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The finest thing we can experience is the mysterious. It is the
fundamental emotion which stands at the cradle of true art and true
science. He who does not know it and can no longer wonder, no longer
feel amazement, is as good as dead, a snuffed-out candle.

Albert Einstein



Abstract

Photonic crystals are periodic dielectric structures having periodicity of
the order of the wavelength. Consequently, they offer the ability to control
the propagation of electromagnetic waves in a similar way as the periodic
potential affects the electron motion in a semiconductor crystal. By choos-
ing the parameters of the photonic crystal, desired dispersion characteristics
such as band gaps for light can be implemented, providing the possibility of
creating miniaturized photonic components for integrated optical circuits.
In this thesis, two-dimensional photonic crystal components with passive
and active functionalities are designed, realized and investigated.

The passive components, including photonic crystal cavities, waveguides
and tight waveguide bends, are studied by means of far-field and near-field
(heterodyne SNOM) measurement techniques addressing loss, quality fac-
tors and transmission efficiencies. The ability to tune or modulate the
optical properties of photonic crystal devices increases their functionality
and opens up new possibilities for applications. We present two ways of
perturbing the optical environment near a photonic crystal cavity, enabling
tuning and modulation of the in-plane transmission. Optical switching and
wavelength tuning is obtained by means of induced thermal and plasma
dispersion effects when focusing a laser onto a photonic crystal cavity struc-
ture, demonstrating the feasibility of high-speed optical integrated circuits
based on silicon structures. On the other hand, tuning of the resonant
wavelength and on-off switching of the transmission signal is achieved by
probing the optical field confined within the resonant cavity by means of an
atomic force microscope (AFM) tip, suggesting an integrated on-off switch
or tunable filter.

This thesis combines design, fabrication and measurement, thus bring-
ing a better understanding of the fundamental properties of these types
of photonic crystals, and helping to pave the way to practical integrated
optical circuits.
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1 Introduction

During the 20" century, the development of semiconductor technology has brought
about enormous changes to our society and the life of people. The constant trend
towards smaller, faster integrated electronic circuits is derived from the develop-
ment of technologies that allows us to control the flow of electrons in a semicon-
ductor. During the 215 century, there is a possibility that photonic devices may
take over the role of electronic devices. Through the use of surprisingly similar
theoretical and fabrication approaches, photonic crystals promise to give us con-
trol over the flow of photons, and with their ability to interact with light on a
wavelength scale they have the potential to provide the means for true photonic
integration. By designing and controlling the optical properties of materials, pho-
tonic crystals may become key components for devices with functionalities such as
all-optical switching, extracting light to useful radiation, boosting the efficiency
and brightness of LEDs, preventing photon emission into certain optical modes
for low threshold microcavity lasers, and waveguiding beyond the limits of total
internal reflection for highly compact systems containing tight bends and splitters
for light signal transfer. In order to realize these devices, we need to understand
the fundamental properties of photonic crystals with their limiting factors such
as propagation losses and we need to be capable of fabricating them with today’s
technology.

Photonic crystals arise from the cooperation of periodic scatterers, therefore
they are called “crystals” because of their periodicity and “photonic” because they
interact with light. Electromagnetic waves propagating in one-dimensional peri-
odic structures, such as a multilayer film, were first studied by Lord Rayleigh in
1887. He showed that any such periodic system has a narrow band gap prohibit-
ing light propagation through the planes [1|. This band gap is angle-dependent,
producing a reflected colour that varies with angle. A similar effect is often re-
sponsible for the many iridescent colours found in nature, such as the wings of
certain butterflies and moths that are covered with periodic microscopic struc-
tures [2]. Only at the end of the 1980’s, when both Yablonovitch and John
suggested that three-dimensional structures with periodic variations in dielectric
constant could influence the nature of photonic modes in a material, did the
concept of photonic crystals start to emerge. Yablonovitch’s main aim was to
control the radiative properties of materials [3|, while John’s was to affect pho-
tonic localization by introducing a random refractive-index variation in a periodic
medium [4]. John also predicted many interesting quantum optical phenomena
that can be realized in photonic crystals such as the bound state of photons [5] and
non-exponential decay of spontaneous emission [6]. The first three-dimensional
photonic crystal exhibiting a photonic band gap in the microwave range was fab-
ricated in the beginning of the 90’s [7]. This structure, consisting of a dielectric
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8 1 INTRODUCTION

medium drilled along three of the axes of the diamond lattice, has been named
Yablonovite. At the end of the 1990’s, the first three-dimensional photonic band
gap structure in the infrared (optical communication wavelengths) was realized
with the woodpile structure, consisting of tiny rods of silicon built up in a layer
by layer manner [8,9]. At the present time, three main fabrication methods are
used to create three-dimensional photonic crystal structures. First, layer-by-layer
fabrication where individual crystal layers are deposited one-by-one and etched
with a two-dimensional pattern via lithographic methods [10]. Second, colloidal
self-assembly, in which small dielectric spheres in a fluid arrange themselves into
crystals by surface forces [11|. Third, holographic lithography, in which three-
dimensional crystals can be formed by the interference pattern of four to six
coherent laser beams hardening a light-sensitive resin [12]. Even though several
different fabrication technologies are available, they all share some undesirable
properties: all are highly sensitive to the fabrication environment, all tend to be
somewhat slow and all require significant investment in equipment and resources.
The accurate, rapid and reliable fabrication of three-dimensional periodic struc-
tures with submicrometer sized features has remained a difficult challenge. In
terms of structure types, there is a stage between the one-dimensional multi-
layer film and the full three-dimensional photonic crystal. Many research groups,
including ours, have concentrated their efforts on two-dimensional photonic crys-
tals, which has led to considerable progress in both design and fabrication [13-15].
The fabrication of such planar structures is based on well-known lithographic tech-
niques used to manufacture integrated electronic circuits. A summary of early
studies can be found in Refs. [16,17]. These two-dimensional photonic crystals
have many things in common with both the one- and three-dimensional versions,
but with the bonus of surprising flexibility of design and (compared to the three-
dimensional version) easier fabrication. It is therefore not surprising that a great
many of the practical advances in photonic crystal research have been made using
the two-dimensional approach.

In this thesis, two-dimensional photonic crystal components with passive and
active functionalities are designed, realized and investigated. This thesis combines
design, fabrication and measurement, thus bringing a better understanding of the
fundamental properties of these types of photonic crystals, and helping to pave
the way to practical integrated optical circuits.

Chapter 2 gives a theoretical introduction to the properties of photonic crys-
tals starting with Maxwell’s equations. These equations are cast as a linear
Hermitian eigenvalue problem, a form in which many useful properties become
apparent. The photonic crystal properties are then described by the characteris-
tic photonic band structure or dispersion diagram representing the eigensolutions
of the eigenvalue problem for a periodic dielectric structure. In addition, the
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formation of different types of localized modes by introducing defects into the
photonic crystal are discussed. The theoretical overview mainly focuses on two-
dimensional photonic crystals in anticipation of the results presented thereafter.

Chapter 3 presents the basic concepts of the two numerical simulation tech-
niques used for the design of the photonic crystal waveguides and microcavi-
ties: a frequency domain method based on planewave expansion computing fully-
vectorial eigenmodes of Maxwell’s equations and a time domain method based on
the finite integration time domain algorithm.

The photonic crystal structures presented in this work have been fabricated
by the two most commonly used lithography techniques, which are described in
Chapter 4. On the one hand, e-beam lithography with its high resolution and
flexibility is a powerful fabrication tool for realizing structure with submicrome-
ter features. On the other hand, deep UV-lithography is resolution limited but
provides a fabrication process more suited for large-scale production.

Chapter 5 gives a brief survey of published research on passive and active
two-dimensional photonic crystal components.

