipole/hexapole) resonance and the circles (”MO404s4b”), triangles (”MO404s2a”)
and diamond (”MO139s8a”) display the second order (merged dipole and monopole)
resonances of the H2 cavity for several samples. Both datasets shows approximately
the same expected behaviour, namely a rise of the Q-factor as a result of better light
confinement in the defect due to increased mirror reflectivity. For the merged dipole
and monopole H2 resonances (2nd order) the dataset is incomplete as for larger mir-
ror thickness, the resonance peak is difficult to distinguish in the spectrum. This
can be attributed to reduced coupling efficiency between the access waveguides and
the defect cavity and losses. High in-plane losses may be incurred, since the 2nd
order feature is spectrally located close to the airband, which may induce leakage.
The data in figure 4.11b show a monotonic increase of the Q-factor with increasing
number of mirror rows, while saturation is not evident.

From both calculations and measurements done for H2-cavities in membrane
PCs measured by photoluminescence (PL), more modes than presented in figure
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Figure 4.11: a) Sketch of the variation of mirror rows (MR). b) Quality
factor of resonance peaks in the spectrum of H2 defect cavities versus
the mirror rows on either side of the defect. The squares and reversed
triangles denote the Q-factors of the first order (dipole/hexapole) reso-
nance and the circles, triangles and diamonds display the second order
(merged dipole and monopole) resonances of the H2 cavity for several
samples.
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4.8b were reported [124]. However, only a subset of modes were found, of which
some modes are not resolved due to the low Q-factor. Opposed to PL, the excitation
of the cavity using waveguides favors modes with a strong coupling to the modal
field of the waveguide.

Reflection determination from FP fringes

The FP fringes as seen in figure 4.10b can also be used to estimate the reflectivity of
the PC, by analysis of the maximum to minimum ratio of the fine fringes obtained
from a zoom in of figure 4.10a, prior to application of the anti-reflection coating,
see figure 4.12. This figure closely resembles the inset of figure 4.4, if plotted on a
linear scale. From this figure the largest minimum to maximum ratio of the fringes
was found to be approximately 80.
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Figure 4.12: Typical fringe pattern present in the measurements of
FP3 and H2 cavity spectra; note that the transmission is plotted on
a logarithmic scale. The largest minimum to maximum ratio for these
fringes is approximately 80.

Using the analysis of section 2.3.1 and equation 2.5 the group index and the
reflectivity of the PC can be determined and were found to be 3.674 ± 0.001 for the
group index and 0.72 ± 0.05 for the reflectivity.

Alternatively, the reflectivity of the PC mirrors can be found directly from the
measured spectrum by determination of the finesse, F, as both the FP3 cavity (figure
4.9) and the H2 cavity (figure 4.10a) show two peaks of consecutive order. Since
two resonance orders are available, it is not necessary to estimate the mode number
m, as in equation 1. The reflectivity is calculated by

F = π

√
R

1 − R
. (4.2)

The reflection of the FP3 and H2 structures is found to be 0.70 ± 0.05, consistent
with the value found from the analysis of the fringes. These values are compa-
rable to reflectivity coefficients found by other work with non-optimized etching
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technology [31]. However, the reflectivity is not as high as might be expected from
comparison with ref [130] (∼ 0.9).

4.2.3 Ring cavity

Finally, the addition of the single hole (r′) in the center of the H2 cavity formes a
ring-like cavity, see figure 4.8b). Since the effective refractive index of the cavity is
lowered by increasing the ratio r′/r, the modes blue-shift towards the air band. For
r′/r = 1, an unmodified ring defect cavity is obtained, see figure 4.13a.
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Figure 4.13: a) SEM micrograph of the ring-like cavity. b) Spectrum
of the ring cavity. The Q-factor was determined from the envelope to be
approximately 300, 75 and 30 from left to right. The insets displays the
modal patterns of the resonances.

Figure 4.13b gives the spectrum of this PC ring resonator with an inner radius
and ring width of the order of the wavelength, i.e. one lattice period. This ring cavity
was fabricated on sample ”MO139s8a”, see table 2.1. This type of cavity supports
four resonant frequencies in the bandgap. In the insets, the modal patterns of the
resonances are depicted. These modes can be identified as a hexapole, dipole and
a degenerate monopole/dipole respectively. The Q-factor of the resonances were
obtained by fitting the envelope with a Lorentzian, yielding 300, 75 and 30 from left
to right respectively.

In the work reported here, we have detected three resonances in the bandgap,
due to relatively high optical losses, leading to a decrease of Q-factor with increasing
frequency. For the InP/InGaAsP/InP system the out-of-plane losses are inherently
large compared to membranes. For perfect PC holes, it is expected that modes far
away from the band edges have the optimal confinement and thus highest Q-factor.
However, fabrication imperfections (tapered holes, ellipticity and surface roughness)
have a significant impact on the losses for modes that concentrate their modal fields
near or in the PC holes, i.e. modes near the air band. Therefore modes closest
to the dielectric band edge are expected to yield higher Q-factors. A moderate Q-
factor of 160 is sufficient to enable the operation of high efficiency all-optical logic
gates [53], which makes this cavity type suitable for applications such as gating
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logic. In comparison, for Si membranes Q-factors of 400 and 2000 were found in
combination with infiltration of the enlarged central hole [92, 131].

Figure 4.8a) shows that a further increase of the radius of the center hole leads
to a strong blue-shift of the modes of the ring cavity. Also, several modes succes-
sively appear into the bandgap: modes J,K with a quadrupole symmetry, monopolar
mode L and quadrupolar mode M. The spectral location of all modes show a large
dependence on the radius of the enlarged central hole. This makes these modes very
suitable for sensor applications, since changes of the effective refractive index are
proportional to ∆r′/r. Thus the introduction of a substance with a higher different
refractive into the central hole will have a large impact on these modes [131].

4.3 Summary and Conclusions

In summary, the optical properties of two classes of cavities in the deeply etched
InP system, with a width of a single and three rows, were fabricated and studied by
transmissions spectroscopy and analyzed in combination with FDTD calculations.
The one row defect class includes the FP1, H1 and H0 cavities. The three row defect
class includes the FP3, H2 and ring cavities. For the single row defect class, H0, H1
and FP1 cavities have similar Q-factors, in the order of 50. The best result of 65
was obtained for the H1 cavity, which is comparable to results for membranes. For
the three row defect class, the Q-factors of the FP3, H2 and ring cavity vary by one
order of magnitude and mainly due to differences in sample quality. The best result
of 300 was obtained for the ring cavity. The Q-factor of H1 and H2 cavities rises
monotonically with the number of rows of the PC, while saturation is not evident.



Chapter 5

Infiltration

This chapter deals with the subject of infiltration of planar Photonic Crystals (PCs),
with both liquid crystals (LCs) and polymers (BenzoCycloButene (BCB)). First
an introduction into and overview of the field will be given. In section 5.1, the
properties of LCs and of LCs in PCs in particular will be explained. In section 5.2,
the infiltration of the H1 cavity, see also section 4.1.2, will be discussed. Then, in
section 5.4 our results on the infiltration of a W3 PC waveguide, which was covered in
section 3.2 will be given and discussed. In particular, the effect of infiltration on the
Mini StopBand (MSB) will be discussed. This chapter only covers the experiments
in which the complete PC is infilled, i.e. global infiltration, in contrast to the
selective filling of one or a few selected holes, which is the subject of chapter 6.

Part of section 5.2 has been published as H.H.J.E. Kicken, I. Barbu, R.W. van der
Heijden, F. Karouta, R. Nötzel, E van der Drift and H.W.M. Salemink, Wavelength
sized, tunable nanocavity in deeply etched InP/InGaAsP/InP photonic crystals, Opt.
Lett. 34, (2009). Part of section 5.4 is in preparation for publication.

Infiltration of PC holes can be categorized as one of a larger class of operations
that influence the properties of PCs after fabrication, so called post-production or
post-fabrication processing. In general, the properties of the PC can be influenced
by changing the refractive index of the holes or the host material. An example of
changing the refractive index of the host material is the tuning of chalcogenide glass
PCs by photodarkening [131].

Also, layers of several nm thickness can be removed from the hole sidewalls and
PC surface through digital etching [132–134]. This is the process of successively
creating an oxide layer by plasma oxidation of the surface and removing this layer
by wet chemical etching.

Since the paper by Busch and John [70] in 1999, drawing attention to the possi-
bilities of tuning inverse opal PCs by infiltration of liquid crystals, there have been
a host of publications on the infiltration of PCs with various substances in diverse
material systems.

Infills in PCs can be used for either passive or active tuning purposes. Passive
tuning is the process of shifting or trimming spectral features. Active tuning is
meant when the optical properties of the infill can in some way be controlled to

73
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dynamically change the behavior of the system. A passive tuning method has been
reported for the deeply etched InP/InGaAsP/InP system in which the PC holes are
infiltrated with liquid monomers. The monomers are subsequently polymerized in
situ, leaving solid polymer plugs inside the holes [71].

Polymers can also be infiltrated into PC holes from solution, e.g. BCB [99]. In
this work both methods of polymer infiltration was used. First, in order to be able
to visualize the infiltration by direct SEM inspection, see figure 5.1. Second, because
the properties of this polymer with respect to infiltration are known, and the fact
that it infiltrates the PC holes easily. Figure 5.1a shows BCB (dark gray matter
surrounding the PC structure) infiltrated PC holes. The holes are almost completely
infiltrated, except for the deepest part. Figure 5.1b displays the result of infiltration
with TriMethylolPropane-TriAcrylate (TMP-TA), the dark colored regions are cov-
ered by the polymer. The two leftmost light colored holes are empty. The polymer
plugs belonging to these holes are located at the other side of the cleaved surface.
Other substances used as passive infills are isopropanol and methanol in InGaAsP
membranes [45].

a) b)

1 mm

Figure 5.1: Holes infiltrated with polymers. a) The holes of the PC are
infiltrated with BCB, which was infiltrated in solution. The lower parts
of the holes (lighter color) are unfilled. b) Holes of the PC infiltrated
with TMP-TA, the lighter parts of the holes are empty, the polymer plug
belonging to this hole is located at the other side of the cleave.

For active tuning purposes the infiltration of polymer nanoparticles in Si PCs [72],
and LCs in macroporous Si [75, 135], GaAs/AlGaAs half membranes [77], InGaAsP
membranes [46] and InP/InGaAsP/InP [73, 76, 136–138] were reported.

In the deeply etched InP system, LC infiltration has been carried out pri-
marily on devices with a FP-like cavity with a size of approximately one missing
row [73, 76, 136, 137], i.e. FP1 in the terms of section 4.1, with 4-row PC mirrors.
In these experiments the shift of the resonant frequency and the band edge was
observed. The results of Schuller et al. [138] are obtained with a W3 PC waveguide
section intersected by two 4-row PC mirrors defining a cavity of approximately 7
µm length. For this structure no mini-stopband (MSB) was reported. In this work,
these findings will be compared to the results of the infiltration of an H1 cavity in
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section 5.2.

5.1 Liquid crystals

Liquid crystals (LC) are materials whose behavior emulates both the liquid and
solid phase; it combines both liquidity and long range order, which is known as a
mesophase. This peculiar behavior is caused by their anisotropic molecular shape,
as depicted in figure 5.2. These rod-like molecules or mesogens can form several
different mesophases, only the nematic phase is considered here.

Figure 5.2: The phases of a nematic liquid crystal. In the crystalline
phase the LC mimics normal solid state behavior. In the isotropic phase
the LC behaves as a liquid. In the nematic phase the LC still shows
orientational order but no translational order.

