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Abstract

The light propagation inside photonic crystals has a strong similarity to the wave propagation of
a conducting electron in a crystalline solid. Photonic crystals are structures with a spatial peri-
odically modulated refractive index. The length scale of the modulation is of the same order as
the wavelength of light. Given a sufficient index contrast, Bragg—like diffraction prohibits certain
propagation directions and photon frequency ranges.

The localization of light at lattice defects allows one to integrate optic devices on a small scale
due to the sub—wavelength scale of the defects. For example line defects may be used to form
waveguides and point defects can form frequency selective filters.

Regular microscopy images the light that scatters away from some sample. It is limited by
diffraction to a resolution of half a wavelength and cannot reveal the detailed patterns of light
confinement in photonic crystal defects.

In the scope of a diploma thesis, scanning near—field optical microscopy has been used on two
different photonic crystal types, provided by two collaborating research groups. Images have been
taken with sub—diffraction limited resolution. The data was used to study the transmission of
photonic crystal junctions and to visualize the changing of optical modes in a photonic waveguide
as a function of wavelength.
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Chapter 1

Introduction

7[...] Although the NSOM enjoys many of the advantages of conventional
optical microscopy |[...], ironically it has replaced the instant integrity of mi-
croscopically aided eyesight with a myopic groping, collecting information in a
spot—by—spot manner [...]”

From [1], " The Near-Field Scanning Optical Microscope”

What is generally known as optical microscopy has its origin in the 16th century and has experi-
enced a large number of modifications and improvements to this day. The spatial resolution can be
increased but it is theoretically limited by the notorious Abbé diffraction limit. Scanning near—field
optical microscopy (SNOM/NSOM!) offers the ability to overcome that limit. There are numerous
motivations to increase imaging resolution. Today’s technology deals with smallest integration
in different kind of systems for example electrical, optical, fluidic (gases and liquids) integrated
circuits (IC) and their combinations. The decreasing length scale requires improved and new fab-
rication methods. An outstanding example for this is lithography for computer chip industry.
Research in life sciences? also benefits from higher resolution in fluorescence microscopy. Photonic
crystals (PHC) are artificially fabricated and are able to confine and guide light in structures
which are smaller than the photon’s wavelength. That way they are first choice for applications
in integrated optics on a small scale. From taking advantage of the high spatial, sub—wavelength
resolution of SNOM, the field pattern, phase, light propagation and confinement properties of ar-
tificial defects inside a PHC and therefore the crystal quality itself can be measured. This is very
important to study the crystal properties and the tolerance range in the fabrication process with
regard to the light guiding properties. Furthermore, the light propagation in a PHC device can be
simulated by numerical models and compared to experimental results.

The structure of this work is given by the following short survey of the contents for each chapter,
followed on the next page.

IThe two different acronyms in the literature have the reason that in two different research groups, D. W. Pohl
at the IBM Research Lab in Ziirich, Switzerland and A. Lewis at U.S. Cornell University attended to the issue at
the same time without being aware of each other. Basically the order of the letters should emphasize as well the
scanning probe technique as the near—field aspect. Here, throughout this work the term SNOM will be used for the
sake of simplicity.

2In recent years, this name came up for science related to biology, explicitly setting in focus life itself. It merges
aspects of the classical disciplines and stresses the overlap of biology, chemistry, medicine and ecology in research,
engineering and technology.



Introduction

e Chapter two gives a historical introduction of the development of microscopy from the first
microscopes to scanning probe microscopy and scanning near—field optical microscopy. Its
principle and instrumentation is explained and also advantages of near—field optics com-
pared to far-field imaging. It also gives an insight into different techniques and operational
modes. A theoretical model for near—field imaging is adumbrated and the issue of resolution
elucidated.

e In chapter three, photonic crystals are introduced. The evolution and the principle is elu-
cidated. The theoretical treatment by electromagnetism and the analogy to terms in solid
state physics is presented. The concept of the reciprocal lattice is explained an linked to the
photonic band structure heading to the photonic Bloch states. Finally the photonic crys-
tals are classified by their dimensionality, the purpose of defect structures elucidated and
the investigation by scanning near—field optical microscopy motivated. Additional basics on
crystal matter are given in the appendix. Finally the basics of the finite—difference time
domain simulation are sketched.

e The fourth chapter starts with probe fabrication for scanning near—field optical microscopy
and shows different aspects of the fabrication. Photonic crystals of different material and
design are presented and their fabrication process explained. The investigations of both
using scanning near—field optical microscopy is given in detail, followed by an analysis and
discussion.

e The appendices deal with the Miller indices, artifacts in SNOM imaging, and technical details
of the devices. Finally an example for a program that was written for data analysis is given.




Chapter 2

Microscopy

It is quite valuable to have a look back at the history of optical imaging and its development [2]
starting from the very simple, up to sophisticated state of the art devices. Some are employed in
daily life use, whereas others only become valuable in high end applications. In all cases every
microscope has a radiating object and an imaging device to form an image on a screen or eye. But
the way it is done depends strongly on the application’s purpose.

2.1 Historical background

2.1.1 Imaging and microscopy

The oldest lens is estimated to be 3000 years old and was excavated in the palace of Nimrud in
what is nowadays Iraq by the archeologist John Layard in 1850 [3]. Regrettably there is only
speculation upon its use.

The Roman writer Gajus Plinius (23-79 AD) mentioned that he had noticed the effect of
enlargement by a water filled glass sphere, but without any hint how to use this. Much later
the work “Kitab—al-Manazir”, in English “The treasure of optics”, written by the Arab scientist
Abu Ali al-Hasan ibn al-Haitham (965-1039 AD) was fundamental. In literature the author’s
name is also referred to Alhazen. In his work he reported on the magnifying properties of shaped
glass. Based on translations of his scripts, handcraft skilled monks made plano—convex lenses some
hundred years later.! The scientist Roger Bacon (1214-1294) carried out systematic observations
and proposed the use of lenses for magnification to aid natural vision [2].

The further development of lenses brought up spectacles in the end of the 13th century and
the first microscopes in the end of the 16th century. Robert Hooke (1635-1703) and Antonie
van Leeuwenhoek (1630-1723) are regarded as outstanding persons in this progress. In the be-
ginning, microscopes were used to satisfy curiosity about the surroundings and the revealed fine
structure of the objects. By offering the possibility of a detailed analysis, microscopes quickly
found their way into many fields of science: This technique allowed to visualize objects on a small
length scale and therefore led to important discoveries like biological micro—organisms, organic
cells or Brownian motion.

By—and-by the lens—type microscopes spread out in a wide range of application fields and res-
olution became increasingly better, because of upgrades and improvements over the years. Figure
2.1 by D. W. Pohl in [4] gives a sense for the historical development of spatial resolution. A
definition for this term will be given in section 2.2.3.

The hope to improve resolution ad infinitum was dashed in 1873, when E. Abbé published his
famous work on the resolution limit of optical imaging dependent from the light wavelength A\ and
the numerical aperture NA [5]. The development of quantum mechanics and the thereby related
concept of matter waves for massive particles that have smaller wavelength than the visible light

LA finding of aspheric bi-convex lenses in recent years in Gotland, Sweden is very interesting, because these so—
called Visby lenses originate from the Viking era on the brink of the 11th century but their source and fabrication
is not totally clear and leaves many questions open. It seems that the craft knowledge was lost for at least 500 years
and even when the philosopher Descartes calculated the ideal focussing lens shape — he was not able to produce it.

3
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Figure 2.1: The development of spatial resolution for different microscope techniques (taken
from [4]).

nevertheless pushed the spatial resolution below one nanometer. Nowadays electron microscopy
has become a standard technique in terms of scanning electron microscopy (SEM) and (scanning)
transmission electron microscopy ((S)TEM). A drawback of the smaller wavelength is according
to the matter wave concept the higher energies and therefore possible destructive impacts on
the sample. Besides the fact that the particle techniques have to be performed under vacuum
conditions in the millibar regime and below what evidently inhibits for instance in vivo studies.
Another limitation of the electron microscope (EM) is, that the NA is often quite small due to the
difficulty of making electron optics.

Thus, in summary, there are several possibilities for imaging: One of it is fundamentally limited
by the use of lenses, parallel aligned to the object of interest. In this case to cope with the required
higher and higher resolution other particles than photons can be used. The collection of the image
data can be done serially by scanning. Another possibility is to transduce a signal in the extreme
close vicinity of an object where diffraction is no limit. More details and thorough treatments of
the topic are reported elsewhere [1,4,6-11].

2.1.2 Scanning probe microscopy

A scanning probe microscope (SPM) offers the advantage of non—destructive and low energy pro-
cesses? and can therefore be used for detection and manipulation of individual particles like
molecules or atoms. In all cases of scanning probe microscopy® a sharp probe or tip is raster
scanned over a sample’s region of interest. The scan is performed by a precise* piezoelectric trans-
ducer. The transducer position is controlled using computer software that also allows the collection
of a variety of parameters that may vary as a function of tip position. The probe interacts with
a local surface field that can be of a different nature for each kind of SPM. One of the SPMs is

2Nevertheless the probe is a local perturbation that drastically changes boundary conditions and manipulates the
particle, but in a controllable way in contrary to just bombing it with smaller particles of high energy in comparison
with an electron microscope.

3Various operation modes and interaction types exist e.g. tapping, FMM, EFM, MFM etc.

4 According to specs of the manufacturer [12] down to 1/100 nm, but the resolution of the piezo is limited by the
noise characteristics of the driving electronics.
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the scanning tunnelling microscope (STM ), which has been invented in 1982 by G. Binnig and
H. Rohrer [13,14]. The STM is able to image the surface of conducting materials by a continuous
adjustment of the height of the probe to maintain a constant tunnelling current between the probe
and the surface.

A SPM that exploits the mechanical nature of the local interaction is the atomic force micro-
scope (AFM) that arrived in 1986 [15]. Here, the amplitude of a very sharp probe is measured
as it is repelled or attracted to the surface due to the van der Waals force. Both types of micro-
scopes reveal details on atomic scale and offer the opportunity to detect individual particles and
manipulate them [16,17].

Another SPM is the scanning near—field optical microscope (SNOM). An evanescent optical
field which contains high spatial frequencies is probed at the surface. Unlike STM and AFM,
SNOM does not seek to measure topography (A separate mechanism is required to control the
tip—sample distance which will be discussed in section 2.2.1), instead it measures the strength of
an optical field at a surface. It is this technique of great interest to the imaging of PHCs.

2.2 Scanning near—field optical microscopy

Scanning near—field optical microscopy was simultaneously developed in two different research
groups. These are the groups of D.W. Pohl [18] at the IBM Research Lab in Ziirich, Switzerland
and A. Lewis [19,20] at Cornell University in the United States of America.

Already in 1928 A. Einstein and E. H. Synge discussed an instrument remarkably similar to
what is known today as SNOM in a number of letters that were uncovered and published in
1990 by D. McMullan [21]. Synge himself published his ideas [22, 23] of the very first intuition
of SNOM in 1928. Later in 1972, the first successful near—field key experiment in the microwave
range® was performed by E. Ash and G. Nicholls [24]. As one can see, all these early ideas were
gradually rediscovered and a series of technical developments lead to the state—of—the—art SNOM.
A number of other instruments for near—field optics (NFO) are discussed in [1]: The evanescent
wave microscope [25], the frustrated total internal reflection (FTIR) microscope [26], the photon
tunnelling microscope (PTM) [27,28] and the photon scanning tunnelling microscope (PSTM)
[29,30]. These alternative forms of microscopy were developed from the viewpoint to overcome
Abbé’s far—field diffraction limit and to exploit the near—field optics. SNOM is unique, because
it takes advantage of both scanning probe and optical microscopy. Its reliability also depends on
a stable tip—sample distance regulation. For that purpose there was a real breakthrough due to
the contribution in 1992 by R. Toledo—Crow et al. [31] and E. Betzig et al. [32] by introduction
of the shear—force feedback. In series, a startling report in terms of detection and manipulation
smallest particles was about single fluorescent molecule detection at room temperature in 1993 [33].
An overview on different configurations and detection principles as well as probe design concepts
during the last decades can be found in [1]. In the scope of this thesis only a few relevant subjects
can be touched on. SNOM itself is used in a large field of applications [34], e.g. the analysis
of optical properties of materials, surface chemistry, single molecule detection and spectroscopy,
lithography, data recording or biologic applications (cells, DNA).

2.2.1 Principle

Indicated as above, a probe is raster scanned relative to the sample and close to its surface (shear—
force is typically detected at ~ 5-20 nm [6]) by means of piezoelectric transducers. The scanning
speed has to be chosen appropriate to the system specification, i.e. the system response has to be
sufficiently fast, because it is favorable to preserve the probe. The distinction between different
operation modes will follow. The scanning speed is usually in the order of a few micron per second®.

The system used for distance control is depicted in figure 2.2. The lock-in amplifier ensures fast
response because of its phase shift sensitivity [34,35]. Working principle is, that the probe tracks

5The sub—wavelength resolution was approximately /60 in reference to the period of the imaging wavelength.
6In other words: For typical scan parameters of scan speed and pixel size it would take approximately 2 months
to record an image of 1 mm? what restricts SNOM to fields where it is necessary to have an ultrahigh resolution.
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the surface because the signal is fed back in a loop to control the dithering amplitude of the probe
respectively the phase shift caused by the damping. The piezo voltage is used to form an image
of the surface topography. The same can be done with the looped-back signal coming from the
probe leading to a shear—force image [36]. A possible damage of the probe can be seen as a change
in the shear—force image, and therefore also in the topography which depends on the feedback.

Frequency Lock-In o o
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Figure 2.2: Schematic draw of the servo—loop for distance control. Details on the devices are given
in appendix C. The self-capacitance of the quartz tuning fork was compensated by a circuit, based
on [37,38].

There is a huge variety of SNOM configurations in the literature distinguished by various
adjectives (For an example see 2.3). Additional modes (apertureless, fluorescence) are decribed
in [11]. There are combinations of the different modes as well as the different techniques [39].

