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Abstract
Photonic crystal (PhC) cavity membranes are well known as powerful devices to confine or
control the light in two-dimensional photonic integrated circuits, with applications ranging from
sensing to Quantum Information Processing. In this project, new applications are explored by
releasing the cavities from the host chip and having them function as autonomous micron-sized
particles. Remote optical communication with the cavity membranes is achieved by collecting
the cavity resonances spectrum emitted by embedded luminescent quantum dots.
InGaAsP cavity membranes are made, suspended in air, supported only by two tiny bars
that connect them to the InGaAsP thin layer grown on the InP substrate. A stamping technique
is employed by using a soft polymer to take the cavity membranes from the host substrate and
put them on another substrate (glass). Alternatively, a nano-manipulation technique, using a
tapered optical fiber as a passive tool, is employed to release them from the host substrate and
to manipulate them further on InGaAsP and glass surfaces.
The cavity membranes are successfully transferred to the glass surface with both techniques.
The remarkable phenomenon that they preferentially orient themselves with their plane perpendicular to the surfaces is observed and studied. A fully deterministic positioning of the
cavity membranes perpendicular to the surfaces is demonstrated on different substrates. From
the photoluminscence (PL) spectra, measured at each step of the experiments, the optical characteristics of the cavity membranes, the effect of the environments, and the nature of the strong
bonding between the membrane and the different surfaces are studied.
As the first application, a cavity membrane is attached to the facet of a standard single
mode SMF-28 optical fiber. The PL spectra of the cavity membrane are measured with the
excitation and luminescence both guided through the same fiber, with the facet exposed to
air and immersed in water. The observed spectral shifts of the cavity modes experimentally
demonstrate the working principle of a novel optical fiber-based chemical sensor.
The success of realizing PhC membrane cavity microparticles gives a way to a wide range
of other applications, like suspension based multiplexed biosensor assays, the manufacturing of
three-dimensional photonic structures, or ID-tags.

Contents
1 Introduction
1.1 Free encoded particles for biosensors . .
1.2 Fiber optics based chemical sensor . . . .
1.3 A brief introduction to photonic crystals
1.4 Motivation and goal . . . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

2 Theory
2.1 The master equation . . . . . . . . . . . . . .
2.2 Photonic crystals . . . . . . . . . . . . . . . .
2.2.1 Periodic structure of dielectric function
2.2.2 Two dimensional photonic crystals . .
2.2.3 Photonic crystal cavity membranes . .
2.3 Optical fiber . . . . . . . . . . . . . . . . . . .
2.3.1 Step-index fibers . . . . . . . . . . . .
2.3.2 Guided electromagnetic waves . . . . .

.
.
.
.

.
.
.
.
.
.
.
.

3 The devices
3.1 Design of the photonic crystal cavities . . . . .
3.1.1 Spectral encoding of the photonic crystal
3.1.2 The design of the device . . . . . . . . .
3.2 Fabrication . . . . . . . . . . . . . . . . . . . .
3.3 Characterization . . . . . . . . . . . . . . . . .
3.3.1 Scanning Electron Microscopy . . . . . .
3.3.2 Photoluminescence spectra . . . . . . . .
3.4 Conclusions . . . . . . . . . . . . . . . . . . . .

.
.
.
.

4
5
8
11
13

.
.
.
.
.
.
.
.

15
15
18
19
24
26
29
29
30

. . . . . . . . . . . . . . . . . .
cavities by lithographic tuning
. . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . .

33
33
34
35
36
37
38
39
43

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

4 Photonic crystal cavity microparticles
4.1 Stamping technique . . . . . . . . . . . . . . . . . . . . . . . . .
4.1.1 Description of the experiments . . . . . . . . . . . . . . .
4.1.2 Substrate effect on photoluminescence characteristics . .
4.2 Single photonic crystal cavities . . . . . . . . . . . . . . . . . . .
4.2.1 Description of the experiments . . . . . . . . . . . . . . .
4.2.2 Effect of the treatment on the photoluminescence spectra
4.2.3 Surface interaction . . . . . . . . . . . . . . . . . . . . .
4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

45
45
47
51
55
55
62
64
69

5 Single photonic crystal cavity coupled to an optical fiber
5.1 Basic idea: optical fiber-based chemical sensor with an active
5.2 Description of the experiments . . . . . . . . . . . . . . . . .
5.3 Analysis of the spectra . . . . . . . . . . . . . . . . . . . . .
5.3.1 Recognizing the cavity modes . . . . . . . . . . . . .
5.3.2 Sensing experiments . . . . . . . . . . . . . . . . . .
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . .

emitter
. . . . .
. . . . .
. . . . .
. . . . .
. . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

71
71
72
75
75
78
79

6 Summary and outlook
81
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
A Calculation methods
88
A.1 Plane Wave Expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
A.2 Finite Difference Time Domain . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Acknowledgments

90

3

Chapter 1
Introduction
This project is a small part of the realization of the idea of the usage of ’smart dusts’ [1]
for biosensors. The term ’smart dusts’ refers to very small, micron sized, particles that has
undergone processing at nanometer-scale level to give them smart functionalities. The ultimate
goal of the big work, beyond the scope of this project, is to realize the using of photonic crystal
cavity membrane free particles for the biosensing application. A side work related to it is the
coupling of such a free particle with an optical fiber for the purpose of chemical sensing. To
realize these ideas, it is important to have a design of photonic crystal cavity membranes that
can be released from the growth substrate. Such a design is described in Fig. 1.1 where each
cavity membrane is made suspended in air, supported by two bars connecting it to the thin
layer grown on the substrate. By breaking the two bars, the single photonic crystal cavity
membrane is manufactured.

Figure 1.1: A scheme of manufacturing a single photonic crystal cavity membrane particle. A
photonic crystal cavity membrane is designed to be suspeded in air with two supporting bars
(left). The photonic crystal cavity membrane is taken from the growth substrate by breaking
the two bars so that a single photonic crystal cavity membrane is manufactured (right).
This chapter introduces the basic idea behind the work that has been performed. It includes
the introduction of the idea of free encoded particles for the biosensing application, the fiber
optics based sensors, and the photonic crystals. At the end of this chapter is mentioned the
motivation and goals of the work that has been performed. The outline of this report is given
at the very end of this chapter.
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Figure 1.2: The principle of a biosensor. The Y-shaped objects illustrate the probe molecules
and the red spheres illustrate the target molecules.

1.1

Free encoded particles for biosensors

A biosensor is a device to detect an analyte that combines a biological component with a
detector that works with physical or chemical principles. It has three main components, the
biological sensitive element, the transducer, and the signal processor. The biological sensitive
element (also called probe molecules) captures the analyte by making a binding with a certain
substance. The transducer converts the binding into a detected signal based on physical and/or
chemical principles. At the end, the signal processor converts further the signal into a readable
form (usually an electric signal) so that one may get a quantitative result from the sensing. A
biosensor is used in an immunoassay where one tries to detect the presence of a certain molecule
in a solution. In this case, the probe molecules are chosen to be a type of antibody that will
bind only a certain type of target molecules (the antigen).
The performance of a biosensor is determined by its test sensitivity and test selectivity.
The test sensitivity is a measure of how sensitive the sensor is to the presence of the desired
substance. It is the ratio between the number of the target molecules that are bound to the
probe molecules to the total number of the target molecules in the sample. Fig 1.2 illustrates
this definition. The Y-shaped objects describe the probe molecules where each molecule can
capture two target molecules. The target molecules are the red spheres. The sensitivity is
then the ratio between the red spheres that are attached to the Y-shaped objects and the
total number of red spheres in the sample. The test selectivity defines the ability of the sensor
in distinguishing substances it captures. Low selectivity means the captured substances are
not the targeted ones. Quantitatively, it is the ratio between the number of the non-target
molecules which do not bind to the probe molecules and the total non-target molecules in the
sample. The selectivity of an ideal biosensor is unity. Using Fig. 1.2 for the illustration, it is
the ratio of the non-red spheres that are not attached to the Y-shaped object to the number
of non-red spheres.
One traditional application of this biosensor working principle is the Enzyme-linked immunosorbent assay (ELISA) technique. In this technique, an unknown antigen is put on a
surface followed by applying a specific antibody which is linked to an enzyme to the same
surface. After that, another substance is added to get some signals initiated by the enzyme so
that one can identify the bonding between the antigen and the antibody.
The demand of having biosensors with high test sensitivity and high test selectivity together
with the ability of detecting multiple analytes is increasing due to the development of genomics
and proteomics [2]. For a diagnostic test, for example, several antigens are needed to be detected
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in order to identify a disease. A biosensor with the ability to perform multiple assays, which
can be realized by making use of several antibodies, provides a way to do multiple detections
at once. Obviously, it reduces time needed to get the result from the test. The traditional
technique like ELISA cannot perform it since each ELISA performs assay for only one antigen
which means multiple assays require several ELISAs to be done on different platforms at once.
This approach has the expense of larger sample volume, larger amount of reagents, resulting in
higher cost.
Several techniques have been developed with the ultimate goal of being able to perform
multiplexed analysis by employing as many probe molecules as possible in a small reaction
site where the probe molecules captures the target molecules. There are two main streams
in the race of reaching this ultimate goal. The first one is the positioned-microarrays where
different types of probe molecules are put in an array on a platform. A sample containing the
target molecules is put on the platform to let the target molecules react and bind with the
probe molecules. The detection of the binding is done by getting the signal that indicates the
existence of the binding between the probe and target molecules. This approach can be viewed
as doing several miniaturized ELISAs-like in one platform. This approach suffers from the slow
reaction kinetics [3], the problems of localization of the probe molecules on the platform and
the inflexibility of probe combinations used in an assay [2].
The second one is the suspension arrays where several micrometer-sized solid particles are
used to capture the target molecules. In this approach, the probe molecules are attached to
the particles in suspension, that removes the difficulty of localization of the probe molecules
which is found in the former approach. After that, the functionalized particles are suspended
in the sample to capture the target molecules. Compared to the positioned-microarrays approach, where the probe molecules passively wait for the target molecule to come and bind,
this approach lets the probe molecules to actively chase the target molecule. This approach
is reported to have better reaction kinetics [3] and higher sample throughput [4, 5]. Different
from the positioned-microarrays approach where the probe molecules are immobilized at specific positions on the platform so one may recognize it easily, the suspension-arrays approach
requires the particles to be encoded to distinguish different probe molecules. Several encoding
techniques are developed for this reason with the aim of high encoding capacity. The mostly
used encoding technique is the spectroscopic encoding [2, 6].
For the purpose of spectroscopic encoding, the particles are equipped with substances and/or
optical properties so that the spectra can be used as the code. One class of spectroscopic
encoding technique relies on the fluorescence spectra. For this purpose, the fluorescent dyes
and/or materials are attached to the particle or to the probe molecules. Most spectroscopic
encoding employs the fluorescence spectra as the code [7, 8, 9, 10, 11]. The common weaknesses
of the techniques that rely on the fluorescence spectra are the complex nature of fabrication,
preparation of the codes and the assay, as well as the limited encoding capacity that is the
result of the overlapping of the code signal and the signal arising from the binding between
the probe and the target molecules [2]. Another class of spectroscopic encoding technique
relies on the optical properties of the particles. For example, the reflection spectra of photonic
crystals have been used as the code [12, 13]. One dimensional photonic crystals have been
demonstrated to have the capability for the coding purpose (see, for example, [12]). The sharp
peaks in the reflection spectra enables the photonic crystal particles to accommodate several
codes. The disadvantages of this technique are the necessity of having several wavelength thick
one dimensional photonic crystal and the need of alignment in observing the reflection because
it requires the incident and reflected beams to be perpendicular to the surface of the particle
[6]. Three dimensional photonic crystal particles have been used for the coding purpose where,
6

as in the case of one dimensional photonic crystal, the reflection spectra are used as codes [13].
However, the reflection spectra exhibit a single broad peak which limits the encoding capacity.
The complexity in the fabrication of the coding-particle is also another weakness of the use of
the three dimensional photonic crystal particles [6]. Another technique based on the optical
properties of the particles is the use of gold nanorods where the working principle is based on
the localized plasmon resonance of the particle. It is well known that the plasmon resonance
frequency of a nanometer-sized metal particle relies on its geometry and the refractive index of
the surrounding material. Using this principle one may use gold nanorods where the plasmon
resonance spectra of the particle are used as the code [14]. An interesting feature of it is that the
sensitivity of the plasmon resonance spectra, identified by the peak in the absorption spectra
of the particle, to the change of the refractive index of the environment causing the shift of
the resonance spectrum when the binding between the probe and the target molecule appears.
This property is called label-free identification. It means there is no need to have additional
signals to identify whether the binding is formed or not. However, the use of plasmon resonance
principle is limited by width of the spectrum which lowers the encoding capacity [2].
Three main problems with the spectroscopic encoding are the limited encoding capacity,
the large size of the particle, and the complexity of the fabrication process. Two dimensional
photonic crystal cavity membranes have the features that may overcome those problems because
of the easy fabrication, the small size, and the existence of several cavity modes with high quality
(Q) factor that they may have [6]. Having several modes of which wavelengths can be tuned via
the fabrication techniques that vary one or more parameters of the photonic crystal cavities,
the encoding capacity can be enhanced. As an illustration, let us consider the case of having
only one cavity mode with the wavelength fully tunable by varying a parameter of the photonic
crystal cavities. Assume that the tuning can be done so that the mode’s wavelength can be
(1)
(1)
(1)
(1)
varied from λ1 to λ2 where λ2 > λ1 . If the uncertainty of the measured wavelength is
always σλ(1) then the number of codes that can be made is the largest integer smaller than
(1)
(1)
(λ2 − λ1 )/σλ(1) . Next, assume there are two modes of which wavelengths can be tuned
(1)
(1)
independently so that the first mode always lies between λ1 and λ2 while the second mode
(2)
(2)
(2)
(2)
lies between λ1 and λ2 where λ2 > λ1 . If the uncertainty of the measured wavelength of
the first mode is always σλ(1) while of the second one is always σλ(2) , then the number of codes
(1)
(1)
(2)
(2)
that can be made is the largest integer smaller than (λ2 − λ1 )(λ2 − λ1 )/(σλ(1) σλ(2) ). In the
general case, we consider N modes each of which wavelength can be tuned independently so that
(m)
(m)
(m)
(m)
the m−th mode lies in the range between λ1 and λ2 where λ2 > λ1 for m = 1, ..., N . If
the uncertainty of the measured wavelength of the m−th mode is always
σ (m) , then the number
o
QN n λ(m)
(m)
of codes that can be made is the largest integer smaller than m=1 (λ2 − λ1 )/(σλ(m) ) .
From this simple investigation, it is clear that the encoding capacity can be improved by
reducing the uncertainty of the measurement of the wavelength of the mode(s) that can be
tuned independently. Obviously, it provides a way to overcome the first of the three main
problems faced by the spectroscopic encoding mentioned above. The wavelength of the modes
can be tuned by lithographic tuning [16]. The problem related to the size of the particle and
the complexity of the fabrication processes can be ignored because the photonic crystal cavities
are small devices with well known fabrication process. Wang et.al. claim that huge number of
codes (more than 105 ) can be achieved by litographic tuning of the cavity modes [6].
It is clear that the photonic crystal cavity membranes have promising features to become the
active particle for the multiplex assays. It is well known that the optical bandgap of photonic
crystals and the modes’ wavelengths of the photonic crystal cavities are strongly dependent
on the distribution of the dielectric function of the surrounding materials. It gives an extra
7

(a)

(b)

Figure 1.3: The sketch of an optical fiber (1.3a). The working principle of an optical fiber
(1.3b)
feature on their sensing properties [17]. With this property, the existence of the additional
molecules attached on it shifts the wavelength of the cavity modes. The existence of the binding
between the probe and the target molecules can be detected from the wavelength related to
the considered modes so that label-free identification can be done. To exploit this option, of
course, parts of the available bandwidth must be sacrificed for the coding instead applied for
the sensing. In view of the huge number of codes, this is still quite acceptable. The next task
to be done, which is a part of the project reported here, is to investigate the possibility of
realizing this idea, whether it is possible to have photonic crystal cavity membranes particles
fabricated with the conventional procedure which is known to be relatively simple while keeping
the features mentioned above possessed by them.

1.2

Fiber optics based chemical sensor

An optical fiber, also called a fiber optics, is a transparent fiber having two ends so that it
guides the electromagnetic wave (the light) to propagate from one of its end to the other one.
The most known use of it is for communication. For this purpose, information is converted
into signals in the form of the electromagnetic wave and sent through the optical fiber. The
end that receives the wave converts the signal into the desired form. To guide the propagation
of the wave, the refractive index of the material is employed. An optical fiber has three main
parts, the core, made from transparent material (glass) with refractive index ncore , the cladding,
made from another transparent material with refractive index nclad which is lower than ncore ,
and the jacket which protects the cladding and the core from being damaged (see Fig. 1.3a).
The refractive index of the core is slightly higher than it is of the cladding so that the light ray
entering the optical fiber is guided by multiple Total Internal Reflections (TIRs), as illustrated
in Fig. 1.3b, until it arrives at the other end of the fiber.
The propagation of electromagnetic field is strongly dependent on the optical properties
of the medium in which it propagates. The propagation of light in an optical fiber is well
controlled. Given the variation of the optical properties of the surrounding materials due to
the change of the environment of a segment of an optical fiber, the effects that may occur can
be estimated. It gives feasibility of employing optical fibers as sensors. No wonder that optical
fibers have been employed as sensors in wide range of applications [18].
Basically, fiber optic sensors can be categorized as extrinsic, or hybrid, fiber optic sensors
and intrinsic, or all-fiber sensors [18]. The former type’s working principle is sending the
light using an input optical fiber into a system and collecting the response which is the light
modulation due to the signal from the environment from the system using an output optical
fiber. The output optical fiber is not necessarily different from the input one. For sensors of
8

(a)

(b)

Figure 1.4: The working principle of fiber optic sensors. The extrinsic fiber optic sensors’
working principle is described in Fig. 1.4a and the intrinsic fiber optic sensors’ working principle
is described in Fig. 1.4b. The figures are taken from [18].
the latter type, the light propagating in the optical fiber gets the effect from the signal from
the environment.

Figure 1.5: The experimental setup of the fiber optic ratiometer. Va is the induced voltage due
to the signal coming from the air-fiber interface while V1 is the induced voltage due to the signal
coming from the liquid-fiber interface. The reference pulse voltage VR is used to normalize Va
and V1 . This figure is taken from [20].
For the purpose of chemical sensing, fiber optic sensors can be categorized as direct and
indirect sensors. A direct fiber optic sensor measures the intrinsic optical properties, like the
refractive index or the absorption, of the substance being analyzed [19]. An example of the
sensors of this type is the fiber optic ratiometer used to measure the refractive index of liquids
at 1.3 and 1.55 microns reported in Ref. [20]. These sensors make use of the dependency of
the reflection coefficient of a material. The reflection coefficient of a material depends on the
material’s refractive index while the refractive index of a material varies with wavelength [21].
The experimental setup of the fiber optic ratiometer is shown in Fig. 1.5. A signal is sent into
a fiber as a pulse which splits up into two beams due to a fiber coupler. The resulted signals
reach the two ends of the fibers. The ends of the fiber are put in different environment where
one of the has the well known refractive index for the wavelengths of interest (1.3 and 1.55
microns) and the other ones in an environment consisting a substance of which refractive index
is of interest. The reflected signals coming from both ends are collected by the same detector.
The induced voltage gives the information about the refractive index of the substance analyzed
9

given the refractive index of the optical fibers used is known in detail.
An indirect chemical sensing optical fiber measures the response of a probe object immobilized on the fiber on the environment change. Obviously, the indirect sensors are the hybrid
ones. The immobilized object must be very sensitive to the change of the environmental change
so that the signal collected back by the fiber can give good description about the desired optical
properties of the environment. Fluorescent materials have been employed as the probe object
where they are immobilized at the end of the fiber or even in some other spots in the optical
fiber (see Fig. 1.6). The light sent into the optical fiber propagates in it and induces the fluorescence at certain range of wavelength. The change of the environment of the optical fiber’s
part containing the fluorescent material causes the shift of the fluorescent spectra so that the
collected signal gives information about the optical properties of the environment.

Figure 1.6: The fluorescent materials are put in at the end of the fiber or in other parts of the
fiber for the purpose of chemical sensing. This figure is taken from [18].
Besides the fluorescent materials, noble metals can also be used as the active material. When
metal particles have sub-wavelength size, the localized surface plasmon resonance appears when
it is illuminated with light with the correct wavelength. This wavelength strongly depends
on the geometry of the particles, the bulk optical properties of the metal (in this case the
complex dielectric function), and the optical properties of the environment [22]. The shift of
the resonance wavelength indicates the chemical properties of the environment. An example
of the use of this resonance is the implementation of gold nanodot arrays on flat optical fiber
facets (see Ref. [23]). The figures of the gold nanodots on the optical fiber fact and the sensing
experiment setup is shown in Fig. 1.7. A halogen lamp is used as the light source and the
light is sent through an optical fiber of which one end is put in a substance (in this case water
or solvent). The output signal is collected by another optical fiber that is connected to a
spectrometer.
Passive objects that do not emit light but have optical properties that depend on the
environment can also be mounted on an optical fiber to be used for the fiber optic chemical
sensing. Photonic crystals are known to have environment-dependent optical properties that
are strongly affected by the refractive index of the surrounding material. As a simple example,
one dimensional photonic crystals have been used for chemical sensing based on their reflection
spectra where they are put on the facet of the optical fiber [24]. The one dimensional photonic
crystal used in the experiment reported in Ref. [24] uses porous silicon that exhibits sharp
reflection spectrum. The setup of the experiment is shown in Fig. 1.8. The light is sent to
the optical fiber. When reaching the photonic crystal, some part gets transformed for the
wavelength that allows the light to propagate in the photonic crystal while the part which is
not allowed to propagate in the photonic crystal gets reflected. The reflected light is detected
by the spectrometer and seen as a peak in the spectrum. The change of the environment of the
photonic crystal shifts the position of the peak.
10

(a)

(b)

(c)

Figure 1.7: Gold nanodots array for fiber optic chemical sensing based on localized surface
plasmon resonance. Fig. 1.7a is the SEM overview of the fiber end facet. Fig. 1.7b is the
SEM detailed figure the gold nanodot array on the optical fiber facet. The diameter of the gold
nanodots is 185 nm and the height is 55 nm. The setup of the sensing experiment is shown in
Fig. 1.7c. These figures are taken from [23].
The photonic crystal cavity membranes have shown the potential use as chemical sensors.
The cavity modes’ wavelengths are known to be very sensitive to the change of the refractive
index of the surrounding materials. The possibility to engineer the wavelength of the modes
and to implement emitters inside the device gives the possibility to employ them as active
materials for fiber optic based chemical sensors that work within the desired wavelength range,
for example in the range around the telecom wavelength of 1.55 µm. It makes it possible
to perform sensing measurements in an area which is far from the place where the signal is
processed. One task to be done is to realize this idea by mounting a photonic crystal cavity
membrane on a facet of an optical fiber (in an easy and simple way) while keeping the good
feature of the photonic crystal cavity membranes.

