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Abstract

Photonic crystals are semiconductors for light. Their periodic variation in
refractive index in one, two, or three dimensions results in a photonic bandgap,
that is, a frequency range for which light is not allowed to travel through the
material. By locally disturbing this periodicity, light can be confined to small
volumes within the photonic crystal or guided along a path through the photonic
crystal. Photonic crystal components are ideal building blocks for photonic
integrated circuits.

The first goal of this project is to install and explore the possibilities of a
unique multi-functional setup for investigating photonic crystals. An important
operation mode of this setup is Scanning Near-field Optical Microscopy (SNOM)
combined with transmission spectroscopy and photoluminescence experiments.
At the same time, the sample can be viewed with visible-light and infrared
cameras through a microscope. All functionalities have been demonstrated using
InGaAsP photonic crystals.

Subsequently, this setup is used to study a new type of hybrid photonic in-
tegrated circuits consisting of InGaAsP membranes connected to InP–InGaAsP
waveguides. SNOM as well as transmission spectroscopy are used to study the
effect that the local conversion of photonic crystals into membranes has on the
bandgap. The bandgap appears much sharper after this conversion. The light
distribution in a planar waveguide, a photonic crystal, a photonic crystal cav-
ity, and a photonic crystal waveguide are investigated with SNOM. Periodic
variations in the light intensity is observed which can be attributed to stand-
ing waves in most cases. The effect of the photonic bandgap is also seen in
these SNOM measurements. An increased transmission is measured near the
frequency at which the cavity mode is expected from simulations. Finally, the
interface between a membrane waveguide and a conventional waveguide is ob-
served by infrared microscopy.
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Chapter 1

Introduction

The aim of this master project is to explore the possibilities of a newly installed
multi-purpose scanning near-field optical microscope as well as to investigate
the near-field pattern of some photonic structures.

In this introductory chapter will be discussed what photonic crystals are and
which different types exist. Also the most important and promising applications
will be discussed. Secondly, it will be explained what scanning near-field optical
microscopy is and which advantages it has over other investigation methods in
studying photonic crystals. The last part of this chapter gives a short overview
of this report.

1.1 Photonic crystals

Photonic crystals are periodic variations of the refractive index in space. The
behavior of light in a photonic crystals depends on the periodicity of these
variation in a way that is very similar to how the behavior of electrons in a
metal or semi-conductor depends on the periodicity of the atoms. Figure 1.1
shows a one-, a two-, and a three-dimensional photonic crystal.

Semi-conductors have an (electric) bandgap, that is, an energy range that
is forbidden for electrons. Similarly, for some photonic crystals a range of fre-
quencies exist that are forbidden for light in the photonic crystal. That is called
a photonic bandgap. Light incident on a photonic crystal with a frequency in
the bandgap will be reflected completely.

One-dimensional photonic crystals are in fact nothing more than distributed
Bragg reflectors, see for example Reference [2]. The sequence of slabs with al-
ternating high and low refractive index causes light of which the wavelength is
(approximately) four times the thickness of each slab to reflect (almost) com-
pletely. An important use for this kind of reflectors is in vertical cavity surface
emitting lasers (VCSELs), see for a overview Reference [3].

The idea to use the photonic bandgap of two- or three-dimensional photonic
crystals was introduced by Eli Yablonovitch in 1987 [4]. Yablonovitch proposed
to use the photonic bandgap to inhibit spontaneous emission of an excited emit-
ter inside the photonic crystal.

1



1.1. PHOTONIC CRYSTALS

1-D 2-D 3-D

Figure 1.1: One-, two-, and three-dimensional periodic variation (yellow and
orange) of refractive index. Picture adapted from Reference [1].

Three-dimensional photonic crystals would be ideal for applications, because
they can inhibit emission of light in all three dimensions. Fabrication of three-
dimensional photonic crystals is however difficult, although it has been done
[5, 6, 7, 8].

On the other hand, the production of two-dimensional photonic crystals is
much easier, because existing lithography technology can be used1. Not every
periodic variation in refractive index results in a bandgap and not all bandgaps
are very wide. A commonly used lattice that give a bandgap is a hexagonal
lattice of holes with a lower refractive index than the surrounding. Another is
an isometric (square) lattice of cylinders with a higher refractive index than their
surrounding. Only for the hexagonal lattice it is possible to create a bandgap
for light of every polarization.

In practice, index guiding is used to confine light to a slab of finite thickness.
That means that a slab of high-refractive-index material (called the core layer),
containing the periodic refractive-index variation, is sandwiched between mate-
rial of a lower refractive index (this material is called cladding). Depending on
the index contrast such a structure is called hetro-structure for low index con-
trast, or membrane in the case of high refractive-index contrast. Hetro-structure
photonic crystals are also called deeply-etched photonic crystals because not only
need holes be etched in the core layer, but also in the cladding material above
and below it. A membrane can be surrounded by air like in the figure or it
can be attached to a low-index substrate like glass. Figure 1.2 shows these two
types.

Both types have advantages. Deeply-etched photonic crystals are mechan-
ically more stable than membranes which are typically only a few hundred
nanometer thick. They are also less susceptible to influence from the outside
(for example dirt on the surface) on the confined light, because the light is con-
fined well within the cladding. If, on the other hand, the goal is to manipulate
the confined field from the outside of the photonic crystal, then membrane-type
photonic crystals are more suitable. Membranes also have the advantage that
only shallow holes need to be etched, which is easier than deep holes.

1Three-dimensional photonic crystals have also been produced by lithography, that required
however many more steps than are necessary for the production of two-dimensional photonic
crystals [8].
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CHAPTER 1. INTRODUCTION

Figure 1.2: Two slices of common types of two-dimensional photonic crystals.
(left) Hetro-structure and (right) membrane type. The yellow material has a
higher refractive index than the white material and the surrounding air.

Another big difference is that deeply-etched photonic crystals are leaky for
a major part of the range of interesting frequencies. That means that light is
not confined to the core layer, but leaks to the cladding. These losses are a dis-
advantage for applications. Therefore, samples that combine ridge waveguides
with photonic crystal membranes are investigated in this project.

Deeply-etched hexagonal photonic crystals consisting of an InGaAsP layer
surrounded by InP (which is later partially removed to create membranes) are
used in this project. The use of these materials has the big advantage over,
for example silicon, that active emitters in the from of quantum wells or dots
can be embedded directly inside the material. Moreover, these emitters have a
bandgap in a range around the for telecommunications interesting wavelength
of 1.55 µm.

No light can travel through a photonic crystal if it has a frequency within
the bandgap. It would however be much more useful to selectively allow light
of specific frequencies at specific positions within the photonic crystal. This
can be done be introducing defects in the periodic refractive index variation.
The simplest way to do this is to omit a single hole. This creates a cavity in
which light of specific frequencies can be confined to a small volume. Smaller
mode volumes in combination with higher quality factors can be reached than
are possible with cavities formed by pillars or disks of high-refractive-index
material [9].

A second type of defects are waveguides. Waveguides can be formed by
omitting one or more rows of holes. In this way light can travel along the
waveguide freely but is confined in all other directions. Light can even be forced
to make a 90◦ turn with a radius of curvature of the order of the wavelength
without much losses, something that is not possible with traditional dielectric
waveguides [10].

3



1.2. SCANNING NEAR-FIELD OPTICAL MICROSCOPY

1.1.1 Applications of photonic crystals

Photonic crystals have several applications. The small mode volumes in com-
bination with high quality factors of photonic crystal cavities that was already
mentioned makes it possible to study cavity quantum electrodynamics (QED).
That is, to study the interaction of a single emitter with single photons in a
cavity. In this way insight could be gained in fundamental quantum-optics phe-
nomena, like entanglement, quantum decoherence and the boundary between
quantum mechanics and classical physics [11].

A second application that benefits from a high interaction between cavity
and emitters are lasers. Lasers with a low threshold current can be created
using photonic crystal cavities [12, 13, 14, 15].

Another application is (bio)sensing. The resonance frequency of a cavity
depends on its dielectric surroundings. The presence of certain substances near
a photonic crystal cavity can thus be detected by a shift in resonance frequency
[16, 17].

The same resonance-frequency shift could be used for switching optical sig-
nals. By tuning the resonance frequency to or away from the frequency of some
signal, that signal can be dropped or transmitted. This could be done by in-
troducing a small probe near the cavity to interact with the light in the cavity
[18, 19] or even by (electro)mechanically changing the shape of membrane-type
photonic crystal [20, 21].

Ultimately, these components could be integrated into a single photonic inte-
grated circuit with photonic crystal waveguides to link the components together.
Especially in this case, integration of supported waveguides and photonic crys-
tal membranes is important, because waveguides are essential to inter-connect
several components but low losses (in a membrane compared to deeply-etched
photonic crystals) are also necessary when light has to pass through several
components.

1.2 Scanning near-field optical microscopy

One way to investigate a photonic crystal structure is by transmission spec-
troscopy. That means that the transmission of light through a structure is
measured as a function of its frequency. Interesting features of photonic crys-
tals can be investigated in this way, for example the position and width of the
bandgap and the resonance frequency of a cavity mode. This technique is how-
ever limited in that it treats the structure as a black box. Light goes in and
some light gets out, but how light exactly behaves inside the photonic crystal
remains unknown.

It is of interest to know what the light distribution is inside a photonic
crystal. For example, to get the highest interaction between sources and a
cavity mode, the sources should be a those points where the mode has a high
electric field. Also, when tuning a cavity by introducing a probe near it, the
maximal effect is obtained when to probe is placed at a location with high field
intensity [18, 22].

4



CHAPTER 1. INTRODUCTION

Far-field optical microscopy has two limitations that make it less suitable
for studying photonic crystals. The first, obvious limitation, is that it can only
‘see’ light that is radiating away from a photonic crystal, whereas it would be
interesting to see how the light behaves inside of the photonic crystal. Secondly,
far-field optics is fundamentally limited by the diffraction limit: The smallest
details that can be resolved are of the size 0.6λ/NA, with NA the numerical
aperture of the lens (system) that is used. That means in reality that no details
smaller than about half the wavelength of the light can be seen.

Scanning Near-field Optical Microscopy2 (SNOM) solves these two short-
comings of far-field microscopy by using a probe with a sub-wavelength aperture
near the sample to detect light in the near-field (evanescent light). The probe
is scanned over an area of interest to map the intensity of the evanescent field.
The resolution is determined by the aperture size, which can be as small as a
few tens of nanometers. Resolutions smaller than λ/10 have been achieved [23].

The idea of using an aperture in a metal sheet that is smaller that the
wavelength was already introduced in 1928 by Synge [24], well before Binnig,
Quate, and Gerber invented the Atomic Force Microscope in 1987 which is used
nowadays to bring and keep a probe with an aperture near enough to a sample
to actually detect the near-field. It took till 1984 before Pohl, Denk, and Lanz
made the first SNOM measurement [25], although not yet using AFM. The first
time that SNOM measurements are done on photonic crystals is in 1997 by
McDaniel et al. [26].

1.3 Outline

The outline of this report is as follows. Chapter 2 introduces the theory that
is needed to understand photonic crystals, waveguides, and SNOM imaging.
Chapter 3 discusses the samples that are used and their fabrication. Chapter
4 explains SNOM imaging as applicable to our setup from a more practical
perspective as well as the other parts of the setup that can be used for measuring
transmission or photoluminescence spectra. The characterization of both planar
and ridge waveguides using transmission spectroscopy, far-field microscopy, and
SNOM imaging is presented in Chapter 5. Measurements on photonic crystals,
again using transmission spectroscopy, far-field microscopy, and SNOM, are
presented in Chapter 6. This report is concluded in Chapter 7.

2Also called Near-field Scanning Optical Microscopy (NSOM) in American literature.
Sometimes the name Photon Scanning Tunneling Microscopy (PSTM) is used to emphasizes
the similarity with STM.
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Chapter 2

Theory

In this chapter, first the Maxwell equations will be simplified by making some
assumptions that apply to our devices. In the next sections waveguides and
photonic crystals are discussed. This chapter concludes with a section about
simulations of photonic crystals.

2.1 Maxwell’s equations

All macroscopic electro-magnetic phenomena, including light, obey Maxwell’s
equations:

∇ · D = ρ (2.1a)

∇ · B = 0 (2.1b)

∇× E = −∂B

∂t
(2.1c)

∇× H = J +
∂D

∂t
, (2.1d)

with the magnetic field H, the magnetic displacement B, the electric field E, the
electric displacement D, and the free current density and free charge density, J

and ρ respectively. A derivation of these equations from Maxwell’s microscopic
equations can be found in Reference [27].

In the absence of free current and charge (i.e. J = 0 and ρ = 0) and together
with two constitutive relations between H and B and between E and D, these
equations give a complete description of any electro-magnetic problem.

To derive those constitutive equations, four assumptions need to be made.
Firstly, the relations between B and H and between D and E are assumed
to be linear, which is the case for small magnetic and electric fields. Secondly,
the medium is assumed to be isotropic. Thirdly, any frequency dependence of
the relations is neglected over the range of frequencies that we are interested in.
And finally we assume that for these frequencies no absorption takes place by

7



2.1. MAXWELL’S EQUATIONS

the medium. The assumptions result in the following constitutive equations,

D(r) = ε0ε(r)E(r) (2.2a)

B(r) = µ0µ(r)H(r), (2.2b)

with the vacuum and relative permittivity, ε0 and ε(r) and the vacuum and
relative permeability, µ0 and µ(r). However, µ(r) is for the materials used
in this project close to one and will be omitted form here on. Therefore, the
refractive index is related to the relative permittivity simply by n2 = ε.

Now the problem is described by,

∇ · (ε(r)E(r, t)) = 0 (2.3a)

∇ · H(r, t) = 0 (2.3b)

∇× E(r, t) = −µ0

∂H(r, t)

∂t
(2.3c)

∇× H(r, t) = ε0ε(r)
∂E(r, t)

∂t
. (2.3d)

Separation of variables can be used to write the solution as a product of a
time-dependent factor and a factor that depends only on position:

H(r, t) = Hω(r)e−iωt (2.4a)

E(r, t) = Eω(r)e−iωt. (2.4b)

The explicit dependence on ω will be omitted from here on for briefness.1

From Equations 2.3c and 2.3d it follows that,

∇× E(r) − iωµ0H(r) = 0 (2.5a)

∇× H(r) + iωε0ε(r)E(r) = 0. (2.5b)

Combining these two equations results in the following eigenvalue problem for
the magnetic field H(r):

ΘH(r) ≡ ∇×
(

1

ε(r)
∇× H(r)

)

=
(ω

c

)2

H(r), (2.6)

from which H(r) can be found. The electric field can be obtained from equation
2.5b. The equation is called master equation, because it is used for all further
derivations concerning photonic crystals. Because it can be shown that the
operator Θ is Hermitian, it follows that that the eigenvalues are real:

(

ω2

c2

)?

=
(H, ΘH)?

(H , H)
=

(ΘH , H)

(H, H)
=

(H, ΘH)

(H , H)
=

ω2

c2
, (2.7)

where the third equality follows from the fact that Θ is Hermitian. Furthermore,

ω2

c2 (H , H) = (H , ΘH) =
∫

H? · ∇ × (1/ε∇× H)dr

=
∫

1/ε|∇ × H|2dr −
∫

∇ · (H ×∇× H?)dr > 0,
(2.8)

1Note that the solutions that will be found in this way have a time dependence accord-
ingly to Equation 2.4. However, it is possible to construct a solution with an arbitrary time
dependence by taking an integral over ω: H(r, t) =

∫

Hω(r)e−iωtdω.

8



CHAPTER 2. THEORY

so ω2 positive (or zero), therefore ω is real. So no losses occur (if ε is real). The
last inequality is true because the second integral is equal to a surface integral
and this surface can (must) be chosen arbitrarily far away from the region of
interest. Since the electromagnetic field components decay at least with the
second power of the distance from the region of interest, this surface integral
approaches zero.

It can be shown [1] that for two eigenmodes H1 and H2 with different
eigenvalues ω1 and ω2 the eigenmodes are orthogonal2, that is,

∫

H∗
1 · H2 dr = 0. (2.9)

It can also be shown that solving the master equation is equal to finding H that
minimize the following expression:

Uf (H) =

∫

|∇ × E(r)|2dr
∫

ε(r)|E(r)|2dr
. (2.10)

This so called variational principle is know from quantum mechanics where
the lowest eigenmode has minimal energy. It states that the lowest eigenmode
has as little spatial variation as possible (small nominator) and has its electric
field concentrated in regions with high refractive index (big denominator). The
importance of these two equations will be clear when photonic crystals are
discussed.

2.1.1 Scale invariance

An important property of Equation 2.6 (and the Maxwell equations in general)
is its scale invariance. It can easily be seen that increasing the length scale by a
factor, results in decreasing the frequency by the same factor. Therefore, instead
of the frequency ω, the reduced frequency ωa/2πc or simply a divided by the
vacuum wavelength is used, where a is some characteristic length of the systems.
Usually the lattice spacing of the photonic crystal as it will be defined later on is
used as characteristic length. In that way, results can be presented in a generic
way, independent of the size of the photonic crystal. For the reduced frequency,
a/λ, will be used in this report, where λ denotes the vacuum wavelength.

Also, the (reduced) frequency scales inversely with the refractive index:
ωnew/ω ∝ n/nnew. This is only true when the refractive index of every point
in space changes by the same factor. When only certain regions of a structure
undergo a change in refractive index, the relative frequency change is as a first
order perturbation given by:

∆ω

ω
= −∆n

n
·
(

fraction of ε|E|2 in affected region
)

. (2.11)

See Reference [1] for a derivation of this equation.

2In fact ω2
1

and ω2
2

must be different, as those are the eigenvalues, however, only positive
ω are considered.
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2.2. WAVEGUIDES

2.2 Waveguides

In this section, the properties of waveguides are discussed. Waveguides are used
to guide light to and away from the photonic crystals on samples that are used
for the current work. That is not the only reason that they are discussed here:
Two-dimensional photonic crystals are in fact waveguides that confine light
within a thin slab that has periodic refractive index variations to manipulate
the way light propagates in that slab.