At low temperatures the LC is in the crystalline phase, in which the molecules are
ordered anisotropically in a lattice. As the temperature is increased to the transition
point from the crystalline phase to the nematic phase, Tcn, disorder in the system
increases and the spatial order disappears, however the orientational order of the
molecules remains. In general, LCs first form a phase known as the smectic phase,
in which the molecules are spatially ordered in planes, while the orientational order
is out of plane. The simple LC considered in this thesis does not exhibit the smectic
phase, but immediately crosses into the nematic phase. In this nematic phase, the
molecules are on average oriented along the director, as indicated in figure 5.2. The
LC behaves as a liquid with an anisotropic refractive index. Further increase of the
temperature across the transition point from the nematic to the isotropic phase, or
clearing temperature, Tni, results in the destruction of all orientational order. In
this isotropic phase the LCs exhibit normal liquid behavior.

In both the crystalline and nematic phases, the orientational order of the meso-
gens is limited to domains, whose orientation depends on the chemical composition
of the surface (surface anchoring energy) and the elastic modulus of the LC. In the
small volumes (∼ 0.1 fl) presented by the PC holes, the LCs are expected to form a
single domain, whose orientation in the nematic state is mainly determined by the
surface anchoring.

The LC used in this thesis is the K15 (5CB) LC produced by Merck, whose chem-
ical structure is displayed in figure 5.3. This particular LC has a Tcn of 23◦C and Tni
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Figure 5.3: Chemical structure of the K15 (5CB) LC used in the infil-
tration experiments; full name: 4-cyano-4’-n-pentylbiphenyl or 4-pentyl-
4’-cyanobiphenyl. This LC has transition points of Tcn ∼23◦C and Tni ∼

35.4◦C.

of 35.4◦C. The chemical name of this LC compound is 4-cyano-4’-n-pentylbiphenyl
or 4-pentyl-4’-cyanobiphenyl. The CN-end-group of the molecule is polar, there-
fore it binds preferably to polar surfaces, while the rest of the molecule is apolar,
which preferably attaches to apolar surfaces. Thus the polarity of the surface is an
important parameter which defines the orientation of the LC [139].

The refractive index of the LCs depends on the orientation of the director with
respect to the electric field. When the electric field is oriented perpendicular to the
director, the electric field experiences the ordinary index, no, which is equal to 1.516
at a temperature just above Tcn at the wavelength of interest, 1.55 µm. When the
electric field is oriented parallel to the director, the electric field is subject to the
extraordinary index, ne, which is 1.682. In the isotropic phase both polarizations
encounter the isotropic refractive index, ni, equal to 1.575, see figure 5.4.

Figure 5.4: The refractive index of LC K15 as function of the temper-
ature. The upper branch, where the electric field is oriented parallel to
the director, has a refractive index of 1.682 just above Tcn; the lower
branch, where the electric field is oriented perpendicular to the director,
has a refractive index of 1.516. For temperatures above Tni = 35.4◦C,
the refractive index is isotropic, ni = 1.575. All refractive indices are
given at 1.55 µm. Taken from ref. [137].
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Near the transition from the crystalline to the nematic phase, the refractive index
of the LC slowly changes with temperature, since the orientational order remains
approximately constant. In both the ordinary and extraordinary orientations the re-
fractive index is only weakly dependent on the temperature. However, at Tni the LC
abruptly loses its orientational order, corresponding to a first order transition [140],
resulting in a sudden jump of the refractive index, see figure 5.4.

Figure 5.5 shows the observation of the crystalline, nematic and isotropic phases
of a small droplet on a PC sample. In the crystalline phase the LC is a polycrystalline
white substance, in the nematic state a white liquid and in the isotropic state a
clear liquid. The horizontal white lines is reflected ambient light from the Ridge
Waveguides (RWGs). The bent vertical lines is the edge of the LC droplet. The
grey-white color in the ordered phases is due to scattering of light in material with a
non-uniform refractive index. The spherical shapes in the nematic state image may
be evidence of the existence of differently ordered subdomains within the droplet.

Figure 5.5: Observation of the crystalline, nematic and isotropic phase
of a LC droplet on a PC sample. The horizontal white lines are caused
by reflection of ambient light off the RWGs.

5.1.1 Liquid crystals inside photonic crystals

When nematic LCs are introduced into the PC holes, surface anchoring and con-
finement effects have a large influence on the orientation of the director, due to the
extremely small size of the PC holes. The surface anchoring of the long axis of
the mesogens can be either parallel to the surface, or perpendicular to the surface
(homeotropic).

The possible orientations of the LCs in cylinders of submicron diameter are given
in figure 5.6. When the mesogens have surface anchoring parallel to the surface,
the resulting configuration is axial (AX, figure 5.6a). This configuration displays no
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elastic deformations nor singularities. If the mesogens are anchored perpendicular to
the surface, two configurations are possible, either planar polar (PP, figure 5.6b) or
escaped radial (ER, figure 5.6c). In the case of a PP configuration, two singularities
exist at the sides of the cylinder, resulting in a higher free energy. In the case of an
ER configuration the singularity in the center of the cylinder is avoided by escaping
in the direction of the hole axis. The avoidance of the singularity does however
incur the cost of elastic deformation in the free energy. For holes with a radius
r < 400 nm, Burylov et al. have shown that in case of homeotropic alignment,
the configuration is either PP or ER [141]. For 5CB, Halevi et al. have calculated
that for homeotropic surface anchoring and low electric fields, ER is the most likely
configuration [142].

The possible tuning range of the PC properties with LCs are heavily affected by
the exact orientation of the LCs in the PC holes. Generally, air-hole-type PCs are
probed in TE polarization, i.e. electric field perpendicular to the hole axis, since

a) b) c)

Figure 5.6: Possible configurations of a nematic LC confined to a cylin-
drical hole. The small stripes depict the orientation of the mesogens. a)
Axial (AX) configuration; the mesogens are oriented parallel to the hole
axis (planar surface anchoring). b) Planar polar (PP) configuration; the
mesogens are oriented perpendicular to the hole axis (homeotropic sur-
face anchoring). c) Escaped radial (ER); for this configuration, both side
view and top view are shown. The mesogens are oriented perpendicular
to the holes axis at the surface but parallel in the center. Adapted from
reference [141]
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PCs of this type only exhibit a band gap for TE polarization. In the case of TE
polarization, the electric field experiences no for the AX configuration. For the PP
and ER configurations, the value of the refractive index is not readily determined
by TE polarization measurements alone and will strongly depend on the precise
orientation of the electric field inside the hole. In these cases, the refractive index
of the LC is expected to deviate considerably from either no or ne.

The alignment of the LCs inside the PC holes can be found by determination of
the refractive index by TE and TM polarized measurements, assuming 100% filling
efficiency. First, for AX orientation the LCs are aligned perpendicular to the electric
field in TE polarization, and parallel to the electric field in TM polarization, yielding
n0 and ne respectively. Second, for PP orientation the mesogens are aligned both
perpendicular and parallel to the field in TE polarization, in which case an effective
index of c0no+c1ne, with c0 and c1 constants depending on the orientation, is found.
In TM polarization the mesogens are aligned perpendicular to the field yielding no.
Last, for ER alignment the molecules are oriented parallel and perpendicular to the
field in both TE and TM polarization. Thus ER alignment can experimentally only
be determined by excluding AX and PP. When the filling efficiency is not 100%, this
still holds, but is complicated by a separate determination of the filling efficiency at
a temperature above the clearing point where the refractive index of the LC is ni.

As seen from figures 4.2d and 4.8c in chapter 4, the electric field in a PC device
may vary considerably among the available resonant modes. This can even result
in situations where the sampling of the LC orientation by one particular mode is
no-like while for another mode it is ne-like, resulting in opposite frequency shifts for
different modes of the same cavity [143].

5.1.2 Infiltration procedure

The infiltration of LCs into the PC holes is due to the capillary forces, which are
large for the small radius r of a typical PC hole (∼ 200 nm). The capillary pressure
pcap is given by

pcap =
2γcos (θ)

r
, (5.1)

with γ the surface tension of the liquid, θ the contact angle between the liquid and
the surface. For most liquids the surface tension is on the order of 10−3 N/m, which
yields pcap on the order of 10 bar. The contact angle θ is a crucial parameter for
the success of the infiltration experiment.

Due to the infiltration of the LC, it is possible that air bubbles might become
trapped in the holes. However, calculations show that for a typical gas permeability
of liquids, the degas time will be on the order of 1 s [144], due to the large pressure
inside the PC holes. This issue can be avoided entirely by performing the infiltration
under vacuum conditions.

Prior to the introduction of the LC on the sample surface, the sample underwent
several steps to ensure a low contact angle with the LC. First the sample was cleaned
with an oxygen plasma to remove any organic residue, next the oxides were removed
using a 10% solution of phosphoric acid in water. Lastly, the sample was rinsed
with isopropanol; this reduces the contact angle from 30◦ to 6◦, which should be



80 Infiltration

sufficiently low for good wetting. Another approach for ensuring proper wetting
conditions for infiltration is the growth of monolayers of a precursor material [145].

The introduction of the LCs on to the sample was carried out in both vacuum
and ambient pressure conditions at a temperature of 50◦C. Although several authors
report the necessity of infiltration in vacuum conditions [75–77, 136], in our work no
consistent difference was detected. The elevated temperature was chosen to reduce
the viscosity of the LC to facilitate the formation of small droplets.

5.2 H1 cavity

This section deals with the infiltration of the H1 cavity. The optical properties of the
H1 cavity was discussed in section 4.1.2. For the deeply etched InP/InGaAsP/InP
system, both the H1 cavity and the infiltration of the H1 cavity has not been re-
ported. The results obtained for the H1 cavity are compared to FP-like cavities of
similar size as discussed in section 4.1. This H1 cavity was fabricated on sample
”MO139s7”, see table 2.1.

The spectrum of an H1 defect cavity with PC mirrors consisting of 5 rows of holes
is shown in figure 5.7(a). The cavity resonance is clearly present. It is modulated
by fine FP fringes and a low frequency beat, which are resolved in the inset b).
The fringes and beat originate from nearly equal sized FP cavities formed by the
RWGs and the PC mirrors [100], see section 2.3.1. The envelope of the resonance
is fitted with a Lorentzian, yielding a Q-factor of 65. The value obtained for the
deeply etched device is comparable to those found for membrane devices. A large
resonance shift of ∆a/λ = 0.009 is obtained after infiltrating the surrounding holes
with LC K15 (5CB), see figure 5.7(c). For FP cavities of similar size, a shift of ∆a/λ
= 0.014 was reported [136, 137]. Infiltration increases the transmission level by a
factor of 5, attributed to a reduction of out-of-plane losses and increased coupling
efficiency. The Q-factor of the cavity is decreased by about 30%, which is due to the
increase of the modal volume as a result of the reduced refractive index contrast,
see figure 5.8.

A decrease of the Q-factor after infiltration for small number of rows was also
reported for a FP-type defect with one row of missing holes [73, 76, 136, 137]. This
contrast reduction effectively decreases the in-plane reflectivity. Addition of extra
mirror rows may recover the original Q-factor. This was not investigated in the
present experiments, since it requires an improved coupling of the RWGs to the
cavity.