Chapter 6 contains the results of this work, which are presented in eight
publications. The first three publications (I-III) present the experimental and
theoretical characterization of silicon photonic crystal waveguides and micro-
cavities fabricated by e-beam lithography and deep UV-lithography. Based on
a stage-by-stage analysis using an incremented series of different samples, cou-
pling efficiencies between a conventional ridge waveguide and a photonic crystal
waveguide as well as the bending efficiency around a 90° corner and the qual-
ity factor and losses in a microcavity are investigated and quantified. In addi-
tion to these far-field measurements, publications IV and V present some of the
first observations of the amplitude and phase of the optical field propagating in
straight and 90° bend photonic crystal waveguides by means of heterodyne scan-
ning near-field optical microscopy (SNOM). These first publications contribute to
a better understanding of the fundamental properties and limitations of passive
two-dimensional photonic crystals and illustrate the usefulness of the different
measurement techniques. Publications VI and VII report two tuning and switch-
ing methods of microcavities in silicon photonic crystal waveguides. All-optical
tuning and switching is achieved by focusing a laser on the microcavity region,
generating both a thermal and a plasma dispersion effect, which allow the tuning
and fast modulation of the in-plane transmission. Tuning and on-off switching
of the transmission signal are likewise achieved by means of a silicon AFM tip,
probing the highly localized field in the vicinity of the microcavity. These two
publications on active photonic crystal components contribute most strongly to
the steps towards practical applications suggesting miniaturized integrated de-
vices with active functionalities. Although publication VIIT addresses a different

Passive and active two-dimensional photonic crystal components



10 1 INTRODUCTION

subject, being part of the author’s work during his PhD thesis, it is included here
for completeness. It presents results on a different topic discussing optical phase
singularities at subwavelength resolution generated by subwavelength structures,
such as gratings and microlenses. These measurements were performed by means
of a heterodyne scanning probe microscope and a high resolution interference
microscope.

Finally, a short conclusion is given in chapter 7.
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2 Photonic crystals

Advances in semiconductor physics have allowed the control of the conducting
properties of materials, thereby initiating the transistor revolution in electronics.
This led to the great impact that semiconductor materials have had on every
sector of society. Today, photonic crystals promise to give us similar control over
the optical properties of materials. In order to introduce the basic concept of
photonic crystals, it is useful to draw analogies with semiconductor physics.

In a semiconductor, the atoms are arranged in a periodic crystal lattice, and
electrons moving through this crystal experience a periodic potential as they
interact with the atoms. This interaction results in the formation of allowed and
forbidden energy states (allowed bands and band gaps). If the periodicity of the
lattice is broken by a missing atom or by an impurity atom, or if the material
contains interstitial impurities, an electron can have an energy state within the
electronic band gap [18].

In a photonic crystal, the periodic potential is due to a periodic arrangement
of macroscopic dielectric media instead of atoms. The scale of the alternating re-
gions with different dielectric constants is on the order of the wavelength of light.
As light propagates within the periodic material the contrast in the dielectric
constant acts as the periodic potential. This interaction results in the formation
of allowed and forbidden energy states (light modes) as in electronic materials. If
the periodicity of the photonic crystal is broken by introducing defects in the pe-
riodic structure, light can have energy states (defect modes) within the photonic
band gap (frequency range where light cannot propagate within the photonic
crystal) . Photonic crystals can be differentiated between one-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D) crystals according to the di-
mensionality of their periodic structure (schematically depicted in Fig.1). In
addition, two-dimensional structures with a finite thickness combine photonic-
crystal effects in the plane of periodicity with conventional index guiding in the
third dimension.

7/

(1D) (2D)

Figure 1: Schematic illustration of one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) photonic crystals. The different grays represent materials with
different dielectric constants.
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12 2 PHOTONIC CRYSTALS

The exciting potential of photonic crystals lies in the ability to control the
optical properties of materials and to mould the flow of light. The concept of
photonic crystals has led to many subsequent developments in fabrication, theory,
and application, from integrated optics to negative refraction to optical fibers that
guide light in air.

2.1 'Wayve equations and eigenvalue problem

The understanding of the interaction of light with periodic dielectric materials
allows the design of the optical properties of photonic crystals. For this purpose,
we must turn to the Maxwell equations, which describe the interaction of light
with matter:

10B(r, 1)

VB(I',t):O VXE(I',t)—I—CT:O
VE(r,t) = 4mp(r, t) V x B(r,t) — %% = 4%.](1‘,25). (1)

E and H are the macroscopic electric and magnetic fields, D and B are the
displacement and magnetic induction fields, and p and J are the free charge
and current densities. In order to simplify the Maxwell equations (Eq. 1), we
will restrict ourselves to propagation within a composite of regions of different
homogenous dielectric materials with no free electric charges and no electric cur-
rents. Therefore, we can set p = 0, J = 0. Further, in order to relate D to E
and B to H we make the following assumptions: we consider only small field
strengths so that we are in the linear regime; we ignore the frequency dependence
of the dielectric constant; we assume the dielectric material to be macroscopic,
isotropic and lossless. Thus, the Maxwell equations are reduced to

LOH(r, t)

H = E _—
VH(r,t) =0  V x (r,t)—l—c T 0

1 t)OE(r,t
Ve(r,t)E(r,t) =0  V x H(r,t) — —E(r’)a% =0. (2)
c
By expanding the fields E and H into harmonic (sinusoidal) modes, the time
dependence can be separated out and the two curl equations relating £ and H

can be combined into an equation entirely in H(r) [17]:

v x <Lv « H(r)) _ (“_’)QH(r). (3)

e(r) c

Passive and active two-dimensional photonic crystal components



2.2  Periodic dielectric structures 13

The content of equation (3) states that if H(r) is an allowable electromagnetic
mode, the result after the operations of the equation will just be a constant times
the original function H(r). This is an eigenvalue problem, of which H(r) is the
eigenvector and (w/c)? is the eigenvalue with w as the angular frequency. The
eigenvectors H(r) are the field patterns of the harmonic modes in the dielectric
material, and the eigenvalues (w/ ¢)? are proportional to the squared frequencies

of these modes. Further, it can be shown that the operator Il = V x (%Vx) is

linear and Hermitian [17]. A Hermitian operator implies that the eigenfunctions
(modes of different energies) are orthogonal and have real eigenvalues. If two har-
monic modes have equal frequencies (w; = ws), then we say they are degenerate
and not necessarily orthogonal. An important property of the electromagnetic
modes is that there is no specified length scale involved. Once the eigenvalues
and eigenfunctions of equation (3) are solved, they can be scaled to any physical
size or wavelength range as long as the dielectric constant is fixed. Due to the
scalability, photonic crystal components can be designed without specifying the
dimensions and subsequently scaled to the selected frequency regime. In real-
ity, some slight adjustment might be needed to compensate for differences in the
dielectric constant at different frequencies.

2.2 Periodic dielectric structures

A photonic crystal has a discrete translational symmetry and is described by
a periodic dielectric function €(r) = ¢(r + R) where R is an integer multiple
of the photonic crystal primitive lattice vector in each direction. Because ¢ is
a periodic function of the spatial coordinate r, the Bloch-Floquet theorem for
periodic eigenproblems can be applied, which states that the solutions to Eq. (3)
is of the form

H(r) = uy(r)e’ ™), (4)

with eigenvalues of w, (k), where uy is a periodic envelope function on the lattice:
uk(r) = uk(r + R) for all lattice vectors R. When Eq. (4) is substituted into Eq.
(3), one gets

(ik + V) x (L(ik +V) x un,k(m) _ (”(”’ k>)2 (1) (5)

e(r) c

yielding a different Hermitian eigenproblem which is subject to the periodic
boundary condition leading to eigenvectors u, i (r) and eigenvalues (w,(k)/c).
These eigenvalues are continuous functions of each Bloch wavevector k, forming
discrete bands, where n denotes the discrete eigenvalues. There are n solutions
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14 2 PHOTONIC CRYSTALS

with frequencies wy,(k) for every predetermined value of k. The relations w, (k)
as a function of k constitute the photonic band structure, mapping out all inter-
actions between the modes in a photonic crystal. In other words, the photonic
band structure or dispersion diagram supplies us with most of the information
that we need to predict the optical properties of a photonic crystal.