A waveguide consists of a material with a higher refractive index than its
surrounding. This high-refractive-index material has a small size (order of the
wavelength of the light that has to be guided) in one or two dimensions and
extends over longer lengths in the other directions. Depending on its exact
properties, light is confined within that high-refractive-index material and can
thus only travel in the directions to which the high-refractive-index material
extends.

The most common type of waveguides are optical fibers. Optical fibers
consist of a glass wire (the core) surrounded by a cladding of glass with a lower
refractive index than the core. However, more complicated designs, for example
with a gradually changing refractive index, are also possible.

In the next section the physical principles behind index guiding, i.e., guiding
and confining of light in a material with higher refractive index than its sur-
rounding, will be discussed as well as the concept of a light line. The light line is
important when investigating whether leakage of light out of a photonic crystal
will occur.

2.2.1 Light at interfaces between materials

When determining whether light of a certain wavelength and frequency can be
confined to one material it is convenient to use wavevectors instead of wave-
length. The wavevector k of light is defined by: k = 2πn/λ er = nω/c er where
er denotes the propagation direction, n is the refractive index of the material,
and λ denotes the vacuum wavelength.

When light travels from a material to another material (with a different
refractive index) both its frequency and the component of its wavevector that
is parallel to the interface must match.3

See Figure 2.1(a), light in a material with refractive index n1 travels towards
a material with refractive index n2 < n1. Because of the lower refractive index,
the magnitude of the wavevector in material 2 is smaller than for material 1.
Therefore the component perpendicular to the interface will be smaller. That
means that a light ray is refracted away from the normal of the interface when
traveling to a material with a lower refractive index, just as predicted by Snell’s
law.4

Now, consider Figure 2.1(b). In this case, the refractive index n1 is smaller
than the parallel component of the incident wavevector. Therefore it is not pos-
sible to match both the magnitude and parallel component of the wavevector.

3Because frequency and refractive index define together the magnitude of the wavevector,
the wavevector after refracting is completely defined in this way.

4In fact, Snell’s law can be derived in this way.
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Figure 2.1: Matching of wavevectors for light crossing an interface between two
materials. (a) A matching, but shorter, wavevector exists in material 2, thus
causing refraction away from the normal to the interface. (b) No matching
wavevector exists, causing total reflection. (c) Light lines and cones of the three
materials.

Light will thus be reflected completely. This happens when the angle of inci-
dence, θ, satisfies kn1

sin(θ) > kn2
or θ > θc = arcsin(n1/n2). This is commonly

known as total internal refection.

It is also said that, in the second case, the incident light lies below the light
line of material 3. To understand what this means, consider Figure 2.1(c), it
shows which parallel components of a wavevector, k||, are possible for a certain
frequency. The straight lines give to minimal frequency that corresponds to a
wavevector with a given parallel component for materials with the indicated
refractive indices. Any frequency above this line is possible for the same par-
allel component of the wavevector, simply by increasing the component of the
wavevector that is perpendicular to the interface. So, incident light that lies
above the light line of a material can travel through that material. The oppo-
site is also true: incident light that lies below the light line of other material
can not cross the interface with that material. The area above the light line is
called the light cone.

Light is confined inside the material with the highest refractive index when
the angle that the light rays make with the interface to the lower-refractive-index
material is small enough such that total internal reflection occurs.5

2.2.2 Planar waveguide

Because the two-dimensional photonic crystals that are used for this project are
made from planar waveguides, some basic properties of these waveguides will
be discussed in this section.

Consider, for simplicity, a planar waveguide consisting of a slab (core) with
refractive index n1 and thickness d which extends infinitely in the other two
dimensions. The slab is surrounded by a material (cladding) with refractive
index n2 < n1, which also extends infinitely, see Figure 2.2.

5One can not speak of light rays anymore when the diameter of the fiber is of the order of
the wavelength of the light, however doing so still leads to valid solutions.
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n1
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n2

x

y

z

dθ θ̄

Figure 2.2: Slab waveguide consisting of a core of thickness d with refractive
index n1 and cladding with refractive index n2 < n1. The structure is assumed
to extend infinitely in x- and y-direction.

A mode is a field of which the transverse distribution and polarization do
not depend on the position along the waveguide axis. Because light is a wave
phenomenon, confining it in one direction limits the number of modes (for each
wavelength) that are guided losslessly by the waveguide to a finite number.

In this section we will use ray optics to determine those modes. Reference
[28] is followed in the description of waveguides.

The modes that are guided by the waveguide can be divided in two inde-
pendent groups: transverse electric (TE) modes and transverse magnetic (TM)
modes. For TE modes, the electric field lies in the plane of the waveguide, while
the magnetic field lies in the plane of the waveguide for TM modes. The follow-
ing derivation is valid for TE modes and differs only to that for TM modes in
the phase change at a reflection given by Equation 2.13.

Modes emerge from the following two conditions. Firstly, light needs to be
totally reflected at the interfaces between the waveguide and the surrounding
material. That is, the angle of incidence, θ, needs to be smaller than the critical
angle, θc, which is given by, sin θc = n2/n1.

Secondly, the phase shift of the light after two reflections (when the light
travels in its original direction) has to be a multiple of 2π, that is,

2π

λ
2d sin θ − 2ϕr = 2πm, m = 0, 1, 2, . . . (2.12)

where the first part is the phase shift that results from the distance the light
traveled between two reflections. The second part is the phase shift introduced
by the two reflections at the top and bottom interface and is given by,

tan
ϕr

2
=

(

sin2 θ̄c

sin2 θ
− 1

)1/2

, (2.13)

for TE polarization. A similar expression holds for TM polarization [29].
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Figure 2.3: Plot of the left hand side (solid) and the right hand side (dashed
red) of Equation 2.14. Solutions to this equation are indicated with arrows.

If we now write equation 2.12 in the following way,

tan

(

π
d

λ
sin θ − m

π

2

)

=

(

sin2 θ̄c

sin2 θ
− 1

)1/2

, (2.14)

we can plot the left-hand side and right-hand side as a function of sin θ in one
graph to visually determine which modes are allowed, see Figure 2.3. The left-
hand side is plotted for several values of m. Every intersection between the
left-hand side and right-hand side represents one allowed mode. Each mode m
is characterized by a specific reflection angle θm. One thing that is immediately
clear from this graph is that there is always at least one mode available. Also,
to increase the number of modes either λ/2d must be reduced or θ̄c must be
increased. The later is possible by increasing the contrast in refractive index
between core and cladding.

The total number of modes that are allowed follows from equation 2.12 and
is given by,

M =

⌊

2
d

λ
NA

⌋

, (2.15)

where bxc denoted the biggest integer smaller than x. The numerical aperture
of a waveguide is given by NA =

√

n2
1 − n2

2.

The first mode (n = 0) is called the fundamental mode. Often, it is conve-
nient to design a waveguide such that only the fundamental mode is supported.
The waveguide is called single mode in that case and multi mode otherwise. This
is especially important when a photonic crystal is present in the waveguide, as
will be discussed later on.
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2.2.3 Effective index

The component of the propagation vector of a light ray traveling through a
waveguide in mode m that lies in the plane of the waveguide is given by
βm = cos θm k = cos θm n12π/λ. βm is called the propagation constant of
the waveguide and λ is the wavelength in vacuum. Light propagating in mode
m can thus be viewed as the propagation of a plane wave in 2D through a
medium with effective refractive index neff = n1 cos θm.

The effective index is important because it allows to approximate (time-
intensive) three-dimensional simulations of two-dimensional photonic crystals by
two-dimensional simulations. The effective index also makes it easy to predict
what will happen to properties of a photonic crystal when it is modified (e.g.
removing top cladding), since characteristic frequencies of a photonic crystal
scale proportional to the (effective) refractive index.

The effective refractive indices of the waveguides present in the samples that
we used are listed in the captions of Figure 2.4 (the graphs are explained in
the next section). The first six are the three TM and TE modes of a 500 nm
thick InGaAsP membrane waveguide. The last two correspond to the same
membrane, but now the air at one side is replaced by InP6. These values and
graphs are calculated using mode solver software [32].

2.2.4 Field distribution

The field distributions (electric component perpendicular to the waveguide for
TE, magnetic component perpendicular to the waveguide for TM) of all modes
of two types of waveguides that are relevant for the remainder of this report are
shown in Figure 2.4. The first six profiles are the three TM and TE modes of a
500 nm thick InGaAsP membrane waveguide. The last two profiles correspond
to the same membrane, but now the air at one side is replaced by InP. The
horizontal axis of these figures is the the vertical (y) axis in Figure 2.2.

Within high index region of a waveguide with the same cladding on both
sides (and as an approximation of other waveguides), the field distributions are
sinusoidal:

Ey(y, z) ∝
{

cos kzy, m even
sin kzy, m odd

(2.16)

where kz is given by kz =
√

n2
1k

2
0 − β2

m.[28]

Outside of the waveguide, the field decays exponentially with decay constant
γm =

√

β2
m − n2

2k
2
0 or decay length 1/γm. The decay lengths of the modes shown

in Figure 2.4 are mentioned in the captions.

Figure 2.5 shows the mode profiles of a 500 nm thick InGaAsP slab for three
different values of the thickness of the InP cladding. It can be seen that the
electric field on the surface of the sample (at the boundary between air and InP
or InGaAsP at the right side) is largest when there is no cladding and decreases
with increasing cladding thickness.

6The refractive indices that are used are 3.38 for InGaAsP and 3.17 for InP [30, 31].
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(a) TE0, neff = 3.18, 1/γ = 80 nm (b) TM0, neff = 3.04, 1/γ = 83 nm

(c) TE1, neff = 2.50, 1/γ = 105 nm (d) TM1, neff = 1.80, 1/γ = 160 nm

(e) TE2, neff = 1.14, 1/γ = 457 nm (f) TM2, neff = 1.00, 1/γ = 3500 nm

(g) TE0, neff = 3.25, 1/γ = 78 nm (h) TM0, neff = 3.22, 1/γ = 79 nm

Figure 2.4: (a-f) Mode profiles for all three TE and TM modes for a 500 nm
thick InGaAsP (green) membrane. (g, h) Mode profile of the only supported
TE and TM mode when the InGaAsP membrane is supported by InP (yellow).
The captions specify the effective refractive indices and the decay lengths of the
electric or magnetic field. The surrounding consists of air (white). Light travels
through these waveguides in the direction perpendicular to the paper.
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(a) Membrane (b) 200 nm thick top cladding

(c) 500 nm thick top cladding

Figure 2.5: Mode profile of the fundamental mode of a 500 nm thick InGaAsP
(green) slab (a) without cladding, (b) with 200 nm thick cladding (yellow), and
(c) with 500 nm thick cladding on top (at the right side in these figures) of it.

2.2.5 Two-dimensional waveguide

To guide light in one direction, a two-dimensional waveguide can be used. A
two-dimensional waveguide consist of a rod that is surrounded by a material
with a lower refractive index. Now, there are two directions that determine the
mode profile. These modes are usually denoted by TEn,m, specifying that it is
the n-th mode in one direction and the m-th mode in the other direction. See
for example Figure 2.6 for a TE1,2 mode.

In the present work, such waveguides are used to guide light from (to) the
edges of the sample, where light can be coupled in by an external source, to
(from) the photonic crystals that are located in the middle of the sample. These
waveguides are much wider (five times) than thick and are therefore approxi-
mated by planar waveguides [33].

2.3 Fabry-Pérot resonator

The end facets of a ridge waveguide on the sample act as partially reflecting
mirrors. This creates a Fabry-Pérot cavity. Transmission will be maximal when
the phase of a light ray remains the same after one round trip, because that
results in maximal constructive interference. It should be noted that this only
occurs if the coherence length of the light is larger than the length of the waveg-
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Figure 2.6: Ex field distribution for TE1,2 mode of a rectangular waveguide (light
is guided in the direction normal to the paper).

uide, a condition that is easily met for laser light and the waveguides that we
have used.

Theses Fabry-Pérot interferences are discussed in some detail in the next
sections, since they seriously affect transmission measurements of our samples.
They can however also be used to derive properties of the sample, for example,
the effective (group) index, whether additional reflections occur in a waveguide,
or how much loss takes place.

2.3.1 Single Fabry-Pérot resonator

The transmission through a single Fabry-Pérot cavity can easily be found by
solving a self-consistent equation for the electric (or magnetic) field inside the
cavity, see Figure 2.7(a). The magnitude and phase of the electric field of a
wave just inside the cavity traveling to the right, E1, is the sum of field of the
incident light, E0 after passing through the interface and the field of the light
inside the cavity after traveling up and down the cavity and reflection at both
end facets7:

E1 = t0E0 + r1r2 ei2βLE1, (2.17)

where t0, r1, and r2 are respectively the transmission coefficients for the left
interface and the reflection coefficients of the left and right interfaces, and β
is the propagation constant of the waveguide. Phase shifts that occur upon
reflection are also accounted for by r1 and r2. The exponential factor accounts
for the phase change the light undergoes after traveling up and down the cavity.

The transmission, defined by Ttot = |E2/E0|2 with E2 = E1t2e
iβL the elec-

tric field just outside the cavity, is given by:

Ttot =
(1 − R)2

1 − 2R cos(2βL) + R2
, (2.18)

7In other words: to get a stationary state the incident light E0 has to make up for electric
field that is lost by imperfect reflections at both facets and by interference.
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Figure 2.7: (a) Single Fabry-Pérot cavity. (b) Coupled Fabry-Pérot Cavity.

where we used for reflection coefficients r1 = r2 =
√

R and for the transmission
coefficients t1 = t2 =

√
T =

√
1 − R. R and T are called the reflectance and

transmittance and relate the reflected and transmitted light intensity to the
incident light intensity.

The transmission of a 2000 µm long waveguide for different values for the
reflectance is shown in Figure 2.8. The transmission spectrum shows periodic
peaks at those wavelengths that fit an integer number of times inside the waveg-
uide. The sharpness of the peaks increases with the reflectance of the end facets.

Inspection of the denominator of Equation 2.18 learns that the peak sepa-
ration around λ0 (wavelength in vacuum) is in first order equal to,

∆λ = λ2
0/2ng,effL, (2.19)

with the group refractive index defined by [30]:

ng,eff = c
dk

dω
= neff + ω

dneff

dω
. (2.20)

The mode dispersion, which determines the effective group index, is mainly
determined by material properties and not by the shape of the waveguides that
are used for the current work [30]. The group index of InGaAsP for a wavelength
of about 1.57 µm is equal to 3.66 [31]. That results in effective group indices
for supported and membrane waveguides that are used for the present work8 of,
respectively 3.50 and 3.45.

Given a transmission spectrum it is thus possible to derive the effective group
refractive index of the waveguide if the length of the waveguide is know, or vice
versa.

It is also possible to get information about the reflection coefficients from
a transmission spectrum. The ratio between the minimum and maximum of
Equation 2.18 is given by:

Tmax

Tmin

=

(

1 + R

1 − R

)2

. (2.21)

8This terminology and the specific shape of these waveguides are discussed the next chapter.
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Figure 2.8: Fabry-Pérot resonance for four different values for the reflectance of
the facets: R = 0.99, R = 0.9, R = 0.1, and R = 0.01. The cavity has a length
of 2000 µm.

In reality, this reflection coefficient takes into account not only losses of light
due to imperfect reflections at the end facets but all losses that occur while the
light travels from one side of the cavity to the other. See Reference [34] for a
more elaborate treatment of propagation losses in a cavity.

2.3.2 Two coupled Fabry-Pérot resonators

When two Fabry-Pérot resonators with (different) lengths, L1 and L2, are con-
nect together, for example by connecting a membrane-type waveguide to a sup-
ported waveguide, the transmission spectrum gains complexity. Now periodicity
corresponding with cavities of lengths L1, L2, L1 + L2, and |L1 − L2| show up
in the spectrum as well as beating patterns that occur when two of these fre-
quencies are close together [30].

We have extended the formulas of the previous section for two coupled cavi-
ties. The transmission through such a system can be calculated in the same man-
ner as was done for a single cavity in the previous section. The self-consistent
equations are now given by:

E1 = t0E0 + r2r1e
i2βL1E1 + r4t3E2e

i2βL2r1e
iβL1 (2.22)

E2 = t2e
iβL1E1 + r4r3e

2iβL2E2 (2.23)

E3 = t4e
iβL2E2, (2.24)

with the electric fields and reflection and transmission coefficients as defined in
Figure 2.7(b). These equations can easily be solved by hand or a computational
algebra software like Mathematica.
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2.3. FABRY-PÉROT RESONATOR

A typical transmission spectrum of two coupled cavities is shown in Figure
2.9(a). Two kinds of modulation can be seen in transmission spectra of two
coupled cavities depending on the length of one cavity relative to that of the
other. For Figure 2.9(a), one cavity is much smaller than the other. In this
case the amplitude of the fast oscillation remains more or less constant but the
average transmission over larger wavelength scales oscillates with a frequency
that is determined by the short cavity. When two cavities with similar length
are coupled, a spectrum like shown in Figure 2.9(b) is found. Now a beating
pattern is seen of which the frequency is determined by the difference in length
of the cavities.

2.3.3 Fourier smoothing

In some transmission spectra Fabry-Pérot resonances are unwanted and ob-
scure the real features of the spectrum. In this case the Fast-Fourier-Transform
Smoothing function of the data processing program Origin made by the Origin-
Lab Corporation is used to remove high frequency components from the spec-
trum.

2.3.4 Standing waves

If coherent laser light would reflect perfectly at both facets, a standing wave
would emerge due to interference of light traveling one direction in the resonator
and light traveling the opposite direction. When the facets have a reflection
coefficient r < 1 the amplitude is reduced upon reflection and the reflected light
can not totally extinguish the incoming light. In this section the pattern that
emerges when light is reflected back and fort in a cavity formed by facets with
a finite reflection coefficient is discussed.