By microscope inspection, the LC clearing point was observed at the measured
temperature of 35±0.5◦C, consistent with the manufacturer-supplied value for K15
of 35.4◦C. Figures 5.7 d) through f) show the spectra at 30◦C, still in the nematic
state, at 35◦C very close to the clearing temperature and at 40◦C, well into the
isotropic state. Although small compared to the linewidth of 33±4 nm, a red shift of
7±1 nm of the peak position on crossing the LC clearing temperature is consistently
observed. The hole filling efficiency, η, can be fitted using 2D-FDTD simulations
with the LC in the isotropic state. In this case the refractive index is 1.575, which
yields η = 0.6.
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Figure 5.7: Spectrum of an H1 defect cavity. The resonance peak
(a) in the unfilled case is modulated by FP fringes and a large beat,
resolved in the inset (b). The bold lines are Lorentzian fits of the beat
peak envelope. (c) through (f) display the resonances after infiltration
with LC at 4 temperatures: RT (c), 30◦C (d), 35◦C (e) and 40◦C (f),
with the clearing temperature 35.4◦C. The vertical line indicates the
resonance center frequency at RT. Between the unfilled and filled case a
resonance shift of ∆a/λ = 0.009 is obtained; As a results of crossing the
clearing temperature (∼ 35 ◦C) a 7 nm shift is observed.

An estimate for the refractive index in the nematic state, using this obtained
filling efficiency yields a refractive index consistent with the ordinary refractive
index, no, consistent with AX alignment. However, the uncertainty is too large to
justify firm statements regarding the LC alignment. Refs [136, 138] report ER and
PP alignments respectively for deeply etched InP cavities.

A second sample containing an H1 cavity, which did not show the H1 cavity
resonance was infiltrated with BenzoCycloButene (BCB). Infiltration was under-
taken to attempt to recover the resonance as a result of the improved coupling as
was observed for the sample discussed above. BCB was chosen in this case, as it is
known to have a high filling efficiency, optimizing the effect of the infiltration. This
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a) b)

Figure 5.8: Images of the modal intensity profile of an H1 cavity before
(a) and after (b) infiltration. On the left in the images, the incoming
waveguide mode is visible. After infiltration the modal electric field
profile is dramatically increased owing to the reduction of the refractive
index contrast. Due to the increase of the modal field an improved
coupling to the waveguide mode is observed.

H1 cavity was fabricated on sample ”MO404s2”, see table 2.1. Figure 5.9a show the
spectrum of the H1 cavity before (black line) and after (red line) BCB infiltration.
The black line shows both the dielectric and air band edges at a/λ = 0.19 and a/λ =
0.28 respectively. The weak presence of the airband is an indication of large losses.
The expected cavity resonance at ∼0.25 (as in figure 5.7) is not observed. After infil-
tration with BCB the air band is red-shifted and a signal increase of approximately
a factor of 5 is observed, consistent with the results obtained for the LC infiltration.
Also, the H1 cavity resonance is now clearly present, as highlighted in the graph.
The appearance of the H1 is remarkable as the signal rise is at least a factor of 2
larger than observed for the rest of the spectrum. Apart from the optimization of
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Figure 5.9: a) Spectrum of an H1 cavity before (black line) and after
(red line) BCB infiltration. The resonance which appears after infiltra-
tion is highlighted. b) Spectrum of an H2 cavity before (black line) and
after (red line) LC infiltration.
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the coupling between the RWG mode and the cavity mode, the presence of the BCB
inside the holes may also have a moderating effect on the losses due to roughness.
In this case the BCB reduces the refractive index contrast of the sidewall roughness.

5.3 H2 cavity

The H2 cavity shown in figure 4.10b, displaying two resonances (monopole and
dipole modes) is represented in the black line in figure 5.9b, see also section 4.2.2.
This cavity was infiltrated with LC, resulting in a red-shift of ∆ a/λ ∼ 0.005 of the
resonance, somewhat smaller than that found for the H1 cavity. The signal rise is
not as large as that observed for the H1 cavity. This is consistent with the effect
of the enlargement of the modal profile. Since the larger H2 cavity already has a
significant overlap with the RWG mode, the effect of an increase of the modal profile
will be less pronounced. Furthermore, the spectrum shows the two resonances to
have merged, consistent with a reduction of the Q-factor as was observed for the H1
cavity. Overlap of the two resonance features due to the Q-factor reduction, results
in the disappearance of the mode with the highest Q-factor.

5.4 W3 PC waveguide

The optical properties of the W3 PC waveguide were discussed in section 3.2. The
most important feature of the W3 PC waveguide is the MSB. Although the obser-
vation of the MSB has been reported by several groups [110, 112, 115–118, 120], the
tuning of the MSB using LCs has not been reported. This W3 PC waveguide was
fabricated on sample ”MO139s7”, see table 2.1.

The MSB feature is caused by coupling between the fundamental even mode
(FM(e)) and an even higher order mode (HOM(e)), see section 3.2. Since the
HOM(e) is a FP-like mode, it propagates in the direction almost perpendicular
to the PC waveguide. Therefore it travels very slowly through the PC waveguide,
and it has a large interaction with the PC holes surrounding the line defect that
makes up the waveguide. Due to the large interaction with the PC holes, this mode
is expected to show large effects of the infiltration of the PC holes.

Figure 5.10a shows the calculated transmission of the LC infiltrated W3 PC
waveguide. Compared to figure 3.7, which is reproduced as the blue curve in figure
5.10, only few changes have occurred as a result of the infiltration. The over-
all transmission is approximately unchanged. The MSB feature has substantially
shifted from a/λ ∼ 0.262 in figure 3.7a to a/λ ∼ 0.254. Figure 5.10b shows the pro-
jected bandstructure of the infiltrated W3 PC waveguide. The grey areas framed by
the bold red lines are the bulk PC modes. The black lines are the waveguide modes
in the bandgap. The bold green and blue lines highlight the FM(e) and FM(u)
respectively. Comparing the projected bandstructures of figures 5.10b and 3.7b it is
clear that the shift of the MSB of ∆a/λ ∼ = 0.008 is primarily caused by the shift
of the HOM(e) of ∆a/λ ∼ = 0.008 (taken at k// = 0). The shift of the air-band
is much larger, in the order of 0.02. After the infiltration the MSB is located close
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Figure 5.10: a) 2D-FDTD calculation of the transmission through a
LC infiltrated W3 PC waveguide. b) Projected bandstructure of the W3
PC waveguide (black lines). The grey areas framed by the bold red lines
are the bulk PC modes. As in figure 3.7b the FM(e) and FM(u) are
highlighted with a bold green and blue line respectively. In both calcula-
tions the parameters were r/a = 0.3 and nLC = 1.5, approximately the
value of no.

to the airband edge, while the MSB was located approximately in the center of the
bandgap before.

Due to the introduction of the LC into the PC holes along the waveguide, the
HOM(e) is expected to red-shift, similar to what is reported for FP-like modes [73,
76, 136, 137]. Since the FM(e) samples the holes along the waveguide very little,
the slope of the FM(e) is not expected to change, calculations of the slope of the
FM(e) show a change in the order of 0.1%.

An experimental spectrum with focus on the MSB feature is shown in figure
5.11a. The figure displays the spectra before (black) and after (red) LC infiltration
with K15. The red line displays the red-shift of the MSB; however, the measured
magnitude of the shift is ∆a/λ ∼ 0.005. The structure with a lattice constant of 381
nm shows the MSB before and after infiltration, see figure 5.11a. For clarity, the FP-
fringes are numerically averaged out using a smoothing routine. The measurement
at room temperature in the nematic state (22.2± 0.2◦C) shows a red-shift of the
MSB of 30.3 nm from 1487 nm to 1517.3 nm, corresponding to ∆a/λ ∼ = 0.005.

The results of the temperature tuning experiments are displayed in figure 5.11b.
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Figure 5.11: a) Spectrum of a W3 PC waveguide before (black line)
and after (red line) infiltration with LC K15. b) The behavior of the W3
MSB (black line) as a result of LC infiltration (red line) and subsequent
temperature tuning across the clearing point (blue line).

With the temperature raised to 30±0.2◦C, the LC remains in the nematic state
and no measurable shift can be observed. As the temperature is increased to 35◦C,
which is above the transition temperature to the isotropic state, a sudden 7 nm
red-shift is seen. In a similar temperature tuning experiment a comparable red-shift
was observed for a resonance peak of a FP-type defect cavity [136, 137]. Increasing
the temperature even further to 40◦C and 45◦C does not result in any measurable
change of the MSB spectral position. Due to the increase of the refractive index
of the semiconductor the MSB is only shifted by ∼2 nm over the whole tuning
range [68]. This confirms that the measured shift is not caused by thermal effects in
the semiconductor host material. Furthermore, the abrupt red-shift at the clearing
temperature of the LCs is strong evidence for a nematic to isotropic phase transition
inside the holes. From fitting with FDTD simulations and assuming an isotropic
refractive index of 1.575 at a temperature above the LC clearing point, the hole
filling efficieny of the LCs is estimated ∼0.80. This value is substantially higher
than the value found for the H1 cavity (∼0.0), which is on the same sample and
therefore expected to be similar. However, it is known that the filling efficiency
depends critically on the chemical wetting properties of the surface, which may vary
somewhat as a result of exposure to the lab environment.

When the MSB feature at room temperature (LC in nematic state) is fitted with
2D-FDTD simulations, a refractive index of 1.370 ± 0.005 is found. Taking the filling
factor into account, this leads to a refractive index of the LC in its nematic state of
∼1.5, almost equal to no. This is consistent with an AX orientation, however, due
to the large uncertainties, no strong claim can be made.
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5.5 Summary & Conclusions

In summary, an H1 cavity was infiltrated with LCs resulting in a shift of the res-
onance frequency of ∆a/λ = 0.009. A large increase in transmission of a factor of
5 was observed, this is attributed to improved coupling with the waveguides as the
modal electric field profile is increased. The Q-factor of the cavities was reduced
by 30% as a result of the infiltration. Subsequently, the orientation of the LCs in
the PC holes was tuned by variation of the temperature. A filling efficiency of 0.63
was found using 2D-FDTD calculations at temperatures above the clearing point.
Upon crossing the clearing point an abrupt 7 nm shift was observed, consistent with
the LC phase transition from nematic to isotropic. The nematic refractive index
was found to be close to no. Furthermore, for a second sample an H1 cavity whose
spectral signature was not observed before infiltration, was clearly detected after
infiltration with BCB. The signal rise in this case was larger than an order of mag-
nitude. Also, an H2 cavity was infilled with LC, which resulted in the merging of
the two resonance peaks. This spectrum showed a slightly smaller red-shift of ∆a/λ
= ∼ 0.005 of the resonances. Also, the signal rise was smaller, about a factor 2.
The smaller signal increase is attributed to a larger modal profile before infiltration,
which makes for a smaller possible coupling improvement. The W3 PC waveguide
described in section 3.2 was infiltrated with LCs. Before and after infiltration the
MSB was observed, and was found red-shifted by 30.3 nm. The observed red-shift
is primarily caused by the shift of the HOM(e) mode. The orientation of the infil-
trated LCs were subsequently tuned by driving the temperature across Tni. At the
transition temperature a further red-shift of 7 nm was observed. Analysis of the
observed shift yields a filling efficiency of 80% and an effective refractive index of
the LCs in the nematic state of 1.5, close to no. The observed broadening of the
MSB after infiltration is attributed to losses due to fabrication imperfections.



Chapter 6

Local Infiltration

An attractive prospect for Photonic Crystal (PC) devices is the ability to locally
adjust the properties of individual components, e.g. control the resonant wavelength
of a particular cavity, without affecting all other components. Such adjustments can
be used to correct fabrication deviations, which would be carried out directly after
fabrication with passive materials. Also, by using materials whose optical properties
can be controlled externally, the device as a whole may be operated. Lastly, even
additional functionality or complete circuitry, can be added to a generic device
(breadboard), providing ultimate freedom of design [70, 80].

This chapter covers our results on local infiltration of LC into PC holes. Section
6.1 gives an overview of various methods that have reported for the modification of
PC devices and resonant modes. Section 6.2 gives the details on the experimental
scheme for lithographically addressing individual holes and optical demonstration
of the effect. The experimental results will be given in section 6.3. Next, the optical
results are dealt with in section 6.4. Finally, a summary and conclusions will be
given. Parts of this chapter are in preparation for publication.

