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CHAPTER

Introduction

The goal of this thesis is to steer light deep inside otherwise opaque
media. Opaque media are those that strongly interact with light, lead-
ing to low transmission and high scattering or reflection. We per-
form experimental studies on samples that interact with light in dif-
ferent manners. The opaque samples range from randomly distributed
nanoparticles that scatter light in all directions to 3D periodically or-
dered photonic crystals with a forbidden range of light frequencies, a
full photonic band gap, and even superperiodic structures, namely 3D
arrays of coupled resonating cavities in a 3D band gap. In presence
of multiple scattering, the wavefront shaping phase modulation tech-
nique is used to focus light behind or inside the medium. We apply
this technique to photonic crystals with a forbidden energy gap for
light that have intrinsic fabrication disorder that results in multiple
scattering. By adding periodically repeated cavities in 3D band gap
crystals, we finally present a novel controlled wave transport in su-
perperiodic media, where light hops from cavity to cavity within an
otherwise forbidden photonic band gap.

1.1 Light

Light gets tremendous attention from people all around the world, opening up
numerous research fields and contributing to ever-growing high-tech industries
and exploring new physics. Manipulation of light, be in the form of spectral,
temporal, or spatial, offers variety of applications. In various techniques such as
sensing, imaging, manufacturing, light finds its application in the fields of medical
science, astronomy, environment, communication, and recently even in integrated
circuits [1]. Therefore, playing with light has been a huge interest for industrial
and academic researchers in pursuit of finding even more ways to manipulate
and control light, to solve specific questions, ease life or just to explore new,

11



INTRODUCTION

interesting scientific phenomena.

When we speak of light here, we mean not only the colorful visible radiation,
but also the infrared (IR) radiation typical of heat, and highly energetic ultravi-
olet (UV) light. As is well-known, light is an electromagnetic (EM) wave, where
electric and magnetic fields oscillate perpendicular to the light propagation direc-
tion [2, 3]. If the field oscillates in a certain direction, then the radiation is called
polarized and its polarization is given by the oscillation direction of the electric
field. There are mainly two types of polarization states: linear and circular or
elliptical. In the first case the fields oscillate in a single direction, while in the
latter case the fields rotate at a constant rate in a plane as light propagates. In
this thesis, we typically work with linearly polarized light. The intensity of light
is proportional to the square of the amplitudes of its constituent fields, while
the oscillation frequency v determines the energy of light, given by the Planck-
Einstein relation £ = hr, where h is Planck’s constant. Light has frequencies
that varies from about 10*® Hz (IR) to 1016 Hz (UV). The spatial frequency is

also expresses as wavenumber (in cm™! ), which is the number of cycles per unit
. . . c
distance. The corresponding wavelength of light waves are expressed as A = —,

where c is the speed of light in the medium. IR waves have frequency lower thgn
that of visible light and invisible to human eye. For both short and long-range
wireless communications IR waves are used. The different optical communication
bands in IR are given in Table 1.1. In this thesis, we perform experiments with
the near infrared (NIR) range. Here we use the term NIR to define the range
including all the infrared communication bands listed above (5000 < /¢ < 10000
or 1000 nm < A < 2000 nm).

The wavelength of light depends on the speed of light in the medium, and is
related to the free-space wavelength by a certain property called the refractive
index of the medium, defined as the ratio of speed of light in vacuum to that

¢
in the medium, n = <, Light is proverbially fast when it propagates through
c
vacuum?, and as soon as it enters other media such as glass or water, its phase
velocity decreases as a result of disturbance in the charges of the medium by the
electric field of light [3]. The refractive index n is defined by the ratio of speed of
light in vacuum (cg) to the speed of light in the medium (c¢), and the wavelength
changes accordingly as A = 20 " If the incident light is polarized, certain types

of media such as birefringent crystals [2, 5] or multiple scattering media [6], can
alter the polarization state after light interacts with them. Thus, the medium in
which light travels, plays a very important role in propagation of light.

1.2 Light in opaque media

In a medium with a spatially uniform refractive index, such as glass or water,
light follows the simple laws of reflection and refraction [8]. In such cases, light

ISuperluminal light is well-known, as is a negative light speed, see S. Chu et al. [4]
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1.2. Light in opaque media

Table 1.1: The ranges of NIR telecommunication bands [7]

Band Wavelength | Frequency Long name
range (nm) range (cm~!)
O-band 1260 - 1360 7936 - 7353 Original
E-band 1360 - 1460 7353 - 6849 Extended
S-band 1460 - 1530 6849 - 6536 Short wavelength
C-band 1530 - 1565 6536 - 6390 Conventional
L-band 1565 - 1625 6390 - 6154 Long wavelength
U-band 1625 - 1675 6154 - 5970 Ultralong wavelength

propagates in straight lines and propagation is well described by geometrical or
ray optics [3]. Since light can pass through these media without any obstacles,
there is no redirection or of light within the medium. However, when the refrac-
tive index varies spatially within the medium, whether in a randomly or periodic
fashion, completely new behavior emerges. Due to the wave nature of light, when
light encounters a medium that has refractive index variation on length scales
comparable to the wavelength, alterations to light propagation take place in form
of direction and phase, known as the scattering of light. The variation in refrac-
tive index can have a broad range of symmetries starting from fully random or
disordered to periodic structures. Light waves become multiply scattered and dis-
play new behavior such as Anderson localization [9-11] . This behavior is called
complexity [12], a field that extends over many types of waves, electrons, spins,
and sound [13-16]. Since this field started from condensed matter, most termi-
nology derives from that field. For instance, the waves are said to be strongly
interacting with the photonic material when the refractive index contrast is so
high that interference dominates the wave transport [17, 18]. When the refractive
index has complex components, some part of the incident light is absorbed by
the medium. The study of the interaction of light waves with matter is called
Nanophotonics, and is a popular subject in physics [19-25].

Nanophotonic media interact with light and thereby alter the initial informa-
tion of direction, phase, or intensity. A medium is opaque when it is not possible
to see through it because of such nanophotonic interaction. Opacity in nanopho-
tonic materials is caused by the underlying structure, be it random or periodic
arrangements of the constituent matter. For example, a medium that randomly
scatters most of the incident light appears opaque, e.g., paper, paint, skin, clouds.
It is important to note the frequency dependence of the opacity of different me-
dia because if the length scale variation of the medium is much smaller than the
wavelength, the medium effectively appears uniform to that wavelength, for in-
stance, water molecules are scatterers spaced by only about 0.5 nm and therefore
a glass of water is transparent at much longer visible wavelengths. While the
same glass of water scatters or absorbs shorter wavelengths.

Scattering of light in periodically arranged structures is explained by diffrac-
tion, such as crystallographic diffraction, similar to X-ray diffraction in atomic
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INTRODUCTION

and molecular crystals [26]. Since the wavelength of visible and IR light is much
longer than that of X-rays (hence of periodicity of crystals), atomic or molecular
crystals do not diffract visible or IR radiations. For such a range, periodic ar-
rangement of materials with alternating refractive index creates photonic crystals
that diffract light [10, 27, 28]. Such materials possess so-called photonic gaps that
include a range of frequencies that are forbidden to enter the structure, thereby
making it fully opaque for that range [29, 30].

In the following sections, we will discuss the types of real opaque media that
we are going to study in this thesis, from random media to ordered periodic
media with intentional defects, and how light interacts with them. In table 1.2,
a summary of the four types of nanophotonic media studied in this thesis are
shown from point of view of three parameters stated below:

e Arrangement type: The type of arrangement of constituent materials
or particles with different refractive indices in the medium. For example,
in random arrangement there is no correlation in the positioning of the
particles, and periodic arrangement.

¢ Density of states (DOS): The DOS is the number of states per unit
frequency interval in a given volume of the medium. DOS vanishes in
media where light cannot exist.

e Wave propagation: Defines the ways waves propagate in a certain
medium, which is determined by its structure and the DOS.

1.2.1 Scattering of light in disordered media

One important physical phenomenon that takes place in light-matter interaction
is scattering of light. In nanophotonics, a widely studied system is a disordered
medium that interacts with light by scattering, either elastic, inelastic (e.g. ab-
sorption), or a combination of both [31]. Scattering is the process of redirection
of incident light due to the interaction of photons with constituent particles of the
medium [31, 32]. The particles in a bulk medium or elements of a rough surface
that scatter light are called scatterers. Examples of disordered media are clouds,
snow, tissue, paper, foam, paint, etc. The color of a medium is determined by the
wavelength that gets scattered from it (others being absorbed or directly trans-
mitted). If visible light scatters from the medium, in absence of absorption, that
medium appears white. For example, a widely studied material is nanoparticles
of the wide band gap semiconductor zinc oxide (ZnO). Due to its high scatter-
ing and UV absorption properties, ZnO is used in many daily products such as
sunscreen, cosmetics, food packaging, and paint. In a disordered medium, the
density distribution of the constituent particles has no long-range order. When
particles of disordered media are much smaller than the wavelength of light, the
scattering is described by Rayleigh scattering. Scattering is classified into two
main types, single and multiple scattering. In single scattering, the light wave is
scattered only once before exiting the medium. Well-known examples of single
scattering are reflection and refraction of light on an interface between two media.

14



1.2. Light in opaque media

When light scatters repeatedly inside
the medium and the initial direction
of light is completely lost, then it is
called multiple scattering. As light
propagates in a disordered medium by
multiple scattering, there is no restric-
tion to the propagation, or in other
words, there is no energy gap for light
in the medium. Hence light can freely
travel in such a medium by taking ran-
dom walks through it. In this case,
the DOS is continuous at all frequen-
cies inside the medium. The length L

scale for multiple scattering is defined

by the transport mean-free path (¢),

which is the average distance traveled Figure 1.1: Multiple scattering of light in
by the photons before their direction a medium where constituent nanoparticles
of propagation gets completely ran- are randomly placed. The incident light un-
domized. The medium is in the multi- dergoes random walk through the sample,
ple scattering regime when the thick- and produces an interference pattern, also

ness of the medium L is larger than known as speckle pattern at the exiting side.
¢, see Figure 1.1. Multiple scatter- The transmission mean free path ¢ and the

ing scrambles the initial polarization sample thickness L are indicated. Within ¢,

. . th th tteri ts.
of light [6, 33, 34]. Therefore in exper- ere are more than one scattering events

iments, detecting only the orthogonal
polarized light with respect to input confirms detecting multiply scattered light
and avoiding non-scattered or single scattered light.

& A
Y 7

Multiple scattering of light from a temporally coherent source such as a laser
results in many random paths that light takes through the medium. Due to the
difference in paths lengths, random phases are added to the various paths of light,
causing constructive or destructive interference. The output is a combination of
random intensity and phase, called a random phasor [35]. As a result, a random
interference pattern is produced on the transmission side, reflection side, or any
light exiting side of the sample. This interference pattern is known as the speckle
pattern [36, 37], which is widely studied in the field of optics. Speckles are
used in a broad range of applications, for instance, 3D imaging [38], sensing
[39], microscopy [40, 41], cryptography [42, 43], and holography [44]. Isotropic
scattering of high temporal coherent light produces ‘fully developed’ speckles
that have the highest contrast (100%) between the intensity at constructive and
destructive interference spots. The intensity I of such fully-developed speckles
follows an exponential distribution given by

pin) = (7). (L1)



INTRODUCTION

(a) Disordered (b) Periodically ordered

Figure 1.2: Examples of opaque media: (a) Disordered nanophotonic media where
constituent particles are smaller than the light wavelength and are randomly located.
Here scattering plays the dominant role. For example, a layer of ZnO nanoparticles as
seen in the scanning electron microscopy (SEM) image at the bottom left figure (picture
courtesy: M. Goodwin) (b) Periodic, ordered structures with a pitch or periodicity a
comparable to the wavelength of light. Here Bragg diffraction is dominant and such
structures have a photonic band gap. Bottom right: a 3D periodic structure made of
Silicon fabricated in the MESA+ nanolab of the University of Twente (picture courtesy:
C. Harteveld). The photonic crystal has the inverse woodpile design that consists of
pores running along two perpendicular planes in crystalline silicon. Such crystals have
a band gap in the NIR range.
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1.2. Light in opaque media

Table 1.2: Interaction of light in various nanophotonic media

Arrangement| Structure Density Wave propagation
of states
Random Random Continuous | Multiple  scattering,
assembly of | (no gap) random walk
nanoparti-
cles
2D periodic 2D photonic | 2D gap Bloch (outside gap), no
crystal Bloch (in gap) + ran-
dom walk
3D periodic 3D photonic | 3D gap Bloch (outside gap), no
crystal Bloch + random walk
(in gap)
3D superperi- | 3D photonic | 3D gap | Bloch (outside gap),
odic crystal with | +  defect | no Bloch + light hop-
superlattice bands ping (in gap) + ran-
of defects dom walk

where I is the mean intensity.

In chapter 3, we study intensity statistics of speckle patterns produced by a
disordered medium at different wavelengths using our broadband tunable source,
which helps us to characterize various features of the experimental setup that
affects measurements, such as linewidth of the source and detector noise.

In the past decade, ever since its invention in our research group [45], the
manipulation of light propagation in multiple scattering media has been boosted
by the technique called wavefront shaping (WFS)[46-52]. Although conceptually
related, WFS is different from adaptive optics [53] because it uses interference
instead of ray optics to steer light to targets [54]. A scattering medium scrambles
the plane phase front of the input wave, resulting in a speckle pattern of intensities
at the output. In linear scattering, light transport is fully deterministic and can
be described by the transmission matrix approach, which connects waves with
incident field E, to transmitted field Ej as [55]

Ey =Y taEa, (1.2)
a

where a and b label the modes of the incident and transmitted fields, respectively,
and the elements t,, of the transmission matrix that describes scattering in the
sample. WF'S solves the optimization problem by searching for the incident field
that maximizes transmission from modes a into a desired output mode /3

Eo = Eot},, (1.3)
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INTRODUCTION

Figure 1.3: The spatial phases of the incident wavefronts are adjusted to obtain max-
imum intensity enhancement (a) behind a medium and (b) inside a medium. In the
second case, the detection is done from the lateral direction to probe the energy density
inside the medium through lateral scattered light.

where Fj is a normalization constant to keep the incident power fixed. In phase-
only WFS, the spatial phases of the incident coherent light beam are adjusted
to get the desired output (for example, a focus) at the output, instead of a
random speckle pattern. In experiments, a liquid crystal device called spatial
light modulator (SLM) is used to adjust the phase front of the incident light. The
output pattern can be outside or inside the medium, depending on the application
(see Figure 1.3). Since the change of phase is dependent on the wavelength of
light, the WFS optimized phase pattern is usually valid for a narrow bandwidth
of wavelengths or frequencies. Within the limit of multiple scattering, we show
in chapter 4 that it is possible to tune the frequency bandwidth to a few tens
of THz in the NIR range.

1.2.2 Periodic nanophotonic media

Manipulation of light in a whole new different way is achieved when a medium is
designed to have a periodic variation of the refractive index of the order of wave-
length (a = A, where a is the periodicity). In this case, light waves reflect from
the periodic planes. The simplest example of a periodic nanophotonic structure
is a stack of alternating layers of high and low refractive index materials, known
as a Bragg mirror [3, 27]. Light waves reflects partially at each layer boundary.
When the wavelength of light is comparable to the optical thickness (or periodic-
ity) of the layers, constructive interference of the reflected light takes place, thus
resulting in a high-quality mirror for a specific wavelength range. The Bragg
condition is fulfilled for the wavelengths A\ along certain angles of the incident
beam [56],

n\ = 2asinf (1.4)

where n is the diffraction order, a is the pitch or lattice constant of the periodic
planes and 6 is the angle of incidence. The Bragg mirror is a periodic medium of
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1.2. Light in opaque media

one dimension (1D), since the refractive index varies along 1D and uniform along
the other two. In periodic nanophotonic structures of higher dimensions (2D or
3D), Bragg conditions are fulfilled along many different crystal plane orientations.
Since the crystal planes have a pitch of the order of the wavelength of light, these
structures are called photonic crystals [20].

Like other types of crystals, photonic crystals are described using reciprocal
lattices, which is the Fourier transform of the real periodic lattice. In the recip-
rocal space (or k - space), the frequencies corresponding to the various directions
of the wave vectors along the boundaries of the Brillouin zone are expressed in
the band structures[57).

In a homogeneous medium, the relation of the frequency w with the wave vector
k defines the modes that lie along the light line, given by the product of velocity
of light in the medium and the wave vector,

w(k) = ck. (1.5)

The light lines in this case are continuous. When there is periodicity in the
medium in real space, k is also repeated outside the Brillouin zone as k + 27 /a =
k, where a is the periodicity or lattice constant of the medium. The crystal
periodicity is described by a dominant reciprocal lattice vector G. The light waves
are Bragg diffracted, where incident light with a wave vector ki, is diffracted to
outgoing light with a wave vector ko, by the reciprocal lattice vector such that

kout - kin =G (16)

In this case, the light lines instead of being continuous, are folded back to the
Brillouin zone when they reach the edges. Thus a photonic gap appears with a
dimension depending on the dimensionality of the periodicity of the medium. For
3D structures, there are multiple directions of orientation of lattice planes that
reflect light. The width of the gap is determined by the contrast of the refractive
index between the two materials of the periodic structure. The directional energy
gaps are called stop gaps that arise for the relevant incident wavevector. In 3D,
when the stop gaps have a common overlap range for all wavevectors and all
polarizations, the 3D nanostructure has a photonic band gap.

Outside the gap, both below and above, there are propagating modes called
Bloch modes with Bloch wave vector k in the Brillouin zone [20, 57] ,

Hy (r) = e uy(r), (1.7)

where ug(r) is a periodic function with property uy(r) = uk(r + R) for all lattice
vectors R.

When light waves with frequency within the gap are incident on the crystal,
no purely real wave vectors exist inside the crystal. In other words, the wave
vector has complex character and there are no extended states. The modes are
called evanescent modes, and the wave amplitudes decay exponentially as

H(r) = e u(r)e ", (1.8)
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INTRODUCTION

with a complex wave vector k+ix. Within the gap, no light modes are allowed in
the crystal due to multiple Bragg interference [58-61], hence the density of states
(DOS) strictly vanishes. Within the band gap, light only enters to a limited
depth called the Bragg length Lpg, given by the length scale (Lp = 1/k) of the
exponent in equation (1.8).

Vfunc I I

Vfunc

Since the local density of states
(LDOS) [62, 63] also vanishes in a
3D photonic band gap, the 3D gap
is a powerful tool to radically con-
trol spontaneous emission and cavity
quantum electrodynamics (QED) of
embedded quantum emitters [28, 64—
66]. Applications of 3D photonic band
gap crystals range from dielectric re-
flectors for antennae [67] and for ef-
ficient photovoltaic cells [68-70], via
white light-emitting diodes [71], mode
and polarization converter [72] to

Figure 1.4: Illustration to define the func-
tional volume of photonic crystals. For
plane wave incidence, the light within the
photonic gap enters to a limited depth de-
fined by the Bragg length of the structure.

elaborate 3D waveguides [73, 74], for
3D photonic integrated circuits [75], to
miniature lasers [76, 77] and to devices
that control quantum noise for quan-
tum measurement, amplification, and

In this case, the functional volume Viync is
small, indicated by the red region. Making
use of the multiply scattered waves in the
crystal, light is steered much deeper into the
crystal beyond the Bragg length, increasing
Viune.

information processing [66, 78].

Photonic crystals are abundantly
found in nature and also synthesized
artificially for scientific research. Nat-
ural photonic crystals are found in
opals, wings of butterflies, feathers
of peacocks, and many other birds.
Their vivid colors are because of the photonic gap of the constituent photonic
structures being in the visible wavelengths. With improving nano fabrication
techniques, it is now possible to synthesize photonic crystals compatible with
desired wavelength range and of various materials in the laboratory. Here we
study 2D and 3D photonic crystals that have the inverse woodpile design that
consists of nanopores etched into crystalline silicon. The crystals are made of
silicon with CMOS compatible methods, meaning the Silicon (backbone mate-
rial) of the crystals are compatible with Silicon electronics, making the photonic
crystals a good candidate for integrating into optoelectronic devices. In Figure
1.2(b) we show an exemplary 3D crystal that was fabricated by reactive ion etch-
ing. All the optical measurements of the crystals are done using near-IR light
to avoid absorption because Silicon is almost transparent to these wavelengths.
We give a detailed description of the fabricated samples and the NIR-compatible
experimental setup to measure them optically in chapter 2.

When nanophotonic periodic media are fabricated, it is impossible to reach
perfect periodicity without any roughness or deviations in sub-wavelength scale
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1.2. Light in opaque media

[79]. Hence, all real samples that we study experimentally have their intrinsic
structural disorder. Disorder in crystals also alters the properties of the crystal
from the expected model. The identification of a complete three-dimensional
(3D) photonic band gap in real crystals typically employs theoretical or numerical
models that invoke idealized crystal structures. Such an approach is prone to false
positives (gap wrongly assigned) or false negatives (gap missed). In experiments,
since we deal with real crystals, fabrication deviations cannot be avoided and have
to be accounted for. Therefore, we propose a purely experimental probe of the 3D
photonic band gap that pertains to any class of photonic crystals. In chapter 5 of
this thesis, this issue is addressed and we present a purely experimental method to
measure the full band gap of three-dimensional photonic crystals. This practical
probe is model-free and provides fast feedback on the advanced nanofabrication
needed for 3D photonic crystals and stimulates practical applications of band
gaps.

Due to the forbidden gap, if a light-emitting device such as a quantum emit-
ter is placed inside a photonic crystal, its emission is prohibited. The band gap
provides excellent shielding of such functional devices in photonic crystal cavities
from vacuum fluctuations of the electromagnetic field [80]. However, this makes
it difficult to address such devices from outside due to the band gap. Thus the
functional volume Vi of the crystal is limited to the volume which the Bragg
length covers, which is usually very small, see Figure 1.4. The functional volume
is the total useful volume of all functional light-matter interfaces (e.g., cavities)
embedded within the crystal. This volume is ideally as large as possible, and
should not be confused with the mode volume of a cavity that is typically as
small as possible, see, e.g., [81]. Hence, a control knob is needed to send light
deeper into crystals that would facilitate increasing Viy,. and thereby access-
ing functional devices inside. For this case, we exploit the additional transport
channels within the band gap created due to random scattering.

Structural disorder in crystals leads to multiple scattering, which results in
additional transport channels even within the band gap. Hence, although ideally
there should be no propagating modes within the gap, in real crystals there is
also a small fraction of incoming light that gets into the structure and undergoes
random walk by multiple scattering. This is where we combine WFS with peri-
odic materials. In chapter 6, we show that multiply scattered light within the
forbidden gap of a two-dimensional photonic crystal is steered to desired depths
much deeper than the Bragg length by spatially shaping the wavefront of the
incident light, thereby enlarging the functional volume (see cartoon illustration
in Figure 1.4.

1.2.3 Superperiodic nanophotonic media

We have seen in section 1.2.2 that disruption in periodicity of photonic crystals
leads to light transport within the band gap. Fabrication disorder is uncontrolled
and hence usually not interesting and in fact, undesirable in crystals. All kinds of
disorders that lead to scattering and hence transport of light are because of local
variation of refractive index within the crystal. Addition of intentional defects
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Figure 1.5: (a) An illustration of 3D superperiodic nanophotonic structure with peri-
odically repeated intentional defects. In this case, the dark grey material is increased
at specific points to have point defects in the structure. (b) A real 3D photonic crystal
made of silicon with an array of point defects, also call superlattice (picture courtesy: C.
Harteveld). The yellow highlighted areas indicate the location of defect pores that are
smaller than the other pores. Inside the structure near the intersections of the smaller
pores, a point defect is created as an excess of silicon.

in periodic media for controlling light propagation has been a widely studied
area in photonics. The idea of fabricating defects into crystals is to disrupt the
periodicity by increasing the amount of high index or low index material locally.
For an illustration, see Figure 1.5.

Defects in photonic crystals may also permit localized modes to exist. If the
frequencies of the modes lie within the photonic gap, then it exponentially decays
into the surrounding crystal. In that case, the surrounding crystal works as a
mirror to confine the modes in the defect area, making it a cavity for light.
The confining can be in one, two, or three dimensions. For example, in Bragg
mirrors (sometimes also called 1D photonic crystal), planar defects are created
by changing the thickness of one or more layers, that act as 1D photonic cavities
[82, 83]. In this case, the waves are confined in 1D and propagating along the
other two. In 2D planar photonic crystals, line defects confine modes along one
direction and sustain propagating modes along the other, resulting in efficient
low-loss waveguides [84, 85]. Point defects in 2D crystals are used to make high
quality factor cavities for trapping of light [86, 87], lasers [88-90], and coupled
cavities [91]. Waveguiding in 3D photonic crystals have been also reported by
creating line defects in the structures [74, 92].

In 3D, the concept of donor and acceptor modes within the band gap was first
put forward by Yablonovitch et al [93]. Point defects in 3D photonic crystals
are created by either removing or adding higher index material locally from the
otherwise periodic structure. When the size and shape of the defects are optimally
tuned, isolated bands appear within the photonic band gap that confines light in
a small volume in the crystal, making it a cavity that confines light in all three
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dimensions. In this thesis, we study light interaction with a 3D network of such
3D cavities buried in 3D band gap crystals.

