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Abstract

Fiber optic sensors represent an important class of sensors with a large number
of favorable properties, which together with their low-cost, gives them widespread
use in many applications. The design, fabrication and experimental demonstration
of an optical displacement sensor fitted on the core (9 µm diameter) of an optical
fiber tip are presented. A square lattice photonic crystal in a double membrane
structure is designed to couple efficiently with a radiation field perpendicular to
the membranes. For this purpose modes around the Γ-point (zero in-plane wave
vector) are used. Implementing a lateral gradient in the hole-sizes confines the
mode field to the size of the optical fiber core and increases the quality factor.
During the device fabrication, a trench is etched around the device to make the
release of the device possible, using two thin supporting beams. In order to keep the
membranes from collapsing, a protective silicon-nitride layer has been deposited
during fabrication. We demonstrate that the double membrane device can be
successfully transferred from the chip to the fiber tip using a nanomanipulation
technique. The photoluminescence and reflection spectra are obtained for the device
on the fiber tip using excitation and collection via the optical fiber. The reflectivity
is used as a probe for the cavity structure during the sensing experiments, where we
show the capability of our fiber tip sensor to detect sound waves with a high pressure
sensitivity of 10 mPa/Hz1/2. In addition to sound wave sensing, the sensitivity to
displacement of the presented device can be generally deployed for the measurement
of forces and (ultra)sonic waves.
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1
Introduction

Optical sensors belong to the class of sensors with the highest sensitivity and
have a widespread use in many applications. A famous example of an extremely
sensitive optical measurement is the first detection of the gravitational waves by the
LIGO collaboration, awarded with the Nobel Prize in 2017 [1, 2]. The atomic force
microscope (AFM) is another well-known example of a sensitive optical measurement
of the mechanical motion of a small cantilever, induced by the forces between a
surface and the cantilever [3]. These are just two examples from the diverse world
of optical measurements.

Optical fiber sensors form a special class of the optical sensors. They typically
provide a high sensitivity and are able to resist electromagnetic interference, making
the technology compatible with many modern electronic devices. The sensor
presented in this thesis belongs to the class of optical fiber sensors with a sensing
device mounted on tip of the optical fiber.

1.1 Optical fiber sensors

The fiber optic endoscopy is one of the first examples of a fiber optic imaging sensor,
as developed in the first half of the twentieth century [4]. An endoscope usually
consists of two fiber optic bundles, one for illumination of the region of interest and
the second used for collection. In the present day the endoscope is still a commonly
used instrument in the medical field.

In the mean time, the field of optical fiber sensors has vastly expanded
and the fiber Bragg grating (FBG) sensor has become one of the most used in
applications. The first FBG was demonstrated by Ken Hill in 1978 [5], however,
the fabrication technique invented by Gerard Meltz and colleagues [6] is regarded
as the milestone for the FBG sensors. The FBG makes use of a Bragg reflector
in a short segment of an optical fiber (see figure 1.1a), which reflects light with
specific wavelengths and transmits all others. The reflected wavelength depends
on the temperature and strain of the optical fiber and the shifts in the wavelength
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Chapter 1. Introduction

can be measured very accurately. The small dimensions, the long-term stability,
wavelength multiplexing, remote operation over long distances and the immunity to
electromagnetic interference are advantages that the FBG sensors offer [7, 8].

The most common sensing applications of the FBG are in strain and temperature
measurements [9]. This makes the FBG sensors highly applicable in structural
health monitoring of civil engineering infrastructures for which both the strain
and the temperature are important parameters [10, 11]. The increasing demand
for reliable structural health conditions of bridges and viaducts due to the growing
traffic volumes can be met using the FBG sensors [12, 13]. Another application
of the FBG temperature sensor is for in vivo use in the human body for medical
applications [14]. This sensor can be used in the medical treatment of cancer by
exposing body tissue to higher temperatures.

The photonic crystal fiber (PCF) sensors form another extensive class of optical
fiber sensors. A PCF is an optical fiber which obtains its waveguide properties from
a specific arrangement of air holes, most commonly arranged periodically over the
cross section, which extend through the whole length of the fiber (see figure 1.1b).
They can be deployed in a large variety in applications since the air holes inside the
glass fiber can be filled with different mediums (liquid, gas, or even solid) causing
a change in the the refractive index difference between the two media [15]. High
temperature sensitivies were demonstrated by filling the air holes of the PCF with
quantum dots aqueous solution [16], high thermo-optic coefficient polymers [17] or
alcohol [18]. Other applications of the PCF are in magnetic field sensors [19, 20],
acetylene gas sensors [21, 22] or electric field sensors by filling the PCF with liquid
crystals [23].

(a)
(b)

Figure 1.1: Sketch of a) a Fiber Bragg grating [24] and b) a photonic crystal
fiber [25].

1.2 Optical fiber tip sensors

The optical fiber tip sensors form another class of optical sensors for which the
sensing element is located at the fiber tip, in contrast to in-fiber sensing elements
(with relatively large lengths (> cm’s)) as in FBGs. The small (125 µm) cross section
and large aspect ratio of the fiber tip sensor, together with its biocompatibility
and mechanical robustness support accessing several hostile environments [26]. A
fiber-tip pressure sensor made of silica glass is not harmful or toxic to living
tissue and is compatible with the used sterilization procedures and the size of
medical needles, making it suitable for the monitoring of intravenous blood-pressure
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Chapter 1. Introduction

[27–29], examination of the spinal condition by measuring the pressure [30] or the
measurement of oxygen concentration levels in hypoxic tumors during radiotherapy
treatment to distinguish them from healthy tissue [31]. In addition, the immunity to
electromagnetic interference makes the fiber-tip sensor compatible with the magnetic
resonance imaging (MRI) system as for example used in catheterization procedures
[32].

Furthermore, this electromagnetic interference immunity supports the detection
of acoustic waves generated by high voltages discharges in power transformers [33].
The tolerance of optical fibers to extreme pressure and temperatures makes them
also suitable for applications in continuous pressure monitoring in an underground
oil well [34], explosive shockwaves measurements in air [35] and monitoring the
performance of a turbine engine [36].

1.2.1 Fabrication of the optical fiber tip sensor

The small cross section in combination with the relatively long length of the optical
fiber makes the fabrication of the micro- and nanoscale sensor elements relatively
difficult. The fabrication of every fiber tip sensor starts with the preparation of
the fiber tip itself. A flat fiber facet perpendicular to the long axis of the fiber
is required for optimized sensing. The highest quality fiber facets are prepared by
the time-consuming and expensive method of polishing the fiber tip, as used in the
fabrication of fiber-optic connectors [37]. However, the mechanical cleaving of the
fiber is the most accessible technique that produces a sufficiently smooth fiber facet
for the majority of applications.

After the fiber tip preparation, the sensor itself is fabricated via planar
fabrication technologies, through-fiber patterning or hybrid transferring techniques.
In the first method the technologies used for fabrication on planar sample substrates
are applied to the fiber tip. The patterning techniques can be applied intrinsically,
i.e. by displacing or removing material from the silica fiber itself, or extrinsically by
the addition of other materials. A selection of the used patterning techniques are
photolithography [38, 39], electron-beam lithography [40, 41] or focused ion-beam
milling [42–44]. However, the planar fabrication method is rather difficult to
implement since most of the used machines are not compatible with the small cross
section and large aspect ratio of the optical fiber.

In through-fiber patterning, the light transmitted through the fiber is used for
the patterning of an external material on the fiber tip, instead of using one of the
previously mentioned techniques for external patterning. Using this method, sensing
structures are fabricated with a perfect alignment with respect to the fiber core. This
photolithography technique is used e.g. for the fabrication of polymer tips [45, 46]
and metal nanoparticles and nanowires [26,47] on the fiber tip facet.

The hybrid techniques combine the fabrication techniques used on large planar
substrates with a transfer of the fabricated micro- or nano-sized structures to
the fiber tip. The micro-sized sensing elements are mainly pressure sensors and
cantilevers [26]. The most widely used method to mount a microscopic pressure
sensor on a fiber tip is by fabricating a lithographyically defined sleeve structure
based on silicon [48] or polymers [49] matching the fiber size, which is transferred
to the tip (see figures 1.2a and 1.2b). This method provides a passive alignment
between the sensor element and the fiber tip together with a robust mechanical
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Chapter 1. Introduction

coupling, however, the benefit of the small fiber cross section is sacrificed. A smaller
sleeve size is obtained by partially removing the cladding of the fiber [50] or using a
tempory external sleeve during the alignment of the sensor on the fiber tip [28, 51]
(see figures 1.2c and 1.2d).

(a)

(b)

(c)
(d)

Figure 1.2: a) Three-dimensional sketch and b) SEM image of the sleeve fiber
tip pressure sensor [49]. c) Sketch of the process of sensing element to optical
fiber tip and d) SEM image of the completed pressure sensor [28].

Both the techniques used to transfer nano-sized structures and the possible
applications are more diverse in comparison to sleeve method used for the structures
with micrometer sizes. Gold nanodots, nanorods or nanowires can be transferred
to the fiber tip using a carrier film while maintaining the separation between the
nanostructures [52,53] (see figure 1.3a). The transferred nanodots operate as optical
antennas in SERS sensing. A simpler transfer process makes use of ultramicrotomy
to obtain a polymer membrane with embedded nanostructures [54]. The sliced
membrane floats in a water bath and is then transferred to the fiber tip (see figure
1.3b).

The use of a carrier film is not required when the nano-sized holes in a photonic
crystal are used as nanofeatures [55, 56]. A mechanical probe is used to transfer
the photonic crystal structure from the original substrate to the fiber tip (see figure
1.3c). The photonic crystal fiber tip sensor is used as a refractive index sensor via
a photoluminescence measurement. It should be noted that in all three mentioned
transferring methods the Van der Waals force is sufficient to attach the structures
to the flat fiber tip surface.
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Chapter 1. Introduction

Figure 1.3: Different methods used for transferring nanostructures to the fiber
tip. a) Transferring metallic nanostructures using mechanical contact [53]. b)
Transferring a membrane slice with embedded nanostructures via a water bath
[54]. c) Photonic crystal membrane transferred using a mechanical probe [55].

The first work on periodic dielectric structures as photonic crystals (PhC)
dates back to the English physicist Lord Rayleigh with experiments on a periodic
multi-layer dielectric stack [57]. Presently, periodic structures are commonly used
to manipulate light with applications in devices suitable for sensing. Additionally to
the mentioned application in refractive index sensors [55, 56], the PhC membranes
mounted on an optical fiber tip are used for sensing nanoparticles [58] and sound [59].
In section 2.3 the theory of PhCs is presented.

1.3 Double membrane photonic crystal fiber tip sensor

The PhC structure can be patterned on two coupled parallel membranes (see
figure 1.4). In such a double membrane system the wavelength of the optical
resonant modes strongly depends on the membrane separation [60,61]. The possible
actuation of the membranes in the coupled PhC cavity structure extends the sensor
applications to parameters where force fields are involved e.g. pressure, sound or
electric field. These forces induce a displacement of the membrane which causes a
shift in the resonant wavelength of the cavity structure. This is explained in more
details in section 2.4.

A Fabry-Pérot (FP) optical cavity can be used to explain the basic idea behind
the optical sensing of motion. For this we consider a FP having one mirror fixed
and one movable mirror allowing adjustments in the cavity length. The resonant
wavelength depends on the cavity length and can be changed by displacing the
mirror, forming an optomechanical system. Highly sensitive optical measurements
of mechanical motion can be performed due to the sharp cavity resonances as a
function of the mirror displacement.
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Chapter 1. Introduction

Figure 1.4: Sketch of the PhC patterned on a double membrane structure. Half
of the structure is shown and the airgap is indicated as the distance between the
two membranes.

Recent work shows new applications of the double membrane structure in high
resolution spectrometers and wavelength and displacement sensors [62, 63]. The
fiber tip sensor presented in this work uses similar concepts as in the recently
developed double membrane displacement sensor of Zobenica et al. [62]. The
fabrication of the double membrane structure on the fiber tip is based on the hybrid
fabrication technique as used for the single photonic crystal membrane refractive
index sensor [55, 56]. However, the presented double membrane device requires
significant modification of the planar fabrication, the PhC design as well as the
transfer method. The PhC design is based on the double membrane squared photonic
crystal gradient structure presented by Roh et al. [64]. Using band-edge modes at
the Γ-point (zero in-plane wave vector) allows for vertical outcoupling of the emitted
light while optimizing the quality factor of the resonant mode [64–67]. The structure
used in this work has been optimized to match the mode size with the optical fiber
diameter.

Recently, several relevant and related developments are presented in the class of
double membrane PhC sensors. An example is the application of the displacement
fiber tip sensor to an AFM [68,69]. In this application the two PhCs are separated by
a silicon spring allowing the extraction of topographic information from its reflected
light. However, the mechanical frequency of this sensor is relatively low (2 kHz),
limiting the operation bandwidth.

1.3.1 Sensor specifications

A figure of merit for the designed sensor can be defined as Q · dλ/dx, where the
Q factor (Q) is inversely related to the resonance linewidth ∆λ of the resonances
and dλ/dx (x the displacement) defines the optomechanical coupling of the double
membrane system. The figure of merit states that both a high quality factor and a
strong optomechanical coupling are required for a sensitive sensor.

In order to justify the definition of the figure of merit, we observe that sensitivity
of the sensor can be defined using the measured reflectivity. During the sensing,
the reflection signal is obtained by measuring the reflected power as a function of
the wavelength P (λ). The used photodetector has a sensitivity specified by the
Noise Equivalent Power (NEP), which corresponds to the signal power that gives a
signal equal to the noise in a 1 Hz output bandwidth. Using these parameters, the
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displacement sensitivity is defined as:

δx = (dx/dλ)(dλ/dP )×NEP ∝ 1

Q · dλ/dx
(1.1)

where the derivative of the resonance curve dP/dλ is proportional to the Q factor
resulting in a displacement sensitivity inversely proportional to the figure of merit.

The reflectivity signal is used to probe the optical resonances of the cavity. This
is a great advantage compared to PL read out [56], since a significantly higher
sensitivity can be reached using reflection. This can be seen from equation 1.1
which states that δx ∝ NEP/(dP/dλ). The term in the denominator can be
approximated by Pmax/∆λFWHM , giving δx ∝ NEP/Pmax. The reflected laser light
causes the value of Pmax to be several orders in magnitude higher in the reflectivity
measurements as compared to the power of the photoluminescence signal, resulting in
a higher sensitivity for the reflection measurements. Additionally, the low intensity
of PL requires expensive spectrometers equipped with liquid-nitrogen cooled InGaAs
detector arrays, while reflectivity measurements require only a photodetector.

The 17 × 17 µm2 sensor presented in this work is among the smallest devices
in an emerging class of optical fiber sensors fabricated on the optical fiber tip [26].
The corresponding high mechanical frequency of the devices makes it interesting
for high-frequency applications where a large operation bandwidth is required i.e.
ultrasound applications with a large frequency range.

1.3.2 Acoustic sensing

The double membrane PhC fiber tip sensor can be used as a microphone to measure
acoustic waves by analyzing the induced displacement of the membrane. The typical
quantities characterizing the acoustic world are very small. For example, a friendly
conversation induces acoustics waves with a pressure ∼ 20 mPa, which produce
movements of the human eardrums typically in the order of 0.1 µm [70]. These are
large displacements compared to the present days optical microphone standards, e.g.
the device presented in this work is expected to measure displacements in the order
of tens of picometers.

Acoustic sensors are used in multiple disciplines and therefore have a strong
variety in their performance requirements [59]. A state-of-the-art microphone using
capacitive sensing provides a high sensitivity of 0.1−1 µPa/Hz1/2 in a bandwidth of
10 Hz to 10 kHz [71]. However, this type of electrical microphones are produced at
relatively high costs and have a relatively large size (∼ 1 cm). For these reasons, this
type of highly sensitive electrical microphones are not suitable for e.g. smartphone
applications. Instead, the smartphones contain several microphones based on
microelectromechanical systems (MEMS) [72], which are significantly smaller (∼ 1
mm) but also have a lower sensitivity.

Apart for electrical acoustic sensors, strong activities are currently underway
with the aim of developing optical acoustic sensors which can also reach extreme
sensitivities [73]. An example is the ultra-small integrated optical resonators
operating as (ultrasound) micro- or hydrophones [74]. Additionally, the sensitive
detection of ultrasound waves can be applied to biomedical photoacoustic imaging
[75–77].
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A special type of optical acoustic sensors are those that use optical fibers. An
example of this is a hydrophone device containing a single-membrane PhC placed
on a distance of ∼ 30 µm from the fiber tip [59]. This sensor device shows a very
high sensitivity of 2.6 µPa/Hz1/2. However, the device has a size in the order of
centimeters since the optical fiber and PhC membrane are fixed using an aluminum
housing.

An acoustic sensors placed on an optical fiber tip allows for miniaturized
flexible ultrasound receivers [73, 78, 79]. An example of a miniaturized sensor
is a microresonantor sensor placed on the optical fiber tip reaching a relatively
high sensitivity of 2.1 mPa/Hz1/2 in combination with a frequency range up to 40
MHz [73]. However, it should be noted that this 16 µm thick acoustic sensor with
a diameter equal to the optical fiber (125 µm) is still relatively large compared to
the 0.6 µm thick double membrane PhC sensor with a size of 17×17 µm2 presented
in this work. The possibility of using optical fibers with an even smaller diameter
makes our sensor device preferable for applications in limited space.

The PhC double membrane fiber tip device presented in this work has an
expected sensitivity of 10 mPa/Hz1/2. This sensitivity can be significantly enhanced
by optimizing the device fabrication. This is expected to result in a 10× increased
Q factor. Secondly, the sensitivity can largely be improved by optimizing the
reflectivity of the device, which is currently just ∼ 0.2%. The improvements will
cause the sensitivity to be several orders of magnitude higher than reported for other
acoustic fiber tip sensors [73]. Additionally, the high mechanical frequency of our
ultra-small double membrane sensing structures allows a bandwidth up to a few
MHz matching the requirements for most of the ultrasound applications [80].

1.4 Goals and outline of the thesis

The goal of this work is to design, fabricate and experimentally demonstrate an
optical fiber tip sensor based on the concept of a double membrane photonic crystal.
The sensor device should be designed such that it supports high quality resonances
i.e. the resonant signal exhibits a steep variation with the wavelength. Additionally,
the light emitted from the cavity structure should couple well into the low numerical
aperture optical fiber. In chapter 2 the theoretical background is explained as
needed for the optimization of the photonic crystal design which is presented in
chapter 3. In chapter 4 the methods used for fabrication and experimental
characterization of the on-chip and on-fiber tip devices are described. The fabricated
structures on-chip are experimentally investigated in chapter 5, first using a free
space measurement setup equipped with a microscope objective for optical input.
After this, the optical spectra for the structures on chip are obtained using an optical
fiber for excitation and collection from the top. In chapter 6 the nanomanipulation
technique used for transferring the releasable double membrane devices to the fiber
tip is explained, followed by the experimental demonstration of sensing acoustic
waves optically. The thesis is concluded with the perspectives for further applications
and proposals are given for further improvement of the sensitivity and stability of
the optical fiber tip sensor (chapter 7).

8



2
Design of surface normal emitting

nanomechanical devices

2.1 Light confinement at the nanoscale

The goal to place a sensor device on the tip of a single mode optical fiber imposes
a severe limit to the size. In this application the excitation and collection of
the resonant structure will be performed via the 9 µm optical fiber core. In
order to fulfill this requirement a device with a strong confinement of the light
should be implemented. Light can be confined in a cavity by forming a certain
combination of mirrors such that a standing-wave resonator is formed. One of the
best known examples of this type of light confinement is the Fabry-Perot cavity, in
which electromagnetic waves are confined by the multiple reflections between two
mirrors [81]. For the light confinement on much smaller, wavelength-sized scales
other mechanisms to confine the light have been investigated in the last decades.
In this chapter two of these other types of optical resonators are explained, namely
high contrast gratings and photonic crystals. These two resonators can both be
designed in such a way that a surface-normal emission is obtained, as required by
the small numerical aperture (NA) of an optical fiber (NA∼ 0.14, corresponding
to an acceptance angle of ∼ 8◦ with respect to the fiber axis). This is followed
by an explanation of how these mechanisms can be implemented in a design for a
displacement sensor.