Parts of this chapter are accepted for publication in Opt. Express 2009 as
H.H.J.E. Kicken, P.F.A. Alkemade, R.W. van der Heijden, F. Karouta, R. Nötzel,
E.W.J.M. van der Drift, and H.W.M. Salemink, Wavelength tuning of planar pho-
tonic crystals by local processing of individual holes.

In general, tuning on the component level in PCs, can be achieved by locally
depositing material in the holes or on the semiconductor or removing material from
the semiconductor, changing the effective refractive index of the component. Such
methods are called post-processing or post-fabrication tuning methods. In partic-
ular, the precise control of resonant wavelengths of cavities is of importance, since
PC cavities are essential components in Photonic Integrated Circuits (PIC). The
spectral features of cavities are generally narrow, thus, large tuning effects can be
realized when the effective refractive index of the cavity is varied. Recently, several
groups have demonstrated methods to achieve tuning by local modifications.
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6.1 Local post-processing methods

Topol’anc̆ik et al. report the opening of large area’s of membrane PC waveguides
using EBL [52]. In this experiment a SiOx hard mask layer was deposited at an
angle of 80◦ to avoid deposition of the SiOx inside the PC holes. Electron beam
lithography and RIE etching was used to open a large number of holes in a PC
waveguide structure. No alignment marks were used, as precision with respect to
specific holes was not required. The PC waveguide structure consists of a W1
PC waveguide whose signal is split to two PC waveguides with additional smaller
PC holes in the PC waveguide. Parts of the two waveguides were infiltrated with
isopropanol and xylene to detect the infiltration in the output signal. Although
evidence of infiltration was detected, no proof of selective infiltration of the holes in
the PC waveguide was given.

Experiments were conducted by Intonti et al., aiming at local infiltration of
single holes in a regular photonic crystal. Proof of principle was demonstrated
by measuring photoluminescence (PL) of a single locally infiltrated PC hole [84]
in macroporous silicon [146] by micropipeting. The holes, which have a diameter
of ∼ 1 µm, much larger than required for photonic crystals, were infiltrated with a
solution of Rhodamine dye in water by micropipet. The Rhodamine solution displays
PL at 550 nm, whereas the used PC has a bandgap in the far infra-red. Practical
application of this scheme in PIC may not be straightforward, since micropipeting
is not readily adapted for waferscale processing. In a follow-up experiment, the
PL spectrum of a ring-like cavity with an enlarged central hole was infiltrated by
micropipeting with a solution of PbS quantum dots in toluene [92]. The central
hole has a diameter of 635 nm, the other PC holes have a diameter of 210 nm.
The infiltration is not guaranteed to target only the central hole. A SEM image of
non-optimal infiltration shows liquid also in a broader PC region.

Smith et al. have demonstrated the construction of a double-heterostructure
nanocavity [37] by introducing liquid on chalcogenide glass [147] and Si [86] PC
areas in strips in excess of 2.5 µm width, as proposed by Tomljenovic-Hanic et
al. [107]. In this experiment, liquid from a droplet near the PC is drawn over PC
areas by a glass tip. The infiltrated areas contain a W1 PC waveguide. By the
presence of the liquid on the surface and in the holes a mode gap is created in the
W1 PC waveguide, resulting in a double heterostructure cavity [37]. The cavity was
probed with transmission spectroscopy; single hole precision was not obtained.

All-optical tuning methods were reported on GaAs [81, 82] PCs. These methods
rely on global infiltration of the PC with a material of which the refractive index
can be changed by irradiation with focussed light. Since the PC holes are typically
a factor of 2 to 3 smaller than the focus spot, multiple holes are targeted with this
approach. Also, global infiltration usually shows a decrease of the Q-factor [45]. In
the experiments of Faraon et al., Chalcogenide glass [131] is deposited on top of
a pre-fabricated GaAs membrane PC, containing a cavity consisting of 3 left out
holes in a line (L3), which leads to a large red-shift, ∼40 nm, of the resonance fre-
quency. Subsequently, the peak position can be tuned by approximately 3 nm by
adjusting the laser irradiation time, as measured by PL [82]. This method relies on
the permanent change of the refractive index, which is due to a structural change of
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the chalcogenide glass after irradiation. The overall red-shift of the high refractive
index glass is usually undesired. The experiments of Kallassi et al. [81] involves the
global infiltration of a GaAs membrane PC containing a L3 cavity with a liquid
monomer. The liquid monomer is then polymerized in situ by irradiation of Ultra-
Violet (UV) laserlight, this process is called UV curing. The residual monomers can
subsequently be removed by organic solvent, leaving a solid polymer at the position
of the irradiation. By movement of the laser spot and adjustment of the focus during
the UV curing, the polymerized region can be controlled. It was shown that area’s
ranging from 5 µm to 1 µm could be successfully targeted. Through the control
of the location of polymerization, one resonant mode out of three experimentally
found modes, was shifted with a range of 6 nm to 10 nm.

Also, a technique was reported, which uses a scanning probe instrument to tune
a specific mode of a PC cavity. Hennessy et al. apply a 10 V bias between an Atomic
Force Microscope (AFM) Ni/Pt coated tip in tapping mode and the GaAs membrane
surface in atmosferic conditions which oxidizes the surface locally. The width of the
oxidized surface is approximately 50 nm. By choosing an appropriate pattern of
oxidation of the sample surface, consistent with the electromagnetic field distribution
for a specific mode, only that particular mode can be shifted in frequency without
shifting the others. Since the oxidized surface has a lower refractive index, the
affected modes obtain a blue-shift. Tuning ranges of approximately 5 nm were
demonstrated [83].

An other approach is the application of carbonaceous dots on the surface of an
InGaAsP membrane containing a modified H1 cavity. The carbonaceous dots are
formed on the sample surface when molecules of a suitable precursor gas are ionized
in a focussed electron beam and deposited. The deposition time and the focussing
of the electron beam determine the size and shape of the formed dots. The size of
the dots can be controlled in steps of 5 nm from a minimum size of 10 nm. Specific
modes can be red-shifted in steps of 0.2 nm [85].

Erickson et al. have demonstrated the tuning of a PC by infiltration of holes
in a PC waveguide. The sample consists of a W1 PC waveguide in the Silicon
On Insulator (SOI) system. In the normally unperforated center part of the W1
waveguide, holes were etched with a larger diameter than the PC holes, forming a
low index PC waveguide. These holes were infiltrated by incorporating the sample
in a nanofluidic delivery system, which selectively targets these larger holes. The
nanofluidic delivery system consists of an array of 350 nm wide channels with a
period of 5 µm, which is superimposed on the sample. The fluid is then introduced
into the channel which is lined up with the PC waveguide. In this way, it was
possible to distinguish a periodic introduction of CaCl2 into deionized water [78].

Also non-persistent methods of tuning PC cavities are reported. These methods
rely on the perturbation of the near field of the resonant cavities, by introducing a
probe in the vicinity of the cavity. Examples of this type of method are tuning by
introduction of a Scanning Near-field Optical Microscope (SNOM) [148] or Atomic
Force Microscope (AFM) [149] tip or curved microfiber [150].

These post-production tuning methods have in common that only shifts in a
particular direction are possible, i.e. tuning by either red-shifting or blue-shifting
the resonant mode.
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a) b)

c) d)

e) f)

g) h)

Figure 6.1: Post-processing scheme of individual holes. The sketches a)
through h) show several steps of the processing scheme as a cross-section
of a PC device. The light gray represents the semiconductor layerstack,
the green layer is the masking layer, the dark gray matter is the oxide
layer, red represents the LC and air is shown as white. a) The PC is
covered by deposition of the masking layer. b) The masking layer above
an individual hole is thinned down by FIB milling. c) Selective etching is
used to remove the residual masking layer, the other holes remain closed.
d) trough g) The hole are enlarged by digital etching. h) The opened
hole is infiltrated with LC.

6.2 Local processing by local mask opening

In this section, we present a novel lithographic technique of tuning PC devices,
based on local mask opening for individual holes. This enables the use of any
post production method on the exposed area of the PC, while not affecting other
properties of the device. The process is demonstrated by application of both local
digital etching and local LC infiltration of the nearest-neighbor-holes of a point
defect (H1) cavity in the technologically important InP system [31]. This method
allows for waferscale processing of local modifications. The complete process-scheme
is displayed in figure 6.1.

To post-process individual holes without affecting any of the other holes in a
PC by waferscale processing, the holes not designated for post-processing need to
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a) b)

Figure 6.2: PC holes covered by a SiNx mask for FIB opening on a
test sample (only PC holes). a) Small holes (d = 170 nm) are covered by
a complete SiNx layer above the InP surface, and a dome-like structure
inside the holes, which extends over approximately 300 nm. b) Large
holes (d = 280) have a dome-like structure above the InP surface, and
thin coverage of the sidewalls down to approximately 1 µm.

be masked. For the masking layer, the same hard mask (400 nm SiNx) as for the
fabrication process was chosen. Since the SiNx is deposited by Plasma Enhanced
Chemical Vapor Deposition (PECVD), which is an isotropic process, the holes were
expected to be covered without significant infill. This was verified by SEM inspec-
tion, see figure 6.2, which shows a small infill just below the InP top surface for the
small holes (a) and for the larger holes the SiNx formed a dome-like structure above
the InP top surface with slight coverage of the sidewalls (b).

Although some material from the masking layer is deposited on the sidewalls,
this did not lead to any measurable change on the location of cavity resonances and
band edges in the transmission spectra. Figure 6.3 shows the wide band spectrum
of an H1 cavity, for details on the H1 cavity see section 4.1.2; the ”after fabrication”
line indicates the spectrum before SiNx deposition and the ”SiNx mask” line after
SiNx deposition. The spectra are shown stacked for clarity. Clearly the position of
the spectral features are unaffected. This is expected, as only a small amount of
material is deposited on parts of the PC hole which have a strong interaction with
the field, i.e. the core layer. Some SiNx also ends up on the cleaved facets of the
RWGs, acting as a partial anti-reflection coating. The effect is not pronounced in
figure 6.3, since the mask layer is too thick (400 nm) for a proper anti-reflection
coating (240 nm), while the refractive index of the layer is also non-optimal.

In order to target individual holes for infiltration in a lithographic process, two
possible routes may be followed. Firstly, by using Electron Beam Lithography (EBL)
and dry-etching, in a similar process as used in the fabrication of the PC, see section
2.2. This requires that alignment marks are fabricated along with the PC. However,
due to the use of the deeply etched waveguides, the electron beam resist will not
form a continuous layer. This can be overcome by planarization of the deeply etched
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Figure 6.3: Spectrum of an H1 cavity before (”after fabrication” line)
and after (”SiNx mask” line) deposition of the SiNx mask. The spectra
are shown stacked for clarity. As a result of the SiNx deposition no
significant changes occur to the spectrum.

structures, for instance with polymers such as BenzoCycloButene (BCB). In order
that no BCB ends up inside the PC holes, first the hard mask has to be deposited
to cover the holes. The BCB layer must then be etched back to the level of the PC
to allow the hard mask to be etched after EBL. Since this route would require a
significant technological investment, this was not pursued.

Secondly, Focussed Ion Beam (FIB) milling can be used to directly open the
masking layer of individual holes, avoiding the need for planarization of the device.
It is therefore very suitable for rapid prototyping. It is necessary not to open
the masking layer completely as the FIB etchrate on the underlying InP is high.
Attempting to fully open the masking layer in a single step effectively destroys the
PC. A final selective etching step is required to fully open the targeted holes. The
opened PC holes can then be post-processed using various methods, the masking
layer ensures that none of the other holes are affected.