If multiple cavities are placed in the vicinity of a cavity, the cavities ‘talk to
each other’ as a result of evanescent-wave coupling. A simple case is when a 1D
array of coupled cavities placed close to each other, an intricate waveguiding sys-
tem appears known as CROW (coupled-resonator optical waveguide) [94]. Such
systems have been studied as 1D coupled cavities in a 3D microwave photonic
crystal [95] and 2D coupled cavities in 2D photonic crystal slabs [96]. Remark-
ably, 3D superlattices of optical coupled cavities that resonate inside a 3D band
gap have not been studied to date. In 3D superlattices, cavities are periodically
repeated with a longer lattice constant in the photonic crystal, thereby making
the structure superperiodic. Recently, theoretical work in our research group has
predicted the occurrence of intricate “Cartesian light” in superperiodic medium,
wherein light propagates by hopping only in a few high symmetry directions in
space with different coupling strengths [97]. Such propagation differs fundamen-
tally from the conventional spatially-extended Bloch wave propagation outside
the photonic gap?. In such photonic crystals with embedded cavities, the su-
perlattice modes also exist within the band gap along with randomly scattered
light due to disorder (in real crystals). The superlattice of cavities in the 3D
band gap establishes a novel way of light propagation and represents the optical
analog of the famous Anderson tight-binding Hamiltonian for spins or electrons.
In chapter 7, we experimentally investigate the optical response of photonic
crystals modified with a 3D array of resonating cavities (see Figure 1.5(b)).

2Cartesian light is also fundamentally different from higher order spatial Bloch modes [98, 99]
and is not just a CROW in 3D [97]
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CHAPTER

Samples and experimental
setup

Here we describe the samples used in this thesis and explain the
experimental setup. The main samples studied here are 3D periodic
nanophotonic metamaterials, known as photonic band gap crystals.
Photonic crystals consist of periodically stacked high and low refrac-
tive index materials with a spatial periodicity in the order of the wave-
length of light. The photonic crystals that we study are made of silicon
with CMOS-compatible methods, and thus are also good candidates
for optoelectronics in the telecommunication industry. The photonic
band gap of the crystals covers the near-infrared (NIR) frequencies,
including the telecom ranges. Therefore, we build a compatible optical
setup that operates in the NIR frequencies to perform spectroscopy
and wavefront shaping on silicon photonic crystals and other photonic
materials.

2.1 Silicon samples

The basic design of the photonic crystals goes by having deep nanopores periodi-
cally in a high-index material, in our case, silicon. The crystals are fabricated by
etching pores into crystalline silicon using CMOS-compatible methods [100, 101].
We employed deep reactive ion etching through an etch mask that was fabricated
on silicon beams [102]. Below we discuss the two types of inverse woodpile pho-
tonic crystals based on the dimension along which the refractive index varies peri-
odically, viz., two-dimensional (2D) and three-dimensional (3D) that are studied
here.
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Figure 2.1: (a) YZ-plane with the centered rectangular crystal with lattice parameters
a = 695 nm and ¢ = a/v/2. (b) Scanning electron microscopy (SEM) image of a
fabricated 2D inverse woodpile photonic crystal made of silicon. The lower half shows
the 2D array of pores in the YZ-plane, and the upper half shows the XY cleavage plane
with 6 um deep pores (see 3 um scale bar). Figure courtesy of C. Harteveld. On the top
right, the polarization orientation TE and TM are shown of the incoming E-field along
—Z direction, used for measurements. The pores have a diameter 2r = 290 nm (or
r/a = 0.21). (c) The reciprocal space of the centered rectangular lattice (blue circles).
The filled area is the first Brillouin zone, b; and by are the primitive lattice vectors.
The relevant high symmetry points I'; K, and M are shown.

2.1.1 2D photonic crystals

The 2D photonic crystals consist of large periodic arrays of nanopores etched in
a silicon wafer [100, 103], see Figure 2.1. The 2D array of pores has a centered-
rectangular structure with lattice constants a and ¢ in a ratio a/c = /2, as
depicted in Figure 2.1. As the periodic variation of the refractive index is in
two dimensions in space, namely Y and Z, these samples are called 2D photonic
crystals. A hard mask, made by UV-lithography is defined on a silicon wafer on
the YZ-plane with a centered rectangular array of circular holes, with a radius
to pitch ratio r/a = 0.21, see Figure 2.1(a). Then deep reactive ion etching
is applied along the X-direction to fabricate nanopores, as described in detail
previously [101]. The lateral YZ-extent of the 2D crystal is 10x10 mm? at the
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center of the wafer. After etching the pores, the wafer is cleaved along the crystal
plane to expose the XY surface for optical experiments. Since the crystals are
carefully cleaved along a high-symmetry crystal plane of the underlying Si crystal,
no further polishing is required.

The Brillouin zone in the reciprocal lattice (shown in blue filled circles) of the
crystal is drawn in Figure 2.1(c), showing the relevant high-symmetry points T,
K, and M. In optical measurements of the 2D crystals in this thesis, the incident
light is probed along the —Z-direction that corresponds to the I' K direction of
the wave vector. When linearly polarized incident light is used, if the E-field
oscillates along the Y-direction, i.e., perpendicular to the length of the pores,
the polarization state is called transverse electric (TE) and when the oscillation
is along the x-direction, i.e., parallel to the length of the pores, the polarization
state is called transverse magnetic (TM).

2.1.2 3D photonic crystals

The 3D photonic crystals studied in this thesis have the inverse woodpile structure
that consists of two identical arrays of pores with radius r running orthogonal
in the X- and Z-directions. This design is similar to the woodpile structure
[105], but for an inversion of the refractive index profile. On each plane ( i.e.,
xy or yz), the array of pores has a centered-rectangular structure with lattice
constants a and ¢ with the ratio a/c = V2. The resultant 3D crystal structure is
cubic with a diamond-like symmetry, as illustrated in Figure 2.2(a) and also in an
animation [106]. Inverse woodpile crystals have a broad 3D photonic band gap
(see Figure 2.3) on account of their diamond-like structure [107-110]. The inset of
Figure 2.3 shows the first Brillouin zone of the inverse woodpile structure with the
high-symmetry points identified and the origin at I'. The I'’X and I'Z correspond
to waves propagating along each set of nanopores. The band gap has a maximum
relative bandwidth of 25.4% for a reduced pore radius r/a = 0.245 at a relative
permittivity es; = 11.68, typical of a silicon high-index backbone [107, 109].

For the 3D crystals, the etch mask was fabricated by depositing chromium
on the surfaces followed by focused ion beam milling in a single step on both
perpendicular faces of the edge of the silicon wafer as explained in Ref. [112].
The nanopore etching is carried out in two steps on each face independently using
inductively coupled plasma-reactive ion etching. More details on the fabrication
process can be found in Refs. [112, 113]. The two perpendicular sets of pores
have a shift of one pore radius along the Y-axis so that each pore overlaps its
perpendicular counterpart through half diameter inside the bulk of the crystal. A
number of crystals with different design pore radii r4 at a fixed lattice parameter
a = 680 nm were fabricated on multiple silicon beams. Figure 2.2 shows a
scanning electron microscopy (SEM) image of one of our crystals with a designed
pore radius r4 = 160 nm (rq/a = 0.235). The dimensions of each crystal are
typically 8 x 10 x 8 um?. Figure 2.2 shows that the sample geometry allows
for good optical access to the XY and YZ crystal surfaces. For 3D crystals, we
use the notation s and p to define the polarization state of light. In this case,
s-polarized light is perpendicular to the X-directed pores while p-polarized light
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E-field
orientation

Figure 2.2: (a) Schematic illustration of a 2 x 2 x 2 supercell of a 3D inverse woodpile
photonic crystal, image from Ref. [104]. The two sets of pores are parallel to the X and
Z-directions, while the lattice constants along X, Y, and Z are ¢, a, and c, respectively,
with the ratio a/c = sqrt2. (b)Scanning electron microscopy (SEM) image of the edge
of the silicon beam PG-EBAR-18072017-CH-6C (in short, 6C) with a cubic 3D inverse
woodpile crystal in perspective view. The crystal consists of two sets of perpendicular
pores along the X and Z directions with design radius 74 = 160 nm. The crystal has
lattice parameters a = 680 nm in the Y-direction and ¢ in the X and Z-directions with
¢ = a//2. Figure courtesy of C. Harteveld. The incoming direction of the wave vector
kin used in the measurements is shown on the top with the polarization directions s
and p (equivalent of TE and TE polarization respectively for 2D crystals) of the E-field.
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Figure 2.3: Band structures calculated for an infinite inverse woodpile photonic crystal
with r/a = 0.19 and relative permittivity €s; = 11.68. The abscissa is the wave vector
in the first Brillouin zone (see inset). The experimentally relevant I'Z high-symmetry
direction is enlarged for clarity. The I'Z stop gaps for s and p-polarized light are
indicated by the yellow and hatched bars, respectively. The p-polarized bands are
shown in blue and s bands in red [111]. The pink bar is the 3D photonic band gap.
Band structure calculated by R. Nair.
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Figure 2.4: An array of fabricated 3D inverse woodpile photonic crystals on the edge
of the silicon beam PG-EBAR-18072017-CH-6C. Figure courtesy of C. Harteveld.
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Figure 2.5: SEM images of two 3D inverse woodpile photonic crystals with a 3D su-
perlattice, SL5 and SL3, viewed in the (X,Z)-direction. They are fabricated in the
silicon beam PG-EBAR-18072017-CH-6C, together with the other crystals shown in
Figure 2.4. The designed pore radius is 7 = 0.16 pum for the main nanopores and
r’ = r/2 = 0.08 um for the defect pores. The defect pores are positioned every 5th
lattice constant in SL5 and every 3rd lattice constant in SL3. The excess silicon at
the intersections of these defect pores inside the material form point defects which con-
stitute the superlattice of 3D cavities. The superlattice of the point defects has the
unit cell with dimensions 5¢, 5a, 5¢ in SL5 and 3¢, 3a, 3¢ in SL3. Figure courtesy of C.
Harteveld.

is parallel to the X-directed pores. A zoom-out view of an array of fabricated
3D crystals on the edge of a silicon beam is shown in Figure 2.4.

2.1.3 3D photonic crystals with cavities

We study 3D inverse woodpile photonic band gap crystals with periodically re-
peated point defects that form 3D superlattices of cavities. Such structures are
called superperiodic, due to the presence of more than one periodicity within the
same structure. As mentioned in the previous section, inverse woodpile crystals
have a broad and robust 3D photonic band gap, which is optimal to confine em-
bedded optical cavities and shield them from the surrounding vacuum [80, 114].

To realize a 3D cavity in an inverse woodpile structure, we design two proximal
and perpendicular “defect” nanopores to have smaller radii v’ [115]. Near the
intersection of the two defect pores, the excess high index backbone creates a
donor-like cavity. When the radii of the pair of defect pores are tuned to ' = r/2,
light is maximally confined inside the cavity [115]. When multiple cavities are
repeated periodically in the crystal, coupling between the cavities results in a 3D
cavity superlattice that sustains ‘Cartesian light’ [97], which will be explained in
detail in chapter 5. In presence of cavities, additional states are created inside
the original band gap of the underlying 3D band gap crystal. Figure 2.5 shows
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scanning electron microscopy (SEM) images of two fabricated inverse woodpile
crystals, each with an array of defects with different spacing between the defect
pores. In the first crystal on the left of Figure 2.5, the defect pores are situated
every five lattice constants apart. Hence the lattice parameters of the superlattice
are agy, = Ha along Y and cg;, = 5c along X and Z directions. There are 3x3 =9
defect pores on each crystal surface, hence there are up to 3x9 = 27 pore crossings
and thus cavities inside the superlattice. The second crystal on the right of Figure
2.5 a superlattice with cavities repeated every three lattice constants apart, i.e.,
superlattice constants asy, = 3a and cgr, = 3¢ with up to 5 x 5 x 5 = 125 number
of cavities. For convenience, we will call the first crystal SL5 (referring to five
lattice spacings between neighboring cavities) and the latter SL3 (referring to
three lattice spacings between neighboring cavities).

2.2 Experimental setup

We have developed a versatile near-infrared setup to collect position-resolved
broadband reflectivity and lateral scattering spectra of photonic nanostructures,
as well as to perform wavefront shaping to focus light inside samples. All mea-
surements are processed in LabView environments. The near-infrared range of
operation is compatible with 3D silicon nanophotonics as it avoids intrinsic sil-
icon absorption. A pictorial representation of the full optical setup is shown in
Figure 2.6. The setup consists of three main components:

1. a broadband tunable coherent source,
2. a broadband wavefront shaper, and

3. twin-arm imaging of reflected and lateral (YZ-plane) scattered signals from
the sample.

The broadband tunable coherent source is realized by spectrally filtering the
emission from a supercontinuum source (Fianium SC 450-4, 450 - 2400 nm) us-
ing a monochromator (Oriel MS257; 1200 lines/mm grating). A long-pass filter
(cut-off wavelength: 850 nm) is used to reject the background from second-order
diffraction of shorter wavelengths. The filter is slightly tilted so that the reflected
light from the supercontinuum source does not go back into the collimator!, but
gets absorbed in a beam dump as shown in the figure. The filtered light is
sent through a reflecting beam expander and then to a parabolic mirror (PM)
that focuses the light to fit through the input slit of the monochromator. The
monochromator scans optical frequencies ranging from 4700 to 11000 cm™! (or
wavelengths 900 < A < 2120 nm) with a linewidth of 0.6 £ 0.1 nm exiting from
the output slit of size 50 um (see Figure 2.7) and a tuning precision better than
0.2 nm. Since we use this setup also for wavefront shaping, we use sequential
scanning of wavelengths instead of measuring the spectrum at once with a spec-
trometer as in [116-118]. A He:Ne laser is used to calibrate the grating of the

1When back-reflected, stray light could lead to unwanted feedback and damage of the source
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Figure 2.6: Optical setup to measure position-resolved microscopic broadband reflec-
tivity, lateral scattering and wavefront shaping. The Fianium SC is the broadband
supercontinuum source, the long-pass glass filter F blocks the visible light at A < 850
nm, the BE is a reflective beam expander. The monochromator filters the light to a
narrow band with linewidth of about 0.7 nm. HWP are half-wave plates and LP’s
are linear polarizers. The SLM is a spatial light modulator that is used for wavefront
shaping and also for correcting the direction of incoming light onto the sample. Inci-
dent light is focused on the sample with a 100x objective MO1 that also collects the
reflected light; the other objective MO2 collects the scattered light from the sample in
the lateral direction and sends for detection. The NIR camera (InGaAs) views the sam-
ple in reflection with an effective magnification of 250x. The other Silicon camera can
also be used to view the sample when using shorter wavelengths. The photodiode PD1
monitors the incident light power, and PD2 and PD3 measure reflected and scattered
signals from the crystal, respectively.
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Figure 2.7: Left: The output spectrum of the monochromator for one single wave-
length (1660 nm) measured by a spectrometer. The linewidth is estimated by fitting
a Gaussian to the data points and finding the FWHM. In this case, the linewidth at
Ae = 1660 nm or we = 6024 cm™ ! is 0.78 nm, or dw = 2.83 cm™'. Here the slit width
of the monochromator was set at 60 yum. For all our experiments, the slit width was
set at 50 pm. Right: The linewidth of the source versus slit width of the monochroma-
tor output at 6 different wavelengths. The linewidth increases linearly as slit width is
increased.

monochromator, and not used for measurements. The filtered light is then col-
limated and expanded to a beam diameter of 7.5 mm. A small fraction (8%) of
the light is sent to a photodiode PD1 using a glass plate as a reference to mon-
itor the input power. The rest of the light beam is then incident on a reflective
phase-only spatial light modulator (Meadowlark optics; 1920 x 1152 pixels; AR
coated: 850 — 1650 nm). Since the output of the source is randomly polarized,
a linear polarizer (LP) followed by a half-wave plate (HWP) are placed at the
monochromator output to select the desired linear polarization orientation, since
the polarization has to be parallel to the slow axis (in this case the Y-axis of the
SLM) for the SLM to optimally function. At this point, the setup is described in
detail first from the point of view of spectroscopy and next wavefront shaping.

2.2.1 Near-infrared reflectivity and lateral scattering

In the optical setup shown in Figure 2.6, the sample is mounted on an XYZ
translation stage that has a step size of about 30 nm. The reflected light from
the SLM 2 is sent to an infrared apochromatic objective (Olympus LC Plan N
100x) to focus the light onto the sample’s surface with a numerical aperture
NA = 0.85. The beam waist of the light reflected from the SLM is narrowed
and re-collimated by a pair of lenses so that it fits the back aperture of the

2For spectral measurements the SLM is used to reflect as a mirror. In addition, the SLM is
also used to correct a tilted beam in the setup as explained in the Appendix of this chapter.
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Figure 2.8: The linewidth of the source is constant near 0.6 nm at a slit width 50 pm
that is used for all the measurements.

S UM  crystal

Y
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Figure 2.9: Image XY-surface of 3D crystals on the edge of a Si beam, captured by
the InGaAs camera, with 250x magnification. The surface is illuminated by an NIR
LED at 950 nm, where the rectangular darker areas are the photonic crystals. The
bright spot on the middle crystal is the focus of incident light from the tunable source.
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Figure 2.10: (a) The raw spectrum recorded by the photodiode PD2 of the reflected
light from a gold mirror (red triangles) and clean silicon substrate next to the photonic
crystals (blue squares). Due to the very high power near the pump frequency 9400 cm ™!
of the supercontinuum source, the intensity is usually saturated, which is not considered
to interpret measurement data. (b) The bulk Si reflectivity normalized to the gold
reflectivity reference.

objective. The diffraction limit in the setup is about 1 ym at longer wavelengths.
A second HWP is introduced on the beam path before the objective to rotate the
linear polarization of the incident light on the sample for polarization-dependent
measurements.

Light reflected by the sample is collected by the same objective and a beam
splitter directs the reflected light towards the detection arm where the reflection
from the sample is imaged onto an IR camera (Photonic Science InGaAs). In
order to locate the focus of the input light on the surface, a NIR LED is used
to illuminate the sample surface. We use the XYZ translation stage to move the
sample to focus the light on the desired location. For example, an image of a 3D
crystal as seen on the IR camera (see Figure 2.9) reveals the XY surface of the
Si beam. The bright circular spot with a diameter of about 2 pm is the focus of
light reflected from the crystal. The rectangular darker areas of about 8 pm x10
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Figure 2.11: The raw spectra recorded by the photodiode PD3 of the reflected light
at 45 deg incident from a Silicon surface for s-polarized (black down triangles) and p-
polarized (blue up triangles) light.

pm are the XY surfaces of the 3D photonic crystals. They appear dark compared
to the surrounding silicon since the LED illumination is outside the band gap of
these crystals whose effective refractive index is less than that of silicon.

Once the input light beam is focused on the sample, the reflected light is
sent to photodiode PD2 (Thorlabs InGaAs DET10D/M, 900 nm - 2600 nm)
by flipping out the mirror in front of the camera. The photodiode records the
reflected intensity Ir as the monochromator scans the selected wavelength range.
At the same time, the scattered light from the sample in the lateral direction is
collected by a long working distance apochromatic objective MO2 (NA = 0.42),
and sent to a third photodiode PD3 (similar to PD2). An analyzer in front
of each photodiode is used to select either parallel or cross polarization of the
reflected and scattered light with respect to the input. Thus, in total we get
two sets of spectra as signal every time the wavelengths are scanned through the
desired range: a reflectivity spectrum, and a lateral scattering spectrum.

The raw reflectivity measured on two reference samples wviz. the clean gold
mirror and the bulk silicon substrate are shown in figure 2.10(a). The reference
spectra show that the intensity of the supercontinuum source is not uniform. The
intensity cut-off at high frequencies is due to limited detection bandwidth of the
photodiode and that at the low frequencies is primarily due to the use of refrac-
tive optics in the setup (e.g. lenses, objectives, wave plates). There are noisy data
points in the middle of all the spectra near 1400 nm wavelength that is attributed
to possible water vapor absorption that could vary from day-to-day depending
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on the lab conditions. This noise could potentially be suppressed in future ex-
periments by creating a dry-air or nitrogen purge box around the sample. Hence
one must be very careful while analyzing data in this wavelength range. The
high-intensity peak at 1064 nm is the pump wavelength of the supercontinuum
source. A typical measurement of the reflectivity or lateral scattering spectrum
takes about 5 to 25 minutes to record depending on the chosen wavelength step
size (typically 10 nm or 2 nm). The calibrated reflectivity and lateral scattering
are defined as

REIR/IOR (21)
LS=1Irs/Iors

For reflectivity, the spectral response Ir of the samples is referenced to the re-
flected signal Iog from a clean gold mirror that reflects 96%. Since it is tedious
to dismount and realign the sample to take reference spectra during long mea-
surements on crystals on a silicon beam, we also take secondary reference mea-
surements on bulk silicon outside the crystals, which has a flat response R = 31%
with respect to the gold mirror. The bulk silicon reflectivity is plotted in figure
2.10(b) that agrees with the expected ~ 31% reflectivity of Si for normal inci-
dence in NIR. The spectrum is flat® without any features other than the noisy
data points described above. Therefore, we use the Si signal also as a reference
for reflectivity measurements.

The reference for lateral scattering is a bit tricky since we need to have the
input signal go through the objective MO2 for correct referencing. Therefore
we used the edge of a silicon beam that was cut at 45° to reflect the incom-
ing light coming through MO1 towards MO2 and send it to PD3, just like the
lateral scattering signal. Using Fresnel reflectivity of 45° incident light on sil-
icon, we use a calibration of R, = 43% reflectivity for s-polarized light and
R, = 19% reflectivity for p-polarized light. To ensure that the signal to noise
ratio of the photodiode response is sufficient to detect signal in the desired range,
each detector photodiodes are fed into a lock-in amplifier to amplify the signal
with a suitable gain. Since a serial measurement mode holds the risk of possible
temporal variations in the supercontinuum source, we simultaneously collect the
output of the monochromator with photodiode PD1 in each reflectivity scan. An
example of reference spectra for LS measurements is shown in figure 2.11 for two
orthogonal polarizations of the incident light.

2.2.2 Near-infrared wavefront shaping

The setup is also designed to do wavefront shaping (WFS) to focus light inside
nanostructures. We perform phase-only WFS using the spatial light modulator
(SLM) mentioned in the previous section. In addition to traditional WFS where
scattered light is imaged on the transmission side, in this setup the imaging and
WEF'S is also done from the side of the sample. This facilitates controlled focusing

3The Si reflectivity spectrum has a small positive slope with frequency since we do not consider
the change of refractive index with frequency within this range.
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of light at different depths of the sample. Also, it is beneficial for photonic crystals
where transmission measurement is not easy due to the bulky silicon substrate
behind the crystals (see Figure 2.4).
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Figure 2.12: A plot of target inten- Figure 2.13: An example phase
sity in camera as phase of one super- pattern on the SLM during an op-
pixel of the SLM is changed from 0 to timization. Each super-pixel con-
27 to find the optimum phase value to tains 100 x 100 pixels and there are
assign to that pixel. The white line N = 209 super-pixels. The gray
goes through the data points while the values from black to white corre-
red curve is the cosine fit. sponds to phases from 0 to 2.

The light from the SLM is imaged to the back focal plane of the large numerical
aperture (NA = 0.85) infrared apochromatic objective MO1. Then, the trans-
mitted (as in chapter 4) or the laterally scattered light (as in chapter 6) from the
sample is collected using a long working distance apochromatic objective MO2
(NA = 0.42). Light collected by MO2 is then imaged on the InGaAs camera.
In the case of WFS in laterally scattered light, the side view of the sample is
imaged on the camera where the target spot of a few pixels is chosen at a desired
depth from the surface. Then, using the camera intensity counts at the target
spot as the feedback, the phase of each pixel is changed from 0 to 27 (translated
to corresponding gray values) in 8 steps, sufficient to get a good cosine fit for the
amplitude versus phase. Using a higher number of phase steps is not required
as the algorithm fits only a three-parameter function (A cos(¢ + ¢o) + C) to ex-
tract ¢g. For proper calibration, the target intensity is normalized by the signal
in the reference photodiode PD1. Then, a cosine curve is fitted to the target
intensity variation with phase to estimate the phase of the corresponding pixel
that generates the highest intensity on the target. An example of this process
as it takes place during the optimization is shown in figure 2.12. Then the SLM
pixel is assigned the phase value corresponding to maximum target intensity and
the procedure is iterated for every pixel in the chosen area of the SLM. Thus,
during the optimization, the intensity at the target gradually increases. After the
optimization, the desired focus is obtained for the selected frequency of light. A
typical optimization procedure per pixel of the SLM takes about 1 to 2 seconds
that is determined by the number of phase steps, the integration time of the
camera, and 10 Hz refresh rate of the SLM. Thus the total optimization takes
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time equal to this number times the total number of superpixels.