2.2 High contrast gratings

The high contrast gratings (HCGs) form a class of planar optical structures that use
subwavelength gratings with a large refractive index contrast for light confinement
[82,83] as shown in figure 2.1a. The design can be chosen in such a way that either
an ultrabroadband reflection close to 100% is reached or sharp resonances with
high quality factors (Q factors) are supported which can couple to a surface-normal
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Chapter 2. Design of surface normal emitting nanomechanical devices

input/output [84]. This makes them suitable for a range of surface-normal optical
devices like vertical-cavity surface-emitting lasers and optical sensors [85–88]. The
high refractive index grating bars are completely surrounded by lower refractive
index materials/mediums, which gives rise to some extraordinary features. Figure
2.1b shows the operation principle of the HCG, which is based on the interference
between the directly reflected light and the light that is first coupled into the grating
structure and then coupled back out again. In a sub-wavelength grating, there are
no diffraction orders except the 0th order in transmission or reflection. In addition a
diffraction into a in-plane propagating mode is possible. By adjusting the thickness
of the grating tg, the width s and its periodicity Λ the resulting interference between
those two pathways can be controlled [89].

(a)

(b)

Figure 2.1: a) A sketch of a HCG structure taken from [83]. The dielectric
bars with high refractive index nbar are surrounded by a low-index medium n0
and placed on top of a second low-index material n2. Λ is the grating period,
a the airgap width, s the bar width and tg the grating thickness. b) Schematic
representation of the transmission and reflection of the grating structure, arising
from the interference between the light going via the direct pathway and light
going via resonant pathways, taken from [89].

The implementation of the HCG grating with high-Q-factor devices and high
reflectivity is potentially useful in an optical fiber tip sensor application. In order to
be applicable for fiber tip sensors the optical mode size should be controllable in both
in-plane directions in order to match the size and the shape of the circular fiber core,
which is not possible with the one-dimensional gratings of figure 2.1a. This problem
can be solved using two-dimensional structures, in which the large refractive index
contrast is periodically implemented in two directions instead of just one [90, 91].
Additionally, there is a concern using the HCG for the small area (9 µm diameter)
of the fiber core. This follows from the fundamental laws of diffraction which imply
that a strong optical confinement is inevitably accompanied by a strong angular
distribution. A strong angle dependence of the wavelength λ(θ) for these HCG
structure has been reported [92, 93]. Previous work in our group shows that the Q
factor will decrease significantly when the angle is only slightly changed. For this
reason, the fiber tip sensor design presented in this work is not based on a HCG.

A two-dimensional control of the optical mode pattern is feasible using photonic
crystals (PhCs) as is explained in the following section. The approach for our design
is based on the work of Roh et al. [64], where a double membrane is structure is
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implemented as well. They report good vertical coupling of relatively high-Q (∼
1600) photonic crystal cavity resonances where control of the mode size is achieved
by applying a gradient in the hole radii.

2.3 Photonic crystals

Photonic crystals are structures in which the relative dielectric constant ε(r) is
periodically modulated in space according to ε(r + R) = ε(r) [94], where R is the
lattice vector. The existence of this periodicity in PhCs results in specific reflection
and transmission electromagnetic patterns, which are also known to be responsible
for some colorful nature phenomena as the wings of a butterfly [95] or the feathers
of a peacock [96] (see figure 2.2). For a three-dimensional structure the periodicity
is defined by three primitive lattice vectors (ax, ay, az) forming the lattice vector of
the PhC so that R = nxax + nyay + nzaz with ni integers. The discrete translation
symmetry affects the propagation of light in a way that is analog to the transport
of electrons in an atomic crystal lattice. The propagation of light in a current- and
charge-free region of the PhC are described by the Maxwell’s equations without
source terms. The time and spatial dependence of the electric and magnetic fields
can be separated because of the linearity of the Maxwell equations, such that the
electric and magnetic field are written as:

E(r, t) = E(r)e−iωt (2.1)

H(r, t) = H(r)e−iωt (2.2)

Using these sets of harmonic modes, the Maxwell equations can be collected in one
equation, called the master equation [94]:

∇×
(

1

ε(r)
∇×H(r)

)
=
(ω
c

)2
H(r) (2.3)

with H the magnetic field and ω the angular frequency introduced via the harmonic
modes. The electric field E can be derived from the magnetic field using ∇×H(r) =
−iωε0ε(r)E(r). For the free-space case where no boundary conditions are set, the
solutions of equation 2.3 are plane waves with corresponding dispersion relation
ω = c|k|, where k is the wave number and c the speed of light. When the discrete
translational symmetry in the dielectric constant of the PhC is introduced, the
solutions are given by the Bloch functions consisting of the product of a plane wave
and a periodic function with the same periodicity as ε(r) [94]:

Em,k(r) = eik·rum,k(r) (2.4)

where k is the Bloch wave vector in the first Brillouin zone of the reciprocal lattice,
m the band index and um,k(r) a periodic function with the same periodicity as the
dielectric function. The frequency ωm(k) of each mode, which is labeled by (m,k),
depends on the chosen lattice of the PhC. The collection of these dispersion relations
ωm(k) for all possible values of the band index m forms the band structure of the
system. Similar to the band structure in solid state physics, photonic bandgaps in the
band structure of PhC can be formed preventing the light with specific frequencies
from propagating in any directions [97,98].
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(a) (b)

Figure 2.2: PhCs in nature present in the a) the wings of a butterfly and b) the
feathers of a peacock.

The periodic modulation does not need to be applied in all three dimensions.
For lower dimensions, the properties that are described above still hold for the
wave vector k in the direction of the periodicity. Figure 2.3 shows the simple
examples of the one-, two-, and three-dimensional photonic crystals. One of the
well known example of the one-dimensional PhC is a Bragg mirror in which layers
with a high refractive index contrast are alternated. By changing the thickness
of one layer of a Bragg mirror a defect is introduced were localized modes occur.
The localized mode has its frequency located inside the photonic bandgap and can
therefore not propagate further into the bulk PhC, thus a photonic crystal cavity
(PhCC) is formed. This example shows the important role of the photonic bandgap
in controlling and manipulating light in photonic structures. For a system which only
enables confinement in one or two directions an additional confinement in the other
direction(s) is obtained through normal waveguiding, also known as total internal
reflection. This principle is the basis for the photonic crystal slab cavity explained
in the following section.

(a) 1D (b) 2D (c) 3D

Figure 2.3: Schematic representations of the one-, two-, and three-dimensional
photonic crystals.

2.3.1 Photonic crystal slabs

A PhC can be fabricated on a chip by etching a periodic two-dimensional pattern
of air holes in a dielectric membrane. The advantage when comparing to the
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one-dimensional case, is the control of the localization and the mode size in two
dimensions instead of just one. Propagation in the slab plane is determined by
two-dimensional Bloch functions with k only in the plane of the slab. The light is
confined in plane by adjustments in the photonic crystal, as is explained in section
2.3.4. In the vertical z-direction confinement is provided by total internal reflection
resulting in guided modes (see figure 2.4b). When solving the Maxwell equations for
this two-dimensional PhC, the electric field can be separated into an in-plane and
an out-of-plane component [94]:

E(r) = E(x, y)φ(z) (2.5)

where φ(z) is the mode profile of the planar waveguide mode. These guided modes
are obtained by imposing boundary conditions at the dielectric-air interface. This
results in a phase velocity which is reduced by an effective refractive index neff for
the guided modes inside the planar waveguide as compared to the phase velocity
in vacuum [99]. The value of this neff is in between the refractive index of the
dielectric PhC slab and that of air and depends on the membrane thickness and the
mode order. The dispersion relation changes for a two-dimensional PhC slab as a
result of this modification in the refractive index.

(a)

(b)

Figure 2.4: a) Band diagram of a PhC slab with a triangular lattice of holes (see
inset) showing the first Brillouin zone points Γ, M and K as calculated in [94].
The light cone is indicated in blue. For this structure a TE-like bandgap exist
as indicated by the shaded region. b) Three-dimensional sketch of a cross-section
for a square lattice PhC slab together with the mode’s vertical profile Φ(z).

The separation in an in-plane and out-of-plane component also holds for the total
wave vector k, which can be decomposed into the vertical component kz and the
in-plane component k‖ with |k‖|2 = k2x + k2y. As mentioned before, the out-of-plane
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confinement is a result of the total internal reflection within the slab. The guided
wave has an imaginary kz outside of the slab resulting in a exponental decay of
the field of the form e−kz ·z, which is evanescent along z. The lines inside the band
diagram of figure 2.4a represent the guided modes and are all below the light cone,
which is indicated by the shaded region. The light cone is the projection of all modes
that can radiate. The guided modes have (ω/c) < |k| and the field is confined. The
radiative modes, also known as leaky modes, are located inside the light cone and
are capable of interacting with external radiation [100]. For these modes k2z > 0 and
so (ω/c)2 > (ω‖/c)

2.
A localized (cavity) mode can be expressed as a linear combination of Bloch

modes and thus has a spread in k-values. The leaky modes are represented by
the part of the k-distribution inside the light cone. The amount of leaky modes
determines the quality factor (Q factor) of the resonant mode for a cavity in the
bandgap. It should be noted that the majority of the PhC cavity structures are
created for modes within the bandgap, outside of the light cone. This is in contrast
to our devices i.e. the modes of the surface normal emitting structures are located
inside the light cone, providing good coupling with the free space in the direction
normal to the PhC surface.

2.3.2 Γ-point

The aim of this work is to design an optical fiber tip sensor, which can be probed by
excitation and collection via the same fiber, e.g. in reflection. The directivity of the
emitted field pattern of the PhC mode determines the efficiency of the coupling to the
optical fiber. For this application the modes need to be located above the light line
in order to radiate in the out-of-plane direction with a strongly directional emission
pattern. As proposed by previous works [65–67], for this purpose the band-edge
Bloch modes, also known as slow-light modes, that are located at the Γ-point of
the first Brillouin zone can be used. The condition for coupling between the field in
the PhC slab and the optical fiber is fullfilled when k‖ (the wave vector component
parallel to slab) is the same in both media, resulting from the requirement for E‖
to be the same in both media. The k‖ = 0 character of these Γ-point modes results
in a radiation pattern directed perpendicular to the PhC structure. This is the
wanted effect, but as a consequence, any resonant structure design based on the
band structure near the Γ-point has intrinsic out-of plane losses and therefore tends
to have a low Q, which is not wanted. Fortunately, it has been shown that the
coupling at exactly k = 0 is forbidden [101], while the coupling slowly increases
with k‖ [102] [102]. Therefore reasonably high-Q modes, where Q is in the order of
1000, are still feasible. A wavevector k‖ exactly zero is only possible for an infinite
structure, as seen from the Bloch function in equation 2.4. For localized modes, the
smallest possible k‖ corresponds to half a wavelength spanning the lateral mode size
L, or k‖min ∼ π/L [102]. Therefore the larger L, the smaller k‖min, and therefore
the smaller the out-of-plane losses. For our application, L ∼ 20a (with a the lattice
period) and so the relevant wavevector region is around the Γ-point with a radius
around 5% of the Brillouin zone edge vector. The out of plane losses are indicated
with a vertical Q factor Qvert, which thus increases with increasing L.

At the Γ-point the dispersion curve is flat which results in the group velocity of
these modes tending to zero, resulting in a natural lateral confinement [102, 103].

14



Chapter 2. Design of surface normal emitting nanomechanical devices

The in-plane losses of a finite size PhC in an infinite slab, indicated with Qlateral,
can be estimated as Qlateral = ω(L/vg), with the group velocity vg = αk‖min and
α = (1/2)d2ω/dk2 the band curvature at the Γ-point [102]. In other words, Qlateral
tends to increase with L, but its magnitude is inversely proportional to the band
curvature α.

The combined Q factor due to in-plane and out-of-plane losses can be written as
Q−1 = Q−1lateral +Q−1vert. While Qvert is difficult to control for a given structure size,
the Qlateral is determined by the band curvature α at the Γ-point. This curvature is
a function of the filling factor and can therefore be modified by changing the design
of the PhC. A minimum in α is demanded, since it corresponds to the lowest group
velocity and so to the highest Q factor. In addition, PhC barriers can be designed
to prevent lateral leakage of light. The goal is to make Qlateral > Qvert, with the
target mode size, so that the losses are dominated by the useful near surface normal
emission. This is the approach described in reference [102], where for their specific
finite size PhC, Qlateral was initially smaller than Qvert. We can determine the total
Q by simulations without separating Qlateral and Qvert and modify the PhC design
to maximize Qlateral and so Q.

Besides the necessary requirement to have these slow band edge modes in
fiber-tip sensor applications, the Γ-point Bloch mode should be non-degenerate and
sufficiently spectrally isolated from other slow Bloch-modes at this specific k-vector
in order to get a sharp enough resonant peak. In the next section two different type
of lattices are discussed and compared with respect to their ability to fulfill this
criterion.

2.3.3 Types of lattice

A triangular lattice offers the ability to support cavities with extreme high Q factors,
as a result of the transverse electric (TE) bandgap [104]. However, looking at the
TE-bands at the Γ-point of a typical bandstructure for a triangular lattice (see figure
2.5a) it is clear that the requirement of slow band edge mode is not met for this type
of lattice. Figure 2.5b shows that the band diagram for a square lattice contains
a sufficiently spectrally isolated TE mode with a very low band curvature at the
Γ-point, meeting the requirements set for the PhC design of an optical sensor on
fiber tip. The square lattice PhC design is used in the following part of this thesis.

2.3.4 Mode confinement

An infinite PhC of holes in a square lattice contains resonant modes at the Γ-point
since the density of modes which do not propagate is high for dω/dk = 0. However,
the lateral extension of these modes is theoretically infinite i.e. the modes are
spatially delocalized. A cavity can be created by introducing modifications in the
periodic lattice of the two-dimensional PhC membrane. In the most common planar
photonic crystal cavities one or more holes are removed from the hexagonal array
to create for example an H1 or L3 cavity. These type of cavities are designed to
be composed of large k-vectors in order to minimize the coupling to states above
the light line and therefore have very high Q. A general property of these type of
cavities is that they cause a localization of the modes in an area smaller than the 9
µm diameter fiber core. In order to provide a good in- and out-coupling of the optical
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(a) Triangular lattice (b) Square lattice

Figure 2.5: Band diagram for TE and TM modes for a) a triangular lattice [94]
and b) a square lattice of air holes, together with a schematic representation of
the PhC lattice and the high-symmetry points at the corners of the irreducible
Brillouin zone.

fiber, one of the aims of this work is to match the size of the optical modes of the
PhC sensor with the size of the core of the optical fiber. The previously mentioned
cavity types are at variance to our design criterion of coupling in a near-vertical
direction.

To match the mode to the fiber core, and so minimize the angular distribution,
locally changing the topography of the PhC structure over several lattice constants
is more suitable. In this way a PhC heterostructure is formed which still introduces
confinement for the Γ-point modes but within a larger area and with a resonable
quality factor. A way to inhibit lateral losses is by changing the radii of several
holes in the structure. This concept was studied with the goal of confining light
in a waveguide near the Brillouin zone boundary for large k values [105]. Later,
the confinement of slow band edge modes in a triangular lattice [106] and square
lattice [102] PhC slab were obtained.

In the work presented in this thesis, we apply the concept for a Γ-point cavity.
The curvature of the band around the Γ-point determines how one should change
the hole radii in order to confine the light. For a negative curvature band decreasing
the hole radii decreases the frequency, as can be seen in figure 2.6a. As a result of
this, a kind of barrier of modified holes is formed that prevents lateral propagation
for a band of frequencies. This induces modes localized in the region with large holes
(see figure 2.6b). However, in the case of a too large difference between the radii of
the center holes and the holes forming the barrier, the diffraction losses at the edges
of the center holes will decrease the quality factor as a result of the discontinuity in
the propagation constant.

The Q factor is increased when the mode size is controlled by implementing a
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Figure 2.6: Square lattice PhC barrier design. a) Decrease in frequency of the
hole like band for smaller air holes. b) Schematic sketch of the barrier structure
created by decreasing the hole size of the outer air holes.

gradual change in the hole radii [107]. In this type of structures the center hole
is surrounded by a ring of smaller holes that form the first barrier, followed by
more hole rings which all have a slightly smaller radii forming a gradient structure.
For this type of design the mode decays more gently over several lattice sites, which
improves the Q factor. Additionally, the design is more robust with respect to lattice
imperfections in the PhC [108]. This way of confining modes into a certain area can
also be implemented for double membrane structures [64] and is a starting point for
the double membrane PhC sensor design presented in this work.

2.4 Double membranes photonic crystals

A sensor design based on a single PhC membrane will not be able to function as
a displacement sensor. The idea to use two coupled PhC cavity slabs with optical
resonant frequencies depending on the slab separation, was theoretically proposed
by Notomi et al. [61]. This approach has been later adopted by our group to create
electrostatically tunable cavities as shown in [60] by Midolo et al. for an out-of-plane
actuation of a two-dimensional double membrane (DM) PhC L3 cavity, where 3 holes
in line are missing in a hexagonal lattice as is shown in figure 2.7a.

There are two ways to describe the principle of operation for the double slab
PhC cavity. The first way to describe the tuning is by considering the change in the
effective refractive index of the guided modes supported by both membranes. When
the two membranes are brought close enough together such that the evanescent tail
of the guided mode in one slab penetrates the other slab and vice-versa, a coupled
waveguide system is formed. The modes are now determined by both slabs and
for this reason the original modes of a single membrane will split into two modes.
They are called symmetric (S) and anti-symmetric (AS) modes indicating their

17



Chapter 2. Design of surface normal emitting nanomechanical devices

electromagnetic field profile. The effective refractive index of the system changes
when the distance between the membranes is altered, resulting in a change in the
resonances created by the PhC structure. The second way to describe the DM
PhC structure is by taking into account the coupling of the cavity modes of each
membrane. The coupled mode theory (CMT) introduced by Haus [109] explains the
formalism that holds for this system and is detailed below.

(a)

(b)

Figure 2.7: a) Artistic sketch of the double membrane PhC L3 cavity made
by M. Petruzzella [110]. b) Sketch of the mode profiles located in two parallel
membranes of thickness t, separated by a distance d as calculated in [111]. The
black dashed lines shows the uncoupled modes. The red line corresponds to the
symmetric coupled mode while the blue dashed line represents the anti-symmetric
mode.

2.4.1 Coupled mode theory

The CMT is a pertubational approach for analyzing the coupling of systems which
vibrate in space or in time. It allows a wide range of devices and systems to be
modeled as one or more coupled resonators, of which the PhC slab is one example.
In this section the derivation of Midolo [111] is followed to explain this theory.

The two cavity modes are approached as two loss-less oscillators with frequencies
ω1,2 that are coupled with coupling factor µ. The two uncoupled eigenmodes Φ1 and
Φ2 of the wave equation (see dashed black line in figure 2.7b) are given by:

Φ1 = E1(x, y, z)e
iω1t Φ2 = E2(x, y, z)e

iω2t (2.6)

where E1,2(x, y, z) are the spatial envelope distributions of the electric fields of the
two original modes. The temporal coupled mode equations expressed in matrix form
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describe the dynamics of the coupled system:

d

dt

(
Φ1

Φ2

)
= i

(
ω1 µ1,2
µ2,1 ω2

)(
Φ1

Φ2

)
(2.7)

The coupling is a negative quantity as follows from the variational principle [112].
A redistribution of the field as a consequence of a small introduced perturbation in
the dielectric constant ε > 0, causes a decrease in the total frequency of the mode.
The coupling factor caused by a perturbation as seen in slab 1 caused by slab 2 is
therefore given by the following equation:

µ1,2 = −ω1

2

∫
δε1,2Φ

∗
1Φ2dV∫

ε1|Φ1|2dV
(2.8)

When no losses are assumed in the coupling, it is the same in both directions such
that µ1,2 = µ∗2,1 = µ. This assumption can be used for the diagonalization of the
matrix in equation 2.7, which leads to new eigenmodes:

ΦS = (αE1(x, y, z) + βE2(x, y, z))e
iωSt (2.9)

ΦAS = (αE1(x, y, z)− βE2(x, y, z))e
iωASt (2.10)

where the subscripts S and AS correspond to the symmetric and anti-symmetric
modes, respectively. The symmetric mode is the result of the in-phase sum of the
two decoupled modes while the anti-symmetric mode corresponds to the anti-phase
sum. The coupling matrix now has two normalized eigenvectors given by (α, β) and
(α,−β). The corresponding mode frequencies are:

ωAS,S = ω̄ ±

√(
4ω
2

)2

+ µ2 (2.11)

In this equation, ω̄ is the average frequency of the two modes and 4ω represents
the detuning in the frequencies of the two modes. This equation can be further
simplified if we assume that two identical slabs are used i.e. ω1 = ω2 = ω0 giving
ωAS,S = ω0 ± µ and α = β = 1.