In this experiment the PC holes are enlarged using digital etching and subse-
quently infiltrated using LCs. Digital etching is the process of repeatedly subjecting
the PC holes alternatingly to an oxygen plasma, forming an oxide layer, and an acid,
which removes the oxide layer, enlarging the PC holes in digital steps. The removal
of material from the sidewalls can be accurately controlled by both the thickness of
the oxide layer and the number of etching steps [132–134].

Recently FIB milling has been used to directly, i.e. without using a hard mask,
fabricate PCs in various material systems [151–155]. Also, FIB modification of
conventionally fabricated PC devices by direct milling is reported [156]. However,
direct FIB milling of InP is severely challenged because of increased surface rough-
ness due to InGa deposition [156], material redeposition inside the holes and self-
focusing [157]. Although these direct writing methods by FIB are a viable route for
post fabrication modification, they are neither precise, with respect to the impact
on the spectral features, nor reversible.
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The demonstration of the post-processing of individual holes using the selective
opening scheme is not straightforward. Due to the presence of the masking layer
and the LC infill, SEM inspection will not show conclusive evidence. Therefore,
an experiment is devised to discriminate between complete filling and local filling.
Post-processing of a single hole of a generic PC will yield a cavity with a resonant
frequency very close to the air band. Since the Q-factors of small cavities fabricated
in the deeply etched InP/InGaAsP/InP system are low, this cavity resonance will
likely merge with the band edge and will be difficult to distinguish from global filling.
Also the infilling of a row of holes, to obtain a PC waveguide, does not discriminate
between global and local filling.

Two options for an optical demonstration of local infiltration were considered in
this work. First, the local infiltration of a W3 waveguide bend, which was discussed
in section 3.2.1. Second, the modification of an H1 cavity by local infiltration of the
holes surrounding the defect. The next sections describe both methods. It should
be emphasized that the multiple hole opening was required for unambiguous optical
demonstration. As will be shown in section 6.3, the process itself has single hole
resolution.

6.2.1 Local infiltration of a W3 PC waveguide bend

Figure 6.4, similar to figure 3.11, shows a sketch of a W3 PC waveguide bend, where
the light is guided by the (red) infiltrated holes, with a higher refractive index, in
an otherwise uniform PC. As explained in section 3.2.1, the bend is probed in the
BD direction, while the AD and BC probing directions can be used to distinguish
between global filling and local filling. The experiments in section 3.2.1, with the
same bend using a standard W3 PC waveguide, i.e. unetched holes, serves as a
reference for the current experiments using PC waveguides and bends induced by
local infiltration.

The configuration in figure 6.4 was designed to distinguish local infiltration of
targeted holes (indicated in red) from global infiltration. If all the holes are unfilled,
transmission measurements of all the channels (AD, BC and BD) should show the
”normal” stopband in the ΓK direction. The measurement in the BD direction shows
the same bandgap as the AD, BC and AC directions since there is no mechanism
of guiding between the B and D ports other than refracted light in the passband
frequencies. When all the holes in the PC are filled, i.e. global filling, the situation
is equivalent except that the airband is shifted. Since no preferential path exists in
the BD direction, still only refracted light arrives at port D, although the frequency
band of blocked light has become smaller. In the case of a locally infiltrated bend,
as depicted in figure 6.4, measurements in both the AD and BC directions will
show a stopband equal to the unfilled case, since the unfilled parts of the crystal
are sufficiently thick to block all frequencies in the stopband for unfilled holes.
Transmission measurements in the BD direction, however, will show guiding in the
bandgap, but will be similar to the case when the whole PC is infiltrated, since
refracted light may end up in the D port. Thus, the measurement of both AD or
BC and BD directions will be necessary to prove local infiltration. The calculated
transmission of these cases is displayed in figure 6.5.
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A

B C

D

Figure 6.4: Sketch of an infiltrated W3 PC waveguide with two 60
degree bends (not to scale). The red colored holes are infiltrated with
LCs. Transmission through the device can be measured by the RWGs
labeled A-D. The width of the actual PC (along the AD direction) is
approximately 12 µm for a = 265 nm to approximately 23 µm for a =
481 nm. The width of the device in the other direction is approximately
20µm for a = 265 nm to approximately 40 µm for a = 481 nm.

Figure 6.5a shows the calculated transmission in the AD direction in the cases of:
empty holes (black), filled holes (red) and holes filled in a W3 PC waveguide pattern
as sketched in figure 6.4. Both the empty and locally filled cases show approximately
the same band edges. In the case of globally infiltrated holes, the airband is shifted.
Measurements in the AD direction yield a good method of discrimination between
global infiltration on the one hand and empty/local infiltration on the other hand.
Measurements in the BD direction are required to distinguish between the empty
or local infiltration case.

Figure 6.5b shows the calculated transmission in the BD direction in the cases of:
empty holes (black), filled holes (red) and holes filled in a W3 PC waveguide pattern
as sketched in figure 6.4. Now, the locally and globally infiltrated case display
the same band edges, while the case of empty holes is easily distinguished. The
magnitude of the transmission is not a good indication for distinguishing between
infiltration results, since the calculations were carried out using 2D-FDTD. 3D-
FDTD for this type of structure was not feasible due to the large size of the structure.
Transmission measurements of the AC and BD directions for empty PCs did not
show any transmission, making distinction easier.

6.2.2 Local infiltration of an H1 cavity

Another way to optically demonstrate the selective mask opening mechanism em-
ploying a smaller number of holes is local digital etching and local LC infiltration of
holes adjacent to an H1 cavity. Local post-processing of a single hole adjacent to the
H1 cavity is expected to have a too small effect on the resonance frequency of the H1
cavity. Due to the relatively low Q-factor of cavities in this system, shifts within the
linewidth of the resonance peak are expected. The post-processing of all six nearest
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Figure 6.5: 2D-FDTD calculated transmission spectra discriminating
between global and local infiltration. a) Transmission in the AD direction
showing lines for three cases: empty holes (black), all holes filled (red),
locally filled holes as in figure 6.4 (blue). b) Transmission in the BD
direction showing lines for three cases: empty holes (black), all holes
filled (red), locally filled holes as in figure 6.4 (blue).

neighbor holes of the H1 cavity is expected to yield better detectable result as is
shown in this section. Figure 6.6 shows the calculated transmission spectra for an
H1 cavity, see also section 4.1.2, with empty holes in black. In red and blue lines the
calculated transmission for the cases of global filling and only the six holes adjacent
to the defect filled respectively. For the calculations a refractive index of 1.4 was
chosen for the infiltrated holes, simulating a LC filling fraction of 75%, consistent
with the results obtained in section 5.2.
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Figure 6.6: Calculated transmission spectra for an empty (black line),
globally filled (red line) and locally filled (blue line) H1 cavity.

Due to the change of the refractive index of the six holes adjacent to the H1
defect after local filling, the resonance red-shifts by approximately ∆ a/λ = 0.005,
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which is equivalent to ∼ 50 nm for the lattice constant used in the calculation (a
= 380 nm). Note that for this case the location of the air band remains roughly
constant, since the bulk of the PC holes remains unchanged. For the case in which
all the holes are filled, both the resonance frequency and the air band edge are
shifted considerably. The primary indicator for local infiltration thus is the shift of
the resonance combined with a zero shift of the air band edge.

6.3 FIB mask opening

Holes in the PC lattice can be targeted by focussed ion beam (FIB) milling in a
dual beam FIB system1. First, shallow markers are created in the masking layer
in the vicinity of the area of interest. Next, using SEM (at 20 kV energy) it is
possible to detect the holes of the PC lattice through the masking layer. Thus, the
PC lattice can be related to the markers. In the final step individual holes can be
targeted for FIB milling on the basis of the markers, see figure 6.7. The precision,
both in x- and in y-direction, of the FIB milling is 30 - 40 nm (standard deviation).
The SEM image in figure 6.7 shows the opening of individual holes of a PC by FIB

1 mm

Figure 6.7: SEM image of an array of individually targeted holes by
FIB milling. SEM allows detection of the PC holes through the masking
layer. On the right side the alignment markers are visible. The white
bar in the black caption indicates the scale of the image.

milling. The shallow markers used for the alignment are visible on the right side of
the picture. In this case an array consisting of 23 individual holes were openend by
FIB milling, showing a near perfect alignment with the PC lattice, which is visible
through the SiNx masking layer. Evidently, the local opening process has single hole
precision, only for optical demonstration the opening of several holes is required.

1This work was carried out using the FEI Strata DB 235 dual beam FIB at the TU Delft, in

close collaboration with P.F.A. Alkemade and H. Miro
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6.3.1 W3 PC waveguide bend

With the scheme of section 6.2.1 in mind, a PC with four appropriately spaced access
RWGs was fabricated, and covered with a SiNx masking layer. This structure was
fabricated on sample ”MO404s4a”, see table 2.1. Since the section of the PC which
has to be openend is rather large, the whole channel above the targeted holes was
thinned down instead of hole by hole. The RWGs were used as markers to align the
channel with the holes. Figure 6.8 shows the result of the FIB milling.

5 mm 10 mm

a) b)

Figure 6.8: SEM (a) and Ion beam (b) images of the thinned down
mask layer using FIB. The scale of the images is indicated by the white
bar in the black caption, for clarity the size of the bar is stated in the
white text.

Figure 6.8a is a SEM image of the structure, taken under an angle of 52◦with the
sample surface. From above and below the RWGs, which are defined by the dark
colored trenches, are connected to the PC. The PC is visible due to the corrugated
surface caused by the SiNx on top of the holes, which does not planarize the surface
completely. The dark colored channel, which cross-connects two RWGs is the milled
surface. The depth of the channel is approximately 300 nm. Figure 6.8b displays the
same structure, produced by secondary electrons as a result of the ion beam scanning
the surface, in this case the viewing angle is 90◦. A slight misaligned of the channel
may be noted here, as single hole precision was not attempted. The milled channel
was chosen somewhat longer above the RWGs to make sure the connection between
the infiltrated PC waveguide and RWG will be optimal.

To open the holes below the channel completely, the SiNx masking layer was
etched down using the same CHF3 plasma process, that was used for pattern transfer
from the e-beam resist to the hard mask layer in the PC fabrication process, see
section 2.2.1. The CHF3 plasma etches the SiNx, but does not attack the InP to
any extent. Figure 6.9 shows the result of 5 min. of etching with the CHF3 plasma
for large, radius of 80 nm, (a) and small, radius of 140 nm, (b) holes. Both the
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larger and the smaller holes do not show any evidence of being opened, although,
nominally, the SiNx layer covering the holes under the channel should be opened,
given the large area etching rate. Apparently, some RIE lag is incurred even for
these relatively large channels. Figure 6.9c and d show the lower part of the channel
after a total of 7.5 min. of etching with the CHF3 plasma. The large holes (c) show
partial opening of the masking layer; the middle part of the holes in the channel is
opened. The small holes (d) however, are still covered, although they are almost
opened, judging from the darker color of several holes with respect to figure 6.9b.
At this point the holes are covered by the SiNx which is inside the holes, i.e. the
SiNx on top of the channel surface is completely removed. The corrugation level
outside the channel in figure 6.9c has intensified, signaling that the masking layer
on top of the holes outside the channel is becoming thinner.