Usually, instead of assigning a phase value to each and every pixel of the SLM
(total 1920 x 1152 pixels), neighboring pixels are merged to form so called super-
pixels, which are assigned collectively the same phase value. Total area of the
super-pixels on the SLM is conserved, which means increasing the size of super-
pixels decreases their total number N. The enhancement of intensity on the
target scales with the number of segments N for the optimized case compared to
averaged non-optimized random wavefronts as [55]

T

n= Z(N—l)—i—l, (2.3)
assuming all segments of the selected SLM area have equal contribution to the
total intensity. However, in experimental situations, it is not always the case.
In our setup, the incident beam has a Gaussian-like profile. When the beam is
aligned to the center of the SLM, the pixels near the center have more contri-
bution to the target intensity compared to those near the edges. Another factor
that decreases the expected enhancement in our setup is that 100% of the re-
flected light from the SLM does not reach the sample. In our setup, the incident
beam fills the whole SLM screen and therefore the reflected beam from SLM
has a rectangular shape similar to the rectangular SLM display. Since we fill
the circular aperture of the focusing objective with a rectangular-shaped beam,
automatically part of the long side of the beam gets clipped. Therefore, more
pixels near the short edges of the SLM do not contribute to WFS optimization.
Therefore, to compute enhancement precisely, the contributing area on the SLM
needs to be identified.

The time required for a full optimization collectively depends on the following
factors:

e The size of the super-pixels: using larger super-pixels reduces the number
of optimization steps.

e [llumination area on the SLM screen: The beam diameter of the light illu-
minating the SLM was chosen to match the pupil diameter of the objective
MOL1 in order to realize a diffraction-limited focus on the sample. As the
laser beam is Gaussian, we select a circular region on the SLM (diameter =
2x pupil diameter = 6.2 mm) for defining the super-pixels. This helps de-
crease the runtime of the WF'S algorithm in comparison to using the whole
SLM screen (19 mm x 10 mm).

e A suitable integration time that ensures good signal to noise ratio for WFS
optimization is chosen (typically on the order of a few hundred milliseconds
per exposure).
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Figure 2.14: Side view of the beam tilt correction system in the optical setup. A ramp
pattern is introduced to the SLM for each wavelength that results in tilting the plane
phase of the reflected beam and as a result, the focus is shifted to the desired (green)
spot on the focal plane. Without correction, the beam is focused on the grey dot below
the target spot. On the top left, a phase pattern displayed by the SLM (front view) to
correct beam position for wavelength 1550 nm is shown. In the phase pattern, black
corresponds to 0 and white corresponds to 27 phase values.

APPENDIX 2

2.A Correction of beam tilt using SLM

The rotation stage of the grating of the monochromator has a very small, non-
adjustable tilt with respect to the horizon. Therefore, when wavelengths are
scanned across a broad range by rotating the stage, after approximately 2.65
meters of the beam path and multiple mirror reflections until it reaches the
sample, the beam shifts significantly (over 11 pum on the focal plane) in the Y
direction (gray dot in Figure 2.14). This is very undesirable since we work with
inhomogeneous samples whose dimensions are less than the beam shift. To correct
for the beam shift so that at each wavelength the location of the focus is exactly
the same on the sample surface, a phase ramp pattern is written on the SLM.
For reference, we selected a wavelength (1375 nm) near the center of the range
of used wavelengths as the central wavelength, which means, this wavelength is
aligned without using a ramp pattern on the SLM. We call the location of the
focus on the camera at 1375 nm without a correction pattern as the central spot
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1375 nm (central spot) 1550 nm (not corrected) 10’

8

1550 nm (corrected)

Counts/sec
= (=)}
Counts/sec

8]

Spm Spm

(a) (b) (c)

Figure 2.15: The process of correction of beam tilt using SLM phase ramp. Image of
reflected beam when light is focused on a gold mirror for three different situations of
input wavelength and pattern on the SLM: (a) at 1375 nm, with a flat phase pattern on
SLM (central spot) (b) at 1550 nm, flat phase pattern on SLM (focus moves downward)
(c) at 1550 nm, optimized ramp pattern on SLM (the focus is sent back to the central
spot).
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Figure 2.16: The position of focus on the camera versus wavelength set by the
monochromator. Without correction, the focus shifts downwards with wavelength (red
open squares). After correcting with the SLM ramps, the focus for each wavelength is
positioned at the same location (blue open circles).
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(see Figure 2.15(a)). Without correction, the focus produced by wavelengths
shorter and longer than 1375 nm shift up or down with respect to the central
spot. For example, when we set wavelength 1550 nm on the monochromator,
the focus shifts down, as seen in Figure 2.15(b). We quantify the shift of focus
position with respect to the central spot in figure 2.16. The angle of the blaze
grating ramp was estimated geometrically by monitoring the shift of the focus
with respect to the central spot. Thus, a blaze grating pattern is written on the
SLM to correct the tilted light out of the monochromator by tilting the phase
pattern to shift the focus to the central spot (Figure 2.15(c)). The maximum
gray value that corresponds to 27 phase retardation for each wavelength in the
entire measurement range was also calibrated. This was done by maximizing
the reflected intensity from the SLM grating at the focal plane while changing
the gray value from 0 to 255. The positions of focus for each wavelength after
correction are also plotted in Figure 2.16.
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CHAPTER

Characterization of the
experimental setup using
speckle statistics

Zinc oxide (ZnO) nanoparticles are known to scatter visible and NIR
light. In an ideal situation of monochromatic light and uniform parti-
cle distribution, the intensity of speckles produced by such a medium
is expected to follow an exponential probability distribution function.
However, the limited temporal coherence of source and noise level of
detectors cause deviations from the expected statistical parameters.
We investigate the effect of the linewidth of our broadband tunable
source and detector on the intensity statistics of speckle patterns pro-
duced at the scattered reflection of a slab of ZnO nanoparticles. We
quantify the effect of the source linewidth and detector noise on our
measurements by comparing the results with other high coherent laser
sources and low noise detectors.

3.1 Introduction

Optical speckles are the result of constructive and destructive interference among
the many paths that light takes while encountering a multiply scattering medium.
In photonics, speckles are studied to characterize scattering of various samples
and shaping wavefront of light to optimize speckle intensity to a certain target,
also known as wavefront shaping. If the scattering nature of the material is
known, the speckle pattern has expected intensity and phase distributions ex-
plained using speckle statistics [36]. Hence, in experimental studies, deviations
from such expected parameters are studied to characterize experimental setups.
In this chapter, we show characterization of our setup from speckle statistics in
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a disordered scattering medium.

When laser light with a plane phase front is incident on a scattering sample such
as an ensemble of zinc oxide (ZnO) nanoparticles, a speckle pattern is produced
at both the transmission and the reflection side. The study of resulting speckle
intensity and phase pattern is called speckle statistics, which is very useful for
characterizing scattering media. In our experiments, camera images of speckle
patterns are recorded, where only intensity and not phase information is collected.
Therefore, we study the specific case of intensity statistics of speckles in this
chapter. For a large number of phasors, the intensity I of fully developed speckles
follow a negative exponential density function p; given by [35]

I -
w0 = (1) 3.1)
where I is the mean intensity.

A widely used parameter to describe how well a speckle is developed is the
speckle contrast C, that quantifies the fluctuations of the intensities with respect
to the average intensity.

_ 91
c== (3.2)

where o7 is the standard deviation of intensity.

A fully developed speckle has a maximum contrast C' = 1 and the inten-
sity follows the negative exponential distribution shown in eq. (3.1). To obtain
fully developed speckles, uniform phase statistics of the phasors are required. If
the phase distributions are non-uniform, the speckles are referred to as partially
developed [119]. Partially developed or smeared speckle has contrast C < 1
and the intensity distribution deviates from the negative exponential. This
type of speckle corresponds to scattering media with anisotropic components
in optically very thin media with a limited number of scatterers [120, 121].
Another reason for partially developed speckle is media composed of scatterers
that are in motion with speed faster than the frame rate of the detector [122].
For example, suspended particles in a fluid medium or medium with vibration.
In such cases, the resulting speckles are averaged over multiple speckle patterns
produced by every “freeze-frame” of the scatterers, thereby decreasing contrast.
Hence static medium is another requirement for fully developed speckle.

In experiments, other factors namely coherence of the source and detector noise
also largely influence intensity distributions and therefore the speckle contrast
[123, 124]. In the case of low temporal coherence, i.e., when the coherence length
of the source is comparable to the sample size, interference effects are less strong
and speckles are smeared due to speckle overlap among constituent frequency
components. In this case, one expects lower contrast as intensity fluctuations are
less. If detectors have high dark noise, that results in an underlying correlation
in the background of the speckle images, which also decreases the contrast and
intensity distribution deviates from exponential. Therefore, speckle patterns pro-
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duced by a known strongly scattering medium can be used to characterize the
effect of source linewidth and detector noise by comparing their behavior with
ideal theoretical case in intensity statistics, and is the main goal of this study.

In this chapter, we characterize our newly developed setup by studying speckle
statistics of a strongly scattering medium. In our optical setup, the spectrally
filtered supercontinuum light has a linewidth A\ ~ 0.6 nm that is 2 to 5 times
magnitudes broader than typical commercial laser sources such as the above-
mentioned source 2. To study the effect of the linewidth and detector noise,
we investigate speckles produced by a slab of scatterers, when we use separate
laser sources with different linewidths and detect with detectors with different
noise levels. We study an ensemble of ZnO nanoparticles that are known to be
transparent and scattering for visible and near-infrared (NIR) light [125-127].
We show that smeared speckles of contrast C' < 1 are produced by the supercon-
tinuum filtered by the monochromator. To verify that the effect is a combination
of broad linewidth and high noise of the camera, we measure the same sample
with a narrow linewidth source and low-noise camera and show that perfect ex-
ponential distribution of intensities and contrast C' = 1 are achievable for such
samples. We also study the intensity statistics of smeared speckle patterns ob-
tained from adding multiple independent speckle patterns (Appendix 3.A) and
find good agreement with theory.

3.2 Experiment

As a scattering sample, we study a thin layer of spray-painted ZnO nanoparticles
[54] of thickness 32 um, that was fabricated and also studied by van Putten [129]
(picture of the sample is in Figure 3.1(a)). An SEM image of the constituent
particles is shown in Figure 3.1(b). We use the optical setup described in chapter
2 to collect speckle statistics data. Linearly polarized, monochromatic light is
focused on the ZnO slab using the high numerical aperture (NA = 0.85) focusing
objective. The reflected light from the sample is detected with a camera in
cross-polarized state with respect to the input. Thus, only the multiple scattered
light is detected and specular reflection is avoided. We collect speckle images at
different frequencies in the NIR range. A speckle pattern is detected as a camera
image which we further investigate to study speckle statistics.

For this experiment, we use three different NIR monochromatic sources with
different linewidths and two different cameras with different noise levels listed
below.

Sources:

1. Fianium supercontinuum filtered with monochromator, AXA = 0.6+0.1 nm,
coherence length [, ~ 1 to 2 mm.

IThe reason for choosing this source is the magnificent tuning range that greatly exceeds most
commercial tunable lasers.
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(b)

Figure 3.1: (a) The layer of ZnO sample studied here. It is spray- painted on a glass
microscope cover slip. The sample is about 32 pm thick and appears fully white with
visible light. (b) SEM image of the constituent particles of the sample. The ZnO
particles are arbitrary in shape and size with average diameter of about 200 nm (figure
courtesy: M. Goodwin). In ZnO nanoparticle formation, various shapes like hexagonal,
cubic, spherical are common due to its molecular structure [128].

2. Tunable high resolution NIR laser (920 nm < A < 985 nm), A\ = 1076
nm, coherence length . ~ 1km (Toptica DLpro 11168)

3. DFB (distributed feedback) fiber coupled diode laser (A = 1550 nm), AX =
0.01 nm, coherence length . ~ 200 mm (Thorlabs S3FC1550).

Detectors:

A. Photonic Science InGaAs detector cooled shortwave infrared (SWIR) sensitive
camera (950 nm < A < 1700 nm). High dark noise (64000 e~ /pix/sec) and
low resolution (320 x 256 pixels, with individual pixel size 30 pum?).

B. Allied Vision Si detector camera. Low dark noise (12.4 e~ /pix/sec) and high
resolution (1388 x 1038 pixels with individual pixel size 6.45 pm?), limited
detection range in NIR (A < 1100nm).

The above numbering allows to refer to source-detector combinations used in
the measurements, for example 1A or 2B, etc.

3.3 Speckle patterns and speckle statistics

The recorded speckle pattern in the camera image is shown in Figure 3.2(a) for
a wavelength A = 950 nm, using source-detector combination 1A. The speckle
pattern has a Lorentzian-like envelope due to the profile of the laser beam and
the high NA objective that focuses it on the sample. Hence towards the outer
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Figure 3.2: (a) Camera (InGaAs detector) image of a speckle pattern produced by
light reflected from the disordered ZnO nanoparticles, when illuminated with wavelength
A = 950 nm, measured with source-detector 1A. The speckle pattern has an underlying
Lorentzian-like profile. On top, the intensity profile along one axis for one row of pixels
is shown, which shows the presence of the Lorentzian-like envelope. (b) The normalized
speckle pattern obtained by dividing the raw speckle pattern by the envelope obtained
from averaging 30 independent speckle images to extract only the intensity fluctuations.
The plot of the intensity profile above the image shows that the normalized speckle
contains the intensity fluctuations without the Lorentzian background. The speckle
images are cropped by a circular mask to avoid the instrumental artifacts near the
edges of the camera.

area of the speckle image, signal to noise ratio is very low. Therefore, we record
at least 30 independent speckle patterns by translating the sample and take an
average of them to get the underlying envelope?. Then we divide the original
image by the envelope to get a normalized speckle pattern that contains only the
intensity fluctuation, as shown in Figure 3.2(b). From the intensity profile of the
normalized speckles, it is observed that when we use the filtered supercontinuum
source and detect with the InGaAs high noise camera, the intensity at the de-
structive interference is non-zero, which already reveals that the speckles are not
fully developed. In Figure 3.3(a) and (b) we show two normalized speckle pat-
terns measured at two different wavelengths 950 nm and 1550 nm, respectively,
measured with source-detector 1A. It is clear from the speckle patterns and the
1D speckle profiles above them that the size of individual speckles is smaller at
wavelength A = 950 nm than those at wavelength A = 1550 nm, due to the

2See Appendix 3.B for checking how many independent patterns are ideal for a smooth enve-
lope
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Figure 3.3: (a),(b) Camera images of speckle patterns measured with source-detector
1A at wavelengths mentioned on the top. The intensity cross-sections are plotted above
each image. (c),(d)Corresponding intensity distributions of the speckle patterns (blue
crosses). The exponential probability density function expected from the intensities
is plotted as the red lines. (e),(f)plot of speckle contrast versus radius of a circular
area on the camera. At large radius, the contrast value converges for the normalized
speckle pattern (blue dots) to C' = 0.49 & 0.02 at 950 nm and C' = 0.54 £ 0.03 at 1550
nm. The converged contrast value is highlighted with the green strip. For the original
speckle pattern with the envelope, the contrast increases with radius (grey diamond)
as background effects become more dominant.
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Figure 3.4: (a),(b) Camera images of speckle patterns measured with source detector
2A and 3A with wavelengths mentioned on the top. The intensity profiles are plotted
above each image. (c),(d)Corresponding intensity distributions of the speckle patterns
(blue crosses). The exponential probability density function expected from the intensi-
ties is plotted as the red lines. (e),(f)plot of speckle contrast versus radius of a circular
area on the camera. At high radius, the contrast value converges for the normalized
speckle pattern (blue circles) to C' = 0.78 £0.03 at 950 nm and C' = 0.82+0.03 at 1550
nm. The converged contrast value is highlighted with the green strip. For the original
speckle pattern with the envelope, the contrast increases with radius (grey diamond)
as background effects become more dominant.
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diffraction limit of the imaging system.

We plot the intensity distributions of the normalized speckle patterns for two
wavelengths viz. 950 nm and 1550 nm, as shown in Figure 3.3(c) and (d). The
respective speckle patterns are shown in Figures 3.3(a) and (b). For comparison,
we also compute the expected probability density distribution for fully developed
speckle from our data using equation 3.1. It is observed that the intensity dis-
tributions deviate from the expected exponential function in these cases. The
deviation is primarily due to the lowest intensities of the speckle pattern being
> 0. Therefore, there is a Gaussian-like profile near low intensities, which is a
signature of smeared speckle patterns [35].

Next to the intensity distributions, we also compute the speckle contrast. For
a correct estimation of speckle contrast, a sufficient number of speckles needs
to be accounted for. The number of speckles N can be counted as either one
speckle spot in N independent speckle patterns, or N speckle spots within the
same speckle pattern. Here we use the latter case, i.e., compute contrast between
different speckle spots within the same speckle pattern. When N is sufficiently
large, the value of speckle contrast converges to the real contrast for that speckle
pattern. Therefore, to check if N is enough within each speckle pattern, we
take different areas on the speckle pattern and compute the contrast among
the speckles within that area. We start with a circular area of radius R in the
middle of the speckle patterns and compute the contrast as started in equation
3.2 within the area of the circle with radius R. As we increase the radius, the
number of speckles within the area also increases. In Figures 3.3(e) and (f) we
plot the computed contrast of the corresponding speckles as a function of radius,
while the error bars are the standard deviations of contrast computed for many
independent speckle patterns using the same source and detector. We see that
for the normalized speckles at higher radii R > 4 pm, the contrast converges to a
steady value, and error bars become smaller, which we assign as the contrast for
that speckle pattern. Here again, we see the need for speckle normalizing, as it
is seen from the contrast values for the original speckle pattern diverge and have
large error bars, as background dominates at higher radii. For 1A case, we find
speckle contrast C' = 0.49 £ 0.02 at 950 nm and C' = 0.54 + 0.03 at 1550 nm,
which are much less than the expected C' = 1 for the type of scattering sample
under study.

To investigate whether the low contrast of speckles is due to the compara-
tively broad linewidth of our filtered supercontinuum source, we do the same
measurements using the narrow linewidth sources listed above, with combina-
tions 2A and 3A. We tune the wavelength of the narrow bandwidth NIR laser
(source 2) to A = 950 nm and record speckle images in reflection from the same
sample. Similarly, we perform the same experimental steps using the 1550 nm
narrow linewidth diode laser (source 3). In both cases, the intensity minima
of the speckle spots are closer to zero. Indeed, the intensity distributions for
the narrow linewidth sources are closer to the expected exponential for fully de-
veloped speckle (see Figure 3.4), as compared to those for the broad bandidth
source. The speckle contrast in this case are C' = 0.78 &+ 0.03 at 950 nm and
C = 0.82 £0.03 at 1550 nm. Using narrow linewidth sources increases speckle
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Figure 3.5: (a) Camera (Si detector) image of a speckle pattern produced by the nar-
row linewidth source wavelength 950 nm, measured with source-detector 2B. The in-
tensity profile is plotted above the images. (b) Corresponding intensity distribution of
the speckle pattern (blue crosses). The exponential probability density function ob-
tained from the intensities is plotted as the red line. (c¢) plot of speckle contrast versus
radius of a circular area on the camera. At high radius, the contrast value converges
for the normalized speckle pattern (blue dots) to C' = 0.98 - 0.03, while for the original
speckle pattern with the envelope, the contrast increases with radius (grey diamond
data points) as background effects are more dominant.

contrast closer to C' — 1, yet there is another factor that is limiting the speckle
contrast and causing deviation from exponential statistics, as discussed below.

The second experimental factor that affects speckle contrast in our experimen-
tal setup is the detector. The InGaAs detector has a high thermally generated
dark current. Subtraction of background (images taken by blocking all light)
removes the mean background offset but does not remove all the random fluc-
tuations. Therefore, we use a second camera, namely the Si detector to study
speckle statistics of ZnO. In addition to lower dark current, the Si detector also
has higher imaging resolution. In this work, we do not quantify the effect of
the larger pixel size of the InGaAs detector, as the size of speckle spots (about
120 pm diameter at wavelength 950 nm) are approximately 4 pixels wide, which
is greater than the 2 pixels necessary for discounting the nyquist noise arising
from pixellation of the speckle pattern [130, 131]. Since the Si detector is not NIR,
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sensitive above 1100 nm, we record speckle patterns at 950 nm using the nar-
row linewidth source, for comparison with previous cases (3.5(a)). In this case,
we now have the ‘perfect’ experimental situation to yield the expected fully-
developed speckle pattern from our sample. The intensity distribution shown in
Figure 3.5(b) follows the exponential function perfectly, with the highest speckle
contrast of C' = 0.98 4 0.03.

3.4 Conclusion

Our observations verify that fully-developed speckles are produced by the ZnO
sample when a narrow linewidth source is used and the detector has very low
noise level. The deviation from exponential for the speckle intensity distribu-
tions and a low speckle contrast indicates the effect of source and detector on
measurements. In the following chapters for our broadband NIR experiments, we
have to compensate the narrow linewidth with the comparatively broader width
source as we need a wide range of wavelengths compatible with Silicon photonics
where absorption is negligible. Also, the coherence length of our source is still
longer than the effective length scales in the sample that we study. Similarly,
we have to compensate the low noise camera with the high noise InGaAs detec-
tor to detect the broad range. The investigations presented in this chapter thus
quantify the effect of source linewidth and detector noise in measurements.



3.A. Speckle averaging

APPENDIX 3

3.A Speckle averaging

In this appendix, smeared, low contrast speckle patterns are investigated that are
constructed by adding multiple independent fully-developed speckle patterns. We
use the theory derived in chapter 3 of Ref. [35]. As can be guessed, the intensity
statistics of speckle pattern obtained from adding N independent patterns follow
different behavior than the standard exponential distribution for fully developed
speckles and is given by

N 1—7(11\172) _

ps(Is):Z = I_)e

N
n=1 Hp:l,p;én(ln —ip

ol P

(3.3)

where p and n denote index of independent speckles and I, are the intensities of
the added speckle patterns. We consider the case of N = 2, for two independent
spekle patterns with intensities I; and Iy, where the distribution is simplified to
the following expression:

nit) = (27 ) (- F). (3.4

where IS = Il + IQ.
The speckle contrast of the added pattern depends on the average intensities
of the individual speckle patterns and the ratio between them,

s I+ 12 1472
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where r = Iﬁ Therefore, it is possible to estimate speckle contrast of the summed
1

speckles when the average intensities of the constituent individual patterns are

known. When the average intensities are equal for each pattern, then the expres-
sion for speckle contrast reduces to

Gy = (3.6)

1
So when N = 2, the contrast is expected to be 7 = 0.7071, which is only

applicable when the individual speckles are fully developed.

As an example, we pick two speckle patterns recorded by moving the sample far
along the focal plane in order for the speckle patterns to be independent of each
other. We use the low noise camera and narrow linewidth source (combination
2B) so that we start with fully developed speckles. Then we add the two patterns
as shown in the top row of Figure 3.6. The resulting pattern is comparatively
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Figure 3.6: Top: Camera (Si detector) images of two independent speckle patterns
produced by the narrow linewidth source wavelength 950 nm (source-detector 2B),
added to obtained a summed speckle image. Mid: Corresponding intensities of the
speckle patterns (light blue crosses) follow the expected exponential distribution, while
that of the summed deviate from it. The exponential probability density function
obtained from the intensities is plotted as the red lines. For the summed speckle pattern,
the probability function obtained from equation (3.4), and matches well with the data.
Bottom: Plots of speckle contrast versus radius of a circular area on the camera. At
high radius, the contrast value converges for the normalized speckle pattern (blue dots)
to C1 = 0.98+0.03, C2 = 1.01 +0.02 while for the summed speckle pattern the contrast
is lower C1 = 0.704 £+ 0.05. The contrast computed using equation (3.5) is plotted as
the solid black curve.
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smeared than the individual patterns. The intensity distribution of the resulting
pattern has similar shape as those in Figure 3.3, although in these two cases the
reason of deviation from exponential behavior are different. We then compute
the distribution using relation (3.4) with individual and the sum of intensities
of the measured speckle patterns as input. The resulting curve match well with
the intensity distribution of the summed speckles. From the usual method, we
find a contrast value of Cs = 0.704 4 0.05, which agrees well with the expected
value, since in our case, r = 1.04. Taking this ratio into account, we compute
the contrast using equation (3.5) and find a good match with contrast computed
for the summed speckle pattern as seen in Figure 3.6.

3.B Number of independent speckle patterns for
a smooth envelope

As N increases, contrast would decrease until we get a uniform, fully diffused
pattern with 0 contrast. The number of individual speckle patterns needed to be
recorded to obtain a smooth envelope can be estimated near the limit Cy — 0.
In our case we took N = 30 independent patterns which results in an envelope
with average contrast of Cs = 0.18. Since the envelope is not smooth enough
for normalizing the speckle patterns, a 2D Gaussian smoothing kernel filter of
standard deviation 5 was applied to the summed speckle image. Ideally N should
be as large as possible in case of fully developed independent speckle patterns.
Although, in case of partially developed independent speckles of low contrast as
in Figure 3.3, N can be much smaller. We propose that in this case the contrast
of average speckle pattern will scale as

(3.7)

where C; is the average contrast of the independent speckles.
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CHAPTER

Broadband wavefront
shaping and speckle
correlation in disordered
media

Wavefront shaping (WFS) is now a known method to enhance wave
intensity inside or behind a multiple scattering medium. We perform
WFEF'S over a broad range in the NIR frequencies including all the tele-
com bands to focus light behind a scattering medium. We first verify
that the optical thickness of the medium determines the frequency
width over which an optimized phase pattern works, which is also
given by the first order speckle correlation function. We finally show
that by decreasing the sample thickness within the limit of multiple
scattering, the frequency bandwidth of the optimization can be tuned
to as large as tens of THz in the NIR range.