This simplification is used for the DM devices surrounded by air, but does not
hold anymore for a device placed on a fiber tip. Because of the different surrounding
refractive index the frequencies are different for each slab i.e. ω1 6= ω2. This causes
the mode distribution over the two slabs to be unequal, meaning that α is not equal
to β. However, the coupling factor µ is independent of ∆ω and will therefore cause
a tuning behavior similar to that of two identical slabs.

The equations so far are still describing the general case of a coupled resonator
system, but can be adjusted for the system of two PhC slabs. As presented in
equation 2.5, the field of the cavity mode can be factorized as an in-plane and an
out-of-plane component. The coupling occurs along the out-of-plane direction which
makes it possible to determine the dependence of µ on the distance by taking the
overlap integral, weighted with the dielectric constant, of the out-of-plane profiles.
In figure 2.7b the symmetric (red solid line) and anti-symmetric modes (blue dashed
line) of the two slabs are shown. From this figure it can be deduced that a stronger
coupling is expected when the intermembrane distance d is decreased such that the
evanescent tail of one mode penetrates further into the other slab. However, the
radiative properties of the modes around the Γ-point are expected influence the
coupling due to the additional out-of-plane field components.
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2.4.2 Optomechanical coupling and its use in sensing

The given coupling equations determine the optomechanical coupling between the
mechanical change in membrane separation and the spectral shifts of the optical
resonant modes. The change in the intermembrane distance causes an opposite
frequency shift for the S and AS mode of a finite square lattice (see the calculated
tuning curves in figure 2.8). The resonant modes are calculated for a system of
15 × 15 uniform holes with radius r = 216 nm and a = 600 nm, so without the
implementation of a gradient in the hole size. In the range of d ∼ 220 nm (indicated
by the dashed vertical line) the wavelength shift per displacement g = dλ/dx is 0.28
nm/nm. This is slightly higher than the dλ/dx = 0.2 nm/nm as reported for an L3
DM structure [60]. When the airgap in between the membranes is decreased from
its original size (220 nm) to 80 nm a shift in the wavelength as large as 60 nm is
expected (see figure 2.8).
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Figure 2.8: Calculated tuning curve for the symmetric (S) and anti-symmetric
(AS) mode of a finite square lattice of 15×15 holes with r = 216 nm and a = 600
nm. The green dashed line indicates the initial airgap of the fabricated devices.

This optomechanical tunability of the system provides great possibilities for
displacement sensor applications. Force fields induced by e.g. pressure, sound or
electric field will cause a displacement of the membrane which leads to a detectable
spectral shift of the resonant modes ∆λ. The displacement of the membrane can be
deduced from the spectral shift from the following expression:

∆x =
dλ

dx
∆λ (2.12)

Before the sensor is used to measure displacements caused by a certain pressure
wave, the tunability of the system can be tested using an electrostatic actuation [111].
For this purpose the membrane layers are doped, so that a p-i-n junction is created.
When operated in reverse bias the electrons and holes accumulate in the p and n
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doped membrane, causing an attractive force which induces a displacement of the
slabs [111]. The pull-in voltage sets the limit of the membrane displacement to a
maximum displacement of 1/3 of the original gap. It is a result of the competition
between the elastic restoring force (∝ z) and the electrostatic forces (∝ z−2). This
method will only be used to test the response of the device to a certain electrostatic
induced displacement of the membranes and will therefore not set the maximum
displacement when used in applications without electrostatic forces, for example in
the measurement of a displacement induced by manually pushing the top membrane.
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3
Optimization of the double membrane

cavity structure

In this chapter the optimization process for the design of the double membrane
cavity structure is presented. The design of the square lattice PhC is adjusted by
the implementation of a gradient in the hole sizes in order to get relatively sharp
resonances (Q in the order of 1000) at the Γ-point with a mode size that matches the
9 µm diameter of the optical fiber core. First, two-dimensional simulations are used
to give an initial guess for the expected behavior of the three-dimensional structure.
Then three-dimensional simulations are performed to optimize the gradient. The
optimized structure is used to show the optomechanical coupling obtained by
changing the inter-membrane distance of the two PhC slabs. In real devices it
is expected that the Q factors of the resonance modes decrease due to losses as a
result of fabrication imperfections. By implementing random deviations from the
optimized design the influence of these imperfections is predicted.

3.1 Simulation methods

As mentioned in section 2.3.4, in order to confine the modes laterally a gradient
in the hole size of the PhC needs to be implemented. Finding a three-dimensional
analytical solution of the of the master equation (equation 2.3) for this complex
DM structure is not possible. First, the method for obtaining a band structure
is explained, which we used to calculate the band diagram for a uniform infinite
lattice. This is followed by the explanation of the method used to calculate the
mode profiles, their corresponding frequencies and Q factor of the system. The
simulation techniques are explained in the two following subsections.

3.1.1 Plane wave expansion method

The plane wave expansion (PWE) method is used to calculate the band diagram of
an infinite PhC lattice. For structures with a periodic dielectric function ε(r+R) =
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ε(r) with R the lattice vector, the master equation can be solved using the PWE
method. The solutions of the Maxwell equations are plane waves which form a basis
to represent the fields in a periodic medium. The solutions that follow from the
Bloch theorem were given in equation 2.4 in which the periodic function um,k(r)
can be Fourier expanded in [113]:

uk(r) =
∑
k,G

uk,G eiG·r (3.1)

where G is the reciprocal lattice vector. A similar expansion holds for the dielectric
permittivity. By inserting these expansions in the Maxwell equations, solvable
eigenvalue equations are obtained. In this work, we have used this method for
calculating the band structure of the PhC geometry with periodic ε, with the help
of a commercially available software RSoft BandSOLVE [114].

3.1.2 Finite element method

The finite element method (FEM) is a method to obtain numerical solutions for
partial differential equations (PDE) and is used to calculate the solutions of the
Maxwell equations for two- and three-dimensional structures. To solve complex
problems the space is discretized in small finite elements with their own properties,
forming a large system of algebraic equations.

An important feature of the FEM is that the elements can have any arbitrary
shape allowing for more refined meshes on the domains of interest but coarser meshes
elsewhere, having the great advantage of reducing the calculation time. Locally the
ε(r) can be set allowing for an accurate representation of the real device. In this
work the commercial software COMSOL Multiphysics 4.4 of the FEM [115] is used
to calculated the resonance modes of the DM structures, and MATLAB scripts are
used to implement the changes in the geometry of the system during the optimization
process in a more efficient way.

3.1.2.1 The eigenvalue problem

The resonant modes of the system including their corresponding Q factors are
calculated by solving the eigenvalue problem of the system as defined by the master
equation in equation 2.3. It gives solutions of the following form:

E(r, t) = Re
(
E(r)e−(κ+iω)t)

)
(3.2)

where κ is the loss rate which relates to the Q factor of the resonant mode as
Q = ω/2κ. Certain boundary conditions based on the symmetry of the system can
be used to decrease the volume over which the eigenvalue problem needs to be solved.
The two PhC membranes being identical allows for a symmetry plane at z = 0 (see
mirror plane 1 in figure 3.1). By adjusting the boundary condition on this plane the
symmetric or anti-symmetric resonant modes are calculated. A second symmetry
plane across one of the lattice directions is added, in our work there is chosen for a
y = 0 plane (see mirror plane 2 in figure 3.1). Adding another symmetry plane at
x = 0 does not support the solution corresponding to the fundamental mode and is
therefore not used for a square lattice PhC. Figure 3.2a shows the reduced volume
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after the implementation of the boundary conditions, corresponding to 1/4 of the
full structure. Additionally, perfectly matched layers are added at the edges of the
calculation volume, which are not real boundary conditions but rather a domain
that absorbs the outgoing waves preventing reflections due of the finiteness of the
system [116](see red shaded volumes in figure 3.2a).

Figure 3.1: Sketch of the two mirror planes used in the three-dimensional FEM
simulations.

The modes are selected by solving the eigenvalue problem over a large range of
frequencies and discriminating the real cavity modes from the nonphysical numerical
solutions by inspecting the field pattern and the Q factor of the mode. For a
TE-mode the magnetic field has only a Hz component, so often only this component
is used to characterize the mode. Figure 3.2b shows the |Hz|2 field pattern of the
fundamental mode calculated by solving the three-dimensional eigenvalue problem
of the square lattice DM gradient structure by simulating 1/4 of the full structure.
The blue line indicates the y = 0 mirror plane. It should be noted that the calculated
field patterns shown in this section are obtained for the anti-symmetric mode of the
optimized structure and are presented here just for instructive purposes. Further
specifications of this optimized three-dimensional design will be explained in section
3.3.1.

The electric fields are calculated from Hz via:

E(r) = − 1

iωε0εr(r)
∇×H(r) (3.3)

For comparison the electric field profile |E|2 = |Ex|2 + |Ey|2 is plotted in figure 3.2c.
For the second band (see section 3.2) the electric field tends to be shifted towards the

25



Chapter 3. Optimization of the double membrane cavity structure

holes because of its air-like character, but the figure shows it is still for the largest
part confined in the semiconductor. A quantum dot emission expected from this
field distribution is beneficial for the photoluminescence measurements explained in
section 4.3.1.

(a)

(b) (c)

Figure 3.2: a) 1/4 of the full structure representing the used geometry in
three-dimensional simulations. Boundary conditions are applied to the y = 0
and z = 0 symmetry planes. b) |Hz|2 field pattern of fundamental mode found
by simulating the reduced structure. c) |Ex|2 + |Ey|2 field pattern of fundamental
mode for the same mode as given in b.

3.2 Two-dimensional simulations

In order to better understand and interpret the cavity calculations as shown in
figure 3.2, it will be instructive to have the full band structure of an infinite PhC
DM structure with uniform holes. The effective refractive index approximation
is a useful tool which allows us to simplify the three-dimensional structure to a
two-dimensional simulation. These types of simulations are less time consuming
than the three-dimensional ones and are still able to give a useful approximation
for the solutions of the physical problem. In this section the symmetric modes are
used, for which the effective refractive index neff = 2.706 is calculated using an 1-D
mode solver for dielectric multilayer slab waveguides for three infinite uniform layers
composed of GaAs (180 nm), air (220 nm) and GaAs (180 nm) [117]. These layer
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thicknesses are based on the wafer stack used in fabrication, and will also be used
in the following three-dimensional simulations.

As is mentioned in 2.3.4, the mode would extent to infinity for a structure with
holes of all the same size. For this infinite structure the dielectric function is periodic
allowing the use of the PWE method to calculate the band structure in the Γ−X
direction, as can be seen in figure 3.3 for the first two bands. At the Γ-point the
first band (blue curve) has a frequency equal to zero. The field pattern at the
Γ-point of the second band (red curve) can be calculated by simulating one hole in a
surrounding square with the size equal to the lattice constant of the PhC and then
applying periodic boundary conditions. The |Hz|2-field pattern of the fundamental
symmetric mode of an infinite square lattice at the Γ-point is shown in the inset
figure 3.3. The white corresponds to the highest intensity of the field and the black
to the lowest, indicating that the field is highly localized in the GaAs slab. Note
that this field pattern indeed corresponds to the cavity mode pattern of a graded
PhC shown in figures 3.2, for which the field patterns are confined in space. The
field pattern of the fundamental anti-symmetric mode is the same as for the shown
symmetric mode, just at a lower band-edge wavelength.

Figure 3.3: Calculated first two bands of the infinite square lattice with r/a =
0.36. Inset: Calculated |Hz|2-field pattern of fundamental S-mode for the 2D
infinite square lattice located at the Γ-point of the second band.

Fixing the lattice constant to a = 600 nm and decreasing the hole radii will
decrease the frequencies of the band-edge modes, as calculated for the symmetric
fundamental mode in figure 3.4a. An infinite structure with smaller holes has a
relatively smaller area occupied by the air-filled holes, resulting in a higher effective
refractive index. This refractive index shift (so shift in dielectric constant ∆ε) results
in a negative frequency shift ∆ω as follows from the perturbation theory [94]:

∆ω = −ω
2

∫
d3r∆ε(r)|E(r)|2∫
d3rε(r)|E(r)|2

(3.4)

where ω is the unperturbed frequency and E the unperturbed field. This equation
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holds for small perturbations in the refractive index, however, it has been shown
that the same tendency is expected for larger refractive index changes [118].

(a)

(b)

(c)

Figure 3.4: a) The frequency at the Γ-point of the second band as a function of
the hole radius for an infinite square lattice. b) The second band for an infinite
square lattice of r = 216 nm (red) and r = 194 nm (green) holes. Blue dashed lines
indicate the frequencies of the modes corresponding to the |Hz|2 field patterns
given in c) calculated at the Γ-point for a graded structure of 7 square hole rings
with center hole radius of 216 nm and most outer holes 194 nm.

Figure 3.4b shows the second band for holes of 216 nm (red) and 194 nm (green)
radius in an infinite square lattice with a = 600 nm. In a graded structure with hole
sizes decreasing from 216 nm in the center to 194 nm far from the center, localized
modes exist in the center with frequencies that lie inside the mode gap between the
two band maxima. This means that at the Γ-point a frequency region is created in
which the modes are localized. The localized modes for the finite PhC as solved using
the two-dimensional FEM method simulation are also shown in figure 3.4b (blue
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dashed lines). The neff is the same as used for the two-dimensional band structure.
The frequencies of the modes are obtained by simulating a finite two dimensional
graded structure with the size of 7 hole rings from the center and correspond to the
mode patterns given in 3.4c with the upper mode being the fundamental mode. The
most inner hole of this structure has a radius of 216 nm and the most outer holes
are 194 nm in radius, corresponding to the red and green bands respectively. As can
be seen, the calculated modes have a higher frequency than expected, but the mode
spacing corresponds well to the ∆ (a/λ) = 0.022 gap between the modes (∼ 60 nm
in wavelength). The simulations suggest that the created gap increases for a larger
gradient in the system allowing more resonance modes to be be available, which is
in agreement with the Γ-point theory explained in section 2.3.2.

For the discrepancy in the mode frequencies, it has to be taken into account that
the Maxwell equations are solved with two different methods: the band diagrams are
solved by the PWE method and all the other results by the FEM method. Besides
this band diagrams are calculated using an infinite structure, whereas the FEM
method is applied to finite PhC structures.

It should be noted that the calculated resonant wavelengths are around 1500
nm (a/λ ∼ 0.42), which is significantly higher than the aimed value of 1300
nm, for which motivations are given in the next section. The higher wavelength
of the resonant modes is due to the use of an effective refractive index in the
two-dimensional simulation. The discrepancy should be disregarded at this moment,
because three-dimensional simulations are used for the final design. In the following
section it will be shown that by using the same lattice parameters the aimed value
of 1300 nm is actually reached for the anti-symmetric modes.

3.3 Three-dimensional simulations: Optimizing the Q

factor

The two-dimensional simulations have given more insight to the expected resonance
modes and their field patterns, but in order to determine the losses of the system
the third dimension needs to be included. The effective refractive index is not
required anymore and the different symmetries (symmetric or anti-symmetric) can
be obtained by adjusting the boundary conditions on the z = 0 plane. In this
section the most important results of the optimization procedure of the PhC design
are presented. All the following simulations are performed for the AS-modes for
the reason that these modes are expected to be more clearly present in the actual
experiments as compared to the S-modes used in the two-dimensional simulations
[111,119]. The reason lies in the different thicknesses of the two membranes caused
by the fabrication process, giving an unequal distribution of the modes over the two
membranes, different for the S and AS modes [63]. The quantum dots implemented
in the structures that generate photoluminescence have a central wavelength around
1300 nm and therefore the aimed value for the wavelength of the resonance modes is
chosen near that wavelength. Strictly, the photoluminescence (PL) is not necessary
for the presented fiber tip sensor, but the presence of the quantum dots in the wafer
makes the PL very convenient for characterization of the sensor during both on-chip
and on-fiber measurements.

The Q factor is an important parameter of the DM device since it is one of the
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factors that determines the sensitivity of the sensor as was indicated in equation 1.1
by (dP/dλ)−1, which depends on the sharpness of the resonance. The Q factor can
be optimized by changing the gradient in the hole radii but the gradient must also
be adjusted to the preferred mode size to match the fiber core. An optimum in the
gradient suitable for our application is expected. On one hand, a too small gradient
will result in a too large mode size. On the other hand, a too large gradient will
decrease the Q factor as a result of a too strongly confined mode.

3.3.1 Optimizing the gradient in the hole radii

The gradient in the holes can vary in different ways and determines both the size
and the Q factor of the modes. The gradient is applied by changing the radii of
the holes following a square ring structure; this means that the 8 holes surrounding
the center hole have all the same radius and these are in their turn surrounded by
another 16 identical holes and so on. In the simplest case, a linear gradient Glin of
the following form can be applied to the hole radii in different rings:

Glin =
(rout − rin)/rin
N −Nconst

, (3.5)

where rin is the radius of the center hole, rout the radius of the holes in the most
outer ring, N the number of hole-rings starting after the center hole. The gradient
in the radii can also be applied after a few rings of holes which is indicated by the
number Nconst, representing the number of hole-rings having holes with the same
radius as the center hole. The sketch in figure 3.5 explains the different gradient
design parameters.

During the optimization process the radius of the center hole is fixed to 216 nm
and the lattice constant to 600 nm giving r/a = 0.36. These values are used as
an initial guess for designing resonant modes around 1300 nm, as scaled from the
results of the work of Roh et al. [64] where the implementation of a gradient design
for DM structures with resonances around 1500 nm was presented. Having these
two values fixed, for a certain sized PhC the only two parameters that need to be
adjusted to change the gradient are the outer radius rout and the number of holes
kept constant Nconst.

The mode size can be defined as the size for which the envelope function of the
field intensity has reached 1/e of the maximum field and can be deduced from the
field pattern by:

rmode =

((∫
area E2dxdy

1
e2
E2
max

)
2

π

)1/2

(3.6)

with E the electric field and Emax the maximum intensity of the electric field. This
equation can be simply derived from the area of a half circle 1

2πr
2 representing the

simulated mode pattern in half a slab. This definition is used to optimize the overlap
between the mode size and the fiber core diameter (9 µm).

The thickness of both GaAs 180 nm PhC layers and the 220 nm airgap are fixed
in the following simulations unless assigned differently. Figures 3.6a and 3.6b give
the Q factor of the AS mode and the mode radius in µm as a function of the radius
of the most outer holes, respectively, for a system of 10 holes from the center and
Nconst = 0. A maximum Q factor above 2000 for a ∼ 3.5 µm mode radius at a
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Figure 3.5: Explanation of the different gradient design parameters. rin is the
radius of the center hole an rout the radius of the outer hole ring. N indicates the
number of hole rings surrounding the center hole, and Nconst correspond to the
number of hole rings having the same radius as the center hole.

resonance wavelength λ = 1285 nm is observed. The corresponding rout = 196 nm
results in a normalized gradient of Glin = −0.009. The bottom graph indicates that
the mode size decreases for a smaller rout, as expected since a larger gradient confines
the mode into a smaller region. The same simulations have been performed for a
system of 11 hole rings (see figures 3.6c and 3.6d). The slightly higher maximum
Q of around 3000 corresponds to the ∼ 3.7 µm resonance mode at a resonance
wavelength of 1286 nm. This result suggests that the mode size increases with an
increasing number of holes. The optimum normalized gradient for this system is
again around Glin = −0.009. In addition, the simulations show that the Q factor
of the mode increases with an increasing system size L, in agreement with section
2.3.2.