1.3

A brief introduction to photonic crystals

A photonic crystal is a structure with optical properties that are periodic in space. Related
to the work reported here, the optical property being considered is the dielectric constant
of the material. The existence of a periodic dielectric constant results in diffraction in certain
regular patterns of the electromagnetic wave propagating in the structure. The regularity of the
diffraction patterns gives rise to constructive or destructive interference of the propagating wave
so that there may be some parts of the spectra in which electromagnetic waves cannot propagate
inside the structure. This leads to the appearance of the photonic band gap of the structure. A
photonic band gap is a range of frequencies or wavelengths in which the electromagnetic wave
cannot propagate in the photonic crystal. Based on the spatial periodicity of the dielectric
function, there are three kinds of photonic crystals: one-, two-, and three dimensional photonic
11

Figure 1.8: The setup of the sensing experiment using a one dimensional photonic crystal
mounted on a facet of an optical fiber. The reflection spectrum of the photonic crystal is also
shown. The presence of the activated carbon bed causes the redshift of the reflection spectrum
of the one dimensional photonic crystal. The figure is taken from [24].
crystals.
Photonic crystals do exist in nature. They are responsible, for example, for brilliant colors
exhibited by the feathers of peacocks [27] or the wings of some butterflies [28]. The existence
of the periodic structure on the feathers results in strong reflection of light with several colors.

Figure 1.9: From left to right are the schematic figures of the one, two, and three dimensional
photonic crystals, respectively. Different colors indicates different dielectric constants. This
picture is adapted from [26].
Learning from nature, artificial photonic crystals have been studied extensively. The realization of artificial photonic crystals already takes place in the history. Stokes reported
a remarkable reflection exhibited by a crystalline in 1885 [29] which was explained by Lord
Rayleigh in 1887 [26]. The phenomenon is actually related to a one dimensional periodic structure, i.e. a kind of one dimensional photonic crystal known as the Bragg mirror. It took about
100 years to have further development in the field of photonic crystals where Yablonovitch and
John came up with the idea of the existence of two and three dimensional photonic band gaps
[30, 31]. The possible structures that may inhibit the propagation of the electromagnetic wave
in two and three dimensions are the two and three dimensional photonic crystals [26]. The first
three dimensional photonic crystal was fabricated by Yablonovitch in 1991 [32] followed by the
success of the fabrication of the two dimensional photonic crystal done by Krauss et.al. in 1996
[33].
The existence of the photonic band gap is a special feature of photonic crystals. The
photonic band gap depends on the periodicity of the dielectric function while the periodicity of
12

(a)

(b)

Figure 1.10: The bright colors exhibited by the feathers of peacocks (Fig. 1.10a) and the wings
of some butterflies (Fig. 1.10b) as a result of the existence natural two dimensional photonic
crystals.
the dielectric function is something that can be engineered. It means that the photonic band
gap is something that can be engineered. Since the optical properties of a photonic crystal
are determined by its photonic band gap, they can be engineered based on the needs. Besides
that, if one introduces a defect inside a photonic crystal and creates the light there, the light
sees periodic structures surrounding the defect in which it may not propagate. As a result, the
light is confined there and the defect defines an optical cavity, which is called a photonic crystal
cavity. A photonic crystal cavity accommodates several modes with wavelengths which can also
be engineered by engineering the design of the cavity [16]. Furthermore, the dependency of the
photonic band gap and the cavity modes’ wavelength on the refractive index of the surrounding
material gives rise to the possibility of exploiting photonic crystals and photonic crystal cavities
for sensing applications.

1.4

Motivation and goal

In this project we explore the fabrication technology, optical properties, and some applications
of photonic crystal cavity membranes as autonomous nanostructured ultrasmall free particles
with specific functionalities. In particular, we focus on two applications. The first one is the
realization of the photonic crystal cavity membranes as encoded free particles for the application
in biosensing. The second one is the realization of the coupling of a single photonic crystal cavity
membrane as an active emitter to the end facet of an optical fiber for the sensing application.
As there are two applications that drive this project, it is divided into two parts. The
first part aims at the investigation of the possibility of releasing the photonic crystal cavity
membranes from the chip on which they are fabricated. It is the first step towards the realization of the use of the photonic crystal cavity membranes as functionalized encoded free
particles for the purpose of multiplexed immunoassay. The assay itself is beyond the scope of
this project. In this part is included the investigation of the possibility of the application of
the epitaxial-lift-off-like method to transfer the cavity membranes from the chip onto another
substrate (glass). The effect of the treatment on the wavelengths of the cavity modes, which
characterize the cavities, is also studied by comparing the photoluminescence spectra of the
cavity membranes when they are on the chip and when they are on the glass substrate. Also
included in this part is the investigation of the manipulation of the cavity membranes as single
particles where single photonic crystal cavity membranes are taken from the chip. Again, the
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effect of the manipulation on the wavelength of the cavity modes is studied by investigating
the photoluminescence spectra of the single photonic crystal cavities when they are on the chip
and when they are already taken as single free particles. The interaction between the particles
and the surface of some substrates (the surface of the chip and of the glass) is also a subject of
the investigation. The novelty of this work lies in the fact that the use of free particles as active
emitters that emit electromagnetic waves in the infrared region for the multiplexed biosensing
application has never been realized. Besides that, the use of the cavity modes’ wavelength as
the code and also as the signal of the existence of the binding between the probe and target
molecules has never been performed. Our results give possibility of performing the label-free
free particles for the multiplexed biosensing using photonic crystal cavity membranes.
The second part of this project is the realization of the coupling of a single photonic crystal
cavity membrane to an optical fiber for the purpose of sensing application. This part includes
the transferring of a free cavity membrane particle from the chip onto a facet of a single mode
optical fiber, and the characterization of the cavity modes’ wavelength of the particle when it
is mounted on the optical fiber. Furthermore, experiments giving the proof-of-principle of the
novel optical fiber-based sensor is performed by investigating the cavity modes’ spectra while
immersing the fiber with the particle mounted on its facet into distilled water. This work is
novel in the sense that the realization of fiber optics based chemical sensor with an emitting
photonic crystal cavity membrane has never been done. Since the signal emitted by the cavity
is in the region near the telecommunication wavelength, it offers the possibility of chemical
sensing with the signal processing done in a remote place.
The success in performing fully controlled manipulation of the single photonic crystal cavity
particles also shows the feasibility of some other future applications like fabrication of three
dimensional artificial optical materials for three dimensional crystals, metamaterials, or even
three dimensional (photonic) chips. Furthermore, the feasibility of performing encoding using
photonic crystal cavity membrane enables one to realize the ID tags using photonic crystal
cavity membrane particles.
The outline of this thesis is as follows. The next chapter gives the theoretical background of
the photonic crystals and photonic crystal cavities together with the theory of step-index optical
fibers. Chapter 3 describes the design, the fabrication, and the characterization of the device.
Chapter 4 describes the work on the realization of photonic crystal cavity membranes free
particles. Chapter 5 describes the work on the coupling of a single photonic crystal membrane
particle to a single mode fiber as a chemical sensor. Finally, the summary and the outlook of
the future work are given in Chapter 6.
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Chapter 2
Theory
This chapter provides the main theory that underlies to the works done in this project. The
chapter starts with the derivation of the master equation and some features of the solutions.
The periodic dielectric function is discussed and the consequences of the discrete periodicity
of the dielectric constants are studied. The light confinement using photonic crystal cavities is
also discussed but not in detail. At the end of this chapter is the discussion about the optical
fiber with the focus on the step-index fibers and the electromagnetic wave guided by such fibers.
The discussion about electromagnetic fields involves vector algebra and vector calculus. A
convention used in this work is about the orthonormal unit vectors in the Cartesian coordinate.
The Cartesian axes have three perpendicular directions, along x, y, and z directions. The unit
vectors along positive x, y, and z directions are written as î, ĵ, and k̂, respectively.

2.1

The master equation

The evolution and the spatial distribution of electromagnetic fields are governed by the Maxwell
equations
~ r, t) = ρ(~r, t),
∇ · D(~
~ r, t) = 0,
∇ · B(~
~
~ r, t) = − ∂ B(~r, t) ,
∇ × E(~
∂t
~
~ r, t) = J(~
~ r, t) + ∂ D(~r, t)
∇ × H(~
∂t

(2.1)
(2.2)
(2.3)
(2.4)

~ r, t) and H(~
~ r, t) are the electric and magnetic fields while D(~
~ r, t) and B(~
~ r, t) are the
where E(~
electric displacement and magnetic induction fields, respectively. The source part contains the
~ r, t). The position vector ~r is relative
free charge density, ρ(~r, t), and the free current density, J(~
to any arbitrary origin that can be chosen for the convenience in the calculation. The variable
t represents the time. The complete solutions of the set of equations above are waves of electric
and magnetic fields.
For the cases studied in this project, some approximations are used. The medium where
the electromagnetic wave propagates is a mixed dielectric medium, consisting of regions with
homogeneous dielectric materials, where no internal source of any fields exists in the medium.
~ r, t) = ~0 and ρ(~r, t) = 0.
It is expressed mathematically as J(~
As the medium is a mixed dielectric medium, it is clear that the dielectric function is a
function of position ~r. The dielectric function of the composite does not vary with time and
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it is also assumed not to depend on the frequency. In other words, the medium in which the
electromagnetic wave propagates is assumed to be non-dispersive1 . Mathematically, we express
these assumptions as  = (~r).
The materials used in this work are non-magnetic materials, meaning that the relative
magnetic permeability is very close to unity. As a consequence, the relation between the
magnetic and the magnetic induction fields is
~ r, t) = µ0 H(~
~ r, t),
B(~

(2.5)

where µ0 is the permeability of the vacuum that takes the value of 4π × 10−7 Henry/m. The
relation between the electric and the displacement fields is assumed to be linear
~ r, t) = 0 (~r)E(~
~ r, t).
D(~

(2.6)

It means the relation between the refractive index n(~r) and the dielectric function (~r) is
p
(2.7)
n(~r) = (~r)
With all of these in hand, the Maxwell equations related to the work reported here are
simplified to
~ r, t) = 0,
∇ · D(~
~ r, t) = 0,
∇ · B(~
~
~ r, t) = −µ0 ∂ H(~r, t) ,
∇ × E(~
∂t
~
~ r, t) = 0 (~r) ∂ E(~r, t) .
∇ × H(~
∂t

(2.8)
(2.9)
(2.10)
(2.11)

Taking the partial derivative with respect to time for the eq. (2.10) and making use of the
relation in eq. (2.11), the following equation arises

∇×


~ r, t)
1
∂ 2 H(~
~
∇ × H(~r, t) = −0 µ0
.
(~r)
∂t2

(2.12)

The assumption that the dielectric function is not dependent on time suggests the possibility
of doing separation of the variables in the form of
~ r, t) = θ(t)~h(~r)
H(~

(2.13)

which decouples the time dependence of the magnetic field from its spatial distribution. Substitution of the formula (2.13) into the eq. (2.12) yields




2
1
1
d
θ(t)
~h(~r),
∇×
(2.14)
∇ × ~h(~r) = −µ0 0
(~r)
θ(t) dt2
where the left hand side of the equation depends only on the spatial variables while the right
hand contains a product between a part that solely depends on the time variable (the one
1

This approximation is valid in this work since the variation of the dielectric function with the wave’s
frequency of the materials used in this work can be ignored in the small range of frequency/wavelength of our
interest.
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between the curly brackets) and the function ~h(~r) that depends only on spatial variables. The
equality can be achieved only if the time-dependent part in the right hand side equals a constant.
The time dependent part of eq. (2.14) can be solved easily by assuming the factor between
the curly brackets equals a constant −ω 2 so that
d2 θ(t)
= −ω 2 θ(t),
dt2

(2.15)

θ(t) = AH exp (−iωt) + BH exp (iωt) .

(2.16)

with the general solution

The constants AH and BH are the integration constants which are determined from the boundary conditions. The constant ω is needed to be real to have the solution physically accepted
which means ω 2 is always a real non-negative number. Furthermore, it is the angular frequency
~ r, t). Rearranging all we have, the master equation arises
of the oscillating magnetic field H(~


2
1
~ r, t) = ω H(~
~ r, t),
∇ × H(~
∇×
(2.17)
(~r)
c2
giving separate dependency on the time and spatial variables due to eqs. (2.13)-(2.16).
The master equation is an eigenvalue equation. The set of solutions of it can span a Hilbert
space once the correct inner product is defined in the sense that the operator


1
ˆ
~
∇×
(2.18)
Ω := ∇ ×
(~r)
is Hermitian.
~ r, t) and G(~
~ r, t) be two arbitrary elements of a space, say H ~ , spanned by all solutions
Let H(~
H
of the master equation. Define the inner product in that space as
Z ∞


~
~
~ r, t)∗ · G(~
~ r, t)d3 x,
H(~r, t), G(~r, t) :=
H(~
(2.19)
−∞

~ˆ
where the integration
is done over

 the
 whole space. The
 operator Ω is said to be Hermitian in
~ r, t), Ω
~ˆ G(~
~ r, t) = Ω
~ˆ H(~
~ r, t), G(~
~ r, t) . Actually, it is the case:
that space if H(~


~ r, t), Ω
~ˆ G(~
~ r, t)
H(~



=
=
=
=

∞




1
∗
~
~
H(~r, t) · ∇ ×
∇ × G(~r, t) d3 x
(~r)
−∞
Z ∞
o∗ n
o
1 n
~ r, t) · ∇ × G(~
~ r, t) d3 x
∇ × H(~
r)
−∞ (~

∗
Z ∞
1
~
~ r, t)d3 x
∇×
∇ × H(~r, t)
· G(~
(~
r
)
−∞


ˆ~
~
~
ΩH(~r, t), G(~r, t) .
Z

(2.20)

In the calculation above, the surface integrations appearing in the integration by parts do not
contribute due to the assumption that the elements of the space are well localized. The result
in eq. (2.20) means that a Hilbert space can be constructed as a space spanned by the solutions
of eq. (2.17) with the inner-product defined by eq. (2.19)2 .
2

We tacitly state that two solutions that differs only by a complex factor are equivalent.
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The spatial distribution of the magnetic field, given by ~h(~r), is called the mode. Each mode
belongs to a certain frequency ω/2π but a certain frequency may belong to several modes.
Based on this, one can label a mode with the frequency it corresponds to. Two or several
modes that have the same frequency are said to be degenerate. Since the solutions of the master
equation span a Hilbert space HH~ , they are linearly independent. In the non-degenerate case,
different modes must be orthogonal with respect to the inner-product defined in eq. (2.19).
The degenerate case does not require this to be fulfilled. Anyway, orthogonalization can always
be done since the degenerate modes share the same frequency so any linear combinations of
them are also the solution of the master equation. By the correct choice, one may form sets of
linear combinations of the degenerate modes to make new sets of modes which are orthogonal
one each other. An important feature provided by the fact that the solutions of the master
equation span a Hilbert space is related to the symmetry properties of a system. The symmetry
operations of the system can be represented as operators in HH~ that ease one in analyzing the
solution of the Maxwell equations in systems possessing a certain symmetry.
The master equation that has been derived describes the evolution and the spatial distribu~ r, t). Knowing the magnetic field gives complete information about
tion of the magnetic field H(~
the electric field via the Maxwell equations so that the master equation for the magnetic field
is already a good tool to investigate the behavior of the electromagnetic fields in the structures
under investigation.

2.2

Photonic crystals

The word crystal in physics refers to a discrete periodicity in space. A crystal is defined by
a lattice and the basis which is put on each point in the lattice. Simply speaking, a lattice
(in physical meaning) is a collection of points in space so that what an object sees when it is
located at a point in that lattice is exactly the same when that object is translated to any other
~ which are known as
points in the lattice. The translations are given by translation vectors R,
lattice vectors. The basis can be objects or properties which are attached to each point in the
lattice. In a photonic crystal, the dielectric function defines the basis.
The set of lattice vectors that defines a lattice form a group which is commutative [34].
The Hilbert space HH~ can be the representation space for this group. The unitary irreducible
representation of the group in HH~ is one dimensional which means a translation operation
~ working on an element of H ~ results in a product of a phase
described by a lattice vector R
H
~ and the element of the Hilbert space [35]. The argument in the exponential,
factor exp(iα(R))
~ can be chosen to be ~k · R
~ where ~k is a real constant vector called the (Bloch) wave vector
α(R),
or the propagation constant [34]. Among the wave vectors there are the special ones, denoted
~ that give exp(iK
~ · R)
~ = 1 for any lattice vectors3 .
as K,
~ of which the value at a certain point with position
If an element of HH~ is a magnetic field H
~ r, t), and the translation operation by the vector R
~ is represented
at ~r at a certain time t is H(~
as an operator T̂R~ , then the translation operation acting on the magnetic field can be expressed
as
~ r, t) = H(~
~ r + R,
~ t) = exp(i~k · R)
~ H(~
~ r, t),
T̂R~ H(~
(2.21)
which is well known as the Bloch theorem. This theorem can be expressed in another form
~ , is found with the property U
~ (~r, t) = U
~ (~r + R,
~ t) so that [34]
once another field, say U
~ r, t) = exp(i~k · ~r)U
~ ~ (~r, t),
H(~
(2.22)
k

3

The collection of such vectors define another lattice which is called the reciprocal lattice.
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~ . It is free in the crystal to set any position ~r
where the vector ~k is used to label the vector U
~ 0 , so that it is enough to take the values of ~k within a region where
equals a lattice vector, say R
~k · ~r lies between −π and π since the complete solutions will only consist of the repetition of
the solution with the wave vector in that region.
The periodicity of the dielectric function is described by the invariance of the dielectric
function with respect to translation operations. In a photonic crystal, the value of a dielectric
~ which means (~r) = (~r + R).
~
function at any point is invariant with respect to a translation R
Since the rotation operator ∇× does not change due to the translation operation then the
application of the translation operation represented by an operator T̂R~ gives
2
~ r, t) = Ω
~ˆ T̂ ~ H(~
~ r, t),
~ˆ H(~
~ r, t) = ω T̂ ~ H(~
T̂R~ Ω
R
R
2
c

(2.23)

~ r, t) is a solution of the master equation corresponding to the angular
meaning that if H(~
~ r, t) is, too. Together with eq. (2.22), it provides a simple scheme
frequency ω, then T̂R~ H(~
in solving the master equation: one needs only to solve the equation in the smallest region
which is repetitively reproduced by the translation operations (called the unit cell) while being
assured that the complete solution has the form given in eq. (2.22). One step further, the form
given in eq. (2.22) can be used to apply the scheme by inserting it into the master equation,
giving the master equation for structures with periodic dielectric function, including photonic
crystals,
!2


~k)
ω(
1
~ ~ (~r, t) =
~ ~ (~r, t).
(∇ + i~k) × U
U
(2.24)
(∇ + i~k) ×
ω,k
ω,k
(~r)
c
for the unit cell where ~k is the wave vector/propagation constant. The wave vector is involved in
the equation as a parameter that determines the frequency. It means the resulting frequencies
depend on ~k. The relation between the frequency and the wave vector will be discussed later.
In eq. (2.24), the frequency of the mode is used together with the vector ~k as the label for the
solution while the frequency of the mode itself depends on ~k.

2.2.1

Periodic structure of dielectric function

The propagation of the electromagnetic wave in some simple periodic structures is investigated
here to give an impression on the solution of the master equation in periodic structures. The
starting point is the simplest case where the dielectric function is a constant . It is just a
simple homogeneous space in which the electromagnetic wave travels. The solution of the
master equation is
~ r, t) = H
~ 0 exp(−i(ωt − ~k · ~r)) = exp(−iωt) exp(i~k · ~r)H
~0
H(~

(2.25)

which describes a plane wave propagating in the direction of ~k with angular frequency ω where
~ 0 is the constant vector giving the amplitude of the wave. The relation between ω and ~k
H
√
is given by |~k| = nω/c where n =  is the refractive index of the medium. Comparison
of the formula (2.25) with the formulas (2.13) and (2.22) gives the time dependent part of
the solution θ(t) = exp(−iωt), the envelope factor exp(i~k · ~r), and the solution for the unit cell
~ ~ (~r, t) = H
~ 0 which is a constant vector perpendicular to ~k from eqs. (2.5) and (2.9). The fact
U
ω,k
that the periodic solution equals a constant vector makes sense because in a uniform medium
one can choose any possible basic geometries with arbitrary size that can be reproduced by any
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discrete translations to fill the whole space. In other words one can choose any possible unit
cells, so that the only possible solution for the unit cell is a constant vector. No restriction for
the wave vector occurs in the uniform medium so that it may have all values. The consequence
of it is that the angular frequency may have any (positive) numbers. For a certain |~k|, there is
only one possible ω.
The second example is a dielectric slab with refractive index n1 sandwiched by the another
dielectric material with the refractive index n2 like shown in Fig. 2.1a where the dielectric
function is uniform in the x and z directions. If n1 > n2 then this structure is nothing but a
planar waveguide. Since the structure is uniform in the x and z direction the solution of the
~ (y, t), and exp(−i(ωt − ~k⊥ · ~r⊥ )),
master equation is simply a product of a function of y and t, U
~ r, t) = exp(−i(ωt − ~k⊥ · ~r⊥ ))U
~ ~ (y, t),
H(~
ω,k⊥

(2.26)

where ~r⊥ = xî + z k̂. The propagation vector has the form of ~k⊥ = kx î + kz k̂ since an additional
component in y direction does not play any role when the scalar product between ~k and ~r⊥ is
taken.