4.1 Introduction

Light undergoes multiple scattering when encountered with a strongly scattering
medium. The resulting speckle pattern is the result of a random phasor sum
of many different light paths inside the sample, see Figure 4.1(a). By modu-
lating the phase of the incoming beam, a focus behind scattering media can be
created, which is the technique called wavefront shaping (WFS), first proposed
and demonstrated by COPS scientists Vellekoop and Mosk [45]. WEFS is now
a well-known technique in optics that has been extensively used in many fields
like super-resolution imaging [46, 47], microscopy [48], endoscopy [49, 50], and
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(a)

Figure 4.1: (a) Coherent plane waves impinge on a multiply scattering medium. Light
undergoes random walks through various scattering centers in the medium until finally
exits the medium in any arbitrary directions. A speckle pattern is formed at the exiting
side (in this case in transmission). (b) The phase wavefront of the incident light is
optimized spatially so that all of the transmitted channels end up at a specific target on
the output side — the phenomenon of wavefront shaping to focus light behind scattering
media.

cryptography [51, 52] . In WFS, the phases of the input wavefront are adjusted
so that after undergoing multiple scattering all the light constructively interferes
at a desired target, as shown in 4.1(b). This optimization, however, is depen-
dent on the frequency of the input light. Since with WFS, a scattering medium
is turned into a focusing lens, obtaining WFS optimization over a wide spectral
range would give us aberration-free broadband light focusing, which is very useful
in imaging and microscopy applications. Also, in industrial applications such as
directing light for optical communication such as Light Fidelity (LiFi) systems
[132-134], it is desirable to have controlled light steering over a broad spectral
range.

For WES over a broad spectral range, generally, the optimization has to be
done for each frequency in that range. Such processes could be tedious and take
a lot of computer memory. If the optimization works for a certain bandwidth,
the number of optimization steps can be reduced significantly. Therefore, if one
is interested in wavefront shaping over a very broad range, it is desirable to have
a broad bandwidth over which the same optimized pattern is functional and thus
requires a few optimization steps to cover a large frequency range. One way to
estimate the bandwidth of the wavefront without wavefront shaping is to find
the frequency speckle correlation function for the medium [135]. In disordered
media, speckles are correlated when the frequency is changed over a certain range,
called the speckle correlation [136-138]. In experiments, the speckle correlation
is estimated by measuring the correlation between speckles at a certain center
frequency and speckles produced when the frequency is detuned over a range
in either direction, using the same input beam profile. The speckle short-range
correlation C) is an exponentially decreasing function with detuning frequency
[139-141]. The speckle correlation depends on sample parameters like thickness
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Av (THz)

Figure 4.2: The correlation function C™ as defined in equation 4.1 versus detuning
frequency Av, for three different inverse optical thickness ¢/L of the sample. For opti-
cally thinner samples, the correlation peak is wider compared to thicker samples. The
values are calculated for center frequency v. = 193 THz (A = 1550 nm), and sample
thickness L = 10 pm.

(L), photon mean-free path (¢) and the effective refractive index of the medium
(netr). For a scattering medium without absorption, the frequency-dependent
short-range analytic correlation function is given by [140-142]

Av
A2 =—
™D

(4w Av 4 Av ’
cosh <L ) ) — Cos (L o) )

where D is the diffusion coeflicient that depends on the velocity of light in the
sample and the mean free path:

CM(Av) = (4.1)

Co Y4
p="°° 42
Neff 3 (42)

where ¢ is the velocity of light in vacuum. Using the expression 4.1 of speckle
correlation function, unknown sample parameters like the diffusion constant and
transport mean-free path can be estimated from experimental observations. C'(*)
effectively depends on the optical thickness of the medium, which is defined by
the ratio of the sample thickness to the transport mean-free path. The curves
of C™ versus Av calculated for three different optical thicknesses are shown in
Figure 4.2.

In this chapter, we perform wavefront shaping to produce a focus on the trans-
mitted signal of a disordered, strongly scattering medium across a broad fre-
quency range in the NIR. We show that the optimized phase pattern for a cer-
tain frequency is valid for a wide frequency range around the center frequency.
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Figure 4.3: The experimental setup for performing wavefront shaping over a broad
range of frequencies in NIR to focus light behind a scattering sample. The setup is an
edited, simpler version of the one described in chapter 2 Figure 2.6.

The frequency correlation between speckle patterns formed by unoptimized wave-
fronts follow the same trend as the WFS target intensity with frequency detuning.
We find the transport mean-free path of the sample in the near-infrared (NIR)
range including the telecom bands by comparing the correlation function with
theory. We also analytically investigate tuning of the frequency correlation width
when changing the optical thickness of the sample and show that the correlation
bandwidth and hence the optimization bandwidth can be increased to as wide as
tens of THz.

4.2 Sample and experiment

We use an ensemble of disordered zinc oxide (ZnO) nanoparticles spray-painted
on a standard glass microscope coverslip, with an average particle diameter of 200
nm (see Figure 3.1). The disordered ZnO slab has a thickness of L =32+ 1 pm
and a transport mean free path £ = 0.6 +0.2 um at wavelength 532 nm, obtained
from total transmission measurements [129].

For this experiment, a small alteration! of the experimental setup shown in
Figure 2.6 was done. The full setup to do the experiment of this chapter is
shown in Figure 4.3. We only collect the crossed polarized signal to detect the
multiply scattered light by the medium and avoid ballistic light. For details, see
appendix 4.A at the end of this chapter.

A frequency from the supercontinuum source is set by the monochromator
and the spectrally filtered light incidents on the reflective spatial light modulator

IThe microscope objective MO2 was moved to collect transmitted signal instead of lateral
scattered signal.
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Figure 4.4: (a) Wavefront shaped focus on the transmission of the sample. The SLM
pattern was optimized at the center frequency Av = 0, that corresponds v. = 221.5 THz
or wavelength Ac = 1350 nm. An intensity enhancement of about 100x is achieved at
the target location. The images obtained by further detuning the frequency by Av = 0.5
THz and Av = 1 THz and keeping the same optimized pattern are shown in (b) and (c)
respectively. (d) Speckle pattern produced by a random wavefront set on the SLM with
the same size of superpixels and center frequency. (e,f) The same random phase pattern
is kept on the SLM and speckle patterns are recorded on the camera while detuning the
center frequency by Av = 0.5 THz and Av = 1 THz.

(SLM). The reflected, phase-modulated wavefront from the SLM is then focused
onto the sample surface through the first objective MO1. The second objective
MO2 collects the scattered, transmitted light and thereafter the light is directed
to the InGaAs NIR detector camera, as shown in Figure 4.3. We choose 32 x 32
pixels size of superpixels on the SLM. A target spot of a few pixels is chosen on the
camera where we want to have wavefront-shaped focus. Then, using the intensity
at the target spot as the feedback, the phase of each superpixel is changed from 0
to 27, and the pixel is assigned the phase value where intensity is the maximum.
This procedure is applied to all the pixels in the chosen area of the SLM, and
the desired focus is obtained for the selected frequency of light. The procedure
is repeated for several frequencies across a broad spectral range in the NIR from
the extended E-band to the long-wavelength L-band of the telecom ranges.
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4.3 Results and discussion

4.3.1 Broadband wavefront shaping

After optimization of the input wavefront, we get a focus on the transmission
of the ZnO sample, shown in Figure 4.4(a). At the target spot, we obtain an
intensity enhancement of about n = 100x. Before the optimization, the output
transmission signal is a speckle pattern shown in Figure 4.4(d). All data shown
in Figure 4.4 are for center frequency v, = 221.5 THz or wavelength A\. = 1350
nm, which is in the E band of the extended telecom ranges. Next, we move to
analyze the spectral range over which the same optimized pattern would produce
a focus behind the sample.

Once we have the optimized phase pattern, we detune the frequency of the
incident light systematically up to several THz, while keeping the same phase
pattern on the SLM. For the case of center frequency v, = 221.5 THz, we show
in Figure 4.4(b) and (c) two camera images of the transmitted signal when the
frequency was detuned to Av = 0.5 THz and Arv = 1 THz, respectively. It is
clearly observed that the optimized wavefront at v, still produces a focus at the
same target spot, with decreasing intensity as Av increases. Therefore, the graph
of intensity versus Av gives the spectral bandwidth over which a WFS optimized
pattern works. We plot the data in Figure 4.6 (blue pentagons), where the
bandwidth is expressed as the full width at half maximum (FWHM) of the peak,
in this case, dv = 1.3 THz. This observation also shows that the frequency width
of the optimized pattern is not limited by the linewidth of our source, as the
linewidth is much narrower (=~ 0.2 THz) than the frequency width of the focus
intensity.

The optimization to produce a focus is then repeated for 6 different center
frequencies v, over a broad range. The same procedure of frequency detuning
is also applied to each case and the intensity at the target spot is plotted as a
function of the absolute frequency in the top panel of Figure 4.5. In the bottom
panel of Figure 4.5, the FWHM bandwidths of each peak are plotted against the
same abscissa. The bandwidth with respect to frequency decreases, which agrees
with earlier observations in the visible range [143].

4.3.2 Speckle correlation

A random phase pattern is set on the SLM and the transmitted speckle pattern
is recorded, shown in Figure 4.4(d). To find the frequency correlation of the
speckle pattern, we detune the frequency away from the center frequency, this
time keeping the same random phase pattern on the SLM, and record camera
images of the speckle patterns on the transmission. Then we find the correlation
between the speckle patterns at v, and at v, + Av. The correlation values thus
obtained are plotted in Figure 4.6 versus Av as the red crosses. The speckle
correlation matches very well with the target intensity plot for WFS, agreeing
with previous observations [135]. To check how well our data match the expected
correlation function for the sample, we compute the correlation using equation
4.1 as a function of frequency detuning using known sample parameters. We fit

62



4.3. Results and discussion

> Wavelength (nm)
= 16001500 1400 1300 1200 1100
% 1.0 [ T T : T Y T T
% 0.8
o0 0.6
204
£ 0.2
- 0.0 i ey ’é\
o % o =
0 e S
. T — 11 _%
E
£ 10f ' ' ' ' 1051
::/ ' n [ ]
g §
o 5t 10.16 S
]
= .
=
S ' ' ' ' 0.00
s 180 200 220 240 260 280
Frequency (THz)

Figure 4.5: (a) Intensity at the target spot when the input phase of the wavefront was
optimized independently for 6 different center frequencies v, (corresponding to each
intensity maxima) over a broad range in the NIR. Each peak has a certain bandwidth,
that defines the bandwidth over which the same optimized pattern successfully produces
a focus. The 6 different colors correspond to 6 different optimized patterns for each of
the center frequencies. (b) The bandwidths of the 6 peaks are taken as the FWHM’s
as a function of frequency. The grey dashed line is a linear fit through the data to
visualize the overall declining bandwidth with frequency. (c¢) Transport mean-free paths
extracted from speckle correlation function fitted for every center frequency where data

was measured.
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Figure 4.6: The correlation between a speckle pattern produced at Av = 0, where
ve = 221.5 THz by a random wavefront and those produced at Av # 0 produced by
the same phase pattern, versus Av (red crosses). The analytical model of the speckle
correlation function using sample parameters agrees very well with the experimental
data (solid black line) with mean-free path £ = 7.5 pm. The normalized intensity at
the target spot after wavefront shaping agrees very well with the speckle correlation
function (blue pentagons).
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Figure 4.7: The bandwidth of the correlation curve measured as the full width at half
maxima (FWHM) of the C") correlation peak versus the inverse optical thickness of
the medium, £/L. The solid curve is obtained from the correlation model computed
for £ = 7.5 pm and at center frequency v. = 221.5 THz (or A = 1350 nm). The
red diamond is the experimental data point obtained for the same center frequency
and mean-free path, which agrees well with the model. For comparison, we plot the
experimental data from van Beijnum et al. [135] as the black spheres. The dashed
curve is obtained from the correlation model for a similar sample and center frequency
computed for £ = 0.7 pm and at center frequency v. = 352 THz (or A\, = 852 nm).
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equation (4.1) to our data and find the transport mean free path to be £ = 7.5 £
0.7 pm at A = 1350 nm, as shown in Figure 4.6. The value of the mean-free path
is consistent with those estimated from enhanced backscattering spectroscopy
and total transmission measurements of similar samples in Refs. [144, 145]. The
known input parameters used here are the sample thickness L = 32 £+ 1 ym and
the effective refractive index nepr = 1.4 + 0.1. Similarly, we extract mean-free
paths for other frequencies measured and plot them in Figure 4.5(c).

Next, we investigate how to tune the bandwidth of the speckle correlation,
which effectively determines the bandwidth over which the WFS optimized pat-
tern is functional to produce focus behind scattering media. Since the correlation
bandwidth directly gives the WFS bandwidth, we investigate how broad width
can be achieved by tuning sample parameters. Using equation 4.1, the correla-
tion function is computed while sample thickness varies from L = ¢ to L = 60/,
while keeping ¢ constant. Here we use the sample parameters for {ness and center
frequency 221.5 THz. Then from the correlation peaks, the FWHM’s are ex-
tracted as the correlation bandwidth and plotted versus the inverse of the optical
thickness ¢/L in Figure 4.7.

When the sample is optically thick, the correlation bandwidth is very narrow
and it increases as the sample becomes optically thinner. Hence, as long as
scattering is dominant in the medium, the optical thickness can be tuned to
obtain the desired bandwidth. The data point obtained from our experiment
is plotted in the same graph, which agrees very well with the analytical curve
for effective index 1.5. To check consistency of our calculation and experiment,
we plot the two data points from van Beijnum et al. [135], where a different
center frequency and much thicker samples were used. Therefore, we do another
calculation for correlation functions using these parameters (¢ = 0.7 pm and
v, = 352 THz) and compute bandwidth for varying optical thickness. In this
case, we vary the sample thickness from L = ¢ to L = 280/, to include the
experimental range. The data points match very well with the model and show
the consistent dependency of correlation bandwidth with the optical thickness.

4.4 Conclusion and outlook

We performed optical phase-only WFS at various frequencies across the NIR
range to focus behind a slab of an ensemble of ZnO scattering nanoparticles.
The transport mean-free paths at these different frequencies are extracted for
the ZnO sample of thickness 32 ym. The frequency bandwidth of the WF'S focus
matches with the expected correlation bandwidth of speckle patterns produced by
detuning the center frequency. The observation of the wide frequency bandwidth
of the correlation and hence the optimized pattern is not limited by the linewidth
of our source, since the correlation width is much wider (6v > 1 THz) than the
source linewidth (0.2 THz). We have shown that the frequency bandwidth of the
speckle correlation function can be modified by changing the optical thickness
of the sample. The correlation bandwidth, and hence the WFS bandwidth can
be as large as tens of THz within the multiple scattering limit ¢ < L. We
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observe a comparatively faster increase of correlation bandwidth with decreasing
sample thickness when light with higher frequency is used. Although, there is
a limit up to how thin the sample should be, and that is the scattering limit.
For very thin samples (¢/L — 1), most of the light passes through the sample
without scattering as ballistic transmission. Hence wide correlation bandwidth
in that regime is caused by the high correlation between the unaltered input
and output wavefronts. In experiments for such cases, cross polarized detection
is necessary to avoid the ballistic light, and collect only the multiple scattered
light. Therefore it is always required to check, depending on application, how
much light is scattered considering geometry of the sample and shape of the
incident beam. In future, we would like to measure samples with varying optical
thickness to check the experimental limit of the correlation bandwidth.
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Figure 4.8: Speckle images on the transmission of the sample with linearly polarized
incident light with plane wavefronts. The detection is done at two orthogonal polariza-
tion states, viz. cross and parallel with respect to input, as mentioned on the titles.

APPENDIX 4

4.A Cross and parallel polarized detection of the
transmitted light

The incident light on the sample is linearly polarized, and first we check the
transmitted signal both in cross and parallel polarized states with respect to the
input. In cross polarized state, only multiple scattered light is detected as initial
polarization gets scrambled by many scattering events in the medium [6, 33, 34].
If there is ballistic light, i.e. light that transmits through the medium without
getting scattered, the polarization of the input state would still be maintained.
Hence, in parallel polarized state, ballistic components (if there is any) can be
detected. We show two images in Figure 4.8 for the two types of orthogonal
polarization detections. In cross polarization, a speckle pattern of the multiple
scattered light is formed as shown in the left image of Figure 4.8. Since we used
plane wave input, for parallel polarized detection, it is observed that there is a
considerable amount of intensity (about 10x more than the rest) near the center
of the speckle pattern at the location of the input focus. This observation shows
that our sample is in the multiple scattering regime, while a small fraction of
light escapes without scattering, making the sample not fully opaque. Hence, to
ensure that we only measure the multiple scattered light, in all measurements we
use cross polarized detection.
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CHAPTER

Experimental probe of a 3D
photonic band gap

The identification of a complete three-dimensional (3D) photonic band
gap in real crystals typically employs theoretical or numerical models
that invoke idealized crystal structures. Such an approach is prone to
false positives (gap wrongly assigned) or false negatives (gap missed).
Therefore, we propose a purely experimental probe of the 3D pho-
tonic band gap that pertains to any class of photonic crystals. We col-
lect reflectivity spectra with a large aperture on exemplary3D inverse
woodpile structures that consist of two perpendicular nanopore ar-
rays etched in silicon. We observe intense reflectivity peaks (R > 90%)
typical of high-quality crystals with broad stopbands. A resulting
parametric plot of s-polarized versus p-polarized stopband width is
linear (“y=x"), a characteristic of a 3D photonic band gap, as con-
firmed by simulations. By scanning the focus across the crystal we
track the polarization-resolved stopbands versus the volume fraction
of high-index material and obtain many more parametric data to con-
firm that the high-N A stopband corresponds to the photonic band gap.
This practical probe is model-free and provides fast feedback on the
advanced nanofabrication needed for 3D photonic crystals and stimu-
lates practical applications of band gaps in 3D silicon nanophotonics
and photonic integrated circuits, photovoltaics, cavity QED, and quan-
tum information processing.

The content of this chapter has been published in: M. Adhikary, R. Uppu, C. A. M. Harteveld,
D. A. Grishina, and W. L. Vos, Ezperimental probe of a complete 3D photonic band gap,
Opt. Express 28:2683-2698 (2020).
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Figure 5.1: (a) Band structures calculated for an inverse woodpile photonic crystal for
r/a = 0.19 and relative permittivity es; = 11.68. The abscissa is the wave vector in the
1st Brillouin zone (see inset). The experimentally relevant I'Z high-symmetry direction
is enlarged for clarity. The I'Z stop gaps for s and p-polarized light are indicated by
the yellow and hatched bars, respectively. The p-polarized bands are shown in blue
and s bands in red [111]. The pink bar is the 3D photonic band gap. Band structure
calculated by R. Nair. (b) The I'Z stop gaps and 3D photonic band gap as a function
of the reduced pore radius r/a, with the corresponding air volume fraction as the top
abscissa. The solid curves are the edges of the 3D band gap. The I'Z stop gap edges are
shown as the blue and red dotted curves (p-polarization) and the green and magenta
dashed curves (s-polarization). The left ordinate is for a lattice parameter a = 680 nm.

5.1 Introduction

Completely controlling the emission and the propagation of light simultane-
ously in all three dimensions (3D) remains a major outstanding target in the
field of Nanophotonics [19, 20, 25, 146, 147]. Particularly promising tools for
this purpose are 3D photonic crystals with spatially periodic variations of the
refractive index commensurate with optical wavelengths. The photon dispersion
relations inside such crystals are organized in bands, analogous to electron bands
in solids [57, 148] see, for example, Figure 5.1(a). When light waves inside a
crystal are Bragg diffracted, directional energy gaps — known as stop gaps — arise
for the relevant incident wavevector. When the stop gaps have a common over-
lap range for all wavevectors and all polarizations, the 3D nanostructure has a
photonic band gap.

Thanks to extensive efforts in nanotechnology, great strides have been made
in the fabrication of 3D nanostructures that interact strongly with light such
that they possess a 3D complete photonic band gap [66, 149-151]. Remarkably,
however, it remains a considerable challenge to decide firstly whether a 3D nanos-
tructure has a bona fide photonic band gap functionality or not, and secondly
to assess how broad such a band gap is, which is critical for the robustness of
the functionality. It is natural to try to probe the photonic band gap via its
influence on the DOS and LDOS by means of emission spectra or time-resolved
emission dynamics of emitters embedded inside the photonic crystal [114, 152—
154]. However, such experiments are rather difficult for several practical reasons,
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that notably involve the emitter’s quantum efficiency [155], the choice of a suit-
able reference system [156], and finite-size effects [157].

Alternatively, the presence of a gap in the density of states may be probed by
transmission or reflectivity [116, 118, 158-171]. In such an experiment, a peak in
reflectivity or a trough in transmission identifies a stopband in the real and finite

(Aw/(’oc) s-pol (%)

Figure 5.2: Parametric plot of relative stopband width for p-polarization versus rela-
tive stopband width for s-polarization measured with NA = 0.85 at the same position
on crystals with a range of volume fractions (blue circles). Black dashed-dotted line
is the linear “y=x" dependence characteristic of the 3D photonic band gap. The red
dashed curve pertains to the I'Z stop gap, as obtained from band structures. The cyan
cross and green asterisk are numerical results for normal incidence (NA = 0) and angle-
averaged (NA = 0.65) stopbands for r/a = 0.19, respectively, and the magenta star is
the band gap width simulated for a finite-thickness crystal with r/a = 0.19 that are
connected by the gray dotted line as a guide to the eye [111].

crystal that is interpreted with a directional stop gap in the dispersion rela-
tions. By studying the 3D crystal over a sufficiently large solid angle, one expects
to see a signature of a 3D photonic band gap. While reflectivity and transmis-
sion are readily measured, such probes suffer from two main limitations. One
technical impediment is when a reflectivity or transmission experiment samples
a too small angular range to safely assign a gap, whereas a broader range would
reveal band overlap. The second class of impediments includes possible artifacts
related to uncoupled modes [172, 173], fabrication imperfections, or unavoidable
random disorder, all of which may lead either to erroneously assigned band gaps
(‘false positive’) or to overlooked gaps (‘false negative’). To date, these issues are
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addressed by supplementing reflectivity or transmission experiments with theo-
retical or numerical results and deciding the presence of a band gap and its width
from such results. Theory or numerical simulations, however, always require a
model for the photonic crystal’s structure and the building blocks inside the unit
cell. Such a model is necessarily an idealization of the real crystal structure and
thus misses essential features. For instance, crystal models are often taken to
be infinitely extended and thus lack an interface that fundamentally determines
reflectivity or transmission features [111]. Or unavoidable disorder is not consid-
ered, whereas a certain degree of disorder may completely close a band gap [174].
Or the crystal structure model lacks random stacking (occurring in self-organized
structures) which affects the presence and width of a band gap [175]. Thus, when
the ideal model differs from the real structure, the optical functionality of the
crystal differs from the expected design for reasons that are far from trivial to
identify [176]. Therefore, the goal of this chapter is to find a purely experimental
identification of a photonic band gap that is robust to artifacts as it avoids the
need for modeling.

To arrive at a purely experimental probe of the band gap, we exploit the
fact that a 3D photonic band gap is a common gap for both polarizations at
all wave vectors in the Brillouin zone simultaneously, cf., Figure 5.1(a). In an
experimental situation, sampling as many wave vectors as possible corresponds
to sampling an as large as possible numerical aperture NA, in which case the
observed stopband widths for s and p-polarized light will be equal. Hence, in a
parametric plot of the p-polarized stopband width versus the s-stopband width,
the resulting data point is on the straight line (“y = x”) through the origin, as
illustrated in Figure 5.2. Conversely, in the limit of a very small aperture (NA
1 0) one samples a gap for only one wave vector, such as the high-symmetry
I'Z stop gap shown in Figure 5.2. Since directional stop gaps are polarization
sensitive, as is apparent from Figure 5.1, in the parametric plot in Figure 5.2 the
corresponding data clearly deviate from linear behavior. Therefore, the proposed
probe of a 3D photonic band gap consists of the following three steps:

1. Measure polarization-resolved reflectivity with a high numerical aperture;
2. Parametrically plot the widths of the s versus the p-polarized stopbands;

3. Verify how close the measured result approaches the band gap limit.

In this chapter, we experimentally realize such a probe. In addition we add a 4th
point, namely, we track the stopband widths versus volume fraction to obtain
many parametric data points that all agree with the band gap expectation. In
the process, our method is validated by the very good agreement between stop
band widths measured as a function of volume fraction and theoretical results for
the photonic band gap. Our purely experimental approach is robust and pertains
to any crystal structure, including inverse opals and direct woodpiles, as well as
aperiodic band gap structures [177], since no a priori assumption is made about
the sample structure or any other property.
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E-field
orientation

Silicon

Figure 5.3: (a) Scanning electron microscopy (SEM) image of the edge of the silicon
beam with a cubic 3D inverse woodpile crystal in perspective view. The crystal has
lattice parameters ¢ = 680 nm in the Y-direction, and ¢ in the X and Z-directions
with ¢ = a/ \/5 Top: The incident light cone is centered around the wave vector ki,
in the I'Z direction. The polarization is shown: light is p-polarized when the incident
E-field is parallel to the X-directed pores, and s-polarized when the incident E-field
is perpendicular to the X-directed pores. (b) Image of the zy-surface of one of the
3D inverse woodpile crystals taken with the IR camera in the optical setup with near
infrared LED illumination, with two partly visible neighboring crystals below and above.
The bright spot on the crystal is the focus of the incident light from the supercontinuum
source filtered by the monochromator. The dotted red line shows the position scan of
the focus across the crystal as shown in Figure 5.5.