It should be noted that the number of holes strongly depends on the limitations
of the computational power. The system of 11 hole rings is reaching the time
and memory limitations and can only be solved using a coarse mesh. The strong
fluctuations observed in figure 3.6 can be explained by the use of a coarse mesh.

The gradient in the hole size can also be varied in a quadratic way:

Gqua =
(rout − rin)/rin

(N −Nconst)
2 (3.7)

where the only difference with equation 3.5 is the square in the denominator. The
results obtained with the quadratic gradient are given in figures 3.7a and 3.7b again
as function of the radii of the most outer holes. The first thing to notice is that
the optimized resonant mode has only a Q factor of Q ∼ 2600 and its wavelength is
marginally lower compared to the linear gradient of figure 3.6c. From 3.7b it can be
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Figure 3.6: Optimization of a PhC with a linear gradient for a-b) N = 10 or
c-d) N = 11 hole rings. a) and c) show the Q factor as a function of the radius
of the most outer holes. b) and d) show the mode radius rmode calculated using
equation 3.6.

observed that the mode radius rmode is larger for the quadratic gradient as compared
to the linear gradient. Due to the lower Q factor and an already large mode size
(for only N = 11 hole rings), we focus in the following text on the linear gradient
design.

As mentioned before, the large fluctuations of the Q factor present in figures
3.6,3.7a and 3.7b are attributed to the coarse mesh size used i.e. the low number of
degrees of freedom the equations are solved for. Due to computational limitations,
making a finer mesh implies that the calculated domain should be smaller. Figure
3.7c shows that the fluctuations in the Q factor are reduced for a structure with
N = 7 calculated using a finer mesh. The graph shows an expected maximum in
the Q factor as function of the gradient. When the gradient is too small, so a too
large rout, the mode will spread out over a large area which decreases the Q factor.
On the other hand, the large gradient decreases the Q factor because of a too strong
confinement.

The Q factor above 4000 is reached for a linear normalized gradient of Glin =
−0.12. The optimized fundamental resonant mode has a wavelength of 1310 nm
which matches well with the aimed value. The smaller mode radius of ∼ 2 µm is a
somewhat unfavorable result (see figure 3.7d), but it is expected that the mode size
increases for larger structures (see summarized results in table 3.1). For practical
applications, slightly larger structures are preferred since they match better to the
fiber core. From the table it is clear that the Q factors for the system with N = 10
and N = 11 are significantly lower than expected, which is probably due to the
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Figure 3.7: a-b) Optimization of a PhC with a quadratic gradient and N = 11
hole rings. A coarse mesh is used. c-d) Optimization of a PhC with a linear
gradient and N = 7. A fine mesh is used. Graphs a) and c) show the Q factor as
a function of the radius of the most outer holes. b) and d) show the mode radius
rmode calculated using equation 3.6.

coarse mesh used. The table shows that the mode radius rmode increases for an
increasing number of holes N . This increase in mode size is expected to cease for a
large enough structure. This is due to the fact that in small systems the boundaries
are mainly determining the mode size, while for larger systems the gradient is the
determining factor. From this it is expected that the mode patterns will still form
a good match with the size of the fiber core.

Table 3.1: Summary of simulated results

N λ (nm) Q factor Normalized gradient rmode µm Mesh

7 1310 4364 -0.0123 2.1 fine

10 1285 2614 -0.0093 3.5 coarse

11 1286 2973 -0.0090 3.8 coarse

3.3.2 Q factor dependence on the membrane thicknesses

The thicknesses of the membranes are also important parameters that determine the
Q factor and the wavelength λ of the resonant modes. In this work the membrane
thicknesses are not optimized, since a standard wafer stack is used (180 nm thick
membranes and 220 nm inter-membrane distance). Nevertheless, the influence of a
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change in the membrane thickness is important for possible further improvements.
First the influence of the simultaneous change of both membrane thicknesses is
calculated. Figures 3.8a and 3.8b show the Q factor and the wavelength λ of the
resonant mode as a function of the thickness of both membranes, respectively. The Q
factor decreases in the case of a deviation from the aimed value of 180 nm (see figure
3.8a). The thickness determines the extent of the destructive interference inside the
membranes and thereby alters the Q factor. The maximum Q depends on the design
of the PhC, and is therefore expected to change for a different gradient design. Figure
3.8b shows that the wavelength decreases as a function of the membrane thickness,
as expected from equation 3.4 which states that the frequency increases for a thinner
slab i.e. for a smaller effective refractive index.
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Figure 3.8: Dependence on the membrane thicknesses. a) The Q factor and b)
wavelength λ of the fundamental AS mode as function of the thickness of both
membranes for a PhC with a linear gradient and N = 7. c) The Q factor, d) the
wavelength λ and e) the mode radius of the fundamental AS mode as function
of the thickness of the bottom membranes for a PhC with a linear gradient and
N = 5.

The same decrease in the wavelength of the fundamental AS mode is observed
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when only the thickness of the bottom membrane is changed (see figure 3.8d). In
these simulations the upper membrane is kept at a constant thickness of 180 nm.
The half of both slabs should be simulated in order to implement the asymmetric
thicknesses, which decreased the PhC design to only 5 hole rings surrounding the
center hole as limited by the computational power. The graphs show that decreasing
the thickness of the membrane increases the Q factor of the AS mode (see figure
3.8c). At the same time the mode radius also decreases slightly (see figure 3.8e).
The two points which are falling out of the trend are probably caused by a numerical
error in the calculation and can therefore be discarded. From these results it can
be concluded that the thicknesses of the membranes will definitely influence the
properties of the system. The benefit of a higher Q factor due to the change
in thickness outweighs the adjustments that need to be implemented during the
fabrication process.

3.3.3 Optimizing the mode size

The previous section already showed the dependency of the mode size on the
gradient, but the size can also be changed by keeping the gradient constant and
instead applying an adjustment in the number of holes that is kept at a constant
radius Nconst. For this simulation the structure with N = 11 is used, as it offers a
wider range for which the design of the structure can be changed without seeing the
immediate effect of the boundaries. The gradient was fixed to the obtained value
corresponding to the optimized Q factor in figure 3.6c. As can be seen in figure
3.9b, the mode radius rmode indeed increases when the gradient is introduced after
a few hole rings that are kept at a constant radius. The behavior of the Q factor is
less clear (see figure 3.9a), since it shows a decrease but then rises again to a higher
value with a second maximum for the Q factor at Nconst = 4. This can be explained
by the coarse mesh used in this simulation and by the discrete change in the number
of holes.

It should be noted that the dependence of the Q factor and the mode size on
Nconst is not very strong, but from these simulations it can be concluded that the
most promising design has a linear gradient and Nconst = 0.

In the rest of this chapter, a structure with 7 holes in combination with a linear
gradient is used. The number of holes is kept low as a fine mesh has proven to give
more accurate results and more reliable insights in the behavior of the structure.

3.4 Mode directivity

The modes at the k = 0 Γ-point are chosen for these structures to provide the
coupling to an optical fiber. The aim of the design is to have the out-coupling of
the resonant modes in a direction normal to the PhC surface, since a fiber with
NA= 0.14 accepts only light under a small angle of 8◦ relative to the long axis of
the fiber.

The angular distribution of the modes can be estimated using the band diagram
of figure 3.4a. The modes of the graded PhC should fit into the created frequency
gap, which allows a maximum k value of around ∼ 1/5 of the Γ−X scale (= π/a).
With the following equation the maximum emission angle θ can be calculated:
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Figure 3.9: Optimization of a PhC showing the influence of the number of
constant radius holes Nconst on a) the Q factor and b) the mode size rmode

calculated using equation 3.6. A fixed linear gradient, N = 11 hole rings and
a coarse mesh is used.

k‖ = 0.2
π

a
= k0 sin(θ) =

2π

λ
sin(θ). (3.8)

From this it follows that θ ≈ 12◦, which corresponds to the estimated emission
angle of lowest frequency mode. The fundamental mode has a higher frequency and
therefore a lower range in which the k vector can variate (see figure 3.4a), resulting
in a smaller emission angle.

The angular distribution can also be estimated using the normalized Fourier
transform of the field profile of the fundamental mode (see figure 3.10a) plotted
in k-space (see figure 3.10b). The light cone is indicated by the white circle,
showing that all the obtained components are corresponding to radiative modes.
An interpolation is used to improve the colorplot to compensate for the limited
amount of data points due to numerical limitations. The discrete set in data points
also explains why the Fourier components are not perfectly centered around the
k = 0 point. However, the Fourier components show a strong localization around
the Γ-point (i.e. kx,y = 0). Most of the field is centered within the kx,ya/2π = 0.07
range, which corresponds to an angle of ≈ 9◦ according to equation 3.8. This Fourier
component calculation matches well with the value estimated using the calculated
band diagram.

The small angular distribution, especially of the fundamental mode, confirms
the vertical emission profile of the PhC device. From this a good coupling between
the modes and the optical fiber is expected.
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(a)
(b)

Figure 3.10: a) The |Hz|2 component of the fundamental mode, used for the
calculation in b) which shows the calculated Fourier transform plotted in k‖-space.

3.5 Optomechanical coupling

A strong optomechanical coupling is needed for the DM PhC structure to be able to
work as a displacement sensor, as mentioned in section 2.4.2. By changing the airgap
between the two 180 nm thick membranes, this optomechanical coupling is calculated
for the N = 7 structure with the optimized linear gradient (see figure 3.11a). The
splitting due to the evanescent coupling between the two membranes is clearly visible,
with symmetric modes shifting to higher wavelengths λ and the anti-symmetric
modes to lower λ. The important sensing parameter dλ/dx of equation 1.1 is for the
anti-symmetric mode equal to dλ/dx = 1/3 nm/nm, which is slightly higher than the
dλ/dx = 0.2 nm/nm previously found for L3 cavities in similar DM structures [120].

Figures 3.11b and 3.11c show results obtained for the anti-symmetric mode for
a larger tuning range of the airgap. At the nominal distance of the airgap chosen
to be 220 nm for the experimental realization, a maximum tuning before pull-in of
∆λ = 23 nm is reached. The pull-in value in case of the electrostatic actuation is not
relevant for the present work, but can be used in the preliminary testing experiments
of the tunability of the double membrane system. Here the inter-membrane distance
has decreased by 1/3 of its original size, as explained in section 2.4.2. The Q factor
of the anti-symmetric mode as a function of the airgap size shows first an increase
when reducing the gap size, but then decreases for even smaller inter-membrane
distances (see figure 3.11b). The reason for the airgap dependence of the Q factor
has not been further investigated. The observed fluctuations are due to the used
finite mesh size.

3.6 Tolerance of the system to fabrication imperfections

The mode size being matched to the size of the optical fiber core automatically
implies that the mode is spread over several lattice sites, making the structure
more tolerant with respect to lattice imperfections as compared to commonly used
L3 and H0 cavities [108]. By implementing random deviations from the aimed
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Figure 3.11: a) Optomechanical coupling shown by plotting the wavelength of
the fundamental symmetric (S) and anti-symmetric (AS) mode as function of the
airgap between the two membranes. b) The wavelength λ of its fundamental
AS mode together with c) the Q factor as a function of the airgap. The pull-in
distance is indicated by distance being 2/3 of the original gap.

values in both the hole radius and its position for every hole independently, the
imperfections due to fabrication processes can be simulated. This is shown in figure
3.12 with implemented distortions determined via random numbers obtained from
the normal distribution centered around the aimed value. The choosen standard
deviation parameters in radius σr = 2 nm and position σx,y = 3 nm are typical for
the imperfections in our fabrication process [121].

Figures 3.12a, 3.12b and 3.12c show the distortion in only the radius and in
figures 3.12d, 3.12e and 3.12f the results for only distortion in the position are
given. In figures 3.12g, 3.12h and 3.12i simulations for structures in which both the
positions and radii are distorted are shown. For every type of distortion the not
distorted simulation is marked by the blue circle after which the calculated results
for ten independent imperfect structures follow.

For a distortion in the radius it can be seen that the Q factor is for most
of the cases only slightly decreased, except for one structure (see figure 3.12a).
The calculated average value is Q = 3536 ± 621. Both blue- and red-shifts in
the wavelength of the resonance mode are observed for this radius distortion (see
figure 3.12b), in contrast to the distortion in the position which only causes a larger
red-shift (see figure 3.12e). Additionally, the effect on the Q factor (Q = 2460±342)
and the mode radius are more apparent when imperfections in the position are
applied (see figures 3.12d and 3.12e), which is expected due to the larger standard
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Figure 3.12: Simulated response to fabrication imperfections for a-c) a random
distortion in the radius of σr = 2 nm, d-f) a random distortion in the position
σx,y = 3 nm, and g-i) a combination of both distortions. a,d,g) show the Q factor,
b,e,h) the wavelength λ and c,f,i) the mode radius of the fundamental AS mode
for different distorted systems. The not distorted simulation is marked in blue
and is followed by ten independent distorted simulations.

deviation separately applied in both the x- and y-direction. When both deformations
of the lattice are applied the effect of the distortion in the position becomes more
apparent, resulting in an average Q factor (Q = 2714 ± 554) similar to the value
obtained for only distortion in the position (see figure 3.12g). From this it can
be concluded that fabrication imperfections on the optimized design always cause
a decrease in the Q factor due to the created additional losses, nevertheless the
simulations show that the circular shaped field pattern of the fundamental mode
will still be obtained with a Q > 2000.

3.7 Double membrane on a fiber

Mounting the double membrane device on a fiber tip changes the surrounding of the
device and accordingly some of the properties of the resonant modes. The higher
refractive index glass causes the resonant modes to shift to higher wavelengths, as
explained by equation 3.4. The size of the wavelength shift can be obtained by
comparing the structure completely surrounded by air with the structure placed on
a glass substrate. For these calculations both PhC membranes need to be simulated
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in order to implement the asymmetric surrounding. The optimized design for a
structure of 7 hole rings and a linear gradient is used for this purpose.

The wavelength of the fundamental anti-symmetric mode in air is equal to λair =
1313 nm. This wavelength is shifted to λglass = 1320 nm for the device placed on a
glass substrate, so a red-shift of 7 nm is calculated. The Q factor is not changed by
the different surrounding. However, the calculations in figure 3.13 show that for a
device placed on a glass substrate (figure 3.13b) the field distribution is not anymore
equally distributed between the PhC membranes, as is the case for the device fully
surrounded by air (figure 3.13a). The field profile is the same for the two slabs, but
a lower maximum intensity of the AS-mode is reached for the bottom membrane.
This is opposed to the S-mode for which a higher intensity is observed in the bottom
membrane. The unequal distribution is caused by the difference in the refractive
index n =

√
ε surrounding the two slabs.

(a) (b)

Figure 3.13: Field distribution of the symmetric (S) and anti-symmetric (AS)
mode for a double membrane device placed a) in air and b) on a glass surface
calculated with the one-dimensional mode solver [117].
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4
Device fabrication and

characterization methods

This chapter describes the experimental methods used in this work. First the
fabrication process flow of the double membrane photonic crystal structures
is explained for three different types of structures. This is followed by the
characterization methods used to obtain the resonance spectra of these optical
devices.

4.1 Sample fabrication methods

The fabrication of the double membrane PhC devices used in this work was
performed by Ž. Zobenica. A general overview of the fabrication steps is given
in this section.1

The material platform used to fabricate the devices in this work is GaAs, which
is the material of the membranes. The membranes are separated by a sacrificial
layer (AlGaAs), and inside the top membrane, InAs QDs are grown using the
Stranski-Krastanov growth [122]. All the materials are epitaxially grown on a
GaAs substrate. These techniques are used to create the micro and nano sensing
structures which combine mechanical functions with the optical functions of III-V
semiconductors [111, 123], also known as micro- or nano-opto-electro-mechanical
systems (MOEMS and NOEMS).

The epitaxial growth of the III-V layer stack of the heterostructure is performed
with molecular beam epitaxy (MBE). The deposition rate of a typical MBE is around
2 µm/h, which is too slow for industrial use but suitable for our work since the
desired epitaxial growth of thin layers with a high control over the dimensions and
the purity can be obtained. The layer stack is shown in figure 4.1. First, a thick
layer of AlGaAs (1.5 µm) is grown on the substrate in order to separate the double
membrane structure from the substrate. Next, two GaAs layers of equal thickness

1A more detailed description can be found in the PhD thesis of Ž. Zobenica [63].
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(180 nm) are grown, separated by another 220 nm sacrifical AlGaAs layer. Parts of
the two membranes are doped to realize a p-i-n junction to provide the possibility
of electrostatic actuation experiments and resonant cavity enhanced photodetection
[63]. The photodetection is not used in the present work while the electrostatic
actuation is only utilized to test the actuation in non-releasable structures (see
section 5.1.3).

Figure 4.1: Layer stack of the sample used to fabricate double membrane
photonic crystal structures.

The post-growth processing can be divided into two steps, which are both
explained in further detail below. In the first step the contacts and the design
needed for actuation are defined, followed by the second step in which the photonic
crystal is fabricated and the top membrane is released. The first step is only needed
for test devices in which an electrical tuning of the membrane distance is required.
For this purpose the upper PhC membrane is configured as a ”bridge” which can be
moved in its entirety [60]. When only optical functions are important this first step
is not performed and fabrication directly starts with the defining of the PhC.

In order to bias the doped regions of the p-i-n junction, metallic contacts are
deposited on top of the corresponding layers. Vias from these contacts to the p and
n layers are obtained by the etching of the layered structure to different depths.
This selective etching is provided by a SiN layer functioning as a mask. The mask is
created by optical lithography or electron beam lithography (EBL) in a resist layer,
followed by several etching steps with specific times to remove the unwanted layers.
When the vias to the p- and n-doped layers are defined, the metal contacts are
realized through optical lithography. The shape of the bridge structure is defined in
the same step as when the position of the bottom p contact is set.

When the first part of the post-growth fabrication is finished, the PhC structure
is realized through EBL in the second step. A thick SiN layer is deposited on the
sample followed by a layer of positive e-beam resist after which the PhC pattern is
exposed. After the resist is developed, the pattern is transferred to the SiN layer,
which then functions as a mask for another etching step. This etching reaches
the bottom AlGaAs layer so that the PhC is defined in both layers within one
step, leaving the GaAs membrane layers. This is followed by the echting of the
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sacrificial AlGaAs layers. The sample is dried using critical point drying to prevent
the membranes from sticking together. Finally, the SiN mask is removed, making
the devices ready to use.

Despite the PhC design being optimized, a systematic lithographic tuning is
implemented in the fabricated design. In this way different structures can be
fabricated on the same sample, providing the possibility to test the influence of some
of the PhC parameters in real devices. The first type of structures is used to test
the influence of the PhC design parameters. In these structures, the PhC pattern
has been modified with lithographic tuning: The number of hole rings surrounding
the center hole is changed between 5, 10, 15 or 20 holes; The value of the normalized
linear gradient is varied between G = 0.008 − 0.012 in steps of 0.001; The lattice
constant a is varied between 575 − 625 nm in steps of 5 nm. It is expected that
the optimized parameters are slightly different in the real devices compared to the
simulated structures due to uncertainties in fabrication calibrations. The parametric
sweeps provide a good way of testing this. After experimentally testing, a single PhC
design is chosen for the tunable bridge structures on-chip, which form the second
type of structures.

4.2 Design of releasable double membrane devices

In this section, the fabrication of double membrane devices which can be released
from the sample using a nanomanipulation technique, is presented. The releasable
structures are the third type of fabricated structures. In order to obtain releasable
structures, the explained standard fabrication process needed to be adjusted. First,
the design of these structures is given, followed by the fabrication process flow.

The goal of the fabrication process is to create a double membrane structure
which can be completely released from the chip and then mounted on the fiber tip,
as shown in a schematic representation in figure 4.2a. A support in between the
two membranes, located on the sides of the membranes, prevents the structure from
collapsing. The design of the releasable devices shown in figure 4.2b is based on the
single-membrane fiber-tip structures previously investigated in our group [55, 56].
The PhC membranes are surrounded by a holding ring, which determines the width
of the AlGaAs support in between the two membrane slabs. A trench is formed
surrounding the DM structure, which provides the possibility to fully underetch the
complete DM structure in order to create a free standing device, as will be explained
in the next section. Two supporting beams overspan this trench and are used to
hold the structure when it is still fixed on the sample. Square membranes are used
as a square shape deflects more than a circular shape with the same area, which
translates into a higher sensor sensitivity for this shape. [59].