The sample is considered to be illuminated by some means. Neglecting absorption, the incident
light is diffracted on the surface either transmitted or reflected. In very close vicinity to the surface
there is a non—propagating near—field that consists of an exponentially decaying evanescent field
i.e. the high spatial frequencies components of the diffracted light. This light can not be imaged
in the field, which is the origin of Abbé’s limit. A local probe can, however, scatter light from the
surface into the far—field. In this way, the SNOM probe allows visualization of the high spatial
frequency field components that normally stay hidden. Thus, the optical image information is
achieved, where the optical contrast is directly linked to the strength of the field at the sample
surface [40]. Details on the analysis can be found in [41]. Two points turn out to be crucial: First,
a finer probe leads on the one hand to a higher resolution, but on the other hand the signal becomes
weaker. The aperture acts like a pinhole/Fourier filter i.e. the smaller it is, the higher the spatial
frequencies become that can be scattered (and transmitted). Thus, the size of the aperture has to
be appropriate. Second, because of the exponential decay of the evanescent field, the probe has
come as close as possible to the surface to detect the high spatial frequency components. Therefore,
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Figure 2.3: Example for different common illumination principles in SNOM, which are described
as (a) collection; (b) illumination; (c) collection/illumination; (d) oblique collection; (e) oblique
illumination; and (f) dark field (taken from [1]).

the aperture diameter w of the probe requires
w2z LA, (2.1)

where z denotes the probe — sample distance. The definition of the term near—field depends on
the characterization i.e. for example multipole fields and radiation, antenna theory or microcavi-
ties. That is why the following definition is reasonable:

NFO is a branch of optics that considers configurations that depend on the passage of light to,
from, through, or near an element with sub-\ features and the coupling of light to a second element
located at sub-\ distance from the first [1].

The exact imaging mechanism in SNOM has been and will be still a challenge either for the-
orists and experimentalists. A 2D scalar model is often used to show the theoretical basics. This
concept was introduced by Massey [42], extended by Vigoureux, Depasse and Girard [43,44], and
is discussed in the book of Paesler and Moyer [1]. In short, the field at the aperture from an object
(here for example a double slit, formed by an opaque plane with slits of widths 2L separated by
2d) at a certain distance z can be written as

f(z,2)|220 = Eo (rect[-d — L,—d + L] +rect [d — L,d + L]), (2.2)

where the function rect [a,b] = 1 for a < & < b and is 0 elsewhere, is introduced which simplifies
the calculation. The function f from (2.2), transformed into Fourier frequency space reads:

sin(k, L)

(2.3)
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The result, put into the transfer function:

1 [t

fz,2) = o et B (ky, 2) |amo e PVETRE gk, for k3 > k2 and
T

— 00

. (2.4)

flz,2) = e ke B (ky, 2) |amo e *VFETR dk, for k2 < kZ

2r ) o

determines the field amplitude at a distance z. Employing the probe as an aperture of width w
in an opaque plane, convoluting it with the field and integrating the far—field yields the results
given in figure 2.4 [1] based on calculations [43]. It reproduces graphically the impact and the
importance of equation (2.1).

Scan
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(a) The calculated optical signals represent various probe (b) The Fourier spectra of the double slit at various
sizes w and distances z. distances. Also shown is the far—field image I,

Figure 2.4: A coplanar aperture is scanned as a probe across a double slit. All units are given in
nm. Taken from [1].

From the Fourier spectrum it becomes clear, that the high frequency components fade out at
larger distances z between probe and sample. The calculation is straightforward, but nevertheless
ignores certain aspects i.e. for example polarization effects. Image artifacts are briefly explained
in appendix B.

It may be remarked that Heisenberg’s uncertainty principle holds true, even for resolution beyond
the diffraction limit, as Vigoureux and Courjon have presented in [44]. For consistency with the
uncertainty principle, an arbitrarily small confinement of Az of the imaged particle in real space
implies an increase in the momentum uncertainty Ap,.

2.2.2 Instrumentation

In general, the highly sensitive SPM techniques requires distances between probe and sample
in the nm range, therefore the distance control has to be stable, reliable and protected against
any mechanical impact. Vibrations and drifts have to be damped and eliminated. The fragile
probe itself also is the most sensitive part representing the interface between sample and observer.
The distinction in two different operation modes, constant height mode (CHM) and the constant
gapwidth mode (CGM) makes sense in the way as CGM is the normal mode for data collection and
CHM can be used to ensure the disappearance of pattern associated to the near—field. Artifacts
that creep into the image can complicate the interpretation (see also appendix B). Figure 2.5
shows for example in (a) by lateral refractive index contrast and (b) topography modulations how
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topography can influence the optical contrast because CHM is fine for (a) but in (b) it will not
allow to detect all the evanescent waves of the topography modulations.

(a) Advantage of CHM (b) Complication in CHM

Figure 2.5: Two different modes in SNOM for scanning.

In the SNOM investigations during this thesis, heat pulled glass fiber [1,45] tips have been
used. Details on the fabrication process are given in section 4.2. The tip — sample distance is
controlled by the servo—loop (see figure 2.2), based on the interaction that is commonly known as
shear—force [31,32]. The exact mechanism for this kind of interaction that happens in the range
of 5-20 nm from the sample surface is still not yet fully understood.

sample j

/
quartz
tuning fork
. laser
piezo_ |
scanner _
fiber 1 |) fiber
robe | /launch
P / system

3D translation
stages

Figure 2.6: Schematic drawing of the essential parts of the SNOM device. The translation stage
and the fiber launch system are for coarse and fine positioning, respectively, and for the subsequent
adjustment with the piezo scanner to get the full linear range of the piezo for scanning. The figure
is based on artwork from C. Hettich [46].

Figure 2.6 shows a schematic diagram of a SNOM. Various methods can be used to excite the
omtion of the fiber tip and detect the shear—force damping, see for instance [1]. For this device,
the tip is glued to a prong of a quartz tuning fork [47] with a certain protrusion of the fiber tip.
It is excited by a sinusoidal voltage, with a frequency slightly below the resonance. The response
from the fork and the reference signal are fed into a lock—in amplifier which puts out an error—
signal, that is a difference of a nominal/actual signal value comparison which is kept constant:
The off-resonance of the driving frequency of the fork means an offset for the error signal that
determines the set point for regulation which is performed by the loop—amplifier that drives the
input for the distance control voltage of the piezo scanner thus giving a feedback via damping to
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the fork response (see also 2.2.1). The point resulting from this, is for CGM to keep a constant
distance separation between tip and sample surface that is determined by the aforementioned set
point voltage. The topographical image that SNOM provides, is the corresponding piezo voltage
that is required to track the surface. Examples for the different illumination modes in SNOM are
illustrated in figure 2.3 (a)—(f). The topography image allows one to correlate surface features with
surface light.

2.2.3 Resolution

Having a look through a microscope, very small things and features are revealed that hide away
from the naked human eye. The eye itself is able to see for instance small shining particles that are
even much smaller than the notorious stated \/2 diffraction limit. So what makes the difference,
one could ask. In the first case, at a certain magnification there is need for a suitable strong signal
that can be detected, requiring sufficiently enough photons have to be collected by the objective
lens. Its aperture angle « (see figure 2.7) determines “how much can be seen”, if there is enough
contrast between the features to recognize a difference. The next question that rises is how two
objects that are very close to each other can be distinguished. That is exactly the point why a
definition of spatial resolution is required. The definition can be a little arbitrary (see figure 2.8)
and depends on the situation in the application [1].

Figure 2.7: Resolution As in classical optical microscopy. For near—field optical microscopy As ~ w
holds true, if the distance to the sample z > A, where w denotes the aperture.

In reference to figure 2.7, the numerical aperture NA of the collecting optics relates as follows to
the light cone:

NA =n-sina, (2.5)

where n stands for the refractive index of the surrounding medium in which the light is emitted
and collected. The image of a point (circular) object becomes in terms of Fraunhofer diffraction a
finite spot (Airy disc) accompanied by concentric diffraction fringes [48].

The calculation to express the intensity, considers a radial symmetric field that relates to a
Bessel function of second kind and yields in numerical approximation the radius of the Airy disc,
which is modulo 27 the number in the Rayleigh resolution limit,

Ao

As 2~ 0.61—2—
n SIn &

(2.6)

according to the resolution criterion in figure 2.8. As is the minimum distance between two points—
like light sources that can be resolved, according to a specific wavelength A\g. A closer look reveals
that Lord Rayleigh’s (1842-1919) resolution limit only holds true for incoherent luminescent light
sources e.g. stars. The Sparrow criterion is another criterion for resolution, which requires the
modulation transfer function (MTF, see appendix F) to become zero.

The diffraction limit after Abbé [5] originates from the resolution of diffraction grating lines of
a certain spatial frequency under coherent illumination [49]. Despite peculiarities that may vary
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r r
As
(a) Radial intensity (cross—section of the Airy disc) (b) Rayleigh criterion for resolving two point-like
sources
Sparrow
Rayleigh

Y|

distance
between point sources

(c) Illustration of the criteria

Figure 2.8: (a) The radial intensity of the Airy disc (b) The Rayleigh criterion is defined by
having the main maximum coinciding with the lowest order minimum of the two intensity pattern
originating from point-like objects and (c) increase of the distance in between the two objects
suggesting both of the criteria, Sparrow and Rayleigh respectively by this simple illustration (For
the plots, incoherent light was assumed).

the numerical factor, the ultimate limit is:

Ao Ao

A = — ———
*TONA  2nsina’

(2.7)
where NA is the numerical aperture of the collecting optics. The concept of the numerical aperture
is due to E. Abbé, who scientifically approached the issue of designing microscope optics under
C. Zeiss who ran a microscope factory in Germany at his time [50].






Chapter 3

Photonic crystals

3.1 Introduction

The last decades have been strongly affected by the advances in semiconductor physics and mate-
rials. The development of the transistor in 1948 by J. Bardeen and W. H. Brattain [51] truly has
led to a revolution with respect to the changes in our daily life. Semiconducting materials were
found to be prime candidates for tailoring the electrical conducting properties through doping!.

Closely related to the electronic properties are also the optical properties. For example in the
field of application for high efficiency solar cells, optical semiconductor components or integrated
optics for the telecommunication industry and related fields [52]. The shift in the frontier of
information processing from electrons to photons had an impact on communication in terms of
data transfer that was revolutionized by optical fibers that allow very large bandwidths. The
engineering of materials to control the optical properties on a decreasing length scale increasingly
became subject of research in the last few years.

3.2 The evolution of photonic crystals

There are a few examples of photonic crystals (PHCs) which occur naturally and can be recognized
by its light iridescent effects. By name, two examples are gemstone opal and crystallites on
the wings of some butterflies such as for the Morpho granadensis (“Blue Morpho”) [53] or the
Thecla damo [54,55]. Amazing is the fact of the different purpose e.g. light polarization as
mating signal [56] or thermal regulation [57]. Apart from the beauty and phenomena of nature
and coming to the elegancy of science, V. Bykov [58] already in 1972 predicted the inhibition of
spontaneous emission in periodic structures and later in 1987 independently and almost at the
same time E. Yablonovitch [59] and S. John [60] published their theoretical evaluations from ideas
on a structure, which is today described as PHC. E. Yablonovitch’s paper deals with the proposal
of the possibility to control spontaneous emission within the photonic band gap (PBG) in a PHC.
Today this issue is still in the focus of actual research. Yablonovitch proposed the application of
the solid state physics concepts to the field of PHCs for reasons of analogy.

The principle of a perfect PHC is the periodic modulation of the refractive index by ordered
dielectric materials in the spatial dimensions. The adjective photonic emphasizes that the modu-
lation length is in the order of the corresponding photon wavelength. The term crystal states the
repetition of identical unit structures in the dimensions of space. In solid state physics structure
consists of a number atoms or molecules — in terms of a PHC rather a super lattice of material
blocks (which naturally again itself consist of atoms or molecules with a smaller lattice structure).
The periodic arrangement forms the crystal structure?. More details will follow in section 3.3.3.

1The systematic introduction of impurity atoms into the “pure”, that means with respect to the impurity ground
level, semiconductor. In terms of the band structure, this leads to defect states for the charge carriers and therefore
the conducting properties.

2 A more detailed insight can be gained from standard works of solid state physics like the book of Ch. Kittel [61]
or N. Ashcroft and D. Mermin [62].
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14 Photonic crystals

Induced defects in the artificially fabricated photonic crystal allow localization of light in a
spatially confined to sub—wavelength scale geometry. Just as the wave propagation of a conduction
electron in solid state crystals, the propagation of light in photonic crystals is similar. The dis-
persion relation of a photonic crystal can be described with band structures, the reciprocal lattice
and the Brillouin zone concept. Details can be found in [52]. At certain photon energy ranges
light propagation may be prohibited simultaneously for all directions analogous to the band gap in
a semiconductor PHCs may show a PBG, which has important consequences for quantum optics
that are not complete at this stage and still have to be observed: The inhibition [63] or enhance-
ment of radiative processes like spontaneous emission. Point—defects can act as sub—\ cavities that
enhance the radiative properties of extremely small light sources. Therefore integrated optical de-
vices and optical components can be realized in different wavelength ranges, suitable materials and
lattice structures. The variety of applications (like wave guides, beam splitters, micro-resonators,
interferometer, coupler, filter, optical switches etc.) is actually restricted by the realization of an
efficient and accurate fabrication at the corresponding wavelength range. An excellent review on
the subject of photonic crystal research is given by S. Noda and T. Baba in [64].

An insight into actual research about combinations of integrated optical circuits with applica-
tions like e.g. micro systems for fluids can be gained from the work of M. Loncar et al. [65].

3.3 Theoretical treatment

As denoted before, there is a strong analogy between the concepts of solid state physics and the
artificial electromagnetic crystal structures. Basically, a PHC is the optic analogue to an electronic
semiconducting crystal [66] so that a particle of light in a PHC can be treated in the same way
like an electron in a semiconductor crystal. In a PHC the refractive index of the material is
periodically modulated in space on a length scale comparable to the light wavelength for which
the PHC shows its specific properties. That means in terms of a crystal, that the periodicity of its
lattice is in the order of the wavelength of the scattered wave—like objects. In a semiconductor, it
is the periodic arrangement of atoms that forms the periodic potential that modifies the energy—
momentum relation of electrons due to Bragg-like diffraction from the different lattice planes (see
appendix A) and therefore leads to the creation of a band structure for the energy and a frequency
windows where electrons with certain energies cannot propagate in certain directions (also called

stop gap).

© 0 0 0 o0 ©o

Figure 3.1: The properties of a PHC rely on interference. The Bragg condition [61] reads
2dsin(©) = mA (m € Z) and determines mirror-like behavior of crystal planes of distance d
for an oblique incident plane wave with angle © parallel to the plane. It only occurs for wave-
lengths A < 2d. If for example the incident wave vector k = 27/X becomes 7/d at © = 90° it is
reflected, i.e. encounters a forbidden frequency for which it cannot propagate.

A stop gap for all directions and all polarizations in a PHC will be referred to as a photonic
band gap. For the example of a semiconductor there is a band gap between the valence and
the conduction band that is complete what means that the gap is extended to all directions.
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For light these stop gaps are quite familiar from dielectric mirrors® or “quarter-wave stacks”

(“Bragg stacks”) [52,68], whose structure is a one-dimensional (1D) periodic modulation of the
refractive index. Therefore a material with a complete PBG needs a three-dimensional (3D)
periodic arrangement of dielectric material contrast.