5.2 Sample and experiment

5.2.1 3D photonic crystals

We study 3D inverse woodpile photonic crystals made of silicon described in
chapter 2. A calculated band struture of a perfect infinite crystal is shown in
Figure 5.1 (a). In our experiments, the axis of the incident light cone is cen-
tered on the I'Z high symmetry direction of the crystals. Figure 5.1(a) shows
that several bands have s or p-polarized character following the assignment of
Devashish et al. [111]. This Bloch mode polarization indicates the mode sym-
metry properties while being excited with either s or p-polarized light incident
from a high-symmetry direction (here the Z-direction). Figure 5.1(a) also shows
that the relative bandwidth of the I'Z stop gap, gauged as the gap width Aw
to mid-gap w,. ratio, is wider for s-polarized light (Aw/w. = 36.5%) than for p-
polarized light (Aw/w. = 27.6%), which is reasonable since in the former case the
electric field is perpendicular to the first layer of pores so that light scatters more
strongly from this layer. For the diamond-like inverse woodpile structure, the I'Z
high-symmetry direction is equivalent to the I'’X high-symmetry direction, and
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thus also their opposite counterparts viz. —I'Z and —T'X [111, 118].

In our experiments, the axis of the incident light cone is centered on the I'Z high
symmetry direction. Figure 5.1(a) shows that several bands have s or p-polarized
character following the assignment of Devashish et al. [111]. This Bloch-mode-
polarization assignment indicates the mode symmetry properties while being ex-
cited with either s or p-polarized light incident from a high-symmetry direction
(here the Z-direction). Figure 5.1(a) also shows that the relative bandwidth of
the I'Z stop gap, gauged as the gap width Aw to mid-gap w, ratio, is wider for
s-polarized light (Aw/w. = 36.5%) than for p-polarized light (Aw/w. = 27.6%),
which is reasonable since in the former case the electric field is perpendicular to
the first layer of pores so that light scatters more strongly from this layer. For
the diamond-like inverse woodpile structure, the I'’Z high-symmetry direction
is equivalent to the I'’X high-symmetry direction, and thus also their opposite
counterparts viz. —I'Z and —I'X [111, 118].

Figure 5.1(b) shows the I'Z stop gaps for s and p polarization as a function
of pore radius r/a, as well as the photonic band gap [118]. An increasing pore
radius corresponds to an increasing air volume fraction, hence to a decreasing
effective refractive index. All gap centers shift to higher frequencies which makes
sense, since a gap center frequency w, is equal to w, = %.kBZ.G [18, 66], with
co the speed of light (not to be confused with the lattice parameter c), negr
the effective refractive index of the photonic crystal [178], and G a structure
factor [57]. The 3D photonic band gap exists within the broad range 0.14 <
r/a < 0.29 with a maximum width at r/a = 0.245, as reported earlier [107, 109].
When comparing the stop gaps and the 3D photonic band gap, we note that all
lower edges nearly overlap, which is robust as a function of pore radius (r/a), and
which is a convenient yet coincidental feature of inverse woodpile crystals that
we exploit to validate the volume fraction that we determine by optical means.

5.2.2 Experiment

The reflectivity measurements are done by sending and collecting tunable broad-
band light through a high numerical aperture NA = 0.85 objective lens (see
Chapter 2 for details). The NA corresponds to a large collection solid angle of
0.957 sr. All reflectivity measurements are done for two orthogonal polarization
states of the incident light, namely s (electric field transverse to X-directed pores)
and p (electric field parallel to X-directed pores), as defined in Figure 5.3(a). To
verify the reproducibility of our experiments (both the fabrication methods and
the optical measurements), we include in this chapter data obtained with an
older setup on an older silicon bar. Since several crystals on this bar have been
characterized by traceless X-ray tomography [176], the results on these crystals
validate the optical method described below to determine the pore radius.
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Figure 5.4: Reflectivity spectra of three different 3D photonic crystals with three de-
signed pore radii r4 = 130,140 and 160 nm (rq¢/a = 0.191,0.206,0.235) (red circles,
yellow diamonds and blue triangles, respectively). The stopbands appear at different
frequency ranges. The gray squares represent reflectivity from bulk Si on the beam

away from the crystals.
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5.3 Results

5.3.1 Reflectivity and stopband

Figure 5.4 shows reflectivity spectra measured on three 3D crystals with different
designed pore radii rq = 130,140,160 nm, as well as on the Si substrate. The
constant reflectivity R = 30.6+1.3% of the substrate agrees well with the Fresnel
reflectivity of 31% expected for bulk silicon at normal incidence [179]. Intense
reflectivity peaks with maxima of R,, = 96% and 94% are measured on the
crystals with pore radii r4 = 130 nm and 140 nm, respectively. A slightly lower
maximum reflectivity of 70% observed for the ry = 160 nm crystal is caused by
the Si etching process that seems to produce smoother pores at smaller radii.
Our observations are consistent with recent numerical results that perfect silicon
inverse woodpile crystals with a thickness of only three unit cells reflect 99%
of the incident light [111]. Our results are also consistent with 95% reflectivity
measured by Euser et al. on a direct silicon woodpile that was only one unit cell
thick [180]. We surmise that the current maximum reflectivity are higher than
those of [112, 118] due to improved nanofabrication and improved optics.

The reflectivity peaks correspond to the stopband and are associated with the
main I'Z stop gap centered near a/A = 0.45 in Figure 5.1(a). Figure 5.4 also
shows that the center of the stopband shifts to higher frequencies with increasing
pore radius, which qualitatively agrees with the calculated behavior shown in
Figure 5.1(b).

The stopband width is taken as the full width at half maximum (FWHM) of the
reflectivity peak, as it gives a robust measure of the stopband [181]. The baseline
of the peak is taken as the minimum reflectivity in the long-wavelength limit at
frequencies below the stopband, with the standard deviation in this frequency
range as the error margin. Similarly, the maximum reflectivity is taken as the
mean in a narrow frequency range around the peak, with the standard deviation
in this range taken as the error margin. The errors are propagated into the
estimates of the edges at half maximum of the peak.

5.3.2 Position-dependent stopband

It is well-known from structural studies such as scanning electron microscopy
on cleaved crystals [101] and from non-destructive X-ray tomography [176] that
the radius of etched nanopores varies slightly around the designed value with
depth inside the crystal due to the nature of the etching process [101]. By
comparing the lower edge of the measured stopband with the calculated stop
gap (cf. Figure 5.1(b)), we obtain an estimate of the local average pore radius
r at the position XY, Z of the optical focus: 7(X,Y, Z). In this comparison we
profit from the feature in the band structures of inverse woodpile crystals that
the lower edges of both the band gap and of the stop gap are nearly the same,
hence the determination is robust to the interpretation which gap is probed.
For the three spectra in Figure 5.4, we derive the pore radii to be r/a =
0.190 £ 0.001,0.195 £ 0.001, and 0.228 % 0.002, respectively, which agrees very
well with the design (rq/a = 0.191, 0.206, 0.235), where the small differences are
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attributed to the depth-dependent pore radius discussed above. Note that these
radii are estimated only on the probing location on the crystal, where the errors
depend on steepness of the lower edge of the stopband. We note that since the
probing direction is perpendicular to the X-directed pores in the crystals, the
derived pore radii are effectively those of the pores that run in the X-direction.
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Figure 5.5: Reflectivity measured as a function of Y-position on a crystal with de-
sign pore radius rq = 130 nm (or r4/a = 0.191), measured with p-polarized light. (a)
Maximum peak reflectivity (R.,,) and minimum reflectivity below the stopband (R;).
(b) Upper edges (magenta diamonds) and lower edges (blue triangles) of the stopband
obtained from the half heights of the reflectivity peaks. The right ordinate is absolute
frequency for a lattice parameter a = 680 nm. (c) Relative radii r/a derived by com-
paring the lower edge of the stopband with data shown in Figure 5.1(b). The grey areas
at Y <0 pm and Y > 10 pm indicate bulk silicon outside the crystal with a constant
reflectivity near 31%.

Next, we collect reflectivity spectra while scanning the focus across the crystal
surface. Since we then effectively scan the pore radius r, we expect to scan
the stopband in response. As an example, Figure 5.5 shows the results of a Y-
scan across one of our crystals with design pore radius ry = 130 nm (rg/a =
0.191). The position scan of the focus across the crystal is shown as the red
dashed line in the camera image shown in Figure 5.3(b). While scanning the
Y -position, a slight excursion occurred in the X-direction from x = 2.8 pym to
3.2 pm due to imperfect alignment of the silicon beam axis with the vertical
axis of the translation stage. From each collected spectrum, we derive the peak
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reflectivity R,, and the minimum reflectivity below the stopband R; as shown in
Figure 5.5(a). Inside the crystal there is substantial difference between R,, (up
to Ry, = 94.8%) and Ry, hence the crystal’s reflectivity peaks are well-developed.
Near the crystal edges (Y = 0 um and 10 pm) the difference between R,, and
R, rapidly decreases and both tend to about 31% since the focused light here is
reflected by bulk silicon.

Figure 5.5(b) shows the edges of the measured stopband as a function of Y.
Between Y = 0 um and 10 gm the lower edge shifts down from 5950 to 5550 cm ™!
and the upper edge shifts down from 7550 to 6550 cm™!. In other words, both
the center frequency of the stopband and its width decrease with increasing Y
as a result of the variation of the pore radii with position. The redshift of the
stopband frequencies is likely caused by the small excursion along X, since the
radius of the X-directed pores decreases with increasing X. Additionally, the
pore radius might have an inhomogeneity along the Y direction, since we observe
similar consistent shift of the stopband on other crystals measured on the same
silicon beam, see for example Figure 7.5.

By comparing the measured lower edges in Figure 5.5(b) with the theoretical
gap maps shown in Figure 5.1(b), we derive the local pore radius r(X,Y,Z)
in the crystal that is plotted versus Y-position in Figure 5.5(c). The resulting
r(X,Y,Z)/a is seen to vary from 0.197 to 0.176 about the design pore radius
rq/a = 0.191. Therefore, we can now combine all position-dependent data to
make maps of stopband centers and stopband widths as a function of the pore
radius.

5.3.3 Gap map from experiments

We have applied the procedures described in sections 5.3.2 and 5.3.1 to reflectivity
measured on many crystals and we also collected spectra during Y-scans on
two crystals to verify the consistency of all observations. From all collected
reflectivity spectra, both s and p polarized, the lower and upper stopband edges
are extracted, and are mapped as a function of r/a in Figure 5.6. The lower edge
data form a continuous trace from reduced frequency a/A = 0.38 at r/a = 0.17
to a/X = 0.50 at r/a = 0.245. The data match well with the theory, which is
obvious since we used the lower edge to estimate r/a from the measured spectra.

The upper edge data form a continuous trace from reduced frequency a/\ =
0.42 at r/a = 0.17 to a/A = 0.64 at r/a = 0.245. It is remarkable that the upper
edge data for both s and p-polarized light mutually agree very well, especially
for pore radii r/a > 0.21. This observation implies that the measured stopband
is representative of the 3D photonic band gap that is polarization insensitive, as
opposed to a directional stop gap that is polarization sensitive.

In comparison to theory, at pore radii r/a < 0.21 the upper edges are in
between the theoretical upper edges of the band gap and the p-polarized edge of
the directional stop gap. At larger radii (r/a > 0.21), all measured upper edge
data are near the theoretical upper band gap edge and differ from the stopband
edges. This observation adds support to the notion that the structure-dependent
stopbands represent the 3D photonic band gap, rather than a directional stop
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Figure 5.6: Evolution of the stopband edges versus pore radius. The red and blue
triangles represent upper edge of the stopband for s and p-polarized light respectively.
The red and blue circles represent the lower edge of the stopband for s and p polarized
light. The stopband edges are inferred from the reflectivity peak measured on 11 crys-
tals. The solid lines indicate the edges of the photonic band gap. The upper edge of the
I'Z stop gap for s and p polarized light are plotted as the red and blue dotted curves,
respectively. The right ordinate is absolute frequency for a lattice parameter a = 680
nm.

gap.

We plot in Figs. 5.7(a) and 5.7(b) the relative stopband width (gap to mid-gap
ratio) as a function of r/a as derived from the lower edges. The large number of
data in Figure 5.7(a) shows that the width of the s-polarized stopband increases
up to r/a = 0.2 before saturating up to r/a = 0.24. The s-polarized data for
an older Si beam agree well with our data, except for an outlier at r/a = 0.24.
For these older crystals, the pore size r/a was obtained from a direct structure-
determining method, namely X-ray tomography [176]. Consequently, the good
agreement with the newer crystals whose pore radii are determined from the
stop band edge validates the optical determination of the pore radii. Moreover,
since the optical experiments on the older crystals employed a different setup,
the good agreement indicates that both the old and the new reflectivity spectra
are representative, even though the old setup yields lower maximum reflectivity.
All data are close to the theoretical prediction for the width of the 3D photonic
band gap and lie distinctly below the theoretical width of the stop gap.

Figure 5.7(a) also shows results of s-polarized reflectivity simulated for a finite
inverse woodpile crystal with r/a = 0.19 [111], namely of a directional stopband,
of an angle-averaged stopband (for a range of angles relevant for a reflecting
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Figure 5.7: Measured relative stopband width (gap width to midgap, Aw/w.) versus
r/a for (a) s-polarized (red circles), (b) p-polarized (blue circles) input light. Yellow
diamonds in (a) are data from an older Si beam. The cyan crosses, green asterisks, and
magenta stars are numerical results for normal incidence, angle-averaged stopband, and
complete band gap at r/a = 0.19, respectively for both polarizations [111]. The dashed
red and dash dotted blue curves represent the width of the I'Z stop gap obtained from
band structures for s and p polarized light, respectively. The magenta solid curve is the
3D photonic band gap from band structures.

objective with NA = 0.65), and of an omnidirectional band gap. With increasing
aperture, the simulated stopband becomes narrower. From the comparison, it is
apparent that our data match best with the width of the 3D photonic band gap.

Figure 5.7(b) shows the p-polarized stopband widths versus pore radius. At
pore radii 7/a < 0.21, the stopband widths are in between the theoretical band-
widths of either the directional stopgap or the omnidirectional band gap. At
larger radii (r/a > 0.21), the measured stopband widths match better with the
theoretical width of the band gap than with the stop gap width. From p-polarized
finite-crystal simulations done at r/a = 0.19 [111], we conclude that the band-
widths of the directional stop gap, of the angle-averaged stopgap, and of the band
gap are near to each other, hence it is difficult given the variations in our data to
discriminate between either feature. Considering the s and p-polarized stopband
widths jointly, we again find a much better agreement with the 3D photonic band
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gap than with the directional stop gap.

The conclusions from Figs. 5.6 and 5.7 are based on the agreement between
measurements on one hand, and simulations and theory on the other hand. The
latter invokes an idealized structural model, for instance, pores as infinite perfect
cylinders which neglect pore tapering, or roughness. Therefore, these conclusions
do not represent a purely experimental probe of a 3D band gap.

5.3.4 Experimental probe of the photonic band gap

At this point, we are in a position to complete the model-free experimental probe
of a 3D photonic band gap, consisting of the (3+1) step plan outlined in sec-
tion 5.1. Up to here, we have discussed the collection of polarization-resolved
reflectivity spectra using a large NA (step #1). Next, we parametrically plot the
width of the measured p-polarized stopband versus the width of the s-polarized
stopband that is shown in Figure 5.2 (step #2). In order to avoid systematic
errors due to the position-dependence of the stopbands, we select data where
spectra were measured for both polarizations on the same position on a crystal.

Figure 5.2 shows that for s-polarized stopband widths between Aw/w. = 17%
and 24%, the corresponding p-polarized stopband width increases linearly, and
also from 17% to 24%. Such a strictly linear increase agrees with the expectations
for a 3D photonic band gap even without modeling, since a 3D band gap entails
a forbidden gap for both polarizations simultaneously [20] (steps #3 and #4). In
the case of the alternative hypothesis that the measured stopbands correspond
to directional I'Z stop gaps, the parametric trend would be nonlinear and clearly
differ from the diagonal. Since this trend obviously does not match with our
data, we reject this hypothesis.

In order to validate our proposed method, we discuss results obtained from nu-
merical simulations on a finite-size inverse woodpile photonic crystal by Devashish
et al. [111]. The simulations were done for inverse woodpiles made from silicon
with a pore radius r/a = 0.19, and the incidence angle was varied over a wide
range. Several situations were simulated, namely single-direction incidence from
a high-symmetry direction (I'X or I'Z) with effectively zero numerical aperture
(NA = 0). Secondly, simulations were done for incidence over a large range of
angles corresponding to a reflecting objective with NA= 0.65 (see [117, 118]).
Thirdly, the 3D photonic band gap was studied. The simulations reveal that
when the NA is increased, the corresponding data move towards the diagonal.
Figure 5.2 shows that the data point for the directional stop gap agrees very
well with the stop gap curve and is far from the diagonal band gap line. The
data point simulated for the NA= 0.65 objective is in between the stop gap and
the band gap curves, as expected since these curves effectively represent low and
high NA. Finally, the data point for the band gap agrees well with the band gap
prediction and not at all with the stop gap curve. Therefore, the numerical aper-
ture NA = 0.85 used here is apparently sufficient to probe the omnidirectional
photonic band gap.
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5.4 Discussion

It is widely agreed that the fabrication of 3D nanostructures necessary for pho-
tonic band gap physics is challenging [17, 159-161]. Consequently, since the
detailed 3D nanostructure critically determines the band gap functionality, it is
important to have a non-destructive verification of the functionality. We propose
that the practical band gap probe method presented here fills a gap by providing
relatively fast feedback on a newly fabricated band gap material. In a holis-
tic approach, one would not only verify the functionality but also the 3D band
gap material since the latter usually aids the understanding of the functional-
ity, especially in complex situations where the function differs from the designed
one. While studying the detailed 3D structure of a nanostructure is non-trivial,
successful methods have been reported using X-ray techniques, notably small-
angle X-ray scattering [182-184], X-ray ptychography [185], or traceless X-ray
tomography [176].

The optical analysis discussed in section 5.3.2 provides a relatively straight-
forward and non-destructive way to study details of the 3D band gap material,
whereas in section 5.3.4 we present a purely experimental probe of the 3D pho-
tonic band gap without the need to idealize the crystals as is traditionally done
in numerical simulations. Since this experimental probe is independent of the
crystal structure, it is readily applicable to other types of 3D photonic band
gap materials such as inverse opals, direct woodpiles, and even to non-periodic
materials [75, 159, 177]

So far, the optical analysis discussed in section 5.3.2 was specific to the inverse
woodpile structure studied here [105]. In order to generalize our analysis to other
classes of photonic band gap crystals, such as inverse opals, direct woodpiles, and
even non-periodic ones [177], it is useful to realize that a varying pore size in an
inverse woodpile structure corresponds to the tuning of the filling fraction and
thus of the effective refractive index [178], both of which pertain to all other
classes of photonic band gap structures. Both the filling fraction and the effec-
tive index are readily generalized to other 3D photonic band gap crystals. For
instance, in inverse opals the filling fraction of the high-index backbone is known
to vary with preparation conditions [183], hence this can be used as a tuning
knob. In direct woodpile crystals, the filling fraction is notably tuned by varying
the width of the high-index nanorods [75, 159], and similarly in hyperuniform
structures [177]. It is therefore that the top abscissae in Figs. 5.6, 5.7, and 5.1(b)
have been generalized to the effective refractive index. Therefore, the stopband
width versus the effective index (as in Figure 5.7) or the p-polarized stopband
width versus the s-polarized one also pertain as probes to other classes of band
gap structures, and thus serve as experimental probes of the 3D photonic band
gap in such other structures.

We foresee that a practical probe of 3D photonic band gaps will boost their
applications in several innovative fields. For instance, recent efforts by the Tokyo
and Kyoto teams have demonstrated the use of 3D photonic band gap crystals
as platforms for 3D photonic integrated circuits [75, 186]. In the field of photo-
voltaics that is of considerable societal interest, the use of 3D photonic band gap
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crystals is increasingly studied to enhance the collection efficiency by means of
various kinds of photon management [68, 69, 187]. A robust band gap is necessary
to realize embedded point or line defects in a 3D photonic crystal to effectively
control emission and 3D waveguiding applications [74, 163]. It is an essential
feature of a 3D photonic band gap crystal to have a gap in the density of states,
which in turn corresponds to the density of vacuum fluctuations. Therefore,
quantum devices embedded inside a 3D band gap crystal are effectively shielded
from quantum noise [78], including quantum gates that manipulate qubits for
quantum information processing.

5.5 Conclusion

In this chapter, we present a purely experimental probe of the 3D band gap in
real three-dimensional (3D) photonic crystals, without the need for theoretical
or numerical modeling that invokes idealized and even infinite photonic crys-
tals. As an exemplary structure, we study 3D inverse woodpile crystals made
from silicon. For the probe, we exploit the fact that a 3D photonic band gap is
a common gap for both polarizations at all wave vectors in the Brillouin zone
simultaneously. The band-gap probe consists of three main steps: 1) measure
polarization-resolved reflectivity with a high numerical aperture; 2) parametri-
cally plot the widths of the s versus the p-polarized stopbands; 3) verify how close
the measured result approaches the band gap limit. In addition, a 4th point de-
scribes how to track the stopband widths versus volume fraction to obtain many
parametric data points that all agree with the band gap expectation.

In an experimental situation, sampling as many wave vectors as possible corre-
sponds to sampling an as large as possible numerical aperture NA, in which case
the observed stopband widths for s and p-polarized light will be equal. Hence, in
a parametric plot of the p-polarized stopband width versus the s-stopband width,
the resulting data point is on the straight line (“y = x”) through the origin.

In the process, we have collected position and polarization-resolved reflectivity
spectra of multiple crystals with different design parameters with a large nu-
merical aperture and observed intense reflectivity peaks with maxima exceeding
90% corresponding to broad (up to 24%) stopbands, typical of high-quality crys-
tals. We have produced a gap map for the experimental stopband width versus
pore radius, which agrees much better with the predicted 3D photonic band gap
than with a directional stop gap. From a parametric plot of s-polarized versus
p-polarized stopband width, we obtain a strictly linear dependence, in agree-
ment with the 3D band gap and at variance with the directional stop gap. This
parametric plot is a purely experimental probe of the 3D band gap and can be
readily applied to other types of 3D photonic band gap crystals. Such a practical
probe provides a fast evaluation of the advanced nanofabrication required for
3D photonic crystals. Moreover, the fast probe of 3D band gaps will stimulate
practical applications of band gaps, notably in 3D silicon nanophotonics and pho-
tonic integrated circuits, photovoltaics, cavity QED, and quantum information
processing.
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APPENDIX 5

5.A Variation of pore size with depth

In this appendix, the detailed experimental analysis of estimating the local pore
radii of the crystals is presented.
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Figure 5.8: Reflectivity spectra for several X-positions indicated on the legend for the
3D structure with design pore radius R4/a = 0.235. The stopband appears at different
frequency ranges at different spatial positions, indicating non-uniformity of the crystal.

Figure 5.4 shows that the center of the stop band blue shifts with increasing
pore radius. This frequency shift of the stop band qualitatively agrees with the
behavior of the calculated stop gap shown in Figure 5.1(b). By comparing the
lower edge of the measured stop band with that of the calculated stopgap, we
estimate the pore radii of the three crystals to be R/a = 0.190 +0.001,0.195 +
0.001,and 0.228 4 0.002, respectively, which agrees very well with the design
Ry/a = 0.190,0.205, and 0.235.

We first investigate how spatially uniform the crystal is, by means of position-
resolved reflectivity measurements. For this purpose, we perform reflectivity
measurements along one of the etching direction of the pores on a crystal with
Rg/a = 0.235. The focus of the light beam is scanned in the X-direction across
the crystal from the crystal- air edge until it reaches the bulk silicon on the other
side of the crystal. At every AX = 0.22 um step, a reflectivity spectrum is
recorded. Thus we collected 40 spectra across and beyond the 8 pm wide crystal.
A small selection of representative spectra are shown in Figure 5.8. Near the
edge of the crystal the overall reflectivity is very low, without any peak. The
size of the focus is about 2 pm and therefore, when X < 2 pm, the light leaks
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by the edge of the crystal resulting in a lower overall reflectivity. Interestingly,
depending on the position, the stop band appears at different ranges of wave
numbers. This observation immediately implies that the fabricated crystals are
not uniform. The shifting of stop band with position can be used to reveal the
source of non-uniformity of the crystal. According to the results reported in Ref.
[109], the fabrication deviation that significantly influences the photonic band
gap is tapering of the pore radius. Therefore we can relate the stop band to
the possible variation of pore radius inside the crystal. Next we proceed for a
detailed investigation of the stop band as a function of position to have a better
understanding of the fabricated crystals.

Since the etch mask used to fabricate the pores in silicon is well defined, the
lattice constants are reliable with the design values. But the radii and uniformity
of the pores with depth can vary depending on the etching process and time.
In this experiment, the X-directed pores are perpendicular to the direction of
measurement, while the Z-directed pores are along the direction of measurement.
Therefore, while performing position dependent measurements as a function of
X, the optical response of the crystal is primarily influenced by the X-directed
pores. Hence to explain the position dependent behavior of the crystal, we relate
the change in the observed stop band to change in radius of the pores along X.