A parametric sweep in the design parameters was implemented, providing a
higher chance of creating releasable structures in the first fabrication run. This
parametric sweep also provides information about the optimum parameter values,
which is useful for the following research on these type of structures. A sketch of the
sample is given in figure 4.2c. The size of the structures is varied between 10, 15 or
20 hole rings. The PhC design is identical on all the devices: The lattice constant
a = 600 nm, center hole radius of 216 nm and a normalized linear gradient in the
radii equal to G = 0.01. The holding ring parameter h is varied between 2.5, 5
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(a)

(b)

(c)

Figure 4.2: a) Schematic representation of the double membrane device mounted
on a fiber tip. b) Design parameters indicated in the schematic representation of
the releasable double membrane device. c) Schematic overview of the fabricated
sample indicating the implemented parametric sweeps.

and 10 µm (see figure 4.2b). The trench width l is varied between 5 and 10 µm in
steps of 1 µm. The width of the trench also determines the length of the support
beam holding the DM structure. The width of the support beam is indicated by the
support beam size w and is varied between 0.5 and 3 µm in steps of 0.5 µm. It is
expected that if the support beams become too small (so small w) and/or too long
(so large l) they will not be able to hold the full device anymore when it is still on
chip. Besides this, the design parameters are also influencing the nanomanipulation
process used to transfer the devices from the sample to the fiber tip, as will be
explained in section 6.1.

4.2.1 Fabrication process

The fabrication method as explained in section 4.1 can not be directly applied to this
new design, since the AlGaAs in between the two PhC membranes will be completely
removed, thus collapsing the structure. The crucial step in the adjusted fabrication
process is the regrowth of SiN on the sides of the trench, which protects the AlGaAs
support in between the membrane, creating a holding ring.

The fabrication process is shown in steps in figure 4.3. In the first step the PhC
and the trenches are defined. The holding ring is indicated in figure 4.3b by the
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arrows. The next step is the regrowth of the SiN which covers the side walls of the
trenches (see figure 4.3c). A dry etch of the SiN opens the bottom of the trenches,
but the walls remain covered (see figure 4.3d). This occurs because the plasma etch
step is highly directional, etching the bottom of the trench and leaving the sidewalls.
In this way the AlGaAs inside the holding ring close to the trenches is protected
in the wet-underetch step (see figure 4.3e). The final step is the removal of the
remaining SiN leaving a releasable freestanding double membrane structure behind,
which is only suspended by the breakable support beams (see figure 4.3f).

(a) (b) (c)

(d) (e) (f)

Figure 4.3: Fabrication process for the releasable freestanding double membrane
structures explained in steps a-f).

During the regrowth of the SiN the holes of the PhC are not filled because of
the small size of the holes, as can be seen in figure 4.4. In figure 4.4b the thin SiN
layer on the sides of structures is shown in color. This layer prevents the AlGaAs
layer in between the two GaAs beams to be etched away.

The size of the holding ring is an important parameter in determining if the
double membrane device will be fully underetched, as can be seen in figure 4.5. The
upper SEM images are obtained with a 3 kV electron beam with a tilt providing
the ability to see underneath the membranes. In the bottom SEM images a 15 kV
electron beam is used to visualize the underetch indicated by the lighter areas. The
shown structures are all having the same PhC (15 hole rings), but the size of the
support beams and the trenches are different.

The figure shows that the structures were only fully released for a holding ring
of h = 2.5 µm. When the holding ring was increased to h = 5 µm the structure
was almost completely underetched but several pillars in the corners still support
the membranes as can be seen in figure 4.5b. In the 15 kV SEM image these pillars
are visible as the darker triangles at the corners of the PhC and next to the support
beams. When the holding ring is even further increased to a value of h = 10 µm the
structure is still fully supported after the etching procedure. The 15 kV SEM image
shows the same color for the support as for the substrate surrounding the device
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(a) (b)

Figure 4.4: a) SEM image after the SiN regrowth and back-etch (figure 4.3d)
on a structure of 20 hole rings, a holding ring with h = 2.5 µm, a support beam
with w = 2 µm and a trench with l = 9 µm. b) Zoom on the edges of the same
structure obtained with a 35◦ tilt. The SiN on the etches shown in color.

indicating that the no underetch is present. In further work the structures with
h = 10 µm can be fully discarded. For the structures with h = 5 µm the design can
be slightly adjusted by removing the corners of the holding ring possibly allowing
the underetch to reach the AlGaAs pillars too.

(a) 2.5 µm holding ring (b) 5 µm holding ring (c) 10 µm holding ring

(d) 2.5 µm holding ring (e) 5 µm holding ring (f) 10 µm holding ring

Figure 4.5: a-c) 3 kV SEM images for structures of 15 hole rings showing the
influence of the holding ring size. d-f) 15 kV SEM images of the same structures
visualizing the underetch.

Besides the structures with large holding rings not being released, other
fabrication issues arose as well. An overview of a part of the sample is given in
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figure 4.6a, showing several contaminations. These contaminations can influence the
optical properties of the structures or even collapse the two membranes. Some of the
double membrane devices were tilted, as is shown in the SEM image of figure 4.6b.
The difference between the collapsed and the still free standing double membrane
structures becomes visible by the color of the PhC part when viewed in the optical
microscope, as can be seen in figure 4.6c. The blue indicates a collapsed structure,
which was confirmed using photoluminescence measurements as these devices do not
show resonant modes in their spectra. The green structures are freestanding double
membranes.

(a)

(b) (c)

Figure 4.6: a) Overview of the sample with releasable DM PhC structures. b)
SEM image of a tilted fully underetched structure. c) Optical microscope image
showing the visible difference between collapsed (blue) and not-collapsed (green)
PhC structures.
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4.3 Characterization methods

The fabricated devices have been characterized using several setups. The main
two techniques, namely the micro-photoluminescence (µ-PL) and reflectivity, are
explained in this section.

4.3.1 Photoluminescence measurements

4.3.1.1 Quantum dots

The incorporation of quantum dots (QDs) into a III/V structure creates an active
material, making measurements of the photoluminescence possible. The QDs have
discrete energy levels resulting from the quantization effects that appear for carriers
confined in a dot with sizes smaller then their de Broglie wavelength. They can
be regarded as artificial atoms since the three-dimensional spatial confinement
resembles the atomic case, see figure 4.7a. The InAs QDs in our structures are
directly embedded in the semiconductor layers using the Stranski-Krastanov growth
method [122, 124]. This growth technique is based on a deposition of layers of
lattice-mismatched materials on top of each other, which causes a strain that leads
to the formation of self-assembled three-dimensional islands, i.e. the QDs as shown
in figure 4.7b. The dominant quantization axis is set along the growth direction
and the polarization of the emitted photons lies in the plane perpendicular to this
direction [123], so in the direction parallel to the membranes. This orientation of the
emitted photons provides a good coupling between the excitonic states of the QDs
with the transverse electric (TE) polarized resonance modes of the used photonic
structure.

(a)
(b)

Figure 4.7: Quantum dots in III/V semiconductor materials. a) Non-resonant
pumping of the quantum dots. b) Atomic Force Microscope image of low-density
self-assembled InAs QDs on GaAs which emit around 1300 nm at room
temperature taken by T.Xia, TU/e). Inset: QD shapes in three-dimensional
view.

Optical excitation of the QD system can be achieved by pumping with a laser
above the bandgap of the material that surrounds the QD (GaAs), see figure 4.7a.
An electron goes from the valence band into the conduction band leaving a hole
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behind. The electron and hole can be captured within a QD and relax to the QD
lowest-energy states, emitting a photon.

4.3.1.2 Experimental µ-PL setup

The µ-PL is very convenient to perform a quick characterization of the resonant
structures. A schematic of the setup that is used for the µ-PL is shown in figure
4.8. A continuous wave (CW) diode laser (λ ≈ 660 nm) is focused by a microscope
objective (50×, numerical aperture NA = 0.45) into the sample. The PL signal is
collected via the same objective and is subsequently separated from the reflected
laser beam using several beam splitters. The PL signal is then sent via a free space
part to the grating of a spectrometer like the Princeton Instruments Acton Spectra
Pro 2500i [125]. The spectrum is then measured with an InGaAs detector array
cooled to 77 K using liquid nitrogen. A high-pass wavelength filter (cut-off λ = 1100
nm) is placed in the free space part before the spectrometer to block the lower
wavelength pump laser component. The sample holder is placed on top of a xyz
movable stage to control the position of the sample relatively to the objective focal
spot, allowing for probing different regions on the sample. A white light lamp is
used to illuminate the sample during the sample alignment procedure, which can be
followed by a charge-coupled device (CCD) camera.

4.3.2 Cavity tuning measurements

As is mentioned in section 2.4.2, the tunability of the system at room temperature
can be tested using an electrostatic actuation. This is accomplished by reverse
biasing the p-i-n diode formed by the doped layers adjacent to the sacrificial AlGaAs
between the membranes (see figure 4.1). For these purposes an electrical probe is
implemented in the setup, as shown in the left of figure 4.8. The probe is mounted
on top of a micrometer stage which itself is mounted on the same xyz piezo stage
as the sample. In this configuration the whole system can be moved even when
the probes are in contact with the sample. This is an advantage when performing
alignment of the laser spot in the PhC cavity.

In order to tune the cavity, a voltage needs to be applied over the p of the bottom
membrane and the n of the top membrane in reverse bias, as can be seen in figure
4.9a. The induced displacement is reversible since the two semiconductor slabs will
return to their equilibrium position when no voltage is applied due to the restoring
elastic force. Figure 4.9b shows the real device with implemented contacts as used in
the experiments. The graded PhC is etched in the bridge structure and surrounded
by different types of contacts. For the testing of the cavity tuning an electrical probe
is placed on one of the pbottom contacts and on the neighboring n contact. The other
contacts are not used in this work.

A 10 kΩ resistor is placed in series with the voltage source, so that the current
through the diode can be measured as a voltage drop across the resistor. In this
way the diode I-V curve can be measured.
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Figure 4.8: Schematic representation of the micro-photoluminescence setup.
The electrical probe can be used for test tuning experiments. The charged-coupled
device (CCD) camera is used for alignment and the continuous wave (CW) laser
is used for excitation.

(a) (b)

Figure 4.9: a) Artistic three-dimensional sketch of the p-i-n diode created inside
the double membrane structure. b) Graded double membrane device placed
on a tunable bridge structure with the contacts needed in tuning experiments
indicated.
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4.3.3 Reflectivity measurements

Reflectivity measurements provide another way of measuring the resonance spectra
of the PhC structures. The reflection spectrum is obtained by performing a
wavelength sweep of a tunable laser around the resonant wavelength region of
the DM device. This method has a great advantage compared to the PL read
out [56], as the low intensity of the PL requires expensive spectrometers equipped
with liquid-nitrogen cooled InGaAs detector arrays. However, the reflectivity
measurements are more difficult since a large background of non-resonant light
is present. Suppression of the background may be achieved using cross-polarizers
adjusted to minimize the directly reflected background signal. If the cavity scrambles
the polarizations, the light that interacted with the cavity will pass the analyzer and
light with the polarization of the background light is filtered out.

Figure 4.10: Schematic representation of the setup used to measure the reflection
spectrum of the double membrane photonic crystal structure. A half- and quarter
waveplate are used to control the input polarization.

The schematic drawing of the setup is shown in figure 4.10 for a reflection
spectrum measurement of a DM PhC device placed on a fiber tip, as will be explained
in chapter 6. First the laser goes through a free space part in which the polarization
of the light can be controlled. The quarter wave plate (λ/4) can make a linear
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polarization circular (or elliptical) and the half wave plate (λ/2) is used to rotate the
polarization. With the combination of these two waveplates any desired polarization
of the light can be obtained, which is then coupled into the 50 : 50 fiber splitter.
The light couples into the fiber with the device under test placed on top and it
reflects after interacting with the PhC. The reflected light will go back into the fiber
and then into the fiber splitter. The other arm of the fiber splitter is coupled to a
free space part which guides the light via a polarizer/analyzer into the detector. In
the practical situation the use of cross-polarizers appeared not so trivial, because
of the birefringent character of the optical fibers. The optical fibers will change the
polarization of the incoming light sensitively dependent on wavelength, making it
impossible to achieve a crossed polarization state at all wavelengths. For this reason
a trial and error method was used in order to optimize the signal to background
ratio. Another problem arising due to the change in polarization within the optical
fibers is the creation of amplitude modulations in the reflected signal as a function
of wavelength for certain angles of the polarizer in the output. These fringes were
caused by the polarization, as they were found to spectrally shift with the rotation
of the output polarizer. Because of the fringes the reflected signal strongly varies
with wavelength. For this reason, in some cases, the polarizer was not used, as will
be shown in section 6.3.
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Characterization of double membrane

photonic crystal structures

In this chapter the characterization of the double membrane photonic crystal
structures on-chip is presented. First, the geometry of the PhC on the fabricated
samples is compared with the aimed design. After this, the resonant spectra of the
first type of structures are obtained by different photoluminescence measurements
methods. The initial on-chip results presented here are taken into account for the
actual DM sensor devices on fiber tip presented in chapter 6.

In figure 5.1a an overview of a part of the sample is given, obtained with an
optical microscope with a 10× objective. The implemented parametric sweeps in
lattice constant a, number of holes N and in the gradient allow for a systematic
characterization of the double membrane PhC structures. The dark areas on
the sample are contaminations which have probably arisen during the fabrication
process.

The gradient in the holes is clearly visible for a structure of 20 hole rings, as can
be seen in the scanning electron microscope (SEM) image of figure 5.1b. The aimed
value of the lattice constant of this structure is a = 605 nm and the normalized
gradient is G = 0.01. An image recognizing program developed by F. Pagliano is
used for analyzing the PhC parameters in the SEM images. An analysis of this
image shows that the actual value of the lattice constant is equal to a = 601.1 nm
with standard deviation of σa = 1.3 nm, which is close to the aimed value. A strong
discrepancy in the hole size is observed, with a measured radius of r = 186.7 nm
with standard deviation of σr = 1.6 nm for the center hole. This is 30 nm smaller
than the aimed value of 216 nm. This discrepancy can be explained by a practical
characteristic of the EBL machine, which in general tends to make the holes larger
than specified by the design due to scattering of electrons from the neighboring
areas (”proximity effect”). For this reason a correction factor in the hole radii of
the design is implemented. From the SEM analysis it can be concluded that the
correction factor was set to a too low value, and in a future process, this correction
factor can be removed.
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(a) (b)

Figure 5.1: a) Optical microscope image showing an overview of a part of
the sample with double membrane photonic crystal structures, showing the
implemented parametric sweeps. b) SEM image of a structure with 20 hole rings,
a normalized gradient of G = 0.01 and a lattice constant of a = 605 nm.

The fact that every hole has a 30 nm smaller radius has some consequences for
the resonant modes of the system. Simulations have been performed to calculate the
effect, as can be seen in figure 5.2. The design of the optimized gradient system of
7 hole rings (see figure 3.5 for explanation) is taken as a starting point from which
the hole radii of all the holes is changed with the same amount. On the horizontal
axis this deviation from the optimized radii is indicated. The results show that the
wavelength of the fundamental mode increases when the holes are reducing in size.
This wavelength increase can be explained by equation 3.4, which states that for a
system of smaller holes, i.e. a larger area of high refractive index GaAs, the frequency
of the mode decreases. The red-shift in the wavelength is ∼ 2.5 nm for 1 nm decrease
in radii, resulting in an expected wavelength red-shift of almost 75 nm for the 30 nm
discrepancy in the hole size. This causes the fundamental anti-symmetric resonant
mode to have a wavelength close to ∼ 1380 nm instead of 1300 nm (ground state of
the QDs). Despite the strong fluctuations in the calculated Q factor, the simulations
show a strongly decreasing behavior. The Q factor is decreased to ∼ 1800, which is
significantly lower than the aimed value around ∼ 4000. The simulations suggest a
strong decrease in the experimental Q factor for our double membrane structures.

5.1 µ-PL measurements

The µ-PL measurements provide a quick way of obtaining the characteristics of the
resonant spectra. In this work two µ-PL setups with different configurations are
used. The first setup has the specifications as explained in section 4.3.1, and is in
the following text referred to as setup 1. In µ-PL setup 2, a higher wavelength 780
nm CW laser is used to excite the photonic structures in combination with a 100×
objective (instead of 50×) providing a larger collection angle.

A typical resonant spectrum obtained with setup 1 is given in figure 5.3a for a DM
structure with 15 hole rings, a lattice constant a = 600 nm and a normalized linear
gradient equal to G = 0.01. The first thing to notice is the presence of the resonant
peaks, despite the smaller radii of the PhC holes. The several peaks correspond to
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Figure 5.2: The wavelength λ and Q factor as a function of the deviation in
hole radii as compared to the optimized linear gradient structure consisting of 7
hole rings. The green dashed line indicates the aimed value of the hole radii.

the multiple modes of the graded structure, in which the lowest-wavelength resonant
peak corresponds to the fundamental mode. The appearance of these resonant peaks
can be due to the modes arising from a higher order band. In figure 5.3c the band
diagram of figure 3.3 is repeated with the addition of higher bands. The calculated
band diagram shows a wavelength spacing between the initial band of interest and
the following band equal to 1500− 1417 ≈ 85 nm. By implementing a scaling factor
to match the wavelength of band of interest around the Γ-point with the aim for
resonant wavelengths around 1300 nm, this spacing is calculated to be∼ 70 nm. This
wavelength difference between the two bands matches the ∼ 75 nm wavelength shift
expected for the fabricated structure with smaller holes, supporting the suggestion
that the modes arise from a higher order band. The higher frequency modes of
the higher band also have undergone a frequency shift resulting in their resonant
wavelengths being overlapped with the QD emission. At the same time, the modes
expected for the first band fall out of the QDs emission range and are therefore not
possible to detect with the µ-PL measurements.

Only 4 peaks are visible while significantly more modes are expected for this
relatively large system (see figure 5.3a). This can be explained by the localization
of the mode patterns, of which a few of them were given in figure 3.4c as obtained
by the two-dimensional simulation. If the field intensity is not large enough in the
center of the structure, the microscope objective is not able to collect the emitted
light. The lowest wavelength peak should correspond to the fundamental mode,
since its mode pattern is well localized around the center of the structure and the
emitted light should therefore be well collected. A Lorentzian fit of this fundamental
peak gives a Q factor of Q = λ/∆λ ∼ 600. This is significantly lower than calculated
in the initial simulations, but may be explained by the discrepancy of the hole sizes
(see figure 5.2 with calculated Q ∼ 1800) and by the modes possibly arising from
a higher band. If the latter is indeed the case the intensity of the electric field
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Figure 5.3: A typical µ-PL spectrum of the graded PhC DM structure for
a structure with 15 hole rings, lattice constant a = 600 nm and a normalized
gradient of G = 0.01 a) obtained with setup 1 (NA= 50) and b) obtained with
setup 2 (NA= 100). c) Calculated two-dimensional band structure of a square
lattice PhC with a = 600 nm and r = 216 nm.

located in the GaAs membranes is lower, since a larger part of the field distribution
is moved into the holes, causing a lower interaction between the modes electric fields
and the QDs located inside the membrane during photoluminescence measurements.
Additionally, a lower Q factor is observed in general due to fabrication defects when
compared to simulations.

The spectrum in figure 5.3b is obtained with setup 2 for the same structure
of 15 hole rings, lattice constant a = 605 nm and a normalized linear gradient of
G = 0.009. A step and glue method is used to measure the spectrum over a larger
wavelength range. The main difference between the high-NA spectrum (figure 5.3b)
and the low-NA spectrum of figure 5.3a is the number of measured resonant peaks.
The presence of more peaks in the measurement obtained with setup 2 can be
explained by the higher NA objective used, providing a larger collection angle. A
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few modes which are not well enough localized in the center of the structure or have
a too large emitted angular distribution to be collected with the 50× objective are
measured with this other higher NA objective, indicating that the measured modes
have indeed field patterns very similar to the modes calculated in the simulations.
Apart for this difference, the higher background caused by the QDs can also be
explained by the use of the higher NA objective as well, since the QD emission in
the leaky modes has a wide angular distribution.