Because of the periodic boundary condition, the eigensolutions (Bloch states)
uk(r) are periodic functions of k as well, such as the solution uy(r) is the
same as Ui, g(r), where G is a primitive reciprocal lattice vector defined by
Ri- Gj = 276, ;. As a consequence, the eigenvalue problem can be regarded as
being restricted to a single unit cell of the photonic crystal and we only need to
compute the Bloch states for k within the primitive cell of the reciprocal lattice,
which is called the Brillouin zone [18]. In addition, the Brillouin zone may itself
have rotational symmetries in the lattice, which results in additional redundancies
in the solutions within the Brillouin zone corresponding to the lattice symmetries.
By eliminating the redundant regions within the Brillouin zone, we obtain a zone
for which the w,, (k) are not related by symmetry, namely the irreducible Brillouin
zone.

In this thesis we primarily work with photonic crystals that are based on a
square or triangular lattice. We show therefore a square and triangular lattice
with its Brillouin and irreducible Brillouin zones in Fig.2. According to the
rotational symmetries of the two lattice configurations, the irreducible zones are
fractions of the area of the full Brillouin zone.

(@)

Figure 2: Square (a) and triangular (b) lattices with their respective Brillouin zones
as well as their irreducible Brillouin zones of a two-dimensional photonic crystal. The
special points at the center, corner, and face are conventionally known as I', M and X
or I', M and K, respectively.
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2.3 Photonic band structures 15

2.3 Photonic band structures

In this section we study the band structure of two-dimensional photonic crys-
tals since this work is mainly focused on two-dimensional structures. A two-
dimensional photonic crystal is periodic along two of its axes and homogeneous
along the third. Two-dimensional systems exhibit most of the important charac-
teristics of photonic crystals for light propagating in the plane of periodicity. The
optical fields interacting with the photonic crystal structure can be divided into
two polarizations: TM (transverse magnetic), in which the magnetic field is in
the plane of periodicity and the electric field is perpendicular; and TE (transverse
electric), in which the electric field is in the plane of periodicity and the magnetic
field is perpendicular.

Figure 3 shows the photonic band structure or dispersion diagram with the
eigensolutions for a triangular lattice of holes in a high refractive-index material.
The hole radius is chosen to be 0.35a, where a is the lattice constant and the
high /low ¢ ratio is 12/1. Both the TE and the TM band structures are shown.
The in-plane wavevector k,, goes along the edge of the irreducible Brillouin zone,
from I' to M to K as shown in the inset in Fig. 3. It is conventional to plot
the frequency bands only along the boundaries of the irreducible Brillouin zone
since the band extrema almost always occur along these boundaries [17]. With
Maxwell’s equations being scale-invariant, the frequencies w are given in units of
27c/a, which is equivalent to a/\ (A being the vacuum wavelength), so that the
same solutions can be applied to any wavelength range by adapting the lattice
constant a.

A first characteristic optical property of a photonic crystal is the photonic
band gap. In a one-dimensional photonic crystal, such as a multilayer film, the
photonic band gap prohibiting light propagation through the planes is the fre-
quency range where Bragg reflection occurs. A two-dimensional triangular lat-
tice with a hexagonal Brillouin zone exhibits a very high symmetry in the plane.
Therefore, this structure is convenient for the formation of forbidden bands in all
directions within the plane of periodicity. For TE modes (light gray lines in Fig.3)
we observe a complete photonic band gap (light gray shaded region) between the
first and the second bands, whereas for TM modes (dark gray lines in Fig.3) no
photonic band gap exists. In order to understand in more detail the formation of
a photonic band gap for TE modes, we look at the field patterns (magnetic field)
at the lower and upper band edges corresponding to the high symmetry points K
and M of the irreducible Brillouin zone. At the lower band edge, the field asso-
ciated with the lowest TE mode at K is strongly concentrated in the high index
material (Fig.3(c)) giving it a lower frequency. In contrast, the field pattern of
the second mode at M, the upper band edge, has a nodal plane cutting through
the high index material and therefore its energy is more concentrated in the air
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Figure 3: (a) The photonic band structure for a triangular lattice of air holes (r/a =
0.35) in a high index material (¢ = 12.0), where a is the lattice constant (see inset). The
frequencies for the two polarizations (TE-modes in light gray, TM-modes in dark gray)
are plotted around the boundary of the irreducible Brillouin zone (shaded triangle in
the inset). (b) The magnetic field pattern of the TE mode corresponding to the second
band at the M point. (¢) The magnetic field pattern of the TE mode corresponding to
the first band at the K point. The gray levels indicates the amplitude of the magnetic
field (dark = negative, light = positive). There is a band gap for the TE guided modes
only.

holes (Fig.3(b)) giving it a higher frequency. For this reason, the bands above
and below a photonic band gap are also referred to "air band" and "dielectric
band", respectively. The photonic band gap arises from this difference in field
energy distribution. The higher the dielectric contrast in the periodic structure
the larger is the photonic band gap. Therefore, high index materials are essential
for the realization of photonic crystal structures.

Besides the photonic band gap, we observe other optical properties specific
to photonic crystals in the dispersion diagram. The dispersion properties of
light propagating within the photonic crystal are described by the allowed bands
(light gray and dark gray lines) for the TE and TM polarization. Light with
an angular frequency centered at w and a wavevector kq travels with a group
velocity v, = gradyg—y,w in the direction of ky. The group velocity is given by
the slope dw/dk at the corresponding point of the dispersion band. In Fig. 3
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we observe regions where the bands are flat, have a strong curvature or have
a negative slope. Modes propagating in a flat band region have a very small
group velocity. Therefore, they are of particular interest for the investigation
of “slow light” [19]. In the strong curvature regions the group velocity is highly
dispersive. As a consequence, only a slight variation in the angular frequency w
induces drastic changes in the direction (k) leading to the so-called superprism
effect [20]. The bands of negative dispersion open the door to the observation
of negative refraction phenomena [21,22]. At first, research on photonic crystals
has mainly been focused on the photonic band gap property. However, more
recently the dispersion properties of the allowed bands have become a topic of
great interest where much can be explored.

Previously we described two-dimensional photonic crystals with allowed and
forbidden bands for in-plane propagation. Modes with frequencies inside the
photonic band gap are forbidden to exist within the interior of the crystal, unless
there is a defect in the photonic crystal. A defect, or perturbation in the period-
icity enables localized photonic states in the gap, whose formation and properties
depend on the nature of the defect. For example, a properly designed point defect
acts like a microcavity and a line defect like a waveguide for frequencies within the
band gap. Introducing defects into a photonic crystal opens up a new dimension
in the ability to control the propagation of light.

We will illustrate the formation of different types of localized modes within the
photonic band gap by introducing a line defect into a two-dimensional photonic
crystal with a square lattice of air holes in silicon. By modifying a line of holes
in the otherwise perfect crystal, an allowed defect mode can be created within
the photonic band gap. Light that propagates in the line defect (photonic crystal
waveguide) with a frequency within the band gap of the crystal is confined to, and
can be directed along this waveguide. In Fig.4 the formation of the defect modes
are shown in the projected band structure, which projects all photonic crystal
states onto the direction of propagation of light, along the I'X direction in the
reciprocal space. In Fig.4(a) the diameter of the holes is reduced as illustrated
in the inset. This induces two defect modes that are allowed within the band
gap. First, the steeper mode has guiding properties similar to a conventional
waveguide mode. In fact, this "refractive-like" [23] mode does not "see" the
photonic crystal so much as a periodic structure, but rather as material with an
effective refractive index. Since the effective refractive index of the line defect is
higher than the effective index of the surrounding crystal, the mode fulfils the
total internal reflection condition (index guiding). Second, the flatter mode is a
photonic crystal effect guided mode, meaning light is confined laterally because it
is forbidden from entering the surrounding crystal. When reducing the diameter
of the holes, this so-called donor mode is pulled down from the air band into
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Figure 4: The projected band structure of TE modes for a waveguide in a square
lattice of air holes in silicon. The direction of propagation of light is along the I'X
direction in the reciprocal space (wavevector between 0 and 7/a). The gray shaded
regions correspond to modes of the photonic crystal, which are states that can propagate
through the crystal corresponding to the TE- and TM-modes in Fig.3. The defect modes
are represented by dark solid lines. The arrows indicate how the defect modes have
been pulled into the band gap. (a) Donor mode is pulled down from the air band when
reducing the diameter of the air holes. A second "refractive-like" defect mode is index
guided. (b) Acceptor mode is pushed up from the dielectric band when increasing the
diameter of the air holes.

the photonic band gap as indicated by the arrows. A simple way to understand
this is to examine the effects that a small variation in £(r) has on the frequency
of a mode analogous to the formation of the photonic band gap. Increasing the
dielectric constant € in the line defect, by reducing the diameter of the holes,
induces a negative frequency shift and therefore a defect state is pushed down
from the air band into the gap. The donor mode has a flat dispersion relation
which results in a small group velocity. One of the most common donor-type
waveguide is a photonic crystal with a single row of missing holes, called W1
waveguide.