(a)

(b)

(c)

Figure 2.1: A structure of a dielectric with the refractive index of n1 sandwiched by a dielectric
material with the refractive index of n2 (2.1a). The typical solutions of eq. (2.24) with different
modes (2.1b). The dispersion relation of for the TE modes is (2.1c). The speed of light in the
medium with refractive index n1 (n2 ) is written as c1 (c2 ). These figures are taken from [36].
The electromagnetic wave propagation direction is in the z direction.
In this case any lattices can be defined in the xz plane resulting in no spatial dependence
on the x and z directions. As before, one can easily find the time dependent part, the envelope factor, and the unit-cell-solution of the complete solution in eq. (2.26). For a certain
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|~k⊥ |, several frequencies may appear where each of them gives a different mode. The angular
frequencies which are obtained by solving eq. (2.24) can be labeled by non-negative integers
m = 0, 1, 2, . . . for a certain ~k. However, ω is allowed to have any real values. The components
of the solution of eq. (2.24) for this structure has the typical dependency on y as shown in
Fig. 2.1b where it is assumed that n1 > n2 and the wave vector ~k is along the z direction.
The difference between n1 and n2 determines how well the field components are confined in
the slab. Larger difference between n1 and n2 concentrates more the mode profile in the region
with higher refractive index.
Another structure with periodic dielectric function is an ideal one dimensional photonic
crystal where discrete translational symmetry exists in one direction while the other directions
exhibit continuous symmetry. The simplest one dimensional photonic crystal is just a multilayer
films where the layers consist of two types of layer each with a certain thickness and made from
a material with a certain dielectric function. Such structure is shown in Fig. 2.2a where the
thickness of the repetitive layer is a and the periodicity is along the z direction. The lattice of
~ = mak̂ where m are integers.
this crystal is defined by translation vectors R
The homogeneous dielectric function in the xy direction suggests the solution of the master
equation for this structure to be
~ r, t) = exp(−i(ωt − ~k · ~r))U
~ ~ (z, t)
H(~
ω,k
~
~
= exp(−iωt) exp(ik⊥ · ~r⊥ ) exp(ikz z)U

ω,~k (z, t),

(2.27)

where ~r = ~r⊥ + z k̂ and ~k = ~k⊥ + kz k̂ with ~r⊥ = xî + y ĵ and ~k⊥ = kx î + ky ĵ. The uniformity
in the xy plane means that any translation vectors in the xy plane repeats the structure, so
that the wave vector in that plane, ~k⊥ can have any value. The situation is not the same in
~ = mak̂ so that U
~ ~ (z, t) =
the z direction. The structure repeats itself with a translation R
ω,k
~ ~ (z + ma, t) for any integer m which means it is sufficient to solve the master equation (2.24)
U
ω,k
for −a ≤ z ≤ a. Furthermore, since any point can be set as z = ma for a certain integer m, it
is sufficient to consider the range of kz between −π/a and π/a.
~ ~ (z, t) for this structure can be found in Ref. [37] and is
A thorough calculation of U
ω,k
not done here. The most important message from the calculation result is the existence of
the frequency regimes that force kz to be a complex number. It contradicts the definition
of the wave vector introduced by the existence of the periodicity of dielectric function that
~ ~ (z, t) = ~0 for
has to be real valued. The only way to avoid it is by setting the vector U
ω,k
the electromagnetic wave propagating in the z direction, which means no electromagnetic field
with the frequency in that regime is allowed to propagate in the z direction. This prediction
occurs for the TE (the electric field is parallel to the planes of the stack) and TM (the magnetic
field is parallel to the planes of the stack), although for the later it is possible to remove the
contradiction for a certain ~k⊥ [37] that depends on the refractive index of the materials in the
structure.
The evidence of the need of having the electromagnetic fields vanish in the structure for
a certain frequency suggests that structures approximating the perfect one dimensional photonic crystals have that properties as well. An electromagnetic wave propagating towards such
structures will be strongly reflected. A thorough study shows that reflection of the incident
electromagnetic wave can be realized for all incident angles if the refractive index contrast is
large enough [38, 39].

21

(a)

(b)

Figure 2.2: A multilayer stack that forms a one dimensional photonic crystal. Layers with
different colors illustrate layers with different refractive index. The thickness of a unit cell
is a. (2.2a). The typical band structure for the related structure with ~k⊥ = ~0 (2.2b). The
yellow regions are the regions where no solutions for the master equation exist. This figures
are adapted from [26]
Photonic band structure and band gap
The wave vector introduced due to the periodicity of the dielectric function in the structure
where the electromagnetic wave propagates enters the solution of the master equation via the
Bloch theorem that in turn yields eq. (2.24). It enters the equation as a parameter so that
the eigenvalues ω 2 /c2 are related to ~k. Since c is a constant, the angular frequency (and, of
course, the frequency) is the quantity which is dependent on the wave vector. The relation
between the angular frequency (or the frequency) and ~k is called the photonic band structure or
the dispersion relation. A range of frequencies that gives the solutions of the master equation
is called a frequency band or just a band.
The dispersion relation for the structure of planar waveguide for the TE modes (where the
electric field is parallel to the slab) can be seen in Fig. 2.1c. As stated before, it can be seen that
for the same wave vector, several frequencies may appear. It is also clear that all positive values
of ω may occur since ω is found to be a continuous function of the wave vector for each band.
The two dashed lines are the dispersion relation for the electromagnetic wave propagating in
the bulk material with refractive index n1 and n2 . The propagation speed of the wave in each
material is cj = c/nj , where j = 1, 2. A tendency that is clearly seen is that for each mode the
curve approximates the dispersion relation of the material with the lower refractive index for
lower frequency. For the higher frequency, the curve of each mode approximates the dispersion
relation of the material with the higher refractive index. It can be interpreted that light of the
modes with lower (higher) frequency tends to propagate in the material with higher (lower)
refractive index to lower the electromagnetic energy density.
In the case of one dimensional photonic crystals it is also seen that the same wave vector
may have several solutions (modes) indicated by different frequencies. It can be seen in Fig.
2.2b where the reduced representation of the band structure is used and the propagation of the
light is parallel to k̂ so that ~k⊥ = ~0. The peculiar thing is the existence of the gap between two
successive bands when kz = ±π/a. The physical reason for this is based on the distribution of
the electromagnetic energy in the structure. As in the interpretation before, the mode in the
lower band with kz = ±π/a, that has high frequency, tends to stay in the material with the
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higher refractive index. The mode in the upper band with kz = ±π/a has the frequency low in
that band and stays in the material with lower refractive index. The dielectric function seen by
the modes differs a lot so that the modes have a jump in the frequency to fit the distribution
of each mode in the structure. It gives rise to the abrupt jump of the frequencies of subsequent
bands and the existence of the photonic band gap in the band structure.
The range of frequencies where no solutions of the master equation exist is called the photonic band gap. It is a common feature for structures with discrete periodicity of the dielectric
function like in the higher dimensional photonic crystals. The width of the band gap depends
on how strong the variation of the value of the periodic dielectric function is, where the strong
variation is given by the large difference of the dielectric constants of the materials used in the
structure. The strong variation of the dielectric function gives rise to the larger photonic band
gap.
Light confinement
No perfect photonic crystal exists in reality. The finite size of objects that occur in nature
indicates that no infinite periodicity exists. However, the properties of an ideal photonic crystal
can be obtained, or at least well approximated, by finite periodicity. Once one is able to
approximate the optical structure of a photonic crystal, one may introduce imperfection to a
photonic crystal to harvest some effects related to the change of its optical properties. One
effect that attracts a lot of attention is the light confinement where the electromagnetic wave
is trapped in a relatively small region in space.
Consider the structure shown in Fig. 2.2a in which the electromagnetic field does not
propagate for some frequency ranges. Once the translational symmetry is broken locally within
the structure, the electromagnetic field corresponding to the electromagnetic wave propagating
in the z direction is allowed to exist in that region. It is illustrated in the Fig. 2.3. Once
the electromagnetic field with the frequency within the band gap is there, it ideally cannot
penetrate the remaining region. As a result, the field is confined in the region where the
symmetry is broken. One may say that the wave of the field is reflected back and forth inside
the defect region forming a standing wave. Again, in reality the stacked structures are finite
in size. An obvious consequence is that the confinement of the field in the defective region is
weaker than it should be in the ideal case. Weak penetration of the field that propagates in the
z direction occurs where the strength of the field decays rapidly in the stacked regions. At the
same time strong reflection, instead of perfect reflection, is exhibited at the interfaces between
the defective region and the stacked regions. The electromagnetic wave is strongly reflected
back and forth in the defective region forming a mode that decays in time due to the weak
penetration to the stacked region.
Not all frequencies inside the photonic band gap provide modes that may be trapped inside
the defect region. The existing ones are called the cavity modes which are the solutions of the
master equation in the defect region. These modes exist also for the case of defects inside the
higher dimensional structures. The local defect introduced in a photonic crystal is called a
photonic crystal cavity.
The light confinement in the photonic crystal cavity is an interesting phenomenon since if
an active external emitter (like quantum dots or quantum wells) can be put inside the cavity,
this provides a way to enhance the interaction between the active emitter and the light. This
interaction may enhance the emission of light coming from the cavity modes. The frequency of
of the cavity modes depends on the geometry of the cavity and the distribution of the dielectric
function as suggested by the master equation. The dependency on the geometry makes the
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Figure 2.3: An illustration of a one dimensional photonic crystal cavity. The structure is a
composition between a dielectric material (blue colored blocks) and air. The defect region is
the one with brown color. The yellow color indicates that another material introduced in the
defect region. This figure is adapted from [40].
frequency of the modes can be tuned. If the geometry of the cavity is fixed, the distribution
of the dielectric function strongly determines the frequency which gives the sensitivity on the
change of the environment of the structure. For this reason, the photonic crystal cavities can
be employed for sensing application.

2.2.2

Two dimensional photonic crystals

The devices studied in this project is close to the case of two dimensional photonic crystals. Simply speaking, two dimensional photonic crystals are photonic crystals with discrete periodicity
introduced in two dimensions and homogeneous in the remaining dimension. An ideal photonic crystal is an infinite periodic arrangement of infinitely high dielectric pillars surrounded
by other dielectric materials filling the empty space left by the pillars. The material filling
the empty space may have higher (as illustrated in Fig. 2.4a) or lower (as illustrated in Fig.
2.4b) refractive index of the material forming the pillars. When the surrounding material has
the refractive index lower than the pillars, the structure is called the pillar structure. Such
structure with the surrounding material has higher refractive index is called the hole structure.
The magnetic field propagating in an ideal two dimensional photonic crystal with has the
form of
~ r, t) = exp(−i(ωt − ~k⊥ · ~r⊥ − kz z))U
~ (~r⊥ )
H(~
(2.28)
where ~k⊥ , ~r⊥ , and kz are defined as before. The uniformity in the z directions gives no restriction
for the value of kz while the discrete periodicity in the xy plane tells us to consider only ~k⊥
where ~k⊥ · ~r⊥ is in the range between −π and π, where a is the lattice constant. Further
discussion is only on the wave propagating in the xy plane.
The photonic band structure for the two dimensional photonic crystals still depends on the
polarization of the electromagnetic wave. To see this, the structure illustrated in Fig. 2.4a is
~ r⊥ , t) is parallel to k̂ and E(~
~ r⊥ , t) · k̂ = 0, which is called TM polarization,
discussed. When H(~
the electric field is parallel to the pillars. It is known that the mode in the lower band with
high frequency tends to stay in the material with higher dielectric function while the one in the
upper band with low frequency tends to stay in the material with lower dielectric function. On
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(a)

(b)

Figure 2.4: Two illustration of structures commonly considered as ideal photonic crystals. The
left figure (2.4a) illustrates an infinite periodic structure of infinitely high dielectric pillars in
x and y directions surrounded by air. The right figure (2.4b) illustrates an infinite periodic
structure of infinitely high air holes surrounded by dielectric material. The figures are taken
from [26]. The radius of the pillars (holes) is r and the distance between two centers of pillars
(holes) is a.
the other hand, it is a basic knowledge that the component of the electric field which is parallel
to the interface of two dielectric materials is continuous. The consequence of it is that the
mode in the lower band is strongly concentrated inside the dielectric pillars and the mode in
the upper band is strongly repelled from the pillars and concentrated in the air. This tendency
gives rise to the photonic band gap for the TM polarization. For the TE polarization, where
~ r⊥ , t) is parallel to k̂ and H(~
~ r⊥ , t) · k̂ = 0, the situation is different. In this case, at each point
E(~
on the interface between the dielectric pillars and the air region the angle between the electric
field and the normal of the interface varies. Strong confinement of the electric field in the pillars
cannot be realized because the component of the electric field which is parallel to the normal
of the interface is discontinuous. The strong repelling of the electric field cannot be realized,
either, for the same reason. The resulting effect from this is that there is no frequency jump
appearing for the TE polarized wave band structure, meaning no photonic band gap appears
for this polarization.
As an extreme counterpart for the previous case, a photonic crystal with dielectric vein is
considered. It is an extreme case of the hole structure where the lateral size of the pillars is
large compared to the spacing between two pillars. The structure is described in Fig. 2.5. The
modes for the TM polarization are concentrated in the dielectric material both for the lower
band’s mode with high frequency and the upper band’s mode with low frequency. It results in
no large frequency jump appearing for the photonic band structure of this polarization. For
the TE polarization, the lower band’s mode (with high frequency) gives the electric fields that
concentrate in the region where the dielectric function is high. The upper band’s mode with
low frequency shifts the distribution of the electric field to the region between two crossings of
dielectric veins. Discontinuity of the electric field at the interface between the dielectric and
the air forces a considerable amount of electric field to stay in the air region. It results in a
considerable jump of frequency between the two modes, forming the photonic band gap for the
TE polarization. The photonic band gap is not wide since the repelling of the electric field
from the dielectric material cannot make the field experiences a large difference of the dielectric
function.
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Figure 2.5: An illustration of a two dimensional photonic crystal with dielectric vein. The
structure consists of a net of dielectric material (the green object) surrounded by air (the white
region). The picture describes the xy cross section of the structure.
To obtain a complete photonic band gap for the light propagating in the xy plane with TE
and TM polarization, a sort of combination between the pillars and vein structures should be
made. The triangular lattice shown in Fig. 2.4b is a combination that provides the complete
band gap. By setting the ratio r/a to a correct value, approaching 0.5, one may approximately
isolate the dielectric material spotted between three neighboring holes so it approximates the
pillars structure. At the same time, the vein structure is there, connecting the isolated regions
by the dielectric material. The ratio r/a is needed to be large to realize this approximation.
An example of the resulting band structure for this structure is shown in Fig. 2.6.

Figure 2.6: An example of the band structure of the in-plane propagating light with TE and
TM polarization for the structure shown in Fig. 2.4b. The dielectric substrate has the value of
the dielectric function of 13. This figure is √
a modified figure taken from [26] The symbols Γ, M,
~
~
and K stand for k⊥ a/2π = 0, 0.5ĵ, and 0.5 3î + 0.5ĵ, respectively.

2.2.3

Photonic crystal cavity membranes

Again, one can find no two dimensional photonic crystals in reality. It is impossible to define
infinitely high pillars or holes with infinite periodicity of dielectric function. However, such
structure can be approximated. Related to the work in this project is the approximation of
such structure with a thin dielectric slab on which the discrete periodicity of the dielectric
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function is introduced. The periodic dielectric function is usually introduced by forming holes
on the membrane. The structure is illustrated in Fig. 2.7a where the slab is introduced in the
xy plane and the triangular lattice is defined in the slab. The following discussion is about this
kind of structures.
The periodicity in the z direction is broken due to the existence of the boundary between
the slab and the surrounding material. The solution of the master equation has the form of
~ r, t) = exp(−i(ωt − ~k⊥~r⊥ ))U
~ ~ (z)
H(~
ω,k⊥

(2.29)

which is quite similar to eq. (2.26) except that now we restrict the value of ~k⊥ due to the
discrete periodicity in the xy plane.
The discrete periodicity, as in the cases discussed before, introduces photonic band structures which may exhibit photonic band gap for the electromagnetic wave propagating in the
xy plane. The band structures are different for different polarizations for the wave propagating
in-plane as shown in Fig 2.7c and 2.7d.
The TM polarized modes have the electric field perpendicular to the plane of the slab but
parallel to the holes’ axis. As before, modes in the lower band with high frequency tend to
be confined in the dielectric material. The boundary condition for the electric field causes
it to be repelled in the z direction although the penetration of the field into the hole is not
strong. The electric field (and the total electromagnetic fields) experiences considerable strong
effect of the low refractive index material. The electric field of the mode in the upper band
with lower frequency tends to stay in the region with lower refractive index. It tends to
penetrate the hole. However, there is also the region outside the slab in which the electric
field exists. The boundary condition of the electric field, again, forces some part of the field to
penetrate the dielectric material. In aggregate, both modes experience no big contrast in the
averaged dielectric function yielding no considerable frequency jump appears. This qualitative
explanation suggests that for thin slabs (membrane structures) no photonic band gap occurs
for TM polarized electromagnetic wave with in-plane propagation.
The TE polarization gives strong confinement of the electric field for the mode in the lower
band with high frequency. The repelling of the electric field in the z direction does not occur
since the electric field is parallel to the membrane’s surface. The confinement inside the plane
is similar to what is discussed for the two dimensional structure described by Fig. 2.4b. As a
result, a big contrast in the averaged dielectric function is experienced by the field, resulting
in the considerably large frequency jump for the modes from two successive bands. It suggests
that the membrane structures exhibit a photonic band gap for TE polarized electromagnetic
waves with in-plane propagation.
Light confinement in a membrane structure can be done by introducing local defects to the
periodic dielectric function resulting a structure called a photonic crystal cavity membrane. An
example of it is shown in Fig. 2.7b where a local defect is made by removing one hole. It is
important to remember that the confined wave is the wave propagating in the xy plane. In
the defect region the solutions of the master equation, with the frequencies in the photonic
band gap for the in-plane propagating wave may exist. These modes are confined in the defect
region because the periodicity in the surrounding region does not allow the solutions with that
frequency to exist. All of these gives rise to the in-plane confinement of light.
The broken periodicity in the z direction gives no restriction for the frequency of the light
propagating in the z direction. The confinement in the z direction can be done by making use
of the difference of the refractive index of the material of the membrane and of the surrounding
medium. A large difference of refractive index gives strong reflection and weak transmission
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(a)

(b)

(c)

(d)

Figure 2.7: A photonic crystal membrane made on a dielectric slab (2.7a). The z direction
is perpendicular to the plane of the slab. The triangular lattice is defined in the slab. A
photonic crystal cavity membrane made on a dielectric slab (2.7b). The defect is made by
removing some holes. The bottom figures are the calculated band structures for TM (2.7c)
and TE (2.7d) polarized electromagnetic wave propagating in the plane of the photonic crystal
membrane. Here f is the frequency of the electromagnetic wave. The thickness of the membrane
is 0.44a and r/a = 0.32, where a is the lattice constant. The refractive index of the
√ dielectric
~
~
material is 3.37. The symbols Γ, M, K, and Γ indicates ka/2π = 0, 0.5ĵ, and 0.5 3î + 0.5ĵ,
respectively.
for the light propagating in the z direction [21] so that the light inside the membrane tends to
stay inside the membrane. The total internal reflection (TIR) also helps to confine the light
in the z direction given that light rays may form angles relative to the normal of the interface
between the membrane and the surrounding material which is larger than the critical angle
which is determined by the refractive index of the membrane and of the surrounding medium.
Large difference of refractive index gives small critical angle, enhancing light confinement in
the z direction. In conclusion, the out-of-plane confinement is determined by the difference of
the refractive index of the membrane and the surrounding material.
The aggregate of the in-plane and out-of-plane confinements determines the modes of the
cavity membrane. The geometry of the cavity membrane determines the frequency of the modes.
One important factor of the geometry of the structure is the thickness of the membrane. To
determine the thickness of the membrane one may consider the structure as a planar waveguide
in which the holes are put. From this point of view, one may determine the ”size” of the
in-plane propagating cavity membrane mode in the z direction. It is usual to restrict the case
where the mode has the size in the z direction close to the first mode as shown in Fig. 2.1b.
A rough estimation for such size is half of the wavelength of the light in the membrane. If the
refractive index of the membrane is nm , then the thickness of the membrane is around c/(2f nm )
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where c is the speed of light in the vacuum and f is the frequency of the desired mode.

2.3

Optical fiber

An optical fiber is a cylindrical structure made from dielectric materials. It is used to guide the
propagation of electromagnetic wave along the cylinder axis. An optical fiber uses the variation
of the refractive index of the material in the radial direction in order to guide the propagation
of the wave. The typical structure of an optical fiber is described in Fig. 1.3a while the very
simple working principle of it is illustrated in Fig. 1.3b. The type of optical fibers used in this
project is the step-index fiber, so that the discussion focuses only on this type of optical fibers.