The sum of the electric field of a light wave, cos(βx − ωt), and it first five
reflections in a cavity is calculated. Considering only the first five reflections
is of course an approximation that is only valid when the light beam has no
significant amplitude anymore after six reflections, that is, when r6 � 1.

Figure 2.10 shows the electric field at several times during one period. It is
clear that a traveling wave has formed. However the magnitude of the field is
not constant. Plotting also the time average over one period of |E|2 for r = 0.3
and r = 0.1 shows that still spatial modulation of the intensity of the electric
field shows up similar to standing waves, but the amplitude diminishes with the
reflection coefficients of the facets. Because the period of light is much shorter
than the integration time of any detector that is used for results presented in
this report, even in the case of partially reflecting facets a standing wave pattern
can be measured.

To find the ratio between minimum and maximum electric field intensity
at different positions along the cavity, |E|2 is analytically integrated over one
period. The ratio between the minimum and maximum of this expression is
given by:

E2
max

E2
min

=

(

1 + r

1 − r

)2

. (2.25)
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Figure 2.9: (a) Coupled Fabry-Pérot cavities: L1 = 1500 µm with effective
refractive index n1 = 3.38 and L2 = 60 µm with n2 = 3.18. The coefficients are
given by r1 = 0.44, r2 = 0.32, r3 = −0.32 (minus sign accounts for a π phase
shift for externally reflecting light), r4 = 0.55. The transmission coefficients are
given by ti =

√

1 − r2
i . (b)
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Figure 2.10: Total electric field at several times during one period for r = 0.3
(red curves). Interference of waves up to 5 reflections are included. Also shown
are the time average of the electric energy density (∝ |E|2) over one period for
r = 0.3 (solid line) and r = 0.1 (dash line).

This is the same expression that was found for the ratio between minimum and
maximum transmission through a Fabry-Pérot cavity, see Equation 2.21.

2.4 Photonic crystals

Photonic crystals have several interesting properties, such as self-collimation [35,
36], negative refractive index [37, 38] and the ability to slow down or completely
stop light [39, 40]. However, the most interesting property relevant for the
present work is the occurrence of a photonic band gap.

In a material with periodically varying dielectric constant ε(r) the eigenequa-
tion for the magnetic field, Equation 2.6, becomes periodic. In that case, the
Bloch theorem, that is well known from solid state physics, applies to this equa-
tion as well.

First, some definitions have to be made: Figure 2.11 (a) shows a hexagonal
lattice of air holes in a dielectric material. The distance between to nearest
neighbor holes is called the lattice constant, a. The holes have radius r. The
lattice is formed by making a hole at every position that is the sum of an integer
times both lattice vectors: a1 and a2.

The reciprocal lattice is formed in the same manner, now with the two
reciprocal lattice vectors b1 and b2, which are defined such that ai · bj equals
2π when i and j are equal and zero otherwise.

The (first) Brillouin zone is defined as the area in the reciprocal space that
lies closer to the origin than to any other reciprocal lattice vector.
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Figure 2.11: (a) A hexagonal photonic crystal lattice with lattice spacing a and
hole radius r with r/a = 0.3. The unit cell in indicated in darker gray. (b) Cor-
responding reciprocal lattice. Indicated in light and dark gray are, respectively,
the Brillouin zone and the reduced Brillouin zone. The critical points Γ , M,
and K are shown, as well as the corresponding directions in the real lattice.

According to the Bloch theorem the eigenvectors of Equation 2.6 can be
written as the product between a plane wave and a function, uk(r), that has
the same periodicity as the dielectric:

Hk(r) = eik·ruk(r), (2.26)

where k can be any wavevector as long as it satisfies (usually periodic) bound-
ary conditions. These functions are unique for k when k is chosen within the
Brillouin zone.

For every reciprocal vector that lies within the Brillouin zone an infinite
number of eigenfunctions and corresponding eigenvalues ωn(k) will be found,
numbered by n > 0. It can be shown that for each n, ωn(k) is a continuous
function of k. These functions are called bands and a plot of them is called a
band diagram.

Figure 2.12 show a band diagram for a 500 nm thick slab of InGaAsP pat-
terned with a hexagonal photonic crystal of air holes with r/a = 0.3. This
diagram is calculated by plane wave expansion [41] using the programm MPB
developed by MIT under the GNU GPL open source licence [42]. Apparently
for TE polarization there are no modes for frequencies between approximately
0.225 and 0.29. That is, there is a bandgap for TE polarized light. For TM po-
larization however there is a mode available for every frequency and no bandgap
exists.

Recall that the variational principle states that the lowest eigenmode has
little spatial variation and has its electric field concentrated in regions with high
refractive index. This means that its electric field is concentrated between the
air holes for the hexagonal photonic crystal that was shown before. Therefore,
the lowest modes are called the dielectric band.
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Figure 2.12: Band diagram of a hexagonal lattice with r/a = 0.3 for both TE and
TM polarization. Calculated with MBP in two-dimensions using effective index
of 3.18 for TE and 3.00 for TM, corresponding to 500 nm InGaAsP membrane.
The light cone is shaded yellow and the bandgap is indicated with a green crossed
pattern.

The second mode must also minimize Equation 2.10 but with the restriction
that it must be orthogonal to the first mode. This means that its electric field
will be concentrated at the air holes. These modes are therefore called the
airband. For even higher order modes also the spatial variation of the modes
will increase to meet the orthogonality requirement.

To make the occurrence of a bandgap plausible, recall that frequency is
proportional to the magnitude of the wavevector dived by the refractive index.
Therefore, for the same wavevector, airband modes (having their electric field
mostly located in air) will have have a higher frequency than dielectric band
modes (which have their electric field mostly in the high-dielectric material).
This is, of course, but a qualitative explanation and does not explain why there
exists an bandgap for TE and not for TM polarization for r/a = 0.3. See for a
more detailed explanation Reference [1].

2.4.1 TE and TM modes

In general, symmetries of a photonic crystal split modes of the crystal in two
or more independent groups. The most relevant symmetry for two-dimensional
photonic crystals for this report is reflection symmetry in a plane perpendicular
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to the continuous dimension. This symmetry results in the independence of TE
and TM modes in photonic crystals. (See also Reference [1])

We define the reflection operation, ÔMz
on a vector field f (r) (for example,

the magnetic field) like this,

ÔMz
f(r) = Mzf(Mzr), (2.27)

where Mx simply reflects the vector that it operates on in the xy-plane. The
eigenvalues of ÔMx

are 1 (called even modes) or −1 (odd modes), because
applying the operator two times leaves every vector field unchanged.

Because the reflection of a Bloch-mode is an eigenfunction of the translation
operator T̂R, with R a lattice vector, with eigenvalue e−ik·M−1

z
R:

T̂R

(

ÔMz
Hk

)

= ÔMx

(

T̂M−1

z RHk

)

(2.28)

= ÔMz

(

e−ik·M−1

z
RHk

)

(2.29)

= e−iMzk·RÔMx
Hk, (2.30)

the reflection of a Bloch-mode in the xy-plane is again a Bloch-mode, but with
the reflected wavevector:

ÔMz
Hk = eiφHMxk, (2.31)

possibly differing by an arbitrary phase φ.

The previous holds generally for two-dimensional photonic crystals. If we
now restricted the wave vector to the xy-plane (i.e. only waves traveling per-
pendicular the z-direction) as is the case for slab waveguides, then Mxk = k.
Therefore, from Equation 2.31 it follows that Hk is an eigenfunction of the
reflection operator, restricting the phase factor to ±1.

It follows that,

ÔMx
Hk(r||) = ±Hk(r||) (2.32)

= MxHk(r||), (2.33)

where the second equality comes from the definition of the reflection operator
and the fact that Mxr|| = r||. Therefore, for even modes Hx, Hy, Ez = 0 and
for odd modes Ex, Ey , Hz = 09. When the electric field lies in the xy-plane, the
light is called TE-polarized, when the magnetic field lies in the xy-plane, the
light is called TM-polarized.

2.4.2 Cavities

In semiconductors a localized state can be created by reducing the electric po-
tential at a specific lattice point, for example by replacing an atom with another
kind of atom. As is apparent for Equation 2.6 in photonics the role of the electric
potential is played by the dielectric constant. By locally altering the dielectric
constant, a cavity can be created, resulting in localized states for light, which
are called cavity modes. The simplest way to alter the dielectric in a lattice of

9Note that the magnetic field is a pseudovector, thus changing sign under reflection.
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(a) H1 (b) H2 (c) Modified H1

Figure 2.13: Several types of cavities. Black indicates high refractive index
material, white indicates air holes.

holes is to fill one hole10, see Figure 2.13. By effectively increasing the dielec-
tric constant a mode is pushed from the air band into the band gap as follows
from Equation 2.11. Light can exist in a cavity only at discrete frequencies and
from small cavities (a few holes that are affected) only a few will lie within the
bandgap.

Leaving out one hole creates a cavity that is called H1. It is of course possible
to leave out more holes. An H2 cavity is formed when an additional ring of six
holes are omitted. When another ring of (12) holes are filled up, the cavity is
called H3.

An H1 cavity in a hexagonal photonic crystal with neff = 3.18 and r/a = 0.3
supports only the dipole mode. The dipole mode is two-fold degenerate. That
means that there can be found two modes with the same frequency11 but with
a different spatial pattern. Figure 2.14 shows the magnetic field component of
two such modes as calculated by FDTD simulation (explained in more detail in
the next Section 2.5). Note that any linear combination of these two modes is
also a dipole mode, but with its field distribution rotated around the center of
the cavity.

Light with a frequency in the bandgap can tunnel through a photonic crystal
if it does not consist of too many rows of holes. The presence of a cavity in the
middle of a photonic crystal can greatly increase the transmission through the
photonic crystal for frequencies at and near the cavity resonance frequency (for
example in a structure as shown in Figure 2.16).

An important property of a cavity is its quality factor or Q factor. The
quality factor is defined as 2π times the energy stored in the cavity divided by
the energy that is lost every cycle of the oscillation. The quality factor of a
cavity can be calculated from a transmission spectrum of the photonic crystal
containing that cavity by dividing the width (Full Width at Half Maximum) of
the resonance peak by its (average) frequency: Q = f0/∆f . A cavity that has
low losses (i.e., a high Q factor) shows up as a sharp peak in the transmission
spectrum, while a lossy cavity shows up as a broad peak.

10In reality this means that the hole will not be etched at all, instead of filling it later.
11The modes can be split by breaking the symmetry of the dielectric structure, for example

by reducing the size or shifting of two holes at opposite side of the cavity.
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(a)

1

0
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(b)

Figure 2.14: Magnetic field component perpendicular to the photonic crystal for
dipole mode of an H1 cavity with r/a = 0.3. Dark blue indicates big negative
fields, dark red indicates big positive fields.

2.4.3 Photonic-crystal waveguide

Similarly to cavities, a whole row (in ΓK direction) of holes can be left out to
create a photonic crystal waveguide in which light is confined in one direction
and free to propagate in the other direction.

When a single row of holes is left out, the waveguide is called W1. In general
a waveguide is called Wn when n rows are left out.

2.4.4 Photonic-crystal slab

Until now, two-dimensional photonic crystals have been discussed. Two-dimensional
means that no refractive index variation occurs in the third dimension. Of
course, it is not possible to make a truly two-dimensional photonic crystal in
reality, due to the finite size of any sample or device. In most cases, it is not
even desirable to have a truly two-dimensional photonic crystal since the light
will spread out in the third dimension due to diffraction. One possibility is to
use a planar waveguide to confine light in one direction and use two-dimensional
periodic variation of the refractive index to control the light in the other two
directions. Figure 2.15 shows a SEM micrograph of such a photonic crystal,
a membrane in this case. It was already remarked in Section 2.2.3 that light
in a certain mode of a waveguide behaves like a two-dimensional plane wave
traveling in a material with an effective refractive index that lies between that
of the waveguide and that of its surroundings. The magnetic (electric) field can
be written as a product of this plane wave and a z-dependent factor:

H = H0(z)eiβ·r|| , (2.34)

with r|| the projection of r on the plane of the photonic crystal (the xy-plane
in Figure 2.15).

If the planar waveguide making up the photonic crystal supports more than
one mode the band gap will be reduced or eliminated completely, because dif-
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x

y

Figure 2.15: Scanning electron microscope picture of a hexagonal lattice of holes
in a membrane.

ferent modes do not have a bandgap for the same frequencies. Therefore, as
remarked before, it is convenient to design the planar waveguide in such a way
that only one mode (the fundamental mode) is supported.

However, not all modes are excited as efficiently as the fundamental mode by
a free space light beam. Odd modes (e.g. 2.4(c,d)) are not significantly excited
because their symmetry does not match that of a free beam.

2.5 Finite-difference time-domain simulation

Finite-Difference Time-Domain, or FDTD, is a popular method to simulate
Maxwell’s equations. See Reference [43] for a complete overview. This method
is commonly used to obtain the mode pattern by simulating the transmission
of a continuous wave of a specific frequency through a photonic crystal. This
will be called continuous-wave FDTD in the report. A second common use
case, which we call transmission FDTD, is to acquire a transmission spectrum
of a structure by taking the Fourier transform of the transmission of a short
pulse (which is incidentally composed of plane waves with a wide spread of
frequencies).

FDTD is invented by Kane Yee in 1966 [44]. He proposed to divide space
into a grid with cleverly placed electric and magnetic field components that
allow for easy calculation of the rotations in Maxwell’s equations. Each electric
field component is surrounded by the magnetic field component that are used to
calculate that component. The same is true for each magnetic field component.

To get reliable results, the grid spacing, ∆x, should be smaller than the size
of the features of the structure that is simulated. A typical resolution that is
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PML layer

source detector

n = 1

n = 3.18

Figure 2.16: Dielectric structure (in this case with an H1 cavity) that is used to
simulate transmission of a light pulse. The waveguides are 2.5 µm wide. The
lattice constant that was used is a = 481 nm and r/a = 0.3.

used for simulations shown in this report is 20 grid cells per micrometer, or a
grid spacing of 0.05 µm.

For numerical stability the ratio between the time step and spatial resolution,
S = ∆t/∆x, should satisfy S < min(n)/

√
D, where min(n) denotes the minimal

refractive index with the structure and D is the number of dimensions.

As boundary conditions usually perfectly matched layers (PML) are used12.
This is a layer of absorbing material around the computational cell that (ideally)
does not reflect anything back. These boundary conditions act like infinitely
extending empty space surrounding the simulated structure.

Simulations presented in this report are done with MEEP [45] which is freely
available under the GNU GPL open source licence and with the commercial
program CrystalWave from Photon Design.

To get a transmission spectrum of a photonic crystal, the structure shown
Figure 2.16 (but without the cavity), with r/a = 0.3 and the effective index
of the fundamental mode for a 500 nm thick InGaAsP membrane, was simu-
lated in two-dimensions with MEEP. (A similar structure was used to get the
transmission spectrum for the ΓK-direction.) A pulse with a gaussian-shaped
envelop centered at reduced frequency 0.25 with bandwidth 0.2 was generated
by a line source. The simulation was run long enough for the pulse to cross the
photonic crystal and reach the detector, where the Fourier transform calculated
to get transmission as a function of frequency. A second simulation is run, now
without a photonic crystal present, to normalize the transmission spectrum.

The result is shown in Figure 2.17(a). It is clear that no transmission is
possible in the band gap between 0.22 and 0.3 for ΓK and between 0.2 and

12Strictly speaking PMLs are not boundary conditions, rather they are part of the problem
that is solved.
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0.3 for ΓM, corresponding to the band diagram of Figure 2.12. Figure 2.17(b)
shows the transmission spectrum of the same structure now with the H1 cavity.
An increased transmission is observable at 0.26 due to the cavity mode.
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Figure 2.17: (a) FDTD simulation of the transmission spectrum for a 500 nm
thick InGaAsP membrane with r/a = 0.3. Both ΓM and ΓK directions are
plotted for TE and TM polarized light. (b) FDTD simulation of the transmission
spectrum of an H1 cavity for ΓM direction and TE polarization, see Figure 2.16.
The cavity mode is visible as increased transmission at 0.26.
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Chapter 3

Sample Fabrication

In this chapter the sample fabrication process is detailed. A list of samples and
the structures on them that are measured follows, but first something about
terminology:

The term membrane is used in conjunction with waveguide or photonic crys-
tal to indicate that the structure consists only of an InGaAsP slab surrounded
by air. Supported is used to indicate that the waveguide or photonic crystal
consists of InGaAsP slab with air on top of it, but with InP underneath it.
When neither of these terms is used a regular waveguide is meant, meaning
that a InGaAsP slab is surrounded by InP on both sides, see Figure 3.1.

The next section discusses the general layout of these samples and the con-
cept of lithotuning. The second section details the etch steps that are used to
produce these samples.

3.1 Sample layout and lithotuning

Figure 3.2 shows the typical layout of a sample. Typical dimensions of a sample
are a few millimeter wide and just over a centimeter long. The wafer thickness
is about half a millimeter. Photonic crystals are located in the middle along the
long axis of the sample. Access ridge waveguides extending to the (long) edges
of the sample are connected to each crystals at both sides.

The laser that is used has a tuning range for its wavelength of 1.5 µm to
1.6 µm, which corresponds to a reduced frequency range of about 0.017 for a
typical lattice constant of a = 400 nm. As can be seen from Figure 2.17 on page
31, this range is too narrow to measure the transmission of a photonic crystal
from the dielectric band to the air band, for which a reduced frequency range
of approximately 0.15 would be necessary.