1-D

periodic in periodic in periodic in
one direction two directions three directions

Figure 3.2: Simple sketch for periodic arrangement of dielectric material contrast in an increasing
number of dimensions of space (taken from [52]).

For a semiconductor, Schrodinger’s scalar time—independent equation has to be solved for a pe-
riodic potential caused by the lattice atoms [62]. This is situation in close analogy to the periodic
change of the refractive index in a PHC, whereas here the linear Hermitian eigenvalue problem
concerns the vectorial Maxwell’s equations that have to be solved for electromagnetic waves in a
periodic modulated environment. This mathematical formulation comprises some useful proper-
ties e.g. the orthogonality of modes, the electromagnetic variational theorem [52] and facilitates
perturbational calculations [69]. Further, really crucial differences between electron waves in a
semiconductor and electromagnetic waves in a PHC are the non—negative energy eigenvalues in
the electrodynamic equation of movement in spite to the time independent Schrodinger equation,
because only the squared values of the eigenfrequencies occur. For a semiconductor there is an
importance for the transitions between the different energy bands and levels, whereas for a PHC
the existence or absence of electromagnetic modes at certain frequencies is the focus of interest.

3.3.1 Basics of electromagnetism

The optical phenomena of PHCs can be described in the framework of electrodynamics like in [52].
In matter, the macroscopic Maxwell equations [70] read in the CGS-system (see appendix F)

V-B=0 VxE—l—la—B:O
c Ot
(3.1)
V-D=d4mp VxH—la—D:ZL—WJ,
c Ot c

where E and H respectively denote the macroscopic electric and magnetic fields’ strengths, D
and B denote the dielectric displacement and magnetic induction fields’ strengths, p and J are
the densities of free charges and currents, and c is the speed of light in free space. A derivation
of these formulae from the corresponding microscopic counterparts is given in the excellent book
from Jackson [70].

3There is also a couple of different applications like dielectric optic filters, anti-reflection coatings (ARCs) or
materials for distributed feedback (DFB) lasers. See, for example, Hecht [48] or Kneubiihl [67].
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The propagation of electromagnetic waves is assumed to be in a passive material consisting
from macroscopic homogeneous domains of different dielectric materials (that are not necessarily
periodically arranged), where p = 0 and J = 0 are valid. Generally, the components of the
dielectric displacement field can be expanded in a power series [71]:

J Jik
The dependencies of the particular magnitudes are denoted by the position vector r, the fre-

quency w of the electromagnetic wave and ¢ for time. For the most dielectric materials the following
assumptions can be employed:

(i) The field strengths are small enough for linear approximation, i.e. the coefficients of all terms
higher than first order in E vanish. In general those coefficients are tensors.

(ii) The material is macroscopic and isotropic, therefore E(r,t) and D(r,t) are scalar linked to a
dielectric constant e(r,w). For the anisotropic case, an analog formalism for p can be applied.

(iii) e does not explicitly depend on the frequency w of the electromagnetic wave.
(iv) The medium is intended to be lossless, so €(r) can be taken as a real number: € € R*.

(v) H(r,t) and B(r,t) relate in B(r,t) = p(r) - H(r,t) and the magnetic permeability pu(r) is
close to unity?: p~ 1.

Taking all these simplifying assumptions into account, for a macroscopic medium, whose phys-
ical properties can be assumed to be linear and isotropic, the relations in a dielectric medium read

D(r,t) = ¢(r)-E(r,t)
(3.3)

H(r,t) = B(r,t).

By that, the Maxwell equations (3.1) reduce to:
B 1 0H(r,t)
V'H(I'ﬂf)—() VXE(r7t)+ET_O
(3.4)
Vo ((®)Br,t) =0  VxHr,t) - @% o

Since the equations (3.4) are linear in E and H, the temporal and spatial dependency can
be separated. This works as follows: The fields are expanded into a set of harmonic modes.
In fact, this is a restriction of the fields to vary harmonically (in terms of a sinusoidal pattern)
in time, but any solution can be constructed by a Fourier transformation of an adequate com-
bination from these modes that leads to a certain mode profile. Each mode can be written as

E(r,t) = E(r) ™! 35)
H(r,t) = H(r) e, '

Only the real parts of the complex—valued fields correspond to the physical fields. This is quite
convenient to simplify arithmetics. The combination of (3.5) in the divergence equations of (3.1)
leads to the solenoidal conditions for the fields

V-H(r)

I
o

(3.6)
V- D(r)

[
e

4For diamagnetic (u < 1) or paramagnetic (u > 1) matter, the deviations from 1 are in the order of £107°. For
ferromagnetic (p > 1) matter the approximation x4 = 1 does not hold any more [70].
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The fields do not contain any point—like sources or drains within the medium and the electro-
magnetic waves have to be transverse®. Inserting (3.5) in both of the two curl equations from (3.4)
yields

w
VxE(x)+ —H(r) = 0
c
. (3.7
w
VxH(r)— —¢r)E(r) = 0
c

The equations (3.7) can be decoupled by taking the curl and combining them with each other.

As a result, the corresponding wave equations for the magnetic and electric eigenmodes read:

V x (e} (r)V x H(r)) (5)2 H(r) (3.8)

C

2
V x (VxEr) = (%) e(r)E(r) (3.9)
It is the idea, to determine H(r) from equation (3.8), which is also called master equation, at a
certain frequency and for a given e(r). From the rearrangement of the equations (3.7), the electric

field E(r) can be evaluated from the first equation of (3.10):

B() = —C— (VX HE)
N w e(r)

(3.10)

H(r) — %(VXE(r)).

The valid modes have to satisfy the condition (3.6). In analogy, this can be done for (3.9)
in the same manner for the electric field E(r) with respect to the second equation of (3.10) and
condition (3.6). Further analysis shows that this way would be complicated at the point, when
the issue is formulated in terms of an eigenvalue problem. This is thoroughly elucidated in [52].
The key point turns out to be that for E(r) the eigenvalue problem becomes more general and
more complicated to solve without offering an efficient way to cope with the arising generalization.
Equation (3.8) can be written as

OH(r) = (%>2H(r) (3.11)
OH(r) = Vx (¢ '(r)VxH(r)) (3.12)

to turn its appearance more into an eigenvalue problem. The differential operator defined
in (3.12) is linear, i.e. any linear combination of solutions is in turn a solution. The eigenvec-
tors E(r) are the field pattern according to the harmonic modes and the eigenvalues (w/c)? are
proportional to the corresponding squared frequencies of those modes. Furthermore the operator
is Hermitian under the standard inner product. For real € > 0 it is positive-definite what implies
real eigenfrequencies w. Further reading on the general properties (harmonic modes, variational
principle and scaling properties) is given in [52]. Nevertheless a short look on the scaling properties
can be found in subsection 3.3.2.

Inserting (3.3) into equation (3.9) yields

V x (v x D(r)> - (f)zD(r). (3.13)

e(r) c

5This can be easily seen e.g. for a plane wave H(r) = A - ¢?*'*. The condition (3.6) requires A -k = 0.
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And in analogy to (3.12)

WA 2
=D(r) = (Z) D(r) (3.14)
ED(r) = Vx <V>< [6)((:))) (3.15)

an operator Z can be defined. = is not Hermitian, because of the misplaced ¢(r) compared to
the operator (3.12). Multiplying (3.15) by 1/¢(r) allows to define a generalized eigenvalue equation,
which is a more complicated numerical task. Defining a new field F(r)

F(r) = ﬁD(r) (3.16)

would bring the generalized eigenvalue equation back in the form of a simple eigenvalue equation

ﬁv x (v x ﬁ) F(r) = (%)2F(r), (3.17)

including a Hermitian differential operator, but anyway the field F(r) is not transverse. Obvi-
ously, there is no adequate efficient way to fix this problem without imposing more difficulties.

3.3.2 Scaling properties

Anticipating the result of the calculus, there is no fundamental length scale for electromagnetism
in dielectric media and therefore in PHCs. One assumption was that the medium has to be
macroscopic for the sake of the corresponding Maxwell equations (3.1). In conclusion, there is also
no fundamental value of the dielectric constant e(r). Hypothesizing a medium whose dielectric
constant €(r) is scaled by a parameter s: €'(r) = e(r/s). Changing the variables in (3.8) by
definition of r’ = sr and therefrom following V' = V/s, gives:

sV’x(e(;/s)V'xH(r’/s)> - (%)QH(r’/s) (3.18)

Obviously, €(r’/s) = €’(r’) and therefore equation (3.18) can be written as (s taken to the right)

1 w2
V' x (mv’ x H(r’/s)) - (g) H(r'/s), (3.19)
i.e. the again the master equation, where H'(r’) = H(r’/s) is the new mode profile and
w’ = w/s the new frequency. Also the solutions are scaled by the same factor. Finally, considering
the change in a system that holds €(r) to one, only differing by a global constant factor, e.g.
€'(r) = €(r)/s?. The replacement of €(r) in the master equation (3.8) makes

1 ws\ 2
Vx(——VxH = (-) H(r). 3.20
(¥ xEm) = () e (3.20)
In the new system, the harmonic modes remain unaffected, but the frequencies are scaled by
the factor s. So, if the dielectric constant is multiplied by an overall factor 1/4, the mode patterns
do not change although the frequencies double. The pretty example was taken from [52].



§3.3 Theoretical treatment 19

3.3.3 Basic principles of a crystal

Referring to the beginning of section 3.3, the general concept to describe a crystal will be explained
more. A n—dimensional perfect crystal is an infinite repetition of identical structure units in n
dimensions of space. Throughout the document, formulas will be given for the 3D case (n = 3),
because they simplify for lower dimensions. It is obvious that 1 <n < 3.

In the case of a PHC, the structure unit concerns the change of the refractive index on a
length scale comparable to the photon’s wavelength range for which the PHC shows its specific
properties. The crystal structure is described by an infinite matrix of points. If this is abstractly
or not depends on the point of view — nevertheless, the concept is useful. The so—called lattice®
consists of regular, periodically arranged points and a basis, here the structure unit. By the

definition of n fundamental translation vectors {a;} with ¢ = 1,...,n the lattice and the vectors
are called primitive if the lattice is identical in any point r to
r' = r—l—ZuiaZ- (3.21)
i

for arbitrary integer values w; (u; € Z). The crystal basis and the set of the translation
vectors {a; } are chosen by the crystal’s symmetry. For example, a simple point—to—point translation
of the lattice is defined by the vector R:

and a combination of natural numbers u;. By the way, (3.22) can be taken as a mathematical
definition of the Bravais lattice because R generates all lattice points.

The set of the primitive vectors {a;} span the crystallographic axes and the primitive unit cell,
i.e. the cell with the smallest volume | a; - a5 x a3 | (with respect to the number of dimension),
which exactly fills the Bravais lattice when translated by all vectors R of (3.22).

(a) Primitive unit cell (b) Wigner—Seitz cell

Figure 3.3: (a) Example for a 3D primitive unit cell in a cubic lattice (b) The grey patch is a
simple sketch for a Wigner—Seitz cell in 2D (Image source [61])

The choice of a primitive unit cell is not unique and one could think of many other possibilities.
A quite convenient and simple concept for a primitive unit cell is the Wigner—Seitz unit cell. It
exhibits the full symmetry of the lattice and bears a center (an atom, a structure unit etc. for
instance). Depending on the task, this description can be very useful. The Wigner—Seitz unit
cell for a given point of the lattice is the smallest polyhedron that arises from the connection of
the given point to all next neighboring lattice points and the bisection of the connecting lines by

6The Bravais lattice. The different Bravais lattices are classified by the dimension of the lattice and the symme-
tries of the point groups. Their number is trivial in 1D, 5 for 2D and 14 for the 3D case. The different names and
structures (P, C, I, F, R and special like sc, bec, fce, hep) can be found elsewhere [61,72].
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orthogonal planes. To distinguish different lattice planes of the direct lattice, the Miller indices
(hkl) are used. For details, see appendix A.

3.3.4 The reciprocal lattice

The concept of a reciprocal lattice is practical for wave propagation in periodic structures. A more
mathematical treatment of the background can be found in [62]. In summary, the Fourier transform
of a function f(r) = f(r+T), that is periodic on a lattice, is taken, where T is the translation
vector (3.22). f(r) is assembled from plane waves with different wave vectors, that turn out to be
the reciprocal lattice vectors G from (3.24). The periodicity requires G - T = 27N with N € Z.
For a given set of direct lattice vectors {a;} and exploitation of the cross product’s properties, the
set of primitive reciprocal lattice vectors {b;} (3.23) can be constructed, being pinned down to the
condensed condition a; -b; = 27d;;, where d;; is the Kronecker symbol . In short, additional to the
lattice in direct space for the real crystal, another one is introduced in reciprocal space, spanned
by the primitive reciprocal lattice vectors {b;}. These are defined by

ag X ag agz X aj a] X ag

by=2r———"—— by=21— (3.23)

b1:27T 5 .
aj rag X as a] -ag X asg

a1~a2><a3’

The reciprocal lattice of a Bravais lattice (defined in section 3.3.3) is itself a Bravais lattice.
This can be noticed from the general reciprocal lattice vector:

G=Y ub; (3.24)

for v; € Z. For the reciprocal lattice the Wigner—Seitz primitive cell can be constructed as
well as for the direct lattice. The primitive cell constructed in this manner is referred to as the
first Brillouin zone. By a similar construction around the first zone, the second zone can be
obtained and so on the higher zones. In 2D, the first Brillouin zone for a square lattice is a square,
for a triangular lattice a hexagon rotated with respect to the real space, both of them centered
around the origin. In 3D, the first zones become less simple, of course and look like truncated
polyhedrons. An insight into the topic from the group theory can be found in [73]. Special points
of high symmetry (center, edge, corner, etc.) are labelled by: T', M, X, K, ... For symmetry reasons,
the first Brillouin zone can be reduced to the irreducible zone, because the rest of the first Brillouin
zone contains only redundant copies of it. Examples are shown in figure 3.4.

M M

(a) Square lattice (b) Triangular lattice

Figure 3.4: First Brillouin zones and high symmetry points in larger scale for its corresponding
lattice. The different dielectric materials are green and white colored. The light blue shaded area
shows the corresponding irreducible Brillouin zone (modified from [52]).