2.3.1

Step-index fibers

The structure shown in Fig. 1.3a is called the step-index fiber where the main part of the fiber
consists of two coaxial cylinders where the inner cylinder, called the core, is made from the
material which has the refractive index slightly higher than the outer one, called the cladding.
In the calculation here, the optical fiber is considered as a system with two coaxial cylinders
with uniform refractive index along the cylinder axis (z axis) where the radius of the inner
cylinder is a. It means that the solution of the master equation has the form of
~ r, t) = exp(−i(ωt − kz z))U
~ (~r⊥ )
H(~

(2.30)

where the light propagates in the z direction, meaning the wave vector equals kz k̂. In principle,
there is no restriction for the value of kz since no discrete periodicity occurs in the z direction
for the optical fiber is approximated as an infinitely long cylinder.
The working principle of a step-index fiber is based on the TIR that occurs inside the core
while the light rays propagate. There are two kinds of light rays which are guided by step-index
fibers. The first kind is the meridional rays, the rays that intersect the axis of the cylinder
during its propagation. The ray and the cylindrical axis define a plane called meridional plane.
During the propagation of the light, a meridional ray stays on the meridional plane. The
second kind is the skewed rays which do not intersect the axis of the cylinder. A skewed ray
propagates in a plane which is parallel to the axis of the cylinder with the distance R from it
before reflected by TIR. After the reflection, they continue the propagation in another plane
which is also parallel to the cylinder’s axis with the same distance of R. As a result, this kind
of rays propagates in a helical trajectory where the rays are confined between two cylinders of
radii R and a, where a is the radius of the core of the optical fiber. Both kinds of rays are
identified with their angle to the cylinder’s axis while the skewed rays have another identifier
angle, the plane incident angle φ to the normal of the core-cladding boundary. It is clear that
the meridional rays can be viewed as skewed rays with R = 0 and φ = 0. The condition for
both rays to be guided is that θ < arccos(ncladding /ncore ) which is the TIR condition. The
meridional and skewed rays are illustrated in Fig. 2.8.
An important parameter of an optical fiber is its numerical aperture, abbreviated by NA.
A light ray propagating in air may meet the air-fiber core interface at one end of an optical
fiber. The angle between the light ray and the normal of the interface determines whether
the light will be guided or not. Let such an angle be ζ. According to Snell’s law the ray is
refracted so that it forms an angle of ζ 0 = arcsin(sin ζ/ncore ) given the refractive index of the
air equals unity. This ray in the core makes an angle of ζ̃ = π/2 − ζ 0 with the core-cladding
interface. The TIR condition requires ζ̃ ≥ arcsin(nclad /ncore ) which means ζ has the maximum
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(a)

(b)

Figure 2.8: The guided optical rays in a step-index optical fiber. In both figures the cylinders
illustrate the core surrounded by the cladding. The meridional ray and the meridional plane are
described in the (2.8a). The skewed rays and their transverse projection are shown in (2.8b).
The identifier angles, θ and φ are shown together with the distance between the propagation
plane to the cylinder axis R. The figures are taken from [36].
p
value ζmax = n2core − n2clad to have the entering light guided by the optical fiber. The value of
ζmax is the parameter called the numerical aperture (NA) of the optical fiber,
q
(2.31)
NA := n2core − n2clad .

2.3.2

Guided electromagnetic waves

A deeper understanding about the propagation of the light inside a step-index optical fiber is
obtained from the solution of the master equation in the structure. As the fiber has periodicity
along the z direction, one may use eq. (2.24) where the vector ~k equals kz k̂ and kz enters the
equation as a continuous parameter. The dielectric constant of the structure equals n2clad for
the cladding region and n2core for the core region. The cylinder symmetry that the structure
has suggests the use of cylinder coordinates (ρ, φ, z) where ρ = |~r⊥ | and φ = arctan(y/x) so
that the form in eq. (2.30) can be further simplified as
~ r, t) = exp(−i(ωt − lφ − kz z))U
~ (ρ),
H(~

l = 0, ±1, ±2, . . .

(2.32)

where the necessity for the solution to be single valued has been used resulting the positive and
negative integers as the allowed values of l. Plugging the form (2.32) in master equation 2.17
yields
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− kz − l U (ρ) = ~0
(2.33)
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c

30

which can be brought into the form of the Bessel’s differential equation
x2

d2 ξ
dξ
+ (x2 − α2 )ξ = 0
+x
2
dx
dx

(2.34)

~ . It can
by rescaling the variable in eq. (2.33) where ξ can be any components of the vector U
be shown that that eqs. (2.33) and (2.34) hold not only for the magnetic field but also for the
electric field. The propagating electric field has the similar form as it is in eq. (2.32). It means
that ξ can be any Cartesian components of both the electric and magnetic fields.
The value of n equals nclad in the cladding region and ncore in the core region. The condition
for the wave to be bound in the waveguide is
nclad

ω
ω
< kz < ncore .
c
c

If the radius of the core is a then the solution of eq. (2.33) is

Jl (ρkT ) , for ρ < a,
ξ(ρ) ∝
Kl (ργ) , for ρ > a,

(2.35)

(2.36)

~ . Jl (x) and Kl (x) are the Bessel function
where ξ stands for the components of the vector U
of the first kind and the modified Bessel function of the second kind each of the order l,
respectively. Since the label l takes integer values it is sufficient to consider only either the
positive valued l since Jl (x) and J−l (x) are not linearly independent while the same is true for
Kl (x) and K−l (x) [41]. In eq. (2.36) k⊥ and γ are defined by
ω2
− kz2 ,
c2
ω2
= kz2 − n2clad 2 .
c

kT2 = n2core

(2.37)

γ2

(2.38)

The new introduced parameters determine the rate of change of ξ(ρ) in the core and in the
cladding. Fig. 2.9 gives an illustration about the profile of ξ as a function of ρ. Larger value of
γ results in the fast decaying of ξ(ρ) in the cladding, which means that the field is concentrated
in the core region. The sum of eqs. (2.37) and (2.38) multiplied by a2 gives
(kT a)2 + (γa)2 = X 2 + Y 2
=

(n2core

= NA2
= V 2.

−

a2 ω 2
2
nclad ) 2
c

a2 ω 2
c2
(2.39)

The parameters kT and γ are normalized by the multiplication with the radius of the core
resulting in dimensionless parameters X := kT a and Y := γa. The parameter V := NAaω/c
is called the fiber parameter that determines the number of guided modes in the fiber. Using
these parameter, the condition for the wave to be guided can be restated as
X < V,

(2.40)

guaranteeing that X and Y are real numbers. The condition (2.40) is a restatement of the
condition (2.35).
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Figure 2.9: Two graphs illustrating the solution of eq. (2.36). This figure is adapted from [36]
with some modifications.
The solutions of the master equation in eq. (2.36) are labeled by an index l where each l
corresponds to several solutions each with different wave vector kz . It means two integers label
the modes: l and another integer, say m = 0, 1, 2, . . .. To get the insight about the number of
modes for each l guided in the optical fiber, we consider the fiber as a weakly guiding fiber which
is valid for the experiments done in this project. The boundary conditions of the continuity of
ξ and dξ/dρ at ρ = a give [36]
X

Kl±1 (Y )
Jl±1 (X)
= ±Y
,
Jl (X)
Kl (Y )

(2.41)

where the normalization of the variable is used so that X and Y enters the equations as
dimensionless variables. The fiber parameter V is unique for a certain fiber with electromagnetic
wave of a certain angular frequency propagating in it. Eq. (2.39) determines the possible values
for X while Y in eq. (2.41) is related to X and V by eq. (2.39). From these one can determine
the values of X that satisfy eqs. (2.39) and (2.41) which means the possible values of kz for a
certain ω can be determined. An example of the determination of the solutions of eq. (2.41)
by graphical method is shown in Fig. 2.10. The fact that V is a constant limits the number
of possible kz for a certain frequency. Each possible kz is related to a mode so that labeling a
mode is equivalent with labeling kz as kz(l,m) .

Figure 2.10: An illustration of the graphical solution of eq. (2.41) for l = 1 and V = 10. This
figure is taken from [36].
The solutions of eq. (2.41) are just the intersections of the curves defined by the left and
right hand sides of the equations. If the variable X is considered as a free variable which is
varied from 0 to V then the number of the intersections between the curves depends on V .
Smaller V gives less number of solutions which means less number of modes. At a certain
point, there is only one solution for eq. (2.41) in a certain range of V . In this case, the optical
fiber is said to be a single mode fiber. As V depends on NA, the frequency of the wave, and
the radius of the core, a fixed geometry determines the range of frequency in which the optical
fiber operates as a single mode fiber.
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Chapter 3
The devices
This chapter discusses the devices studied in this project. The devices are the photonic crystal
cavity membranes which are going to be used for sensing application. The discussion starts
with the design of the devices which is based on the idea of their use as spectral encoded
free particles. The further discussion on the design of the devices touches the design of the
geometry of the photonic crystal cavity membranes related to the purpose of employing them
as free particles. A design that gives the possibility of taking the cavity membranes from
the substrate is discussed. Following the discussion about the design is the description of the
fabrication of the cavity membranes. The characterization processes and/or results are given.
At the end of this chapter is the conclusion of the discussion done in this chapter.

3.1

Design of the photonic crystal cavities

The photonic crystal cavities used in this project are the photonic crystal cavity membranes
discussed in Section 2.2.3. The membrane structures are prepared for the purpose of realizing
the idea of employing them as active particles in multiplex assays. The design of the membrane structures supports the idea of the encoding purpose by making use of the fact that
the frequency of the cavity modes can be tuned. The tuning is done by designing the defects
introduced in the photonic crystal membrane which is known as lithographic tuning. In general
lithographic tuning is a way to engineer the optical properties of the photonic crystal (cavities)
by varying the geometry of the structure [43, 44]. We are dealing with membrane structures
with a triangular air hole lattice (see Section 2.2.2). The geometry aspects of the structure
that are fixed are the lattice spacing, a, the ratio between the radius of the hole r to the lattice
spacing, (r/a), to set the photonic band gap of the related photonic crystal membranes [44].
The thickness of the membrane is fixed. Modifying the defects in the photonic crystal gives
rise to the cavity modes’ frequency engineering.
The design of the photonic crystal cavity membranes in this project is not only about the
engineering of the optical properties. It is also about the realization of the idea of employing
them as free active particles. For that purpose, an idea of fabricating suspended photonic
crystal cavity membranes which are supported by two bars (see Fig. 3.1a) is proposed. The
following discussion talks about the very basic idea of spectral encoding of the photonic crystal
cavities which is needed the suspended cavity membranes. After that, the design of the cavity
membranes is discussed.
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(a)

(b)

Figure 3.1: The top (3.1a) and side (3.1b) views of a photonic crystal cavity membrane. The
trench is made surrounding the device while two bars supporting it.

3.1.1

Spectral encoding of the photonic crystal cavities by lithographic tuning

As solutions of the master equation, the cavity modes can be labeled by their frequency. Each
cavity mode has its own characteristic spatial distribution that enables one to recognize it. For
photonic crystal cavity membranes, the spatial distribution characteristic of each can be maintained while varying the frequency (or wavelength) of each mode is done by making variation
in the geometry of the defect in the cavities.
A photonic crystal cavity membrane in general has several modes. Controlling the frequency
of the modes where the frequency of one mode is varied by lithography while the remaining
modes have their frequency kept constant is the idea behind using the photonic crystal cavity
membranes as encoded particles for multiplexed assays. A design of such encoding is proposed
by Wang, et.al. [6] where some variations of a type of photonic crystal cavity membranes called
H0 cavities are used. The H0 cavities are photonic crystal cavity membrane structures where
the defect is introduced without removing any holes from the cavity [45]. The defect is made by
modulating the size and/or the position of some holes in a region in the membrane structures.
An example of the H0 cavities is shown in Fig. 3.2a.
The feasibility of the (almost) independent tuning of the wavelength of the modes of the
H0 cavities has been performed theoretically and experimentally where two modes of the H0
cavities are independently tuned by a simple approach [6]. The modes of interest are the
monopole and the dipole modes described by the distribution of the out-of-plane component
~ The in-plane distribution of the field of each
(the z component) of the magnetic field H.
mode is shown in Fig. 3.2b and 3.2c. It is shown that frequency of the dipole mode can
be lithographically tuned almost independently from the frequency of the monopole mode by
modifying the radius. The shift of the positions of the modified holes are fixed at Sx and Sy
in the x and y directions. The diameters of the the modified holes in x and y direction are
Dx and Dy . By varying Dy while keeping Dx constant, the wavelength of the dipole mode
varies rapidly with the change of Dy while the wavelength of the monopole mode varies in a
considerably lower rate. Such simple scheme of variation is illustrated in Fig. 3.3a where the
term H0 Y2 is used to describe the H0 cavities where the variation in Dy is made while Sx , Sy ,
and Dx are kept constant. The calculation and the simulation results are shown in Fig. 3.3b,
showing that the red-shift of the dipole mode with decreasing Dy stronger than the one of the
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(a)

(b)

(c)

Figure 3.2: An H0 photonic crystal cavity. Some holes have their sizes modified and their
positions shifted (3.2a). A typical monopole (3.2b) and dipole (3.2c) modes from H0 cavities.
The shown modes are the in-plane distribution of the out-of-plane component of the magnetic
~ The color bars are in the normalized arbitrary unit.
field H.
monopole mode [6].

3.1.2

The design of the device

The photonic crystal cavity membranes used in this project are made from InGaAsP. The
design of the device follows the H0 Y2 scheme where photonic crystal cavity membranes with
the lattice constant a = 500 nm and the radius of the holes to lattice parameter ratio r/a = 0.32.
The thickness of the membrane is 220 nm which approximates half of the wavelength of the
electromagnetic wave with wavelength 1500 nm membrane of refractive index n = 3.37, the
refractive index of the InGaAsP around that wavelength [46]. The values of Dx , Sx , and Sy are
230 nm, 70 nm, and 20 nm, respectively, while the the value of Dy is varied so that it takes the
values of 230 nm, 210 nm, 150 nm, 100 nm, and 0 nm. For the last one (Dy = 0), the structure
is actually not an H0 cavity anymore since two holes are actually removed. We still used it to
study the shift of the wavelength of the modes when the type of the cavity changes due to the
variation of Dy .
For the purpose of having active structures for sensing and remote read out, a single layer
of self-assembled InAs quantum dots is inserted in the middle of the membrane where the
density of the quantum dots is 3 × 1010 cm−2 [47]. The quantum dots play the role as the
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(a)

(b)

Figure 3.3: An illustration of the H0 Y2 scheme (3.3a). The grey circles have the same size
which is kept fixed with their positions. The black circles have the same size which is varied to
tune wavelength the dipole mode (almost) independently from the monopole mode while their
positions are kept fixed. The variation of the wavelength of the monopole and dipole modes
with respect to the variation of Dy is shown in (3.3b). The dashed lines are the calculation
results while the solid lines are the experimental result. The lattice constant of the structures
is 500 nm, the radius to the lattice constant ratio is 0.33 and the thickness of the membrane is
220 nm while the refractive index of the material is 3.37. The figures are taken from [6].
external sources which is implemented inside the membrane structures1 . The emission from
the quantum dots at the wavelength of the cavity mode can be enhanced due to the Purcell
effect. It requires the emission spectra of the quantum dots to overlap with the photonic band
gap of the photonic crystal.
Another factor to be considered in the design of the membrane structures is the aim of
having the cavity membranes as particles, which means one should be able to take them out
from the substrate on which they are fabricated. The cavity membranes are made isolated from
the substrate by making two trenches surrounding it while keeping some part of the substrate
material hold the structures in a form of two bars. As a result, the membranes are suspended
in air with two bars supporting them. An example of the photonic crystal cavity membrane
held by two bars is shown in Fig. 3.1. It is expected that membrane structures can be released
from the substrate by breaking the bars. The variation on the width of the bar is made to find
the width that allows the membrane structures to be taken. The width of the bars takes the
values of 3.1 µm, 2.3 µm, 1.6 µm, 0.8 µm, and 0.3 µm.
The cavity membrane structures which are fabricated have two parameters that are varied,
Dy and the width of the bars. For each value of Dy , the width of the bars is varied as described
above. Therefore, there are 25 types of structure which are investigated in the experiments.
The description of a sample, an array, and the cavity membranes are shown in Fig. 3.4.

3.2

Fabrication

The wafer is grown by Metal Organic Chemical Vapor Deposition (MOCVD). A layer of InP
buffer layer with thickness of 1 µm is grown directly onto the InP substrate, followed by the
growing of 110 nm InGaAsP, a layer of InAs quantum dots, and again 110 nm InGaAsP layer,
1

The term external means the master equation still holds. The insertion of the quantum dots does not affect
the optical property of the photonic crystal membrane a lot so that they can be considered as external emitters.
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(a)

(b)

Figure 3.4: The description of a sample (3.4a). Each small square describes an array where all
of them are identical. An optical microscope image of an array is shown in (3.4b). There are
25 arrays in one sample, each containing 25 cavity membranes.
resulting an active layer of InGaAsP. The active InGaAsP layer is covered by 80 nm InP
cladding layer grown on top of it. This step results in an active layer of InGaAsP with a layer
of InAs quantum dots inserted in the middle of the layer sandwiched by two InP layers (see
Fig. 3.5a).
Introducing the pattern on the active layer needs preparation because it cannot be directly
introduced into the semiconductor material. For this purpose, 400 nm SiNx mask is deposited
as a hard mask by using Plasma Enhanced Chemical Vapor Deposition (PECVD). After that,
electron beam resist ZEP 520A solution in anisole is spin coated onto the sample using a
rotation speed of 5000 rpm for 60 seconds. The wafer was baked at 200◦ C, resulting a resist
layer of thickness around 350 nm. The illustration of this step is shown in Fig. 3.5b.
The pattern is introduced by Electron Beam Lithography (EBL) on the resist layer. For
the EBL, Raith 150 I and II with 30 kV electron energy and 10 µm aperture is used (see Fig.
3.5c), continued with the development of the pattern by immersing the sample into n-amyl
acetate, a solvent for the regions exposed during the EBL, for 60 seconds. This development
is stopped by rinsing the sample with a 9:1 mixture of methylisobutylketone and isopropanol.
The patterns are transferred from the resist layer to the SiNx layer by Reactive Ion Etching
(RIE) with CHF3 (see Fig. 3.5d). The remaining resist layer is removed by oxygen plasma for
30 minutes.
The InP/InGaAsP/InP stack is opened by Inductively Coupled Plasma (ICP) etching with
Cl2 , Ar and H2 , as shown in Fig. 3.5e, leaving the SiNx layer on top of the stack. This layer
is removed by a 10% HF. The final step is a selective wet etching with a 4:1 mixture of HCl
and H2 O for 15 minutes at 2◦ C, resulting the InGaAsP membrane with the pattern and the
emitters in the form of quantum dots inserted inside, as illustrated in Fig. 3.5f.

3.3

Characterization

There are three samples used in this project. They are nominally identical samples so that they
should have similar characteristics. The fabricated cavities are characterized to ensure that
further experiments can be done. The characterization of the samples by Scanning Electron
Microscopy (SEM) are done to investigate the geometry of the resulting cavities. The optical

37

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.5: The schematic overview of the fabrication process of the photonic crystal cavity
membranes. The figures are not drawn to scale.
properties of the cavities are investigated by measuring their photoluminescence (PL) spectra.

3.3.1

Scanning Electron Microscopy

The cavities are arranged in identical arrays in each sample where each main array element
contains a sub-array2 with 25 cavities (see Fig. 3.4). There are 25 identical main arrays elements
so that in total there are 625 cavities on a sample. The SEM image of an array is shown in
Fig. 3.6a The cavities are labeled as cavity i j which means the cavity lies at the i-th row and
the j-th column in the array. As an example of this notation, the cavity shown in Fig. 3.1a is
the cavity 4 1. The width of the bars decreases with larger i while Dy decreases with larger
j. Not all cavity membranes survive the fabrication in the sense that they stay suspended by
the support from the bars. In Fig. 3.6b, 3.6c, and 3.6d it is seen that cavities 4 4, 5 2, and
5 5 fall into the holes created by the under-etching process. The cavity 4 4 falls with one bar
still attached to the cavity membrane while the other one is gone. The similar thing happens
also for the cavity 5 2. The cavity 5 5 falls with all bars still attached to the membranes. This
phenomenon appears in all samples used in the experiments where the cavities with narrower
bars fall into the hole. Most of the falling ones are the ones in the 5th row (bar width 0.3 µm)
although very few cavities in the 4th (bar width 0.8 µm) row also fall.
2

The sub-arrays will also be called arrays in the remaining part of this report.
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The observed phenomena follows the intuition that smaller bars give less mechanical support
to the cavities to be suspended in the air. Even some small bars cannot support the cavities
at all so that some of them fall. The falling cavities themselves are in principle the photonic
crystal cavity membrane particles, although they are still on the substrate. The phenomena
observed from the scanning electron microscopy indicates that the idea of releasing the cavity
membranes from the substrate as free particles can be done by introducing bars with the correct
width.

(a)

(b)

(c)

(d)

Figure 3.6: The SEM image of an array of photonic crystal cavity membranes. The letter i
and j gives the index for the cavities so that a cavity i j is the cavity at the i-th row and j-th
column (3.6a). Three falling cavities are also shown in the figures below, 4 4 (3.6b), 5 2 (3.6c),
5 5 (3.6d).