However, as explained in Section 2.1.1, scale invariance of photonic crystals
allows us to use scaled down photonic crystals instead of longer wavelength.
Therefore, each photonic crystal structure is etched several times on a sample
with the same normalized holes radius r/a but with different lattice constants.
This is called lithotuning. By combining the partial transmission spectra of all
these scaled versions a complete transmission spectrum of the photonic band
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(a) (b) (c)

InGaAsP

InP

Figure 3.1: Several types of waveguides or photonic crystals: (a) Membrane, (b)
supported, and (c) regular waveguide.

crosssection

access waveguide

trench

∼ 2 cm

∼ 2 mm

∼ 0.5 mm

photonic crystal

Figure 3.2: Typical layout of a sample showing photonic crystals in the middle
connected to ridge waveguides that extend to the opposite edges of the sample.
Only four photonic crystals are shown, on real samples many more are present.
A cross-section is shown on the top.

gap can be assembled with a dimensionless frequency scale, a/λ. Figure 3.3
shows a transmission spectrum that is assembled in this way (this figure is only
shown to illustrate lithotuning and will therefore not be discussed any further).
A set of these photonic crystals with different lattice constant but otherwise
identical will be called a lithotuned set of photonic crystals.

Four samples are used for the current work and they are assigned the char-
acters A to D1. A list of these samples follows:

Sample A contains deeply-etched photonic crystals with several H1 and H2
cavities. It has a 500 nm thick top cladding. Only an H2 cavity on this
sample is used to calibrate the polarization of the light that is coupled
into the samples, see Section 4.1.1.

Sample B contains regular waveguides with a 200 nm thick top cladding.

Sample C contains membrane-type photonic crystals with W1 waveguide and
planar supported waveguides. Both are imaged using SNOM.

1Wafer numbers: A: MO404S4, B: MO587S2, C: MO139S1, D: MO404S5
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Figure 3.3: Example of lithotuning: a transmission spectrum of the complete
band gap of a photonic crystal is acquired by combining transmission spectra
of photonic crystals with different lattice constants as indicated in the graph by
different colors. Note that the spectrum for a = 379 nm is missing, this is due
to a broken waveguide.

Sample D contains membrane-type photonic crystals, membrane-type pho-
tonic crystals containing H1 cavities, and supported waveguides. Each
lithotuned set of photonic crystals is present four times on this sample.

Figure 3.4 shows the layout of Samples C and D. Only those photonic crystal
structures that are used for the current work are shown, these samples contain
however many more photonic crystal structures.

3.2 Etching steps

The samples are produced as follows:

1. In the first step, a 1000 nm thick InP buffer layer, a 500 nm thick InGaAsP
core layer, and the 500 nm thick cladding layer are grown on top of an
InP wafer by metal-organic chemical vapor deposition. See Figure 3.5(a).

2. Next, an approximately 400 nm thick hard mask of silicon nitride is de-
posited by plasma enhanced chemical vapor deposition. On top of that,
an approximately 350 nm thick layer of electron-beam resist (ZEP-520) is
added by spin coating. See Figure 3.5(b).

3. Electron beam lithography is used to write the pattern on the sample by
selectively removing the electron-beam resist. See Figure 3.5(c).
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22 rows

planar waveguide
(supported)

W1 waveguide
(membrane)

Sample C

13 rows

a = 481 nm 453 nm 397 nm 481 nm 453 nm 379 nm

H1 cavity
(membrane)

photonic crystal
(membrane)

9 rows

straight waveguide
(supported)

Sample D

2 lithotuned sets 2 lithotuned sets

Figure 3.4: The part of the layouts of Samples C and D that is relevant for the
current work. The green squares indicate the approximate areas that are scanned
using SNOM as presented in following chapters.
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Figure 3.5: Sample fabrication, see the main text for a detailed description.
Figure adapted from Reference [34].

4. The developed electron-beam resist is used as a mask to transfer the pat-
tern to the hard mask by reactive ion etching (RIE) based on CHF3 chem-
istry. During this step, also the electron-beam resist that remained after
the previous step is etched away partially. Any resist that still remains is
removed by oxygen plasma in a barrel etcher. See Figure 3.5(d).

5. The InP and InGaAsP layers are etched by an inductively coupled plasma
(ICP) process using chloride and oxygen as the reactive gasses. This time
the mask is partially etched away as well. Any residual silicon nitride is
removed by wet etching with HF. See Figure 3.5(e).

Afterwards, the sample is cleaved at the two long sides to create smooth end-
facets for the waveguides. More details about this process can be found in
Reference [46]. Samples created with this process were intended to be studied
using transmission spectroscopy. However, to expose the evanescent fields and
make SNOM imaging possible a final step is performed to selectively remove
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the InP top cladding as well as some of the InP below the InGaAsP layer, more
about this in the next section. This is only done for samples C and D:

6. Wet etching with HCl:H2O (4:1) for 5 minutes at 2 ◦C is used to selec-
tively remove the InP cladding and part of the InP buffer layer to create
membrane type photonic crystals. The InGaAsP is hardly attacked by
this solution. See Figure 3.5(f).

The fabrication of sample C differs in that steps 2 to 5 are performed twice:
The first time only the holes of the photonic crystals are etched as described.
The second time the (tapered) waveguides are etched. The holes are small
enough for them to be covered by silicon nitride. Step 5 is different however, as
the second time RIE based on CH4/H2 chemistry is used.

The reason that this two-step process is used is that different etch depths
are required for etching photonic crystals and the tapered waveguides that are
used for some structures on this sample. The ICP-process for etching photonic
crystal holes creates deep and straight holes with a high aspect ratio (i.e., holes
that are deep with respect to area that is etched). If the tapered waveguides
were etched in the same way, that would result in very narrow (0.5 µm) ridge
waveguides with a very deep trench (∼ 10 µm) beside them. This would make
the tapered waveguide unstable and fragile. To circumvent this problem, all
waveguides are etched during the second step using CH4/H2-chemistry-based
RIE, which has a lower aspect ratio.

3.3 Wet etching

As explained, Samples C and D are wet etched for 5 minutes with HCl:H2O
(4:1) at 2 ◦C to selectively remove the complete InP cladding on top of the
InGaAsP layer. This is done to expose more of the evanescent electromagnetic
field, making it easier to detect light with SNOM-probe.

As a consequence of this procedure, InP underneath the InGaAsP layer is
also partially etched away. This is much less trivial than the effect of wet etching
on the top cladding. Figure 3.6(a) shows a scanning electron microscopy (SEM)
micrograph of three photonic crystals and their access waveguides on Sample D
after wet etching. It can be seen that waveguides have become membranes close
to (within 50 µm) the photonic crystal, but are still supported further away.
Note that one of the waveguides is broken. This has happened after wet etching.
At the sides of the sample, the waveguides have also become membranes (see
Figure 5.2(d) on page 63(d)). Closer inspection of the photonic crystals (Figure
3.6(c,d)) learns that they are also membranes. The waveguide is broken in the
second figure and the photonic crystal membrane is also broken, indicating that
it is indeed a membrane. These observations are summarized in a schematic
cross section in Figure 3.6(b) along a waveguide and through a photonic crystal
as indicated in Figure 3.6(a) with a d.

Wet-etching of InP with HCl:H2O is anisotropic which means that it has
different etch-rates in different crystallographic directions. There are two rele-
vant etch-stop planes, that is, a plane that forms because the etch rate in the
direction perpendicular to it is close to zero: The one in the [011] direction is
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Figure 3.6: SEM micrographs of Sample D taken after wet etching. (a) Overview
of three photonic crystals. The lower waveguide of the middle photonic crystal
was broken after wet etching. (b) Cross section along a waveguide. Light grey
indicates InP, darker gray indicates InGaAsP. (c) Close-up of box indicted with
c. Both waveguide and photonic crystal are membranes. (d) Close-up of broken
waveguide and photonic crystal.

almost vertical the other one, in the [011] direction, makes an 40◦ angle with the
vertical plane, resulting in a V-shape when a rectangular trench is wet-etched,
see Figure 3.7 and References [47, 48]. Note the roughness on the V-shaped
walls, which is typical for slow etch-rates.

The [011] and [011] directions are parallel to the sides of the sample, because
along those directions the sample can be cleaved. However, before wet-etching
it is not known for our samples which side is along the [011] or [011] direction.
Judging by the direction of the V-shape in the SEM micrographs of Sample D
(note the roughness under the photonic crystal membrane and under the waveg-
uide in Figures 3.6(c & d)) suggests that the [011] direction is along the long
axis of the sample, perpendicular to the waveguides. Figure 3.8 shows a SEM
micrograph of Sample C after wet-etching, clearly the V-shape is rotated 90◦

with respect to Sample D. It is not visible from Figure 3.8(a) whether the pho-
tonic crystal has become a membrane. It is only visible that the edges are still
supported by InP. The fact that the access waveguides are membranes makes
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Figure 3.7: The result of wet-etching InP through a rectangular opening in the
silicon nitride mask. Figure copied from [47].

it likely that also the photonic crystal is a membrane because of etching in the
direction perpendicular to the waveguides.
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(a)

waveguides

(b)

Figure 3.8: SEM micrographs of Sample C after wet etching. (a) Access waveg-
uides have become membranes. (b) W1 photonic crystal waveguide.
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Chapter 4

Multi-functional Scanning

Near-field Microscopy

Setup

An overview of the experimental setup that is used is shown in Figure 4.2.
Laser light is coupled to a waveguide on the sample through a lensed fiber.
The transmitted light is collected at the other side of the sample by another
lensed fiber which is connected to an InGaAs photodiode. A SNOM probe can
be used at the same time to image the sample. Not shown in the figure is an
optical microscope that can be used for viewing the sample. This microscope can
also be used to focus a laser beam on the sample for doing photoluminescence
(PL) as well as to collected emitted PL light. For inspecting scattering light
from samples in the infrared this microscope is also equipped with an InGaAs
infrared camera.

As remarked before, this setup is very versatile and can be used in many
ways to study photonic devices. A three-dimensional impression of the setup is
shown in Figure 4.1. In the next subsections various parts of this setup will be
discussed in more detail.

4.1 Transmission measurements

To measure a transmission spectrum, two lensed fibers on opposite sides of the
sample are used to couple light into and out of waveguides on the sample. One
fiber is connected to a laser that is tunable from 1510 nm to 1630 nm. For
convenience this fiber will be called illumination lensed fiber from now on. The
other fiber is connected to an InGaAs detector. This fiber is called detection
lensed fiber. The detected intensity is then recorded while the wavelength of
the laser is increased by small steps (typically 1 nm to 0.2 nm) to create a
transmission spectrum.
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Figure 4.1: Three-dimensional impression of the setup showing a sample with
photonic crystals. Light is coupled into one of the waveguides by a lensed fiber,
while the photonic crystal is scanned by a SNOM probe. (This image is not on
scale.)

laser

detector
detection
lensed fiber

illumination
lensed fiber

rotator

polarization-maintaining
fiber

sample

x

y
z

APD

SNOM probe

Figure 4.2: Experimental setup used for measurements presented in this report.
Lensed fibers are used to couple laser light into and out of the sample. Rotator
is used to control the polarization of the light. Both lensed fiber and SNOM
probe can be position with step-motor driven translation stages and piezoelectric
elements. See the main text for details. This image is not on scale.

44



CHAPTER 4. MULTI-FUNCTIONAL SNOM SETUP

The lensed fibers need to be positioned accurately to couple light effectively
from the lensed fiber to an access waveguide (and vice versa).1 Fine alignment
is done with piezoelectric elements that can move the fiber parallel to the edge
of the sample (both vertically and horizontally). Each fiber together with its
piezoelectric elements is mounted to an arm. For coarse alignment in all direc-
tions, this arm is attached to three translation stages that are driven by step
motors.

Alignment of the fibers is done in two steps: First, the fibers are aligned
visually by looking through a microscope. The fibers are positioned approxi-
mately in the same focal plane as the sample surface and are centered in front
of the access waveguides. Also the distance between a fiber an the waveguide
is adjusted in this way to approximately 4 µm. The step-motors are used to
do this. In this step, the fibers are aligned with an accuracy of approximately
1 µm.

In the second step, the laser that is connected to the illumination lensed
fiber is switched on. Now, the transmission through the sample is maximized
to find the optimal alignment. The piezoelectric elements are used to do this in
the directions parallel to the sample edge. The distance between the fiber and
waveguide can not be fine-tuned as there are no piezoelectric elements to do this.
It is therefore impossible to accurately focus the lensed fibers or to reproduce
the focusing. (Focussing capabilities using piezoelectric elements were planned
for this setup and will be added in the future.)

Over time the alignment of the fibers will be lost. Especially when the power
supply of the piezoelectric elements has just been switched on. However, even
after using the setup for a few hours the transmission will still drop by a factor of
two after about half an hour. This is probably due to creep in the piezoelectric
elements.

Both the laser and the detector are connected to a computer in order to
measure transmission though the sample as a function of wavelength.

4.1.1 Polarization control

The properties of photonic crystals and waveguides depend on the polarization
of the light. It is therefore important to be able to control the polarization of
the light that is coupled into an access waveguide.

Polarization of the light leaving the illumination lensed fiber is controlled
by rotating the point where the polarization-maintaining fiber from the laser
connects to the illumination lensed fiber. The device to do this will be called
rotator and the angle over which it is rotated will be called rotator angle.

Because the lensed fiber is not polarization maintaining, rotating one end
of the fiber while keeping the other end (the lensed end) fixed will not change
much about how polarized light travels through the fiber. That is only true if
no (change in) strain is introduced in the fiber. On the other hand, the angle
of the polarization exiting the polarization-maintaining fiber does change when
it is rotated, as the polarization is fixed relatively to the fiber orientation for a
polarization-maintaining fiber.

1The lensed fibers have a working distance of 4±1 µm and a spot diameter of 1.7±0.3 µm.
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Figure 4.3: Light intensity through illumination lensed fiber (2) that is rotated
by the rotator at the point where it is connected to the polarization-maintaining
fiber (1) that comes from the laser as measured by a detector after passing the
detection lensed fiber (3) and a polarizer.

Changing the rotator angle rotates the polarization direction of the light
entering the lensed fiber, while keeping the lensed fiber relatively unchanged.
To test this, the setup shown in the inset of Figure 4.3 is used. Light passes
through a polarization-maintaining fiber to the illumination lensed fiber which
is focussed on the detection lensed fiber. Light from the detection lensed fiber is
measured by a detector after passing through a polarizer. The signal from the
detector is measured as a function of the rotator angle. The results are shown
in Figure 4.3.

There is a clear periodic dependence of the detected light intensity on the
rotator angle just as was expected. A rotation of 100◦ of the rotator is needed
to change the polarization of the light exiting the detection lensed fiber by 90◦.
This might be explained by a change in strain in the illumination lensed fiber
introduced by the rotation.

It was checked that indeed the polarization changes instead of mere attenu-
ation of the light. This is done by confirming that the polarization angle of the
light that is detected by the detector is proportional to the rotator angle (data
not shown here).

The orientation of the light exiting the illumination lensed fiber is unknown
a priori. To relate the polarization of the light exiting the illumination lensed
fiber with the rotator angle, the transmission through the band gap of a photonic
crystal can be used. When the photonic crystal that is used has no bandgap
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for TM-polarized light, the transmission of TM-polarized light through this
crystal will be higher than for TE-polarized light. To find the rotator angle
that corresponds to TE-polarized light exiting the illumination lensed fiber, the
transmission is minimized by changing this angle (for a wavelength that lies in
the band gap).

This is done with a photonic crystal containing a H2 cavity. The transmis-
sion was measured for both a rotator angle that minimized transmission in the
band gap (TE) as well as for a rotator angle that maximized it (TM). These
measurements are shown in Figure 4.4(a) and (b) respectively. Clearly, the di-
electric and air band are visible in Figure 4.4(a) as is a H2 cavity mode at 0.215.
Figure 4.4(c) shows the transmission of the same structure as measured previ-
ously with a different setup in which TE polarization was set in a more straight
forward way. This spectrum closely resembles the spectrum of Figure 4.4(a).

4.2 Scanning near-field microscopy

As explained in Chapter 2, the electric and magnetic field intensities of totally
internally reflecting light decay exponentially with the distance from surface of
a sample. Therefore, it is not visible with an optical microscope. However,
by placing a small probe close enough to the surface, this evanescent light will
scatter into radiative light that can be detected.

The imaging technique described in this section that will be called SNOM
throughout this report is just one possible configuration for which a probe is
scanned over a sample to optically image it at sub-wavelength resolution. Several
configurations are possible (see also Reference [50]): The probe can be used to
detect evanescent light or scattered light from a sample that is illuminated by
internal reflection or by far-field illumination. In these configurations, the probe
is said to be used in collection mode. A probe can also be used to illuminate
the sample locally, in that case light is collected in the far-field by a optical
microscope. This is called illumination mode. A third possibility is so called
apertureless imaging. In this case a probe is used to frustrate the evanescent
field of a sample to cause scattering which is detect in the far-field with an
optical microscope.

In the next subsection first SNOM probes will be discussed. In order for the
SNOM probe to collect light, it needs to stay close to the surface of the sample
while it is scanned over an area of interest. Therefore, a feedback mechanism is
used to keep the distance between probe and sample constant, this is discussed
in the second subsection. The third subsection details how measurements that
are presented in this report are performed on photonic crystal samples. An
overview of SNOM is given in Reference [51].

4.2.1 Probes

A SNOM probe consists of an optical fiber that is pulled or etched to a sharp
tip with an small apex, several times smaller than the wavelength that one
wants to measure. The tip can be metal-coated, leaving free only a small (sub-
wavelength) aperture, see Figure 4.5. The metal coating restricts the light that
can scatter into the probe, thereby increasing the resolution over an uncoated
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Figure 4.4: Transmission spectrum of a 10 rows wide deeply etched photonic
crystal with H2 cavity measured with lensed fibers for (a) TE polarization and (b)
TM polarization. (c) Transmission spectrum of the same structure for TE po-
larization, measured by a different setup that allows for a straightforward control
of polarization [49].
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Figure 4.5: Waveguide with SNOM probe above it.

probe. Only light beneath and in the direct vicinity, depending on the aper-
ture size, of the aperture is collected by the probe. The metal coating is also
important for a bent probe to prevent light from leaking out.

The evanescent light in the direct vicinity of the probe scatters into the
probe and is guided through an optical fiber to a detector that is sensitive
enough to detect the low evanescent light intensities. An InGaAs Avalanche
Photo Detector (APD) that is sensitive in the 1.5 µm range is used in our
setup.