From the reflectivity spectra taken at different X positions, we obtain the
relative widths of the stop band as the ratio of the FWHM of the reflectivity
peak and its center frequency (Aw/w.), shown in Figure 5.9(a). In Figure 5.9(b),
the maximum reflectivity (R,,) and the average reflectivity below the stop band
(R;) are plotted as a function of X. R, essentially gives the Fresnel reflectivity in
the low-frequency limit due to the effective refractive index of the porous silicon
crystal. The X values in the abscissa indicate the position of the center of the
focus on the crystal surface, with a focus diameter less than 2 pm.

We distinguish several X ranges on the crystal according to the trend of the
stopband width with X. In region I (0 pm < X < 1.5 pum) the stop band width
is broad and nearly constant. In this region, the focal spot is not entirely on
the crystal and part of the light is lost due to leakage around the crystal edge.
Hence the overall reflectivity increases as X increases. In region II (1.5 um <
X < 3.2 um), stop band is consistent and broad with high maximum reflectivity.
In this region R; still increases with X which indicates increase of the effective
index, possibly due to a small change in radius of the pores. In region III
(3.2 pm < X < 6.3 pm) the stop band narrows steadily with X, which implies
that the pore radius gradually decreases in this region. But there is still a high
number of 3D unit cells that provide the high maximum reflectivity until around
X =5 pm. In region IV (6.3 pm < X < 7.1 pm) the stop band is extremely
narrow (< 5%) and closes at X > 7 um. R,, decreases and R; increases, and
they merge after the gap closes since there is no more photonic structure along
the measurement direction. In region V (7.1 ym < X < 8 um) the stop band
vanishes which implies that the X-directed pores ends there and hence the crystal
is no longer three dimensional. R,, and R; have the same value in this region.
The lower reflectivity value in this region with respect to that of the bulk silicon
is because the pores along the Z-direction make the effective index less than that
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Figure 5.9: (a) The relative width of the stopband inferred from reflectivity spectra
as a function of X. (b) The measured maximum reflectivity of the stop band and the
minimum reflectivity below the low frequency edge of the stop band as function of X.
The vertical dashed lines separate regions on the crystal according to the position of
the 2um focal spot on the surface.

of bulk silicon. At about X = 8 um the bulk silicon starts which can be identified
from the overall constant reflectivity of 30%.

From the above observations, we can abstract a model of the uniformity and
quality of the photonic crystal. To quantify the quality of the crystal as a function
of position, we define reflectivity contrast AR as

AR = Bm — T

= — 5.1
Rm + Rl ( )

Figure 5.10 shows the reflectivity contrast versus the corresponding stop band
width measured at the different locations along X on the crystal. The symbols of
four different colors correspond to data from the regions I, IT, IIT and IV. This
plot clearly distinguishes data points from different parts of the crystal, which
can be directly linked to the uniformity and quality of the photonic crystal. From
this figure, it can be stated that a broad stop band also corresponds to a high
reflectivity in the stop band. It is remarkable to note that only from the optical
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Figure 5.10: Maximum reflectivity R,, with low-frequency reflectivity R; subtracted,
and normalized to the average reflectivity versus the relative bandwidth. The different
symbols correspond to data points from different regions on the crystal as mentioned
in Figure 5.9.

response of the crystal, we now know that the X-directed pores are fairly uniform
near the edge of the crystal, and start to get tapered beyond 3 pym. In this optical
setup, the best photonic behavior of the crystal is realized in region II, given by
the blue triangles in Figure 5.10. Region II is uniform, highly reflecting with a
broad stop band and therefore is our area of interest to perform more reflectivity
measurements.
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CHAPTER

Spatially shaping waves to
penetrate deep inside a
forbidden gap

It is well known that waves with frequencies within the forbidden gap
inside a crystal are transported only over a limited distance - the
Bragg length - before being reflected by Bragg interference. Here, we
demonstrate how to send waves much deeper into crystals in an exem-
plary study of light in two-dimensional silicon photonic crystals. By
spatially shaping the wavefronts, the internal energy density probed
via the laterally scattered intensity is enhanced at a tunable distance
away from the front surface. The intensity is up to 100x enhanced
compared to random wavefronts, and extends as far as 8x the Bragg
length, which agrees with an extended mesoscopic model. We thus
report a novel control knob for mesoscopic wave transport that also
pertains to other kinds of waves.

6.1 Introduction

Completely controlling wave transport is a key challenge that is essential for a
large variety of applications. For instance, classical transport of acoustic waves
has enabled sensing, ultrasound imaging and navigation [188, 189]. In the quan-
tum regime, control over electron and spin transport has led to major advances

The content of this chapter has been published in: R. Uppu, M. Adhikary, C. A.M. Harteveld,
and W. L. Vos, Spatially Shaping Waves to Penetrate Deep inside a Forbidden Gap, Phys.
Rev. Lett. 126:177402 (2021) and K. Wright, Physics 14, s53 (2021)
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in the operation of nanoelectronic devices [190-192]. In photonics, control over
light transport has been exploited both in the classical and quantum domain,
which has led to rapid advances in science and technology such as solar cells,
quantum light sources, optical memories, and micro to nanoscale storage cavi-
ties [70, 193-197].

An important tool in wave control is to exploit gap formation as a result of
periodic and aperiodic symmetry. The long-range periodic order leads to a band
structure in the dispersion relations of the waves. Forbidden frequency ranges,
stop gaps, emerge in the band structure as a result of interference between the
incident waves and Bragg diffracted waves [198, 199]. Bragg interference causes
incident waves with a frequency in the stop gap to be exponentially attenuated,
with a characteristic length scale called the Bragg length Lp, as is shown in
Figure 6.1. The existence of gaps has led to exciting applications such as control of
spontaneous emission, efficient light harvesting devices, and biosensing [200, 201].

Real crystals feature unavoidable disorder resulting in broken symmetry due
to, e.g., thermal motion and phonons in atomic crystals at finite temperature,
quantum motion down to zero temperature, or unavoidable structural disorder
in assembled photonic or phononic structures [202]. The disorder gives rise to
new channels for wave transport due to the multiple scattering, which is typ-
ically uncontrolled and thus detrimental for the applications mentioned above.
In a specific realization of a crystal, the microscopic configuration of disorder is
fixed [203] and hence the disorder-induced channels do not in themselves offer
new control. In disordered media without gaps, however, it is known that spa-
tially shaping the phases of incident waves serves to set interferences between
channels that represent new control: wavefront shaping [55, 204, 205].

Therefore, in this chapter, we set out to demonstrate the tunable control of
wave transport in real crystals. By spatially shaping the incident wavefronts as
illustrated in Figure 6.1, we steer the waves with frequencies within a gap to any
desired location deep inside the crystal. The waves reach a remarkable depth of
no less than 8 x Lp with more than 30x intensity enhancement. Remarkably,
the shaped intensity at 5 x L in the crystal is even 10x higher than the incident
intensity Iy in absence of wave shaping, instead of being Bragg attenuated as is
usual in periodic media. In our approach, we employ wavefront shaping of light
in photonic crystals that can be readily extended to electrons and acoustic waves,
where analogous techniques have been demonstrated [206, 207].

Our results stand out from the literature on wavefront shaping and disordered
media in the following aspects:

1. In photonic crystals, the energy density distribution within the crystal is
completely fixed by the Bragg length. Our introduction of wavefront shap-
ing radically modifies this distribution that increases the depth to which
light can be steered, thereby increasing the functional volume of the crys-
tal (see Figure 1.4). Modifying the energy density distribution is also new
compared to disordered media that lack frequency gaps.

2. In disordered media, the intensity inside the medium after wavefront shap-
ing is everywhere less than at the front surface before wavefront shaping.

90



6.2. Experiment

Here, we strikingly observe that upon wavefront shaping to a location in-
side the crystal, the intensity within the photonic crystal is even greater
than at the front surface measured for an uncontrolled wavefront.

3. We identify that Bragg interference - typical of periodic media including
quasicrystals - take on a novel role in mesoscopic physics that of reducing
the number of channels for wave transport.

Z

Figure 6.1: Schematic of wave transport in a 2D photonic crystal consisting of pores
with unavoidable disorder. At frequencies in the gap, light is quickly Bragg attenuated;
by shaping the wavefronts, light is transported much deeper into the crystal.

6.2 Experiment

As exemplary waves, we study the propagation of light in two-dimensional (2D)
photonic crystals that consist of large periodic arrays of pores etched in a silicon
wafer [100, 103], see Figure 6.2(a). The pores are made by CMOS-compatible
methods, employing deep reactive ion etching through an etch mask. The lateral
yz-extent of the 2D crystal is 10x10 mm? at the center of the wafer, much larger
than the expected Bragg and scattering length scales. The fabricated pores are
about 6 pum deep, sufficient for the focus to easily fit within the crystal, see
Figures 2.1(b) and 6.3. The wafers are cleaved in the zy-plane to expose the 2D
photonic crystal to the incident light along the 'K high-symmetry direction [103].

We use the versatile experimental setup described in chapter 2 to perform
optical wavefront shaping on silicon nanostructures. In the optical setup, the
wavefront of the spectrally filtered collimated beam is programmed employing a
phase-only reflective spatial light modulator SLM, see Figure 6.3. The wavefront-
programmed light is imaged to the back focal plane of the large numerical aper-
ture (NA = 0.85) infrared apochromatic objective lens M1. The light reflected
from the crystal is collected by the same objective. The laterally scattered light
from the yz-plane of the crystal is collected using a long working distance apoc-
hromatic objective M2 (N A = 0.42). Light collected by either M1 or M2 can be
imaged to an InGaAs camera for aligning the incident beam. The inset in Fig-
ure 6.3 shows the image captured in reflection, where the air, photonic crystal,
and the unstructured silicon regions can be clearly separated. The bright spot
in the center of the photonic crystal is the focused laser beam when a constant
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Figure 6.2: (a) Top: scanning electron microscope image of a two-dimensional (2D)
photonic crystal. The lower half shows the 2D array of pores in the yz-plane, and
the upper half shows the zy cleavage plane with 6 pum deep pores (see 5 um scale bar).
Bottom: yz-plane with the centered rectangular crystal with lattice parameters a = 695
nm and ¢ = a/v/2. The pores have a diameter 2r = 290 nm (or r/a = 0.21). Light
is incident in the z-direction, corresponding to the I'K high-symmetry direction, see
Figure 2.1(c). (b) Reflectivity measured on the photonic crystal (open circles) for TE-
polarized light, compared to a reference of a silicon wafer (filled squares). The prominent
photonic crystal reflectivity peaks match well with the stop gaps in the calculated
band structures, highlighted by cyan. The measured stopbands are broader than the
calculated stop gaps likely because the intermediate bands have unusual dispersion that
typically causes high reflectivity [173]. The dashed line highlights the frequency near
the gap center where many steering experiments were performed.
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phase (¢ = 0) was programmed on the SLM. Given the large pore depth (8 pm) of
the nanopores of the photonic crystal, several diffraction-limited spots fit within
a given incident area on the crystal. Therefore, in contrast to earlier wavefront
shaping on 2D disordered waveguides that utilized one-dimensional wavefront
shaping [208-210], we illuminate a circular area (d = 8 um, see Figure 6.3).

. Reflection Out-of-plane
.camera camera
'll’ ~——" L1 ~——T I—2
Analyzer
//\\ M2
/

Y

SLM /2 Beam spliter M1 Sample

Figure 6.3: The same setup shown in Figure 2.6, highlighting the necessary parts
for this chapter. Linearly polarized light from a tunable source is directed via a spatial
light modulator (SLM) onto the sample through microscope objective M1. The incident
polarization is tuned using the half-wave plate (\/2). Light reflected by the crystal is
imaged onto an infrared camera using the same objective and lens L1 (f= 500 mm).
A long working distance objective (M2) images the laterally scattered light onto an
infrared camera using lens L2 (f = 500 mm). Broadband linear polarizers are used to
analyze the reflected and the laterally scattered light. The inset shows the image taken
on the camera in reflection. The bright spot in the center (highlighted in red) is the
focused coherent light with a uniform phase pattern on the SLM.

6.3 Results

6.3.1 Broadband reflectivity

Reflectivity from the 2D crystal was measured following the procedures described
in chapter 2. TE-polarized reflectivity spectra shown in Figure 6.2(b) reveal
two prominent peaks that are identified to correspond to two stop gaps in the
calculated band structures. We estimate the Bragg lengths for both gaps from
the photonic strength S using the relation Lg = A/(wS) [211], where the strength
is defined to be S = Av/v [18]. In the two stop bands at the center frequencies
v/e = 6250 cm™! and 9000 cm ™1, respectively, the photonic strength is S = 0.25
and 0.19, respectively, corresponding to Bragg lengths Lp = 2.0 um that are
nearly the same for both stop gaps [212, 213].
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Figure 6.4: Camera images of the laterally scattered light (v/c = 6250 cm™!) with (a)
an uncontrolled and (b) the controlled wavefront. The red arrow points to the target
location for steering the light, which exhibits as a bright spot. (c) The integrated
intensity in a 5 pixel high (yz-plane) strip around the target location shows a clear
increase in the intensity at the target depth of 10 pm. The dashed grey line indicates
the detector’s dark counts. The grey band is the intensity expected at z = 10 ym upon
wavefront shaping as predicted by our model.

6.3.2 Wavefront shaping inside the photonic gap

To demonstrate controlled transport of waves, we tune the frequency of the inci-
dent light to the center of the first stop gap at v/c = 6250 cm™! (A = 1600 nm).
The SLM was initialized with a phase pattern of 340 segments (each grouped
from 32x32 pixels) within the beam diameter, each assigned a random phase
within [0, 27). The size of the segment was chosen to limit the illuminated area
on the xy-plane of the sample to be confined within the photonic crystal. The
image of the laterally scattered light collected using M is shown in Figure 6.4(a),
which shows a rapid decay of light into the crystal. The input edge of the crystal
is clearly discernible as the bright speckles (also marked by the dashed line).

We target a spot at a depth of 10 pm - or 5x L - in the crystal and sequentially
change the phase of each segment on the SLM to maximize the intensity at the
chosen spot. Figure 6.4(b) shows the image of the laterally scattered light at
the end of the iteration over all the segments. A distinct and bright focus is
clearly observed at the targeted location, thereby demonstrating the first ever
steering of waves inside a crystal, far beyond the Bragg length. Figure 6.4(c)
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shows the intensity around the targeted spot before and after steering the light,
which shows ~ 100x higher intensity with controlled transport.

In literature, it is common to characterize the quality of wavefront shaping by
an enhancement Eyy that gauges the intensity increase at the target position [214,
215]. The enhancement is commonly defined as Eyw = I, /(I,), where I, is the
optimized intensity in the target spot and (I.) is the intensity at the same spot
that was ensemble-averaged over 100 random incident wavefront patterns. The
intensity of the laterally scattered light is proportional to the energy density of the
light that has scattered to a depth z in the crystal. The enhancement at the target
location inside the crystal is substantial, namely Fy = 65 & 5. Remarkably, in
Figure 6.4 we observe that the intensity at the target spot (depth 2z, = 5% L)
after steering is even 10x greater than the intensity at the front surface (z =
0) before steering (that is, light incident with an unoptimized wavefront), in
contrast to traditional Bragg attenuation of waves inside any periodic medium.
The enhancements observed here are a key highlight of the steering of the waves,
which takes advantage of the multiple scattering of waves in the crystal due to the
unavoidable deviations from perfect periodicity [79]. The multiple scattering of
waves gives rise to new channels for wave transport within the crystal even inside
the stop gap (that pertains to Bloch waves). By spatially shaping the phases of
the incident waves with the feedback defined by the energy density deep inside the
crystal, we selectively enhance the coupling of incident energy to the transport
channels associated with multiple scattering. This selective coupling of energy
into multiple scattering transport channels results in the penetration of waves
deeper inside the crystal. This remarkable increase in intensity at the optimized
position leading to an increase in the internal energy density is in contrast to all
prior wavefront shaping experiments in random media, which highlights the new
physics of light transport unveiled here.

6.4 Discussion

Using wavefront shaping, we explore the achievable depth inside the photonic
crystal at which the intensity could be enhanced. Intuitively, this depth depends
on surface losses and the incident energy density on the front surface, since the
energy density decays exponentially with depth, thereby reducing the number of
transport channels. Figure 6.5 shows the depth-dependent intensity enhancement
Ew at the center of the stop gap (at v/c = 6250 cm~1!). The error bars represent
standard deviations of Ey measured at 8 different spatial locations along y at the
same depth z. An enhancement Fy in excess of 80 was achieved at depths up to
10 pm, corresponding to 5 x L. At a depth of more than 8 x Lp, the measured
enhancement is Fy = 20. We postulate that the decreasing enhancement Ey
with depth arises from surface losses that prevent the waves from reaching greater
depths in the photonic crystal.

To interpret the intensity enhancement deep inside the crystal, we propose a
new model that extends mesoscopic physics typical of disordered media! [205,

1Also analogy to the communication channels is described by Miller [216].
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Figure 6.5: Measured wavefront shaping enhancement Fyw, versus penetration depth
z into the crystal at a frequency at the center of the stop gap v/c = 6250 cm™!. The
calculated enhancement in a system with a synergistic interplay of the Bragg interfer-
ence and random multiple scattering in a real photonic crystal agrees well with the
measurements.

217] to periodic crystals?. The disorder-assisted multiple scattering of light inside
the crystal is described using a transmission matrix 7" over the N transport
channels. The transmission matrix T can be decomposed as

T=UDVT (6.1)

where U and V' are unitary matrices of size N x N and D is a diagonal matrix with
values 7 drawn from the Dorokhov-Mello-Pereyra-Kumar (DMPK) distribution.

The reflectivity measurements of the photonic crystal, ¢f. Figure 6.2(b), were
used to extract the fraction of light transmitted into the crystal. We neglect the
material absorption of waves within the crystal given the near-zero absorption
coefficient of silicon in the telecom wavelength range. The wavefront shaping
enhancement Eyy is proportional to the largest eigenvalue of the matrix 7', with
the proportionality constant set by the wavefront shaping method [55]. Typically,
the local energy density within a disordered slab decreases approximately linearly
with depth inside the slab. In contrast, we observe from Figure 6.4(c) that the
local energy density decays exponentially with depth inside the crystal. We
interpret this exponential attenuation to arise from the Bragg interference at
frequencies within the stop gap. The Bragg interference results in a reduction
of the number of transport channels with increasing depth inside the crystal,
where disorder induced scattering becomes dominant. This allows us to extend

2The details of the model can be found in Appendix 6.C of this chapter.
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mesoscopic transport models developed for disordered media in the presence of
absorption [218, 219] to periodic systems.

Mathematically, the reduction in the number of transport channels is modeled
as a truncation of the transmission matrix 7', i.e., a reduced matrix size M <
N. The reduced number of channels M with increasing depth in the crystal is
modeled as

M(z) = N(1 — az) (6.2)

where « is an amplitude attenuation constant [220]. The depth-dependent en-
hancement Ey (z) is the maximum eigenvalue of the truncated transmission ma-
trix. At a given a and N, we employ a numerical algorithm to generate an
ensemble of random transmission matrices and compute the depth-dependent
enhancement Fy,. The fit to the measured enhancement Eyy is shown in Fig-
ure 6.5 with a = (0.0540.002) pm~! and N = 300, and is seen to agree very well
with the data. To put our model in perspective, the number of control parame-
ters (segments) on the SLM is N.,, = 340, which agrees remarkably well with the
number of channels in the model. The deviation could arise from the non-uniform
intensity incident at each segment of the SLM due to the Gaussian profile of the
incident beam. From an independent measurement of the attenuation within
the crystal, we extract the intensity extinction length oy = 6.5 £ 0.2 um (see
appendix of this chapter) arising from the multiple scattering of waves. The
intensity attenuation length and the amplitude attenuation constant are related
as lexy = 1/+4/a. From the fit to Fy in Figure 6.5, we estimate lo, = 4.9 £ 0.5
pm, which is smaller than the measured value. The underestimation of fey is
expected as the model effectively accounts for the attenuation due to the Bragg
interference and multiple scattering of waves within the crystal, while the mea-
sured value is primarily due to the multiple scattering of waves. We note that feyt
extracted from the model fits is greater than the Bragg length, as the disordered-
induced transport within the crystal is polarization-averaged, whereas the Bragg
length pertains strictly to TE-polarized light.

6.5 Summary and conclusion

In summary, we have demonstrated controllable enhancement of wave propaga-
tion at much greater depths than a Bragg length, even at frequencies within a
band gap [221]. We take advantage of transport channels that are introduced in
the crystal by unavoidable disorder, and address these by spatially shaping the
wavefronts. The large depth to which waves are enhanced, even within a gap,
broadens the range of applications feasible with photonic band gap crystals, both
2D and 3D. From the outset, photonic band gaps have been pursued for their
radical control over spontaneous emission [153, 222], lasing [195], shielding of vac-
uum noise for qubits [78], and for ultimate 3D waveguiding [74, 186]. Based on
our observations and modeling, we project that studies with embedded emitters
could resolve the density of states around the gap of the real crystal [80, 223].
Furthermore, light can be reconfigurably steered to resonant and functional fea-
tures, including Anderson localized states [9] or 'Cartesian’ light states [97], that
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are otherwise hidden inside a complete 2D or 3D photonic band gap.

Recently, combinations of gaps and tailored disorder are enjoying a fast-
growing attention [224], notably in phononic and photonic quasicrystals [225],
and hyperuniform [177, 226] and bio-mimetic structures [227]. It is intriguing
to speculate whether our crystals may reveal extremal transmission near a Dirac
point and pseudo-diffuse behavior as predicted by Sepkhanov et al. on 2D crys-
tals [228]. Therefore our results open new avenues to increased wave control in
many different classes of metamaterials [229, 230].
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APPENDIX 6

In this appendix, we discuss how we determine the extinction length in the
2D photonic crystals. We first discuss the spatial resolution of the setup that is
an important ingredient in the estimation of the extinction length. In part 6.C,
we describe the derived model for wavefront shaping enhancement in periodic
structures with random disorder.

6.A Spatial resolution of the laterally scattered
light

Structural disorder is known to re-
sult in a new length scale for wave
transport called the extinction length
Loyt that statistically quantifies the
strength of the disorder [212, 213].
The extinction length of light in the
two-dimensional silicon photonic crys- @
tal was characterized by imaging the §
yz—plane of the sample on a InGaAs @ 5
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o . quency. We model the measurements to ex-

sity images were integrated along the .

height, corresponding to the y—axis. tract the collection aperture of the setup to

S . A be NA = 0.35. The dashed curves are the
This depth-dependent intensity inside 95% confidence interval of the model.
the crystal exhibits an exponential de-
cay convolved with a Gaussian instru-
ment response function, which determines the optical resolution.

Since the precise estimation of the resolution of the lateral scattering imaging
setup is important in correctly estimating the extinction length, we first turn to
this issue. The peak at the input edge of the photonic crystal was modeled with
a Gaussian to extract the resolution. Figure 6.6 shows the Gaussian full-width
at half-maximum (FWHM) extracted from the fit. We extract the numerical
aperture for the collection arm to be NA = 0.35, which compares well with
the nominal collection objective aperture NA = 0.42. It is reasonable that the
effective aperture is slightly less than the nominal one, in view of some shadowing
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by the focusing objective at the input plane (the zy-plane).

6.B Extinction length of light in two-dimensional
photonic crystals

Using the data from Figure 6.6, we

Reduced frequency a/ (-) are now in a position t(? decgn—

0.4 05 06 0.7 volve the laterally scattered light with
T ' : the corresponding Gaussian function.
Power law (Apv**) | We illuminate the crystal with TE-
* Bragg length polarized light and capture images of
the laterally-scattered light with an
analyser crossed with the incident po-
larization. The cross-polarized mea-
surement configuration enables us to
isolate the multiple scattered light
11 as Bragg reflectance from the crystal
: , , : , is sensitive to the polarization [103].
6000~ 7000 8000 9000 10000  The deconvolved data were matched
Frequency vic (cm™) to a single exponential model to ex-

tract the extinction length eyt . The
subscript L indicates that we collect

Extinction length ¢,,, (um)

Figure 6.7: The estimated extinction . X
length fexs. of TE-polarized light prop- laterally-scattered light that is cross-

agating inside the 2D photonic crystal is polarized to the incident. In contrast,
plotted over a range of frequencies. The if we collect only the co-polarized
frequency-dependence of the extinction laterally-scattered light, the extracted
length closely follows earlier theoretical extinction length is dominated by the
predictions of a power-law dependence Bragg length of the crystal. Figure 6.7
with an exponent of -2.2. The gray shaded = shows the extracted oy (circles) as a
regions correspond to the measured stop function of frequency for TE-polarized
gaps. The Bragg lengths Lp as estimated jio1)¢ ipjcident on the photonic crystal.
from the photonic strength S are marked
as stars at the centers of the stop gaps. The error bars correspond to the 95%
confidence bound of the fitted extinc-
tion length. The extinction length de-
creases with increasing frequency, as expected, from about fexy = 6 pm at the
lowest frequencies in the first order stop band to about fext; = 2.5 um at the
highest frequency beyond the second stop band.