The structure units that build up the PHC will be taken into account for the examination of
the “potential” that arises from a periodic array of different dielectrics in wavelength scale, i.e. the
dielectric function €(r) that is periodic on a lattice.
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3.3.5 Photonic band structures

Due to the strong analogy between photonic and solid state crystals the methods for electronic
band structure calculation can be used to calculate photonic band structures. On the one hand, due
to the vectorial character of the Maxwell equations, they are more complicated to solve compared
to the scalar Schrodinger’s time—independent equation. On the other hand the periodic potential
in the solid state problem caused by the periodicity of the atom cores has to be determined self
consistently because of fermionic electron—electron interaction whereas the photonic “potential” is
fixed to the spatial periodicity of the dielectric function €(r).

Felix Bloch, a pioneer in the analysis of wave propagation in 3D periodic media [74], based his
theorem on an 1D theorem by G. Floquet [75]. The theorem has approved in solid state physics [61]
and can be applied to the spatial modulated dielectric constant €(r) of PHCs, due to the strong
analogy: Inside the medium, the wave propagation is a periodic envelope function multiplied by a
plane wave [62]. €(r) can be developed in a Fourier series over the reciprocal lattice vector:

elr) = Z kg - €T (3.25)
G

The spatial periodicity of e(r) permits the application of Bloch’s theorem to the eigenmodes of
the eigenvalue problem (3.11) that is the master equation (3.8) rewritten by the operator © (3.12)).
The eigenmodes or eigenvectors Hy(r) can be decomposed as a phase multiplied by a periodic
function on the lattice

uk(r) = uk(r + R) (3.26)

for all direct lattice vectors R.: ‘
Hy (r) = e uy (r). (3.27)

The modes or Bloch states are labelled by the Bloch wave vector k:

k=Y kb (3.28)

where b; are the reciprocal lattice vectors defined in (3.23) and k is inside the Brillouin zone”. The
periodic boundary condition (3.26) restricts the eigenvalue problem to a unit cell of finite volume
yielding to an infinite set of modes with discrete spaced frequencies wy,(k), labelled by n € N.
Because of the lattice periodicity that causes redundancy in the label k, it is useful to restrict the
analysis to the first Brillouin zone. At the edge of the first Brillouin zone the dispersion relation
wy (k) is folded back, thus forming n bands. The structure of the bands contained in w, (k) can
be calculated from a given €(r) of a photonic crystal. To solve explicitly the equation (3.11) with
respect to the label n, the eigenvectors (3.27) can be written as
H, «(r) e*u,, 1 (r)
_ Z ugkei(k-i-G)r. (3.29)
G

The insertion of (3.25) and (3.29) in the eigenvalue problem (3.11) leads to an infinite set of
linear eigenvalue equations that can be reduced by taking condition (3.6) for H into account. The
numerical approximation deals with matrices of finite size 3m x 3m by a limitation of the number
of reciprocal lattice vectors m and also benefits from (3.6) by reducing the matrices dimensions
to 2m x 2m because it constricts the development to two orthogonal polarization vectors that are
additionally orthogonal to k + G and have to be determined in each lattice point G anew. In
conclusion, starting point is the numerical task to approximate the squared eigenvalues w? (k)/c?.
More details on the procedure can be found in [63,76]. Further reading is provided by [77-80].

7All values of k outside the zone can be obtained from adding G because the G - R = 27N gives no phase
difference and the physical mode will remain the same.
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In this manner all eigenmodes of a PHC inside the first Brillouin zone can be illustrated in
a band diagram. Examples for these band diagrams for PHCs whose periodicity is extended to
one or more dimensions will follow in section 3.3.6. Gap maps are plots that show the locations
of PBGs as a function of various crystal parameters like lattice structures, dimensionality, r/a
ratio, polarization modes, dielectric contrast, etc. [81]. A common distinction for the modes that
solve the wave equations (3.8) and (3.9) for some boundary condition, is to speak in terms of
two polarization modes, where one has only transverse and no longitudinal field in one of the
components E or H. The former is called transverse electric (TE) mode and the latter transverse
magnetic (TM) mode [82]. In general, the TE modes in a 2D PHC have H normal to the lattice
plane and E in the plane. For TM, the situation is vice versa [52].

The Bloch modes have a physical significance in the experiment: Propagating light in photonic
waveguides shows modulations that can be related to the Bloch harmonics [83,84].

3.3.6 Dimensionality

A way to classify photonic crystals is the number of dimensions in which the refractive index
periodically changes in terms of a structure without restriction to a certain symmetry.

One—dimensional photonic crystals

In section 3.3 examples were given for applications of 1D structures. It may have a layer structure
in the 1D case as depicted in figure 3.2. The different layers must neither have the same thickness
nor the depicted arrangement (e.g. Bragg fiber [85]). In the investigations a 1D PHC is used as a
resonator structures (see figure 3.7).

Two—dimensional photonic crystals

A sketch for the structure is depicted for the 2D case in figure 3.2. One of the most prominent
examples are photonic crystal fibers (PCF) first proposed by T. Birks et al. [86]. A state—of-the—art
survey is given by T. Hasegawa in [87], applications can be found in [88].

Photonic crystal slabs are build from a layered structure that consists of a high refractive index
film sandwiched inside a low refractive index medium therefore confining the light normal to the
slab plane by total internal reflection (TIR) [89]. In the slab plane light is confined due to the
periodic structure of the drilled air holes (see figure 3.5). In the band structure (see for example
the 3D case in figure 3.6 (b)), the upper and the lower band are sometimes referred to as “air
band” and “dielectric band” distinguished by the localization of the modal power emphasizing the
strong analogy to the “conduction band” and “valence band” above and below the fundamental

gap [52].

(a) 2D square lattice (b) 2D triangular lattice

Figure 3.5: Two different lattices in 2D PHC slabs of air columns in a dielectric medium. r denotes
the radius of the columns and a the lattice constant i.e. the periodicity (based on figures from [52]).

The 2D slab structure offers the advantage of an easy process compared to 3D PHC fabrication
techniques at this stage and possesses a pseudo-PBG, because most angles for TIR are covered.
And it is regarded to be the most suitable design for photonic integrated circuits [89].
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Three—dimensional photonic crystals

Due to the scale properties given in section 3.3.2 the first 3D photonic crystal build by man
was Yablonovite named after Eli Yablonovitch [90] for the micrometer wavelength range based on
theoretical studies for a complete PBG [91]. A summary on the present state of development and
the different structures in 2D and 3D gives [92].
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(a) Yablonovite (b) Photonic band structure

Figure 3.6: (a) Construction method: A triangular array of holes is drilled into a bulk material
block (b) The photonic band structure of Yablonovite [90] (taken from [52]).

3.4 Defect structures

It is useful to fabricate PHCs with “defects” in the lattices structure. By breaking the translational
symmetry the defects are intended to localize modes within the PBG. A point defect (green in figure
3.7) is the most simple by means of variation in the hole size or missing it out. Calculations on
the mode structures are given in [52,93,94]. Surrounded by reflecting walls the defect forms a
resonator which is characterized by the dimensionless quality factor, universally defined by

E
Q=2m"", (3.30)
Tt
where E is the stored energy in the resonator, w the resonance frequency and P = —dFE/dt the

dissipated energy of the mode [95,96] per unit time. More descriptively that means that the
resonator can sustain a number of @ oscillations until the energy drops below e~ 2" = 0.19% its
original value [97]. In that sense the quality factor also quantifies the enhancement of the field.
Resonators with a Lorentzian profile () can be written as

w
Q= ZWE, (3.31)
where Aw defines the full width at half maximum FWHM of the resonant peak. A single
line defect (SLD) is formed by leaving out a row of point defects, that allows light localization in
x—direction and light propagation in y—direction respectively (in reference to figure 3.7). The idea
of using defects is to modify the PBG for photonic crystal devices that confine the light at sub—
wavelength regimes and therefore have the same length scale. SNOM potentiates the visualization

of the optical properties on such a small length scale.
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Figure 3.7: Illustration of defect: green — point, red — line

In case of a waveguide where one or more (N) rows of the lattice are missing the waveguide
structure abbreviated as W1 (WN). The line defect width affects the waveguiding characteristics
and group—velocity dispersion [98]. Theoretical studies on networks with various components
(bends, splitters, couplers, crosses, ...) can be found in [99,100]. A survey on various defect
structures that have been realized gives [101,102] and further development in future gives [103].
An example of the the band structure for a crystal modified by a line defect is depicted in figure
3.8.
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(a) Top view onto the waveguide (b) Band structure

Figure 3.8: (a) Waveguide in I'-M direction in a 2D PHC slab. a denotes the lattice constant and
w in this image the waveguide width. (b) shows the band structure of the perfect crystal and the
introduced defect states (taken from [104]).

The light blue shaded area originates from the perfect crystal and the lines illustrate the allowed
waveguide modes. In this case the defect line introduce three bands into the 2D stop gap.
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3.5 Finite—difference time—domain simulations

The finite—difference time-domain (FDTD) method has gained popularity for electromagnetic prob-
lem modelling like solving Maxwell’s equations (3.1) in real space and time. FDTD is used for
photonic crystal simulations along other methods. Its algorithm is about 30 years old [105,106].
The basics in short: Real space is separated in a discrete cubic lattice grid. For the arrangement
of the field vectors see figure 3.9.
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Figure 3.9: Arrangement of the grid points after [105,106].

This geometry suggests itself to the line integral versions of Maxwell’s equations (Faraday’s and
Ampere’s law) makes the treatment suitable. The field distributions are stepwise calculated from a
start distribution with respect to boundary conditions [107]. A main application are transmission
coefficient calculations. Information on mesh size can be found in [108,109]. A criterion for
numerical stability is given in [106] whose physical meaning is a condition for causality [110]. In
the simulations an emitting dipole in adjacency to the front of the waveguide slab was used for
light in—coupling.






Chapter 4

Scanning near—field optical
microscopy studies of photonic
crystals

4.1 Introduction

An investigation of the optical properties of a PHC could be performed by camera of an adequate
sensitivity in the specific wavelength range and a microscope-like imaging system with a certain
magnification. But this imaging system would be constricted to Abbé’s far—field diffraction limit.
The use of an ultrahigh resolution device is required to see more of the topological and optical
features of a PHC device.

4.2 Probe fabrication

Generally speaking, there is a huge variety of different probes and fabrication techniques. Different
materials (glass, semiconductors, metals, ...), methods of preparation (etching, heat pulling, etc.),
coatings, apertures etc. are in common use to make reproducible probes.

The probes for the experiments were all home—made. The fiber tips were made from a standard
telecommunication fiber (corresponds to SMF-28), provided by the Deutsche Telekom. Repro-
ducible preparation was performed by a Sutter P-2000 micropipette puller instrument. Approxi-
mately 2 cm of the jacket was removed by a fiber stripper, the fiber clamped and locally heated
by a COq laser while pulling the fiber. The procedure was done automatically by the Sutter in-
strument, once the parameters had been programmed and optimized in continuous feedback from
the experiment i.e. investigating the tips’ properties as a function of different parameter settings.
Empirically there was found a drift in the machine’s parameters that got noticeable in about half
a year.

In the very beginning of the experiment, to get an intuition for the SNOM device, much smaller
AFM tips (ca. 10 nm in diameter) were scanned to get information on the SNOM probes (see figure
4.2). In short by scanning a smaller tip with a bigger probe yields the geometry of the latter.

(a) Fiber tip # 17 (b) Fiber tip # 28

Figure 4.1: Fiber tips under the optical microscope. The magnification is 2.5 times.

27
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035

(a) Tip # 04: 260 0.15 s, scan range: 10 x 10 pm? (b) Tip # 28: 300 0.14 s, scan range: 5.5 x 5.5 pm?

e

1200 0

(c) Tip # 17: 310 0.11 s, scan range: 6 x 6 pm? (d) Tip # 19: 320 0.10 s, scan range: 5.5 x 5.5 um?

Figure 4.2: Height plot representations at different aspect rations of SNOM tip scans on a sample
with AFM tips. The two parameters given after the tip’s number are heat and pulling time. The
corresponding optical microscope images are given for two tips in figure 4.1. The endings seemed
to be quite blunt, of slightly asymmetric shape like in 4.2 (a).

A systematic procedure has been performed to optimize the heat parameter for the micropipette
puller instrument. The programmable parameters of the machine are in brief:

e Heat (Heat) — concerns the laser output power

e Filament (Fil) — controls the scanning of the laser to increase the heated length (This
parameter was left at “0” to minimize the heated length.)

e Velocity (Vel) — is defined by the temperature dependent viscosity of the glass and specifies
the velocity of the slide that holds the material before the hard pull

e Delay (Del) — relative time delay between laser turn off and hard pull
e Pull — (Pul) defines the force of the hard pull

The pulling time is given (pt) in seconds. Further details on the parameters can be found in the
manual [111], on optimization of the parameters there are reports in [45,112,113]. It should be
noted, that most of the values are determined by the base material.

An introduction on the fabrication technique can be found in [45], including a summary on
the theory of small apertures after Bethe [114] and Bouwkamp [115,116] and the theory of coated
glass tips by aid of the multiple multipole method [117]. First choice for details of the fabrication
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Heat Remarks

340 tips are extremely long and straight and become longer with increasing pt; short pt
(< 0.09 s) yields sharp and nicely symmetric tips

330 tips are very long, straight and uniformly tapered but the very end is highly fragile

320 long tips, increasing pt yields a long uniformly taper

310 long tips, increasing pt gives a short uniform taper; pt around 0.11 s: robust tips

300 tips get shorter, uniformly tapered

290 short, straight tips; the end is very long and steady—going

280 same as 290, but seems to be independent from pt

270 longer tips; at pt = 0.10 s extremely long and straight, the ends are short and of
uniform shape

260 short tapered tips

Table 4.1: Fixed parameters were: Pull only applied from one side, Vel = 18, Del = 126 and Pul = 150.

techniques is [113] and special further reading is provided by [118,119]. For a very good performance
the tip has to be controlled after each step of the fabrication.

After successful tip fabrication the fiber probe was glued onto a prong of a tiny quartz tuning
fork (see figure 4.4). These forks are commercially available from a distributor (Farnell) of elec-
tronic parts and are commonly used to clock watches as shown in figure 4.3. Usually the delivery
is in a small vacuum sealed can hosting the two harmonic oscillators with a Q up to 10° and a
nominal resonant frequency of 32.768 kHz (= 2'°). In air, the Q slightly drops and further down to
a few 102-10% after gluing. Due to the increased stiffness from the attached glue and fiber also the
resonance frequency is shifted up to 33-35 kHz. It was very interesting to observe that superglue
needs a few days to harden out i.e. the resonance frequency increased during the next days after
gluing when all got more stiff.

Figure 4.3: Watch crystal (based on a figure from [120]). The insert shows a photo of both of the
tuning forks within the can and removed from the can.