To obtain a high resolution, the aperture of the SNOM-probe should be
as small as possible. To get sub-wavelength resolution, the aperture should
be smaller than 2

5
λ, or smaller than 600 nm for a wavelength of 1.5 µm [53].

On the other hand, the aperture diameter should not be too small, because
the transmission through a sub-wavelength aperture of a metal-coated probe
decreases with the diameter of the aperture, a, as (a/λ)4 [54, 55].

Probes with apertures down to 50 nm can be purchased, for example from
the company Nanonics. The SNOM probes that are used for measurements
presented in this report have an aperture of 200 nm or 500 nm and are coated
with chromium and gold (this coating has a thickness of ∼ 200 nm).

Figure 4.6(a) shows a SNOM probe attached to a tuning fork very similar to
the probes that are used in our setup. The bended design of the probe, contrary
to probes used for shear-force feedback (compare with Figure 4.7(b)), allows the
area that is scanned to be accessed in other ways, e.g., one can see the scan area
through a microscope or excite it with a laser spot. A SEM micrograph of the
aperture of a metal-coated SNOM probe is shown in Figure 4.6(b).
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Figure 4.6: (a) Bend SNOM probe mounted to a piezoelectric tuning fork as seen
from below. (b) SEM micrograph of a metal-coated probe with an aperture of
approximately 100 nm. Both image copied from Reference [52].

4.2.2 Probe-sample distance control

The first feedback mode that was used, uses the optical signal that the probe de-
tects as feedback [58]. This signal is kept constant by approaching or retracting
the probe during scanning. This method is commonly called Photon Scanning
Tunneling Microscopy (or PSTM) because of its similarity to regular Scanning
Tunneling Microscopy (STM), where an electric current tunneling to or from
the sample is kept constant in the same way. In this way, the measured data is
a combination between topography and light intensity.

A technique that allows for measuring the topography of the sample simul-
taneously with but independently of the light intensity is contact mode using
beam-bouncing. A probe is connected to a cantilever which will press the probe
against the surface of the sample, see Figure 4.7(a). The reflection of a laser
beam off the cantilever is used to drive a piezoelectric element to which the
probe is attached to keep the deflection of the cantilever and therefore the force
that the probe exerts on the sample constant. The probe is then dragged over
the sample surface during which both the voltage applied to the piezoelectric
element and the optical signal are recorded. The voltage that is applied to the
piezoelectric element is a measure for the relative height of a point on the surface
of the sample.

The constant physical contact between probe and sample is a major disad-
vantage of this technique. Both sample and probe are easily damaged in this
way, especially when steep features are present on the sample, such as the holes
of a photonic crystal.

Recently a mechanism called shear-force feedback is often used [57, 59]. The
probe is then mounted to one of the arms of a tuning fork. The other arm
of the tuning fork is connected to a dithering piezo that is used to drive the
probe and tuning fork parallel to the sample surface such that they oscillate
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Figure 4.7: Probe operating in: (a) contact mode using beam-bouncing for feed-
back, image copied from Reference [56], (b) shear-force feedback, image copied
from Reference [57], and (c) tapping mode.

at their resonance frequency, see Figure 4.7(b). When the probe approaches
the sample it will increasingly experience a shear force from the sample. This
acts as damping on the oscillation and will decrease the oscillation amplitude.
The oscillation amplitude is thus a measure for the distance between probe and
sample. A piezoelectric element is used to keep the amplitude and therefore the
probe-sample distance, constant.

Our setup operates in so called tapping mode [60]. In tapping mode, the
SNOM probe is also mounted to a tuning fork that is driven at their reso-
nance frequency. The difference with shear-force feedback is however that the
oscillation takes places perpendicularly to the sample, see Figure 4.7(c). The
amplitude is usually of the order of a 100 nm.

When the sample is approached the probe will start to feel resistance of the
sample because every oscillation period repulsive forces, e.g., Van der Waals
force, dipole-dipole interaction, or electrostatic forces will act on it more force-
fully as the sample gets closer. This interaction with the sample will cause the
oscillation amplitude to decrease, which is detected by the tuning fork in the
same manner as for shear-force feedback.

In addition to a change in amplitude when the probe gets closer to the sample
there will also be a phase shift between the response of the tuning fork and
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the driving oscillation. This phase shift can be used as additional topographic
information about the sample. It can also be used as a feedback signal instead
of the amplitude signal. The phase signal is more sensitive to the probe-sample
distance than the amplitude signal.

Ideally, the detected light intensity is proportional to the light intensity in
the sample. However, less light is detected when the probe is further away from
the surface, because the evanescent field decays exponentially with the distance
to the surface. Small bumps and dents in the surface will therefore show up in
the light intensity image as darker and lighter spots.

The lower sensitivity of amplitude feedback has as an advantage that the
small height differences on the sample surface have less influence on the distance
between probe and sample. Topography related artifacts on the light intensity
signal are reduced in this way [61]. The phase signal can still be recorded as a
function of position and used to get an clearer topography image.

4.2.3 Scanning and positioning

When light is shone through a structure using the lensed fibers as explained
in the previous section, the distribution of it can be measured using SNOM.
A typical SNOM measurement on a photonic crystal, as is done for results
presented in the next chapters, takes place as follows.

First the lensed fibers are aligned with the access waveguides of the photonic
crystal in the same manner as when transmission measurements are done.

The probe is connected to piezoelectric elements that allow it to move accu-
rately in all three dimensions. For coarse positioning, the probe together with
the feedback mechanism and the piezoelectric elements are mounted to an iden-
tical set of step-motor-driven translation stages. After the fibers are aligned,
the probe is coarsely positioned above the photonic crystal (or other structure
of interest) using these step-motor-driven translation stages. Next, the vertical
step-motor-driven translation stage is used to let the probe approach the sam-
ple until the feed-back mechanism feels the sample. For final positioning the
piezoelectric elements are used.

Now imaging of the sample can begin. The piezoelectric elements are used
to scan the probe over the scan area line by line while the feed-back mechanism
tries to keep the probe-sample distance constant. At a discrete number of points
on the scan area the light intensity as detected by the APD and the height,
represented by the voltage applied to the z-piezoelectric element, are recorded.
In this way a map of the light intensity in the sample is created together with
a map of its topography.

A topography SNOM image and its orientation with respect to a photonic
crystal and waveguide is shown in Figure 4.8. The illumination lensed fiber is
coupled to the waveguide in the bottom left. Also indicted in the figure is the
pattern in which the probe scans the sample. The probe starts at the square
in the lower right corner, then moves to the left of the scan area and back to
the right. That is repeated for every horizontal scan line. Usually 256 of these
lines are made and the light intensity is recorded also at 256 points per line. All
images presented in this report are oriented in this way.
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1 A.U.

Figure 4.8: Orientation of scan-area to photonic crystal and waveguide. Dark
colors lie deeper than light colors. (The phase signal is shown.) The scan direc-
tion as also indicated: The probe starts at the square in the lower left corner,
them moves to the left of the scan area and back to the right. That is repeated for
every horizontal scan line. The illumination lensed fiber is always coupled to the
waveguide that is in the lower left corner. Note that this image is a schematic
representation: the holes of the scan do not match the holes of the sketch.

The maximum size of the area that can be scanned is 30 µm by 30 µm. Like
the probe, also the sample holder can be scanned using piezoelectric elements.
Of course, when light needs to be coupled into and out of the sample, scanning
the sample is not an option as it destroys the alignment with the lensed fibers.
The scan range for the sample holder is 100 µm by 100 µm. The sample scanner
can also be moved by step-motors for coarse positioning.

4.2.4 Artefacts

It should be noted that both topography and light intensity map are in fact
a convolution of the real topography and light intensity and the shape of the
probe. That means that all edges are blurred. A SNOM probe is usually bigger
than the air holes of the photonic crystals that are imaged. The probe will
therefore only see the holes as shallow dents on the sample surface.

Another remark should be made about the shape of a SNOM probe. In the
previous discussion it is assumed that topographic data and light intensity are
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Figure 4.9: Height and light intensity profile as measured by an asymmetric
probe. Image inspired by Reference [61].

measured at the same point on the sample surface. That is however only the
case when a symmetric probe is used. When an asymmetric probe is used there
will be a shift between topography and light intensity, see Figure 4.9. This shift
is maximally half the diameter of the probe (aperture diameter plus coating), or
in the order of 200 nm for the 200 nm probes that are used for the present work.
That corresponds approximately to the hole diameter of the photonic crystals
that are used.

A second kind of artefact that can occur are topographic features that show
up in the light intensity image. Higher (lower) light intensity is measured when
the probe is closer to (further away from) sample, because the evanescent field
decays exponentially with the distance from the sample. Holes and bumps in
the sample surface could thus be seen in the SNOM image [61].

The distance between sample and probe should stay constant while probe is
scanned over the sample. However, the probe and feed-back mechanism cannot
react instantaneously. This is a problem if there are very steep height differences
on the sample. Consider Figure 4.10. If the reaction (vertical movement of the
probe) of the feed-back mechanism on the feed-back signal is too weak, a falling
edge is not followed very well as can be seen at the left side of the figure. On the
other hand, if the reaction is too strong then rising edges will not be followed
accurately. A overshoot can be seen in that case. When scanning samples
with large height differences and steep edges (as is the case for photonic crystal
samples) it can be a challenge to adjust the feed-back parameters such that
the trace followed by the probe stays within an acceptable distance of the real
profile of the sample.
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Figure 4.10: The profile that is followed by the SNOM probe while it moves over
the sample surface. The probe would follow the dashed trace if the feed-back
mechanism could react instantaneously. In reality the solid trace is followed
when the probe moves from the left to the right.

4.2.5 AFM

It is also possible to mount a AFM probe in this setup instead of a SNOM probe.
No light can be detected in that way, but an AFM probe is much sharper and
yields a much higher resolution than a blunt SNOM probe. The probes that are
available from Nanonics for this setup are glass probes with diameters down to
10 nm. These probes have the same bended design as the SNOM probes, see
4.11(b). An AFM scan of a photonic crystal is shown in Figure 4.11(a).

4.3 Photoluminescence

The setup can also be used to conduct photoluminescence (PL) measurements.
There are in principle three ways to collect PL light in our setup. The first is
collection by a microscope objective, using the microscope to couple the light
into a fiber that is connected to the monochromator. The second is using one of
the lensed fibers to collect the light from the side of a sample, possibly through
an access waveguide. The third is using a SNOM probe to collect the light. See
Figure 4.12 for an overview. Excitation light can also be coupled in in the same
ways.

Even though light collection by a microscope objective is the most conven-
tional way of collecting photoluminescence light, it has proven to be difficult
with this setup sofar. The problem was that in that case excitation light needed
to be coupled in via the ocular of the microscope, because the fiber on top of
the microscope was already used for detection. This way of excitation is much
less efficient and not enough light reaches the sample to generate enough PL
light for detection. Recently, excitation light was coupled in in a more efficient
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Figure 4.11: (a) AFM image of a photonic crystal with normalized hole radius
r/a = 0.21. (b) Glass AFM probe.

way, resulting in successful PL measurement, this will however not be discussed
here. The next two sections explain the other two collection methods.

4.3.1 PL-SNOM

An interesting way to collect PL light is by using a SNOM probe. In this way
PL can be collected very locally and can even be related to topographical data
measured at the same time.

It is also possible to use a SNOM probe to illuminate the sample locally and
use some other way to collect the PL light, e.g., by a microscope objective.

Figure 4.13 shows two spectra of GaAs as measured by those two methods.
The laser that is used for excitation has its main emission at 635 nm, however,
it has several weaker emission lines at other wavelengths. The laser spectrum
is shown to explain the small peak on the illumination SNOM spectrum. The
small peak coincides with a emission line of the laser, therefore is probably
caused by reflection of the light from the SNOM tip by the sample.
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Figure 4.12: Methods of collection of PL light: collection by a microscope objec-
tive, by a lensed fiber from the side, or with a SNOM probe.

These measurements are done with the probe tens of microns away from the
surface. No PL could be measured when probe was in contact with the surface,
possibly because of shadowing of the probe (either shadowing of the excitation
spot of the laser or or of the photoluminescence light). When the probe was too
far away, the PL signal became too low to detect.

In both cases the emission power of the laser was about 2 mW. A 10X
objective was used with a numerical aperture of 0.25.

4.3.2 Side pick-up

Collection of PL light from the side of a sample2 with a lensed fiber was tested
with a L3 cavity containing quantum dots as active emitters (see inset of Figure
4.14). The dots are excited by a 650 nm laser at approximately 5 mW. Their
emission will in turn couple to a cavity mode, therefore creating a much sharper
peak in the PL spectrum than quantum dots would create in absence of a cavity
and photonic crystal.

The fabrication of this sample is as described in Reference [62] except for
the waveguides that are wet-etched before the SiO2 mask is deposited and the
holes of the photonic crystal are etched with RIE.

2This sample was kindly lend to us by Laurent Balet.
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Figure 4.13: Photoluminescence of GaAs collected by SNOM probe while exciting
through a microscope ( collection SNOM) and as collected via a microscope when
illuminated by a SNOM probe ( illumination SNOM).

Figure 4.14 shows several PL spectra that are taken while moving the exci-
tation spot along the cavity as indicated in the inset. The arrow is intention-
ally drawn under a slight angle to indicate that the laser spot was not moved
perfectly along the cavity. It can be seen that PL frequency depends on the
position of the excitation spot. This can be explained by that fact the cavity is
multi-mode (each mode having its own spatial field distribution) and exciting
at different positions will thus result in exciting different modes (with different
frequencies).

This sample was used only to test the pick-up of photoluminescence light
with a lensed fiber and will not be discussed any further.
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Figure 4.14: PL spectra taken while excitation spot was moved along an L3 cav-
ity. The inset shows an L3 cavity in a W1 waveguide together with a FDTD
simulation of one of its modes (perpendicular magnetic field is shown). Dimen-
sions of the measured cavity are not the same as for the simulated one. Light
was collected by a lensed fiber from the waveguide. A 50X objective was used
with a numerical aperture of 0.42. Note that, the spectra are shown with an
offset so they can be shown in one figure. The spectrum at the bottom has no
offset and thus shows absolute counts per second.
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Chapter 5

Characterization of

Waveguides

Waveguides are important for integrated photonic devices, because they can
be used to link several components together. Transitions from a supported
waveguide to a membrane waveguide are essential for two reasons. As was stated
earlier, photonic crystal membranes are preferred over deeply-etched photonic
crystals because they have lower losses. On the other hand, a waveguide can not
be completely membrane-type, because it has to be attached to the substrate
somewhere. Secondly, membrane waveguides are more fragile than supported
waveguides.

In this chapter, such a transition from supported to membrane waveguide
will be investigated by transmission spectroscopy and in the far field using an
infrared camera. In the second part of this chapter, SNOM measurements on a
planar waveguide are presented.

5.1 Ridge waveguide

A ridge waveguide on Sample D (see Figure 3.4 on page 36) is investigated by
transmission spectroscopy. However, the waveguide is first investigated in the
far field by an infrared camera through a microscope in the next section.

5.1.1 Far-field measurements

Because the sample is wet-etched, also the waveguides at the edges of the sample
have been under-etched. The waveguides are however still supported over the
major part of their length. Only at the side of the sample are the waveguides
membranes over a length of approximately 30 µm. These dangling waveguide
ends are very fragile and many of them are broken after wet-etching, see Figure
5.2(d). Therefore, the sample is cleaved again at one side to obtain well-facetted
waveguide ends. After cleaving the sample at one side, the sample was not wide
enough to cleave the other side as well. So, to one side of the sample the waveg-
uide is completely supported and to the other side the ends are membranes.

61



5.1. RIDGE WAVEGUIDE

source detector 1 detector 2

InP

InGaAsP

(a)

source detector 1 detector 2

(b)

Figure 5.1: Models that are used to simulate the reflectance and transmittance
of a transition from supported waveguide to membrane waveguide. The source
gives a single gaussian shaped pulse and the detectors calculate the power per
mode is transmitted through them.

This transition between supported waveguide to membrane waveguide causes
reflection and scattering.

Figure 5.1 shows a model that is used for FDTD simulations to get an es-
timate for the reflection coefficients of the interface between a membrane and
supported waveguide. A source creates a gaussian shaped pulse in the funda-
mental mode of the waveguide and the power in every waveguide mode (mode
power) is calculated by the detectors. The ratio between the mode power as
calculated by both detectors gives the transmittance of the interface. The ratio
between mode power of light traveling in the positive and negative direction of
detector 1 gives the reflectance. These simulations show that the reflectance for
going from the supported waveguide to the membrane waveguide is 0.01. Of
light in the fundamental mode of the membrane waveguide, hitting the transi-
tion in the other direction, a fraction of 3.5 · 10−6 reflects back in fundamental
mode and a fraction of 0.0001 reflects back into the second order mode. These
low values for the reflectance are reasonable, because the mode profiles for sup-
ported and membrane waveguide do not differ that much, see Figure 2.4 on page
15. The transmittance is similar in both cases, 0.79 and 0.8 respectively. That
means that approximately 20% of the light is lost due to scattering.

In reality, the transition from membrane to supported waveguide is smoother,
see Figures 5.2(d and e). Therefore, the reflectance and transmittance will prob-
ably be lower and higher, respectively, than the values that are found using the
model. There will also be less scattering.