To put these observations in perspective, we compare to theoretical work.
Koenderink et al. predicted a power-law dependence of the extinction length on
the frequency [79]. For two-dimensional photonic crystals made of infinite long
cylinders, the predicted dependence outside the stop gap is fexy = Ao~ 22, where
Ap is a scaling parameter that depends on the degree and nature of the disorder.
We adjusted only the scaling parameter to the measured data in Figure 6.7 and
observe that the power-law dependence on frequency agrees very well with the
measurements. The observed deviation at low frequencies in the first stop gap is
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attributed to our choice of limiting the model to a single exponential to describe
the intensity inside the crystal. Even in the cross-polarized collection, Bragg
interference inside the stop gap leads to additional extinction of light with the
Bragg length Lp as the characteristic length scale, depicted as star markers in
Figure 6.7. The two length scales arising from multiple scattering and Bragg
length would thus require a bi-exponential model to the intensity attenuation
within the crystal, which is at this time difficult to significantly model, given the
limited dynamic range and signal-to-noise ratio of the data. At frequencies in the
range of the second stop gap, the Bragg length is close to the extinction length,
and thus it is not sensible to try to fit the data with a bi-exponential model.

The error bars of the enhancements Eyy in Figure 6.5 have nearly equal size,
independent of the absolute magnitude of the enhancement. We surmise that
the enhancement FEy is Gaussian distributed, typical of independent observa-
tions, with a standard deviation given by the observed error bar. Conversely, the
enhancement does not match with Poisson statistics, where the error bar would
grow with magnitude.

6.C Model of WFS enhancement in the 2D
crystal

To calculate the transmission matrix

T using equation 6.1, we first con-
3 ' ] struct two random unitary matrices
U and V by the following method:
] An N x N matrix is constructed with
2 1 complex random variables drawn from
] a Gaussian distribution. The result-
] ing matrix is then processed by the
1t 4 QR decomposition method to calcu-
] late the eigenvalues [231-233]. Then,
U and V1 matrices are constructed out

) e ee——— of the eigenvalues.
0 0.5 1 From reflectivity spectra of the crys-
T tal, we obtain an average transmission

of 10% in the photonic gap. Assuming
the transmission inside the photonic
gap is due to unavoidable fabrication
disorder in the crystal, the transmis-
sion values 7 are extracted from the
DMPK distribution for average trans-
mission of 10% corresponding to up to
90% reflectivity. Originally developed for scaling in the transport of electrons in
multimode wires, the DMPK distribution is often used in photonics to describe
transmission eigenvalues in disordered photonic media [217, 234-237]. The prob-

Figure 6.8: Probability density function of
transmissions 7 obtained from the DMPK
theory for average transmission (7) = 0.1
within the photonic gap.
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ability density from this distribution is expressed as,

Ppompk (T) = (27(7\/%7-)

where (7) is the mean transmission. The DMPK distribution of transmission
for this case is plotted in figure 6.8. The distribution of average transmission
(t) = 0.1 shows that most of the transmission values are between 0 and 1, with
divergences at 7 = 0 and at 7 = 1. Using this distribution, we construct a
diagonal matrix D using the values of 7 from the distribution.

Once we have constructed U, D, and V1, we calculate the T-matrix using equa-
tion 6.1. The maximum eigenvalue of T corresponds to the maximum possible
transmission that channel can accommodate. This means that the maximum
possible intensity that can be achieved by WFS is proportional to the maximum
of the transmission eigenvalues. As depth z is increased, there are less trans-
mission channels due to surface losses and Bragg interference and therefore, the
transmission matrix is truncated using the relation 6.2. Thus, the maximum
achievable enhancement from WFS is extracted from the maximum transmission
eigenvalue and the number of channels at that depth, and is given by,

(6.3)

B\ (2) = 7 M(2)Tinas; (6.4)

where the proportionality constant of 7/4 is used since we use a phase-only WFS
algorithm [55]. The attenuation constant « and the number of channels N is
estimated by comparing the model with the experimental data, see appendix
6.B.
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CHAPTER

Observation of light
propagation through a
three-dimensional cavity
superlattice in a photonic
band gap

We experimentally investigate a novel form of light transport in a
three-dimensional (3D) photonic band gap. Such light transport is
functionalized by the presence of a coupled network of cavities embed-
ded in a photonic band gap crystal with superperiodicity, also called as
a superlattice of cavities. We make 3D photonic crystals that possess
a 3D band gap in the telecom wavelengths, with an embedded array of
point defects. In broadband reflectivity and scattering experiments,
we find features that correspond to cavity superlattice modes obtained
from band-structure calculations.

7.1 Introduction

It is well-known that fruitful analogies exist between the physics of photons, and
the physics of electrons, spins, phonons, and other wave phenomena in condensed
matter [22, 25, 31, 212, 238, 239]. A famous example is the analogy between a
3D photonic band gap in a photonic crystal and the electronic band gap in a
semiconductor like silicon [20, 57, 240]. The periodic arrangement of high and low
index materials in the length scale of the wavelength of light in three dimensions
leads to destructive interference of a certain range of wavelength resulting in
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the so-called photonic band gap. An analogous energy gap for electrons exists
between the conduction states and valence or ground states of semiconductors,
known as the electronic band gap.

In semiconductors, electrons with excess energy, for example, those with high
thermal energy, in the valence bands overcome the electronic band gap and
jump to the conduction band. Doping the semiconductor material by impu-
rity atoms is used to control the conductivity of semiconductors. Thus, a
phase transition between conducting and insulating states is achieved in semi-
conductors by modifying or perturbing their internal structure. Doping of
semiconductors with n-type or p-type impurities introduces additional energy
levels at bottom of the conduction band or top of the valence band, which
are known as donor or acceptor levels [241-244]. Such levels contribute to
the controlled conductivity of semiconductors at room temperature. Bound
and resonant states within the semiconductor band gap have been also re-
ported [242, 245]. Within the photonic band gap of a photonic crystal, the
density of states vanishes, and the crystal is ‘insulating’, meaning there are
no propagating modes. Additional states are introduced inside the photonic
band gap by introducing defects, similar to impurity states in semiconductors.
It has been known that defects
created by adding or removing
high index material from a pho-
tonic crystal also give rise to ad-
ditional states within the band
gap, called “donor” or “accep-
tor” modes, respectively [93]. De-
fect states in 3D photonic crys-
tals lead to many possible appli-
cations such as optical nanocav-
ities [246], waveguides [74, 92],
miniature lasers [88, 247, 248],
and cavity quantum electrody-
namics [249, 250]. In this chap-
ter, we present the experimen-
tal demonstration of a novel type
of light transport in 3D photonic
crystals modified with donor-like
point defects.

An array of point defects in
Elgure 7.1: An ar1flst1c 1mpres51(?n of hght hop- 4 3D photonic band gap crystal
ping frorrll orfle ca.v1ty to 1t.he pelghborlrllg one, loads to a network of 3D cavi-
as. a reb'u t of cavity coupling in a superlattice. ties. When cavities are placed
Light with frequency supported by the superlat-

. . . close enough to each other, over-
tice modes incidents on one cavity on the surface 1 f thei p . 1
(bottom right), takes a certain path through the 2P © their wave unc.tlonb rebu.tb
3D cavity network and exits the structure from 1? 1nter—cav1ty. coupling.  While
another perpendicular surface (top left) Illustra- light propagation takes place by
tion made by M. Kozon. hopping from one resonant cavity
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to another, the underlying photonic band gap shields the cavities from vacuum
noise [80]. In 1D, a well-known phenomenon is a CROW (coupled resonator
optical waveguide), where an optical resonator is placed in the vicinity of other
similar resonators, and light hops from one resonator to another as a result of
evanescent coupling [94]. Bayindir et al. [95] demonstrated such an array of
1D coupled cavities embedded in a 3D microwave photonic crystal by measuring
transmission. Interesting results on 2D arrays of coupled cavities in photonic
crystals were presented by Altug et al. [96, 251]. However, a superlattice con-
taining 3D cavities in a 3D band gap has not yet been studied experimentally
to our knowledge. A recent study has investigated 3D superlattice of cavities
embedded in a 3D photonic band gap crystal and demonstrated directional de-
pendence of inter-cavity coupling. The coupling is observed to be stronger along
the high-symmetry Cartesian directions and hence the name “Cartesian light”
for such unconventional light propagation [97]. Along the Cartesian directions,
photons propagate through the band gap crystal by hopping across neighboring
cavities as illustrated in the artistic impression in Figure 7.1.

In experimental situations, a signature of cavity resonance in photonic crystals
is usually measured through reflection and transmission experiments. In such ex-
periments, one searches for narrow troughs within the reflectivity peak or narrow
peaks within the transmission trough that corresponds to the band gap. In the
case of 3D superlattice of cavities, light propagation takes place also in the lateral
direction in addition to reflection and transmission directions. Hence to search
for 3D signature of the cavities, it is more convincing to detect the light that exits
the crystal from the lateral direction. In real photonic crystals, both intentional
point defects and unavoidable structural disorder [79] contribute to scattering of
light. Thus, reflectivity or the laterally transmitted spectra are perturbed due
to presence of defects. The challenge in experimental situations is to identify
the cavity scattering from a background of random scattered signal, also known
as speckle, due to disorder. We measure broadband reflectivity in near infrared
range of photonic crystals modified with a superlattice of point defects that act
as cavities. The spectra of light scattered in the lateral direction with respect
to the incident direction is also measured, which effectively captures part of 3D
scattered light by the crystals. From combined position-resolved measurements
on two crystals with different spacings between defects, we establish the first-ever
experimental detection of coupled and uncoupled cavity modes in a 3D photonic
crystal modified with resonant cavities.

7.2 Experiment

We study 3D photonic band gap crystals with periodically repeated point defects
that form 3D cavity superlattices that were described in detail in section 2.1.3
of chapter 2. Figure 7.2 shows a scanning electron microscopy (SEM) image of a
fabricated inverse woodpile crystal with an array of defects, a cavity superlattice
(SL5). The direction of light incident on the crystal and the various directions
of light exiting from the crystal are shown with the red arrows.
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Figure 7.2: Scanning electron micrograph of a superperiodic cavity superlattice em-
bedded in a 3D photonic band gap crystal made of silicon by our group, viewed in
the (X,Z)-direction. The inverse woodpile crystal has lattice constants a = 0.68 ym in
the Y-direction and ¢ = 0.48 pm in the X, Z-directions. The designed pore radius is
r = 0.16 pm for the main nanopores and v’ = r/2 = 0.08 um for the defect pores. The
superlattice of the point defects has the unit cell with dimensions 5c¢, 5a, 5¢. The excess
silicon at the intersections of these defect pores inside the material form point defects
which constitute the superlattice of 3D cavities.

To study the cavity superlattices, we use the setup (see Figure 6.3) described in
detail in chapter 2 that simultaneously collects both broadband specular reflec-
tivity to probe the underlying band gap and specular cavity scattering, and light
scattered laterally by the cavities in non-specular directions in the NIR range,
compatible with silicon. The diameter of the focus is about 1.5 ym at full-width
at half maximum, which is smaller than the distance between two neighboring
cavities of the crystals. Therefore, in spatial scans across the crystal surface,
we probe both on the cavities and away from them. Specularly reflected light is
collected by the same objective and directed to an extended range (0.9 — 2.6 pm)
InGaAs photodiode (PD1), where analyzer Al is set parallel to the incident po-
larization. At the same time, the light scattered from the crystal in the lateral
—X-direction is collected by a second objective and detected by a second InGaAs
photodiode (PD2). The analyzer A2 is set perpendicular to the input polarization
to collect only the scattered light and suppress incident light or single-scattered
light. Separately, we collect spectra from a clean gold mirror to serve as the
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reflectivity reference. Spectra collected from a 45°-inclined gold-coated prism
surface at 90° serve as the reference for the lateral scattering spectra. On every
measurement, we collect a pair of broadband reflectivity and scattering spectra
simultaneously in the frequency range 5300 cm ™! to 11000 cm™!.

7.3 Results

7.3.1 Probe with s-polarized light
Reflectivity and lateral scattering spectra

By moving the sample stage in the Y-direction, the focus is scanned across the
crystals with a step size of ~ 0.4 pm, resulting in about 30 reflectivity and scatter-
ing spectra. Figure 7.3 shows two representative reflectivity and lateral scattering
spectra, and band structures of superlattice SL5 for two main situations, namely
when light is focused onto a defect (a,c), and away from a defect (b,d) !. Since
the separation between two defects (AY = 3.4 um) is larger than both the Bragg
length (Lp = 0.2 pm [111]) and the input beam diameter (d = 1.5 pm), it is
reasonable that light focused at positions in between defects hardly probes the
defects. Therefore spectra collected with the incident beam focused in between
cavities effectively correspond to probing the underlying band gap crystal. In
each case, we observe an intense and broad reflectivity peak that corresponds
to the 3D band gap of the crystal, see also chapter 5. It is remarkable that the
introduction of a 3D cavity superlattice in the photonic crystal does not close the
band gap, hence potential superlattice modes are confined in the 3D band gap.
To identify reflectivity features in Figure 7.3(a), we plot for comparison the
band structure calculated for an infinite inverse woodpile crystal with a super-
lattice of defects in Figure 7.3(c) with the same frequency range. The band
structures were calculated for pore radii corresponding to those obtained at the
probing location, with the method from chapter 5 and Ref. [110] 2. The band
structure shows that the cavity superlattice sustains two types of bands inside the
3D band gap, namely flat bands typical of Cartesian light, and dispersive bands
in the upper half of the band gap. Recently, an ongoing computational study in
our group has shown that lower-dimensional localized modes also exist in such a
system, along the line defects created by the defect pores in the crystal and these
modes are part of the dispersive bands [252]. Due to the dispersive bands, the
band gap of the cavity superlattice structure (see Figure 7.3(a)) is significantly
narrower than the original band gap (see Figure 7.3(b)). This is clearly observed
in the experimental spectra, where a broad trough near 7800 cm ™! coincides with
the dispersive bands in the upper half of the original band gap. As a result, the
reflectivity peak probed on the defect (see Figure 7.3(a)) is narrower than while

'n Figure 7.3(a) the incident focus is close to the middle defect pore on the xy surface, and
in Figure 7.3(b) the incident focus is in between the middle and the right most defect pore
on the zy surface at X = 2.5 pm.

2The reason for this procedure is that the pore radii vary across the sample surface, and
also vary in depth. Therefore, at every probed location one has to determine a ‘local pore
radius’.
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Figure 7.3: (a,b) Measured reflectivity (black dots) and lateral scattering (red tri-
angles, right ordinate) spectra of the 3% cavity superlattice (SL5) on a defect and in
between two defects (at X = 2.5 pym). These data were measured with s-polarized
light, i.e., E-field perpendicular to the X-directed pores. The broad reflectivity peaks
correspond to the band gaps of the crystal at the relevant location, as indicated by
the yellow regions that match very well with the theory. In (a), the lateral scattering
peak at 6900 cm™! within the band gap (cyan highlight) corresponds to a reflectivity
trough and to a Cartesian band in the band structures. (c¢) Photonic band structure of
a cavity superlattice in an infinite inverse woodpile photonic crystal, rotated for com-
parison with measured spectra below. The frequency and wave vector are reduced by
the lattice parameter a. The dielectric constant is e = 12.1 typical of Si. The crystal
pores have a relative radius r/a = 0.22 and the defect pores r’ = r/2. The yellow region
between a/\ = 0.44 and 0.502 is the 3D photonic band gap of the superlattice crystal,
and the allowed bands outside the band gap are shown as dark grey shaded areas. The
cavity superlattice sustains two types of bands inside the original band gap (see b):
flat bands typical of Cartesian coupled-cavity resonances in the lower half of the band
gap (colored bands), and other bands in the upper half of the band gap (black bands).
(d) Photonic band structure of an inverse woodpile photonic crystal with r/a = 0.22
without cavities. The yellow region between a/\ = 0.44 and 0.56 is the photonic band
gap. Band structures calculated by M. Kozon.
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Figure 7.4: (a) Multiple lateral scattering spectra in the vicinity of a defect show the
reproducible peak near 6900 cm™! for superlattice SL5. (b) Multiple spectra across
three defect pores, show a reproducible peak near 7386 cm™' for superlattice SL3.
The Y-positions of the spectra are given in the legends while the X-position is nearly
constant (about 2.5um). The frequency range shown covers roughly the original band
gap of the crystal.

focusing away from the defects (see Figure 7.3(b)). The modulation of the upper
edge of the measured gap versus position is clearly revealed in Figure 7.5, where
the gap narrows at every defect pore. The center frequency and the width of
the measured reflectivity stopband of the superlattice (Figs. 7.3(a,b)) agree very
well with the theoretical band gap (Figs. 7.3(c,d), respectively), meaning that
the fabricated nanostructure and its optical functionality match closely with the
intended structure and the intended optical behavior. We also observe that when
focusing on the defect, the maximum reflectivity (Rmax = 68%, Figure 7.3(a))
is less than when focusing away from the defects (Rpax = 74%, Figure 7.3(b)),
which is intuitively reasonable since light incident on defects will also be scat-
tered non-resonantly, thereby reducing the specular reflectivity. This observation
reproduces at other cavity locations and also when scanning the incident light
along the Y-direction (see Appendix of this chapter).

When focusing incident light on a defect (Figure 7.3(a)), the lateral scattering
spectrum shows a distinct peak at 6900 cm~! inside the band gap. The peak
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corresponds to light that is scattered from the incident wave vectors to outgo-
ing wave vectors that differ from the incident ones and their specular reflected
counterparts. Therefore, one expects less light to be reflected, and indeed, the
reflectivity spectrum reveals a corresponding trough in the same frequency band.
Moreover, the scattering peak and the reflectivity trough match well with a Carte-
sian superlattice band in the band structures (Figure 7.3(b)). The observation of
resonant features, both in (specular) reflectivity and in scattering confirm that
the confinement of light in the superlattice is truly a 3D phenomenon as op-
posed to 1D confinement in a Fabry-Pérot cavity that is apparent in reflectivity
or transmission only, but not in lateral scattering. We emphasize that the peak
only correlates with incident light being focused onto a defect; when the incident
light is focused in between defects the peak is absent, see Figure 7.3(b)). The
sum of the reflectivity and the lateral scattering do not add to a total of 100%
since our setup can only access part of the light scattered in the —X-direction into
the air, whereas light scattered in the (+X, £Y)-directions escapes undetected.
Since these scattered contributions propagate in the high-index Si substrate, it
is conceivable that their contributions are considerably larger than the detected
fraction in air, which may in turn be further attenuated by Fresnel reflectivity at
the crystal-air interface.

To distinguish a potential superlattice peak from random speckle peaks that
arise as a result of random and unavoidable structural variations [35, 253] we
monitor the reproducibility of the peaks while scanning the illuminating spot
across the sample surface. Therefore, we plot multiple lateral scattering spectra
at different Y-positions near the defect pore (at X = 2.5 um), as shown in Fig-
ure 7.4(a) and (b) for the superlattices SL5 and SL3, respectively. From this plot,
we observe that the peak near 6900 cm™! is reproduced at all positions near the
defect pore, with gradually decreasing intensity as the focus moves away from
the defect pore (more details in Figure 7.8 of Appendix 7.A). We also observe a
second reproducing peak near 7386 cm™!, which may be a second superlattice
band. For the superlattice SL3 (Figure 7.4(b)), we also see a scattering peak
near 7386 cm~! that reproduces even across multiple defect pores. All other
scattering peaks do not reproduce, hence they are uncorrelated speckles arising
from unavoidable disorder of the crystal. Therefore, we conclude that all repro-
ducing peaks are spectral features of the intentional superlattice of defects. We
now turn our attention to address if these spectral features arise from coupled or
individual cavities.

Distinguish superlattice coupled modes

Due to an inadvertent nanofabrication inhomogeneity of the underlying band
gap crystals, we find from the position-dependent measurement that the band
gaps shift across the crystals. Indeed, Figure 7.5(a,b) show that the band edges
shift to lower frequencies while the superlattices are scanned from Y = 0 to
10 pm. In superlattice SL5 (Figure 7.5(a)), we observe near the 2nd defect pore
a scattering peak centered at 6896 cm™!. Scanning further to the 3rd defect pore,

the scattering peak is replaced by another one at a lower frequency 6358 cm™!.
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Figure 7.5: Lower edges (red upright triangles) and upper edges (blue downward tri-
angles) of the position-dependent photonic gap versus Y, obtained from reflectivity
measurements on two crystals with a cavity superlattice with different lattice spacings.
Frequency of the peak inside the stopband obtained from lateral scattering measure-
ments are shown by green circles on each panel. Below each plot the SEM image of the
surface of the crystals is stitched with the same scale for reference for the reader. The

magenta dashed lines trace the positions of the defect pores.
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Figure 7.6: Camera images of the front surface of superlattice SL3 for cross-polarized
light, taken at two different frequencies. Left: at w = 7386 cm™' = wgy, i.e. at the
center of the superlattice peak. Right: at 7174 cm™!, outside the superlattice peak.
The surface of the crystal is illuminated by a separate LED to reveal the rectangular
zy crystal surface. On the top left of each figure, the white bar on the top left indicates
a scale of 5 pm.

Since the peaks correspond to the intentional defects, they represent cavity peaks.
Since the peaks differ for the different defects, they are uncoupled in the Y-
direction.? Strikingly, in superlattice SL3 the scattering peak has the same center
frequency (7386 cm™!) when scanned across multiple cavities (Figure 7.5(b)).
This implies that multiple cavities are coupled in the Y-direction, hence the
peak represents a bona fide superlattice band typical of Cartesian light that hops
through the superlattice [97]. To the best of our knowledge, this is the first
experimental observation of a 3D superlattice band in a 3D band gap.

To visualize the hopping of light in the superlattice, we capture images of the
front surface of SL3 while illuminating with different frequencies. We detect in the
crossed polarization state to avoid light that is single scattered from the sample
surface and select the light that has multiply scattered inside the crystal. So
we expect to detect light scattered from embedded cavities as well as structural
unavoidable disorder. We present images for two frequencies, at the center of
the superlattice peak w = wsy, (= 7386 cm™!), and outside the peak w # wsL
(= 7174 cm™1), yet inside the original band gap. In both cases, we see a speckle
pattern due to multiple scattering by the crystal. At w = wgy, the light spreads
over a large area, much larger than the incident spot. Intensity maxima near
the defect pores are observed, as shown in the left image in Figure 7.6. Along
the X-direction, the three intensity maxima are spaced equally apart. From the
camera image, we find the average distance between the centers of two consecutive
intensity maxima along X to be 1.5040.06 pm. From the design of the crystal, the

3Tt is conceivable that the cavities are coupled in the (X,Z)-directions, but this awaits evidence
later.
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distance between two defect pores along X-direction is cgr, = 3¢ = 3 x 0.48 pym =
1.44 pm. This good agreement proves that in SL3, the superlattice frequency hops
not only in Y, but also in X-direction, over at least 3 neighboring cavities. This
observation firmly establishes that we observe light hopping in a 3D superlattice.
In the latter case at w # wsy,, the overall intensity of the scattered reflection is
comparatively lower as shown in the right image of Figure 7.6 and we do not
observe features similar to the previous case.

7.3.2 Probe with p-polarized light

On superlattice SL5, we also measure spectra with p-polarized incident light. In
this case, a few noticeable differences compared to the s-polarized case were ob-
served. In figure 7.7(a) and (b), we show the reflectivity and lateral scattering
spectra measured and 2 locations, near and in between defects. The reflectivity
peaks are wide even when measured near the defect pores, with broad and nar-
row troughs in them. In both cases, the lateral scattering spectra show a clear
anticorrelation with reflectivity throughout almost the entire frequency range.
We also detect an overall increase in the scattered intensity compared to the
s-polarized case. The most interesting features in the scattered spectra are the
intense peaks within the original band gap. The LS peak in figure 7.7(a) corre-
sponds to the deep, narrow trough of the reflectivity inside the gap. The small
error bars indicate that the peak is reproducible in the vicinity of the probed
location. When we compare these spectra with the band structure, the LS peak
in figure 7.7(a) corresponds to one or more flat superlattice bands. The other
smaller peak near frequency 7700 cm~! has large error bars, implying a non-
reproducible signal implying a non-reproducible signal. In figure 7.7(b), there is
a very intense LS peak within the gap, at a higher frequency. This peak, however,
is sensitive to probing location, as the error bars are large and corresponds to the
broad trough in reflectivity. This peak could be a superlattice mode, and it could
also appear due to the 2D localized states along the line defects in the crystal
that are included in the dispersive bands in the high-frequency side of the band
gap. More theoretical understanding is required to explain these observations, as
many experimental factors such as different types of disorder in the crystal can-
not be taken into account in the band structure calculations*. The frequencies
corresponding to both of the lateral scattering peaks in Figures 7.9(a) and 7.9(b)
are different from those obtained from the s-polarized measurements, implying
the polarization dependence of the various optical modes within the band gap,
as seen in calculations by Devashish et al. [187].