3.3.2

Photoluminescence spectra

Optical properties of the cavities are studied by investigating their PL spectra. The optical
property studied is the spectra of the cavity modes. Since a single layer of self-assembled InAs
quantum dots are inserted in the middle of the membrane, the cavity modes can be observed
from the PL spectra provided that the range of the quantum dots emission overlaps with the
photonic band gap since the cavity modes should be inside the band gap. By illuminating the
membrane with an electromagnetic wave of high enough energy, the electrons will be excited
from the valence band of the semiconductor material to its conduction band. After that, they
diffuse towards the quantum dots. The holes in the valence band are created by the vacancy
due to the excitation of the electrons. The holes also diffuse towards the dots. The electrons
and the holes will be trapped in the quantum dots, forming excitons there. After a certain
time the electron-hole pairs recombine, emitting electromagnetic wave with energy lower than
39

Figure 3.7: The PL spectra of an un-patterned InGaAsP surface in the range between 1400 nm
and 1600 nm.
the excitation wave’s energy. The emitted electromagnetic wave at the wavelengths of the
cavity modes will be trapped in the cavity due to the surrounding crystal structure and due to
the refractive index contrast between the membrane and the surrounding material (air). This
results in the enhancement of the intensity of the PL at the wavelength of the cavity modes.
The scattering of some light out of the cavity causes the observed PL.
This scheme of the characterization of the optical properties of the cavities by measuring
the PL spectra is done at room temperature, by exciting the cavities with a continuous wave
diode laser. The laser is manufactured by Thorlabs, of which information can be found in [48].
The wavelength of the laser is 660 nm. It is focused on a small region at the cavity region
by an objective with numerical aperture 0.5 and 50 times magnification. The emission of the
quantum dots inside the cavities is collected and focused by the same lens into an optical fiber
that guides the electromagnetic wave to a monochromator. Since the laser focusing and the
emission collection are done by the same lens, a beam splitter is put inside the objective of the
microscope where 30% of the laser light is reflected and directed onto the investigated cavity
while 80% of the emission light (the range of the wavelength is mainly between 1300 and 1600
nm, see Fig. 3.7) is transmitted. The wave is dispersed by a grating and the spectrum is
recorded by a spectrometer. The spectrometer is an InGaAs diode array with 512 pixels, each
of 50 µm wide, giving the resolution of the spectrometer around 0.3 nm. The temperature of
the spectrometer is kept −90◦ C by liquid nitrogen to lower the noise coming from the thermal
effect. The schematic figure of the setup is shown in Fig. 3.8.
The characterization of the samples is done by measuring the PL spectra of the cavities
in one array from each sample. It means 25 PL measurements are done to characterize one
sample. The PL spectra of the cavities from the sample arrays are measured to estimate the
optical characteristic of the cavities. The PL spectra in the range between 1400 and 1600 nm of
the un-patterned quantum dots is shown in Fig. 3.7. Actually, the PL spectra of the quantum
dots spread out from 1300 nm to 1650 nm. Given the photonic band gap of the corresponding
photonic crystal, calculated with the Plane Wave Expansion (PWE) method (see Section A.1),
lies between 1304.4 nm and 1721.1 nm for TE polarized electromagnetic wave (see Fig. 2.7d),
one may expect that the cavity modes will appear in the PL spectra of the cavities.
The PL spectra of the cavities in the 5th row of one of the samples (the one shown in Fig.
3.6a) are shown in Fig. 3.9a while the ones of the cavities in the 5th column are shown in Fig.
3.9b. Several peaks from different modes appear in the spectra of each cavity where a trend
of red-shift is visible as a response to the reduction of Dy . The spectrum shown in Fig. 3.9a
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Figure 3.8: The setup for the photoluminescence measurement. The sample is put on a stage
so that the sample’s position can be changed for alignment in the PL experiments.
is typical for cavities in other rows in that sample. One information from this data is that the
fallen cavities still exhibit the PL characteristics similar to the suspended cavities, indicating
the spacing between the cavities and the bottom of the holes (v-groove) is large enough so that
the modes do not experience the refractive index change.
The cavity and the ambient material (air) have mirror symmetries in x and y directions,
meaning that the modes must exhibit the symmetries, too [42, 49, 50]. The possible modes
are the monopole, dipoles (in x and y directions), and quadrupole modes. To recognize the
peaks, Finite Difference Time Domain (FDTD) calculations are done (see Section A.2). The
calculation results are comparable with the PL characterization results as can be seen in Fig.
3.10. The discrepancies of the wavelengths resulting from the calculation and from the experiments may be due to the fabrication error. The largest Dy gives four modes: the first order
monopole (1M), dipole (1D), quadrupole (1Q) (Fig. 3.11a), and quasi-hexapole (1QH) modes
(Fig. 3.11b), respectively. The last mentioned mode is called quasi-hexapole because the cavity
does not have six-folds rotation symmetry. Actually, it should be a dipole mode in x direction.
However, the mode profile gives a pattern that is quite similar to the one given by a hexapole
mode (see, for example, Ref. [49]). The difference in the size of the cavity in x and y directions,
where the size in y direction is larger, gives rise to the deviation from the usual dipole mode.
The order of mentioning the modes describes the order of the wavelength of the corresponding
modes from the largest to the smallest wavelength. As Dy decreases, several modes appear.
When Dy = 210 nm, an additional peak appears in the PL spectra which is attributed to the
second order monopole mode (2M) (Fig. 3.11c), which lies at the wavelength lower than that
of the first order quasi-hexapole mode. The second order quadrupole mode (2Q) (Fig. 3.11d)
appears for Dy equals 100 nm and 0 nm with wavelength lower than that of the second order
monopole mode.
The peaks attributed to the first order monopole and dipole modes exhibit the desired
feature. The distance between those peaks becomes smaller for the cavities 5 1, 5 2, and 5 3,
while it becomes larger for cavities 5 4 and 5 5. As shown in Ref. [6], the wavelength of the first
order monopole mode shifts considerably slower than that of the wavelength of the first order
dipole mode as Dy decreases. The wavelength of the first order monopole mode is larger than
the wavelength of the first order dipole mode at Dy = 230 nm (j=1). Making Dy smaller causes
the wavelength of the dipole mode to approach the wavelength of the monopole mode until at
a certain value of Dy , say Dy,min . After that, decreasing Dy further makes the wavelength of
the dipole mode larger than the wavelength of the monopole mode and the distance of their
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(a)

(b)

Figure 3.9: The PL spectra of cavities in the 5th row (3.9a) and the 5th column (3.9b) of the
sample in Fig. 3.6a. The arrows point at the peak that corresponds to the wavelength of the
cavity modes. In the legends are the labels of the cavities.
wavelength is larger when Dy is reduced more.
The variation in the width of the bars does not affect the PL spectra of the cavities. This
behavior is shown by Fig. 3.9b, which is also typical for cavities in the same column. It is
expected because the number of holes surrounding the cavity is large enough, inhibiting the
electromagnetic wave to propagate towards the bars. As a result, the modes does not experience
the change of the refractive index of the structure due to the variation of the width of the bars.
In general, the optical characteristics of the samples used in the project are the same except
that the positions of the peaks in the PL spectra varies from one sample to another. It may be
attributed to the fabrication error. The rapid red-shift property of the wavelength of the first
order dipole mode and the slow red-shift property of the wavelength of the first order monopole
mode when Dy decreases are always found in the other samples. This property has been used
as a standard in recognizing the peaks in the PL spectra.
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Figure 3.10: The wavelengths of the modes from the characterization of the cavities in the
array shown in Fig. 3.6a (solid lines) and the calculation (dashed lines) results.

(a)

(b)

(c)

(d)

Figure 3.11: The in-plane distribution of the out-of-plane component of the magnetic field of
the first order quadrupole (3.11a), quasi-hexapole (3.11b), the second order monopole (3.11c)
and quadrupole (3.11d) modes. The color bars are in the normalized arbitrary unit.

3.4

Conclusions

Based on the idea proposed by Wang et.al. [6], the design of the photonic crystal cavity
membranes is made with an additional feature of the existence of two bars to hold the cavity
membranes suspended while giving the chance to take them out from the substrate as free
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particles. The design is made with the purpose of nearly independent tuning of the wavelengths
of the dipole mode from the monopole mode.
The suspended photonic crystal cavity membranes are fabricated using InGaAsP (refractive
index of 3.37) as the material of the membrane structures. The cavity membranes are active
devices in the sense that they emit electromagnetic waves when probed with a laser with high
enough frequency due to the insertion of the quantum dots in the middle of the structures. The
un-patterned quantum dots emit light with the wavelength ranging ranges from 1300 nm to
1650 nm. The photonic crystal cavity membranes are defined on a thin slab of thickness 220 nm
with lattice spacing of 500 nm and the ratio of the radius of the holes to the lattice spacing 0.32.
The photonic band gap of the corresponding photonic crystal membrane is between 1304.4 nm
and 1721.1 nm for TE polarized electromagnetic wave.
The fabricated cavity membranes are characterized by doing SEM investigations and PL
spectra measurements. It is seen that some of the cavity membranes with narrow bars fall
into the holes that are created due to the under etching process. This evidence shows the
possibility to take the cavity membranes from the substrate by breaking the bars. The PL
spectra measurement results show several peaks of the cavity modes with a general trend that
all modes have their wavelengths red-shifted due to the decrease of Dy while the width of the
bars does not affect the PL spectra of the cavities. It is also important to note that the falling
cavities do not have their PL spectra affected by the substrate, showing that the modes in the
cavity do not experience the refractive index change.
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Chapter 4
Photonic crystal cavity microparticles
The realization of photonic crystal cavity membrane particles requires one to be able to take
cavity membranes from the substrate and manipulate them as free particles. The design of
the cavity membranes suggests that a single photonic crystal cavity membrane particle can
be released from the InP substrate once the bars are broken. The falling cavity membranes
discussed in the Subsection 3.3.1 and shown in Fig. 3.6a are actually the expected particles
except they are not released from the original substrate. It is necessary to find a way to release
and manipulated the cavity membranes in a fully controlled way. This chapter reveals the work
done for that purpose

4.1

Stamping technique

As the very first step towards the goal of releasing the cavity membranes from the InP substrate,
an experiment of transferring the cavity membranes from the original substrate (InP) to a
different substrate (glass) is performed. The idea of transferring structures from one substrate
(the growth substrate) to another one was invented during the development of the thin film
technology with the aim at integrating a layer of a few nanometer thickness with arbitrary
substrates [51]. The technique is known as the epitaxial-lift-off (ELO), firstly reported by
Konagai et. al. in 1978 [52, 53]. Although ELO is an old idea, this technique is still performed
in integrating semiconductor on insulator layers (see, for example, Ref. [20, 54]).
The ELO starts with the growth of the device layer with an intermediate layer for the
purpose of lift-off. The next steps depend on which approach is used, whether it is the preprocessing or the post-processing approach. For the former approach, the growth of the device
structure is followed by the optimization of the device. The optimization of the device depends
on the function of the device. After the optimization, one introduces etching material (can
be some acid material) to etch the intermediate layer so that the structure separates from the
growth substrate. An assisting material, e.g. wax, can be used to improve the etching process
[51]. After being successful in separating the device structure from the growth structure, the
device structure can be grafted onto another substrate by making use of some kinds of bonding
like the van der Waals bonding [55] and the assisting material can be removed by another
etching process.
In the post processing approach, the epitaxial lift-off takes place right after the growth of
the device structure by introducing the etching material to etch the intermediate layer, followed
by the grafting of the device structure onto the new substrate. The processing of the device is
done on the new substrate after the assisting material is removed by an etching process. Both
processes are shown in Fig. 4.1.
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Figure 4.1: The epitaxial lift-off (ELO) process; pre-processing (left) and post-processing (right)
approaches. This figure is adapted from [52].
The idea behind the ELO technique can be employed for the purpose of taking the photonic
crystal cavity membranes from the InP substrate. Compared to the ELO technique, the etching
step is not needed since there is already an empty space between the membrane structure
and the growth substrate due to the under-etching. This raises the possibility to take the
cavity membranes using a kind of material that can gently stick to the membrane. Attaching
the material on the surface of the growth substrate followed by removing it from the surface
is expected to release the membrane structures from the substrate. It should be followed
by attaching the material that carries the cavity membranes onto the target substrate. The
adhesion between that material and the membrane must be weaker than the adhesion between
the membrane and the target substrate so that the membrane will have a better chance to
stay on the target substrate after the material is removed. This technique will be called the
stamping technique in this thesis.
The stamping technique has been recently performed by Englund et.al. [56]. The cavity
membranes are made from gallium phosphide (GaP) with no emitter inserted inside the membranes. The material used to take the structure is a flexible polymer layer of polydimethylsiloxane (PDMS) which is reported to be able to separate the membranes from the growth substrate.
The membranes are transferred onto a film of poly(methyl methacrylate) (PMMA) of thickness
100 nm covering a glass slide. It is reported that 80% of the transfers are successful.
In the experiments done during this project, the stamping technique is performed to transfer
the cavity membranes from the InP substrate onto the glass substrate. Instead of using well
known materials for the stamping, some arbitrary soft polymers are used. The PL spectra of
the manipulated cavity membranes are also studied in the later part of this section.
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(b)
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Figure 4.2: The schematic overview of the stamping technique. The figures are not drawn to
scale.

4.1.1

Description of the experiments

The experiments start with PL characterization of the sample. PL spectra measurements of the
cavity membranes that are to be transferred from the growth substrate to the glass substrate
using the stamping technique follow the characterization. The sample which is treated has one
of the arrays shown in Fig. 3.6a. The SEM observation suggests that the cavity membranes
in the 4th and 5th rows are the ones that are going to be successfully transferred to the glass
substrate. The PL spectra measurements are done for the cavity membranes in those rows.
Since there are 25 arrays in the sample where each has 25 cavity membranes, there are 265
cavity membranes of which PL spectra are measured. The PL spectra measurements are done
to have a systematic information about the effect of treatment in each step of the experiment.
After the PL spectra measurements are done, the stamping technique is performed. The
stamping technique starts with the preparation of the stamping material which is a soft polymer
with some glue on it. The stamping material is put, pressed gently on the surface of the sample
(Fig. 4.2b) and then removed so that the structures are attached to the material (Fig. 4.2c).
The stamping material with the structures attached on it is then put and pressed gently on the
surface of another substrate (glass) (Fig. 4.2d). After all, the stamping material is removed
from the surface of the new substrate (Fig. 4.2e).
To make sure that the stamping technique works well, some tests are done with a dummy
sample before performing it with the investigated samples. The dummy sample contains mem47

(a)

(b)

Figure 4.3: The optical microscope images of the membranes on the dummy sample. There are
two designs of the membranes, the first one uses two bars (4.3a) as discussed in the previous
chapter while the second one uses four bars (4.3b). The structures that are seen out of focus
are the membranes that fall into the holes.
brane structures that do not have regular holes due to the failure in the fabrication. The idea of
introducing bars to hold the membranes on the substrate is already introduced in the dummy
sample. Some of the membranes are held by two bars, similar to the design discussed in Section
3.1, while the others are held by four bars. The optical microscope images of the membranes
on the dummy sample are shown in Fig. 4.3.
The stamping material used in the test experiment is the scotch tape which has a lot of
glue on it. By pressing the scotch tape gently on the surface of the dummy sample, some of the
membranes with two bars are found to be taken as shown in Fig. 4.4a. The attempt to put the
taken membranes on the glass is done by directly attaching the scotch tape with the membranes
on it to a glass slide and removing the scotch tape afterwards. This trial does not work where
no membranes are found transferred to the glass slide. Further attempts to transfer the taken
membranes from the scotch tape to the glass surface are done by immersing the scotch tape in
acetone for about 10 minutes followed by attaching it on the region on the glass that has some
droplets of acetone on it. The scotch tape is removed by dragging it gently along the surface
of the glass before pulling it. Some membranes are found to be left on the glass plate when
observed using an optical microscope with 20 and 100 times magnifications (see Figs. 4.4b and
4.4c). It indicates that the stamping technique may work.
The experiments suggest that the stamping material must not be too sticky, to make the
adhesion between the cavity membranes and the surface of the glass dominating the adhesion
between the cavity membrane and the stamping material. A soft polymer material from the
clean room of TU/e (a kind of tape), called the blue tape in the rest of this report, that contains
less glue amount is used in the experiment with the real sample.
The experiment of transferring the cavity membranes from the sample uses the blue tape
as the stamping material. The sample used is the one discussed in Chapter 3. The steps follow
the steps illustrated in Fig. 4.2. After attaching the blue tape with the cavity membranes on
it to the glass surface, the observation using the optical microscope from the glass side and the
PL spectra measurements of some cavity membranes are done. It should be noted that both
the observation with the optical microscope and the PL spectra measurement when the cavity
membranes are in between the blue tape and the glass surface are done with the glass on the
upper side (see Fig. 4.5a). The next step is the removal of the blue tape from the glass surface.
After this step, the optical microscope observation and the PL spectra measurements are done
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(b)

(c)

Figure 4.4: The optical microscope images of the membranes on the scotch tape (4.4a) and
on the glass surface with 20 times (4.4b) and 100 times (4.4c) magnifications. Notice that the
particles are the ones with two bars.
for some cavity membranes that stay on the glass surface and for the ones that stay on the blue
tape.

(a)

(b)

Figure 4.5: The scheme of the position of the stamping material, the cavity membranes, and
the glass substrate for the optical microscope observation and PL spectra measurement when
the cavity membranes are in between the glass surface and the stamping material (4.5a). The
situation where there is a gap between the membrane and the glass substrate is shown in Fig.
4.5b. The figures are not in scale.
The observation on the cavity membranes between the blue tape and the glass slide (after
the step described in Fig. 4.2d) shows that cavity membranes from all rows can be taken from
the InP substrate. In Fig. 4.6b is shown an array of cavity membranes between the blue tape
and glass surface. Compared to Fig. 4.6a, the image of the same array when it is still on the
InP substrate, it is clear that almost all cavity membranes from the array shown in Fig. 4.6a
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(d)

Figure 4.6: Optical microscope images of an array before the application of the stamping
technique (4.6a), in the middle of the process of the stamping technique, i.e. between the blue
tape and the glass (4.6b), and after the blue tape is removed (4.6c). The scheme of labeling
the cavity membranes is indicated by the arrows. It is reversed in the case when the cavity
membranes are between the blue tape and the glass because the investigation is done from the
glass side. The SEM image of the labeled cavity membranes on the glass is shown in (4.6d).
are taken by the blue tape from the substrate. It means that the width of the bars used in the
design of the cavity membranes can be used to take them out of the InP substrate.
The optical microscope image of the cavity membranes between the blue tape and the
glass surface shows the appearance of optical interference fringes on some cavity membranes.
The appearance of fringes is the indication of the existence of a gap between the membranes
and the glass surface as illustrated in Fig. 4.5b. The gap may be filled by air or any other
materials with different refractive index. The light entering this region is partially transmitted
and reflected due to the refractive index difference between the material in the gap and the
glass. The transmitted light arriving at the gap-cavity membranes’ surface interface is also
partially transmitted and reflected due to the refractive index difference between the material
separated by the interface. The whole process causes multiple reflections and transmissions at
the glass surface-gap and gap-blue tape interfaces. The light that is reflected back to the air
and captured by the microscope undergoes constructive and destructive interferences, resulting
the fringes in the image in Fig. 4.6b. This phenomenon is known as Fabry-Pérot or Fizeau
interference.
Not all cavity membranes have the fringes on it while some do as can be seen from Fig.
4.6b. One possible reason for the gap is that the surface of the blue tape is flexible. As a
consequence, the distance of the surface of the blue tape to the surface of the glass fluctuates
from one point to the other. It gives rise to the chance that some air is trapped between the
cavity membranes and the surface of the glass. The fluctuation of the distance between the
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Figure 4.7: Optical microscope image of the transferred cavity membranes on the glass substrate
before the removal attempts are done (4.7a). The objects that look like dusts are the cavity
membranes on the glass substrate. They are located in the region inside the circle. The images
of the cavity membranes after the removal attempt by blowing with nitrogen gas and the
immersion in water followed by blowing with nitrogen gas are the ones in (4.7b) and (4.7c).
The residue of a cavity membrane after the scratching is shown in (4.7d). The figures indicate
that the bonding between the membranes and the glass substrate is very strong. The arrow
indicates the labeling procedure for each array.
surface of the blue tape to the surface of the glass can also be caused by the fluctuation of the
thickness of the blue tape itself.
Some cavity membranes are found to stay on the glass plate after the blue tape is removed.
The ones from the array shown in Fig. 4.6a are shown in Fig. 4.6c where six of the cavity
membranes, 3 3, 3 4, 3 5, 4 3, 4 4, and 4 5, can be clearly recognized. The SEM image of
those six cavity membranes is shown in Fig. 4.6d. It means that there is one or more kind of
forces that keep them staying on the glass. Possible sources of the force are the van der Waals
interaction between the membranes and the glass surfaces [57] and the glue that stays between
the glass and the membranes. Further investigation is done by the study of the PL spectra of
the cavity membranes, which is discussed in the following subsection.
The cavity membranes that are successfully transferred are not only the ones shown in Fig.
4.6. The transferred cavity membranes are shown in Fig. 4.7a. The ones from the array shown
in Fig. 4.6a are special because they are the ones that can be clearly recognized, which is
important for further analysis. However, still there are a lot of cavity membranes that are
successfully transferred that cannot be recognized easily because the change in their positions
due to the transfer process.
The next experiments performed are to roughly estimate how strong the cavity membranes
stick to the glass substrate. Firstly, an attempt to remove the membranes from the glass plate
by blowing them with nitrogen gas is done. This attempt is done twice, giving the results that
no membranes are removed. Secondly, the glass slide is immersed in water for several minutes.
This attempt also fails to remove the membranes. The third attempt is to immerse the glass in
water for several minutes and followed by blowing them with nitrogen gas. This attempt fails,
too. The last attempt is to apply a brute force, i.e. by scratching the glass using a tweezer. It
breaks the cavity membranes but still the material stays on the glass surface. The results of
the experiments are shown in Fig. 4.7. These experiments show that the bonding between the
cavity membranes and the glass surface is very strong.