5.1.1 Comparison of structures with different sizes

Figure 5.4a shows the resonant spectra of structures with varying number of hole
rings obtained in setup 2. The lattice constant for this structures was fixed to
a = 605 nm and the normalized gradient to G = 0.01. The number of holes in the
legend indicates the number of hole rings surrounding the center hole. The gradient
being the same for all structures causes the larger structures (the ones with more
hole rings) to have smaller radii of the most-outer holes. A red-shift in the resonant
wavelengths is observed when the structure size is decreased. The effective refractive
index of smaller structures is higher, since there is more GaAs than air surrounding
the center-holes of the PhC as compared to bigger structures. This induces the
red-shift of the resonant wavelength (see equation 3.4). This observed wavelength
red-shift for a decreasing structure size matches the simulation results (summarized
in table 3.1). In addition, more modes are observed for larger structures (i.e. for
a structure with more hole rings). This can be explained by the band diagram of
figure 3.4a, since a larger system creates a larger frequency gap for the modes to fit
in, due to the smaller radius of the most outer hole ring.
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Figure 5.4: Comparison of structures with different sizes. a) µ-PL spectra
comparing structures with different number of hole rings surrounding the center
hole obtained with setup 2 for a structure with lattice constant a = 605 nm and
a normalized gradient of G = 0.01. An offset in the counts is added for clarity. b)
Zoom in on the spectrum for a structure with 5 hole rings surrounding the center
hole.

It can be observed that the resonant peaks are not present anymore for a
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structure with only 5 hole rings surrounding the center hole. In figure 5.4b a zoom-in
of the corresponding spectrum is shown. The background signal is most-likely due
to the QDs and is measured without the presence of the resonant peaks. For this
small system a large part of the modes is leaking into the surrounding GaAs instead
of being reflected back inside by the air holes; the resonant peaks are not bright
enough in order to overcome the background.

5.1.2 Comparison of structures with different lattice constants

The influence of the lattice constant on the resonant modes is given in figure 5.5 for a
system of 15 hole rings and a normalized gradient of G = 0.01. The wavelength shift
of ∼ 80 nm is observed for a decrease in the lattice constant from 625 to 575 nm.
This observed value can be compared to the value expected from a simple scaling
calculation, assuming a linear behavior in the wavelength: the resonance peak at
1305 nm for a = 625 nm shifts to λ(a=575) = (1305/625) · 575 = 1200 nm for lattice
constant a = 575 nm. This calculated linear shift of ∼ 105 nm is close to the ∼ 80
nm shift estimated from the measured spectra of figure 5.5.

a=625 nm

a=620 nm

a=615 nm

a=610 nm

a=605 nm

a=600 nm

a=595 nm

a=590 nm

a=585 nm

a=580 nm

a=575 nm

Figure 5.5: µ-PL spectra showing the dependency on the lattice constant a.
The spectra are obtained with setup 2 for a structure of 15 holes and a gradient
of G = 0.01. An offset in the counts is added for clarity.

When the lattice constant decreases a blue shift in the resonant wavelengths is
observed. During this decrease in the lattice constant, a relatively larger area of
the structure surface is filled by the air holes, causing a decrease in the refractive
index. Using again equation 3.4 this increase in the frequency ω for an increasing
value of the refractive index n can be explained. Below a certain value of the lattice
constant, a second set of peaks starts to arise at higher wavelength. The spacing
between the fundamental peaks (lowest wavelength) of these two sets is ∼ 60 nm,
which is close to the ∼ 70 nm extracted from the calculated band diagram for peaks
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around 1300 nm (see figure 5.3c). This spacing between the two sets of peaks lies
within the calculated 75 nm wavelength shift for the structure with 30 nm smaller
holes radii and therefore supports the statement that the measurement peaks are
arising from the modes of higher order bands of the gradient photonic crystal double
membrane structure.

5.1.3 Tuning measurement

In order to work as an optical pressure sensor the double membrane structures need
to show a change in the optical spectrum as a response to the change in the distance
between the two membranes, as presented in figure 3.11a. In order to test the
tunability of the devices the electrostatic actuation of the bridge p-i-n structure is
used. A top view SEM image of the graded PhC bridge structure is given in figure
5.6a. The measurements are performed using the µ-PL setup 1 in combination with
the electrical probe. The I-V diode characteristics provide information about the
quality of the contacts. Figure 5.6b shows the I-V curve measured before the tuning
was performed. No voltage breakdown was observed up till an applied voltage of
−12 V. The series resistance of the structure Rs can be deduced from the slope of
the I-V curve for large forward bias and is equal to Rs = 6.25 kΩ. The value of
Rs increased after higher voltages were applied in reverse bias, indicating that the
contacts are not properly working [63]. Despite the bad contacts, the tunability of
the system was still examined.
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Figure 5.6: a) SEM image of the graded photonic crystal bridge structure used
for testing the electrostatic actuation. b) I-V diode characteristics obtained before
cavity tuning.

The cavity tuning graphs are obtained by measuring the µ-PL spectra for the
different values of the applied voltage. The tuning for a PhC cavity with a lattice
constant a = 600 nm and normalized gradient G = 0.01 was examined in four steps,
as is shown in figures 5.7a-5.7d. The red correspond to the highest intensity in the
µ-PL signal and the blue to the lowest. The first tuning curve (figure 5.7a) shows a
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∼ 1 nm shift to higher wavelength for all cavity modes when 2 V is applied in reverse
bias. However, when the voltage was set to zero again, the wavelength shift was not
reversed. This can be seen in the second tuning step of figure 5.7b, which shows
that the wavelengths at 0 V of the resonant modes are equal to the values obtained
after tuning to −2 V. No wavelength shift is observed when a voltage up to −2 V
is applied, which is the maximum voltage applied in the first tuning step. When
the reverse bias voltage is further increased, again a tuning to higher wavelengths is
observed. This same irreversible behavior is present when a third and fourth tuning
step are implemented, as can be seen in figures 5.7c and 5.7d.
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Figure 5.7: Tuning curves for the graded bridge structure. a-d): Consecutive
voltage tuning of the DM bridge structure in PL. Voltage is applied in reverse bias.
Red corresponds to the highest µ-PL intensity and blue to the lowest, measured
in setup 1.
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From the tuning curves it appears that if it is assumed that a mechanical
displacement of the membrane is induced by the applied voltages, this displacement
is not reversed by the elastic forces, causing these irreversible wavelength shifts.
However, it was shown that the contacts of the device were not properly working, as
indicated by the increasing value of the series resistance Rs. However, the tuning to
higher wavelengths can not be explained by the mechanical movements, since this
would cause a blue-shift for the anti-symmetric modes(see figure 3.11a). In addition,
the wavelength shift can not be caused by heating, since this would cause a larger
current in reverse bias. Instead, a very low current is measured even in strong reverse
bias up to −12 V.

These results are unfortunately not providing a useful contribution to the
understanding of the optomechanical coupling in the real devices. Problems in other
fabrication processes also caused bad contacts for the bridge structures, which made
it not possible to perform the preliminary optomechanical testing of our devices
using electrostatic actuation.

5.2 PL measurements through an optical fiber

One of the aims of this work is to mount the double membrane structures on an
optical fiber tip. In this configuration the excitation and collection of the resonant
modes are performed via the same fiber. The response of the system to this type of
measurements can be tested before mounting by obtaining the photoluminescence
spectra via an optical fiber positioned close to the structure surface. In this section
the experimental details of this type of measurement are given, followed by the
obtained PL spectra measured via the optical fiber.

5.2.1 Experimental details

The experimental photoluminescence setup of figure 4.8 is adjusted for the
photoluminescence measurements via the optical fiber, as can be seen in figure 5.8.
A cleaved Thorlabs P1-SMF28E-FC single-mode, non-polarization maintaining fiber
with operation range 1260 − 1625 nm is used. During this type of measurements
the microscope is only used in the alignment procedure by making use of the CCD
camera and the white light source. The pumping laser is connected to a 50 : 50 fiber
splitter which is attached to an optical fiber used for excitation. The light emitted
by the resonant structures is collected in this same fiber and goes via the other arm
of the fiber splitter directly to the free space part in front of the spectrometer, which
is unaltered.

The emission of the resonant structures is expected to be perpendicular to the
sample surface, imposing the requirement for the optical fiber to be positioned as
perpendicular to the surface as possible. This perpendicular positioning of the
optical fiber can not be imaged with the optical microscope when a straight fiber
is used, since it makes the alignment impossible. The optical fiber should therefore
be bent in order to fit within the working distance of the microscope objective. A
picture of this experimental configuration is shown in figure 5.9a, in which the fiber
is fixed in a movable holder which allows the positioning of the fiber with respect to
the structures on-chip. Figure 5.9b shows the same picture zoomed in on the bent
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Figure 5.8: Adjusted experimental photoluminescence setup used to characterize
the resonant structures by excitation and collection via an optical fiber.

fiber, showing the fiber tip well aligned with the focal spot of the white light on the
sample surface. The top view as observed with the CCD camera in the microscope
is given in figure 5.9c. Only the surrounding of the fiber is visible together with the
laser light used for excitation. The core itself is not visible, making it more difficult
to align the core well with the structures. As a first step a rough alignment is
performed using the surrounding structures, followed by a finer alignment provided
by the maximization of intensity of the PL spectra.

5.2.1.1 Optical fiber preparation

The optical fiber used for excitation and collection needs to be properly prepared in
order to couple in and out in an efficient way. The curved shape of the optical fiber
is obtained by locally heating the fiber and then bending at this point. Two different
preparation methods were used, depending on the order in which the different
preparation steps are executed. In the first method, first the optical fiber is cleaved.
The top two pictures in figure 5.10a show the cleaved fiber before heating, having
a straight fiber facet. The top picture is obtained with a 10× objective optical
microscope and the middle picture is taken by the CCD camera of the PL setup.
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(a)

(b) (c)

Figure 5.9: a) Picture of a part of the experimental setup as presented in figure
5.8. b) Zoom-in on the bent optical fiber used for excitation and collection of the
resonant structures. c) Top view showing the optical fiber positioned above the
DM PhC structures.

After locally heating at a certain position to induce the bend, a deformation of the
flat fiber surface was observed, as can be seen in bottom picture of figure 5.10a. The
image is taken out of focus in order to better show the heat-induced changes in the
surface. Despite of this induced surface effect, the transmission of the red laser light
through the fiber was not significantly reduced.

Tests were performed on preparing the fiber in the reversed way; first the
fiber is heated and bent after which the fiber facet is cleaved. This procedure
is more difficult, since the cleaving needs to be close to the bend in order to fit
the fiber underneath the microscope objective. Optical microscope images for two
different tries of this preparation procedure are given in figures 5.10b and 5.10c.
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(a) (b) (c)

Figure 5.10: a) Top and middle: optical microscope images of the fiber facet of
a cleaved straight optical fiber obtained with an 10× objective and the microscope
of the PL-setup, respectively. Bottom: picture of the same fiber facet after heating
and bending. b,c) Pictures of the fiber facet for two preparations of first bending
and then cleaving obtained with an Top: 10× or Bottom: 40× magnification.

The top figures correspond to a 10× magnification and the bottom ones to a 40×
magnification. The cleaves obtained by this method show complete parts missing on
the sides of the fiber or have a fiber facet with multiple facets. It should be noted
that the cleave as presented in figure 5.10b was the most promising cleave obtained
with this fiber preparation procedure.

It can be concluded that the method of first cleaving and then bending provides
a better surface of the fiber facet, despite the introduced deformation of the facet.
The optical fibers shaped by this preparation method are used in the following
photoluminescence measurements. The bending of the fiber is only needed for the
preliminary testing of the double membrane photonic crystal structures on chip, but
will not be needed for the actual devices on a fiber tip.

5.2.2 Photoluminescence measurements

The photoluminescence spectrum obtained via excitation and collection via the
optical fiber shows a result resembling the optical spectra measured via the objective
of the optical microscope. This is shown in figure 5.11, for a structure of 15 hole
rings, with lattice constant a = 605 nm and a normalized gradient of G = 0.009.
An offset is added in the counts for clarity. In both PL measurements the same
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resonant peaks are observed, although red-shifted by ∼ 2 nm when the optical fiber
is used. The optical fiber is positioned close to the structure surface, which increases
the refractive index n of the surrounding with respect to the free space setup. This
increase in n causes a decrease in the frequency, so an increase in the wavelength λ,
according to the perturbation theory given in equation 3.4. This wavelength shift is
slightly smaller than the shift calculated for a DM structure in direct contact with
the glass surface, as expected since the device is not in perfect contact with the
optical fiber yet (see section 3.7). From this fiber measurement it can be concluded
that the modes are indeed emitting in the direction perpendicular to the membrane
surface, or else they would not be collected with the small NA fiber.
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Figure 5.11: PL spectra for a structure of 15 hole rings, a = 605 and a
normalized gradient of G = 0.009, measured with the microscope objective and
an optical fiber. Integration time is 5 s with the objective and 30 s with the fiber.

5.2.3 Comparison of structures with different lattice parameters

The fiber-PL measurements are also used to show the influence of some of the lattice
parameters. Figure 5.12a shows the resonant spectra of structures with varying
number of hole rings. The lattice constant for this structures was fixed to a = 605
nm and the normalized gradient to G = 0.01. Qualitatively, the same results are
obtained as in figure 5.4a; A red-shift in the resonant wavelengths is observed when
the structure size is decreased, and the resonant peaks are again not present for a
structure of only 5 hole rings surrounding the center hole. However, it should be
noted that a smaller number of resonant peaks is observed here in comparison with
the larger NA objective of µ-PL setup 2, which can be explained by the difference
in the used collection angle. The highest PL intensity is expected for the largest
structures due to the larger mode size, but for this set of measurements the spectrum
of the N = 10 structure has the largest intensity. These intensity variations can
be due to the positioning of the fiber core, which is likely not always perfectly
perpendicular and well centered.

The influence of the gradient is shown in figure 5.12b for a structures of 15
hole rings and a lattice constant a = 605 nm. The resonant modes shift to higher
wavelengths when the gradient is increased. This red-shift can again be explained
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Figure 5.12: Fiber-PL spectra comparing a) structures of different number
of hole rings surrounding the center hole, obtained for a structure with lattice
constant a = 605 nm and a normalized gradient of G = 0.01, b) structures
of different gradient, obtained for a structure with 15 hole rings and a lattice
constant a = 605 nm. An offset in the counts is added for clarity. The integration
time of the measurement for both graphs is 30 s.

by equation 3.4. For a larger gradient, the hole radii decrease faster, so the area
occupied by the air holes is relatively smaller. The larger area filled with GaAs
increases the refractive index n, causing a shift of the resonant modes to higher
wavelength. This wavelength red-shift is confirmed by the simulations of figure 3.6
showing a shift to higher wavelength for a smaller radius of the outer hole ring i.e.
for a larger gradient. The spectrum for a normalized gradient of G = 0.01 shows a
larger shift than expected from the trend. This may be explained by e.g. fabrication
defects.

5.2.4 Positioning of the optical fiber

The simulations have shown that the fundamental mode should have a circular shape
centered in the middle of the gradient PhC structure. From this mode pattern it
is expected that the dependence on the positioning of the optical fiber used for
excitation and collection is the same in both in-plane directions (x and y). This
identical position dependence is experimentally confirmed by measuring PL spectra
as a function of fiber displacement in both the x- and y-direction (see figure 5.13).
A structure with N = 20 hole rings, lattice constant a = 605 nm and a normalized
gradient of G = 0.01 is used, providing a relatively large area to move along. Both
graphs show a decrease in the intensity of the fundamental mode (i.e. the lowest
wavelength resonant peak) when the optical fiber is moved away from the center,
indicating a mode pattern which is identical in both direction. The decrease in the
intensity confirms that the mode has the highest intensity in the center.

With careful observation it can be seen that the second spectrum in the
y-direction graph (see figure 5.13c) shows a slightly higher intensity of the
fundamental mode compared to the spectrum obtained in the center of the cavity
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(a)

(b) (c)

Figure 5.13: Fiber-PL spectrum showing the dependence on the positioning
of the optical fiber used for excitation and collection, indicated by the deviation
from the centered position. a) Sketch indicating the used positions in the PL
measurements for displacements in the b) x- and c) y−direction. A structure of
20 hole rings, lattice constant a = 605 nm and a normalized gradient of G = 0.01
is used. An offset in the counts is added for clarity. The integration time for all
the measurements is 5 s.

structure, which can be explained by a not perfect alignment, i.e. the fiber is closer
to the actual center of the structure when it is moved 1.14 µm in the y-direction.
These experimental results support the possibility that the measured resonant modes
arose from higher order bands, since they have the same field properties as the ones
calculated in the simulations.

These measurements can also be used to estimate the mode size of the
fundamental mode for the N = 20 hole ring structure. The resonant peak
corresponding to the fundamental mode has almost disappeared when the optical
fiber is moved 5 µm away from the center. The mode radius of the fundamental
mode rmode should therefore be smaller than 5 µm, indicating that the mode size
matches well with the size of the optical fiber core (9 µm diameter) providing a good
coupling.
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5.2.5 Reflectivity measurements

The photoluminescence measurements provide a good way of initially checking the
properties of the graded double membrane photonic crystal structures, however, it
is not used in the final demonstration of the optical fiber tip sensor. For those
measurements the reflectivity is more important. We have tried to obtain the
reflection spectra using the bent fiber, but unfortunately none of the resonant modes
were measured. This can be explained by the properties of the optical fiber facet
(see section 5.2.1.1), since the smoothness of the fiber facet is more important for
the reflectivity measurements compared to the PL. It can be concluded that in
order to have successful reflectivity measurements, a flat surface of the fiber facet
is necessary. In the next chapter this statement will be confirmed by showing the
measured reflection spectrum obtained for a gradient double membrane photonic
crystal device mounted on the flat surface of an optical fiber tip.

68



6
Fiber tip sensing

In this chapter the results for a double membrane device mounted on an optical
fiber tip are given. The releasable double membrane structures are fabricated
using the method explained in section 4.2.1. First, an explanation is given of the
nanomanipulation technique used for transferring the membranes from the sample
to the fiber facet, followed by the initial characterization of the device on the fiber
tip. In the last part of this chapter, reflection spectra measured via the optical fiber
are used for sensing the displacement of the PhC membrane caused by an applied
sound wave.

6.1 Nanomanipulation

A nanomanipulation technique is used to release the double membrane photonic
crystal devices from the substrate and mount them on the optical fiber tip. A
tungsten probe is used to detach the devices from the sample. The probe is mounted
on a nanomanipulation stage on top of a x-y-z stage, as shown in figure 6.1a. The
rotation and tilting stages allow the probe to reach both the fiber and the sample
with a control over the incident angle. The optical fiber and the sample are attached
to another x-y-z stage positioned underneath the microscope objective allowing for
inspection during the nanomanipulation process (see figure 6.1b). The zoomed-in
picture in figure 6.1c shows the ability of the probe to reach both the sample and
fiber tip. This configuration minimizes the transfer distance between the double
membrane device attached to the probe and the fiber tip.

The tungsten probe is used to exert a force on the double membrane devices.
First one of the beams is broken, followed by the release of the structure. This is
obtained by positioning the probe underneath the second beam and then lifting the
probe so that the beam breaks and the device attaches to the probe (see figure 6.2a).
The interaction between the probe and the double membrane device is provided by
for example electrostatic or Van der Waals forces [126]. The probe needs to be
positioned solely underneath the holding ring in order to prevent collapsing of the
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(a)

(b)

(c)

Figure 6.1: a) Sketch of the nanomanipulation setup. b) Picture of the
nanomanipulation setup positioned underneath the microscope. c) Zoom-in on
the tungsten probe, the sample and the optical fiber.

membranes. The collapsing of the membranes is observed as a change in color from
red to dark green of the PhC area of the double membrane device.

Directly lifting the device by positioning the probe underneath one of the support
beams and pushing up (without breaking the other beam first) causes the membranes
to be launched upwards. The structures land tens of microns away from the original
position, and are mostly collapsed in the process.

The membrane collapse can be caused by charging as well. Releasable single
membrane PhC structures once launced, show a tendency for landing with an
orientation perpendicular to the sample surface, which is attributed to the charging
of the cavity structures [127]. Some of the releasable DM structures show the
same perpendicular tendency, indicating a charging. In addition, the charging of
our conducting double membrane cavity structures is observed as a collapse of the
membranes when a charged probe is brought in proximity of the membranes. This
collapsing is prevented if the probe is discharged on a gold surface before bringing
it into contact with the device.