In Fig.4(b) the diameter of the holes is increased as illustrated in the inset.
In this case, only one defect mode (acceptor mode) is created, which is governed
by a purely photonic crystal mechanism of light confinement. By removing some
more silicon (increasing the diameter of the holes) the corresponding frequency
shift is positive and a defect state can be pushed up from the dielectric band into
the gap as indicated by the arrows. This mode has the properties of the dielectric
band. Again, we can recognize an analogy between defects in photonic crystals
and impurities in a semiconductor.

The above discussion looked at photonic crystals that are periodic in the plane
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and of infinite extent orthogonal to the plane. Clearly, real structures cannot be
this way. In order to realize two-dimensional photonic crystal phenomena in real
three-dimensional structures, the most straightforward design is to fabricate a
two-dimensional periodic crystal with a finite height: a photonic crystal slab, as
shown in Fig.5. Such structures usually consist of a semiconductor core (high
refractive index material) and a surrounding cladding of lower refractive index
such as air or silicon dioxide (see Fig.5(b)). Therefore, this structure can confine
light vertically within the slab via index guiding whereas the photonic crystal
properties can be exploited in the plane of the periodicity. After fixing the mate-
rials for the slab and the surrounding cladding the critical design parameters for
the photonic crystal properties are the lattice constant a, the slab thickness ¢ and
the hole diameter d. In Figure 5(a), a slab thickness of 0.5a and a hole diameter
of 0.8a is used for a photonic crystal slab with a triangular lattice of air holes
in silicon. The photonic band structure is more complicated than for the ideal
two-dimensional photonic crystal. For symmetric slabs (same cladding above and
below) the optical field can be divided into even or odd modes with respect to the
mid-plane of the photonic crystal core layer. Although it is no longer possible to
distinguish TE or TM modes, because the fields are also a function of the vertical
coordinate, it is still useful to call them TM-like or TE-like modes.
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Figure 5: (a) Band diagram for a triangular lattice of air holes (r/a = 0.35) in silicon
(e=12.0), where a is the lattice constant. The frequencies for the two polarizations
(TE-like modes in red, TM-like modes in blue) are plotted around the boundary of the
irreducible Brillouin zone (shaded triangle). The thickness of the slab is chosen to be
t = 0.5a and the hole diameter is d = 0.7a. The light cone (grey region) contains the
continuum of states that radiate into the air. There is an incomplete band gap region
for TE-like guided modes. (b) SEM micrograph of the fabricated photonic crystal slab.
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The index guiding property for the vertical confinement is described by the
continuous light cone in the band diagram. Modes with frequencies above the
light line w = ck,/, shown as the shaded region in Fig.5, will radiate vertically
and therefore leak energy into the cladding. The modes beneath the light cone
cannot couple to any vertically radiating modes and so are confined to the slab.
The presence of these radiating modes means that no complete photonic band
gap is possible because there are radiating modes at every frequency (w). Fur-
thermore, if translational symmetry is broken, for example by a waveguide bend
or a resonant cavity, then light can couple to the radiating modes and losses
are inevitable. Various methods have been developed in order to minimize such
coupling losses.

3 Numerical simulation methods

In order to predict and design the desirable optical properties of photonic crystals
we need access to the appropriate theoretical tools. For numerical calculations,
the continuous Maxwell equations must be discretized leading to a finite num-
ber of points that have to be solved. Here we will give a short introduction to
two common computational approaches that have been used in this thesis for
the simulation of photonic crystals, namely the frequency domain method and
the time domain method. Respectively, frequency and time are discretized in
addition to discretizing space. Frequency domain methods, based on the intro-
duced eigenvalue equation (Eq. 3), are well-suited to calculating band structures
and eigenstates. Time domain methods are better for computing the response of
more complex geometries especially for the evolution of fields and transmission
and resonance calculations.

3.1 Frequency domain method

The frequency domain method used in this thesis is a fully-vectorial, three-
dimensional algorithm in a planewave basis computing eigenmodes of Maxwell’s
equations with periodic boundary conditions, also called MPB (MIT-Photonic-
Bands). This method has been implemented by the MIT Ab Initio-physics group
and is freely available under the GNU General Public License [24]. The goal of
the frequency domain method is to solve the eigenvalue equation for the magnetic
modes of periodic dielectric structures such as photonic crystals:

V x [V x Hy(r) (<) B (6)

— ()] =(— »(1).
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This equation allows the determination of the allowed mode frequencies for a given

crystal, and which wave-vectors k are associated with each of those modes. This
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leads to the characteristic photonic band structure. The subscript "w" in equation
(6) emphasizes that each field pattern corresponds to a specific frequency. As a
next step, the field patterns are expanded into a basis of plane waves:

HK(r) = Z hyé)elitete) T, (7)
G

with €, as the unit vector designating the polarization and G as the reciprocal
lattice vector of the photonic crystal. With the plane wave expansion the differ-
ential equation (6) converts into a system of linear equations that can be solved
on a computer. The MPB method uses an iterative eigensolver, which iteratively
improves approximate eigenstates, in order to calculate all of the eigenvalues
(w/c)? for a given value of k. For photonic crystal structures with defects the
computational unit cell of the periodic crystal has to be replaced by a super-
cell, which contains the defect and is repeated periodically in order to allow the
plane wave expansion. The supercell unit must be large enough to eliminate sig-
nificant coupling between the periodic defects (such as cavities, waveguides and
slabs). Furthermore, the lower modes in a large supercell are folded many times
in the Brillouin zone, therefore the resulting modes must be inspected carefully.
With large supercells the frequency domain methods incur large computational
requirements both in time and in storage.

3.2 Time domain method

The time domain method used in this work is based on the finite integration
technique, which rewrites Maxwell’s equations in their integral form into a discrete
formulation solving the electric and magnetic fields explicitly as a function of time.
The implementation of this method is commercialized by CST GmbH (Computer
Simulation Technology) under the product Microwave Studio using a code named
MAFTA (Maxwell’s finite integration algorithm) [25]. The finite integration time
domain (FITD) is computationally similar to the well-known finite difference
time-domain (FDTD) scheme. The only difference is related to the fact that the
Maxwell equations are solved in integral form:
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These equations reveal their macroscopic character with the connection to geo-
metric objects such as volumes V, areas A and lines. Both, the FITD and FDTD
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methods are based on the Yee algorithm, published originally by Kane Yee in
1966 [26]. The strength of Yee’s method lies in its choice of sampling grid, in
which every component of the electric field is surrounded by components of the
magnetic field and vice versa. In the FITD method the integral form of the
Maxwell equations (8) is directly translated to such a dual grid space with, on
the one hand, the electric field, and on the other hand, the magnetic field. A
typical grid size step for an accurate solution is in the order of A/10. Further,
since the electric and magnetic fields are interconnected in time and space the
equations are solved in a leapfrog manner which samples values of £ and H at
times separated by half a time step so that the E-field and H-field updates are
staggered. This iterative recursion technique is numerically stable with the fol-
lowing condition on the time step for the case of a regular equidistant coordinate
grid:

SIS
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In order to eliminate back reflections in a finite numerical domain, containing
for example the photonic crystal structure, special absorbing boundary conditions
have to be added. One of the most effective boundary condition is the perfectly
matched layers (PMLs) condition based on the idea suggested by Berenger in
1994 [27]. This condition provides a near reflectionless interface between the
region of interest and the PML layers at a wide range of incident angles. The
layers themselves are lossy, so that after a few layers the wave is significantly
attenuated.