Several glues have been tested for sticking the tip to the quartz prong: The best turned out to be
a cyanoacrylate superglue for the prong and a two—component epoxy glue (Uhu® plus schnellfest)
for the strain relief, that was just a droplet of glue on the plastic mount (see figure 4.4).

Figure 4.5 (a) displays schematically what can be also seen from the photo in figure 4.4: A
tuning fork with an attached fiber tip. The capitals L, W and T denote length, width and thickness
respectively (from a measurement: L = 3 mm, W = 370 pm and T = 230 pm). The protrusion
length of the fiber is not arbitrary [46,121] and should be chosen in the order below 100 pm, if
possible.

The tips were examined on a test bench, that was build up in our laboratory for that purpose.
The details of the devices used in the test setup can be seen in chapter C from table C.1. The
test setup was used to check the quality factor of the tuning fork after the glue hardened out and
the properties of the aperture of the tip in transmission by the diffraction pattern [124]. Similar
technique for screening describes T. Cloninger et al. [125] and is also treated in detail in different
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Figure 4.4: Uncoated tips were glued to a prong of a quartz tuning fork that is soldered on a two
pin mount.

(a) Tuning fork dimensions (b) Tip coating process

Figure 4.5: (a) Tuning fork and its dimensions schematically. Based on figures from [47,122]. (b)
Schematic draw of the coating process (image sources: [45,123]).

theses [122,126].

Both coated and uncoated tips have been used in the experiment. The coatings were self-made
in our laboratory in a BAL-TEC BAE250 coating system depicted in figure 4.5 (b). Aluminium
coatings as well as gold on chromium (as an adhesion layer) have been used.

SEM pictures of various coated and uncoated home-made SNOM probes are shown figure 4.6.
The minimum aperture corresponds to the skin depth of the coating metal. A typical value for
the tip curvature is around 50 and 100 nm. The taper optics in SNOM is described in detail
elsewhere [127]. For throughput maximization a concentrator geometry is preferred [128-130],
according to [1] a compound parabolic concentrator (CPC) that looks like a truncated parabola.
Further reading for NFO probes and theory concerning metal coatings is summarized in [131].
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100nm

(a) Uncoated tip (b) Totally coated tip (c) Well coated tip

(d) Very end of tip in (c) (e) Apertured tip (1) (f) Apertured tip (2)

Figure 4.6: SEM investigation of the tips before (a) and after metal coating (b)—(f). (e) and (f)
show the same image with different detectors. Typical values were a2 100 nm for the curvature (a)
and ~ 50 nm for the aperture (f).

4.3 Former studies of photonic crystals

Choo et al. in 1994 [132] reported a study of optical channel waveguides and directional cou-
plers by SNOM. Besides the near—field measurements, also an investigation of the guided mode
intensity distribution was included. It indicated the utility of ultrahigh resolution for photonic
devices. A survey of SNOM applied to photonic devices can be found in [133]: SNOM has been
used to characterize and map whispering—gallery modes (WGM) in microspheres [134,135], the
light confining properties of waveguides [136-138], laser diodes [139], vertical cavity surface emit-
ting lasers (VCSELs) [140], microdiscs [141], microrings [142], fibers [143] and last but not least:
photonic crystal devices [40,83,84,144-156]. Actually, in SNOM there is even more potential for
information by interferometric field amplitude and phase measurements [137,157-159] and time
resolved light propagation [138] as these researchers show. Further highlighted issues are the local
second harmonic generation (SHG) in microcavities [160, 161] and optical antennae [162]. After
this general introduction the experimental results of the thesis will follow in the next sections.
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4.4 Indium phosphide technology based samples

4.4.1 Photonic crystal samples from the ETH

In collaboration with different institutes two different kinds of samples were investigated. First,
there are the samples from the Communication Photonics Group of the Swiss Federal Institute of
Technology in Ziirich [163]. The different phases of the sample fabrication process are described in
detail in [164,165] and a short summary is depicted in figure 4.7. The crystals are based on InP
technology, i.e. established semiconductor technology for dense integration and combination with
electronics. More reasons for the use of InP are the transparency at A = 1500 nm [166] i.e. the
telecommunication wavelength and the low refractive index contrast in an InP/InGaAsP-system.
The substrate is an InP wafer, followed by an InGaAsP layer, which is grown by metal organic
chemical vapor deposition (MOCVD) of 400 nm thickness. Also shown in figure 4.7 is an InP top
cladding of 200 nm thickness, which reduces plane loss, but was not present in the investigated
samples to allow direct access of the SNOM probe to the evanescent field.

PMMA

InP (MOCVD)

InGaAsP

InGaAsP (MOCVD)

InP wafer InP wafer

(a) Slab structure growth: MOCVD, PECVD (b) E-beam lithography: Patterning of the PMMA
mask

VVVVVVVY VVVVVVYVYY

InGaAsP

InP wafer

(c¢) Pattern transfer into silica mask via RIE etching (d) Deep anisotropic RIE/ICP etching of the holes

Figure 4.7: The fabrication process described in the text depicted schematically in 4 steps. The
original images appeared in [165]. EM pictures of the etching results for both samples are given in
figure 4.12 (b) and (c).
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On top there is a silica hardmask (SiOs or SiNy) for etching, deposited by plasma—enhanced
chemical vapor deposition (PECVD). The top finish forms a cover of PMMA electron beam resist
that has a thickness of 220 nm. This resist is patterned by proximity—effect corrected (PEC)
electron—beam lithography [164,167]. The pattern transfer into the silica mask is done via reactive
ion etching (RIE) with CHF3/Ar or CHF3/05, followed by an inductively coupled plasma (ICP)
anisotropic etching with Cly/CHy/Hs of the InGaAsP/InP layers.

The refractive indices are 3.15 for InP and 3.45 for InGaAsP in the NIR (near—infrared) wave-
length range and bulk material [168]. For a better overview, the refractive indices are compiled in
table 4.3 (see page 45).

4.4.2 Investigation of the ETH PHC samples

The geometry of the samples from the ETH had the slab structure described above. One side of
the sample had a cleaved facet which had a ridge waveguide for the laser coupling either straight
towards the PHC structure (see on the right in figure 4.10) bent by 90° respectively. An explanation
for the choice of this geometry will follow.

The coupling area on the cleaved edge was 400 nm x 10 pm, therefore the laser always overfilled
the edge because the focus size of a Gaussian laser beam is limited by diffraction to ~ 1 pm.
Figure 4.9 shows schematically the setup and the beam path for the ETH PHC samples. The
details of the optical components are listed in the tables D.3 and D.4, respectively the devices in
table C.2. A schematic sketch for the servo loop depicts figure 2.2. The sample itself was mounted
on a single mode fiber launch system.

(a) Top view of the ridge (b) Ridge waveguide at the (c) Focus at A = 1510 nm (d) Top view of the ridge
waveguides cleaved side waveguide and the PHC

Figure 4.8: Far—field images of various parts of the sample during the optical alignment and laser
in—coupling. The pictures were taken with the NIR CCD camera. The magnification is 10x for
(a), (d) and 36x for (b), (c).

The back reflected light from the input facet was collected by the focussing lens L.1.2 and sent
through the polarizing beamsplitter cube, some mirrors and L3.2 to the NIR camera to image the
focus on the sample. Once aligned, this became an useful tool for the laser focussing and coupling
into the ridge waveguide and also for skipping to the next structure on the sample.

In figure 4.8 (a) a top view of the ridge waveguides in the white box is shown. The huge amount
of stray light comes from the the sample on the left originating from the white light illumination. In
(b) there is a side view on the cleaved edge showing the ridge “entrance”. (c) shows the focus and
(d) a top view of the sample after successful in—coupling. The hyperbolic shaped stray originates
from the sample edge. Note the small concentric circles slightly above the bright, concentrated
spot due to scattered light from the PHC.
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(a) Top view of the sample (b) Bent 2D waveguide

Figure 4.10: Electron microscope images of the ridge waveguide and the photonic crystal. The
images were taken and provided by R. Wiiest.

Figure 4.10 (a) shows a SEM image of an early sample from the ETH collaborators. Int this
example the PEC was not fully optimized yet whereby an inhomogeneous depth profile of the
holes resulted. The sample was not expected to possess a PBG for the wavelength range accessible
by our laser and the core also did not have a cladding. This can be seen for r/a = 0.3 and the
dimensionless frequency wa/2mc¢ ~ 0.32 (= A = 1550 nm) from a 2D-PHC gap map [169] (finite
system, only TE shown) or [52,170] (infinite system, TE and TM shown).

a = 500 nm was chosen for the lattice constant and 300nm for the hole diameter (i.e. radius
r = 150 nm). The figures 4.11 show a SNOM measurement with an uncoated tip and a diode laser

at A = 1550 nm that was coupled into the sample by a lens. Technical details can be found in
table D.3 and D.4. Figure 4.11 (a) shows the topography, (c) the recorded optical signal and (b)
one upon the other.
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(a) Topography
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(c¢) Optical image

Figure 4.11: SNOM optical and topographical image of a bent W1 waveguide.
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The standing wave pattern can be explained from a reflection of a large part of the light at
the bend of the structure. This pattern fits 2.8 times the lattice constant of the topography
image. The light that is guided, is expected to be index guided [171], periodic modulated by the
structure. Note, that the light is leaking into the area of the PHC. The same sample also included
the straight waveguide (see figure 4.10 (b)) that also revealed in the measurements light guiding
properties although the recorded images are spoilt by artifacts induced by the topography. This
issue will be discussed later in appendix B.

Due to limited amount of space the SNOM device and the NIR CCD camera could not be
used at the same time and by that a problem occurred by the stray light from in—coupling region:
Either scattered light from the crystal area like in 4.8 (d) was not observed or in—coupling was
not provided since a distinct signal in the SNOM was lacking. To improve the signal-to—noise
ratio (SNR) the stray light was screened by a sharp blade. Having the opportunity to interfere in
the fabrication process, the in—coupling design was modified. The 90° bend ridge waveguide should
prevent light scattered from the in—coupling region reaching the crystal. An electron microscope
image of the new design is shown in figure 4.12 (a). In addition, the crystal parameters were
slightly changed: A lattice constant a of 450 nm and a hole diameter of 320 nm was chosen. The
results after etching can be read from figure 4.12 (c).

(a) Top view of the bent ridge (b) Side view of the hole profiles for the (c) Side view of the depth profile after
waveguide (Second sample) first ETH sample PEC for the second ETH sample

Figure 4.12: (a) Electron microscope top view of the ridge waveguide bent by 90° of the second
sample. The insert of the bent waveguide is not the same scale. (b) The etched holes from the
preliminary etch process. (c) Improved results with PEC. Images kindly provided by R. Wiiest.

The next step was the use of coated tips thereby reducing effectively the volume of light col-
lection. Figure 4.13 shows the bend waveguide structure using a diode laser at A = 1550 nm for
both of the polarizations, TE and TM. The scans were recorded by use of a coated tip. Although
there is no PBG for the TM mode, the sample shows light guiding properties [171].

The slight slant of the light pattern in the figure for TM polarization is due to measurement
perturbations. This becomes obvious by looking at the control and the shear—force signal that
reveal shifts corresponding to the optical signal. In the case of large scans like these, with size of
14 x 23.5 pm? each, it took about half an hour of recording to get the whole image. The sample
itself is expected to have a bandgap for TE mode, therefore the light should be confined, what
can be seen from figure 4.13. Figure 4.13 (d) shows the cross section in x-direction from the
corresponding figure in 4.13 (c¢). It shows light confinement that has a FWHM of 1.65 pm. Figure
4.13 (e) shows the cross section in y—direction and the light undulations inside the W1 (see section
3.4). The undulations have a period of 5.6, 3.2, 2.5 and 1.4 times the lattice constant (see figure
4.13 (f)). This results from a FFT analysis calibrated to the lattice. An example for a program
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(a) Top view of the topography  (b) TE polarization and cross section (¢) TM polarization and cross section
in y direction
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Figure 4.13: (a) Topography of the bend waveguide associated to the same area of the bend
waveguide. (b) and (c) show the optical images (contrast enhanced) in both of the polarization
modes. The dark blue line in (b) and the green in (c) denote where the x and y cross sections were
taken. The light blue line sketches one of the parallel cross section outside. (d) shows the cross
section in x— and (e) in y—direction. (f) and (g) are FFTs of the optical signal inside and parallel

to the W1 waveguide.
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list for Matlab® can be found in appendix E. Also evident are the light undulations parallel next
to the waveguide — more clearly in the contrast enhanced figure 4.13. A FFT of the cross sections
taken along the W1 waveguide show periodicites of 4.7, 1.9 and 1.4 times the lattice constant (see
figure 4.13 (g)). The cross section of the undulations outside the waveguide, represented by the
light blue line in figure 4.13 (b), were taken approximately 1.1 pm parallel to the dark blue line
(cross section of the W1) on both sides. The images were recorded with a gold coated tip.

The issue of light undulations became more interesting when using a tunable laser source that
was available at the time when the second sample had been fabricated. The figures in 4.14 show
SNOM images of a W1 waveguide for different wavelengths using a gold coated fiber tip. The
corresponding topography 4.14 (a) is representatively for the optical images 4.14 (b)—(t).

To analyze the light undulations in figure 4.14, cross sections of the optical signal along the W1
waveguide were taken and Fourier transformed. Figure 4.15 (a) shows the Fourier transformations
of the optical signal for each wavelength in a 2D diagram to illustrate the trends of the undulation
periods. For A > 1525 nm the high spatial frequencies fade out in the spectrum. The low spatial
frequencies vanish in between 1530 < A < 1540 nm what corresponds to the figures 4.14 (1)—(n)
where the undulations rinse out. Close around A = 1555 nm the low frequencies up to 1/a again
get stronger. At 1535 nm the spectrum does not seem to contain light undulations.

A record from an uncoated tip in figure 4.19 shows a minimum at 1530 nm and a maximum at
1550 nm, i.e. each 5 nm below the wavelength corresponding to the figure series 4.14.

In figure 4.15 (b) the FFT spectrum for a W1 is shown from 3D FDTD simulation data
(performed by K. Rauscher [172]) by only taking the wavelength 1480, 1485, 1500, 1505, 1535, 1550
and 1560 nm into account for reasons of calculation time. Missing data points are interpolated in
the figure. The simulated data shows much higher spatial frequencies. This will be discussed later
(see section 4.4.3).