An infrared photograph is taken through a microscope to see where light
leaves the waveguide, see Figure 5.2(a). The detection lensed fiber is shown here
and light is traveling through the waveguide from below. This infrared image
is overlaid on a visible-light image in Figure 5.2(b). Three distinct light spots
can be seen in the infrared photograph. These are associated with (from top to
bottom) reflection at the lensed fiber, scattering at the end of the waveguide,
and scattering at the transition from supported to membrane waveguide. The
distance between the lensed fiber (visible in the infrared photograph due to light
from that waveguide that scatters off the fiber) and the end of the waveguide is
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Figure 5.2: (a-c) Three pictures taken through a microscope with a visible-light
and infrared camera of one end of a ridge waveguide at the edge of the sample.
(a) Infrared photograph. Light scattering is visible from the lensed fiber, the end
of the waveguide and at the transition between supported and membrane waveg-
uide. (b) The visible light picture is focused on the surface of the sample and is
overlaid with a picture taken with an infrared camera. (c) This picture is focused
below the surface to show the part of the waveguide that has been under-etched.
The position of the (detection) lensed fiber is indicated with a white contour, be-
cause it was difficult (but possible) to see otherwise. (d) SEM micrograph of the
edge of the sample. Several damaged waveguides are visible as well as one that
is intact (the leftmost). For clarity, red arrows indicate to where the waveguide
extends. (e) Schematic picture of the end of a waveguide. (not on scale) The
position of the most intense scattering is indicated with an A, the transition
from supported to membrane waveguide as seen in (c) is indicated with a B. A
50X objective is used for all photographs.
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used to match the scales between the visible-light and infrared photographs in
Figure 5.2(b).

The same waveguide is shown again in Figure 5.2(c), but now the microscope
was focused on the bottom of the trench below the surface of the sample. In
this way, it is visible where the waveguide is a membrane (waveguide appears
translucent) and where it is supported (waveguide appears dark). Comparing
this photograph with the infrared photograph in Figure 5.2(b) shows that in-
deed the scattering takes place near the transition form supported to membrane
waveguide.

The difference between the exact position of the most intensive scattering
(indicated with an A) in the infrared overlay and the position of the transi-
tion in Figure 5.2(b) (indicated with a B) can be explained by looking at the
SEM micrograph of a partially under-etched waveguide, see Figure 5.2(d). The
edge of the InP below the InGaAsP layer is not vertical (perpendicular to the
waveguide), rather, the closer to the InGaAsP layer the further the InP extends
towards the edge of the sample. This is schematically depicted in Figure 5.2(e).

Scattering takes place when the mode is frustrated. That means that as long
as the InP below the InGaAsP layer is thick enough such that the mode profile
as shown in Figure 2.4 on page 15 has no significant field outside of the InP, the
mode will not notice a difference and will not scatter. Scattering is thus expected
at the position along the waveguide that is indicated with an A in Figure 5.2(e).
However, the plane of focus in Figure 5.2(b) lies closer to the bottom of the
trench than to the InGaAsP layer. Therefore, Figure 5.2(b) indicates one side
of the transition from supported waveguide to membrane waveguide (indicted
with a B), while scattering will take place at the other side. The distance
between these two points as measured from the photographs and as measured
from the SEM micrograph are in agreement. Both are approximately 10 µm. It
should be noted that this distance as measured from the SEM micrograph is just
a rough approximation, since the perspective of the image makes is impossible
to measure it accurately.

5.1.2 Transmission spectroscopy

To further investigate the supported to membrane waveguide interface, trans-
mission measurements are done in this waveguide. The reflection that occurs
at this interface divides the waveguide into two cavities with lengths of approx-
imately 1.32 mm and 20 µm. In Section 2.3 is explained that when two cavities
are coupled in this way a modulation of the Fabry-Pérot oscillations occurs in
the transmission spectrum.

Figure 5.3 shows the measured transmission spectrum of this waveguide.
There are two oscillations visible in the transmission: one with a short period
of 0.2526± 0.0007 nm (around λ = 1570 nm) which is modulated with a longer
period of 6.8 ± 0.3 nm.

Using Equation 2.19 on page 18 and the length of the sample L = 1.340 ±
0.005 mm it is found that a period of 0.2526 ± 0.0007 nm corresponds to an
effective group refractive index of 3.63±0.01. This value is close to the effective
group index of a supported waveguide as calculated in Section 2.2.3, which is
3.5.
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Figure 5.3: Transmission spectrum of a ridge waveguide of which one side has
been under etched. The inset show a magnification of the graph between 1570 nm
and 1575 nm.

This type of modulation is similar to the one seen in Figure 2.9(a) on page
21. That suggest that a small and a big cavity are coupled, instead of two
cavities with similar lengths. This calculated transmission spectrum of two
coupled cavities indeed reproduces several features of the measured transmission
spectrum. Also the occurrence of a faint beating (indicated with red arrows in
Figure 5.3) is visible in both spectra.

There are two problems with this explanation. Firstly, the reflection coeffi-
cients used to make Figure 2.9 are much bigger than the reflection coefficients
that follow from simulations as given earlier in this chapter. Using these reflec-
tion coefficients shows a beating pattern instead of modulation. A calculated
spectrum using the reflection coefficients that are given at the beginning of this
section is shown in Figure 5.4.

Secondly, a modulation of 6.8 ± 0.3 nm corresponds to a cavity length of
50 µm according to the equations of Section 2.3 on page 16. However, both
the infrared and visible-light photographs shown in Figure 5.2(d) show that the
membrane part of the waveguide is shorter, namely between 14 µm and 21 µm.

The multi-mode character of the membrane part of the waveguide has been
ignored in the calculated transmission spectrum. Interference between light
in different modes might be the cause of the modulation that is seen in the
measured transmission spectrum.
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Figure 5.4: Calculated transmission spectrum of a 1.34 µm long supported waveg-
uide of which 20 µm is membrane. Reflectance that are used are 0.01 for sup-
ported to membrane and 3.5 · 10−6 for membrane to supported. Transmittance
is set to 0.8 in both cases.

5.1.3 SNOM

No light could be detect by SNOM on waveguides on Sample A. This is probably
due to the 500 nm thick InP cladding on top of the InGaAsP core layer.

Sample B has a thinner cladding of 200 nm. Therefore, the evanescent field
at the surface of this sample is larger than on Sample A, see Figure 2.5 on
page 16. Figure 5.5 shows a SNOM measurement done on a ridge waveguide on
Sample B. A standing wave pattern can be seen. The wavelength of the laser was
changed by 1 nm half way during the scan, this is indicated by an arrow in the
figure. As a result of this the standing wave pattern has shifted. This shows that
the measured periodic intensity variation is not caused by topography related
artefacts (see Section 4.2.4 on page 53) but results from the light distribution
within the sample.

5.2 Planar waveguide

Because of difficulties1 in imaging a ridge waveguide, SNOM imaging is done on
a large piece of planar waveguide that is connected to tapered one-dimensional
membrane waveguides, see Figure 5.6. This structure is found on Sample C, see
Figure 3.4 on page 36.

The first SNOM measurement on a waveguide are by Tsai et al. but no
standing waves were observed then [58]. Standing waves have been measured in

1It is difficult to choose a scan window such that the probe would not fall off the waveguide,
an event that damages the probe or even breaks the waveguide.
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Figure 5.5: SNOM measurement on a ridge waveguide on Sample B. The big
arrow indicates the direction of the light (before it has reflected on any of the
facets). The scan direction of from bottom to top. The laser frequency was
change by 1 nm half way during the scan (indicated with a arrow). The bright
horizontal bar is caused by an adjustment of the APD sensitivity. Wavelength
of the light was 1520 nm for this scan.

top view

2.5 µm
1 µm

light

light

10 µm

scan window

Figure 5.6: Supported planar waveguide. Light is coupled in and out by two
tapered membrane waveguides. The planar waveguide itself is supported. The
square in the middle indicates approximately the area that was scanned (scan
window). The three-dimensional image is not on scale.

glass/silica buried waveguide [63] and silicon nitride planar waveguides [64, 57,
59].

Measurements done on a similar structure as used for this work are reported
by Bourzeix et al. [65]. They measured periodic intensity modulation along a
2 µm wide ridge waveguide consisting of a 240 nm thick InGaAsP layer sand-
wiched between an InP substrate and a 110 nm thick InP top cladding. Those
measurement are done at λ = 1550 nm.

5.2.1 Transmission spectroscopy

The transmission spectrum of this structure is shown in Figure 5.7. Fabry-Pérot
oscillations are visible, although with a much smaller ratio Imax/Imin than was
the case for a straight waveguide. The ratio between minimal and maximal
transmission that is found is approximately equal to 1.1. Using using Equation
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Figure 5.7: Transmission spectrum of the structure shown in Figure 5.6. The
inset shows a magnification of the indicated area.

2.21 on page 18, this results in a reflection coefficient of r = 0.02. This is
reasonable as there will be diffraction when light enters the planar waveguide
through a tapered waveguide and only a small portion of light will enter the
small (1 µm wide) entrance of the tapered waveguide on the other side. That
means that losses are higher than for a straight waveguide, resulting in less
pronounced Fabry-Pérot oscillations according to Equation 2.18.

The period of the oscillations is 0.176±0.004 nm. Again using Equation 2.19
and a sample length of L = 2.18 ± 0.005 mm a refractive index of ng,eff =
3.39 ± 0.08, slightly lower than (but within the error margins) the value found
in Section 2.3 for a supported waveguide, namely 3.47±0.04. These Fabry-Pérot
oscillations are thus caused by reflections at the end facets of the waveguides
and not by reflections at the edges of the planar waveguide.

5.2.2 SNOM measurements

The first SNOM measurement done on this planar waveguide is done with a
damaged probe. This probe is visible in Figure 5.8(a), it is clearly much bigger
than the the undamaged probe that is shown in the inset. Therefore, this probe
will be sensitive but will also have a low resolution. The measurement that
is performed is shown in Figures 5.8(b,c,d), the topography is shown in (c),
the measured light intensity is shown in (d), and a three-dimensional rendering
of the topography overlaid with the measured light intensity is shown in (b).
Light is incident through the access waveguide from the bottom left. Light that
scatters from both edges of the planer waveguide is visible in Figure 5.8(c).
Scattering is most intense at the edge opposite to where the light enters the
planar waveguide. That was to be expected, because where the light enters the
planar waveguide, scattering occurs only due to a slight mismatch between the
vertical mode of the membrane waveguide and supported planar waveguide. On
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the other hand, after the light has left the tapered waveguide it spreads out due
to diffraction and hits the opposite edge over a wider area.

Figure 5.9 shows SNOM measurements done with an undamaged probe with
a 200 nm aperture. Scans are made at three different wavelengths, namely,
1510 nm, 1555 nm, and 1600 nm, for both TE and TM polarization. A standing
wave pattern is clearly visible in all images. Additionally, a super-modulation
with a longer period is visible most pronounced for the images made with TM po-
larized light. Comparing these images with the topography shown in Figure
5.8(c) shows that there is no correlation between topography and measured
light intensity. The periodic variations in the measured light intensity are thus
caused by periodic variations of the light intensity in the sample and are not an
artefact as described in Section 4.2.4 on page 53.

During the measurement of these images the illumination lensed fiber was
not completely stationary, which resulted in fluctuations in the light intensity
that is coupled into the access ridge waveguide. Slow fluctuations like this show
up most pronounced in the slow scanning direction (vertical) in a SNOM image.
The influence of these fluctuations is eliminated from the images as follows: for
every horizontal scan line the average light intensity of that line is subtracted
from it. This is already done in Figure 5.9 except for (e).

For the scan that is shown in Figure 5.9(e), during the last few scan lines
(at the top of the image) the laser was turned off. These lines can be used
as a background to estimate the ratio between the maximal and minimal light
intensity. This ratio is found the be ∼ 2. (This is done before the leveling
procedure that is described in the pervious paragraph.) Which results, using
Equation 2.25 on page 20, in a reflection coefficient of r ≈ 0.17. This value
is about one order of magnitude larger than the reflection coefficient that was
derived from the transmission spectrum (r = 0.02) in the previous section. It
is therefore unlikely that the standing waves that are observed in the SNOM
measurements are caused by the same reflection that causes the Fabry-Pérot
oscillations in the transmission spectrum, i.e., reflection at the end facets at the
sides of the sample.

The standing waves probably result from reflection at the sides of the planar
waveguide. Light that has entered the planar waveguide through a tapered
waveguide spreads out and the exiting tapered waveguide is only 1 µm wide,
therefore enough reflection could take place to give rise to standing waves with
the observed contrast.

From every SNOM image, the spatial Fourier transform is taken to find out
the period of the oscillations. Figure 5.10 shows the Fourier transform of Figure
5.9(c). The absence of Fourier components with kx = 0 is a direct result of
the leveling procedure described in the previous paragraph. The occurrence
of Fourier components along the horizontal axis has no physical origin, but is
an artefact of the Fourier transform that arises because the SNOM image as
a whole is not periodic. There are three sharp dots for wavevectors in the
propagation direction of the light (ignoring the identical wavevectors with −k).
These wavevectors are indicated with arrows. The wavevectors that are found
are: k3 = 3.9± 0.1 1/µm, k2 = 2.6± 0.1 1/µm, and k1 = 0.8± 0.1 1/µm. These
wavevectors are defined as k = 1/p, without the factor 2π and with p the period
of the standing waves.
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Figure 5.8: (a) Visible-light image of a planar waveguide, tapered access waveg-
uides, and (damaged) SNOM probe. The red inset shows the shape of a undam-
aged probe. (b) Three-dimensional rendering of topography that is measured by
a SNOM probe with the light intensity that is measured by the probe overlaid on
it. (c,d) The same topography and light-intensity map now show separately.
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(a) TE, λ = 1510 nm (b) TM, λ = 1510 nm

(c) TE, λ = 1555 nm (d) TM, λ = 1555 nm

(e) TE, λ = 1600 nm (f) TM, λ = 1600 nm

Figure 5.9: SNOM image of standing waves in a planer waveguide at three
different wavelength for both TE and TM polarization.

71



5.2. PLANAR WAVEGUIDE

k1

k2

k3

Figure 5.10: Modulus of (complex) Fourier transform of Figure 5.9(c). The
major Fourier components are indicated with arrows.

Wavevector k1 is used to calculate the effective refractive index of the slab
waveguide. For both TM and TE, n = 3.0±0.2 is found. That is lower than the
calculated values for the refractive index of this supported slab waveguide, 3.25
and 3.22, respectively for TE and TM polarization, although almost within the
error margins.

A super-modulation of the intensity of the standing wave pattern with a
period of approximately 1.3 ± 0.1 µm is seen in Figure 5.9. This corresponds
to wavevector k3. This planar waveguide supports only one mode for each
polarization, therefore standing waves formed by light in a mode with a smaller
effective index can be excluded. As was remarked before, there also seems to be
no correlation between topography and light intensity.

The polarization of the light coming out of a lensed fiber is not perfect
(Section 4.1.1), therefore quasi-interference between TE and TM modes inside
the SNOM probe seems a plausible explanation [66]. Quasi-interference occurs
when linearly polarized light is converted to elliptically polarized light inside the
fiber connected to the SNOM probe. When that happens, interference can take
place between two initially perpendicularly polarized waves. Especially if the
probe would be more sensitive to TE polarized light inside the waveguide than
to TM polarized light. In that case, when the light is mainly TE polarized as in
Figures 2.10(a,c,e) hardly any interference would take place as the low-intensity
TM light is not detected very well. However, when the light is mainly TM
polarized, the probe will also detect the low-intensity TE light and interference
could take place. However, modulation due to quasi-interference has a much
longer period in our case, namely 26 µm, than the observed modulation, because
the effective indices of TE and TM mode are close together.

A possible explanation for this modulation (and possibly the periodicity
with wavevector k2) that is suggested by Bourzeix et al. [65] is the Tien effect
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[67]. The Tien effect emerges due to a balance between diffraction of light and
the converging effect of index guiding. This causes a modulation in the radius
of the light beam. In later reports, however, interference with a homogeneous
background that is formed by scattering by traveling waves is given as the reason
for periodic modulation along waveguides [10].

5.3 Summary

In conclusion, the interface between a membrane waveguide and a ridge waveg-
uide is investigated in the far field and by transmission spectroscopy. This
transition appears to be relatively smooth judging from SEM a micrographs,
which means that the InP cladding on the bottom of the InGaAsP-layer is re-
duced in thickness gradually over a distance of approximately 10 µm along the
waveguide. However, light scattering still takes place at this transition which
can be seen in the far-field. The transmission spectrum of the waveguide shows
Fabry-Pérot oscillations of which the period corresponds with a cavity with
the length of the waveguide and effective group refractive index of a supported
waveguide (3.5). A modulation is visible in the transmission spectrum with a
period of 6.8±0.3 nm. That period does not match to the cavity formed by the
membrane part of the waveguide at the edge of the sample. Both the reflection
at the interface between supported and membrane waveguide seems to be to
low and the membrane part is too short for the period that is observed in the
transmission spectrum. The cause of this modulation remains unknown.

Standing waves are observed in SNOM measurements that are done on a
ridge waveguide with 200 nm thick cladding and on a supported planar waveg-
uide without cladding. The period of the standings waves observed on the planar
waveguide corresponds to an effective refractive index of 3.0 ± 0.2 for both TE
and TM polarization, slightly lower than the theoretical value for this waveg-
uide: 3.25 and 3.22, respectively. A much larger ratio between minimal and
maximal light intensity is observed for these standing waves compared to the
Fabry-Pérot oscillations that are observed in the transmission spectrum of this
structure. Therefore, it is concluded that these standing waves are caused by
reflections at the edges (perpendicular to the access waveguides) of the planar
waveguide.
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Chapter 6

Measurements on Photonic

Crystals

In this chapter, changes in the properties of photonic crystals due to wet-etching
are investigated. This is done by both transmission spectroscopy and SNOM at
frequencies at interesting points in the transmission spectrum. As was already
stated in the introduction, it is important for several applications to know the
exact light distribution in a photonic crystal, for example when tuning a cavity
mode by placing a probe in its evanescent field. These measurements are the
first measurements that are done in thick InGaAsP photonic crystal membranes
connected to ridge access waveguides.

For all measurements presented in this chapter TE polarized light is used.

6.1 Photonic crystal

The airbands of the photonic crystals without and with H1 cavity on Sample D
(see Figure 3.4 on 36) are investigated. These photonic crystals consist of,
respectively, 13 and 9 rows of holes and are membranes. The H1 cavity itself in
investigated later on in this chapter.