4.1.2

Substrate effect on photoluminescence characteristics

The PL spectra characteristic of the cavity membranes when they are suspended in air is
shown in Fig. 3.10 where the comparison with the calculation results is given. The change
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of the material surrounding the cavity membranes affects the wavelength of the modes. It is
clearly seen from the PL spectra of the cavity membranes when they are suspended, in between
the glass substrate and the blue tape, on the glass substrate and on the blue tape in the
following discussion. To study the effect of the surrounding materials, the PL spectra of some
cavities with (approximately) the same value of Dy (the diameter of the modified holes in the
y direction as described in Fig. 3.3a) are studied.
In general, there are two cases that are observed when the cavity membranes are in between
the glass and the blue tape. The first one is the case where there is no gap between the
membrane and the glass surface. It is the most prominent case in Fig. 4.6b. In this case, the
effective refractive index of the material surrounding the cavity membranes is high so that a
strong red-shift of the peaks in PL spectra is expected. If the membranes stay on the surface
of the glass, the peaks of the PL spectra are expected to shift to shorter wavelengths after the
removal of the blue tape. The amount of the shift depends on how much of the glue is left
on the membranes. The more glue left on the cavity membranes, the less shift is expected.
However, there is no guarantee that the membranes that have no gap with the glass will stay
on the glass after the blue tape is removed.
The second case is the case where there is a gap between the cavity membrane and the glass
surface. The shift of the wavelength of the modes depend on what material fills the gap. The
removal of the blue tape is not expected to strongly shift the position of the peaks since no
large change in the refractive index is expected to take place. The two cases are discussed in
detail as follows.
Case 1: There is no gap between the cavity and the glass
To study this case, the PL spectra of the cavity 4 3 (see Fig. 4.6) is studied. When it is
suspended in air, 5 peaks are observed that correspond to the first order dipole, monopole,
quadrupole and quasi-hexapole modes and the second order monopole mode (see Fig. 4.8).
When that cavity membrane is in between the blue tape and the glass substrate, huge red-shifts
are observed so that the wavelengths of the first order dipole, monopole, and the quadrupole
modes are shifted strongly to the region outside of the detection range. Only the peaks due
to the first order quasi-hexapole and the second order monopole modes show up in that case.
Their wavelengths are red-shifted by around 100 nm. After the the blue tape is removed,
the first order dipole, monopole, quadrupole, and quasi-hexapole modes reappear. The peak
from the second order monopole mode disappears after the removal of the blue tape. The
quasi-hexapole mode’s wavelength is shifted to the blue direction by around 70 nm compared
to when it is in between the blue tape and the glass surface. In total, the modes have their
wavelengths red-shifted by around 20 nm to 30 nm with respect to the original situation on
the InP substrate. These shifts can be fully explained by the presence of glass at one side
of the membrane. It implies no significant amount of glue is left. Special attention is given
for the shift of the wavelength of the first order quasi-hexapole mode which is 29 nm. FDTD
calculation predicts the shift of the wavelength of this mode to be around 30 nm, supporting
the explanation. A consequence from the absence of glue is that the membrane sticks on the
glass by no help from the glue.
Another case where there is no gap between the cavity membranes and the glass is represented by the case of a cavity from another array with the label 5 3. This cavity membrane
is shown in Fig. 4.9. When the cavity membrane is suspended, the first order monopole and
dipole modes cannot be resolved so that they appear as a single peak. As in the previous case
(Fig. 4.6b), the strong red-shift takes place when the membrane is in between the glass and the
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Figure 4.8: The PL spectra of the cavity 4 3 of the array shown in Fig. 4.6a when it is suspended
on air, in between the glass surface and the blue tape, and on the glass.
blue tape (see Fig. 4.9b). After the removal of the blue tape from the glass surface, the cavity
membrane stays on the blue tape. The peaks from the first order dipole, monopole, quadrupole,
and hexapole modes appear again while the peak from the second order monopole mode disappears as in the previous case. The wavelength of the first order quasi-hexapole mode is shifted
to the blue direction by around 30 nm. In this case, the total red-shifts of the wavelength of
the appearing modes are around 50 nm for the first order dipole and monopole modes, around
60 nm for the case of first order quadrupole mode, and around 70 nm for the case of the first
order quasi-hexapole mode. The glue on the surface of the membrane is not visible under the
optical microscope. In other words, above the surface is the air. Furthermore, the red-shifts
have the contribution from the glue under the cavity membrane with an additional possibility
that some holes are infiltrated by the glue that also may contribute to it.
Case 2: There is a gap between the cavity membrane and the glass
The cavity membrane shown in Fig. 4.10 is an example for this case. It is the cavity 4 3 from
another array so that it has the same value of Dy as the previous discussed cavity membranes.
This cavity membrane cannot be transferred. The optical microscope image shown in Fig. 4.10b
does not show clear fringes due to the Fabry-Pérot interference although the image shows that
the cavity membrane is located in the region where there is a gap between the surface of the
blue tape facing the surface of the glass and the surface of the glass. The absence of the fringes
is attributed to the large distance between the glass surface and the cavity membrane. The PL
spectra of the cavity membrane are shown in Fig. 4.10d for the cases when it is suspended, in
between the glass and the blue tape surfaces, and on the blue tape. The shifts of the peaks in
this case is much weaker than they are in the previous case. The red-shifts are around 40 nm
for the first order dipole and monopole modes, and 60 nm for the first order quadrupole and
quasi-hexapole modes. Comparison with the red-shifts in the previous case indicates that the
gap is filled by air. After the blue tape is removed from the glass, the particle sticks on the
blue tape. The PL spectrum shows very weak red-shifts (around 5 nm) after the removal of
the blue tape, which can be due to some other materials attached to the surface of the cavity
membrane or the infiltration of the glue to some holes in the cavity membrane.
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Figure 4.9: The optical microscope images of an array of cavity membranes when they are
suspended on air (4.9a), between the glass surface and the blue tape (4.9b), and on the blue
tape (4.9c). The arrow indicates the labeling scheme of the cavity membranes. The cavity
membrane of which PL spectra is studied is the cavity 5 3 (the one in the circle).
The PL spectra studied in the two cases indicate that there is a strong red-shift coming
from the glue on the blue tape. This is based on the shifts that the quasi-hexapole mode
experiences in three cases discussed above. The red-shift of that mode when a cavity membrane
is sandwiched between glass and the blue tape is around 100 nm while the glass contribute 30
nm red-shift. It means that the red-shift caused by the glue is around 70 nm compared to the
the mode’s wavelength when it is on the substrate. This huge red-shift indicates that the glue
infiltrates into the holes when the membranes are in contact with the blue tape.
The surface interaction must be very strong so that the glue from the blue tape cannot
take it back to the blue tape although infiltration takes place. The fact that there is a cavity
membrane that does not have gap with the glass when it is located between the glass and the
blue tape but does not stick to the glass is attributed to the roughness of the surface of the glass.
A flat surface provides larger area that allows strong surface-surface interaction between the
membrane and the glass. On the contrary, a rough surface reduces the area for such interaction
so that the interaction between the membrane and the glass substrate becomes weak. As a
consequence, the glue can take it from the glass surface.
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Figure 4.10: The optical microscope images of another array of cavity membranes when they
are suspended on air (4.10a), between the glass surface and the blue tape (4.10b), and on the
blue tape (4.10c). The arrow indicates the labeling scheme of the cavity membranes. The
circled cavity membrane (cavity 4 3) is the one of which PL spectra when it is suspended on
air, in between the glass surface and the blue tape, and on the blue tape, are shown in (4.10).

4.2

Single photonic crystal cavities

The stamping method experiment informs us that it is possible to take the cavity membranes
from the chip by breaking the bars that support them on the growth substrate. The success
in transferring the cavity membranes from the growth substrate to the glass gives information
that there is a strong interaction between the cavity membranes and the glass substrate. The
strong interaction between the cavity and the glass substrate is a kind of surface-surface interaction. This suggests that we can manipulate cavities with passive tools approaching the
cavities without an active sticking control.

4.2.1

Description of the experiments

Manipulation tools
The experiments start with the attempt to take a single cavity membrane from the InP substrate. As the very first step, a tool that can break the bars and can stick to the cavity
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Figure 4.11: The upper figures are the illustration of the steps of making a tapered fiber. The
figures are not on scale. The bottom figure is the optical microscope image of a tapered tip.
The diameter of the tip is about 1.5 microns. The fiber is tilted and the image focuses at the
tip of the fiber.
membrane is needed. The tool used in the experiments is a tapered fiber. The tapered fiber is
made from a step-index optical fiber by heating it at one part (Fig. 4.11a) while pulling the
fiber to two opposite directions. The material of the optical fiber is glass. The heating is done
by the flame produced by a hydrogen micro-torch. The fiber elongates due to the force exerted
on it (Fig. 4.11b). At a certain condition it cannot elongate anymore and the fiber splits up
into two parts where each end has the tapered shape (Fig. 4.11c). The schematic figures of
the steps in making the tapered fiber and the optical microscope image of a tapered fiber are
shown in Fig. 4.11. The fiber is immobilized on a nano-manipulator stage so that it can be
moved along the x, y, and z directions. The sample is put on another nano-manipulator stage
so that it can also be moved along the x, y, and z directions. Fine mechanical manipulation
is done using piezo-transducers for both stages. The schematic figure of the nano-manipulator
is shown in Fig. 4.12. The stages are put under an optical microscope 50 times magnification
objective that allows the experiments to be performed under the optical microscope.
The single photonic crystal cavity membranes are taken from the InP substrate by moving
the tapered fiber and/or the sample so that the tip of the fiber touches the membrane. By
using the tapered fiber to exert force on the cavity membrane, the bars are broken and the
cavity membranes are released from the substrate. The released cavity membranes stick to the
tip or to the other part of the tapered fiber. It is important to make sure that only the bars
that support the cavity membrane are broken. The early experiments are done by trying to
take the cavity membranes with different size of bars to determine which size of bars will give
the successful results.
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Figure 4.12: The schematic figure of the nano-manipulator stages for the single photonic crystal
cavity particles manipulation experiments.
Preliminary experiments
The preliminary experiments are done using the sample used for the stamping technique experiments since some cavities are found not taken by the blue tape. The array shown in Fig. 3.6a
is found to have none of the cavity membranes taken by the blue tape so that this array is used
to perform the preliminary experiments. A cavity membrane that is successfully taken is shown
in Fig. 4.13. The cavity membranes that fall into the holes are also tried to be taken using
the tapered fiber. The attempts to take them are also found successful. It is known from this
preliminary experiments that the cavity membranes from the fourth (bar width 0.8 µm) and
fifth (bar width 0.3 µm) rows can be taken. The ones in the third row (bar width 1.6 µm) can
also be taken but some of them are broken during the treatment. The cavity membranes in the
first two rows cannot be taken. The experiments also show that the cavity membranes deform
their geometry when the tapered fiber hits the bars. They recover their geometry when no force
exerted on them, showing the cavity membranes are flexible. The following experiments focus
on the treatment on the cavity membranes from the fourth and fifth rows while sometimes the
ones from the third row are also treated.

Figure 4.13: An optical microscope image of a single cavity membrane successfully released
from the InP substrate. The object in the circle is the cavity membrane sticking to the side of
the tapered fiber.
After being successful in releasing single cavity membranes from the InP substrate, the
effect of the treatment on the PL spectra of the cavity membranes are studied by comparing
the PL spectra of some cavity membranes when they are still on the InP substrate and when
they are on the tapered fiber. It is important to mention that when performing the PL spectra
measurement of the cavity membranes on the tapered fiber, the effect of the orientation of
the cavity membrane on the relative intensity of the signal from different modes can be seen.
However, further investigation, like the study on the radiation pattern of the modes, cannot
be done since the orientation of the cavity membranes when suspended on the tapered fiber
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Figure 4.14: Three single cavity membranes that jump after the bars are broken landing in
vertical position. The optical microscope image shows the standing cavity membranes (4.14a)
where an object in the circle is the one shown in the SEM image (4.14b).
cannot be fully controlled.
Investigation of the single cavity membranes behavior on the tapered fiber and on
the InGaAsP surface
The released cavity membranes show some remarkable features. The most striking phenomenon
is the standing cavity membrane as shown in Fig. 4.14. The fact that not only one cavity
membrane standing vertically after accidentally jumping due to the treatment gives rise to a
further question whether it is something systematic or not. Systematic experiments are done
to investigate some behaviors of the single cavity membranes. As the first step, some cavity
membranes are taken and made jumping. To make one cavity membrane jumping, it must be
taken first by breaking the bars and letting it sticking on a part of the tapered fiber. The tip of
the fiber is put on the hole and force is exerted on it so that it bends with the cavity membrane
still sticking on it. By suddenly changing the position of the tapered fiber, the tip is released
from the hole and the cavity membrane is thrown. The situation just before throwing a cavity
membrane is shown in Fig. 4.15. The states of the cavity membrane before being thrown and
after landing on the InGaAsP surface is observed under the optical microscope.

Figure 4.15: The situation before throwing a cavity membrane. In the circle is the cavity
membrane particle attached to the tapered fiber while the tapered fiber is made bent by exerting
force using the nano-manipulator. The microscope is focused to the top edge of the cavity
membrane. The schematic illustration is given in the inset.
From the first step experiments, the tendency of the cavity membranes to stick on the
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tapered fiber is obtained. Mainly, there are three possible positions of the cavity membranes
when they stick on the tapered fiber, as shown in Fig. 4.16:
1. at the tip of the tapered fiber (Fig. 4.16a),
2. on the side of the fiber with the edge of the membrane (4.16b),
3. on the side of the side of the tapered fiber with the surface of the membrane bounded to
the shaft of the fiber (4.16c).
The case 3 where the cavity membranes stick to the shaft of the fiber with the surface dominates.
The cavity membranes tend to land on the InGaAsP surface in non-horizontal (mostly
vertical) position even when they are thrown. From cavity membranes that are thrown, only
35% of them are found to land with horizontal position. The remaining cavity membranes land
in vertical (Fig. 4.14b) or tilted positions (Fig. 4.17a). Even some of them are found to land
at extreme positions, like on one of its bars (Fig. 4.17b) or on one vertex (Fig. 4.17c). The
mechanism behind these findings is discussed in Subsection 4.2.3.

(a)

(b)

(c)

Figure 4.16: Three typical positions of the cavity membranes when they stick to the tapered
fiber: on the tip of the fiber (4.16a), on the side of the fiber suspended with the edge (4.16b)
and on the side of the fiber with the surface of the membrane stick to the side of the fiber
(4.16c).

Manipulation of single cavity membranes on InGaAsP surface
Some experiments to manipulate the single cavity membranes are done. The manipulation
includes the taking of the cavity membranes from the InP substrate by breaking the bars,
putting them on the InGaAsP surface in the vertical position, changing the position and the
orientation of them while keeping them vertical. It is aimed to control the position and the
orientation of the cavity membranes while having them standing vertically on the surface.
An additional attempt to stack two cavity membranes that are standing vertically is also
done. Besides the manipulation of the vertical cavity membrane on the InGaAsP surface,
the manipulation of the cavity membrane aiming at controlling the orientation of the cavity
membranes in horizontal position is also attempted.
The cavity membranes that are in horizontal position are found impossible to move. The
manipulation can be done only on cavity membranes that are not positioned horizontally on the
InGaAsP surface after released from the substrate. The cavity membranes that are successfully
taken from this suspended position can be put in vertical position on the substrate followed
by removing the contact between the tapered fiber and the cavity membrane. The cavity
membranes that are standing vertically can be pushed gently using the tapered fiber, which
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Figure 4.17: SEM pictures of some cavity membranes that land with non-horizontal position.
Some peculiar positions are shown in the left figures: standing tilted (4.17a), tilted while
standing on the bar, (4.17b), and standing on one vertex (4.17c). The bottom figures are the
images of the same objects in the upper ones zoomed in at the contact points between the
cavity membranes and the InP substrate.
is useful to do further manipulation on them. It is also found possible to touch the cavity
membranes with the tip of the fiber and to drag them to different positions. It is even possible
to take the standing cavity membranes using the tip and then put them back on the substrate.
Changing the orientation of a standing cavity membrane is also successfully done by making
the tip touch one of its side and using the tip to exert force on it. Because the contact between
the standing cavity membrane and the surface is located at the lower edge, the force exerted
by the tip introduces a non-zero net torque. This torque is responsible for the rotation relative
to an axis which is perpendicular to the surface of the substrate. In turn, the orientation of
the cavity membrane can be changed. With all these findings, a fully controlled manipulation
is successfully done on several cavity membranes to make them standing vertically in a line as
shown in Fig. 4.18a.
The findings are also used to stack two cavity membranes. To do it, two cavity membranes
are taken and made standing vertically on the substrate. One of them is taken by the tip of
the tapered fiber and brought approaching the other one after being assured that they have
the same orientation. The cavity membranes are aligned while made closer. After they touch,
the tip is removed from the cavity membrane. It is found under the optical microscope that it
is possible to make the cavity membranes touch each other while being aligned. However, the
cavity membrane moves in the attempt to release the tip from one of the cavity membrane,
causing them to be not perfectly aligned. The result can be seen in Fig. 4.19a.
The experiments on controlling the orientation of the cavity membranes in horizontal position are done by doing the manipulation to control the orientation of them when they are in
vertical position followed by exerting a force to make the cavity membranes positioned horizontally. These experiment are followed by an attempt to perfectly stack two cavity membranes.
It is done by putting a cavity membrane vertically on top of a suspended cavity membrane.
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Figure 4.18: The SEM images of several cavity membranes are made standing in a row on
InGaAsP surface (4.18a) and standing in a certain arrangement on a glass plate (4.18b). The
dark image behind the cavity membranes is the scotch tape that is used to mark the position
of the cavity membranes on the glass surface.
The orientation of the cavity membrane is controlled when it is vertical on top of the suspended
one. After getting the correct orientation, the cavity membrane is gently pushed so that it lays
down on top of the suspended membrane. The SEM image of the horizontally stacked cavity
membranes is shown in Fig. 4.19b.

(a)

(b)

Figure 4.19: The SEM image of the result of the experiments of stacking two cavity membranes
vertically (4.19a) and horizontally (4.19b).
Related to these experiments is the recent achievement of Tandaechanurat et. al. in realizing
a three dimensional photonic crystal nanocavity with a complete band gap [58]. The results
obtained in our work show the possibility of realizing a similar structure with a simple technique.
Manipulation of single cavity membranes on glass
Experiments of manipulation single cavity membranes are also done on another substrate. A
glass plate is used as the new substrate on which the cavity membranes are manipulated. Firstly,
it is attempted to transfer the cavity membrane from the InP substrate onto the surface of the
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glass. The contact created between the membrane and the glass surface is investigated and is
related with the PL spectra of the cavity membranes when they are put on the glass surface.
It is found that the taken cavity membranes can be put easily on the glass plate in horizontal
position. The contact between the cavity membranes and the glass substrate is found not
strong so that the cavity membranes can be moved on the glass surface using the tapered fiber.
Pressing them gently using the tapered fiber is needed so that the cavity membranes have
intimate contact with the glass surface. Once the intimate contact is achieved, it cannot be
moved using the tapered fiber. It is different from what is found with the cavity membranes
on the InGaAsP surface where the strong interaction with the substrate is formed immediately
once the membranes fall horizontally on the surface. Apparently, the surface-surface interaction
between the cavity membranes and the glass surface is not as strong as it is between the cavity
membranes and the InGaAsP surface. Roughness could also play a role in determining the total
interaction force between the cavity membrane and the glass surface. When a cavity membrane
is just put horizontally on the glass surface, the area of the interaction between membrane and
the glass is small so that the total binding force is weak. However, it is strong enough to keep
the cavity membrane still on the surface of the glass while removing the tapered fiber from
its surface. After being pressed, more area of the cavity membrane touches the surface of the
glass substrate due to the flexibility of the membrane. It yields a stronger total binding force
that keeps the cavity membrane immovable by the fiber. The study of the PL spectra of such
cavity membranes, however, indicates that the binding force in this case is weaker than the
binding force that keeps the cavity membranes on the glass surface in the stamping technique
experiment. It is discussed on the next part of this section (see Subsection 4.2.2).
The experiments on fully controlled manipulation the cavity membranes on the glass surface
are also performed. The fully controlled manipulation aiming at the deterministic positioning
of the cavity membranes are done. The result is shown in Fig. 4.18b where several cavity
membranes are nicely arranged in vertical position.

4.2.2

Effect of the treatment on the photoluminescence spectra

The treatment on realizing the photonic crystal membrane particles by taking the photonic
crystal cavity membranes from the growth substrate using a tapered fiber to brake the supporting bars has been shown to be successful. It is necessary to check whether the treatment
breaks or changes the optical properties the cavity membranes, defined by their photoluminescence spectra. Different from the previous treatments (the stamping technique) where the
red-shift of the position of the peaks cannot be avoided due to the significant change of the
surrounding material, the performed treatment is not expected to strongly shift the position of
the peaks in the photoluminescence spectra. Such shift is related to the position of the cavity
membranes when attached to the fiber. When the cavity membranes stick on the fiber with
the surface along the fiber, as shown in Fig. 4.20a, a red-shift of the peaks in the PL spectra
takes place (see Fig. 4.20b). The wavelength shifts are between 10 nm to 12 nm. The red-shift
shows that the modes experience the refractive index of the fiber which is intuitive because the
cavity, lying at the center of the cavity membrane, is close to the fiber. Note that the shift is
smaller than when the whole surface is in contact with glass (see Fig. 4.8).
The story is different when a cavity membrane sticks to the fiber by its edge so that there
is a large distance between the cavity and the fiber as the case shown in Fig. 4.20c. In this
case, the modes in the cavity membrane do not experience the refractive index of the fiber.
As a result, the cavity modes do not shift when the cavity membrane is attached on the fiber,
as seen in Fig. 4.20d. This shows that the treatment using a tapered fiber does not alter the
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optical properties of the cavity membrane.

(a)

(b)

(c)

(d)

Figure 4.20: The effect of the position of a cavity membrane on the tapered fiber on the PL
spectrum. A cavity membrane that has the cavity part attached to the fiber (4.20a) experiences
the shift of the wavelength of its cavity modes (4.20b). The one that has a large distance
between the cavity and the fiber (4.20c) does not have the wavelength of the cavity modes
shifted (4.20d).
The effect of the orientation of the cavity membranes on the PL spectra can be seen clearly
in Fig. 4.20d from the change of the relative intensity of different peaks that belong to different
modes. This is due to the difference in radiation patterns for different modes. When the
measurement of the PL spectra on the InP substrate is done, the normal of the surface is
parallel to the optical axis of the objective. The objective has the numerical aperture of 0.5
that corresponds to the half acceptance angle of 30◦ . The PL spectrum of the cavity membrane
that is suspended in air (on the InP substrate) shows that the radiation from the first order
dipole and quasi-hexapole modes is strong within the acceptance angle of the objective. It is
weak for the first order monopole and quadrupole modes. When the cavity membrane sticks
on the fiber, its orientation changes as seen in Fig. 4.20c, so that the axis normal to the surface
of the membrane is not parallel to the optical axis of the objective anymore. The measured PL
spectrum of the cavity membrane sticking on the tapered fiber shows that the signal captured
from the first order monopole and quadrupole modes becomes stronger, while it becomes lower
for the first order dipole and quasi-hexapole modes. It is remarkable that the intensity of the
peak due to the first order monopole mode strongly dominates the intensity of the peak from
the first order dipole mode.
In the experiments, not all treatment can be done perfectly in the sense that the wavelength
63

of the peaks in the PL spectra of the treated cavity membranes does not shift. A small blueshift is found in a treatment of a cavity membrane. When released from the InP substrate, the
cavity membrane sticks on the tapered fiber with its edge as shown in Fig. 4.21a. That position
gives the expectation once the cavity modes are excited, the wavelength of each mode is not
red-shifted because the modes do not experience the refractive index of the glass. It is also
expected that strong change in the relative intensity of the modes appears due to the extreme
position of the cavity membrane where the surface is almost parallel to the normal axis of the
objective.
The comparison of the PL spectra of the cavity membrane between when it is still on the
InP substrate and when it is attached to the tapered fiber gives blue-shift of the resonance
wavelengths while the peak due to the first order quasi-hexapole mode disappears (see Fig.
4.21d). This blue-shift indicates the decreasing of the refractive index experienced by the mode
which is attributed to a small damage in the cavity area of the cavity membrane. It may be
created due to the attempt to release the cavity membrane from the InP substrate by pressing
the cavity membrane with the tapered fiber’s tip. The change in the relative intensity in the
spectra that comes from different modes is visible.
The cavity membrane does not make a strong contact with the glass when it is put on the
glass. It is indicated by the fringes that appear in the optical microscope image as can be
seen in Fig. 4.21b. It is also indicated by the fact that the cavity membrane can be moved
easily by the tapered fiber, showing the existence of a gap between the cavity membrane and
the glass. The comparison of the PL spectra of the cavity membrane on the glass with a gap
and of the cavity membrane on the tip shows very small red-shifts of the peaks with an extra
feature that the peak due to the quasi-hexapole mode appears again (see Fig. 4.21d). The
very small red-shifts shows that the modes hardly experience the refractive index of the glass
substrate because of the gap while the appearance of the quasi-hexapole mode’s peak is due
to the change of the orientation of the cavity membrane. After being pressed with the tapered
fiber, the fringes disappear and the cavity membrane becomes immovable on the glass surface
as shown in Fig. 4.21c. At the same time the PL spectrum gives the red-shifts of the peak that
ranges from 10 nm for the first order monopole mode to 15 nm for the first order quadrupole
mode, meaning the modes experience the refractive index of the glass.
The red-shifts after the intimate contact between the cavity membrane and the glass is
formed is not as large as it is in the case found in the stamping technique experiments (see Fig.
4.8). It is attributed to the roughness of the glass. In the stamping technique experiment, the
blue tape is pressed gently so that the membrane and the surface of the glass are in a perfect
contact due to the flexibility of the membrane. The modes strongly experience the proximity
of the glass. The force exerted by the tapered fiber is not as strong as the force used in pressing
the blue tape. It is strong enough to enlarge the contact area, although it does not mean that
the contact is perfect. As a result, a small gap still exists and the proximity of the glass is not
seen by the mode as clear as it is in the stamping technique experiment.