The time domain method is a versatile computational technique and has been
widely applied in the modeling of finite photonic crystal structures. One of the
main advantages is that you can use a broad-band pulse as the incident excita-
tion which allows you to obtain the frequency response of your structure with
a calculation involving the propagation of a single field. However, since FITD
requires that the entire computational domain be gridded sufficiently fine to re-
solve both the smallest electromagnetic wavelength and the smallest geometrical
feature in the model, very large computational domains can be developed, which
results in very long calculation times. Likewise, resonant structures with a long
electromagnetic time response result in a computationally expensive problem.

4 Fabrication methods

The fabrication process is today’s main challenge in the realization of photonic
crystals working in the near infrared region with structures of micro- and nanoscopic
dimensions. Typically, high resolution lithography techniques are needed in order
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to meet the requirements of the designed structures. For planar two-dimensional
devices, such techniques have been developed by the semiconductor industry,
which has been driven by the demand for smaller and more integrated electronic
devices. Silicon-on-Insulator (SOI) material is the most popular platform on
which to build such 2D photonic crystal circuits due to its compatibility with
CMOS processing tools and its favorable optical properties (transparent, high
refractive index) at 1.55 pum wavelengths.

The photonic crystal structures in this work have been fabricated by the two
most commonly used lithography techniques: electron beam lithography and deep
ultraviolet lithography [28,29]. Access to both fabrication techniques has been a
strong point in this work. Each technique has its advantages and disadvantages.
E-beam lithography is typically used for prototyping and mask-making for its
high resolution and flexibility, whereas deep UV-lithography barely fulfills the
resolution requirements but enables the fabrication process for larger production.

The main difference between the two lithography methods lies in the first
step, where the photonic crystal pattern is written into a photoresist sensitive
to an electron beam or deep UV light, such as PMMA. The e-beam lithography
technique consists of scanning a beam of electrons across the resist film and de-
positing energy in order to replicate the photonic crystal pattern into the resist.
This method is very flexible since it allows direct writing without the use of any
mask. However, larger structures result in very long writing times and the high
expense of making direct writing by e-beam lithography is unsuitable for volume
production. However, if the e-beam version is used as a “master” structure from
which copies could be made, then this would clearly open the way to cheaper,
larger volume fabrication. This is where the deep UV technique comes in. The
deep UV lithography technique consists of transferring the photonic crystal pat-
tern in one exposure from a mask, usually fabricated by e-beam lithography, into
the resist using deep UV light at a wavelength of 193 nm. This parallel writing
process provides the possibility for mass production and industrial application.
In order to accurately write the photonic crystal pattern into the resist, optical
proximity corrections are needed for both lithography techniques. Structures,
such as holes, that are situated at exposed places (e.g. corners, borders) are
adjusted by the modification of the electron beam dose or the mask, respectively.

After the lithography process, the patterns in the photoresist are transferred
into the silicon layer of the SOI wafer using dry etching technology, such as
reactive ion etching (RIE) and deep reactive ion etching (DRIE). In order to
achieve better optical properties (larger band gaps, lower losses, preventing the
interaction between TM and TE modes), the photonic crystal slab structure must
have mirror symmetry in the vertical direction, which is at this stage of fabrication
broken by the presence of the substrate. Therefore, as a final step, the silicon
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photonic crystal structure is either undercut forming a membrane surrounded by
air or covered with a silicon dioxide layer forming a complete oxide cladding. The
membrane structure is realized by removing the silicon dioxide layer underneath
the silicon slab using buffered hydrofluoric acid vapour (BHF) etching.

For this work, the photonic crystal membrane structures fabricated by e-beam
lithography have been realized by IMT-Samlab (Institute of Microtechnology,
University of Neuchatel). The structures fabricated by deep UV-lithography are
completely buried in silicon dioxide and have been realized by LETI (Laboratoire
d’Electronique de Technologie de 'Information, France).

5 Photonic crystal components

Components based on photonic crystals have experienced major developments
during the last ten to fifteen years. This progress is mainly due to improvements in
the design of these devices and the fabrication techniques. However, the challenge
of realizing the benefits of photonic crystals in practical systems with increased
functionalities continues to be a major subject for research. In the following,
we give a brief survey of published research on basic two-dimensional photonic
crystal components. In accordance with the results presented in this thesis, we
divide the survey into passive and active components and fit in our contributions
to the photonic crystal research.

5.1 Passive components

Research on passive photonic crystal components focuses mainly on the introduc-
tion of different kinds of defects and on the engineering of the coupling efficiency
from conventional optical components and external sources to photonic crystal
structures.

Point defects in photonic crystals can create resonant microcavities, which are
of great interest because they exhibit highly confined optical fields for a narrow
frequency range. The cavity quality (Q) factor is one of the characteristic quan-
tities that describe the strength of various interactions within the cavity. Much
effort has been spent by different groups in design and fabrication in order to
improve the @ factor of microcavities. One of the early photonic crystal cavity
structures was integrated directly into a silicon waveguide [30]. It exhibited a
modal volume of 0.055 pm?® and a Q factor of 256 for a wavelength of 1.56 pm.
In two-dimensional photonic crystals improvements in the Q have been achieved
by tailoring the defect geometry surrounding the cavity, thus limiting radiation
losses [31,32]. We presented cavity structures that are fabricated by deep UV
lithography and fully buried in a silicon dioxide cladding. Due to the cladding
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the cavity structure is well protected and very promising for various applica-
tions [33]. The cavity structure, which is formed by two identical Bragg reflectors
and is situated inside a photonic crystal waveguide, is designed to realize both a
high Q factor and high in-plane transmission. The structure was optimized by
engineering the hole dimensions and positions of the Bragg reflectors based on
several design methods that have been suggested for optimizing the performance
of resonant cavities [34,35]. However, due to the limited accuracy of our fabri-
cation technology, we have kept the design as simple as possible while accepting
lower performance for the cavity. Recently, nanocavities with an extremely high
Q factor of 600 000 have been demonstrated in a two-dimensional photonic crys-
tal slab [36,37]. The important design rule that has been suggested consists of
realizing a cavity design where the form of the electric field distribution within
the cavity should slowly vary, most ideally as described by a gaussian function,
in order to suppress out-of-plane losses. The cavity was formed by a photonic
double-heterostructure consisting of a line-defect waveguide, along which the lat-
tice constant of the photonic crystal increased in one or two steps towards the
center. Due to the differences between the mode-gap frequencies along the line
defect, the light is mainly confined to the central region. It is believed that cavi-
ties with Q factors of the order of several millions will be obtained in the future
through improved fabrication techniques [36].

The photonic crystal waveguide and cavity form the basic building blocks for
applications such as microlasers, filters, multiplexers and optical switches. A first
detailed investigation of light propagation in linear defects has illustrated how
true guided modes can be created in photonic crystal slabs [38]. In section 2.3
we have shown that a line defect in a two-dimensional photonic crystal can con-
fine the light in the lateral direction if the defect mode is within the photonic
band gap, and that a slab structure can confine the light in the vertical direc-
tion as long as the mode is below the light line. In order to realize an “ideal”,
intrinsically lossless, photonic crystal waveguide, it is necessary to design the ge-
ometric parameters of the line defect and the slab structure such as to position
the defect mode within the center of the band gap as well as below the light
line [39]. Recently, different optimized photonic crystal waveguide designs have
been demonstrated, achieving a low-loss propagation bandwidth up to 125nm and
propagation losses on the order of 8 to 14 dB/cm [40-42|. Although intrinsically
lossless in the regime below the light line where no radiation modes are available,
these photonic crystal waveguides still suffer from fabrication irregularities such
as wall roughness, non-verticality and randomization of the hole position, size
and shape. By further improving the fabrication process propagation losses in
photonic crystal waveguides will continue to decrease.