The size of structures, the beams and the trench are systematically varied, as
it was mentioned in section 4.2. It is found that the structures of 15 and 20 hole
rings are too large to be easily released without collapsing the membranes. This is
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probably explained by a too weak interaction between the probe and the structure to
attract those larger structures while the probe is just in contact with a small part of
the holding ring. Some of the 20 hole structures are supported by the relatively too
long and/or too small beams, as can be observed by the structures fallen down onto
the sample substrate. For the structures of 10 hole rings all the beams are able to
support the devices, but extensively testing the possibility of releasing showed that
the structures with a large trench (i.e. large l) and small beams size (i.e. small w)
are the least difficult to release (see figure 4.2b for explanation of the parameters).
In further work the design can be adjusted by implementing an additional area next
to the holding ring simplifying the releasing of the double membrane devices with a
smaller chance of collapsing them.

6.1.1 Device transfer

The released device is attached to the probe and is transferred towards the cleaved
fiber tip. The used device has a beam size of w = 0.5 µm, a trench of l = 8 µm and
10 hole rings which corresponds to a structure size of 17 × 17 µm2. Figures 6.2b
and 6.2c show microscope images of the device attached to the probe together with
a schematic representation of the device orientation.

(a)
(b) (c)

Figure 6.2: a) Microscope image showing the releasing method of the probe
underneath the supporting beam. b-c) Double membrane device attached to the
probe in two different configurations.

After releasing the device from the sample the device was attached to the probe
with its corner (see figure 6.2b), however, the orientation changed when the device
was brought close to the fiber tip (see figure 6.3a). A repelling force caused the
device to move around the probe ending in the configuration of figure 6.2c. The
membranes were not collapsed during this step. Rotating the probe by 180 degrees
results in the device hanging underneath so that it can be brought towards the fiber
core, (see figure 6.3b). The core is made visible by illuminating from the other side
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by a white light source. Bringing the device closer to the fiber core and aligning the
probe parallel with the fiber facet is not sufficient to transfer the device. A positive
and negative voltage were applied over the probe before the device is brought closer
to the fiber core to induce a change in the electrostatic distribution. Hereafter,
this allows the Van der Waals force acting between the device and the fiber facet
to overcome the attractive force between the device and the probe. This method
allows successful transfer of the membrane towards to fiber tip (see figure 6.3c). The
flat fiber surface provides a strong attractive force between the device and the glass
surface, making it difficult to move the structure around. The use of glue or another
method to secure the device is not needed for this reason.

(a) (b)

(c) (d)

Figure 6.3: Microscope images showing the different steps of transferring the
double membrane device to the optical fiber tip. The device attached to the
mechanical probe a) above the fiber facet and b) above the fiber core with a
white light source used to illuminate the core via the optical fiber. c) The device
mounted on the fiber core, with in d) the spot of a red laser applied via the optical
fiber.

The device used in this work is not perfectly centered in the middle of the
fiber core, as can be seen by illuminating via the other side with the red laser
(see figure 6.3d). The positioning of the structure with respect to the fiber core
is not further improved, since this would increase the chance of collapsing the
double membranes. Nevertheless, the photoluminescence and reflection spectra of
the device can still be measured via the optical fiber in this configuration. All further
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measurements are performed on this single device mounted on the fiber tip, since
the used transfer-method is very difficult and had a success rate of just 1 out of ∼ 50
devices.

6.2 Photoluminescence measurement

The photoluminescence spectra are measured before and after transferring the
device, providing information about the conditions of the device, i.e. if the double
membranes are collapsed or not. The PL setup of figure 4.8 is used for the initial
measurements.

The blue curve in figure 6.4a gives the µ-PL spectra measured for the double
membrane device as fabricated on the sample. The microscope is used for excitation
and collection (see figure 6.4c). The resonant wavelength of the fundamental mode
is 1269 nm, which is lower than the expected value around 1310 nm. However,
a SEM analysis shows that the hole radii are still more than 10 nm smaller than
aimed for, despite an adjustment in the correction value in the EBL. According to
figure 3.11a the resonant wavelengths of the structure with smaller holes should be
shifted to a 30 nm higher value, so to ∼ 1340 nm. In section 5.1.2 it is shown
that the fundamental modes of two sets of resonant modes have a spacing equal to
∼ 80 nm. The ∼ 70 nm difference between the wavelength found in simulations and
the measured fundamental resonant wavelength is close to the observed mode-set
spacing in figure 5.5. From this agreement it can be assumed that the measured
resonant modes in figure 6.4a are again arising from a higher order band.

The pink curve in figure 6.4a shows the PL-spectrum after mounting the double
membrane device on the fiber tip, still using the microscope objective for excitation
and collection. The red-shift of the resonant modes is caused by the change in the
effective refractive index, as explained by equation 3.4. However, the observed shift
is significantly larger than follows from the simulations in section 3.7. This may be
explained by (observed) dust that has attached to the device during the transfer,
which may cause the wavelength shift larger than expected. Further details about
this dust accumulation are given in section 6.5. Another explanation could be a
buckling of the PhC membranes introduced during the release. The last explanation
may be found in the different experimental setups used.

The Q factor is not changed after transferring the device to the fiber surface
confirming the observed resonant modes are the same despite the large wavelength
shift. The Q factor of the fundamental mode (as obtained via fitting a Lorentzian
curve) is equal to ∼ 285, which is significantly lower than expected from the
optimized simulated structure. This can be partially explained by the discrepancy
in the hole size.

After the confirmation of the membranes not being collapsed, the PL
measurement with excitation and collection via the optical fiber was performed (see
green curve in figure 6.4a and schematics in figure 6.4b). The spectrum clearly shows
the resonant peaks which are similar to the one measured from the top using the
microscope objective, indicating a good coupling of the DM device to the fiber facet.
However, the wavelength blue-shift observed between the two upper curves in (pink
and green) could point to slight issues at the glass-semiconductor interface, e.g. a
partial release or capillary wetting with water. The explanation may be found in the
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Figure 6.4: a) PL spectra measured with excitation and collection via
microscope objective for blue: device on sample and pink : device on fiber tip.
Green: device on fiber tip measured with excitation and collection via the optical
fiber. Integration time for all spectra is 1 s. Sketch of the excitation and collection
pathways for measurement of the device on fiber (b) and on chip (c).

mechanical properties of the device which are changed in time, e.g. buckling of the
membranes. According to figure 3.11a, bringing the membranes closer to each other
indeed induces a blue shift. The difference in the used measurement setups can also
cause the difference in resonant wavelengths between the two spectra. The NA is
different for the free space microscope measurement and the fiber measurement. In
addition, different types of fibers are used for coupling the measured signal into the
spectrometer.

6.3 Reflection measurement

The reflected spectrum for the device on the fiber tip is measured using the
experimental setup presented in section 4.3.3. The resonant properties are obtained
by performing a wavelength-sweep of a tunable laser around the resonant wavelength
region of the DM device. The first step of the reflection measurement procedure is
the adjustment of the input polarization controller. The half- and quarter-wave
plates are adjusted in order to maximize the resonant peaks intensity using a trial
and error method. In the second step a polarizer is added in the output path (see
figure 4.10). This polarizer is adjusted such that the background intensity coming
from the non-resonant directly-reflected signal is minimized.
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The reflected spectrum measured before implementing the output polarizer is
shown in figure 6.5a. The laser input power was set to 2.5 mW and the spectrum is
obtained in steps of 100 ms for every 0.2 nm. The measured spectrum shows a strong
background signal which increases with the wavelength. This background signal can
be explained by the use of the optical fiber splitter. The measured spectrum contains
several resonances exceeding the background signal. The measured resonance
peak-power is significantly lower than the input power (∼ 1.8 µW for the resonance
at 1310 nm). This is partly due to losses in the controlling circuit e.g. the 50 : 50 fiber
splitter with a transmission of 48% and a 86% transmission of the single mode fiber
on which the device is mounted. A low reflectivity of the optical device is another
important parameter determining the peak power in the reflection signal. The signal
to background ratio of the resonant spectrum (1.8 µW /1.450 µW) corresponds to
∼ 1 dB. A stronger minimization of the background was not reached using just the
half- and quarter-wave plates in the input path. A third feature of the measured
spectrum in figure 6.5a is the presence of fringes on the signal with a period of ∼ 0.9
nm. These fringes can correspond to a Fabry-Pérot cavity of ∼ 800 µm. Another
explanation for the fringes can be the polarization dependency of the photodetector.

The slope in the background is removed by the implementation of the polarizer
in the output path (see figure 6.5b). The same settings of the half- and quarter-wave
plate and the laser power (2.5 mW) are used as for the results in figure 6.5a. The
data in the figure appears digitized on the y-axis, because it was not acquired with
high enough precision. The reflected spectrum in figure 6.5b shows a strong decrease
in the background as compared to the measurement without polarizer (1.8 µW to
30 nW), which is accompanied with a decrease in signal of the resonant peaks (1.45
µW to 90 nW) resulting a signal to background ratio of ∼ 5 dB. Additionally,
the output polarizer makes the oscillations/fringes more apparent (fringe period of
∼ 1.8 nm), which make it more difficult to recognize the resonant modes compared to
the previous measurement (figure 6.5a). This period is different from the period as
calculated from figure 6.5a, which can be explained by the introduced polarizer. This
polarizer now determines the period of the polarization dependent fringe, instead of
the polarization dependence of the photodetector.

Changing the orientation of the half- and quarter-wave plate in the input, causes
a change in the position of the fringes but not their cancellation (see figure 6.5c).
The ∼ 1 nm shift of the fringes indicates a dependency on the polarization. This
dependency is caused by the slightly birefringent character of the single mode fibers
used in the connection circuit. The birefringent character introduces a small rotation
of the polarization which is wavelength dependent. Analyzing this signal with a
polarizer at the output path gives rise to the fringes. Trying to minimize the
background signal at a certain off-resonance wavelength does not work; instead
the minimum of a certain fringe is moved to the specific wavelength. Repeating
the minimization procedure at a wavelength close to specified value just moves the
minimum of the fringe to this new wavelength, instead of minimizing the actual
background.

Adjustments in the polarization control are implemented to investigate the
properties of the background signal (see figure 6.6a for the experimental setup). The
reflected spectrum in figure 6.6b is measured using a fiber polarization controller in
both the input and output path instead of the free-space polarization controllers.
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Figure 6.5: Reflected spectra of the measured DM device on fiber tip,
measured with a) a half- and quarter-wave plate in the input and b-c) with an
additional polarizer in the output for two different configurations of the half- and
quarter-wave plates.

In this fiber controllers independent wave plates are created by making use of
stress-induced birefringence created by wrapping the single mode fiber around
three movable cylinders. Since no polarizer is used in the output path, the fiber
polarization controller should not affect the measured signal. However, a dependence
on the position of the fiber controller is observed, which can be explained by the
polarization dependence of the photodetector.

The slope in the background of figure 6.6b is removed without suppressing the
full signal by specific combinations of the in- and output fiber controllers. Using this
setup, 33% of the input laser power (2.5 mW) reaches the device on the optical fiber
tip i.e. 825 µW. A 35% transmission of the reflected signal reaching the detector
is expected, which corresponds to a signal of 289 µW for a 100% reflection by the
device. The maximum measured power is ∼ 2.2 µW with a signal of 351 nW above
the background, corresponding to a reflection by the device of ∼ 0.2%. Despite this
low reflectance, the resonant peaks are clearly distinguishable from the background
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(∼ 1.7 µW) with a signal to background ratio of ∼ 1 dB. This ratio is similar to
the one found in the spectrum of figure 6.5a. However, the spectrum obtained with
the in-fiber polarization controllers (figure 6.6b) does not suffer from the slope in
the background. In the spectrum obtained with the in-fiber polarization controllers
(figure 6.6b), fringes on the signal are visible with a period of ∼ 0.9 nm. This is
the same period as observed for the reflection spectrum of figure 6.5a also obtained
without a polarizer in the output path. This suggests that these fringes can also be
polarization dependent and therefore appear due to the polarization dependence of
the photodetector.
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Figure 6.6: Reflection spectrum measurements of the DM device. Measured
using a-b) fiber polarization controllers at the in- and output path, or c-d) an
optical circulator instead of the fiber splitter without any polarization control.
a,c) Sketches of the used experimental setups.

The background signal is the reflection spectrum is minimized using a fiber
circulator instead of a fiber splitter. This component separates the optical signals
that travel in opposite directions inside the optical fiber (see figure 6.6c). Figure
6.6d shows the reflected spectrum obtained using this circulator without any other
polarization controller or analyzer components. The resonances are clearly present
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in the reflected spectrum (1.7 µW), far above the background (70 nW) resulting in
a signal to background ratio of ∼ 14 dB. The fringes on the signal have a period of
0.9 nm. This is again similar to the two fringe periods obtained for measurements
without the use of a polarizer in the output path (see figures 6.5a and 6.6b). Since
the complete coupling circuit is changed using a circulator now instead of a fiber
splitter, this confirms that the oscillations are caused by a polarization dependence
of the photodetector instead of Fabry-Pérot reflections.

In figure 6.7 the reflectivity spectrum measured with the circulator (figure 6.6d)
is combined with the measured PL spectra. The figure shows a strong overlap
in the resonant wavelength between the two characterization methods. The small
discrepancies can be explained by the different calibrations in the spectrometer and
the optical photodetector, for the PL and reflection measurements respectively. The
difference in the intensity of the resonant peaks can be explained by the different
coupling mechanism with the optical modes in PL and reflectivity measurements.
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Figure 6.7: Normalized measured PL and reflectivity spectra for the device on
fiber tip. Excitation and collection is performed via the optical fiber.

It should be noted that dips in the reflected signal are expected at the resonant
wavelengths instead of the observed peaks [64]. The reflectivity dips observed for the
graded structure of Roh et al. are measured via a high numerical aperture objective
(NA= 0.42), meanwhile a small NA (= 0.14) optical fiber is used in this work. The
appearance of the resonant peaks in the reflection spectrum can be explained in
the framework of the Fano quantum interference, by inspectation of the interference
between two different scattering pathways [128]. For the case of the PhC cavity
structure, the intensity of the reflection spectrum can be separated in two terms:
first, the direct (non-resonant) reflections and secondly, the light that is resonantly
coupled to the PhC structure and then reflected back. The interference between
those two different scattering pathways can give rise to an asymmetric lineshape or
a reversed Lorentzian (i.e. a dip) in the intensity, however, for a negligible direct
background scattering the lineshape tends to a symmetric Lorentzian curve [128].
The latter is the case for our reflection measurement, which shows a neglibible
background signal (see figure 6.6d). The ratio between the two types of scatterings
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pathways is expected to be different from the work of Roh et al [64] and may be
explained by the different details of the PhC design or the different NA used. The
optical fiber used in our work collects solely the light emitted under small angles with
respect to the fiber long axis and neglects the scattered light under larger emission
angles.

The presented results confirm that the reflected signal can be used as a probe
for the cavity structure, which is a great advantage compared to PL read out [129].
However, the design of the double membrane device mounted on the fiber tip is
optimized for emission perpendicular to the structure surface and not for reflection.
As mentioned before, the reflectance of the PhC device is just ∼ 0.2%. Nevertheless,
as a result of the vertical emission profile of the resonant modes, the resonant
spectrum is clearly measurable despite the low reflection. In further research the
signal to background ratio can be increased by optimizing the design for reflection,
resulting in higher intensity of the resonances.

6.4 Sensing sound waves

A microphone can be viewed as a prototype displacement sensor. The experimental
setup of figure 4.10 can be extended for the use in displacement sensing of the
membranes induced by sound waves. As a preliminary demonstration of the
application of our fiber-tip sensor, the setup of figure 6.8a is used to test its
performance as a microphone. The sound waves are produced by a headphone audio
speaker (SONY MDR-EX15LP) with an impedance of 16 Ω, a sensitivity of 100
dB/mW and a frequency response from 8 Hz to 22 kHz. The audio speaker is driven
at a nominal sound level of 100dB at an (arbitrary) frequency of 4.3 kHz. Figure 6.8b
shows the audio speaker mounted in a movable holder, positioned directly in front
of the fiber facet. Using this setup, the wavelength shift caused by the displacement
of the membranes can be measured. The reflected light signal at the audio-drive
frequency is detected using a lock-in amplifier, referenced to the audio drive. Using
the lock-in amplifier allows for sensitive measurements of a signal with a known
frequency in a noisy environment.

The applied sound waves cause oscillations of the PhC membrane. This leads to a
resonant frequency modulation of the cavity, which translates to intensity variations
at a given laser frequency. Ideally, the intensity variations are proportional to the
slopes in the reflection spectra so that a derivative (sign-changing) audio-frequency
intensity spectrum is expected. The intensity variations caused by the displacement
of the PhC membrane are given by:

∂IR
∂x

=
∂IR
∂λ

∂λ

∂x
(6.1)

where IR is the intensity of the reflected signal, x the displacement of the membrane
and λ the wavelength of the resonant mode. From this equation it follows that the
reflected light signal at the audio-drive frequency only corresponds to the derivative
of the static reflection spectrum ∂IR/∂x when ∂λ/∂x is the same for all resonant
modes. The first term can be approximated by Imax/∆λ.

A sketch of the expected signal for a single resonant peak is given in figure 6.9.
The green Lorentzian curve represents the initial AS-resonant mode, which is shifted
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(a)
(b)

Figure 6.8: Experimental setup to measure the displacement of the PhC
membrane induced by a sound wave shown in a) a sketch and b) in a picture,
showing the audio speaker positioned directly above the double membrane device
mounted on the optical fiber tip.

to a lower wavelength (blue curve) when the intermembrane distance is decreased
due to the applied sound pressure (see calculations in figure 3.11a). The signal
measured with the lock-in amplifier is the difference between those two curves, as
indicated in the bottom graph of figure 6.9. This type of sign-changing double peak
spectrum is expected for every resonance apparent in the reflection spectrum.

During the sound-wave measurement, the signal amplitude Vsig is measured with
the lock-in amplifier at the reference frequency. θ is the phase difference between
the signal and the reference. The two vectors X = Vsig cos θ and Y = Vsig sin θ
represent the measured signal relative to the lock-in reference signal. The phase is
given by θ = arctan (Y/X). In figure 6.10a the measured X component shows the
expected sign-changing signal near the cavity resonances. The corresponding phase
θ is given in figure 6.10b, showing clear phase changing at the wavelengths where the
lock-in X signal changes sign (see figure 6.10a). Attempts to optimize the measured
X signal by fixing the phase to zero at a maximum value of X did not improve
the reflection spectrum because of relatively large fluctuations in the signals. The
reflection spectrum is obtained using the optical circulator without the addition of
any type of polarization controllers. The reference signal is driven at 0.52 V, which
corresponds to a pressure amplitude of 2 Pa of the audio speaker. The integration
time of the lock-in amplifier is set to 3 s, which is much larger than the signal period
as required for suppressing the unwanted signals. The reflection measurement is
performed in 1 nm wavelength steps with a step time of 4 s.
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Figure 6.9: The expected measured signal for a single resonant peak wavelength
shifted due to intermembrane distance as a result of the applied audio waves.
Green peak represents a single initial anti-symmetric mode which shifts to lower
wavelength (blue curve) after applying the audio waves.

The measured reflection spectrum of figure 6.6d does not fully agree with the
reflection spectrum at the audio drive frequency of figure 6.10a i.e. the peaks in the
measured lock-in signal differ from the derivative of the reflection spectrum. This
discrepancy is shown in figure 6.10c in which the calculated numerical derivative
of the reflection spectrum as presented in figure 6.6d (green) is compared with the
measured lock-in X signal (orange). The signal used for the numerical derivative is
smoothed to eliminate the measured fringes. Figure 6.10d shows the same results,
but the numerical derivative is multiplied with −1 accounting for the possibility of
an opposite phase related to the settings on the lock-in amplifier. In both graphs
the two curves show similar peaks, but a complete agreement is not observed.