4Calculating band structures and transport [187] that would include disorder will be a major
enterprise to study realistic structures.
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Figure 7.7: (a,b) Measured reflectivity (blue dots) and lateral scattering (red triangles,
right ordinate) spectra of the 3* cavity superlattice (SL5) near a defect and in between
two defects (at X = 2.5 um). These data were measured with p-polarized light, i.e.,
E-field parallel to the X-directed pores. The broad reflectivity peaks correspond to the
band gaps of the crystal at the relevant location, as indicated by the yellow regions
that match very well with the theory. In (a), the lateral scattering peak at 7400 cm™*
within the band gap (cyan highlight) corresponds to a reflectivity trough. (c) Photonic
band structure of a cavity superlattice in an infinite inverse woodpile photonic crystal.
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7.4 Discussion

7.4.1 Explanations on experimental features

We have observed many features from the reflectivity and scattering data mea-
sured on 3D photonic band gap crystals with a 3D superlattice of cavities. Such
a band gap superlattice is new, and hence it is a challenge to interpret the experi-
mental observations. In crystal fabrication, primarily we are limited by deviations
of crystal parameters from the design. Hence, a straightforward comparison of
the broadband spectra with band structures that are calculated for perfect, in-
finite crystals is insufficient. Our observation that the reflectivity peaks of the
crystal with superlattice of cavities matches with the expected band gap is en-
couraging for further analysis. The challenging aspect is the interpretation of
the various spectral features (troughs and peaks) observed in the reflectivity and
lateral scattering measurements given their sensitivity to fabrication errors. For
example, we always assume that the defect pores are half the diameter of the
normal pores forming the photonic crystal. However, in reality, as all the pores
are not perfect cylinders, it is unknown whether this relation holds for every part
in the crystal. Moreover, the fabricated crystals have a finite size, which makes
a direct comparison to infinite crystal lattice computations challenging. Hence,
the comparison with band structures is not the final way of interpreting data.
We intend to model structures with realistic features such as disorder and pore
tapering and scallops within pores to interpret and predict experimental results
more accurately.

Another important observation we make from our data is the frequency band-
width of the intensity peak of the laterally scattered light or of the trough in
reflectivity within the band gap. This bandwidth is related to the width of the
superlattice mode. We observe that the measured frequency width is much wider
(Aw/wsy, = 2%) than the maximum dispersion bandwidth of the isolated super-
lattice modes (maximum Aw/wsy, & 0.2%) in the band structure. We make the
following possible explanations for this observation:

1. The frequency tuning resolution of our setup including the linewidth of the
source is more than 0.2% (about 0.3%), hence is not sufficient to resolve
the superlattice features. Therefore, it is relevant to repeat the experiments
with a finely tunable laser source.

2. The signal that we measure is the result of coupling between different cav-
ities in the crystal that have individual resonance linewidths. Since all
cavities are not exactly the same due to fabrication deviations, the center
frequency and linewidths of the individual cavities differ slightly, resulting
in broader width of the coupled mode.

3. It is likely that disorder-induced scattering might be present at a frequency
corresponding to superlattice mode, such scattering would result in speckles
with a certain frequency correlation (similar as studies in chapter 4) that
overlaps with the superlattice mode.
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It has been shown that changing the distance between cavities leads to larger
dispersion and thus more coupling [97]. This is probably the reason why we see
little interaction of light with the cavities when we focus light in between two
defects along Y-direction in the crystal SL5 (figure 7.3(b)). Hence, it is possible
to tune the coupling between the cavities by decreasing the distance between
neighboring strongly coupled cavities. Indeed, in SL3, we see that the same
mode is excited at locations covering multiple cavities along Y. We also observe
coupling along X-direction in this case from the scattered reflection image in
figure 7.6.

7.4.2 Analogies with electronic band gap materials

An analogous system of defect bands in photonic band gap crystals are interme-
diate bands in defect-induced semiconductors that were recently reported even in
naturally occurring materials [254-258]. Intermediate bands are partially occu-
pied bands within the electronic band gap that are isolated from the valence and
conduction bands. They are an extra step for the valence band electrons to jump
to the conduction band. Such materials are used for increasing efficiency in solar
cells, as additional lower-energy photons get absorbed due to the intermediate
bands. While in the electronic case the defects are introduced in the form of
different elements, either by diffusion or chemical processes, in photonic lattices,
defects are usually formed by locally changing the refractive index. The funda-
mental difference between these two cases is the transport mechanism. Interme-
diate semiconductor bands increase energy absorption efficiency so that there is
a higher transition of electron-holes across the band gap, thereby resulting in a
higher conduction. When a higher voltage is applied across the semiconductor
junction (or more photons in the case of solar cells), the conduction is increased.
However, in photonic band gap with defect states, there is no such transition due
to a lack of analogy with the bias voltage. Hence the type of light transport in
the band gap occurs when there are line defects in the structure as in [74, 92] or
multiple point defects or 3D cavities that are coupled to each other.

7.5 Conclusion and outlook

We have experimentally detected the signature of light propagation from a 3D
array of cavities buried in a 3D photonic band gap. We measured spectra of
laterally scattered light from 3D superlattices of cavities that show narrow peaks
within the band gap, which correspond to superlattice modes. To the best of our
knowledge, this is the first experimental detection of 3D coupled-cavity propaga-
tion in photonic band gap crystals. With polarization-resolved measurements, we
also detect signature of possible 2D confinement in the crystals arising as a result
of the line defects. Such a system is analogous to electronic band gap materials
with intermediate bands within the band gap that facilitates charge transport.
Since our superlattices are made of silicon by CMOS-compatible methods, they
have the potential of integration into optoelectronic devices, where controlled
light propagation in 3D is required. Also, such a band gap superlattice will be
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very interesting to study the emission of light from active sources like quantum
dots with emission within the band gap when placed inside the cavities. It pro-
vides great potential to realize strongly-coupled cavities, which is a platform for
repulsive boson systems that have exciting physical properties including photonic
phase transitions [259].

The phenomenon of Anderson localization of waves in 3D, where diffusion is
absent in all directions, has not yet been observed experimentally for light. In
Anderson localized state, wave functions are localized in a small region of space,
with very short-range fields [9]. With 3D superlattice in photonic band gap, it
might be possible to realize this effect experimentally by selectively placing 3D
cavities within the band gap [10].
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APPENDIX 7

7.A Position dependence of the spectral features
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Figure 7.8: (a) Maximum value of the reflectivity peak, and (b) height of the scattering
peak near frequency 6900 cm ™' as a function of Y at X = 2.5um. The vertical magenta
lines are the locations of the defect pores. The data are extracted from measurements
using s-polarized incident light.

We extract all the important reflectivity and lateral scattering features as a func-
tion of Y from the systematic position-resolved measurements performed on SL5.
In figure 7.8(a) and 7.9(a), the maximum reflectivity in the gap are plotted for
s- and p-polarized incident light respectively, that clearly shows that it decreases
exactly on the locations of the defect pores. Figure 7.8(b) shows the amplitude
of the lateral scattering peak at 6900 cm~! (the peak shown in figure 7.4(a)).
The peak has maximum signal when the focus is aligned to a defect (vertical ma-
genta line at ¥ = 5.4 um) and decreases when the focus is scanned away. Here
we observe that the mentioned LS peak is a local effect of the cavities near the
defect pore at Y = 5.4 um. On the sites of the other defect pores, this particular
peak is not observed, possibly due to the inhomogeneity of the crystal along Y,
and sensitivity of the cavity modes with polarization.

Interestingly, the LS peak obtained from p-polarized measurements are of dif-
ferent character. We find two dominating LS peaks at two different locations
on the crystal. The first one at frequency 7360 cm~! is the most intense near
the defect pore at Y = 2.1 pm. Similar to the LS peak for s-polarized case, the
intensity of this peak also decreases as Y drifts from the defect pore. We observe
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Figure 7.9: (a) Maximum value of the reflectivity peak, and (b) height of the scattering
peak near frequency 7360 cm ™' and 7600 cm ™! as a function of Y at X = 2.5um. The
vertical magenta lines are the locations of the defect pores. The data are extracted
from measurements using p-polarized incident light.

another interesting intense peak a bit further away (near Y = 2.8 pum) from the
defect pore. The frequency of this peak is higher than the first one (7600 cm~1!)
and lies very close to the dispersive bands in the higher frequency range withing
the photonic gap. From the observations, we conclude that both these peaks
are the result of intentional defects in the crystal. To understand their exact
behavior we have to carry out detailed numerical models that account for the
fabrication deviations.
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CHAPTER

Summary and outlook

8.1 Summary

This thesis explores the possibilities of controlled light propagation in different
nanophotonic media, namely: randomly scattering, periodic and super-periodic
media. Various instances of these types of materials have been experimentally
investigated for the different possible ways of (controlled) interaction of near-
infrared (NIR) light with such materials. The ultimate goal is to build up
completely new knowledge and expertise about the special mode of propagation
of light in superperiodic systems. These special structures consist of a three-
dimensional (3D) grid of coupled optical cavities. Such a configuration provides
access to a form of light transport that has been known only in electronic sys-
tems. These special conditions can give access to never-before-seen phase transi-
tions like Anderson localization. The structures are also CMOS compatible and
functional in the telecom bands that are used for wireless communication. This
gives the possibility to combine these structures in the future with other existing
electro-optical components. Below is a summary of each chapter:

Ch. 2 This chapter provides a detailed overview of the experimental setup that is
used in all subsequent chapters. With this setup, it is possible to measure
broadband reflection, transmission as well as the lateral scattering of various
optical media. Furthermore, a spatial light modulator (SLM) allows us to
perform wavefront shaping to steer light. The specialty of the setup is to
measure samples optically over a wide spectral range from 950 to 2000 nm,
with a narrow spectral linewidth of 0.7 nm. All relevant technical details
are covered and the limitations of the setup are explored. In addition, an
overview is given of the CMOS-compatible optical samples measured in
chapters 5, 6, and 7, namely 2D photonic crystals, 3D photonic crystals,
and 3D super-periodic crystals.

Ch. 3 Optical speckles are produced when different light paths in a multiply scat-
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Ch. 4

Ch.

Ch.
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5

6

tering medium interfere coherently. In experiments, speckles are affected
by the interaction between light and the scattering material on the one
hand, and also the properties of the light source and the detector. Typ-
ically, speckle is measured with a narrow-band light source because such
source has a long coherence length. However, the setup described in chap-
ter 2 has a comparatively broad linewidth than typical narrowband laser
sources. The large linewidth reduces the temporal coherence of the light
and thus influences the speckle statistics. In this chapter, we examine how
this linewidth influences the speckle statistics using measurements on a
sample consisting of ZnO nanoparticles. We show that the speckle statis-
tic deviates from the expected exponential distribution. This deviation
is due to both the light source and the high noise of the detector used.
This conclusion has been validated with measurements with approximately
monochromatic light sources and a detector with less noise. This quantifies
the limitations of the setup and that the setup properties are sufficient for
meaningful measurements described in the subsequent chapters.

By changing the spatial phase of the wavefront of the incident light, is it
possible to realize a focus behind a scattering medium. This process is
known as wavefront shaping (WFS). Typically, the optimized wavefront is
unique to the frequency of the incoming light, but there exists some cor-
relation with optimized wavefronts for the neighboring frequencies. This is
given by the speckle correlation function. In this chapter, we investigate
for the entire range of telecom wavelengths the spectral width of this cor-
relation. It follows that for weak scattering media it is possible to reach
the spectral bandwidth of WFS to tens of THz (about 100 nm) in the NIR.
These results indicate the opportunity to implement WFS with scattering
media for focusing light over a very wide frequency range.

3D photonic crystals with the inverse woodpile structure, fabricated by
CMOS-compatible methods were studied and found to exhibit a com-
plete photonic band gap, whose frequency range depends on the radius
of nanopores and the lattice parameter. The crystals exhibit wide photonic
band gaps in various ranges of the telecom bands. Up to 96% reflectivity
within the band gap was measured, which is to our knowledge record the
highest band gap reflectivity of 3D photonic crystals. Such high-quality
band gap crystals are ideal for shielding active sources when placed inside
and to confine defect modes within the band gap.

We performed spectral measurement of reflectivity and lateral scattering
from 2D photonic crystals that reveal the directional photonic gaps of such
structures. Within the gap, where otherwise no Bloch modes are allowed,
the disorder-induced scattered light within the gap was steered deep into
the crystal far beyond the depth called Bragg length that is allowed conven-
tionally by crystal diffraction. Wavefront shaping (WFS) of telecom light
in the L-band (see Table 1.1) on 2D photonic crystals to send light as deep
as 8x the Bragg length of the crystal.
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Table 8.1: Interaction of light in various nanophotonic media + outlook

Arrangement| Structure DOS Wave propa- | Length WEFS
gation scale
Random ZnO Continuous | Multiple scat- | ¢ Yes
(no gap) tering, random
walk
2D periodic 2D photonic | 2D gap Bloch (outside | Lgp + | Yes
crystal gap), no Bloch | Lext
(in gap) + ran-
dom walk
3D periodic 3D  photonic | 3D gap Bloch (outside )
crystal gap), no Bloch To find Prelim.
(in gap) + ran-
dom walk
3D superperi- | 3D photonic | 3D gap | Bloch (outside )
odic crystal  with | +  defect | gap), no Bloch To find Prelim.
superlattice of | bands + random walk
defects + light hopping
(in gap)

Ch. 7 A structure of periodically placed coupled cavities embedded in a 3D pho-
tonic crystal forms a superperiodic photonic medium. Such a medium gives
the possibility to make light ‘hop’ between the various neighboring cavities.
This hopping takes place within the band gap of the underlying 3D crystal,
where normally no light propagation is possible. Both broadband reflec-
tion and scattering measurements on such superperiodic media reveal the
existence of these cavity modes inside the band gap of the 3D photonic
crystals. This is the very first observation of a completely new form of light
transport in a 3D super-periodic photonic crystal.

The experimental results of controlled light propagation within the photonic
band gap described in this thesis have scopes to further extend and improve. Due
to technical issues with crystal fabrication and a few limitations in the setup, we
were unfortunately not able to investigate some more features. Therefore, in the
next section, a few points are outlined that can be addressed for further research.

8.2 Outlook

In this thesis, we show the experimental results, along with modeling of field
enhancement inside 2D photonic crystals by WFS. 2D crystals have directional
photonic gaps, which means light escapes in other directions that allow propagat-
ing modes. This is not the case for 3D crystals since they possess a complete band
gap irrespective of direction and polarization. Hence once the light is inside, in
an ideal situation it would decay exponentially inside the crystal before escaping;
or in presence of superlattice of cavities, the light would hop from cavity to cavity
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and escape the structure. In 3D, we can in principle apply the same WFS pro-
cedure described in chapter 6 for 2D crystals by detecting the laterally scattered
light. The method will be suitable for 3D superlattices since the aim of the super-
lattice is to transport the coupled-cavity modes through the crystal. Therefore,
in experiments involving WFS in superlattices, we want the target location for
intensity optimization to be outside the crystal. Optimizing the lateral scattering
intensity of light with superlattice frequencies obtained by methods described in
chapter 7 would increase light transport and coupling to certain directions of the
superlattice. The preliminary work for WFS in 3D crystals has been done and
exciting results are reported in the MSc thesis of T. Vreman [260].

In chapter 1, we provided in Table 1.2 the various nanophotonic media that
are studied here and the density of states (DOS) and mode of light propagation
in them. We investigated these parameters in various chapters in this thesis.
The dominant length scale in periodic media, i.e. the Bragg length was explored
for 2D crystals in chapter 6. Often real crystals have a more realistic decay
length called extinction length due to disorder and finite-size effects. Similar
Bragg length is also possible to estimate for the 3D crystals from the measured
stopband [187], given as

2d we

Lp= T Aw’
where d is the lattice spacing. However, due to the limited thickness of our 3D
crystals (at most 5 um due to limited pore depth from etching, see Figure 5.9),
the extinction of light into the crystal is not easy to measure from lateral scattered
light. For 3D superlattices, there are two types of length scales within the band
gap: the Bragg length Lp at frequencies w # wsy, and Leoyple at w = wsr,, where
superlattice coupled modes propagate deep inside the crystal. The latter type of
length scale has not yet been explored.

The following ideas of measurement and analysis can be readily implemented:

(8.1)

e When a superlattice mode is identified from reflectivity and lateral scat-
tering measurements, make reflected speckle images with cross-polarized
detection at that frequency (wsy,) as in Figure 7.6. Then move the focus
around the same location to record multiple images, while keeping the fre-
quency the same. The average of the speckle patterns should average out
the intensity fluctuations of speckle arising from random disorder, making
it easier to isolate signals from the cavities.

e The lateral scattering spectra usually contain many speckles that arise from
random disorders. Some statistical analysis techniques can be implemented
on such spectra. For example, intensity statistics of the spectra can be
studied, similar to methods shown in chapter 3. Theoretically, the in-
tensity statistics of speckle from random disorder should be closer to the
standard exponential behavior while that of superlattice signature would
deviate from it. Another possibility is to compute the autocorrelation, i.e.,
the correlation between the signal and the frequency-shifted signal of the
spectral intensity. As seen in Figure 8.1, the autocorrelation is less below
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Figure 8.1: (a) A parametric plot of the laterally scattered intensity of crystal SL5
within and below the band gap with a lag in frequency corresponding to a wavelength
of 2 nm. Below the gap, the intensity is more scattered and in gap there is more
correlation. (b) A quantitative plot of the autocorrelation function below (top) and
within (bottom) the gap. The x-axis is in wavelengths instead of frequency because the
measurements were done with linear scale in wavelength.

compared to within the photonic gap!.

Below we state a few ideas that could be implemented in the measuring setup
for improved detection of the features:

x Higher magnification and NA: The setup provides imaging magnification of
250x and NA = 0.85 on reflection and 125x and NA = 0.42 on the lateral
side. Higher magnification and NA on the lateral side as well would help
in selecting a target spot for WFS with better resolution and accuracy.

* Currently in the setup, the lateral scattering signal is partially clipped by
the focusing objective MO1, which eclipses part of the scattered signal
from the samples. Thus the effective NA of MO2 is lower, resulting in
lower imaging resolution. Replacing MO1 with a longer working distance
objective should solve this problem.

* Introduce a narrowband (AX < 0.1 nm) tunable laser with high temporal
coherence to the setup. We have seen from analyses in chapter 3 that
limited temporal coherence (broad linewidth) of our current source has an
effect on the measurements.

1We thank Arie den Boef, Patrick Tinnemans, Vahid Bastani, Wim Coene, and Scott Mid-
dlebrooks from ASML for inspiring discussions that triggered this study.
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* Replace components of the setup (e.g. SLM, objective MO2, lenses) that
are not well-compatible with the whole range of NIR wavelengths that is
scanned for the measurements.
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Nederlandse samenvatting

In dit proefschrift wordt de gecontroleerde lichtvoortplanting bestudeerd in ver-
schillende nanofotonische media, te weten willekeurig verstrooiende, periodieke
en superperiodieke media. Diverse voorbeelden van deze materialen zijn experi-
menteel bestudeerd op de verschillende mogelijke manieren om (gecontroleerde)
interactie tussen licht in het nabij-infrarood en deze materialen. Het uiteinde-
lijke doel is om geheel nieuwe kennis en expertise op te bouwen over de bijzondere
voortplantingswijze van licht in de super-periodieke systemen. Deze bijzondere
structuren bestaan uit een driedimensionaal (3D) rooster van gekoppelde optische
trilholtes. Een dergelijke configuratie geeft toegang tot een vorm van lichttrans-
port die tot nu toe alleen bekend was in elektronische systemen. Deze bijzondere
toestanden kan toegang geven tot nog niet eerder waargenomen faseovergangen
zoals, Anderson lokalisatie. Tevens zijn deze structuren CMOS-compatibel en
functioneel telecom banden. Dit geeft in de toekomst de mogelijkheid om deze
structuren te combineren met andere bestaande electro-optische componenten.
Hieronder volgt een korte samenvatting per hoofdstuk:

Hfdst. 2 Dit hoofdstuk geeft een gedetailleerd overzicht van de experimentele op-
stelling die wordt gebruikt in alle hieropvolgende hoofdstukken. Met deze
opstelling is het mogelijk om zowel reflectie, transmissie alsmede laterale
verstrooiing van diverse optische media te meten. Verder stelt een spatial
light modulator (SLM) ons in staat om golfront-vorming (wavefront sha-
ping) toe te passen. Het speciale aan deze opstelling is dat het deze metin-
gen kan doen over een breed spectraal bereik van 950 nm tot 2000 nm met
een nauwe spectrale lijnbreedte van 0.7 nm. Alle relevante technische de-
tails worden behandeld en de limitaties van de opstelling worden verkend.
Daarnaast wordt een overzicht gegeven van de CMOS-compatiblele opti-
sche monsters die doorgemeten worden in hoofdstukken 5, 6 en 7, namelijk
2D fotonische kristallen, 3D fotonische kristallen, en 3D superperiodieke
kristallen.

Hfdst. 3 De waargenomen spikkel in elk experiment is het gevolg van een samenspel
tussen enerzijds het verstrooiende materiaal, anderzijds de details van de
lichtbron, optiek en detector. Typisch wordt spikkel gemeten in een klein
frequentiebereik met een nauwbandige lichtbron omdat dit licht een lange
coherentielengte heeft. Echter, de opstelling zoals beschreven in hoofdstuk 2
is een breedbandige opstelling. De relatief grote lijnbreedte reduceert de
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Hfdst. 4

Hfdst. 5

Hfdst. 6
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coherentie van het licht en beinvloedt daarmee de spikkelstatistiek. In dit
hoofdstuk onderzoeken we hoe deze wisselwerking tussen bandbreedte en
coherentie de speckle beinvloeden met behulp van metingen aan een mon-
ster bestaande uit ZnO nanodeeltjes. We laten zien dat de spikkel statistiek
afwijkt van de verwachtte exponentiele verdeling. Deze afwijking is het ge-
volg van zowel de gebruikte lichtbron en als meede de veel ruis in de detec-
tor. Deze conclusie is gevalideerd met metingen met een -bij benadering-
monochromatisch lichtbron en een detector met minder ruis. De nauwkeu-
righeid van de opstelling voor het meten van spikkelstatistiek isbepaald, en
deze is voldoende voor de metingen die in de volgende hoofdstukken worden
omschreven.

Door de spatiéle fase van het golffront van het inkomende licht te ver-
anderen is het mogelijk om achter een verstrooiend medium een focus te
realiseren . Dit proces heet “wavefront shaping” (WFS). De fase van het
optimale golffront is uniek voor de frequentie van het inkomende licht, ech-
ter is er wel een correlatie met het optimale golffront bij dichtbij zijnde
frequenties. In dit hoofdstuk onderzoeken we de spectrale breedte van deze
correlatie voor het gehele bereik van telecom banden . Hieruit volgt dat
voor zwak verstrooiende media het mogelijk is om de spectrale bandbreedte
van WFS enorm te verhogen tot tientallen THz (ongeveer 100 nm) in het
nabij infrarood. Deze resultaten geven de mogelijkheid aan om WFS te
implementeren met verstrooiingsmedia voor het focusseren van licht over
een breed frequentiebereik.

De frequentieafhankelijke reflectie van 3D fotonische kristallen met inverse
houtstapelstructuur zijn bestudeerd. Deze kristallen hebben een goed ont-
wikkelde blandkloof in diverse telecom banden en hebben -naar ons weten-
een record maximum van 96% reflectie in de bandkloof. Dit is belangrijk
omdat dit ten eerste een veelbelovende aanwijzing is dat de kristallen van
hoge kwaliteit zijn met zeer weinig fabricagefouten. De fabricagefouten
van met name de nanoporién en de roosterafstand zijn klein genoeg dat ze
de collectieve Bloch modi zwak verstoren. Ten tweede is een hoge reflec-
tie essentieel voor de afschermen van de trilholtes en eventuele activering
daarvan door bijvoorbeeld quantum dots te plaatsen in deze trilholtes.

Spectrale metingen van zowel de reflectiviteit alsmede de laterale verstrooi-
ing bij 2D-fotonische kristallen laten de richtingsathankelijkheid zien van
de fotonische bandkloof. In de bandkloof zijn geen Bloch modi aanwezig
en kan inkomend licht niet verder dan de Bragglengte doordingen. Ech-
ter, imperfecties in het kristal maken het mogelijk om inkomend licht in
de bandkloof tot wel 8x verder dan deze Bragglengte door te laten drin-
gen. Hierbij wordt gebruik gemaakt van wavefront shaping (WFS). De
toegenomen intensiteit wordt met grote precisie verklaard met een geheel
nieuw theoretisch mesoscopisch model. Hiermee laten we zien dat functi-
onele eenheden, bijvoorbeeld trilholten, binnen in de fotonische kristallen
alsnog optisch geadresseerd kunnen worden.



Hfdst. 7 Een structuur van periodiek geplaatste en gekoppelde trilholtes ingebed in
een 3D fotonisch kristal vormen een superperiodiek fotonisch medium. Een
dergelijk medium geeft de mogelijkheid om licht te laten springen tussen
de verschillende naburige trilholtes. Dit springen vindt plaats binnen de
bandkloof van het kristal, waar normaal gesproken geen enkele licht voort-
planting mogelijk is. Zowel reflectie- alsmede verstrooiingsmetingen aan
een dergelijk superperiodieke kristal tonen het bestaan van deze cavity mo-
des binnen in de bandkloof van de 3D fotonisch kristal aan. Dit vormt de
allereerste observatie van het geheel nieuwe vorm van lichttransport in een
dergelijk 3D super-periodiek fotonisch kristal.
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