Spatial frequency in units of a™*

Spatial frequency in units of a™*

1480 1500 1520 1540 1560
1480 1500 1520 1540 1560 Wavelength 2 in nm
Wavelength % in nm
(a) FFT of the measurement data (b) FFT of the FDTD simulation

Figure 4.15: (a) FFT for 1480 < A < 1570 nm of the W1 waveguide in figure 4.14. For example,
the peak at 2 for specific wavelengths means a periodicity of a/2. The large peak at zero is the DC
spike. The spectrum signal is in dB units. (b) shows the same data from an FDTD simulation.
Note that not all wavelength of the measurement were taken into account.

The comparison of the maximum intensities over wavelength in the W1 waveguide is given in
figure 4.16 where (a) shows the FDTD simulation data and (b) the measurement data. The inten-
sities are normalized to the global maximum. Correspondence between both is a maximum relative
intensity at A = 1480 nm and a general trend of decay for increasing wavelength. Furthermore
there is a minimum and an increase in intensity again, but the wavelengths are shifted with respect
to each other (1550 nm in the simulation and 1535 nm in the measurement). The scale varies by
one order in dB that means a factor of 10 between the simulated intensity and the intensity in the
measurement.
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Figure 4.16: The maximum intensities in the W1 waveguide normalized to the global maximum.

A shot from the 3D FDTD simulation of the W1 illustrates figure 4.17 for the corresponding
wavelengths.
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Figure 4.17: (a) The W1 waveguide and the triangular lattice without field. (b) and (c) show
the root mean square of the electric field on the sample surface in TE mode. The simulation was
performed by K. Rauscher [172].

For a better understanding of the intensity distribution over wavelength in the W1 waveguide
in figure 4.14, the junction of the W3 disemboguing into the W1 waveguide was scanned. The scan
series showed strong light scattering at the waveguide junction, also notable in constant height
mode (CHM). This was a perturbation for the comparison of the signals in the W1 to the W3. To
cope with that problem, the cross sections in the W1 were cut as illustrated in figure 4.18.

Figure 4.18 locates the cross sections taken inside a W3 waveguide with fixed length and outside
a W1 waveguide variable in length. The W1 cross section is fixed to the end and has a total length
of 69 units that are stepwise 50 times cut down by one unit in the direction of the red/blue arrow
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W1: variable  W3: fixed

é_| distance

Figure 4.18: Location of the cross sections for all wavelengths in the W1 and W3. The analysis
of the intensity ratio is given in figure 4.19. The original was recorded with an uncoated tip at
A = 1495 nm in TE polarization and is overlayed with the topography.

in figure 4.18. The analysis revealed small offsets between the scans at different wavelengths that
is most likely due to hysteresis of the scan piezo. A plot of the results is given in figure 4.19. At
A = 1535 nm the intensity drops to the smallest value in correspondence to the fade out of the
undulation pattern in figure 4.14. The same similarity is observed for the increase in intensity close
to A = 1550 nm. The measurement in figure 4.19 was recorded with a coated tip whereas the tip
for figure 4.14 was not coated. Both series were taken in TE polarization.

= Intensity ratio as a function
§ of distance (coloration)

Intensity in a.u.

0.1

1520 1540 1560 1580

Wavelength A in nm

1480 1500

Figure 4.19: Shown is the ratio of the mean intensity in the W1 to the W3 waveguide. A single
color in the vertical bars represents a single cross section as shown in figure 4.18. It shows the
same trend for all wavelengths investigated by very similar coloration and length of the bars.
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Figure 4.20: Data from a scan taken on the ridge waveguide in close vicinity to the W3 waveguide.

In addition to the SNOM measurements on the PHC also scans on the ridge waveguide which
guides the light from the in—coupling area to the PHC have been performed with an uncoated
tip. Figure 4.20 (a) shows the raw data from (a) in a 3D plot. An FFT analysis shows that
there are undulations with a periodicity about 255 nm in the wavelength. In a 2D model the
modes for a multilayer waveguide are calculated by the effective index approximation [173]. The
calculation shows that the waveguide supports four modes that have approximately the same
undulation period. A comparison of the refractive indices from the data to the reference in table
4.3 it deviates by 13 percent.

Mode | Undulation in nm | Effective refractive index |

TEOO 235 3.24
TEO1 238 3.20
TMO00 238 3.20
TMO1 241 3.16
Data 256 2.98

Table 4.2: Undulations in the ridge waveguide

4.4.3 Discussion

The 3D modelling in figure 4.17 also show light undulations, clearly shown in the FFT analysis
4.15 (b). In reference to the high spatial frequencies (> a~!) that do not appear in the FFT of the
measurement data 4.15 (a), the comparison thus suggests a limitation to the optical resolution,
because the SNOM was obviously not capable of resolving the high spatial frequencies.

In terms of “mechanical” resolution i.e. vibrations and the mechanics these cannot be excluded
(like vibrations, noise, etc.) but are expected to be small: Acoustic noise and motion close to the
optical table was avoided during scans, because the effects were immediately recorded from the
oscilloscope. For the future however, a boxed design would also be imaginable in addition to avoid
noise accidents and air flow. The piezo control is not expected to have a notable effect: According
to specifications of the piezo [12] the resolution of 1/100 nm might be too optimistic, because
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generally this resolution is limited by the noise of the control system (power supply, amplifier,
etc.). For example a noise of 10 millivolts in the primary power supply would limit the piezo
resolution to the order of 10 nm. The dithering of the tip itself is expected to be in the picometer
range [121] and therefore some orders of magnitude below the optical resolution.

The topography (see figure 4.14 (a)) shows about 20 holes. The lattice constant is well known
to be a = 450 nm for this sample, thus suggesting a resolution of 0.32 times a. In conclusion,
the resolution of the scan data does not limit the FFT. In theory, the FFT resolves 125 pixels
per 10 pm what yields a resolution of a maximum 0.35 times the lattice constant a with respect
to the Nyquist theorem (see appendix E). Actually, the coated tip itself can be seen as a factor
of limitation: An uncoated tip collects by the taper cone [1] and therefore cannot resolve as fine
details as a coated in the measurements, as it can be seen e.g. in figure 4.13. On the one hand, a
coated tip has at least an aperture that is in the order of the skin depth of the metal coating, and
therefore collects from a much smaller area. On the other hand, the capability of the aperture for
transmission decreases and therefore reduces the signal.

In the FFT spectrum from the measurements, figure 4.15 (a), the spatial frequencies greater
than the inverse lattice constant a~' do not occur as distinct as in the simulated spectrum figure
4.15 (b). The spectrum shows that the optical resolution in the SNOM measurements was about
A/3, compared to the free space wavelength. This resolution is certainly below the diffraction
limit of far—field microscopy. Further improvement will be required to resolve the higher spatial
frequencies found in the model.

The scans concerning the W3 to W1 waveguide coupling cannot be rigorously taken as a clue
for the coupling because the length of the W3 waveguide is too short rather suggesting to function
as a sort of a resonator of low @. Figure 4.19 nevertheless shows a stability of the shape by a
similarity of the coloring and length of the vertical bars. The change in the light ratio passing
from W3 to W1 can be put in correspondence to figure 4.14 respectively the FFT analysis 4.15 (a)
because they reveal the same trend for the wavelengths relatively shifted by 5 nm.

4.4.4 Outlook

Further FDTD simulations could be performed in addition for the missing wavelengths and that
also take more parameters into account i.e. deviations in the hole size uniformity, although this
would be time consuming to some extend.

A rigorous analysis of the 3D FDTD simulation data could be performed that takes the tip
resolution into account to fit the experimental data, but the dependence between the two is rather
nonlinear therefore a simple convolution is just a model and does not yield the experimental data.

Further suggestions and improvements might be:

e Polarization dependent measurements: The setup could be extended to perform measure-
ments with the tunable laser source in mixed polarization states to check if the black lines
next to the waveguide in figure 4.14 are due to interference effects.

e Increase in wavelength tunability: In terms of dimensionless units wa/27c the wavelength
range 1480 < A < 1570 nm only covers 0.29 to 0.30, which is pretty small for assignment of
waveguide modes to the band structure.

e The band structure itself should be calculated. The analysis of the measurement did also
not allow to link the light undulations to the Bloch harmonics and therefore to label the
propagation constant of a travelling wave inside a PHC.

e To improve the quality of the PHC structures, these can be furnished with a cladding to
confine the light by TIR in the vertical direction of the slab waveguide [174]. Another issue
would be bridge structures that have air on both sides above and under the slab. They should
show better guiding properties for symmetry reasons of the equalized index contrast. Such
structures are in development [168].
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e Another suggestion for improvement is the substitution of the existing positioning system
by an element with an integrated measurement system. Compared to the present system,
the hysteresis and creep could be reduced. Artifacts like the distortions in figure 4.13 could
be avoided. Friction and hysteresis caused by connector cables [175] therefore would be
compensated. According to specifications [12], temperature drift has also an effect but in
comparison of time of temperature change in the lab to the scanning time this is expected
to be negligible. An overnight drift of 1 micron was noticed that could be due to some
mechanical creep of the micrometer heads that were used for coarse positioning the 3DP.

e Interferometric measurements that are sensitive to the light phase.
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4.5 Polymer based samples

4.5.1 Photonic crystal samples from the TUHH

Another institute of collaboration is the Technische Universitit Hamburg—Harburg that provided
PHC slab waveguides of a moderate refractive index (n < 2) contrast by using polymers. In
comparison to high index material like InP the optical wavelength inside the waveguide core is
longer and the confinement weaker [176]. These crystals have larger core and mode dimensions
that should make alignment for in—coupling easier compared to high index contrast PHCs. It is
suggested, that light coupling from lensed silica fibers (n = 1.45) would be better mode matched
and undergo less Fresnel reflection at the interfaces because of the comparable refractive indices
[177]. For other reasons these materials are quite favorable i.e. very low intrinsic losses, easy
processing (spincoating) and structuring of PHCs. The use of electro—optical materials would also
allow the fabrication of tunable structures. The fabrication process is depicted in figure 4.21 and
electron microscope images of the structures are shown in figure 4.22.

PMMA 300nm
NiCr 50nm

waveguide 1.5um waveguide
substrate 3.0pm substrate

S0, 2.3um

Si-Wafer

(a) E-beam and resist development (b) IBE with argon ions (¢) RIE (O2/CF4) and wet
etching

Figure 4.21: The fabrication process described in the text depicted schematically in 3 steps [178].

The PHC slab samples were fabricated (see figure 4.21 (a)—(c)) by spincoating 2.5 pm Teflon
substrate on an oxidized silicon wafer (2.5 pm of oxide) and on it a Benzocyclobutene polymer
(BCB) layer of 1.5 pum thickness [179]. After that, 0.5 pm of NiCr-metal as a masking layer
for etching and on top a cover of 0.3 pm PMMA resist. The structuring was done by E-beam
lithography and transferred into the metal mask by Ar ion beam etching (IBE). RIE (O3/CF4) was
used for deep etching (about 2 nm) into the waveguide core and below. Finally the NiCr mask was
removed by wet etching. The samples had a square lattice structure with a period of a = 500 nm
and a hole radius of r = 150 nm.

Further details of the fabrication process, transmission measurements and theoretical studies
can be found in the references [177,178,180].

| Material | Refractive Index | Reference |

TuP 3.15 [168]
InGaAsP 3.45 [168]
Teflon 1.30 [180]
BCB 1.54 [180]

Table 4.3: Compilation of refractive indices of different materials in the NIR wavelength range
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Figure 4.22: Electron microscope images of a resonator device and the etching of the PHC struc-
tures (TUHH). The images have been kindly provided by M. Schmidt [178,179].

4.5.2 Investigation of the TUHH PHC samples

Basically the setup had a very similar layout, except for the method of the light in—coupling. The
PHC sample was mounted onto a single mode fiber launch system for 3D fine adjustment. The
setup and beam path is depicted in figure 4.23. Details on optical components are given in the
tables D.1, D.2 and on devices in table C.2. Figure 2.2 illustrates schematically the servo loop for
distance control.

A laser at A = 1310 nm was used for the in—coupling. The red HeNe laser was used for
alignment purposes. The waveplates allowed to adjust the laser light polarization and finally the
light was focussed into a prism. Several strategies were tried to contact the prism to the wafer. A
ball bearing pushed into the back of the wafer gave good contact, however the contact point was
too small. Eventually an index matching fluid (Diiodomethane (CHzlIy), for details see table D.2)
was used to give optical contact over the whole prism surface and therefore assisted light coupling.
Ideally the index matching fluid should satisfy the following:

e Its refractive index should be between the refractive indices of the prism and the waveguide
polymer (index matching)

e It should not corrode any material (polymer, prism, glue) in its close adjacency

e [t should be removable by a solvent which is neither corrosive to the polymer of the sample
nor the prism

(CHsl,) fulfilled all requirements except one. It was found to dissolve the 2—part epoxy glue,
used to hold the prism in the mount.

The angle for the in—coupling had a certain acceptance and was determined geometrically by
the TIR condition at the interfaces. For the final configuration the acceptance angle ranged from
—4° to —59.5° (= 55.5°) from top view in figure 4.23. The in—coupling could be recognized when
the beam was in the plane of the waveguide slab. To visualize this, an IR viewer or the visible
laser was used respectively.

Figure 4.25 shows the recorded signal for a 1D resonator, as depicted in figure 4.22 (a). The
structure under investigation had a wall of seven lattice constants, a defect of two rows, then seven
lattice constants. This is referred to as a 7_2_7 resonator. The transmission measurements provided
by M. Schmidt in figure 4.24 show a peak at 1310 nm for TM polarization and around 1290 nm
for TE. Measurements at 1310 nm have been performed where the available laser source matched
the wavelength of the peak
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TM - polarization (raw) TE - polarization (raw)

00167 . 0012 '

0.0144 '

00124 0010 !
35 3 .
s 0010 S 0008 |
E 3 1
£ 00084 2 \
2 § 0006 !
2 0.006 a '
é 0.004 § 0004 ¥
s g

0.002- = o0

0.000 . , - = -

1000 1100 1200 1300 1400 1500 1600 0000 4 ‘ : o . ‘ ‘
Alnm] 1000 1100 1200 1300 1400 1500  160C
A [nm]
(a) TM polarization (b) TE polarization

Figure 4.24: Transmission spectra in dependence of the resonator size and polarization (from [179]).
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Figure 4.25: (a) and (c): Optical image of an 1D 7_2_7 resonator based on a BCB polymer slab.
The images were recorded with an uncoated tip at A = 1310 nm in TM polarization.
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4.5.3 Discussion

Measurements for the 7_2_7 resonator structure have been performed at A = 1310 nm in TM
polarization which matches the intensity peak in transmission at A = 1312 nm (see figure 4.24). The
resonator is expected from theoretical calculations to show two antinodes inside the resonator [179].
Figure 4.25 (a) and (c) show SNOM measurements. Bright scattering due to the holes can be
distinguished in the place of the front and back row of holes of the resonator. Due to the lack
of a tunable laser source, spectroscopy was not possible at this time and made the experiment
inconclusive.