Four lithotuned sets of photonic crystals with and four without cavity are
present on this sample (eight sets in total). However, as explained in the previ-
ous chapter, of many waveguides the membrane parts at the edge of the sample
are broken. Therefore, only two lithotuned sets of photonic crystals with H1
cavity and one lithotuned set of photonic crystal without cavity could be mea-
sured. These photonic crystals have their ΓM direction oriented parallel to the
access waveguides.

The airband is investigated, because the lithotuning of the sample is not
sufficient to allow the dielectric band to be measured with the available tuning
range of the laser. Furthermore, the most noticeable changes resulting from wet-
etching are expected in the airband, because the airband is leaky for deeply-
etched photonic crystal but not so for photonic crystal membrane as will be
explained later in this chapter.
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Figure 6.1: Roughness of an air hole at the sample surface and imperfect shape
in the substrate.

In the next section, first, transmission measurements are discussed, after
that SNOM measurements are shown.

6.1.1 Transmission spectroscopy

First transmission measurements are done on these photonic crystals to inves-
tigate how they is affected by wet-etching. In previously taken transmission
spectra, before wet-etching was applied, no bandgap or airband was visible.
Figure 6.2(a) shows the transmission spectrum around the airband edge of the
lithotuned set of the photonic crystals without cavity after they are wet-etched.
Figure 6.3(e) shows a similar spectrum for one of the two lithotuned sets of
photonic crystals with a H1 cavity. The presence of this cavity is not expected
to influence the airband edge much1. For both photonic crystals a bandgap and
airband have emerged due to wet-etching.

The absence of a bandgap in photonic crystals on this particular sam-
ple before wet-etching (a typical deeply-etched photonic crystal does exhibit
a bandgap, see for example the transmission spectrum of Figure 4.4) might be
caused by poor quality of the air holes on this sample. Air holes on this sample
can be seen on the SEM micrograph shown in Figure 2.15. This micrograph is
taken after wet-etching. Clearly, the holes are not perfectly round and smooth.

If there was additional roughness of the holes at the sample surface before
wet-etching (see Figure 6.1) that could have caused enough scattering to make
the airband less pronounced or disappear. Alternatively, poor quality of the
deeper parts of the holes can also have resulted in increased leakage into the
substrate. This, combined with the fact that transmission in the airband is
already leaky (explained below) for a deeply-etched photonic crystal (contrary
to a photonic crystal membrane), could be the reason that the airband was
absent before wet-etching and shows up after wet-etching.

The airband lies at slightly higher frequencies (∼ 0.31) in both spectra (Fig-
ures 6.2(a) and 6.3(e)) than was expected theoretically for a membrane (∼ 0.29),

1Simulations show only a reduced transmission in the airband when a H1 cavity is present
in the photonic crystal.
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see Figure 2.17. This can be explained by an increase in normalized hole radius
as measured from SEM micrographs: r/a =∼ 0.35 instead of r/a = 0.3, as was
intended. Recall that airband modes have their electric field concentrated in and
near the air holes. Increasing the radius of the air holes effectively decreases
the refractive index for these modes, shifting the modes to higher frequencies
according to Equation 2.11 on page 9. Additional FDTD simulations should be
done to confirm this.

When the airbands in these transmission spectra are compared with the
airband of a deeply etched photonic crystal, for example like the one shown
in Figure 4.4(a) on page 48, it is observed that the airband has become more
pronounced. This can be explained by the modes that are supported in the
material surrounding the photonic crystal on top and (especially) below it, to
which leakage could occur.

Consider the band diagrams of a deeply-etched photonic crystal and a pho-
tonic crystal membrane in Figure 6.4. In the case of a photonic crystal mem-
brane the surrounding material is air, therefore the light line in air is plotted
in Figure 6.4 as well as the lowest three guided bands of the photonic crystal.
Recall from Section 2.2 that light can only leave from one material to another
material when both its frequency and the component of its wavevector that is
parallel to the interface match. In terms of the band diagram that means that
modes below the light line or below modes of the cladding cannot couple to the
cladding. The bands in Figure 6.4(a) lie below the light line for the most part
and no leakage from the photonic crystal membrane to air will occur. However,
for frequencies higher than ∼ 0.35, the bands lie above the light line. That
means that there are matching air modes to which light can leak, resulting in
lower transmission through the photonic crystal. This frequency range is called
leaky airband in the figure. The transmission measurements that are presented
in Figures 6.2(a) and 6.3(e) are done to frequencies below 0.32, the onset of the
leakage region is therefore not observed in these measurements.

For deeply-etched photonic crystals the situation is a bit more complicated,
see Figure 6.4(b). Now, the substrate does not consist of a material with a
simple constant refractive index like air, but of InP with a lattice of air holes.
That is, the substrate is a photonic crystal of which the high-refractive-index
material has a slightly lower refractive index than has the high-refractive-index
material in the core layer, respectively 3.17 and 3.28. The region of substrate
modes is again shaded red. It can be seen that leakage will occur for almost the
entire frequency range, except for the dielectric band. Note that, this is true
for a deeply-etched photonic crystal with infinitely deep and perfectly straight
holes, irrespectively of fabrication quality. In reality, finite depth of the holes
will decrease transmission in the airband even further.

6.1.2 SNOM measurements

Now that wet-etching has resulted in the appearance of the airband edge on
Sample D, also SNOM measurements can be done on these photonic crystals
within and outside the bandgap. Figures 6.2(b and c) show two SNOM mea-
surements performed at frequencies in the airband and in the bandgap as indi-
cated with arrows in Figure 6.2(a). These measurements are done on the same
photonic crystal (fixed lattice constant a), such that all features in the SNOM
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Figure 6.2: (a) Transmission spectrum around the airband edge in the ΓM di-
rection of a photonic crystal with r/a = 0.3. SNOM images overlaid on three-
dimensional topography image measured during the same scan measured within
(b) and outside (c) of the airband as indicated in Figure (a). ΓK directions are
indicated by black arrows. Light is incident from the bottom left, refer to Fig-
ure 4.8 on page 53 for the orientation of these scans with respect to the access
waveguides. (d, e) Same SNOM images as (b, c) however without topography
and with adjusted intensity scale to make features with low intensity visible.
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Figure 6.3: SNOM image of photonic crystal in the bandgap (b) and in the
airband (d). The circles form a lattice with r/a = 0.3 that is aligned and scaled
according to the topographic data shown in Figures (a, c) that was measured
simultaneously with the optical signal. A black circle indicates the missing hole
of the H1 cavity. (e) Transmission spectrum of the photonic crystal, the arrows
indicate the reduced frequencies at which the SNOM images are taken. A SNOM
probe with an aperture of 500 nm was used for these measurements.
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Figure 6.4: Band diagrams of (a) a photonic crystal membrane and (b) a deeply-
etched photonic crystal. Shown are the lowest three bands of the index-guided
modes (black curves). Also shown are (a) the light line and (b) bands of the sub-
strate. The shaded areas are all combinations of frequency and parallel wavevec-
tor for which light is allowed in the substrate. At the right are indicated the
frequency regions for: the dielectric band, the bandgap, the air band, and the air
band for which there are matching mode in the substrate. A bold font indicates
that high transmission through the photonic crystal is expected for that frequency
range while a normal font indicates low transmission. The light line of InP (blue
line) is also indicated in (b).
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Figure 6.5: (a, b) Topography corresponding to the scans shown in Figures 6.2(b
and c), respectively. (c, d) Topography corresponding to the scans shown in
Figures 6.3(b and d), respectively.

images will be caused by the different frequency of the light and not by possible
variations in (the topography of different) photonic crystals. The wavelength is
varied to choose the reduced frequency. The measured light intensity is over-
laid on a three-dimensional rendering of the topography that was measured
simultaneously (the phase signal is shown instead of the height, because it has
higher contrast in this case). A tip with an aperture of 200 nm is used for these
measurements.

The real topography (calculated from the voltage supplied to the z-piezoelectric
element of the probe) is shown in Figures 6.5(a and b). The topographical
image is of low quality, probably because of poor isolation of the setup from
external influences such as air vibrations. Also, a SNOM probe is relatively
blunt (∼ 500 nm) compared to a AFM probe. There seems to be no correlation
between features in the SNOM image and topography of the sample.

High light intensities are measured at the point where light from the ac-
cess waveguide enters the photonic crystal. This is probably due to scattering.
The image that is taken at a frequency in the airband (c) shows light spots
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throughout the whole photonic crystal, although the intensity decreases with
the distance that the light has traveled in the photonic crystal (i.e. further to
the top right). The light intensity in the image taken inside the bandgap (b)
decreases on a shorter length scale. After 7 rows of holes hardly any light is
measured anymore. This is consistent with the bandgap that is measured in
the transmission spectrum: no light is allowed inside the photonic crystal for
frequencies within the bandgap.

Figures 6.2(d and e) show the same SNOM image as shown in Figure 6.2(b
and c), however without topography and with adjusted intensity scale to make
features with low intensity visible. In these figures the decrease in light intensity
with the distance it has traveled in the photonic crystal is more clearly visible
for the frequency that lies within the bandgap. A standing wave pattern in
observed in Figure 6.2(e) but not in (d). This is consistent with the fact that no
light travels through a photonic crystal if its frequency lies within the bandgap.

The positions of the most intense light spots in the photonic crystal seem to
suggest that the light preferentially propagates in the ΓK direction (indicated
with black arrows). This is surprising since the bandgap in the ΓK direction
extends to higher frequencies than the bandgap in the ΓM direction, see Figure
2.17. The occurrence of this effect for both frequencies and the fact that the
pattern is very irregular suggests that the most likely cause is scattering due
to fabrication imperfections, for example, size and position of the holes, and
thickness of the membrane.

SNOM measurements performed on the second photonic crystal are shown in
Figure 6.3(b and d). The measurements are done with a probe that has a 500 nm
aperture, therefore more light is detected. This means that the resolution of the
SNOM measurement is too low to see standing waves like in Figure 6.2(e).

For the frequency in the bandgap, again high light intensity is measured
at the interface between waveguide and photonic crystal. The light intensity
also decreases in the photonic crystal with the distance from this interface and
almost no light is measured at the opposite side.

In the case when the light has a frequency in the airband (shown in Figure
6.3(d)) the measured light intensity does not change much with the position
within the cavity. Also, the high light intensity at the interface between waveg-
uide and photonic crystal is absent.

Also for this photonic crystal the effect of bandgap and airband is clearly
visible from the SNOM data. However, the details of the SNOM data seem
random and are probably dominated by irregularities in the structure of this
particular photonic crystal.

Figure 6.6 shows a copy of Figure 6.3(b) and a second scan that is made of
this photonic crystal with the same probe and at the same wavelength. There
is a shift of ∼ 1 µm between the images. The scan seems to be reproducible.

6.1.3 Far-field measurements

Higher transmission for light with the frequency that lies in the airband can also
be seen in the far-field through an optical microscope using an infrared camera,
see Figure 6.7. Light is coming in from the top through the access waveguide. It
can be seen that in Figure 6.7(a) scattering occurs in both access waveguides and
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(a) (b)

Figure 6.6: (a) Copy of Figure 6.3(b). (b) Different scan of the same photonic
crystal at the same wavelength using the same probe but with a slightly displaced
scan window.

from the photonic crystal. That light scattering from the membrane–supported
transition below the photonic crystal is seen, shows that light is transmitted
through the photonic crystal. Figure 6.7(b) shows a visible-light image of the
same photonic crystal and waveguides, but focussed below the surface of the
sample to show which parts of the waveguide are membrane and which are
supported. The locations at which scattering occurs can be associated with a
transition from supported to membrane waveguide. This was also seen in the
previous chapter in Section 5.1.1 for the transition from supported waveguide
to membrane at the edges of the sample. This is indicated with arrows. In
Figure 6.7(c) the frequency is changed to a frequency that lies in the bandgap.
The scattering light intensity at the membrane–supported transition after the
photonic crystal is less, since most light is now reflected by the photonic crystal
and does not reach this transition. This is corroborated by increased scattering
at the transition before the photonic crystal, which is caused by light that has
reflected of the photonic crystal. Also increased scattering from the photonic
crystal itself can be seen.

Note that the distance from the photonic crystal over which the access waveg-
uides are membrane is not symmetric, i.e., the waveguides in the upper part of
Figure 6.7(b) are membrane over a shorter distance than the waveguides in
the lower part. This trends seems to hold for the whole sample, although the
difference seen in Figure 6.7(b) is on the extreme side.

Interesting to note is the small spot of light at the boundary of an adjacent
photonic crystal, indicated with a green arrow in Figure 6.7(c). In Figure 6.7(d)
is indicated (although on the opposite side with respect to Figure 6.7(c)) where
this scattering occurs. In these figures it is only seen at one side, but in the
infrared photograph shown in Figure 6.8 it is seen at both sides. For this pho-
tograph a damaged SNOM probe a few hundred micrometer above the sample
is used to illuminate the sample with infrared light such that the topography
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Figure 6.7: Infrared (a,c) and visible-light (b,d) photographs taken through a
microscope of a photonic crystal (PC). At the same time light coupled in the
access waveguide of the photonic crystal with a frequency in the airband (a) and
in the bandgap (c). The light is incident through the access waveguide from the
top of the images. Red boxes around the trench and photonic crystal are shown
to guide the eye. Photograph (b) is deliberately focussed below the surface of the
sample to make clear where the transitions from membrane to supported waveg-
uide are located. The focus of the infrared photographs is adjusted independent
of the focus of the visible-light photographs.
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lightaccess
waveguides

photonic
crystal

Figure 6.8: Infrared photograph of light scattering from photonic crystal, access
waveguides and adjacent photonic crystals. A SNOM probe was used to illumi-
nate the sample from a few hundred micrometer above it to make the positions
of the waveguides and photonic crystals visible.

is also visible with the infrared camera. Light incident on the photonic crys-
tal in the middle of Figure 6.8 apparently (partly) scatters to the sides and is
seen through a microscope when it scatters for the second on the edge of the
trench and adjacent photonic crystals. Whether light is seen at both side, at one
side, or not at all depends on the frequency of the light in a seemingly random
fashion.
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Figure 6.9: SEM micrograph of a W1 photonic crystal waveguide.

6.2 Photonic crystal waveguide

The next structure that is investigated is a W1 photonic crystal waveguide that
is present on Sample C (see Figure 3.4 on page 36). Photonic crystal waveguide
will be very important to connect cavities and other photonic structures together
on a photonic integrated circuit. The have as an advantage over ridge waveguide
that much sharper bends can be realized.

The access waveguides on this sample are connected to the photonic crystal
waveguide via tapered membrane waveguides with a width of 1 µm where they
connect to the photonic crystal waveguide. The tapering is adiabatic which
means that it is (theoretically) smooth enough for the light to travel through
without losses. Due to problems during the etching of the sample, the holes
on this sample are smaller than they were designed and photonic crystals with
the smallest holes are not present at all, therefore, only one W1 waveguide
was available for measurement. From a SEM micrograph of the W1 that was
measured (Figure 6.9) it can be measured that the normalized hole radius,
r/a, equals 0.24 to 0.25 instead of the intended 0.3. The lattice constant is
a = 465 ± 7 nm.

Unfortunately, the photonic crystal in which this waveguide is created has
its bandgap outside of the frequency range that is available for measurements.
At these frequencies, the photonic crystal has its airband. This is not the
range where a photonic crystal waveguide usually would be used and losses are
expected to be high.

FDTD simulations of the transmission spectrum show that this structure
still acts as a waveguide, see Figure 6.10(a), however poorly so for frequencies
that lie within the tuning range of our laser (indicted by black arrows). The
highest transmission for W1 waveguides is at frequencies in the bandgap near
the airband of the photonic crystal when no waveguide were present, see Fig-
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ure 6.10(b). The waveguide is however short, therefore even in the airband
transmission is reasonably high.

Continuous-wave FDTD simulations for four frequencies (indicated with ar-
rows in Figure 6.10(a)) are shown in Figure 6.11. Light is clearly guided by the
waveguide at these frequencies, despite the fact that it is intrinsically lossy. Note
that the wave patterns are not standing waves (there are no reflecting interfaces
at the ends of the conventional waveguides that could cause the necessary back-
ward propagating wave in this simulation) but snapshots of a traveling wave.
In reality standing waves will form with halve the period that is visible in the
simulation. A simulation of the same structure except without any holes is
shown as a comparison in Figure 6.11(b). This shows that without the photonic
crystal the light is not guided but diffracts.

Interesting to note is that although the transmission at a/λ = 0.37 is com-
parable to the transmission at a/λ = 0.287 and a/λ = 0.309, the transmission is
limited by a different mechanism. The lower two frequencies lie in the airband
and transmission is reduced by scattering into the photonic crystal. However,
a/λ = 0.37 lies in a frequency range of low transmission for the photonic crys-
tal and scattering is lower as can be seen on the right side of Figure 6.11(f).
Initially (at the left side of the photonic crystal region) there is some scattering
because the light needs to adapt to the mode of the photonic crystal waveg-
uide. However, at the right where the light has had time to adapt to the mode
profile of the photonic crystal waveguide hardly any scattering is visible. The
transmission is in this case reduced by reflection at the interface between access
waveguide en photonic crystal waveguide, as is apparent from the interference
pattern in the access waveguide between reflected en incident light.

6.2.1 SNOM measurements

Several reports about SNOM measurements performed on W1 waveguides can
be found in literature [10, 68, 69]. The author is however not aware of measure-
ments done at frequencies as far in the airband as reported in this section.

SNOM measurements are performed at two frequencies, namely 0.287 and
0.309, as indicted by black arrows in Figure 6.10(a). These measurements are
shown in Figures 6.12. Periodic modulations of the light intensity are visible,
clearly confined to the waveguide. Also light is detected outside the waveguide
in the photonic crystal. These observations are consistent with the simulated
field distributions.

The periods of these intensity variations are 450±20 nm and 439±20 nm for
frequencies 0.287 and 0.309 respectively. For the calibration of the length scale
the topographic data (not shown) that is measured simultaneously with the
SNOM data and the SEM micrograph that was taken of this structure (Figure
6.9) are compared. This gives a calibration factor that is consistent with the
one that was used in the previous chapter.