Further etching with the CHF3 process was not deemed feasible, in view of
possible opening of the masking layer above the holes outside the channel. Therefore,
50 nm of the InP cladding layer was etched away in an attempt to free the SiNx plugs
from the holes, see figure 6.9e and f. For both the larger holes and the smaller holes
the situation has improved, displaying several completely opened holes in figure 6.9f.
In order to improve the opening of the holes further, a 30 s chemical wet etch with
a 1% solution of HF in water was tried. Figure 6.9g and h show the results of the
wet etching. Both the large holes (g) and the small holes (h) are now opened almost
completely. However, for the large holes, the masking layer above the holes outside
the channel has been opened. After deposition of a droplet of LC on top of the mask,
supposedly infiltrating all the holes, the transmission of the device was measured.
However, no signal could be obtained in the BD direction. The signal from a control
structure on the same sample indicated complete filling of all the holes. From this
we anticipate high losses in the BD direction, even when the channel is selectively
infiltrated. Therefore no new sample as in figure 6.4 was fabricated. Instead, another
strategy was adopted which is covered in the next section.

6.3.2 H1 cavity

This H1 cavity was fabricated on sample ”MO404s3”, see table 2.1. To open the
selected six holes adjacent to the H1 cavity, a hexagonal pattern encompassing the
six holes was fabricated by FIB milling, see figure 6.10, leaving a SiNx layer of some
tens of nm at the target position. The hexagonal pattern was aligned with the
underlying PC by first fabricating four shallow, square markers in the SiNx layer.
Using SEM, the location of the markers with respect to the underlying lattice was
obtained.

The final step consists of thinning down the remaining SiNx layer. For this
sample wet chemical etching using a diluted solution of HF in water (1:200) was
chosen since this etching method seems to suffer less from etching lag in the thinned
down region. Figures 6.11 a through f show SEM images of the thinned down
region taken during the wet chemical etching process. Since the HF mixture is not
a buffered solution, the etching rate varies with time. The images were taken after
every 60 seconds of etching, after which a new mixture was prepared to keep the
etching rate as constant as possible. The images show a gradual opening of the
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a) b)

c) d)

e) f)

g) h)
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Figure 6.9: SEM images of the etching of the FIB milled channel for
two values of the lattice constant and thus holes size: a = 480 nm, r =
140 nm (large holes) and a = 265 nm, r = 80 nm (small holes). The
scale of the images varies and is indicated by the white bar in the image
caption. a) and b) The status of the large holes (a) and small holes (b)
after 5 min. of the CHF3 process. c) and d) The status of the large holes
(c) and small holes (d) after 7.5 min. of the CHF3 process. e) and f)
The status of the large holes (e) and small holes (f) after etching away
50 nm of the InP top cladding. g) and h) The status of the large holes
(g) and small holes (h) after 30s of wet chemical etching (1% HF).
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a) 1 mm

GM
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Figure 6.10: 20 kV SEM picture after FIB opening of a hexagonal
shape covering the holes adjacent to the H1-defect. The vertical arm of
the cross-like structure is the access RWGs used for transmission spec-
troscopy.

holes in the pre-thinned region. The holes situated below the thicker part of the
mask remain closed. The four dark squares are the markers used for the alignment
procedure. The holes on the bottom right part are opened first, which is attributed
to a systematic variation in the thickness of the thinned region.

In this opening process some evidence of the digital etching is visible. The
bottom right holes, which are opened first, are enlarged with respect to the holes
that are opened later on. This is due to the use of an oxygen plasma after every
SEM image to remove any carbon deposition of the electron beam.

6.4 Optical results

Figure 6.12 shows the H1 cavity resonance, measured in transmission for three
conditions, as fabricated (reference), after local digital etching (after etch) and after
local LC infiltration (LC filled). The resonances are modulated by a complex pattern
of Fabry-Perot (FP) fringes arising from reflections at the end-facets of the access
RWGs and the PC boundaries and were not analyzed in detail. The origin of the
large modulation causing the apparent splitting is not relevant for the present work
and is not further investigated, it is likely due to a modulation of the width of the
RWGs. Three dimensional Finite Difference Time Domain (3D-FDTD) calculations
simulate the resonances, which are drawn as bold lines in figure 6.12. The Q-factor
of the cavity for these deeply etched structures is known to be low due to the low
vertical index contrast. Comparison with the 3D-FDTD calculations shows that
additional losses are incurred due to fabrication imperfections. The Q-factor was
determined from the envelope to be approximately 50, by a factor of 3 smaller than
expected from the simulations.
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a) b)

c) d)

e) f)
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Figure 6.11: SEM pictures of the hexagonal opening during the wet
chemical etching process. a) through f) show a gradual opening of the PC
holes in the pre-thinned region. The four dark squares are the markers
used for the alignment procedure. The holes situated below the thicker
part of the mask remain closed.
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Figure 6.12: Transmission spectrum of the H1 defect resonance. The
spectra are shown stacked for clarity. The ”reference” line represents
the measurement after fabrication. The ”after etch” line displays the
resonance after 15 steps of digital etching increasing the hole diameter
from 190 nm to 210 nm, giving rise to a blue-shift of 40 nm. After filling
(”LC filled” line) the opened holes with LC, the resonance displays a
red-shift of 40 nm. The change of the shape of the resonance for both
”after etch” and ”LC filled” with respect to the reference is due to the
presence of the SiNx layer, which also covers the end-facets and acts as
an anti-reflection coating. The bold lines were obtained by 3D-FDTD
calculations. The calculations use the following parameters: a = 380
nm, reference diameter = 203 nm, after etch diameter = 226 nm, LC
filled effective refractive index of the holes = 1.41, corresponding to a
LC filling fraction of ∼75%.

The reference line displays the transmission spectrum of the H1 cavity directly
after fabrication. After every step in the opening process (mask deposition, FIB
etching) this spectrum was re-measured and remained unchanged.

By repeatedly subjecting the selectively opened holes to alternating an oxygen
plasma and an etchant, which removes the oxide formed by the plasma, the diameter
of the selected holes is enlarged. As a result of the larger holes the resonance is
blueshifted (figure 6.12, after etch line) by 40 nm. This process of ”digital etching”
is a precise and effective method of tuning, since both the thickness of the oxide layer
and the number of etching steps can be accurately controlled [132–134]. In this case,
15 successive oxidizing and etching steps were applied to achieve the 40 nm shift, i.e.
tuning of 2.7 nm per step. The increased hole size could be directly verified from
SEM inspection, yielding an increased hole diameter from 190 nm to 210 nm. For
the 3D-FDTD calculations an increase of 20±5 nm of the hole diameter was needed
to obtain the measured shift. Since the main part of the PC is unexposed to the
digital etching treatment, due to the protective masking layer, the bulk properties
of the PC away from the cavity under modification, remain unchanged, which is
shown in figure 6.13, apart from some possible influence of the masking layer.

In the last step the selectively opened holes are filled with LC (figure 6.12, LC
filled line) by deposition of a droplet on the sample surface. The introduction of
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the LC into the opened holes gives rise to a large redshift of 40 nm, consistent with
the increased refractive index of holes directly surrounding the defect. 3D-FDTD
calculations yield a filling factor of 70-80% to match the resonance frequency. Fill-
ing factors of the same magnitude were also found in other LC infiltration experi-
ments [76]. As only the six holes adjacent to the defect are filled, the PC retains its
bulk properties, thus the band edges of the PC remain unaffected, see figure 6.13.
The Q-factor remains approximately constant. In contrast, results from global in-
filtration techniques consistently yield a decrease of the Q-factor [45].

Figure 6.13 shows wide band spectra of the measurements (a) and calculations
(b) shown in figure 6.12. The wide band spectra were measured with a resolution
of 1 nm, see section 2.3.1, not resolving the FP fringes. The 3D-FDTD calculations
simulate the resonances, under the same three conditions as in the experiment, see
figure 6.13b. In figure 6.13b an additional spectrum is given for the case that all the
holes are infiltrated, i.e. global infiltration. Apart from the linewidth, the calcula-
tions are in very good agreement with the experimental data. The high frequency
transmission band onset occurs near a/λ ∼ 0.26 in all three experimental conditions.
If all the holes of the PC were infiltrated, the high frequency band edge would show
a considerable shift as well, see figure 6.13b, bringing the resonance and high fre-
quency band edge closer together [71, 76]. This is not observed experimentally,
showing that only the six holes are infiltrated indeed. It independently confirms
optically what is already evident from the SEM-data in figure 6.11.

Since the LC is easily dissolved in common solvents, the LC may be removed
from the holes to continue the digital etching process after which the LC can be
re-introduced into the holes. In this way, the resonance may be positioned close to
the desired location by post-processing. The resonance frequency can subsequently
be actively tuned, exploiting the relatively large dependence of the LC refractive
index on an external electric field or temperature.

Since different resonant modes have spatially distinct electromagnetic field dis-
tributions, local post-processing can address specific modes for tuning. Also, as
mentioned in section 2.4, a partial membrane conversion may be carried out using
the patterned SiNx mask, since an etchant may be used which does not attack the
SiNx.

6.5 Summary & Conclusions

In this chapter the local infiltration of a W3 PC waveguide bend and the local
post-processing of six holes adjacent to an H1 cavity were described. In both cases
a 400 nm SiNx mask layer was applied, which covers the PC holes, but does not
fill the holes to a significant extent. The masking layer was locally thinned down
using FIB milling. The holes beneath the thinned down region were opened using a
CHF3 plasma in the case of the W3 PC waveguide and using wet chemical etching
in the case of the H1 cavity. The CHF3 plasma process suffers from etching lag,
causing the holes outside the thinned down region to be opened too fast, i.e. before
the holes beneath the thinned down region are sufficiently open. Therefore, wet
chemical etching is considered a better process.

The six holes adjacent to the H1 cavity were post-processed by local digital
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Figure 6.13: a) Wide band transmission spectra of the H1 defect res-
onance of figure 6.12. The spectra are shown stacked for clarity. The
”reference” line represents the measurement after fabrication. The ”af-
ter etching” line displays the measurement after digital etching. The
”LC filled” line displays the measurement after filling the opened and
enlarged holes with LC. The wide band spectra were measured with low
resolution, see section 2.3.1. b) 3D-FDTD calculations of all the steps
in the post-processing scheme. A ”all holes filled” line was added to
indicate the result of a failed experiment, i.e. all the holes of the PC
are infiltrated. The calculations use the following parameters: a = 380
nm, reference diameter = 203 nm, after etch diameter = 226 nm, LC
filled effective refractive index of the holes = 1.41, corresponding to a
LC filling fraction of ∼ 75%.

etching and subsequent LC infiltration. This procedure resulted in a 40 nm blue
shift of the resonant frequency with respect to the situation after fabrication for
the digital etching, i.e. tuning of 2.7 nm per etching step. A 40 nm red-shift of the
resonant frequency was obtained for the LC infiltration with respect to the situation
after digital etching. A wide band transmission spectrum of all three conditions:
after fabrication, after digital etching and after LC infilling showed that the airband
edge has remain constant, proving that the local processing was indeed succesful,
i.e. the holes beneath the thick part of the mask have not been affected by either the
digital etching or been infiltrated with LC. 3D-FDTD calculations were performed
for all three experimental conditions verifying the experimental results.

This method is suitable for mode selective tuning since PC holes may be indi-
vidually selected for modification. Moreover, the selectively opened mask is suitable
for selective underetching, opening up the possibility for the fabrication of localized
membranes.
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Transmission of pillar-based photonic crystal waveguides in InP technology,
Appl. Phys. Lett. 91, 201109 (2007).

[31] R. Ferrini, D. Leuenberger, M. Mulot, J. M. M. Qiu, M. Kamp, A. Forchel, S.
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[81] P. El-Kallassi, S. Balog, R. Houdré, L. Balet, L. Li, M. Francardi, A. Ger-
ardino, A. Fiore, R. Ferrini, and L. Zuppiroli, Local infiltration of planar
photonic crystals with UV-curable polymers, J. Opt. Soc. Am. B 25, 1562
(2008).