4.5.4 Outlook

Improvements are expected to be achieved by:

e A tunable laser source around 1250-1350 nm that matches the wavelength range of the reso-
nances in the transmission spectra (see figure 4.24) would be favorable to allow spectroscopy
and systematic measurements at the exact resonance frequency where the resonator acts as
a Fabry-Perot filter (seen from the transmission spectra, figure 4.24). The quality factor @
could be measured by SNOM and compared to the results from the conventional measure-
ment [176,179].

e More space in a different design of the sample i.e. a ridge waveguides that lead to the PHC
resonator and away could be used to manipulate the resonator properties by a second SNOM
probe.

e Interferometric measurements that are sensitive to the light phase.
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Zusammenfassung

Im Rahmen einer Diplomarbeit der Universitit Konstanz, die extern an der Fidgendssischen Tech-
nischen Hochschule Ziirich (ETH) durchgefithrt wurde, stand die hochaufgeloste Untersuchung
optischer Eigenschaften von photonischen Kristallen mittels Rastersonden—Nahfeldmikroskopie
(SNOM) im Mittelpunkt. Die Proben photonischer Kristalle fiir den Telekommunikationswel-
lenléngebereich 1.3-1.5 pm wurden von Forschungsgruppen der Technischen Universitiat Hamburg—
Harburg (TUHH), sowie der ETH zur Verfiigung gestellt. Die untersuchten Proben waren von un-
terschiedlicher Geometrie, basierend auf verschiedenen Materialien und Herstellungtechniken. Es
ist Ziel, in Zukunft optische Systeme auf kleinstem Raum integrieren zu kénnen und diese mit
elektrischen und/oder fluiden Systemen zu kombinieren.

Physikalisch gesehen, hat die Lichtausbreitung in einem photonischen Kristall sehr viel Ahnlich-
keit mit der Ausbreitung von Wellen in einem kristallinen Festkorper, wenn die Leitungselektronen
als Wellen aufgefasst werden. Photonische Kristalle sind Strukturen mit einem rdumlich periodisch
modulierten Brechungsindex. Die Léingenskala der Modulation ist von gleicher Gréflenordnung wie
die Wellenldnge des Lichts. Ist die Grofle des Brechungsindexkontrasts ausreichend, so verbietet
Braggreflexion bestimmte Ausbreitungsrichtungen und Frequenzbereiche der Photonen. Um eine
vollstéindige Bandliicke im Sinne aller moglichen Ausbreitungsrichtungen und Polarisationen zu
erhalten, miissen jedoch noch mehr Bedingungen erfiillt sein. Zum Beispiel sind nicht alle Kri-
stallstrukturen dafiir geeignet. Die in dieser Arbeit untersuchten photonischen Kristalle sind zwei-
dimensionale Schichtsysteme; das heifit sie besitzen nur in einer Ebene eine Bandliicke, da der
herstellungstechnische Aufwand derzeit dafiir geringer ist als fiir dreidimensionale Strukturen.

Auf der einen Seite ist man darum bemiiht, moglichst perfekte photonische Kristalle herzustel-
len, auf der anderen Seite erlauben es gezielt eingebaute Gitterfehlstellen Licht zu lokalisieren und
zwar auf einer Liangenskala die kleiner als die Lichtwellenlénge ist. Beispiele fiir derartige Defekte
sind zum Beispiel Punktdefekte, welche als frequenzselektive Filter wirken konnen. Liniendefekte
konnen benutzt werden, um daraus Wellenleiter zu bilden.

Die herkémmliche Mikroskopie bildet das Licht ab, welches von einer Probe weggestreut wird.
Thre Auflésung ist beschrinkt durch Lichtbeugung und kann deswegen nicht die Einzelheiten der
Muster offenbaren, welche das eingesperrte Licht in Defektstellen photonischer Kristalle hat.

Die zur Untersuchung gebrauchten Nahfeldsonden wurden selbst hergestellt, indem ein COo—
Laser eine entmantelte Glasfaser lokal erhitzte und eine Maschine diese mit bestimmten Zugpa-
rametern entzweite. Die so hergestellten Faserspitzen und ihre Form wurden sowohl unter einem
optischen und einem Elektronenmikroskop gepriift, als auch ihre elektrischen und optischen Eigen-
schaften in einem eigens dafiir aufgebauten Testsystem systematisch kontrolliert, und die Zugpara-
meter variiert. Verschiedene Metallbeschichtungen der Faserspitzen wurden in einer Bedampfungs-
anlage ebenfalls selbst durchgefiihrt. Eine alternative Kontrolle der Faserspitzen war das Abrastern
einer Probe von AFM Spitzen die eine Hohe von 10 nm hatten und somit die Topographie der
Nahfeldsonde lieferten.

Bei der Probe von der TUHH handelte es sich um einen eindimensionalen Resonator auf Po-
lymerbasis. Das von der Theorie vorhergesagte und simulierte Stehwellenmuster wurde jedoch im
Resonator nicht beobachtet. Die dabei verwendete Laserwellenldnge lag 2 nm nebem der Reso-
nanzfrequenz, bei welcher der Resonator als Fabry—Perot Filter wirkt. Da zu dem Zeitpunkt der
Messungen noch keine in der Wellenléinge durchstimmbare Laserquelle zur Verfiigung stand, konn-
ten keine spektroskopischen Messungen an der Probe durchgefiihrt werden. Generell hat sich bei
dieser Untersuchung gezeigt, dafl die Lichteinkopplung iiber ein Prisma in das Schichtsystem und
die Detektion im Nahfeld durchfithrbar sind.

Fiir die Proben photonischer Kristalle von der ETH stand im Laufe der Messungen eine durch-

51



52 Scanning near—field optical microscopy studies of photonic crystals

stimmbare Laserquelle zur Verfiigung. Messungen an einer ersten Testprobe, bei der aufgrund der
noch nicht optimierten Herstellung keine Bandliicke erwartet wurde, bestétigte dies. Dennoch zeig-
ten die Aufnahmen des Nahfeldes, dass die Probe aufgrund der Beschaffenheit des Brechungsindex
das Licht leiten kann. Fiir die zweite Probe wurde die geometrische Anordnung der photonischen
Kristalle auf der Probe modifiziert, um stérendes Streulicht von der Einkopplung zu reduzieren.
Der Laserfokus ist beschrankt durch Beugung und iiberlappt den Einkopplungsbereich, welcher
aufgrund des hohen Brechungsindex dieser Probe kleiner als das Limit der Beugung ist. Fiir die
Messungen dieser Probe wurden folgende Ziele erreicht:

e Die aufgenommenen Bilder zeigen eine Auflésung, die unter dem Beugungslimit ist.

e Die Transmission an Verbindungen zwischen einem W3 und einem W1 Wellenleiter wurde
studiert. Die Zahl steht fiir die Anzahl der Liniendefekte, die direkt nebeneinander liegen und
so einen Wellenleiter bilden. Die Analyse zeigt, dass ein Intensitéitsminimum fiir eine spezifi-
sche Wellenlédnge existiert, welches allerdings nicht mit dem Ergebnis einer dreidimensionalen
Simulation ist. Die Simulation, nach der Methode der Finite—Difference Time—Domain wurde
in einer zusammenarbeitenden Gruppe durchgefiihrt.

e Die Anderung der optischen Moden innerhalb des Wellenleiters wurden als Funktion der
Wellenlénge aufgezeichnet. Im Vergleich mit einer Simulation zeigte sich in der Datenanalyse,
daf} die optische Auflosung etwa ein Drittel der Wellenlénge betrug.

e Messungen der Lichtmodulation im Wellenleiter, welcher auf der Probe zum photonischen
Kristall hinfithrt konnte zur Bestimmung des effektiven Brechungsindex verwendet werden.
Der erhaltene Wert stimmt mit dem Ergebnis eines Modells zu etwa 13 Prozent iiberein.
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Appendix A

The Miller indices

Bragg reflection was first studied for X-ray diffraction by atoms and was later also used for layered
media and gratings [68]. To assign reflections to different lattice planes of the direct lattice these
can be distinguished by the crystallographic Miller indices (hkl), whose advantage is the total
equivalence to the use of the reciprocal lattice vectors. This becomes clear for instance in section
3.3.4. A more thorough look on the topic can be found in the literature [181].

The Miller indices, generically denoted by (hkl), can be assigned by the following procedure:

(i) The intercepts of the face along the crystallographic axes have to be determined in terms of
unit cell dimensions.

(ii) The reciprocals of these values have to be taken.
(iii) All fractions have to be cleared.

(iv) At last, the remaining values have to be reduced to lowest terms.

For an example, see figure A.1. The axis intercepts are a; = 3, ag = 2, and ag = 2:

Figure A.1: The plane intersects the axes aj, az, as at 3a1, 2az, 2a3. (taken from [61]).

The Miller indices read (233), calculated from:

e Determine axes intercepts: 3, 2, 2

e Take reciprocals: %, %, %
e Clear fractions (i.e. multiply by 6): 2,3,3

e Reduce to lowest terms (already there).
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A Miller index becomes zero, if the plane does not intersect the corresponding direct lattice
vector (that means interception at infinity). Negative indices for negative axes intercepts/directions
are highlighted by a line drawn over it. To indicate whole families of planes in the direct lattice
the specific notation {100} addresses the planes (100), (010) and (001). In the reciprocal lattice,
square brackets are used for the directions: Here, the corresponding notation (100) indicates [100],
[010], [001] and their reciprocals [100], [010], [001]. Four Miller indices are used for the special case
of hexagonal lattices.

The general {hkl} planes in the crystal lattice directly correspond to the points in the reciprocal
lattice with the coefficients h, k and [ (v; in equation (3.24)). Its associated reciprocal lattice vector
is perpendicular to the planes in real space.



Appendix B

Artifacts

Generally speaking, in measurements there are always artifacts. If they are negligible or not,

depends on the situation how much the measurement disturbs the system compared to the ideal
case when it does not. In imaging with lens systems for example one has to deal with artifacts
that are due to shortcomings of the lenses or the system itself in terms of limitations.

Referred to SNOM imaging, there is also a couple of issues that make the matter more compli-
cated. For example the topographic induced contrast in the recorded optical image could mislead
to the impression of a higher resolution that could have been achieved with the same probe that
scanned over a flat surface. It is due to a change in the phase difference. One has to take care of the
correlations between the optical and topographical images, for example see figure B.1. In addition
to the topography contrast various other mechanisms can take influence for example birefringence,
different material species, index of refraction, fluorescence, reflectivity, magnetic stress, etc.
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(a) Optical signal

(b) Topography

Figure B.1: The scan was recorded on a test sample (ETH) without PBG in TE polarization at

A = 1550 nm with an uncoated tip. The optical signal shows the holes from the topography as an
induced artifact.

The dependence between the optical and topographical image is rather nonlinear and a simple
convolution is just a model. To measure the absolute resolution there is need for well-defined test
samples and a precise control. It should be kept in mind that the light intensity, the polarization,
the force feedback, time and the wavelength dependence contribute to the image contrast (E.g.
see figure B.2: The holes appear bright and dark.). A detailed description is beyond this work.
Further reading can be found in [1,182-186].

Figure B.3 shows the effects of the non—linearities of the piezo scanner: The image is distorted.
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(a) Optical signal (b) Topography

Figure B.2: The scan was recorded with an uncoated tip on a row of holes from a 1D 3-7-3

resonator (BCB, TUHH) at A = 1310 nm (TE). The image contrast changes for the holes: They
appear bright and dark in the optical signal.

(a) Optical signal (b) Topography

Figure B.3: The straight W1 (ETH) waveguide was scanned with an uncoated fiber tip at A =
1550 nm (TM). The optical image is slightly enhanced in contrast. The topography is seriously
affected by the non—linearities of the piezo scanner that distort the image: The lattice should show
a triangular symmetry and the crystal area rectangular.
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Appendix C

Devices

The tables give a survey of the devices that have been used in the experimental setup (C.2) and
in the test bench (C.1), where the fiber tips were glued onto the tuning forks. The tips have been
tested there optically and and electrically. For a schematic sketch of the setup see e.g. figure 4.9
on page 34, figure 4.23 on page 47 respectively. See 2.2 for a schematic draw of the control system
on page 6. The test stage is in principle build in the same way, but only used on testing purpose.

Manufacturers Model Description

JDS Uniphase ............ 1507 Novette™ HeNe laser, 633 nm, 0.8 mW

EG&G™. ..o 7260 DSP DSP lock-in amplifier

Stanford Research Systems  DS345 function/arbitrary waveform generator,
frequency range: 1 pnHz-30.2 MHz

Hameg .................... HM1507-3 two—channel analog-/digital oscilloscope,

150 MHz (200 MSa/sec)!

Table C.1: List of devices of the test bench

Manufacturers Model Description

Thorlabs Inc. ............. DET410 high-speed detector (PIN diode, InGaAs)?

id Quantique ............. id200 low noise single-photon detector, spectral
wavelength range 1.1-1.6 nm, (APD,
InGaAs/InP)

Stanford Research Systems  SR400 two—channel gated photon counter

Mitsubishi® .............. ML725B11F laser diode (MQW/DFB, InGaAsP), 1.31 pm,
6 mW3

Mitsubishi® .............. ML925B11F laser diode (MQW/DFB, InGaAsP), 1.55 pm,
6 mW3

Hewlett—Packard® ........ HP 8168D tunable laser source (Fabry Perot-laser,
InGaAsP), wavelength range 1.48-1.57 pm,
<1.6 mW

CR Laser/Aerotec ........ CR-115B, HeNe laser 633 nm, 2.6 mW

(Devices in the experimental setup) continued on next page ...

110 samples per second (M = Mega).
2To cope with the problem of SNR, a more efficient (sensitive) detector had to be applied.
3Both of the laser diodes were combined with the driver iC-WK2D by Roithner Lasertechnik company.
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Devices

... continued from previous page

Manufacturers Model Description
EG&G™/Princeton Applied Research ~ 5301A/5317  two-phase lock-in
amplifier /differential preamplifier
Hewlett—Packard® .................. HP 33120A function/arbitrary waveform
generator, 15 Mhz
Hameg ...t HM205-3 two—channel storage oscilloscope,
20 MHz
Hameg ..., HM407-2 two—channel analog-/digital

oscilloscope, 40 MHz(100 MSa/sec)*

Indigo® Systems Corp. ..............

Bit Flow Inc.