The discrepancy between the calculated and the measured curve can partly
be explained by a delay in the sound pressure measurement. As mentioned, the
integration time on the lock-in amplifier is set to 3 s, but the measurement time
for each wavelength step is only set to 4 s. The 4 s are too short to move to a
new wavelength and measure the reflected signal for this specific wavelength within
the limited time, causing a delay in the measured lock-in signal. This delay is not
present in the reflection measurements which make use of a 20 ms integration time
in combination with 100 ms time steps. Shifting the calculated derivative curve to
higher wavelengths introduces an artificial delay in the spectrum. Figure 6.11 shows
the artificially 3 nm delayed derivative together with the measured lock-in signal.
A strong agreement for upto a 1310 nm wavelength is observed. However, in the
higher wavelength range less peaks are measured for the audio reflection signal than
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Figure 6.10: Measured spectra of the reflectivity at the audio-drive frequency,
showing a) the lock-in X component and b) the lock-in phase of the reflected
light signal. c-d) the lock-in X component of figure a) in combination with the
calculated numerical derivative of the smoothed measured reflection spectrum.
In figure d) the numerical derivative is multiplied by −1 to correct for a possible
reversed phase set on the lock-in amplifier.

expected from the calculated derivative.
The absence of certain peaks in the reflection spectrum of the audio measurement

suggests that ∂λ/∂x is different for each mode. As a result of this, equation 6.1
should be written as a sum of the individual modes:

∂IR
∂x

=
∑
i

∂IR
∂λ
|i
∂λ

∂x
|i (6.2)

where i indicates the different modes. The localization of the modes with respect
to the fiber core and the structure edge determine the contribution to the oscillated
membrane measurements. As shown in figure 6.3d, the double membrane device
is not perfectly centered on the fiber core. A sketch based on the microscope
image is given in the left of figure 6.12. The red circle represents the laser coming
through the 9 µm fiber core. The misalignment between the device and the fiber
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Figure 6.11: Measured and calculated spectra of the reflectivity at the
audio-drive frequency. A 3 nm delay is added to the derivative to compensate
for the time-delay in the lock-in measurement.

core allows the excitation of modes localized at the edges of the structure. These
edge-modes are present in the reflection of a device with fixed membrane positions,
but are more difficult to obtain in the audio pressure measurement because of the
smaller displacement of the membrane at the edges of the structure. This principle is
explained in the sketch on the right of figure 6.12. The shaded red area corresponds
to the area illuminated by the fiber core and the green bars represent the PhC
membranes in the static state. The top membrane bends because of the incoming
sound waves, as is exaggerated by the blue curve.

Figure 6.12: Left : sketch of the fiber core alignment (red) with respect to the
double membrane device. Right : Bending of the top membrane as a result of an
applied sound wave. The shaded red area corresponds to the positioning of the
fiber core. The static membranes are given in green and the blue curve shows the
exaggerated bending of the membrane.
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Another explanation can result from the accumulated dust on the device surface
(see section 6.5). This accumulation of dust probably causes the observed variation
in time of the mechanical properties of the device and therefore of the audio
reflection spectra. A first set of sound wave measurements were performed with
the experimental setup as explained in figure 4.10, so without the use of the optical
circulator. The corresponding reflection spectrum as shown in figure 6.5a is obtained
using the optical fiber splitter when a half- and quarter-waveplate are used to set
the input polarization and the output polarization is not controlled. The slope in
the background is attributed to the used measurement circuit and can therefore be
removed (see figure 6.13b). In figure 6.13a, the reflection spectrum obtained with
the optical circulator is repeated for comparison. The measurement in figure 6.13b
is performed almost one month before the measurement of figure 6.13a. This shows
that the resonant modes are not significantly moved in time.

However, when comparing the measured lock-in signals corresponding to the
two reflection spectra a different signal is observed (see figures 6.13c and 6.13d).
Firstly, it should be noted that the lock-in signal obtained with the optical fiber
splitter without any polarizers is still showing a clear sign-changing signal for the
corresponding noisy reflection signal (see figures 6.13b and 6.13d). However, an
additional peak in the lock-in reflection signal of the earlier measurement (figure
6.13d) is observed as compared to the measurement in figure 6.13c. This additional
peak may be explained by the amount of dust on the device. During the period in
between the two measurements, the fiber was constantly exposed to the surrounding
atmosphere. The accumulation of dust on certain positions of the device can cause
a non-uniform motion of the membranes. It is likely that there is less dust on the
device in the measurements closer to the transfer date (figure 6.13d) and therefore
the mechanical motion of the membranes is less influenced. Dust accumulated on
the sides of the device is expected to influence the motion of the membrane the
most. This can result in the absence of peaks corresponding to the modes with a
field profile coinciding with the position of dust, as is observed in figure 6.13c.

6.4.1 Sensor sensitivities

The pressure amplitude of p = 2 Pa of the speaker exerts a force on the device
surface area of approximately S = 3 · 10−10 m2 equal to ∼ 6 · 10−10 N. The value of
the spring constant is equal to ∼ 33 N/m, as obtained from mechanical simulations
of the double membrane device. From these specifications a maximum displacement
of the membrane x = F/k of ∼ 18 pm is expected. The holes in the membrane
are ignored in this calculation, however, multiplying the area of the device with the
filling factor equal to 0.6 reduces the device surface area and still gives a maximum
displacement in the order of 10 pm.

The sensitivity of the fiber tip sensor can be estimated using equation 1.1 (δx =
(dx/dλ)(dλ/dP ) × NEP). The value of the expected sensitivity can be calculated
from the results presented in this thesis. The value of dλ/dx is extracted from figure
3.11a and is equal to ∼ 0.33 nm/nm. The steepest slope of figure 6.6d is equal to
dP/dλ ∼ 600 nW/nm and the Noise Equivalent Power (NEP) of the used detector
is equal to 10−11 W/Hz1/2. Calculations show that a sensitivity of δx ∼ 5 · 10−14

m/Hz1/2 is possible in principle.
For describing the sensitivity of a microphone, the pressure sensitivity is more
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Figure 6.13: a) Reflection spectrum, measured using the circulator, repeated
from figure 6.6d. b) Reflection spectrum of figure 6.5a with the background
slope removed. c) The lock-in X component measured at the audio-drive
frequency corresponding to the reflection measurement of a). d) The lock-in X
component measured at the audio-drive frequency corresponding to the reflection
measurement of b).

commonly used. For our sensor the calculated maximum sensitivity with a pressure
amplitude of p = 2 Pa and displacement x = 0.6× 18 pm (to account for the holes)
is

δpmin =
kδxmin
S

≈ 10 mPa/Hz1/2, (6.3)

This sensitivity is significantly lower than the relatively expensive state-of-the-art
electrical microphone (0.1 − 1 µPa/Hz1/2) [71]. However, our optical sensor
has a significantly larger bandwidth, a microsized footprint and is immune to
electromagnetic interference since optical signals are used. The difference in
sensitivity is less significant when compared to the recently reported miniaturized
acoustic sensor on an optical fiber tip with a sensitivity of 2.1 mPa/Hz1/2 [73].

With further improvements of our device it is expected that we can exceed this
sensitivity. First, the sensitivity can be significantly enhanced by optimizing the
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device fabrication. This is expected to result in a 10× increased Q factor, and
therefore a 10× higher sensitivity. Secondly, the sensitivity can be significantly
improved by optimizing the reflectance of the device, which is currently just ∼ 0.2%.
One way to improve the reflectance is by optimizing the thickness of the membranes
for reflection using the High Contrast Grating approach. Another possibility is the
improvement of the mounting process, since a lot of dust already attaches to the
device during the transfer process, which influences the reflectance from the device.
From these optimizations, a reflectance of 20% is expected to be obtained. The
combination of the improvements will cause the sensitivity to be aprroximately three
orders of magnitude higher than the relatively high sensitivities already reported
for similar type of sensors [73]. Additionally, the mechanical frequency of our
ultra-small double membrane sensing structures is calculated to be ∼ 5 MHz. The
corresponding large operation bandwidth up to a few MHz matches the requirements
for most of the ultrasound applications [80]. The expected high sensitivity, the large
operation bandwidth and the small device size show the potential of this platform
in fiber-coupled acoustic and ultrasonic sensor applications.

6.5 Stability of the sensor device

The mounted double membrane device on the fiber tip was constantly exposed to
the surrounding atmosphere. After a period of one month the fiber accidentally
broke which prevented further use. However, it should be noted that this was not
as a result of the collapsing of the double membrane device and therefore a longer
device lifetime is expected.

The microscope images taken directly after mounting the structure on the fiber
tip show already some contaminations on the device which arose as a result of the
transfer (see figure 6.3c). Figure 6.14 shows SEM images of the broken fiber with
the sensor device still attached to it. In the period of one month a large amount of
dust is collected on the fiber facet (see figure 6.14a). The dust produces charging
in the SEM, causing the appearance of blurry features in the image, which makes it
impossible to obtain a clear image. The zoom-in on the PhC device in figure 6.14b
shows the dust-accumulation on the active part of the sensor.

It is expected that the observed contaminations on the device cause changes
in the resonant properties. The influence on the measured PL-spectra is shown
in figure 6.15. The PL-spectra are obtained via excitation and collection via the
optical fiber. The green spectrum is obtained directly after mounting the device on
the fiber tip and the red spectra is measured after a period of one month exposed to
the atmosphere. The observed ∼ 6 nm wavelength blue-shift is can be caused by a
different amount of collected dust on the device. Another explanation can be found
in a change in the mechanical properties of the device e.g. buckling of the membranes
causes a decrease in the airgap distance and therefore induces a blue-shift according
to figure 3.11a.

Cleaning of the fiber facet is attempted by immersing the broken fiber in
isopropanol repeatedly for a period of 1 minute. By this method some of the dust is
removed, but there are still some contaminations left on the surface. It is expected
that the membranes are collapsed after this cleaning process, due to the capillary
forces acting on the membranes when the device is removed from the liquid. As
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(a) (b)

Figure 6.14: SEM images showing the collection of dust on the a) fiber facet
and b) on the PhC device.
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Figure 6.15: PL-spectra of the double membrane device on a fiber tip measured
directly after mounting (green) and after a period of one month (red). Excitation
and collection is performed via the optical fiber. An offset is added for clarity.

a second cleaning step the fiber immersed in isopropanol is placed in an ultrasonic
bath for a period of 1 minute. After this step the fiber facet is completely cleaned,
but the double membrane device was not attached to the fiber facet anymore. The
release of the device as a response to ultrasound can be prevented using an adhesive
which immobilizes the device.
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7
Conclusion & Perspectives

7.1 Conclusion

In this thesis the design, fabrication and experimental demonstration of an optical
sensor mounted on an optical fiber tip were presented. The sensor design is based
on the concept of a double membrane photonic crystal (PhC) cavity structure. The
most significant results are summarized in the following:

• Using resonant modes around the Γ-point one can obtain an emission profile
perpendicular to the structure surface (Chapter 3). We showed that the
implementation of a gradient in the hole radii of the used square lattice PhC
provides confinement of the light and allows optimization of both the mode size
and the quality (Q) factors of the cavity structure. Using a gradient we obtain
a simulated Q up to 4500. The designed gradient PhC structure is tolerant with
respect to lattice imperfections. After introducing distortions in the position
(σx,y = 3 nm) and radius (σr = 2 nm) of the PhC holes in the simulation, we
find that the average Q decreases to ∼ 3000.

• Optical resonant modes of the fabricated double membrane gradient structures
on-chip are observed in photoluminescence (PL) measurements via a microscope
objective and an optical fiber (Chapter 5). However, the measured modes are
shifted in wavelength as a result of a 30 nm difference in the hole radii between
the design and final fabrication. The observed resonant modes are expected to
arise from a higher order band than the one for which they were designed, so
that they have a lower Q than expected but still have similar field distributions
as the simulated modes. This explanation is also supported by the appearance
of a second set of higher wavelength peaks when a low lattice constant is used.

• The PL measurements through an optical fiber of the double membrane
structures on chip confirm the directional emission of the resonant mode
(Chapter 5). Solely the modes with a centered field profile are observed in
the resonant spectrum.

• A fabrication process including regrowth of SiN has been developed to produce
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releasable free-standing double membrane PhC structures on chip (Chapter
4). The fabricated 17×17 µm2 device was released and successfully transferred
from the chip to the fiber using a nanomanipulation technique (Chapter 6).

• The reflected resonant spectrum can be used as a probe for the cavity (Chapter
6), supporting the effectiveness of the cavity design.

• Acoustic sensing of the double membrane PhC device on fiber tip is presented
(Chapter 6). The 2 Pa pressure amplitude of the incoming sound waves cause
a maximum displacement in the order of 10 pm, as inferred from the reflected
light spectrum. A sensitivity of δx ∼ 5 ·10−14 m/Hz1/2 is calculated for sensing
at room temperature with a bandwidth upto ∼ 5 MHz. In terms of pressure
the sensitivity is calculated to be 10 mPa/Hz1/2.

The presented displacement sensor is among the smallest devices in the class of
optical fiber tip sensors [26] and has a potential high sensitivity. At this moment, the
sensitivity is still lower than for recently reported miniaturized acoustic sensors on an
optical fiber tip (sensitivity of 2.1 mPa/Hz1/2) [73]. However, improvements of the
fabrication and the design of the double membrane device will cause the sensitivity
to be aprroximately three orders of magnitude higher than already reported for the
similar type of sensor. Furthermore, the large bandwidth up to a few MHz already
matches the requirements for most of the ultrasound applications [80]. The expected
high sensitivity, the large operation bandwidth and the small device size show the
potential of this device in fiber-coupled acoustic and ultrasonic sensor applications.

7.2 Perspectives

There are many improvements that can be applied to the presented sensor. As
mentioned, a three orders of magnitude increase in the sensitivity is expected. This
can be reached using the major increasement in the Q factor expected as a results of
the optimization of the fabrication process. This will provide PhC structures with
the optimized hole sizes and therefore resonant modes corresponding to the simulated
band of interest. Another improvement is expected from adjustments in the design of
the photonic crystal device. The quality factor of the resonant modes can be further
increased by fine tuning the gradient in the hole sizes and adjusting the membrane
thicknesses according to the High Contrast Gratings (HCG) designs [91, 130]. This
is expected to also increase the reflectance with two orders of magnitude and thereby
improving dP/dλ providing a higher sensitivity of the displacement sensor.

The nanomanipulation method used in this work is relatively difficult. Several
weeks of trying have led to the successful transfer of a single device. The difficulty
lies in the contacting of the device to the mechanical probe without collapsing the
double membrane structure. The addition of a holder platform on the side of the
membrane should simplify the procedure of placing the probe underneath without
causing a collapse (see figure 7.1a). To obtain a complete underetch of the full device
including the holder, the need for several holes in the holder platform is expected.
Another possible improvement is the use of two mechanical probes simultaneously
to support the device on two sides during the transfer. Additionally, the transfer can
be performed without the use of a mechanical probe e.g. using a stamping transfer
technique. However, this will give rise to other difficulties.

The sensitivity and bandwidth range of the optical sensor presented in this
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thesis are partly determined from simulations. An experimental measurement of
the mechanical frequency would more precisely define the operation bandwidth
of the optical sensor. In the proposed experiment the double membrane device
mounted on the optical fiber tip is placed inside a vacuum chamber. The optical
cavity is probed with a laser fixed at the wavelength of the steepest slope of the
resonant spectrum. The thermal Brownian motion causes the top membrane to
move at its fundamental mechanical frequency (and possibly at higher mechanical
modes as well). This oscillation of the membrane causes a shift in the resonant
wavelength which can be detected in the measured reflected signal similar to the
sound wave measurements. An initial measurement of the thermal Brownian motion
for the device of the fiber tip was performed. However, this measurement did not
provide any useful information since a large, not well-understood, radio-frequency
background was observed.

7.2.1 Future applications

The presented displacement sensor can be generally deployed for the measurement
of forces and (ultra)sonic waves. The expected high mechanical frequency of the
sensor device supports the measurement of ultrasonic waves i.e. for frequencies
> 20 kHz. The extension to the ultrasound regime provides applications in multiple
disciplines, including oil and gas extraction, ultrasonic imaging in several biomedical
applications, structural health monitoring and underwater communications.

For several of these applications the fiber tip sensor needs to be placed inside a
fluid. The displacement sensor is expected to detect pressure and sound waves within
a fluid. However, these applications are significantly more difficult, since after the
device is retracted from the fluid the membranes are likely to collapse because of
the capillary forces acting on the structure. Current research has shown that using
an antistiction layer between the two membranes can help to prevent permanent
stiction [110, 131]. Additionally, the observed release of the fiber tip device while
placed in an ultrasonic bath indicates the need for an adhesive to immobilize the
device to the fiber tip for ultrasonic fluid applications.

Finally, the double membrane sensor can be used as an electric field sensor
[63]. Applying an electric field over the double membrane device will displace the
membrane due to the charges on the membranes as a result of the oppositely doped
layers. To test this experimentally, the fiber tip device should be placed inside
a plate capacitor which is driven by an oscillating source (see figure 7.1b). The
components needed for this experiment are already fabricated (see figure 7.1c).
A similar result as observed in the acoustic measurements is expected, using the
reflectivity measurements.
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(a)
(b)

(c)

Figure 7.1: Suggested improvements and applications of the optical fiber tip
sensor. a) Design of the releasable double membrane PhC structure improved
with a holder platform for nanomanipulation transferring. b-c) Sketch and picture
of the plate capacitor components needed for the measurements of electric field.
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[85] Tilman Glaser, Siegmund Schröter, Hartmut Bartelt, Hans-Jörg Fuchs, and
Ernst-Bernhard Kley. Diffractive optical isolator made of high-efficiency
dielectric gratings only. Applied Optics, 41(18):3558, jun 2002.

[86] S. Goeman, S. Boons, B. Dhoedt, K. Vandeputte, K. Caekebeke, P. Van Daele,
and R. Baets. First demonstration of highly reflective and highly polarization
selective diffraction gratings (GIRO-gratings) for long-wavelength VCSELs.
IEEE Photonics Technology Letters, 10(9):1205–1207, sep 1998.

[87] Lei Zhuang. Fabrication and performance of thin amorphous Si subwavelength
transmission grating for controlling vertical cavity surface emitting laser
polarization. Journal of Vacuum Science & Technology B: Microelectronics
and Nanometer Structures, 14(6):4055, nov 1996.

[88] Pierre Viktorovitch, Corrado Sciancalepore, Taha Benyattou, Badhise Ben
Bakir, and Xavier Letartre. Surface addressable photonic crystal membrane
resonators: generic enablers for 3D harnessing of light. In Connie J.
Chang-Hasnain, Fumio Koyama, Alan E. Willner, and Weimin Zhou, editors,
Proc. SPIE, feb 2012.

[89] B. Park; O. Solgaard. Lab-on-Fiber Technology, volume 56 of Springer Series
in Surface Sciences. Springer International Publishing, Cham, 2015.

[90] Brian Cunningham, Peter Li, Bo Lin, and Jane Pepper. Colorimetric resonant
reflection as a direct biochemical assay technique. Sensors and Actuators B:
Chemical, 81:316–328, jan 2002.

[91] Pierre Viktorovitch, B. Ben Bakir, Salim Boutami, Jean Louis Leclercq, Xavier
Letartre, Pedro Rojo-Romeo, Christian Seassal, Marc Zussy, L. Di Cioccio,
and J.Marc Fedeli. 3D harnessing of light with 2.5D photonic crystals. Laser
& Photonics Reviews, 4(3):401–413, apr 2010.

[92] Virginie Lousse, Wonjoo Suh, Onur Kilic, Sora Kim, Olav Solgaard, and
Shanhui Fan. Angular and polarization properties of a photonic crystal slab
mirror. Optics Express, 12(8):1575, 2004.

[93] Ye Zhou, M.C.Y. Huang, Christopher Chase, Vadim Karagodsky,
Michael Moewe, Bala Pesala, F.G. Sedgwick, and C.J. Chang-Hasnain.
High-Index-Contrast Grating (HCG) and Its Applications in Optoelectronic
Devices. IEEE Journal of Selected Topics in Quantum Electronics,
15(5):1485–1499, 2009.

[94] John D Joannopoulos, Steven G Johnson, Joshua N Winn, and Robert D
Meade. Photonic crystals: molding the flow of light. Princeton university
press, second edition, 2011.
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