4.2.3

Surface interaction

Special attention is given to the phenomenon of standing cavity membranes. The tendency of
the cavity membrane to land in non-horizontal position on the InGaAsP surface after jumping
is something systematic. This is attributed to the electrostatic interaction between the cavity
membranes and the surface. The released cavity membranes are very likely to be charged and
the InGaAsP surface is conducting at room temperature. This conductivity is inherited by
the cavity membrane. The sample is basically a heterostructure with a layer of 220 nm thick
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Figure 4.21: A cavity membrane taken with a tapered fiber, sticking on it in almost vertical
position (4.21a). The cavity membrane is put on a glass surface where firstly there is air gap
between the cavity membrane and the glass (4.21b). After gently pressed, the gap is reduced
and an intimate contact between the cavity membrane and the glass is formed (4.21c). The
PL spectra of the cavity membrane when it is suspended on air (on chip), on the tapered fiber,
put on the glass with the air gap and with the intimate contact are shown, too (4.21d).
InGaAsP grown on the substrate of n-doped InP with a spacer of 1 µm thick InP buffer layer
(see Section 3.5). The alignment of the energy band and the band gaps gives rise to the charge
transfer around the heterojunction that produces a two dimensional electron gas (2DEG) there
[59, 60] giving surface charge densities in the range of 1015 to 1016 electrons m−2 . There may
be electrons left in the membrane after the under etching, giving one possible mechanism to
have the cavity membranes charged.
It is also possible that the cavity membranes get charged from the tapered fiber. The
tapered fiber is fabricated by putting the fiber, made from glass, in a hot hydrogen plasma.
The harsh treatment likely leads to charging. In the process of taking a cavity membrane
from the InP substrate, the fiber taper approaches the cavity membrane InGaAsP surface and
attracts the opposite charge to enter the cavity membrane through the channel provided by the
bars. After the bars are broken, the cavity membrane is charged, contributing an extra force to
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help it sticking to the tapered fiber. Discharging does not take place due to the fact that glass
is an insulator. These two possibilities support the idea that the single cavity membranes are
charged. The charges are distributed in order to minimize (or, ideally, to vanish) the electric
field inside the membrane and minimize the local electrostatic energy.

Figure 4.22: The illustration of the mechanism of having non-horizontal positioned cavity
membranes on the InGaAsP surface. The cavity membrane is seen from the side view. In the
figure, h is the lateral size of the cavity membrane and l is the distance of the lowest extremity
from the surface. The figures are not in scale.
After jumping from the tapered fiber, the charged cavity membrane undergoes a motion
where at the end it lands on the InGaAsP surface. It rotates with respect to its center of
mass during the motion due to the torque from the electrostatic interaction. Once the cavity
membrane approaches the surface, its charge distribution and the charge distribution of the
InGaAsP change as can be described by the formation of the mirror-charge distribution on
the surface. The illustration of the following explanation is given by Fig. 4.22. If the cavity
membrane is not parallel to the surface, which is very possible to happen in the motion, the
charge density is high at the extremity that is closest to the surface while decreasing gradually
at the points farther from the surface. The interaction between the distributed charges in
the cavity membrane and on the surface causes an attractive force from the induced charge
distribution in the surface, introducing a net torque that makes the cavity membrane rotate
about its center of mass and land on the surface in non-horizontal position.
To be more quantitative, some calculations are done. Some simplifications are made to ease
the calculation. Firstly, it is assumed that the cavity membrane and the InGaAsP surface are
perfect conductors. Secondly, it is assumed that the charges in the cavity membrane accumulate
at one extremity that is closest to the surface once the angle β is formed (see Fig. 4.22). The
third assumption is that the forces acting during the motion are only from the gravitational
and electrostatic forces. The charge q at the extremity feels the attraction from the charge
distribution on the surface as an electrostatic force with magnitude of Fes = q 2 /(16π0 l2 ),
where l is defined in Fig. 4.22. It is just an electrostatic force between the charge q and its
image −q where the distance between them is 2l. The fourth assumption is that the cavity
membrane rotates about an axis parallel to the membrane and to the InGaAsP surface. With
these assumptions, the following equations hold
mḦ = −

q2
16π0 H − h2 cos β
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2 − mg,

(4.1)

I β̈ = −

q2
16π0 H − h2 cos β

2

h
sin β.
2

(4.2)

The eq. (4.1) describes the vertical component of the motion of the cavity membrane where
H = l + (h cos β)/2 is the distance of its center of mass from the surface, m is its mass and
h is the lateral size of the cavity membrane. The eq. (4.2) describes the rotational motion of
the cavity membrane. The angle β, see Fig. 4.22, that the cavity membrane makes to an axis
that is parallel to the normal of the surface is assumed between −π/2 and π/2. Together with
this assumption, the situation where H is in the same order with h = 15 µm is considered.
The moment of inertia of the cavity membrane relative to the rotational axis is I. The factors
related to the charge of the cavity membrane can be hidden by a simple manipulation, giving
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(4.3)
dH
h sin β
dβ
The first term of the left hand side describes the translational kinetic energy of the cavity
membrane due to the vertical component of the motion, as it changes with the height of the
cavity membrane. The second term has the factor that describes the rate of change of the
rotational kinetic energy with respect to the change of the angle β. The right hand side equals
−mg, a negative constant which is always larger than d( 21 mḢ 2 )/dH = mḦ while the term
d( 21 I β̇ 2 )/dβ is an odd function of β. The rotational kinetic energy is maximum for β = 0
and minimum for β = ±π/2. When β is positive, large β requires a strong decrease in the
rotational kinetic energy with increasing β. The rate of the decrease of the rotational kinetic
energy decreases when β is small. This is reversed when β is negative.
The translational kinetic energy of the cavity membrane increases when it approaches the
InGaAsP surface as well which is accompanied by changing β and therefore the rotational
kinetic energy has the trend explained above. The rotational motion tends to make β approach
zero when H is in the order of h and finally β has more chance to have the value around zero
when H is close to h/2, i.e. when the cavity membrane is about to touch the InGaAsP surface.
The observations further imply that once the cavity membrane lands on the surface, it is
strongly bonded. The forces that keep the cavity membrane in non-horizontal position are
not decisive at this point. The standing cavity membranes stay with their position relative
to the surface no matter what the orientation of the InGaAsP surface is. In Fig. 4.23 is the
illustration where the InGaAsP surface is parallel to the normal to the gravity field, which is
the situation when the sample is put on the holder for SEM observation. The contact between
the cavity membranes and the substrate provides such strong force. An obvious conclusion
from this finding is that the gravity force acting on the cavity membrane is much weaker than
the contact force. The fact that SEM images can be taken means that they can stand the
air evacuation. Another important evidence is that the position can be disturbed by exerting
force onto the cavity membranes using the tapered fiber. It is even possible to manipulate their
position on the InGaAsP and glass surfaces, meaning that the contact force between the cavity
membrane and the tapered fiber is strong enough to overcome the effect of the surface contact.
From the fact that the bond force dominates the gravity, it is obvious that the contact
force per unit area σcontact must be much larger than mg/wt ≈ 1.3 × 10−6 bar where for the
calculation of the mass of the cavity membrane, the mass density of InP, 5 × 103 kg/m3 , is used
and w = h is the width of the contact area. The area of the cavity membrane which is filled
by InGaAsP is approximately 118 µm2 where the geometry of the cavity membrane is nearly a
regular hexagon with the distance between two parallel sides equals h = 15 µm. In some cases,
67

Figure 4.23: The illustration of the standing cavity membranes when the InGaAsP substrate
is in vertical position. It is assumed that there is an insulator gap of d between the cavity
membrane and the surface. The thickness of the cavity membrane is t while P is the pivot
point if the cavity membrane would rotate due to the gravity.
the cavity membranes stand vertically with one of its bars with an extreme situation shown in
Fig. 4.17b, which means that it is appropriate to set w = 0.3 µm in this case. This value is
the smallest width of the bar in the design. For the cavity membranes standing with its bars,
mg/wt ≈ 4 × 10−4 bar. The fact that the contact force introduces a torque to balance the
torque from the gravity with respect to the point P gives another value of σcontact . If the torque
due to gravity is τg and the torque due to the contact force is τcontact , then
Z t
1
1
xσcontact wdx = σcontact wt2 .
(4.4)
τg = mgh = τcontact =
2
2
0
This gives the value of σcontact to be 3 × 10−4 bar for the common case (the cavity membranes
standing on one of its edges). Again, if one considers the case of the cavity standing on a bar,
σcontact approaches 10−2 bars.
Although the origin of the contact force is not determined, some forces are proposed. The
first guess is the electrostatic force. To have this force responsible requires the gap of d between
the cavity membrane and the InGaAsP substrate which must be due to the existence of a
layer of insulator like native oxides or depletion layers. The layer should be very thin with the
thickness in the order of 1 to 10 nm. If the charge of the cavity membrane is q, accumulated
at the extremity that touches the insulator layer, then the contact force per unit area is
σcontact =

qE
,
wt

(4.5)

where E is the electric field and w is the width of the contact region. The electric field is
approximated as E = q/(wt0 ) where  is the dielectric constant of the material filling the gap.
It means
q2
σcontact = 2 2 .
(4.6)
w t 0 
This estimation requires q to be known. The charge distribution in the cavity membrane causes
an electrostatic potential V throughout the cavity membrane. This potential is proportional
to the charge q. Approximating the relation between q and V as
q ∼ 0 hV,

(4.7)

where the approximation of the capacitance of a sphere is used1 , while w ∼ t ∼ 0.2µm and
 ∼ 3, one gets σcontact ∼ 0.5 bar for V = 1 volt. The obtained value of σcontact is much larger
1

The factor 4π is ignored which implies a reduction with an order of magnitude
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than the one obtained from eq. (4.4). However, the potential of 1 volt is in the range or
higher compared to typical breakdown voltages of insulators with thickness of several nm. It
means that such voltage gives rise to discharge of the cavity membrane to the surface. Such
discharge should be gentle since the discharge with violent breakthrough would cause local
material modification, melting, or spot welding. All of these would lead to an even stronger
bond at the surface which is not observed in the experiments.
Based on these considerations, the bonding force should be due to the van der Waals force
between surfaces. The classical van der Waals force per unit area between two flat plates at a
distance d is given by [57]
A
,
(4.8)
σvdw =
6πd3
where A is the Hamaker constant. The Hamaker constant is typically in the range of 10−19 J
to 10−20 J. Ignoring any microscopic details, σvdw is in the range of tens of bars. This suggests
that σcontact gets the dominating contribution from σvdw . In another words, the contact force
has the main contribution from the van der Waals interaction between surfaces. The very small
sizes is held responsible for an intimate contact between the cavity membranes’ edge and the
InGaAsP surface. This makes the van der Waals bond very effective.

4.3

Conclusions

In order to realize the idea of having photonic crystal cavity membrane particles, experiments
on releasing the cavity membranes from the growth (InP) substrate are done. Two ways
of releasing the cavity membranes are performed. The first one uses a technique called the
stamping technique where several cavity membranes are transfered from the InP substrate to
the glass substrate. The second one is the nano-manipulation technique where single cavity
membranes are successfully taken from the InP substrate and manipulated using a passive tool.
The stamping technique is performed using a stamping material (a blue tape) that has some
glue to take the cavity membranes from the InP substrate and to put them on another substrate (glass). The experiments show the feasibility of realizing such transfer since some cavity
membranes are successfully transfered to the glass. The PL spectra of the cavity membranes
when they are still on the InP substrate, in between the glass surface and the tape, and when
they are on the glass or on the blue tape are studied. The study gives information about the
effect of the change of the substrate on the wavelength of the cavity modes. By comparing the
shift of the wavelength of the cavity modes from the successfully transferred cavity membranes
and the ones that are not transfered, one may estimate the source of the force that makes the
transferring process successful. The visible shifts of the peaks in the PL spectra and the FDTD
calculation results show that there is a close contact between the glass surface and the cavity
membrane. It means that the transferred cavity membranes stick on the glass not due to the
help from the glue from the blue tape but from the interaction between them and the glass’
surface.
The nano-manipulation experiments show the possibility of having single cavity membrane
particles by making use of a passive tool consisting of a tapered fiber and the nano-manipulation
stages. From the study on the cavity membranes’ PL spectra, it is shown that the treatment
does not alter the wavelength of the cavity modes. It means the main optical properties of the
cavity membranes survive the treatment. The nano-manipulation experiments gives a way to
transfer single cavity membranes from the InP substrate to a different substrate. Transferring
the cavity membranes to a glass substrate is also performed. The PL spectra of the cavity
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membranes on the glass substrate also give information about the intimate contact between
the cavity membrane and the glass substrate.
An additional phenomenon results from the nano-manipulation experiments. It is observed
that the cavity membranes taken using the tapered fiber may jump from the fiber, and tend
to land on the InGaAsP surface with non-horizontal position. This phenomenon is found
to be systematic. A model to explain the phenomenon is proposed based on the idea that
the electrostatic interaction occurs between the jumping cavity membranes and the InGaAsP
surface. The finding that the standing cavity membranes remain standing suggests the existence
of another kind of force that is responsible to keep them standing. The van der Waals interaction
between surfaces is proposed to be the responsible force.
The nano-manipulation experiments also show the possibility of the realization of some new
structures since it is very possible to manipulate the standing cavity membranes on the InGaAsP or on the glass surfaces. The experimental results show the possibility to realize three
dimensional photonic crystal cavities. Since the experiments are done under an optical microscope without the necessity of having clean room conditions, the nano-manipulation technique
offers the advantage of simplicity in realizing such structure compared to the work reported in
Ref. [58]. Other applications may follow like having the single cavity membranes as ID tags or
even realizing three dimensional photonic chips.
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Chapter 5
Single photonic crystal cavity coupled
to an optical fiber
This chapter discusses the work on coupling of a single cavity membrane to a single mode
optical fiber. The motivation of this work is the realization of a chemical sensor based on a
single photonic crystal cavity membrane coupled to an optical fiber. The discussion starts with
a section containing a brief explanation of this basic idea, continued with a section discussing
the experimental work. The PL spectra of the cavity membrane, including the experimental
proof of the working principle of the new optical fiber-based sensor follows the discussion of the
experiments. This chapter ends with the conclusions.

5.1

Basic idea: optical fiber-based chemical sensor with
an active emitter

The ideal design of our one single photonic crystal cavity membrane particle-coupled-to-an
optical fiber sensor is as follows. The optical fiber used is a single mode fiber in the wavelength
region around 1.55 µm. A cavity membrane is immobilized on one facet of the fiber which is
put into a substance. The cavity membrane is excited by a laser from the other end of the
fiber while the emitted signal from the cavity membrane is collected from the same end. Via a
splitter, the emitted light is led to a spectrometer. The illustration of this design is shown in
Fig. 5.1. The sensing effect is visible in the PL spectra where the wavelengths of the modes
shift due to the change of the refractive index of the ambient material of the cavity membrane.
In order to realize this idea, the working principle of the device needs to be proven. It
includes the tests on the possibility of having an intimate contact between a single cavity

Figure 5.1: The working scheme of the single photonic crystal cavity particle-coupled-to-an
optical fiber sensor.
71

(a)

(b)

Figure 5.2: The description of the setup for the PL spectra measurement of a single cavity
membrane coupled to an optical fiber (5.2a) for the characterization of the 2 × 2 fiber coupler
(5.2b).
membrane and the facet of an optical fiber, to collect the signal from the cavity modes, and
to observe the shift of the wavelength of the cavity modes due to the change of the ambient
substance. The contact between the cavity membrane and the facet of the optical fiber needs
to be strong to ensure that the cavity membrane will not be removed from the facet. The
intimate contact between the cavity membrane and the facet is indicated from the positions
of the peaks in the PL spectra. A very good contact can be expected to give a very strong
bonding as seen in the stamping technique experiment. The possibility of collecting the signal
is related to the coupling between the cavity modes and the fiber modes. The possibility to
observe the shift of the cavity modes’ wavelengths is also important since due to the fact that
the cavity membrane is attached to the optical fiber’s facet, some part of the sensing ability of
the cavity membrane is already sacrificed.

5.2

Description of the experiments

In this experiment, a single cavity membrane is coupled to an optical fiber. The optical fiber
used in the experiments is a step-index fiber SMF-28 produced by Corning. It is a single mode
fiber within the working range of the spectrometer. The diameter of the core is 8.2 µm with the
numerical aperture equals 0.14 at 1310 nm. The effective group refractive index of the optical
fiber is 1.4677 at 1310 nm and 1.4682 at 1550 nm. The small numerical aperture shows that
the refractive index contrast between the core and the cladding is small due to the formula
(2.31). It means that the electromagnetic wave is weakly guided.
The scheme of the experiments is illustrated in Fig. 5.2a where there are some couplings between several fibers. Preliminary experiments are done to make sure that the cavity membrane
can stick well to the optical fiber. A single cavity membrane is taken from the InP substrate
using the setup illustrated in Fig. 4.12. After the cavity membrane is taken, the sample is replaced by a segment of an optical fiber put on the stage in horizontal position, where the fiber’s
facet is vertical. It is aimed to position the cavity membrane on the core of the optical fiber
so that determining the center of the fiber is required. It is done by focusing the image on the
side edges of the optical fiber. With this position fixed, the cavity membrane is made level with
the center of the fiber by bringing it in focus (Fig. 5.3a). Positioning the cavity membrane on
the core can be done by aligning its position with the center of the fiber that can be estimated
from the optical microscope image (see Figs. 5.3a and 5.3b). The alignment is followed by
bringing the cavity membrane to the facet of the optical fiber until it touches the facet. It is
found that once the cavity membrane touches the facet, it sticks well on it as shown in Figs.
5.3c and 5.3d. The cavity membrane is also seen to be positioned near the center of the optical
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Figure 5.3: The schematic figure of the positioning technique by focusing on the edges of the
optical fiber is shown in the upper figure (5.3a). The optical microscope image of a single cavity
membrane sticks on the tip of a tapered fiber made level with the center of an optical fiber
(5.3b). The SEM images of the cavity after it sticks to the facet of the optical fiber (5.3c). The
Fig. 5.3d is the zoomed-in SEM image of the cavity sticking on the facet of the optical fiber.
fiber, meaning that the alignment brings the cavity to be near to the core. Unfortunately, the
offset from the core cannot be determined well using the performed alignment technique and
another approach is needed to bring the cavity membrane to the required position.
After being assured that the cavity membrane sticks well to the facet of the optical fiber, the
fabrication of the real device is done. The difference in the positioning of the cavity membrane
lies in the alignment technique. The cavity membrane is taken from the growth substrate (Fig.
5.4a), brought near the facet of the optical fiber (Fig. 5.4b), and put on the core (Fig. 5.4c).
The alignment is done by positioning the optical fiber in vertical direction under the optical
microscope so that the fiber facet is horizontal. As a guide to find the core of the fiber, the
optical fiber is connected to a laser source and a power of 0.005 mW is used (Fig. 5.4d). The
PL spectra of the cavity membrane are measured in each step.
A Corning’s 2 × 2 single mode fiber coupler (10202A-50-FC) is used in order to excite the
cavity membrane and collect the emitted signal from the same facet of the optical fiber. The
group refractive index and the numerical aperture of the coupler are the same as those for
the SMF-28. The characterization of the system without having the optical fiber with the
cavity membrane is done by collecting the signal using the setup described in Fig. 5.2b while
the characterization result is shown in Figs. 5.5. A broad signal is detected at the short
wavelength regime. The detected signal is not present when the laser is off, but it does not
significantly change with the variation of the laser power once the source is in lasing mode.
This implies there is a systematic background noise signal. The noise is attributed to the laser
as will be discussed in the next section. Reflections occur at the splitter and at the free facet so
that the source emission is also coupled into the spectrometer. It should be noted that the PL
signal from the cavity membrane is small compared to the usual PL signals. A large collection
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Figure 5.4: The cavity membrane used in the experiments when sticking on the tapered fiber
just after taken from the InP substrate (5.4a) and when brought just above the facet of the
optical fiber (5.4b). The cavity membrane sticks on the facet of the optical fiber with the laser
illuminating it (5.4c). A laser of low power (0.005 mW) is used as a guide in positioning the
cavity membrane on the core of the optical fiber (5.4d). All figures are optical microscope
images. It is seen that the cavity membrane is transparent for visible light due to the small
thickness.
times is needed to get a significant signal.
The conventional PL spectra characterization of the sample (the cavity membranes on the
InP substrate) is also done in order to understand the modes that give the peaks in the spectra.
This characterization is done as well in order to determine which cavity membrane is suitable
for the sensing experiments.
The setup for the PL spectra measurements of the cavity membrane coupled to the optical
fiber is shown in Fig. 5.2a. To get the reference spectra, the measurements are first done by
exposing the end with the cavity membrane to air . It is important to mention that the signal
emitted by the cavity membrane is weak so that strong laser power is needed to see the peak
coming from the cavity modes. The expense of using the high laser power is the appearance
of the heating effect [16]. To get a deeper understanding of the heating effect, further study
is done by varying the laser power. The sensing experiments are done after studying the PL
spectra. It is accomplished by performing the PL spectra measurement while immersing the
end of the fiber with the cavity membrane in the distilled water.
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Figure 5.5: The characterization results of the 2 × 2 fiber coupler with laser power of 0.050 mW
(5.5a), 0.500 mW (5.5a), and 1.000 mW (5.5c)

5.3
5.3.1

Analysis of the spectra
Recognizing the cavity modes

The characterization of the system without the device coupled to it indicates that difficulties
in understanding the peaks in the low wavelength regime may occur. Based on this, the modes
that are considered are the ones with large wavelengths, i.e the first order monopole and dipole
modes. The characterization results of the sample give the relation between the wavelengths
of the modes and Dy as shown in Fig. 5.6. The crossing of the two lines indicates that the
observed peaks are the first order monopole and dipole modes which is typical because the
sample follows the H0 Y2 scheme (see Chapter 3).