Merlin™ NIR

Road Runner

thermoelectric cooled,
near—wavelength infrared
high—performance camera, sensitivity
range 0.9-1.68 pm, 6 Mpixels/sec®,
NTSC/PAL, (FPA 320x256 matrix,
InGaAs)

frame grabber board (RUN-PCI-12),
Talon Ultra data analysis software

piezosystem jena GmbH .............

3-D 100 NV

3D positioning system (TRITOR
series), 150 V, max. range 100 pm

Table C.2: List of devices of the setup

4105 samples per second (M = Mega).
5Mega pixels sampled per second.



Appendix D

Optical components

The optical components according to the different setup configurations are listed in the tables
below. All the lenses had broadband ARCs of various types not specified in the list.

Setup Distributor

Part Number Focal Length NA

L1.1 Melles—Griot 06GLCO01 ...... ........ 6.50 mm 0.615
L1.2 Thorlabs A397-C-X ....... ... 11.00 mm 0.30

L2.1 n/a n/a .o o 100.00 mm  0.149
L3.1 Melles—Griot O1LALO11 ....... ....... 40.00 mm  0.188
L3.2 Thorlabs LA1172-C ...... ...... 400.00 mm  0.032

Table D.1: Lenses in the experimental setup configuration 01

Setup Distributor

Part Number

Properties

BS n/a
Ml1l.x R&G Co.
M2.x divers

M3.x divers
P R&G Co.
oil divers

WP1 Thorlabs
WP2 Thorlabs

n/a

101212

n/a

n/a

AR-90 SF6

n/a
WPQO05M-1310
WPHO05M-1310

50:50 beamsplitter

dielectric mirror/ARCs @ 1300-1600 nm
silver mirror

silver mirror

prism, La6SFN, n = 1.77 @ 1310 nm
immersion oil (CHyly), n = 1.7025 @ 1310 nm
/4 waveplate @ 1310 nm

A/2 waveplate @ 1310 nm

Table D.2: Optical components in the experimental setup configuration 01

Continued on the next page.
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62 Optical components
Setup Distributor Part Number Focal Length NA
L1.1 Melles—Griot 06GLC001 ...... ........ 6.50 mm 0.615
L1.2 Thorlabs C330TM-C ..... ........ 3.10 mm  0.68
L2.1 n/a Y 100.00 mm  0.149
L3.1 Melles—Griot O1LALO1T ....... ....... 40.00 mm  0.188
L3.2 Thorlabs LA1172-C ...... ...... 400.00 mm  0.032
Table D.3: Lenses in the experimental setup configuration 02
Setup Distributor Part Number Properties
BS self-made n/a 50:50 beamsplitter, Au onto Cr coated coverslip
M1.x R&G Co. 101212 dielectric mirror/ARCs @ 1300-1600 nm
M2.x divers n/a silver mirror
M3.x divers n/a silver mirror
PBS Melles—Griot 03PBS083 polarizing beamsplitter cube @ 1550 nm
WP1 Thorlabs WPQO05M-1550 A/4—waveplate @ 1550 nm
WP2 Thorlabs WPHO05M-1550 A/2-waveplate @ 1550 nm

Table D.4: Optical components in the experimental setup configuration 02



Appendix E

Program listings

For data analysis and evaluation several program listings amongst other things for Matlab® (and
Mathematica®) have been written within the scope of this thesis. An example will be listed for a
fast Fourier Transform (FFT), with respect to the Nyquist theorem, of an optical signal calibrated
to the topography. It is printed on the following page for a better survey.

The Nyquist theorem is defined by:

An analog signal waveform may be uniquely reconstructed without error from samples taken

at equal time intervals. The sampling rate must be equal to, or greater than, twice the highest
frequency component in the analog signal.
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¢r- = juels

e = doysx
£ zo1 9, 2t ote]l = £
SUOT108S--SS0ID 81 USSMIS] SOUBISIFTP + X Jax % ‘[0 0'0 0‘0 GTITI] = pox

(8n eptsut) sotado Y%y

‘((odoy~xep)odoy-baxy)sqe = reo-odoy

{(odoyap)xewr = [odoj xop‘odo)Tes]

‘(odoy~serduresu ‘g /odoy-bareiduwes ‘z/odoj boiejdures-)ooedsur] = odoybaxy
H(((((g':)odoy)wesw-(g':)odoy)ag)sqe)yrysyy = odoy iy

‘odoy-eouregstp/odoy-sojduresu =  odojg-boryoidures

‘{((1'odoy-serduresu)odoy-(1‘7)odoy)sqe = odoy-aoue)sIp

{(1'odoy)ozis = odoy sorduresu

‘g/(godoy + 170doy) = odoy

Hoaxr (f((g'1)L)nsgumu’ ‘ f((z'g)pox)msgumu’, )-( ((17) &) nysgumnu’ ‘(1) po X) Iisgunu’ ["oureus[yj] )peo] = ¢ odoy
Hoaxr (f((g'1)&)sgumut ‘ f((z'1)pox)msgumu’, )-( ((1°7) &) nysgumu’ * ((1°7T)po X) 1sgmunu [-oureus[yj] )peo] = 1-odoy
jues uoT100sY 01 spuodseirod ooueisiIp xId Y fuers 4+ (T)pgox = (z)pgox

‘pue

oy x + (T'1-q)gox = (T'q)pox

(((1+)gox)yrduep)xeury = q 10§

¢r- = jues

Q1 = doysx

£ zo1 9, HoLr 919] = £

SUOT109S--SS0JID Y] USSMIdQ 9OUSISIITP + X JoX % ‘[0 0‘0 0'0 60T] = pox

swexed qeszzo pue LydexSodoa Yy
sseooxd Yyy,
¢ [eo13d0 UOI309S-SSOI0 QWIRUO[L], = ¢ OUIRUD[L]

{ Ayderdodo) UOI}09S—SSOIO OWRUS[L], = [ OWRUS[L]
andut %%Y%
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Ly (((g'm)L)msgumut * “((g'z)pox)nsgumu’ )-(((1°7) &) nsgumu’ ¢ ((1°g)Po ) 1sgunu‘g-owreud[y])peoy = g M 3do

{([aner (D)) masgmmt, (Do) msgume ) -(((17) ) msgume & (1 )o-x) nsgumug-omenorg Jpro] = T-[acado
JUETS UOT309S--SS0I0 0% spuodseliod eousIayiTp xTd Y fquers + (1)gox = (g)pox

‘puo

ddogsx + (T'1-q)pox = (1I‘q)gox

(((19)gox)yiduep)xeurg = q 10§

HALE Jue[s

gy = doysx

£ zo1 9, q1L1 019) = £

SUOTID9S—-SSOID OY1 USSMIS] 9OUSISIITP + X Jox % ([0 00 0'0 €0T] =  Hox

(8m optsano) sotado Y%y

((ado™a) ‘Teo-odoy/9do~baig)jord
([,oprsur (odoy oy pozireuwrou) Teusts reonndo a1y jo I,44]¢oweN,)emsy :(,em3rqjuerm) ‘)18 = oureuw 3y
(epTsutr) epquel 7e (Ted) Teudts Teotado 177 o0T1d %%%

{(adomy)xewr = [1do xep‘qdores]

‘(ydo~serduresu‘y /ydo-barj-ordures ‘g /1do-boij-ejdures-)eoedsur = 1do~bagg

oytds op @ya Jo pII 388 Y {(((((g‘:)rdo)weewr-(g‘:)9do)agy)sqe) Yrysyyy = 1do 1y
‘ydo~eoueysip/jdo-sejduresu = gdo-bareidures

{((1‘9do-serduresu)ydo-(1°1)3do)sqe = 1do-eoue)sip

((19do)ozis = 1do-serduresu

‘e/(¢-1mado + g ymmydo + 1T1mTydo) = 1do

(o (((z' 1) nsgumu’ * ((ge)gox) nysgumnu’ )-(,((17) L) msgumnu’ ‘ “((T°g)Po X)I)sgunu‘ g owreus[y] )pro] = ¢ 1mpdo
(Lo (A2 DA vsguma < f((g'g Jgox) nsgumu )-(*((1°7) &) nsgumna (1 g)gorx) nsgunu‘g-sureus[y] )peo| = ¢ 1ado
(Lo (@ DA vsguma (g T)gox) msguma )-(*((1°7) &) nsguma  ((1°7) gorx) nsgunug-sureus[y] )peo| = 1"1a7ydo
JUeTS UOT359S--SS0ID 09 spuodserrod sdousieyytp x1d Y ‘uers + (7)gox = (z)pox

‘pus

ddoysx + (T1-q)gox = (T'‘q)gox

(((r)gorx)yrsuey)xenry = q 10§
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‘pue

H(sqey- Tose-, | Zamsox [(1x3 9 (FL) T4 8m™ 9x) epquirer] )oaes

‘(epquuer)psgwnu = )x3-epqure] (0ggT = epquuef ¢ ydoyy = (g‘:)gimsal ¢ eo-odoy/(,3dobeyy) = (1‘:)gImser

((1domagg) ‘Teo-odog/9dobaiy)jord

([;op1sino (odoy 0y poazipeuriou) [eudts [eo13do o3 Jo [ 4,] PweN,)einsdy :(emsijjuerny) Q)18 = oureuw 3y
(epTs3no) epquel e (Teo) TeuSts Teorado 333 3o1d YY%

{(adoyg)xewr =  [1do xep‘qdores]

{(1do~serduresu‘y /ydo-barj-ordures ‘g /i1do-bory-ojdures-)odedsury = ydo-baiy

ox1ds op oYl yo pTI 388 Y {(((((g‘:)rdo)weowr-(g‘:)9do)ay)sqe) Yrysyyy = ydomyg

‘3do~eoueysip/jdo-sejduresu = gdo-berejdures

{((1‘9do-serduresu)ydo-(1°7)3do)sqe = 1do-9oure)sIp

((19do)ozts = 1do-sorduresu

‘z/(z 1mydo + 17 1mmydo) = 1do



Appendix F

Abbreviations

Abbreviation Description Page
1D, 2D and 3D 1-,2- and 3-dimensional .............. i 15
3DP 3-dimensional Piezo SCANNET ..........c.uteeeeinieeennieneennnn.. 34
AD anno Domini (Latin) ...........co.ooeioiriiioi i 3
AFM atomic force MicroSCOPE .....vvvvt e 5
ARC anti-reflection coating ......... ... .. .. 15
APD avalanche photodiode .............. ... 34
BCB Benzocyclobutene (polymer) ... 45
bce body—centered cubic ........... . 19
C centered (unit cell: additional point in the center of each end) ..... 19
CCD charge coupled device ......... ... 34
CGM constant gap width mode ............... ... 8
CGS centimeter gram second (system of unit) ................ ... 15
CHM constant height mode ........... . ... 8
CPC compound parabolic concentrator .......... ... ... i, 30
cw continous wave (IASer) ................ooeiiriiiiiii e, 47
DFB distributed feedback ........ ... ... ... 15
DNA deoxyribonuclein acid ............c 5
DSP digital signal processing ........... . .. i 59
EFM electric force iicroscope .......................................... 4
EM electron MiCroSCOPe . ...t 4
ETH Swiss Federal Institute of Technology (Eidgendssische Technische
Hochschule) ... 32
F face—centered (unit cell: additional point in the center of each face) 19
fee face—centered cubic .......... . 19
FFT fast Fourier transform .......... ... ... i 36
FMM force modulation mMiCroSCOPe ......vvriiiiiiiiii 4
FDTD finite—difference time-domain .................. ... ... . 25
FTIR frustrated total internal reflection ............... ... ... . ... ..... 5
FPA focal plane array ............. 60
FWHM full-width at half mMAaximum .. ......oooeeneeeeeee e, 23
hep hexagonal close-packed .............. ... 19
I i (unit cell, body—centered: additional point in the center) ......... 19
IBE ion beam etching ........ ... 45
1C integrated circuit .......... . 1
ICP inductively coupled plasma (etching) .............................. 33
IR Infrared .. ... e 46
MFM magnetic force microscope ....... ... i 4
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Abbreviations

... continued from previous page

Abbreviation Description Page
MOCVD metal organic chemical vapor deposition ......................... 32
MQW multiple quantum well ........... ... ... 59
MTF modulation transfer function® ......... .. . 10
NA numerical aperture ......... .. 11
NFO near—field Optics ...t 5
NIR near—infrared ......... ... 33
NSOM scanning near—field optical microscope .............. ...l 1
NTSC national television system committee (TV format) ................ 60
P primitive (unit cell, simple) ...... ... .o 19
PAL Ehase alternation line (European TV format) ..................... 60
PBG photonic band gap ... 14
PCF photonic crystal fiber ........... ... 22
PEC proximity—effect correction ........ ... ... 33
PECVD plasma—enhanced chemical vapor deposition ...................... 33
PHC éotonic crystal ... 1
PID Proportional-Derivative—Integral ............. ... ... .. ... 6
pixel picture element ............. ..o 60
PMMA polymethylmethacrylate (resist) .........................ooo.. 33
pt pulling time ... .. . 28
PTM Bhoton tunnelling mMicroscope ........ ...l 5
PSTM Bhoton scanning tunnelling microscope ........... ... ... ... . 5
R rhombohedral (unit cell: hexagonal class only) .................... 19
RIE reactive ion etching ......... ... i 33
sc simple CUDIC ... 19
SEM scanning electron MiCroSCOPEe .. ....o.uueteeiiee e, 4
SHG second-harmonic generation ...............c..oiiiiiiiiiiii .. 31
SLD single line defect D 23
SMF single mode fiber ... ... 27
SNR signal—to—mnoise ratio ........ ... 36
SNOM scanning near—field optical microscope .............. ... 5
SPM scanning probe MiCroSCOPE . ........vvuutiiinieiii i 4
STEM scanning g_ransmission electron microscope .............c..oiiii... 4
STM scanning tunnelling microscope ......... ... ... i 5
TE transverse electric (s-polarized wave?) ................ooiiiiii.... 22
TEM transmission electron mMicroscope ..............oiiiiiiiiiiiia. 4
TIR total internal reflection ............ i 22
™ transverse magnetic (p-polarized wave?) ............ ... ... 22
TV BElEVISION Lottt 68
VCSEL vertical cavity surface emitting lasers ............... ... ... ... ... 31
WGM whispering-gallery modes ............ ... ... 31
WP waveplate ... 61

Table F.1: List of abbreviations

LA mathematical function that expresses the ability of an optical or electronic device to transfer signals faithfully
as a function of the spatial or temporal frequency of the signal. The MTF is the ratio of percentage modulation
of a sinusoidal signal leaving to that entering the device over the range of frequencies of interest. For square wave
signals also known as CTF [187].

2With respect to the plane of incidence.
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