With line defects in photonic crystals, waveguiding even around sharp turns
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can be realized. In one of the first experimental demonstrations of guiding and
bending for a wavelength around 1.55 pm, near 100% efficiency around a 60°
bend was observed [43]. With a practical and theoretical stage-by-stage analysis
of light propagation around a 90° corner going from a ridge waveguide to a pho-
tonic crystal waveguide to the 90° corner, we have demonstrated nearly 90% bend-
ing efficiency [44,45]. Further, in collaboration with the Ultrafast & Nanoscale
Optics group in the Department of Electrical and Computer Engineering of the
University of California, San Diego (US), we observed with subwavelength resolu-
tion the amplitude and phase of the optical field propagating in photonic crystal
waveguide structures by means of scanning near-field optical microscopy [46, 47].

By combining one- and two-dimensional defects, a great variety of photonic
crystal components can be imagined. For example, an add-drop filter has been
demonstrated by combining a line defect forming a waveguide and isolated cavity
defects [48]. As light propagates in the waveguide, light couples to the cavities
corresponding to the specific resonance conditions and is radiated to free space.
Channel drop filters have been investigated using a resonant cavity to tunnel
light from one waveguide to another [40,49,50]. Further, a Mach-Zehnder in-
terferometer in a two-dimensional photonic crystal leading to the possibility of
dense device integration has been realized and its interference properties have
been measured [51].

One of the main obstacles that hinders the further exploration of the described
photonic crystal components is the difficulty to couple light from an external
source to the photonic crystal structure. Large coupling losses are a direct result
of the small geometric overlap and of the modal mismatch between the source
(usually a fiber) and the semiconductor waveguide structure. In order to facilitate
the coupling to the photonic crystal structure silicon strip waveguides are typi-
cally used. In addition, with efficient spot-size converters for coupling the light
from a fiber to the silicon strip waveguide the coupling losses can be reduced to 1
dB [52]. A coupling efficiency of 95% has been demonstrated using a fiber taper
waveguide formed from a standard silica single-mode optical fiber to evanescently
couple light into guided modes of a photonic crystal waveguide [53|. Several ta-
per structures have been suggested in order to achieve adiabatic modal conversion
from conventional waveguides to photonic crystal waveguides [54-56]|. Neverthe-
less, loss issues remain a challenge that needs to be addressed for photonic crystal
devices to become practical.

Another concept is based on the dispersion properties for the allowed states
within the photonic crystal structure. By engineering the mode dispersion, effects
such as self-collimation and superprisms can be created. A theoretical study for
self-collimated beams in photonic crystal structures has shown that bends and
splitters can be constructed by truncating the photonic crystal [57]. The super-
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prism effect, which has its potential application in wavelength division multiplex-
ing devices, has been theoretically and experimentally demonstrated in planar
photonic crystal geometries [20,58]. Again, issues such as losses and coupling
efficiencies need to be addressed to move towards practical integrated optical
circuits.

5.2 Active components

Research on active photonic crystal components focuses on tunable or switch-
able devices and on the use of active materials. Tunability and nonlinearities
open up new opportunities for photonic crystal circuits with increased and active
functionalities. Photonic crystal microcavities are of special interest for active
components due to their strong light confinement. Even small changes in the
structure, the optical properties of the materials or the environment of the cavity
can influence the optical response. Ideally, such a change should be reversible so
that an active, tunable device on a very small scale can be realized.

Numerous ways to tune or switch photonic crystal devices have been demon-
strated. One of the most common ways is temperature tuning induced by the
temperature dependence of the refractive index of the material [59,60]. How-
ever, with this method it is difficult to locally restrict the tuning effect on a chip.
Both theoretical [61] and experimental [62,63] work has demonstrated the pos-
sibility of infiltrating photonic structures with liquid crystals and achieving the
desired modulation by electromagnetically rotating the director field of the liquid
crystal or thermally inducing a phase transition in the liquid crystal. Tunable
spectral filtering of a planar photonic crystal has been demonstrated by means of
a nanofluidic delivery structure using fluids with different refractive indices [64].
Electro-optical switching has been presented using a PN junction to inject free
charge carriers and induce electro-absorption [65]. First results on mechanically
tunable photonic crystal structures point out their great potential for multifunc-
tional integrated optical devices using MEMS technology |66-68|. By probing
the highly localized field in the vicinity of a photonic crystal cavity with a silicon
AFM tip, we have shown that on-off switching in the kHz range and tuning of
the resonant wavelength can be achieved, depending on the position of the AFM
tip with respect to the cavity structure [69].

Photonic crystal lasers can be created by incorporating active materials into
photonic crystal cavities. A photonic crystal laser was demonstrated to exhibit
peak emission at 1.55 pm [70,71]. The cavity was formed by a single missing air
hole in a triangular array of air holes in a thin InGaAsP membrane. The laser
structures were optically pumped and the light was emitted vertically. In another
experiment the spontaneous emission from a PbS quantum dot was modified when
coupling to photonic crystal cavities. The dot emission mapped out the cavity
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resonances and was enhanced relative to the bulk emission [72].

In all-optical signal processing one needs to control light with light. Thus,
nonlinear effects that change the optical properties of the material when light
is present are needed. All-optical switching has been demonstrated by different
groups with time responses varying from ms to fs depending on the mechanism
and materials used. Fast band-edge tuning of a two-dimensional silicon photonic
crystal has been demonstrated using 300 fs laser pulses [73|. A photonic crystal
Mach-Zehnder type all-optical switch with InAs quantum dots acting as a nonlin-
ear phase-shift source has been realized [74]. The non-linear optical phase shift
was achieved at an optical energy of 100 fJ per pulse. We have demonstrated
all-optical tuning and switching of a two-dimensional photonic crystal cavity in
silicon. By focusing a laser onto the cavity region, both a thermal and a plasma
dispersion effect are generated, allowing tuning and fast modulation up to the gi-
gahertz level of the in-plane transmission |75|. Further, nonlinear photonic crystal
structures can exhibit bistable behaviour, which can lead to the development of
all-optical transistors and logic gates. Optical bistability is observed in photonic
crystal cavities based on nonlinear absorption and dispersion effects [76,77]. Due
to the enhancement of the local energy density enabled by photonic crystal cav-
ities the required input power for nonlinear behaviour is significantly reduced.
These nonlinear effects have the potential to work as various signal processing
functions in photonic crystal based optical circuits.

One of the objectives of today’s on-going research is to increase the active
functionality and to achieve applicability for photonic crystal devices in practical
applications.
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7 Conclusion

The objectives of this thesis were to design, realize and investigate passive and ac-
tive two-dimensional photonic crystal components in silicon. The study resulted
in a better understanding of their fundamental properties and their limiting fac-
tors, such as fabrication defects and propagation losses. In addition, the results
on the photonic crystal components with active functionalities contribute towards
practical integrated optical circuits.

First, the fundamental properties of photonic crystals have been concisely
described providing the basic theory and tools for the design of photonic crystal
components. Following this, two-dimensional photonic crystal waveguides, bends,
and microcavities have been investigated in detail. These structures are funda-
mental and indispensable to understand and analyze since they are considered
basic building blocks for applications such as microlasers, filters, multiplexers,
and optical switches.

The first set of photonic crystal structures, fabricated by e-beam lithography,
consisted of a square array of cylindrical air holes in a thin silicon membrane
surrounded by air. In a practical and theoretical stage-by-stage analysis of light
propagation around a 90° bend in a photonic crystal waveguide the guided modes
have been identified and transmission efficiencies of nearly 90% have been mea-
sured. Based on the fringe contrast of the measured Fabry-Pérot modulation in
the transmission spectrum, the loss contributions of each waveguide element, such
as tapers and the 90° corner, have been calculated. In addition, the feasibility
of measuring the amplitude and the phase of the propagating field in ridge and
silicon membrane photonic crystal waveguides operating around 1.55 pm wave-
length has been demonstrated using the heterodyne scanning near-field optical
microscopy (SNOM) technique. These measurements allowed the identification of
the propagating modes of the photonic crystal waveguides and a detailed analysis
of their propagation characteristics, which were found to be in agreement with
theoretical predictions within the limits of fabrication tolerances. The obtained
results show the usefulness of the heterodyne SNOM as an investigative and di-
agnostic tool in the study of optical nanostructures, in particular in cases where
subwavelength-scale and near-field effects are important.