Figure 5.6: The wavelengths of the first order monopole and dipole modes as a function of
Dy . The crossing of the two lines indicates they are attributed to the first order monopole and
dipole modes.
It is required to have the modes’ wavelengths in the working range of the spectrometer and
in the emission range of the quantum dots. Previous experiments show that the wavelengths of
the first order monopole and dipole modes shift by around 25 nm when the cavity membrane is
put on glass, giving an estimation of the position of the peaks when the cavity membrane sticks
on the facet of the optical fiber. FDTD calculations estimate further red-shift when the cavity
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membrane on the facet is immersed in distilled water by more than 30 nm, meaning that the
total red-shift in the range more than 50 nm should be anticipated. The peaks from the cavity
modes are visible until around 1625 nm so that the wavelength of the modes should be less
than 1625 after the immersion. The cavity membranes that can accommodate this condition
are the ones with the largest Dy .

Figure 5.7: The PL spectrum of the cavity membrane used in the sensing experiments when it
is on the InP substrate and when it is attached to the tapered fiber as shown in Fig. 5.4a.
The PL spectra of the cavity membrane when it is still on the InP substrate and when it
is attached on the tapered fiber (see Fig. 5.4a) are shown in Fig. 5.7. The evidence that the
wavelengths of the cavity modes do not change indicates that the process of releasing the cavity
membrane does not alter its main optical property. The simulations predict the wavelength
of the first order monopole and quadrupole modes to be red-shifted by 22 nm and 23 nm,
respectively, when they are on the facet of the optical fiber.
It is necessary to study how the cavity modes and the corresponding fiber modes couple
in order to make sure that the radiation from the modes can be guided into the fiber. The
radiation distribution can be estimated from the transverse electric field distribution in the
transverse wave vector space. The FDTD calculation with the cavity membrane put on a glass
with the refractive index of 1.45, corresponding to the refractive index of the used optical fiber
at 1551 nm [20], is done to calculate the transverse electric field distribution related to the first
order monopole and dipole modes. The real space distribution is Fourier transformed to obtain
the transverse wave vector distribution of the mode. When the electromagnetic wave enters the
glass, its transverse wave vector components are conserved. It means that the distribution of
the intensity of the electric field in the transverse wave vector space gives the radiation pattern
of the propagating electromagnetic wave coming from the cavity modes. The calculation results
of such distribution for the modes are shown in Fig. 5.8.
To investigate the coupling efficiency into the fiber modes, the transverse electric field
intensity of the fiber modes related to the cavity modes in the transverse wave vector space
is calculated, too. The results are also shown in Fig. 5.8. The overlap between the two
distributions gives the estimation of how well the cavity modes radiation is guided by the
optical fiber. It is seen that the electric field intensity from the cavity modes has a poor overlap
with the intensity of the field coming from the fiber modes. Therefore, a low collected signal
can be anticipated. It is due to the fact that the optical fiber accepts only small angles with
respect to its axis, while the cavity radiates under relatively large angles with respect to the
fiber’s axis.
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Figure 5.8: Upper: The intensity of the transverse electric field components in the transverse
wave vector space for the first order monopole (5.8a) and dipole (5.8b) modes. Lower: The
intensity of the transverse electric components of the corresponding fiber’s modes in the same
space. The boxes indicate the overlap of the high-intensity region of the cavity modes and the
corresponding region of the fiber’s modes. The color bars give the normalized intensity of the
transverse electric field.
The PL spectra of the cavity membrane on the facet are measured with various laser power.
The collection time is 5 minutes to get a reasonable signal. The laser power is set to be 0.05
mW, 0.1 mW, 0.5 mW, and 1 mW. It is seen in Fig. 5.9 that the background noise is strong
compared to the collected quantum dots emission at low wavelength when the laser power is low
(0.05 mW). At this value of laser power, a periodic modulation is present. It is attributed to the
Fabry-Pérot effect due to the gap between two facets of fibers in the fiber coupler. Comparison
of the intensity of the detected signal at the low wavelength with the one shown in Fig. 5.5
indicates the signal is due to the noise. The Fabry-Pérot effect shows that such noise should
be attributed to the laser emission.
The peaks near the wavelengths of 1570 nm and 1590 nm are expected to be due to the
cavity modes. The shift of the wavelengths of the cavity modes with increasing laser power
[16] would support this assignment. It is seen indeed in Fig. 5.9 that those two peaks are redshifted with increasing of the laser power while the Fabry-Pérot peaks at the lower wavelength
stay at the same position. This verifies that the peaks are attributed to the cavity modes, i.e.
the first order monopole and dipole modes. Compared to the the PL spectra when the cavity
membrane is on the InP substrate, the wavelengths of the peaks are increased by 24 nm and
31 nm for the first order monopole and dipole modes, respectively, at the lowest laser power.
This red-shift shows a very intimate contact between the facet and the cavity membrane. The
FDTD calculations predict the red-shifts to be 21 nm and 23 nm for the corresponding modes.
The possible cause of stronger red-shifts in the PL spectra is the existence of dust that may
attach to the cavity membrane during the fabrication of the device. Increasing the laser power
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to 1 mW causes further red-shifts about 4 nm which is comparable with the rough estimation
around or more than 3.7 nm/mW red-shift (see Ref. [16]).
Further increase of the laser power makes the signal from the cavity modes is easily distinguishable from the peaks from the Fabry-Pérot effect. The reason is that the PL intensity
is proportional to the laser excitation power but the background source emission is (nearly)
constant. At high power, the spontaneous emission of the quantum dots dominates the background.

Figure 5.9: The PL spectra of the cavity membrane on the facet of a single mode optical fiber
with different laser power.

5.3.2

Sensing experiments

The sensing experiments are performed in order to give the experimental proof of the working
principle of the sensor with the working scheme shown in Fig. 5.1. To ensure that the peaks are
visible in the spectra, the laser power of 1 mW is used. The PL spectra of the cavity membrane
on the optical fiber when it is exposed to air and when it is immersed in the distilled water
are shown in Fig. 5.10a. The first order monopole and dipole modes’ wavelengths red-shift
by 23 nm and 20 nm, respectively. FDTD calculations are performed to verify the observed
red-shifts. In the calculations, the refractive index of the distilled water is set to be 1.318 [64],
its value at the wavelength of 1550 nm. The situation where the cavity membrane is immersed
in water and the holes are filled by it gives red-shifts of 33 nm and 37 nm for the first order
monopole and dipole modes, respectively. Another situation where the holes are not filled by
water gives the red-shifts of 12 nm and 13 nm for the corresponding modes. The discrepancies
from the calculation result indicates that the holes are partially filled by water. It is very likely
because the holes are initially filled by air, inhibiting the infiltration by water when the cavity
membrane is immersed in the water.
A new peak around 1550 nm appears when the cavity membrane is immersed in water.
It is suggested that the peak is due to the first order quadrupole mode which should appear
in the shorter wavelength when the cavity membrane is surrounded by air. The PL spectra
measurements with various laser power are done in order to verify this. The spectra are shown in
Fig. 5.10b. The signal is low and almost buried in the background emission and the noise when
the laser power is low. The evidence that the peak becomes clearer for higher power indicates
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(a)

(b)

Figure 5.10: The PL spectra of the cavity membrane on the facet of a single mode optical fiber
when it is surrounded by air and when it is immersed in water with the laser power of 1 mW
(5.10a). The PL spectra of the cavity membrane on the facet of a single mode optical fiber
when immersed in water with different values of laser power (5.10b).
the enhancement of the quantum dots emission due to the mode resonance. It suggests that
the peak comes from the resonance of the first order quadrupole mode.
The FDTD calculation for the completely filled holes suggests the red-shift of 50 nm for the
first order quadrupole mode. By the argument that the holes are not completely filled by water,
it is roughly estimated that it undergoes the red-shift of around 30 nm. This number comes
from the comparison of the red-shifts of the first order monopole and dipole modes. It means,
when the cavity membrane is not immersed, the wavelength of quadrupole mode is around
1520 nm. Looking back at the spectra in Fig. 5.9, it is seen that there is a bump appearing at
around 1520 nm when the laser power is set to be higher. The wavelength of the bump shifts
to the red direction with the increasing of the laser power, showing that the bump is due to
the quadrupole mode.

5.4

Conclusions

A novel type of optical fiber-based chemical sensor is realized. The device consists of a single
mode optical fiber where an H0 cavity membrane is immobilized on one of the facets of the
fiber. The cavity membrane is an active emitter because of the inserted self-assembled quantum
dots. The sensor works by exciting the cavity membrane with a laser from the free end of the
optical fiber and collecting the PL signal from the same end. The shift of the wavelengths of
the peaks is used for the sensing purpose. The working principle is based on the possibility
to have the cavity membrane firmly immobilized on a facet of a single mode optical fiber, to
observe peaks in the PL spectra at the wavelength of the cavity modes, and to observe the shift
of the cavity modes’ wavelengths due to the existence of another substance surrounding it.
The experiments on immobilizing the cavity membrane on the facet of the optical fiber
give successful results. The process of taking the cavity membrane is observed not to alter
the main optical property of the cavity membrane, i.e. the wavelengths of the cavity modes.
Furthermore, the cavity membrane can be positioned precisely on the core of the single mode
optical fiber. The contact between the cavity membrane and the facet of the optical fiber is
intimate as shown by the red-shift of the wavelengths of the first order monopole and dipole
modes. The calculation gives the possibility of the coupling between the cavity modes and the
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mode from the optical fiber. It is visible from the PL spectra of the cavity membrane when it
is on the facet of the optical fiber. The red-shifts of the peaks in the PL spectra when the facet
with a cavity membrane attached on it is immersed in the distilled water gives the proof that
the change of substance is felt by the cavity membrane’s modes. In different words, the sensing
work is performed. All of these give the proof of the working principle of the novel type of
optical fiber-based sensor. The presently used cavity membrane is not designed for this purpose
and has a poor coupling to the optical fiber. For future application, a cavity membrane with
much stronger vertical beaming can be designed [61].

80

Chapter 6
Summary and outlook
6.1

Summary

Photonic crystal cavity membranes are known as useful devices to confine electromagnetic field
in a small region. If active emitters are inserted in the membrane, the electromagnetic field
confinement enhances the PL emission at the wavelength of the cavity modes. The dependency
of the wavelengths of the cavity modes on the refractive index of the surrounding materials
is also well known and is already used for chemical sensing applications. Furthermore, the
possibility of tuning the wavelengths of the cavity modes with lithographic methods makes it
possible to use photonic crystal cavity membranes for multiplexed assays based on suspensionarrays once they are released from the growth substrate as free encoded particles. The particles
are encoded by the spectrum of their cavity modes. With the ultimate goal of having photonic
crystal cavity membranes as free encoded particles, experiments are done in two directions. The
first direction focuses on the study of realizing the photonic crystal cavity membrane particles
and on some aspects related to the properties of such particles. The second direction focuses on
the application of the fabricated a single cavity membrane particle in realizing a novel optical
fiber-based chemical sensor.
In order to realize the idea of having photonic crystal cavity membrane particles, photonic
crystal cavity membranes made from InGaAsP are fabricated on the InP substrate. The cavity
membranes are first designed to be suspended in air, supported by two bars that connect them
to the InGaAsP thin layer which is grown on the substrate. A technique named the stamping
technique is performed to transfer the cavity membranes from the InP substrate to another
substrate. This technique employs a stamping material that can stick to the cavity membranes
when it is attached to the sample. In this project, the stamping material used is a blue tape that
has some glue on it. When the blue tape is removed from the sample, the cavity membranes
are released from the substrate and stick to the tape. The sticking cavity membranes are
transferred to the surface of another substrate by attaching the tape to the new substrate, i.e.
glass, so that the intimate contact between the cavity membranes and the glass surface can be
made by pressing the tape gently. The strong bonding is formed following the appearance of
the intimate contact. This bonding keeps the cavity membranes to stay on the surface of the
glass after the tape is removed.
The PL spectra of the cavity membranes that are successfully transferred to the glass
substrate and the ones that stay on the blue tape after the experiments are measured in
different situations: when the cavity membranes are suspended in air, in between the glass and
the blue tape, and on the glass or on the blue tape. The shift of the wavelengths of the cavity
modes gives information about the origin of the bonding between the cavity membranes and
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the glass. It is found that the cavity membranes stay on the surface of the glass solely due to
the surface-surface interaction between the glass surface and the cavity membrane.
The nano-manipulation experiments are done in order to have a cavity membrane as a
single particle and to study some of its features. A passive tool consisting of a tapered optical
fiber immobilized on a nano-manipulation stage is used. The tapered fiber breaks the bars that
support the cavity membranes while the cavity membranes stick on the tapered fiber after being
released from the InP substrate. The nano-manipulation does not change the optical properties
of the cavity membrane as shown by their PL spectra. It means that the manipulation technique
is promising for future experiments on manipulation of the cavity membranes as single particles.
Further nano-manipulation experiments show that the PL spectra reflect the intimate contact
made when the cavity membranes are immobilized on the glass substrate.
During the nano-manipulation experiments, the phenomenon of the jumping cavity membranes that land on the InGaAsP substrate with non-horizontal position is observed. It is
attributed to the electrostatic interaction that takes place because the cavity membranes are
charged. A qualitative model is constructed to explain the tendency of the cavity membranes
to land in non-horizontal position based on the electrostatic interaction between the InGaAsP
surface and the cavity membranes. The evidence that the standing cavity membranes are robust
to some hard treatments suggests the appearance of an interaction other than the electrostatic
interaction between the cavity membranes and the InGaAsP surface once the contact between
them takes place. It is proposed that the van der Waals force between surfaces is the force
responsible for it. The nano-manipulation can be realized when the cavity membranes are in
non-horizontal position on the InGaAsP surface and on the glass. Some cavity membranes are
put in deterministic arrangements while they are standing vertically on different substrates.
All manipulation experiments are done under the optical microscope at the room temperature
without clean room condition, suggesting the realization of various three dimensional structures
with a simple technique.
The experiments on coupling a cavity membrane to an optical fiber are performed. It is
possible to position the cavity membranes on the core of the SMF-28 optical fiber. The intimate
contact between the cavity membranes and the facet of the optical fiber is easy to make. The
PL spectra of the cavity membrane on the facet of the optical fiber are measured by exciting
it with a laser while the emission is collected from the same fiber and led to the spectrometer
by using a splitter. The peaks in the PL spectra of the cavity membrane on the facet of the
optical fiber due to the cavity modes are observed although the collected signal is weak due to
the poor coupling of the cavity modes and the fiber modes. When the facet with the cavity
membrane on it is immersed in the distilled water, the red-shift of the wavelength of the cavity
modes is visible. Comparison with the performed FDTD calculation suggests that the holes
are only partially infiltrated by water, causing the weaker red-shifts of the modes compared to
the expected red-shift obtained from the calculation result. All in all, the experiments give the
experimental proof of the working principle of the cavity membrane-coupled-to-an-optical fiber
sensor.

6.2

Outlook

The success in realizing the idea of the particles of cavity membranes gives rise to the possibility
for the future works and applications. The success of performing the stamping technique
shows it is possible to transfer several cavity membranes from the growth substrate to another
substrate by making use of the strong interaction between the cavity membrane with the
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new substrate. Although not performed in this project, it is expected to work also with new
substrates other than glass. Obviously, the need to use another stamping material is evident.
The single cavity membranes can have several applications besides the multiplexed assays
discussed in Chapter 1. The possibility to encode the cavity membranes makes it possible to
use cavity membrane particles as ID tags. For example, the encoded cavity membrane(s) can
be implemented on objects or documents to prevent counterfeiting. Another application is
the realization of three dimensional photonic structures like three dimensional photonic crystal
cavities from stacked cavity membranes using the nano-manipulation technique performed in
this project or even three dimensional photonic chips. The nano-manipulation performed in
this project is promising in the sense of simplicity. It is performed under an optical microscope
without any special condition.
The working principle of the cavity membrane-coupled-to-an-optical fiber sensor that has
been proven is promising for the realization of a novel type of optical fiber-based chemical
sensor. In a very simple and conservative application, it can be used to measure the refractive
index of certain liquids by exposing the sensor with a type of liquid in a remote area while the
signal is collected somewhere else. The improvement of the vertical beaming of the radiation
from the cavity modes needs to be done. This improvement can be done, for example, by
using different designs of cavity membrane as proposed in Ref. [61]. The vertical beaming
improvement can be realized by lithographic methods which are very common with technology
existing nowadays.
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Appendix A
Calculation methods
Solving the Maxwell equations, that have been simplified as a master equation (2.17) for structures studied in this project, is needed to predict or to verify the experimental results. It is
almost impossible to solve the Maxwell equations analytically for complicated structures like
the ones that exist in the experiments. In fact, they are solved numerically in most cases. Some
methods to solve the Maxwell equations numerically are well known. In this part, the methods used in doing the calculations are briefly discussed. They are the Plane Wave Expansion
(PWE) and the Finite Difference Time Domain (FDTD) methods.

A.1

Plane Wave Expansion

The PWE method is used in order to solve the master equation (2.17) for structures with
~ = (~r), where R
~ is a lattice vector. To be more precise, this
periodic dielectric function (~r + R)
method is applicable to solve eq. (2.24). The periodicity of the dielectric function guarantees
that (~r)−1 can be expanded as a Fourier series,
∞


X
1
~ n · ~r ,
=
Cn exp −iK
(~r) n=−∞

(A.1)

~ n are the reciprocal lattice vectors introduced in Section 2.2 and Cn are the Fourier
where K
~ ~ (~r, t), can be expressed as a linear expression of
coefficients. The solution of eq. (2.24), U
ω,k
the basis of a Hilbert space H which is equivalent to the Hilbert space HH~ . The PWE method
~ ~ (~r) in expanding the solution of the eq. (2.24) as a linear
makes use of the periodicity of U
ω,k
~ m ·~r), where m = · · · , −2, −1, 0, 1, 2, · · ·, resulting
combination of the plane-wave basis exp(−iK
~ ~ (~r) =
U
ω,k

∞
X



~ m · ~r ,
~um (~k) exp −iK

(A.2)

m=−∞

~ ~ (~r) in eqs. (A.1)
where ~um (~k) are the expansion coefficient. By substituting (~r)−1 and U
ω,k
and (A.2) into eq. (2.24) one find that the eigenvalue problem in the real space which includes
partial differential operators is brought into an equivalent eigenvalue problem in the reciprocal
space which is in the form of matrix equations. At this stage, the matrices included are infinite
in size. Cutting off the values of n and m at a reasonable large integer makes it possible to
calculate the eigenvalues using computer programs. The angular frequency of the mode is
obtained from the eigenvalue ω 2 /c2 . In this project, the PWE method is applied in calculating
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the band structure of the photonic crystal membrane. A free software from Massachusetts
Institute of Technology (MIT) which is specialized to in doing this calculation [65], called
MPB (MIT Photonic Bands), is used in this project.

A.2

Finite Difference Time Domain

The Finite Difference Time Domain (FDTD) method solves the Maxwell equations in the
time domain where space and time are divided into a regular grid and the involved partial
differential equations are discretized using a central-difference approximation. To illustrate
the central difference approximation, consider a function f that depends only on one variable
x. The central difference approximation approximates the differential of f at a value x as the
difference between the value of f at x + ∆x/2 and it is at x − ∆x/2, given that ∆x is reasonably
~
small to approximate the differential of x. The Maxwell equations relate the electric field E
~ where the change of E
~ in time is dependent on the change of H
~ in space
and magnetic field H
and vice versa. As a result, in a given (differential) volume in space, the electric field vector
components are solved at a given instant of time t and the magnetic field vector components in
the same volume are solved at the next time step t+∆t/2, where ∆t is the approximation of the
differential of t. This process is repeated until the steady-state behavior of the electromagnetic
field is fully evolved and the electric and magnetic fields are updated in time. Furthermore,
the value of the electric field at a certain time t depends on its value at t − ∆t which is stored
by the computing tool used and the numerical rotation of the magnetic field in the space at
t − ∆t/2. Similar thing happens also to the value of the magnetic field at a certain time t in
relation with its value at t − ∆t and the numerical rotation of the electric field in the space at
t − ∆t/2.
Another free software from MIT called meep [66] is used in performing the FDTD calculations in this project. It is used to determine the frequency of the cavity modes and the spatial
distribution of the components of the magnetic and electric fields of the related modes. The
calculation of the frequency of the cavity mode makes use a software to solve the harmonic
inversion problem. It is done by investigating the value of one component of the magnetic or
~ at a certain point in the
electric field (mainly it is the z component of the magnetic field H)
cavity. In a discretized time, a signal g in a finite time range is a sum of sinusoidal functions
with different complex angular frequency,
g(t) =

N
X

gs exp(−iωs t),

(A.3)

s=1

where the real part of each ωs gives the frequency of the signal (the mode) while its imaginary
part gives the decay constant.
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