This periodicity is caused by two counter-propagating Bloch modes. The
spatial Fourier spectrum of the light intensity on a line (shown in Figure 6.12 as
a green line) through the waveguide is shown in Figure 6.13. Beside the main
periodicity, several other periods are visible.
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Figure 6.10: (a) Transmission spectrum of a W1 waveguide with r/a = 0.24
(solid) and r/a = 0.25 (dotted) obtained by FDTD simulation of the structure
shown in the inset. Arrows indicate frequencies at which continuous-wave sim-
ulations (gray and black arrows) and SNOM measurements (black arrows) are
done. See Figures 6.11 and 6.12. (b) Transmission spectra of the same struc-
ture when no W1 waveguide is present, i.e., only the photonic crystal for ΓM
(perpendicular to the waveguide) and ΓK (parallel to the waveguide) directions.
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(a) a/λ = 0.26 (b) a/λ = 0.287

(c) a/λ = 0.309 (d) a/λ = 0.37

1

0
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(e)

Figure 6.11: (a-d) Continuous-wave FDTD simulations of W1 waveguide at
reduced frequencies as indicated in their captions as well as with arrows in Figure
6.10(a). A source is present at the beginning of the left access waveguide. A
normalized hole radius r/a of 0.25 is used as measured from the SEM micrograph
shown in Figure 6.9. (e) Continuous-wave FDTD simulation of the structure
when no photonic crystal is present.

The periods in Figure 6.13 could be caused by interference between Bloch
modes with a spatial dependence along the waveguide proportional to exp(i(β+
mK)x), with β the propagation constant, x the distance along the waveguide,
and K = 2π/a for m ∈ Z [69]. These field components decay away from
the surface with decay constant of |β + mK|, therefore only the smallest will
contribute to a SNOM measurement [70]. The spectrum will thus be dominated
by 2β, 2(K − β), and K − 2β. The factors two come from the fact that only
standing waves caused by interference can be measured. The Fourier component
with the highest value (that is, the period that can also be seen clearly in the
SNOM measurements) is assumed to correspond to 2β [69]. Based on this,
periods corresponding to the other Fourier components are listed in Table 6.1(a).
None of these other periods seem a good match to the periods indicated in Figure
6.13.

According to Reference [10] also single Bloch modes (i.e., not caused by in-
terference between two counter-propagating mode) can be observed by SNOM.
A homogeneous and coherent background is formed above the sample even by
weak scattering caused by material inhomogeneities and fabrication defects (and
possibly also dirt on the sample surface). The light intensity that is measured
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(a) a/λ = 0.287 (b) a/λ = 0.309

Figure 6.12: SNOM measurements of a W1 waveguide at reduced frequencies
0.309 and 0.287. The overlayed circles are a lattice with r/a = 0.24 as measured
from a SEM micrograph scaled to match the lattice spacing of the topography that
was measured simultaneously with the optical signal. The access waveguide for
which the laser light is coupled in is at the lower left of these images.
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Figure 6.13: Spatial Fourier spectrum of the measured light intensity on a line
along the W1 waveguide for the two SNOM measurements shown in Figure 6.12.
The (vacuum) wavelengths 1510 nm and 1570 nm correspond with frequencies
0.309 and 0.287, respectively. The period corresponding to the lattice constant
is indicated with an a.
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Table 6.1: Periods corresponding to Fourier components that are expected to
occur in the spatial Fourier spectrum of the light intensity on a line along the
W1 waveguide for both frequencies. The Fourier component that should appear
most pronounced in SNOM measurements, that is, (a) 2β for standing waves
or (b) β for individual Bloch modes, is set to the largest Fourier component of
Figure 6.13.

(a)

k a/λ = 0.297 0.309
2β 450 440
2β − K 12 µm 8 µm
2(β − K) 485 500
2(β + K) 150 150
2β + K 230 230

(b)

k a/λ = 0.297 0.309
β 450 440
K 467 467
β − K 12 µm 8 µm
2β − K 434 417
2β 225 220

inside the photonic crystal waveguide is caused by interference between this
background and the evanescent field inside (and outside) the waveguide. This
background has a average wavevector close to zero, therefore, the measured
periods correspond directly to the period of Bloch modes. The Fourier com-
ponents that are expected to show the most pronounced in the spatial Fourier
spectrum are shown in Table 6.1(b). Again, no good match is found between
the calculated periods and the measured ones.

Because of the failure to match the peaks (other than the main one) in Figure
6.13 to values that are expected theoretically and the fact that these peaks are
either an order of magnitude lower than the main peak (for small 2π/k) or do not
have a well-defined shape (for higher values of 2π/k) it seems likely that most
of the structure of Figure 6.13 is of a random nature. It should be stressed that
the main periodicity, which is also clearly visible in Figure 6.12 is not claimed to
be random, but resulting either from counter-propagating Bloch waves or from
interference between a single Bloch wave and a quasi-homogenous background.

6.3 H1 cavity

The second lithotuned set of photonic crystals of which the airband is investi-
gated in the first section of this chapter also has an H1 cavity (see Figure 3.4
on page 36). In this section measurements done on this cavity are presented.

Each photonic crystal with a specific lithotuning (lattice constant) was present
four times on the sample. However, of several access waveguides the membrane
parts at the side of the sample are broken. Only about half the waveguides are
still intact. Therefore two sets of all lattice constants that are needed to create
a complete transmission spectrum could be measured.

6.3.1 Transmission spectroscopy

The measured transmission spectrum is shown in Figure 6.14. A crop of this
transmission spectrum for frequencies around the airband edge was already
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Figure 6.14: Transmission spectrum of a 500 nm thick membrane photonic crys-
tal with H1 cavity. The inset show the transmission spectrum of a second set of
lithotuned photonic crystals. The red and blue bars are explained in the main
text.

shown in Figure 6.3(e). The inset shows the transmission spectrum of the other
lithotuned set.

The transmission spectrum of the fundamental mode and second-order mode
are shown in Figure 6.15. Note that no increased transmission is observed in
Figure 6.14 at the frequencies of the dielectric band of the second-order mode.
This supports the assumption that only the fundamental modes of the access
waveguides are excited.

Again, a sharp airband can be observed in both spectra. However, no clear
cavity mode is visible, contrary to the transmission spectrum of a deeply-etched
H2 cavity that is shown in Figure 4.4 on page 48, where a mode is visible at
a/λ = 0.215. Only a very small increase in transmission is seen in the range
where the cavity mode is expected (indicated by a red bar) from simulations
(see Figure 2.17(b) on page 31) at a/λ = 0.255, barely bigger than fluctuations
in the spectrum elsewhere. A magnification of the frequency range around this
peak is shown in Figure 6.18(e). The features of the peak are caused by Fabry-
Pérot interference, an approximation of the shape of the peak in absence of
this interference is shown as a dashed blue line. The quality factor that can be
estimated from this peak is about 85.

The absence of a more pronounced peak seems obvious at first. Since this
membrane supports three modes (see Section 2.2.3 on page 14) and only the
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Figure 6.15: Simulated transmission spectrum of a photonic crystal in the ΓM -
direction for both the fundamental mode (black) and 2 e -order mode (red) using
the effective indices of these modes.

fundamental mode has a bandgap in a wide range around the cavity mode.
Leakage could occur into the second and third order modes. This leakage reduces
the cavity’s quality factor and therefore its visibility in transmission spectra.
However, Tandaechanurat et al. have observed an increase in quality factor for
cavities in thick GaAs2 membranes, even though the presence of a second-order
slab mode has destroyed the bandgap [71]. Thick membrane in this context
means a membrane that supports more than one mode. They give two reasons
for this increase in quality factor: Firstly, coupling between the cavity mode
and second-order waveguide mode is weak due to a mismatch of wavevectors.
That can be understood as follows. Figure 6.16 shows the Fourier transform of
the electric field distribution of a cavity mode for two values for the membrane
thickness. In the figure at the left, the wavevectors of the cavity mode hardly
overlap with the second order photonic crystal modes (dotted circle), therefore
no leakage will occur. In the figure at the right, for a different membrane
thickness, the cavity mode consists of wavevectors that do overlap with second
order photonic crystal modes, therefore leakage will occur in this case. The
second reason for an increased quality factor is an increase in confinement in the
vertical direction when the wavelength fits in the membrane a integer number of
times. A quality factor of ∼ 85 can be derived from the transmission spectrum
(Figure 6.18(e)), lower than what is to be expected based on the simulations
done by Tandaechanurat et al. (a few hundred). However, the membranes on
samples used in this project also support a third-order mode to which additional
leakage could occur and fabrication imperfections further decrease the quality
factor.

2The refractive index of GaAs is very close to that of InGaAsP for wavelengths around
1.5 µm, namely 3.3.
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Figure 6.16: Fourier transforms of the Ey field distribution of cavity mode for a
membrane thickness of d = 1.35a (left) and d = 1.75a (right). The solid circle
is the light line and the dotted circle are all wavevectors of second order modes
that have the same frequency as the cavity mode. Image copied from Reference
[71].

Three-dimensional FDTD simulations of the transmission spectrum show
no cavity mode, therefore fabrication errors (e.g. roughness of the holes edges)
seem not to be the main cause of the H1 mode’s small size in the transmission
spectrum. Something more fundamental to this particular design must be the
cause. Continuous-wave FDTD simulations performed at frequencies indicated
with arrows in Figure 6.18(e) are shown in Figure 6.17. The images are snap-
shots that are taken at times where magnetic field intensity inside the cavity is
maximal. For the two frequencies at the peaks in the transmission spectrum (b
and c), light seems to couple to the cavity (although weakly), however no light
from the cavity couples to the other access waveguide at the right. Therefore,
weak coupling between access waveguide modes and the cavity mode seems to be
the reason that the transmission at the resonance of this cavity is low compared
to transmission in the airband.

6.3.2 SNOM measurements

SNOM measurements on cavity modes have been done for λ =∼ 1.5 µm, for
example on InP membranes containing H1 [9] or ring [72] cavities or InGaAsP
on InP with H1 cavities [73]. However, no SNOM measurements are done on
H1 cavities in multi-mode InGaAsP photonic crystal membranes before.

To further investigate the possibility that a cavity mode is seen in the trans-
mission spectrum shown in the previous section, SNOM measurements are done
at the frequencies indicated with arrows in Figure 6.18(e). These are the same
frequencies at which the continuous-wave FDTD simulation of the previous sec-
tion are done. These SNOM measurements are shown in Figures 6.18(a-d). A
difference with the simulations that is immediately apparent is that light is mea-
sured throughout the whole photonic crystal and not merely between the cavity
and the access waveguide that couples in the light, although light intensity is
higher close to the in-coupling access waveguide.

SNOM measurements are done only the first lithotuned set of photonic crys-
tals that contain an H1 cavity, because, for the other set, the photonic crystal
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Figure 6.17: Continuous-wave FDTD simulations at the same frequencies as the
SNOM images in Figure 6.18 are taken using r/a = 0.3. The excitation source
is outside of the crops shown here. The scale of the magnetic field strength is
arbitrary.

for which the cavity mode lies with in tuning range of our laser broke when a
SNOM measurement was attempted.

There appears to be a displacement between the topographic data and the
light intensity data in figure (d), as indicated by black arrows. As explained in
Section 4.2.4 on page 53, this kind of artefact occurs when light is detected at
a different point of the probe than where it touched the sample. The SNOM
probe was probably damaged when image (d) was made.

In (b and c) light intensity at the cavity does not seem significantly higher
than for the surrounding photonic crystal like in the continuous-wave FDTD
simulations. The cavity mode is not observable in these images.

A periodic pattern can be seen in all figures, but most clearly at frequencies
for which there is also high transmission, that is, (b) and (c). Commonly, such
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Figure 6.18: (a-d) Topographical image (phase signal) overlayed with SNOM
image taken at the same location with different wavelengths as indicated in the
transmission spectrum (e). The missing hole of the H1 cavity is indicated with a
white circle. The black line in (d) marks the interface between photonic crystal
and access waveguide. The blue dashed curve gives an approximation of the
mode in case it was not modulated by Fabry-Pérot ‘noise’.
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Figure 6.19: For TE polarized light, the electric field lines lie in the place of the
sample. If scattering occurs most intensely at the edges of the air holes where
the electric field is perpendicular to the edge (possibly due to some roughness)
then bands perpendicular to the propagation direction of the light are measured
by a SNOM probe.

waves are caused by interference between forward and backward propagating
Bloch waves [74]. That would result in periodicity with Fourier components
given by k = 2π/a±2β, with β the propagation constant of the wave. However,
the measurements presented here are done at frequencies that lie in the bandgap
for the fundamental mode, so there are no Bloch modes in the fundamental mode
that could cause these standing waves.

The second-order mode has its dielectric band edge around the frequencies
that were used for the measurements presented in this chapter (see Figure 6.15).
Bloch-modes of this mode could therefore account for the periodicity that is
seen. However, as remarked before, the second-order waveguide mode is not
expected to be excited very well. It is therefore unlikely that the small amount
of light that might be in the second-order mode would create standing waves
that dominate in the SNOM image over light of the fundamental mode.

The period is close to the lattice constant, therefore the periodicity might
just be scattering from the air hole edges, see Figure 6.19. For TE-polarized
light, the electric field lines lie in the plane of the sample, with the field lines per-
pendicularly to the propagation direction. If scattering occurs where the electric
field lines are perpendicular to the hole edges that could explain the occurrence
of bands of high light intensity that are observed in SNOM measurements in
Figure 6.18. The offset between the detected light and the air holes is smaller
than half the diameter of the probe and can thus be caused by asymmetry of
the probe, see Section 4.2.4.
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0 nm 120 nm
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Figure 6.20: (a) Topography and (b) light intensity of a photonic crystal. The
arrows indicate where overshoot occurs due to imperfect height feedback of the
probe. The height of these bumps is approximately 20 nm.

6.4 Evanescent light or scattered light

A SNOM probe detects both scattered light and evanescent light. It is not al-
ways easy to determine which contribution dominates in a SNOM image. The
best way to determine whether evanescent light is measured is to measure the in-
tensity as a function of the probe-sample distance, since the intensity of evanes-
cent light decays faster (exponentially) with the distance between probe and
sample than scattered light. That is however not possible with our setup with
the current software.

Scattered light is detected more efficiently by SNOM than evanescent light.
Especially in the case of photonic crystals, where light could scatter from im-
perfection of the holes, it could be doubted whether evanescent light is detected.
The SNOM scan shown in Figure 6.20 is a strong indication that at least evanes-
cent light can be detected. The height feed-back parameters for this scan were
not perfect and overshoot occurs at the edges of some holes as indicted by arrows
in Figure 6.20(a). Like explained in Section 4.2.4, overshoot of the probe can be
seen as dark spots in measured evanescent light intensity. These dark spots can
be seen in Figure 6.20(b) at exactly the same positions as the overshoots occurs.
This shows that the setup is at least sensitive enough to detect evanescent light.

6.5 Summary

In conclusion, two different photonic crystals that showed no bandgap when they
were deeply-etched show an airband edge and bandgap after wet-etching. The
H1 cavity mode that is present in one of the two photonic crystals might even
be visible in the transmission spectrum. SNOM measurements and infrared
photographs show the presence of a bandgap as well. An attempt to image
the H1 cavity mode by SNOM was not successful. This spurs some doubt
whether indeed a cavity mode is observed in the transmission spectrum instead
of random fluctuations in transmission. On the other hand, simulations indicate
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that coupling between access waveguides and cavity mode is weak. That could
explain why the cavity mode is visible very well. Light confined in a W1 photonic
crystal waveguide was observed by SNOM. Periodicity of the light intensity
along the waveguide was observed. The origin of these fluctuations could not be
determined. Finally, it was shown that the setup is sensitive enough to detect
evanescent light.
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Chapter 7

Conclusions and

Suggestions

Photoluminescence was measured using all the collection methods that are avail-
able for our setup: collection through a microscope objective, collection by a
SNOM probe, and collection by a lensed fiber. Especially collection through a
microscope objective proved to be difficult because of low collection and excita-
tion efficiency through the lens systems.

Accurate focussing of lensed fibers is not possible because the driver for
the piezoelectric elements that move the fiber in the direction perpendicular
to the sample edge was not delivered by the manufacturer.1 This makes it
impossible to focus the lensed fibers reproducibly. It is therefore difficult to
compare absolute values of the transmission through different photonic crystals.
Focussing works however well enough for measuring a transmission spectrum or
performing SNOM.

Standing waves in a planar waveguide and in a photonic crystal waveguide
have been measured. It was also shown that the setup is sensitive enough to
detect evanescent light. The setup has therefore proven to be suited to study
photonic crystals.

Wet-etching of deeply-etched photonic crystal appears to be a promising
way to great hybrid photonic crystal devices that consist of photonic crystal
membranes and supported waveguides. The photonic crystals are no longer
leaky which results in a sharper airband edge. Furthermore, the transition
between membrane waveguide and supported waveguide seem smooth enough
not to cause much additional losses. These transitions at the sides of the sample
can be completely eliminated by cleaving the sample again.

7.1 Suggestions

To get a better idea about where light is measured relative to the holes, SNOM
measurements with several different probes could be performed. By using dif-

1After completion of this project the focussing unit was installed by the manufacturer.
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ferent probes the influence of the shape of an individual probe can be excluded
from the results.

It is currently not possible with the software of our setup to control the
distance between probe and sample at which a scan is performed. Making
several scan at different probe-sample distances could help distinguish between
evanescent light (of which the intensity depends exponentially on the distance
between probe and sample) and scattered light (which depends less strongly on
the distance between probe and sample).

It would also be interesting to wet-etch existing deeply-etched photonic crys-
tal samples with H1 and H2 cavities that are already visible in the transmission
spectrum of the deeply-etched samples. In this case, the quality factor of the
cavity is expected to increase, because membrane photonic crystals are not leaky
in the bandgap.

For applications, membranes will of course be designed with a thickness that
make them single mode. It would be worthwhile to do SNOM imaging on this
kind of samples to completely exclude the the influence of modes other than the
fundamental mode on the scans.
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