The second set of photonic crystal structures, fabricated by deep UV-lithography,
consisted of a triangular array of cylindrical holes in a thin silicon membrane,
completely buried in a silicon dioxide cladding. On the one hand, the cladding
protected the structure from the environment making them more practical for
applications; on the other hand the lower refractive index contrast between the
structure and the cladding induced higher guiding losses. The optical charac-
terization of the photonic crystal waveguide and resonant microcavity yielded a
propagation loss of 150 dB/mm and a quality factor of 200, respectively. Despite
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the somewhat lower performance of these structures, they represent a step to-
wards more practical photonic crystal components due to the protective cladding
and the fabrication process providing the technology for cheaper, larger volume
production.

Next, photonic crystal components with active functionalities have been in-
vestigated. In the first configuration, optical tuning and switching of a resonant
microcavity in a silicon photonic crystal waveguide completely buried in silicon
oxide has been achieved by focusing a laser onto the microcavity region. As a re-
sult, thermal and plasma dispersion effects are generated allowing tuning and fast
modulation of the in-plane transmission with modulation bandwidths on the or-
der of several 100 kHz and up to the GHz level, respectively. As shown in similar
all-optical switching experiments [76-78|, the thermal background connected to
the induced linear and non linear effects such as free-carrier and two-photon ab-
sorbtion limits the straightforward integration into silicon photonic crystal based
circuits for all-optical high-speed devices. Nevertheless, for use in nonlinear opti-
cal applications these results are an important step forward for silicon photonics.

In the second configuration, tuning and switching the optical properties of a
photonic crystal microcavity is achieved based on a mechanical perturbation of
the optical field. By means of a silicon AFM tip probing the highly localized
optical field in the vicinity of the cavity, tuning, on-off switching and modulation
of the transmission signal in the kHz range is obtained. When the AFM tip
probed the center of the microcavity, vertical losses were induced and a damping
of the transmission was observed allowing on-off switching and modulation. When
inserting the AFM tip into one of the Bragg mirror holes, resonant wavelength
tuning was possible. On the one hand, these results lead to a better understanding
of the interaction of a silicon tip with the highly localized optical field within the
cavity structure, which is of great importance in SNOM measurements. On the
other hand, the progress in nanotechnology makes it possible to integrate tips for
local tuning of individual resonant structures in photonic crystals that contain
many functional components. Furthermore, one could attempt to create a stand-
alone MEMS solution, which consists of a chip-based device combining tuning
and switching functions going towards multi-functional programmable integrated
optical circuits.

Finally, apart from photonic crystals, optical phase singularities produced
by a grating and microlenses have been investigated by means of heterodyne
scanning probe microscopy and high resolution interference microscopy. The
optical phase singularities have been localized with subwavelength resolution.
Such measurements could find an application in metrology in the fabrication
process of nanostructured materials.

In summary, photonic crystal structures offer innovative ways to manipulate
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and control light on a wavelength scale. The combined progress in numerical de-
sign, microfabrication techniques and characterization of photonic crystal compo-
nents build a solid basis for the development of more practical devices for various
applications in a large range of domains such as telecommunication, informa-
tion technologies, biology or chemistry. In particular, components with active
functionalities open up additional possibilities for novel devices integrated with
optical circuits such as miniature lasers, tunable filters and switches.
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Abstract

We present practical and theoretical, stage-by-stage analysis of light
propagation around a 90° corner in a two-dimensional photonic crystal
waveguide. Using a series of different samples we quantify the coupling ef-
ficiency between the conventional ridge waveguide and the photonic crystal
waveguide as well as the bending efficiency around the 90° corner. From
this, the transmission spectra indicate nearly 90% bending efficiency. We
compare the experimental results to the three-dimensional simulated band
diagram and field distribution. The propagating defect modes are identi-
fied in detail and we show that efficient transmission around sharp bends
in photonic crystal waveguides can be achieved for leaky modes above the
light line with short photonic crystal sections.
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1 Introduction

Light propagation in photonic crystal waveguides is a topic under intense inves-
tigation. By introducing a properly designed line defect in a photonic crystal
structure, propagating modes confined within the defect are created [1-10]. De-
pending on the nature of the guided defect mode, waveguiding with low losses
even around sharp bends can be achieved [11-16]. We present thorough exper-
imental and theoretical analysis of light propagation around a 90° corner in a
photonic crystal slab. Quantative transmission spectra of samples with different
designs are compared to fully (3D) simulations for a more complete understanding
of the transmission efficiency, the propagating modes and the coupling between
the ridge waveguide and the photonic crystal waveguide. We identify in detail
the propagating defect modes and show that efficient transmission around sharp
bends can be achieved above the light line. In this paper we concentrate on
the modal analysis of the photonic crystal waveguide whereas the experimental
results will be presented in more detail elsewhere.

(b)

Figure 1: Scanning electron microscope image of the 90° bend photonic crystal waveg-
uide.

In our case the photonic crystal consists of a square array of cylindrical air
holes in a thin Silicon membrane surrounded by air. The structure is designed to
give rise to a TE-like (in-plane polarization) photonic band gap around A ~1.5
pm. The design parameters of the photonic crystal structure are the lattice con-
stant =496 nm, the hole radius »=190 nm and the slab thickness =290 nm.
Our waveguides are fabricated in Silicon-on-insulator (SOI) wafers [5,17]. The
thickness of the Silicon slab is defined by oxidation and HF dip. The photonic
crystal waveguide structure is then written into a PMMA layer by means of
electron beam lithography. Then, we use RIE and DRIE to transfer the struc-
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ture from the PMMA layer into the Silicon. Lastly, buffered hydrofluoric acid
vapour (BHF) etching removes the silicon dioxide layer underneath the Silicon
slab forming the membrane (Fig. 1(a)). Measurements are performed with an
optical setup that includes a tunable laser source. TE-polarized light is coupled
into a wide (10 pum) ridge waveguide on a SiO, substrate using an aspheric lens
with a high numerical aperture (NA=0.65). Chemically etched end-facets at the
input and output of the waveguide greatly reduce scattering of the laser light and
allow a better coupling at the input and a very well defined mode profile at the
output (Fig. 1(b)). To measure the transmitted intensity, the light is collected at
the output of the waveguide by a microscope objective (NA=0.35) and focused
onto an InGaAs detector. The tunable laser source allows us to measure the
transmission spectrum ranging from 1440 nm to 1580 nm.

In order to study the effects of ridge waveguide to photonic crystal waveguide
modal mismatch and induced modal conversion, we fabricated a series of samples
that represent the different sub-elements of a final photonic crystal bend sample.
This allows a better understanding of how each element contributes to the final
photonic crystal bend spectrum. The first design is a simple, straight multimode
waveguide (Fig. 2(a)) on a SiO2 substrate with a width of 10 gm and a thickness
of 290 nm. It serves as reference for the transmission efficiency [12|. The second
design is a straight waveguide with a taper (Fig. 2(b)) that reduces the width
to 500 nm, leading to a waveguide section of a length of 25 pum in the middle
and again a taper to increase the width back to 10 gum. The 25 pm middle
waveguide section is a free-standing membrane and its width is approximately
equal to the width of the photonic crystal waveguide defect channel. This second
design allows us to observe the influence of the taper-induced modal conversion.
The next stage is the insertion of the photonic crystal containing a straight, single
line defect (no holes) into the middle of the waveguide (Fig. 2(c)). The photonic
crystal section is again a free-standing membrane due to the under-etching of the
5102 substrate through the holes. It has a length of 20 pm and allows us to study
the effect of the modal mismatch between the ridge waveguide and the photonic
crystal waveguide [18], as well as losses created by the crystal. Finally, the 90°
bend is introduced into the photonic crystal waveguide section (Fig. 2(d)).