[82] A. Faraon, D. Englund, D. Bulla, B. Luther-Davies, B. Eggleton, N. Stoltz,
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Jäckel, Optimization of a 60◦bend in InP-based 2D planar photonic crystals,
J. Opt. Soc. Am. B 25, 67 (2008).

[90] A. Kress, F. Hofbauer, N. Reinelt, H. Krenner, M. Bichler, D. Schuh, R.
Meyer, G. Abstreiter, and J. Finley, Investigation of cavity modes and direct
observation of Purcell enhancement in 2D photonic crystal defect microcavi-
ties, Physica E 26, 351 (2005).

[91] C. Monat, C. Seassal, X. Letrarte, P. Regreny, M. Gendry, P. Rojo Romeo, P.
Viktorovitch, M. Le Vassor d’Yerville, D. Cassagne, J. Albert, E. Jalaguier, S.
Pocas, and B. Aspar, Two-dimensional hexagonal-shaped microcavities formed



112

in a two-dimensional photonic crystal on an InP membrane, J. Appl. Phys.
93, 23 (2003).

[92] S. Vignolini, F. Riboli, F. Intonti, M. Belotti, M. Gurioli, Y. Chen, M. Colocci,
L. Andreani, and D. Wiersma, Local nanofluidic light sources in silicon pho-
tonic crystal microcavities, Phys. Rev. E 78, 045603(R) (2008).

[93] M. Plihal and A. Maradudin, Photonic band structure of two-dimensional sys-
tems: the triangular lattice, Phys. Rev. B 44, 8565 (1991).

[94] K. Kunz and R. Luebbers, Finite difference time domain method for electro-
magnetics (CRC, Boca Raton, FL, 1993).

[95] H. Benisty, D. Labilloy, C. Weisbuch, C. Smith, T. Krauss, D. Cassagne, A.
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Djoudi, L. Legouégou, S. Hubert, S. Sainson, J. Chandouineau, S. Fabre, F.
Pommereau, and G. Duan, Optical characterisation of 2D InP-based photonic
crystals fabricated by inductively coupled plasma etching, Elec. Lett. 38, 962
(2002).



BIBLIOGRAPHY 115

[131] M. Lee, C. Grillet, C. Smith, D. Moss, B. Eggleton, D. Freeman, B. Luther-
Davies, S. Madden, A. Rode, Y. Ruan, and Y.-H. Lee, Photosensitive post
tuning of chalcogenide photonic crystal waveguides, Opt. Express 15, 1277
(2007).
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[135] G. Mertens, T. Röder, H. Matthias, H. Marsmann, H.-S. Kitzerow, S.
Schweizer, C. Jamois, R. Wehrspohn, and M.Neubert, Two- and three-
dimensional photonic crystals made of macroporous silicon and liquid crystals,
Appl. Phys. Lett. 83, (2003).

[136] R. Ferrini, J. Martz, L. Zuppiroli, B. Wild, V. Zabelin, L. Dunbar, R. Houdré,
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Abstract

Tuning of InGaAsP planar photonic crystal nanocavities by
local liquid crystal infiltration

Future data-processing will increasingly employ photonic circuits in addition
to conventional electronics. Photonic crystals (PC), a periodic arrangement of di-
electrics, can influence the flow of light on the smallest scale, i.e. at or below the
optical wavelength. Therefore PCs are a necessary tool for the ultimate miniatur-
ization of photonic integrated circuits (PIC).

The smallest PC-based building-blocks for PIC are wavelength-sized cavities
which can be used as lasers, add-drop filters, and optical switches. The InP/InGaAsP
/InP double heterostructure layer system is a standard platform for monolithic in-
tegration of active and passive components at the important telecom wavelength
near 1.55 µm.

In this thesis we have realized and characterized PC nanocavities in a hexagonal
lattice of air holes. Extensive 2D and 3D Finite Difference Time Domain (FDTD)
simulations were essential for design of the nanocavities. The nanocavities were fab-
ricated by Inductively Coupled Plasma Reactive Ion Etching, after Electron Beam
definition. In these high aspect ratio structures 4 new types of cavities were fabri-
cated consisting of single unit cell sized defects: H0 (two shifted holes), H1 (single
missing hole), H2 (7 missing holes) and the smallest possible ring cavity. The best
quality factor found for these cavities is 300 for the ring cavity.

In general, for applications, wavelength tunability is crucial. Wavelength tun-
ability was demonstrated by infiltration of the holes of the PC with polymers and
liquid crystals, shifting the spectral features of the devices over a wavelength range
of 50 nm. Proof of principle of active tuning of the resonant frequency of an H1
cavity was performed using the temperature-dependence of the refractive index of
infilled liquid crystals. In this experiment a tuning range of 7 nm was obtained.
In addition, the same experiment was carried out on a band gap feature of a PC
waveguide with consistent results.

Ultimate design flexibility is achieved when the refractive index of an individual
PC hole can be modified. We achieved this by a lithographic technique using Fo-
cussed Ion Beam milling. For the first time, additional etching and infiltration of
individual holes near an H1 cavity was demonstrated. A blue-shift of the resonant
frequency over a 40 nm wavelength range was shown as a result of the local addi-
tional etching, and an equal red-shift was observed for the local infiltration. The
experimental results were consistent with Finite Difference Time Domain (FDTD)
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simulations. These tunable photonic nanocavities may ultimately be used as switch
in optical logic circuitry.

In chapter 2 the methods and materials used in this thesis were described. For
numerical calculations the ”CrystalWave” program is used, which uses the Plane
Wave Expansion method for the calculations of bandstructures. Transmission spec-
tra were calculated using the FDTD calculator. For the calculation of modal fields
the Frequency Domain (FD) calculator was used. In general, parameters of a = 400
nm, r = 120 nm were used. For 2D-FDTD calculations an effective index neff of
3.25 is used, while for 3D-FDTD calculations refractive indices of 3.35 and 3.17 are
used for InGaAsP and InP respectively.

The samples were defined with Electron Beam Lithography (EBL), and etching
using two types of hard masks. On the one hand 400 nm thick SiNx and on the
other hand Cr/SiOx, which were opened by an CHF3 RIE process. Both the Cr
opening process and deep etching process uses Cl2/O2 chemistry. The fabrication
process produces PCs with a depth of at least 2.5 µm for holes with a diameter of
160 nm. For the Cr masking process a maximum hole depth of approximately 4.5
µm was obtained.

The samples were optically characterized using transmission spectroscopy. The
wide band spectra are obtained by measuring several PC structures with different
lattice constants, so called lithographic tuning. As a result of the transmission mea-
surements with approximately equally sized Ridge WaveGuides (RWGs) for coupling
the light from free space to the PCs and vice versa, the transmission measurements
are modulated by a large beat and fine Fabry-Pérot (FP) fringes. These features
arise from the cavities formed by the mirror reflections at the RWG facets and the
PC in between. Deeply etched PC devices may be integrated with membrane de-
vices by conversion of the deeply etched devices to membranes by underetching.
The prefabricated RWGs are still usable after the conversion.

In chapter 3, The optical properties of W1 and W3 PC waveguides were explored
for their suitability for subsequent infiltration experiments. Since for the infiltra-
tion experiments sharp features are required, the W3 waveguide was selected for
further experiments, since it exhibits the Mini-StopBand (MSB) feature and shows
a high transmission over a large bandwidth. PC waveguide bends were examined as
reference for a local infiltration scheme, which is discussed further in chapter 6. A
best estimate for the value of the propagation loss of the W3 PC waveguide is 110
dB/cm, consistent with other reports for InP/InGaAsP/InP.

Chapter 4 discusses the optical properties of two classes of cavities in the deeply
etched InP system, with a width of a single and three rows, which studied by
transmission spectroscopy and analyzed in combination with FDTD calculations.
The one row defect class includes the one missing row (FP1), H1 and H0 cavities.
The three row defect class includes the three missing rows (FP3), H2 and ring
cavities. For the single row defect class, H0, H1 and FP1 cavities have similar Q-
factors, in the order of 50. The best result of 65 was obtained for the H1 cavity,
which is comparable to results for membranes. For the three row defect class, the
Q-factors of the FP3, H2 and ring cavity vary by one order of magnitude and mainly
due to differences in sample quality. The best result of 300 was obtained for the
ring cavity.
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In chapter 5, infiltration and subsequent tuning of an H1 cavity and a W3 wave-
guide are discussed. An H1 cavity was infiltrated with LCs resulting in a shift of the
resonance frequency of ∆ (a/λ) = 0.009. A large increase in transmission of a factor
of 5 was observed, this is attributed to improved coupling with the waveguides as
the modal electric field profile is enlarged. The Q-factor of the cavities was reduced
by 30% as a result of the infiltration. Subsequently, the orientation of the LCs in the
PC holes was changed by variation of the temperature. A filling efficiency of 0.63
was found using 2D-FDTD calculations at temperatures above the clearing point.
Upon crossing the clearing point an abrupt 7 nm shift was observed, consistent with
the LC phase transition from nematic to isotropic. The nematic refractive index
was found to be close to no. Furthermore, for a second sample an H1 cavity whose
spectral signature was not observed before infiltration, was clearly detected after
infiltration with BCB. The signal rise in this case was larger than an order of mag-
nitude. Also, an H2 cavity was infilled with LC, with analogous results. The W3
PC waveguide described in section 3.2 was infiltrated with LCs. Before and after
infiltration the MSB was observed, and was found red-shifted after infiltration by
30.3 nm. The orientation of the infiltrated LCs was subsequently changed by driv-
ing the temperature across the clearing temperature. At the transition temperature
a further red-shift of 7 nm was observed. Analysis of the observed shift yields a
filling efficiency of 80% and an effective refractive index of the LCs in the nematic
state of 1.5, close to the ordinary index. The observed broadening of the MSB after
infiltration is attributed to losses due to fabrication imperfections.

In chapter 6, the local infiltration of a W3 PC waveguide bend and the local
post-processing of six holes adjacent to an H1 cavity are described. In both cases
a 400 nm SiNx mask layer was applied, which covers the PC holes, but does not
fill the holes to a significant extent. The masking layer was locally thinned down
using FIB milling. The holes beneath the thinned down region were opened using a
CHF3 plasma in the case of the W3 PC waveguide and using wet chemical etching
in the case of the H1 cavity. The CHF3 plasma process suffers from etching lag,
causing the holes outside the thinned down region to be opened too fast, i.e. before
the holes beneath the thinned down region are sufficiently open. Therefore, wet
chemical etching is considered a better process.

The six holes adjacent to the H1 cavity were post-processed by local digital
etching and subsequent LC infiltration. This procedure resulted in a 40 nm blue
shift of the resonant frequency with respect to the situation after fabrication for
the digital etching. A 40 nm red-shift of the resonant frequency was obtained for
the LC infiltration with respect to the situation after digital etching. A wide band
transmission spectrum of all three conditions: after fabrication, after digital etching
and after LC infilling showed that the airband edge has remained constant, proving
that the local processing was indeed succesful, i.e. the holes beneath the thick part of
the mask have not been affected by either the digital etching or been infiltrated with
LC. 3D-FDTD calculations were performed for all three experimental conditions
verifying the experimental results. This method is suited for mode selective tuning
since PC holes may be individually selected for modification.





Samenvatting

Tuning of InGaAsP planar photonic crystal nanocavities by
local liquid crystal infiltration

Toekomstige data verwerking zal in toenemende mate fotonische geintegreerde
circuits gaan gebruiken in additie to coventionele electronica. fotonische kristallen,
een periodieke samenstelling van dielectrica, kan de transmissie van licht bëınvloeden
op de kleinst mogelijke schaal, d.w.z. gelijk of kleiner dan de optische golflengte.
Hierdoor zijn fotonische kristallen een noodzakelijk onderdeel voor de ultieme minia-
turisatie van fotonische gëıntegreerde circuits.

De kleinste bouwstenen gebaseerd op fotonische kristallen zijn resonantoren ter
grootte van de golflengte. Deze kunnen gebruikt worden als lasers, add-drop filters
en optische schakelaars. Het InP/InGaAsP/InP dubbele heterostructuur systeem
is een standaard platform voor monolithische integratie van actieve en passieve
componenten voor de belangrijke telecom golflengte van 1.55 µm.

In het werk beschreven in dit proefschrift hebben we fotonische kristal nanores-
onatoren in een hexagonaal rooster van gaten gerealiseerd en gekarakteriseerd. Uit-
gebreide 2D en 3D Finite Difference Time Domain (FDTD) simulaties waren es-
sentieel voor het ontwerp van deze nanoresonatoren. De nanoresonatoren werden
gefabriceerd met behulp van droog-etsen (Inductively Coupled Plasma Reactive Ion
Etching), nadat de patronen waren gedefinieerd door middel van een electronen
bundel. Vier nieuwe resonator-types, bestaande uit bewust aangelegde defecten
ter grootte van een enkele eenheidscell, werden gefabriceerd: H0 (twee verschoven
gaten), H1 (een enkel weggelaten gat), H2 (zeven weggelaten gaten) en de kleinst
mogelijke ring resonator. De beste kwaliteitsfactor, 300, werd gevonden voor de ring
resonator.

In het algemeen voor toepassingen is golflengte afhankelijke verstembaarheid een
cruciale eigenschap. Deze golflengte afhankelijke verstembaarheid werd aangetoond
door het infiltreren van de gaten van de fotonische kristallen met polymeren en
vloeibare kristallen. Dit leidde tot een verschuiving van de spectrale eigenschappen
met 50 nm. ”Proof of principle” van actieve verstemming van de resonante frequentie
van een H1 resonator is aangetoond met behulp van de temperatuur afhankelijkheid
van de brekingsindex van gëınfiltreerde vloeibare kristallen. In dit experiment werd
een verstemmingsbereik van 7 nm gevonden. In additie, hetzelfde experiment is
uitgevoerd met een fotonische kristal golfgeleider en leverde consistente resultaten.

De ultieme design flexibiliteit kan worden gerealiseerd als de brekingsindex van
een individueel gat in een fotonisch kristal kan worden gemodificeerd. Dit werd ge-
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realiseerd met behulp van een lithografische techniek gebruik makend van het boren
met een gefocusseerde ionen bundel. Voor de eerste keer is extra etsen en infiltratie
van individuele gaten naast een H1 resonator aangetoond. Een blauw verschuiv-
ing van 40 nm van de resonante frequentie is gevonden door het lokale additionele
etsen en een gelijke rood verschuiving is gevonden als resultaat van de lokale in-
filtratie. De experimentele resultaten zijn consistent met Finite Difference Time
Domain (FDTD) simulaties. Deze verstembare fotonische kristal nanoresonatoren
kunnen uiteindelijke gebruikt worden als schakelaars in optische logische circuits.

In hoofdstuk 2 worden de methoden en materialen, die gebruikt zijn voor dit
proefschrift, beschreven. Voor numerieke berekeningen is het ”CrystalWave” pro-
gramma gebruikt. Dit programma gebruikt de Plane Wave Expansion methode
voor de berekening van bandenstructuren. Transmissie spectra zijn berekend met
de FDTD calculator. Voor de berekening van de modale velden is de frequentie
domein calculator gebruikt. In het algemeen zijn parameters van a = 400 nm, r =
120 nm gebruikt. Voor de 2D-FDTD berekeningen is een effectieve index, neff , van
3.25 gebruikt, terwijl voor de 3D-FDTD berekeningen een brekingsindices van 3.35
en 3.17 zijn gebruikt voor InGaAsP and InP respectievelijk.

De samples zijn gedefinieerd met Electron Beam Lithografie (EBL) en geëtst met
gebruik van twee masker-types. Enerzijds is een masker van 400 nm dik SiNx ge-
bruikt en anderzijds een Cr/SiOx masker; beide masker zijn geopend met een CHF3

plasma proces. Zowel de Cr opening als het diep-ets proces voor de fotonische kristal
gaten maken gebruik van een Cl2/O2 proces. Het fabricage-proces produceert fo-
tonische kristallen met een diepte van tenminste 2.5 µm voor gaten met een diameter
van 160 nm. Een Cr maskering is ontwikkeld voor de verbetering van de stabiliteit
van het etsproces en de diepte van de gaten. Voor het proces met de Cr maskering
kon er een maximale diepte van 4.5 µm behaald worden.

De samples zijn optisch gekarakteriseerd door middel van transmissie spectro-
scopie. De breedbandige spectra zijn samengesteld uit metingen van fotonische
kristallen met verschillende roosterconstantes, zogenaamde lithografische verstem-
ming. Doordat in de transmissie metingen ongeveer even grote golfgeleiders zijn
gebruikt het licht van het vrije veld naar de fotonische kristallen te leiden en
omgekeerd, zijn de spectra gemoduleerd door een beat en fijne Fabry-Pérot (FP)
fringes. Deze worden veroorzaakt door de reflecties aan de golfgeleider facetten
en het fotonische kristal in het midden. Diep geëtste fotonische kristallen kunnen
gëıntegreerd worden met membraan toepassingen door diep geëtste kristallen te
onderetsen. Na deze conversie zijn de golfgeleiders nog steeds bruikbaar.

In hoofdstuk 3 worden de optische eigenschappen van de W1 en W3 fotonische
kristal golfgeleiders onderzocht op hun bruikbaarheid voor infiltratie experimenten.
Omdat voor infiltratie experimenten scherpe randen nodig zijn, is de W3 golgeleider
geselecteerd voor verdere experimenten omdat deze de Mini-StopBand (MSB) ver-
toont en hoge transmissie over een grote bandbreedte. Fotonische kristal golfgeleider
bochten zijn onderzocht als referentie voor lokaal infiltratie, zoals wordt beschreven
in hoofdstuk 6. De beste schatting voor de waarde van de propagatie verliezen in de
W3 fotonische kristal golfgeleider is 110 dB/cm, consistent met andere publicaties
voor InP/InGaAsP/InP.

Hoofdstuk 4 worden de optische eigenschappen van 2 klasses van resonatoren
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in het diep geëtste InP systeem bediscussieerd. Deze klasses, met een breedte van
een enkele en drie rijen zijn bestudeerd met transmissie spectroscopie en geanaly-
seerd in combinatie met FDTD berekeningen. De klasse van de enkele rij defect
omvat resonatoren bestaande uit een enkele weggelaten rij (FP1) en H1 en H0 res-
onatoren. De klasse van bestaande uit defecten van drie rijen omvat resonatoren
bestaande uit drie weggelaten rijen (FP3) en H2 en de kleinste ring resonator. Voor
de klasse bestaande uit defecten van de grootte van een enkele rij zijn de gevon-
den kwaliteitsfactoren ongeveer gelijk, in de orde van 50. Het beste resultaat van 65
werd gevonden voor de H1 resonator, vergelijkbaar met resultaten voor membranen.
Voor de klasse van defecten ter grootte van drie rijen varieert de kwaliteitsfactor
over een orde van grootte, wat vooral te wijten is aan verschillen in sample kwaliteit.
Het beste resultaat van 300 werd gevonden voor de ring resonator.

In hoofdstuk 5, worden de infiltratie en daaropvolgende verstemming van een H1
resonator en een W3 golfgeleider bediscussieerd. Een H1 resonator is gëınfiltreerd
met vloeibare kristallen; dit heeft geresulteerd in een rood-verschuiving van de res-
onantie frequentie met ∆ (a/λ) = 0.009. Een grote toename van het transmissie
niveau met een factor 5 is waargenomen, die wordt toegeschreven aan een verbeterde
koppeling met de golfgeleiders, door een vergroting van het electrische veld profiel
van de mode. Als gevolg van de infiltratie is de kwaliteitsfactor van de resonator
gereduceerd met 30%. Daaropvolgend is de oriëntatie van de vloeibare kristallen
in de fotonische kristal gaten veranderd door de temperatuur te variëren. Een in-
filtratie efficiëntie van 0.63 was gevonden door gebruik te maken van 2D-FDTD
berekeningen bij verschillende temperaturen boven de transitietemperatuur naar de
isotrope toestand. Bij de transitietemperatuur werd een 7 nm verschuiving geme-
ten, consistent met een phase overgang van de vloeibare kristallen van nematisch
naar isotroop. The bepaalde nematische brekingsindex ligt dicht bij de ordinaire
brekingsindex. Ook is er een H2 resonator gëınfiltreerd met vloeibare kristallen
waarbij analoge resultaten werden behaald. De W3 fotonische kristal golfgeleider
beschreven in sectie 3.2 is gëınfiltreerd met vloeibare kristallen. De MSB is voor en
na infiltratie gemeten, waarbij een rood-verschuiving van 30.3 nm werd gevonden
door de infiltratie. De oriëntatie van de vloeibare kristallen is veranderd door de
temperatuur te verhogen boven de transitietemperatuur naar de isotrope toestand.
Bij de transitietemperatuur werd een extra rood-verschuiving van 7 nm gemeten.
Analyse van de gemeten verschuiving leidt tot een infiltratie efficiëntie van 80% en
een effectieve brekingsindex van de vloeibare kristallen in de nematische toestand
van 1.5, dicht bij de ordinairy brekingsindex. De verbreding van de MSB na de
infiltratie wordt toegeschreven aan verliezen als gevolg van fabricage imperfecties.

In hoofdstuk 6 wordt de lokale infiltratie van een W3 fotonische kristal golfgelei-
der bocht en de lokale nabewerking van zes gates naast een H1 resonator beschreven.
In beide gevallen werd gebruik gemaakt van een 400 nm SiNx masker laag die de
gaten bedekt, maar deze niet significant vult. De maskeer laag is lokaal dunner
gemaakt door te boren met een gefocusseerde ionen bundel. De gaten onder de
dunner gemaakte maskeerlaag werden vervolgens geopend met een CHF3 plasma in
het geval van de W3 fotonische kristal golfgeleider en nat chemisch etsen in het geval
van de H1 resonator. Het CHF3 plasma heeft een etsvertraging, dat er toe leidt dat
de gaten buiten de dunner gemaakte laag te vroeg open gaan in vergelijking met de
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gaten onder de dunner gemaakte laag.
De zes gaten naast de H1 resonator zijn nabewerkt door lokaal digitaal etsen

en daaropvolgend infiltratie met vloeibare kristallen. Deze procedure van digitaal
etsen resulteerde in een 40 nm blauw verschuiving van de resonantie frequentie
vergeleken met de situatie direct na fabricage. Door de daaropvolgende infiltratie is
een 40 nm rood-verschuiving van de resonantie frequentie gemeten vergeleken met
de situatie na het digitaal etsen. Een vergelijking van de breedband spectra van
alle drie de situaties: na fabricage, na digitaal etsen en na infiltratie met vloeibare
kristallen laat zien dat de airband niet verschoven is. Dit bewijst dat de lokale
nabewerking succesvol was, d.w.z. dat de gaten onder het onbewerkte deel van
het masker niet zijn aangetast door het digitale etsen noch door de infiltratie. 3D-
FDTD berekeningen zijn uitgevoerd voor alle experimentele condities en hebben de
experimentele resultaten geverifieerd. Deze methode is geschikt voor mode-selectieve
verstemming omdat fotonische kristal gaten individueel gekozen kunnen worden voor
modificatie.
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