2 Transmission efficiency and modal analysis

To obtain the approximate transmission efficiency of the different waveguides,
shown in Fig. 3(a), we first remove numerically the periodic Fabry-Pérot inter-
ference pattern, which is due to the smooth end-facets. Secondly, we divide the
transmission spectra by the spectrum of the simple, straight, reference waveguide
(a) for normalization. This eliminates extrinsic effects of the end injection and
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Figure 2: Designs of the fabricated waveguides: (a) simple straight waveg-
uide (width=10 pm); (b) straight waveguide with taper and narrow width section
(width=500 nm); (c) straight waveguide with photonic crystal waveguide (photonic
crystal waveguide length=25 pm); and (d) waveguide with 90° bend.

most of the spectral response of the measurement optics. Repeated measurement
of the same sample and of different samples of the same type has shown that an
error of about 10% has to be attributed to the transmission measurements. These
errors are due to changes in the alignment of the optical measurement system and
due to fabrication-induced variations between the different waveguides. For the
straight waveguide containing the taper and the small width section we observe
comparatively high transmission efficiency over the entire measured frequency
range in respect to the reference waveguide (a). Therefore we conclude that there
are only slight losses induced by the taper in our set-up, which indicates a good
modal conversion. It also indicates that the majority of the injected light must
couple to the lower-order modes of the waveguide.

For the straight photonic crystal waveguide channel a high transmission effi-
ciency is observed for the lower frequency range whereas for the higher frequency
range the transmission is near to zero. The cut-off frequency is around 1.96x 10
Hz. The high transmission efficiency for the lower frequency range indicates a
high coupling efficiency with low propagation loss and therefore a small modal
mismatch between the ridge waveguide and the photonic crystal waveguide. From
the measurement data we have estimated the propagation loss in the photonic
crystal section to be 25 dB/mm in the best case. Details of the loss calculation
will be presented elsewhere. A transmission efficiency of nearly 90%, which in-
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Figure 3: (a) Transmission efficiency calculated from the measured transmission spectra
in reference to the simple, straight ridge waveguide with width of 10 pum. The rapid
fluctuations are due to interference in the optical system that has not been eliminated
in the filtering and normalizing process. (b) Fully 3D simulated transmission efficiency
for the 90° bend waveguide.

cludes ridge waveguide to photonic crystal losses, is observed for the 90° bend
waveguide at a frequency of 1.957x10* Hz. It has a bandwidth of Af ~ 2700
GHz for a transmission efficiency of more than 60%. In Fig. 3(b) we show the
fully 3D simulated transmission efficiency for the 90° bend waveguide. The sim-
ulation has been performed by a 3D FITD algorithm [19]. The general shape of
the simulated transmission spectrum compares relatively well with the measured
transmission efficiency. The observed differences are due to variations between the
ideal simulated structure and the fabricated structure. The simulated photonic
crystal structure was slightly shorter than the real structure due to the limited
calculation capacity. Also, the many parameters (hole radius, lattice period, slab
thickness, surface roughness) and the lengthy calculations do not allow rigorous
convergence to the response of the real fabricated structure.

For a better understanding of the observed results we introduce the computed
dispersion diagram for TE-like modes of the photonic crystal waveguide obtained
by a fully three-dimensional calculation [20]. The guided defect modes, shown in
Fig. 2, are represented by solid black lines. The dark grey regions correspond to
modes of the photonic crystal, which are states that can propagate through the
crystal. Guided modes that exist in that region can couple to the states of the
photonic crystal and leak energy into it. The light line is indicated by the thin
solid black line. Modes above the light line (light grey region) can escape in the
vertical direction and therefore can leak energy into the air.

The first guided mode, labeled el, is a laterally even mode [9]. Its disper-
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Figure 4: Computed dispersion diagram for TE-like guided modes in the photonic
crystal waveguide. The defect modes are represented by solid black lines and are labeled
el and e2. The dark gray regions correspond to modes of the photonic crystal, which
are states that can propagate through the crystal.

sion is comparable to the folded dispersion of a standard ridge waveguide mode.
It sees the periodicity of the photonic crystal weakly, rather seeing an average
refractive index. The influence of the photonic crystal is especially observed at
the boundaries of the Brillouin zone where the dispersion slope is flattened and
where a mini stop band opens up each time the mode is folded back into the first
Brillouin zone. This mode is called the leaky refractive-like mode [5,6,8,11| be-
cause above 1.1x10' Hz it leaks energy into the photonic crystal, when crossing
regions where the density of crystal modes is high, and into air where it is located
above the light line. Indeed, both can occur at the same time. The second guided
mode, labeled €2, is a laterally odd mode and is located in the first bandgap of
the photonic crystal [9]. By introducing the defect line into the photonic crystal,
the e2 mode is pulled down from the upper crystal band and therefore has the
symmetry thereof. This mode is a truly photonic band gap effect guided mode.
Generally, below the light line this mode is expected to be guided with very
low loss, often even through waveguide channels with sharp corners, since it lies
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within the photonic bandgap. This mode is called the diffractive-like mode be-
cause its dispersion depends very strongly on the surrounding periodic structure
of the crystal [5,8,11].

The region encircled with a dotted rectangle in Fig. 2 indicates the measure-
ment range shown in Fig. 3(a). We observe that the described refractive-like
and diffractive-like guided modes are present in the measurement region. The
refractive-like mode has a similar wavevector and field distribution to the fun-
damental mode of the ridge waveguide [6], therefore the coupling from the ridge
waveguide to this refractive-like mode is expected to be quite efficient, whereas
the coupling efficiency from the ridge waveguide to the diffractive-like mode is
expected to be very low because of the mode symmetry mismatch [8].

The measured transmission spectrum of the straight photonic crystal waveg-
uide (Fig. 3(a)) indicates efficient coupling from the ridge waveguide up to a
frequency of 1.96x10** Hz, which corresponds to about the lower edge of the
mini stop band of the refractive-like mode in the dispersion diagram. Above the
cut-off frequency the guided modes are either not available (el) or situated in re-
gions where the density of photonic crystal states is high (e2), therefore the mode
from the ridge waveguide couples to the existing states of the photonic crystal,
leaks energy into it and is no longer guided in the defect. This lack of light
guidance corresponds to the very low measured transmission efficiency. These
agreements between the measurements and the dispersion diagram confirm the
coupling to the leaky refractive-like mode of the photonic crystal waveguide.

For low-loss transmission through a 90° bend waveguide a diffractive-like
mode, which is located below the light line and in the photonic band gap, is
desirable. A refractive-like mode is not expected to have a particularly high
transmission efficiency around sharp bends. Since we have shown in the pre-
vious section that light from the ridge waveguide couples effectively into the
refractive-like mode of the photonic crystal waveguide, a low transmission ef-
ficiency is expected. Nevertheless, the measured transmission spectrum of the
90° bend waveguide reaches nearly 90% at a frequency of 1.957x10'* Hz. Sev-
eral observations in comparing the measurements and the dispersion diagram can
give information as to why the observed high transmission efficiency is achieved.
We observe that the frequency range of high transmission efficiency is situated
close to the cut-off frequency of the straight photonic crystal waveguide, which
corresponds to the mini-stop band edge in the dispersion diagram. The cut-off
frequency shift between the straight and the 90° bend waveguide is caused by
fabrication-induced deviations in the crystal structure. In our simulations we
have observed that the mini-stop band edge position depends strongly on the
design parameters. As mentioned already, the flattening of the dispersion slope
approaching the mini-stop band edge indicates the increased effect of the photonic
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crystal structure on the refractive-like waveguide mode. Due to this increased ef-
fect of the photonic crystal structure, two positive observations in respect of the
transmission efficiency can be made. First, drawing nearer to the mini-stop band
edge, Loncar et. al. have observed that the propagation losses of the leaky
refractive-like mode decrease [7]. Second, due to the flattened dispersion, the
density of wavevectors of the propagating defect mode that are accessible for the
light at the bend has increased, which makes an efficient change of propagation
direction and high transmission around the 90° bend more probable. In addi-
tion, close to the edge of the Brillouin zone, the field distribution in the corner is
such that an efficient coupling to the perpendicular photonic crystal waveguide
is possible.
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Figure 5: Fully 3D simulated field distribution (magnetic field perpendicular to the
photonic crystal membrane) of the light propagating around the 90° bend waveguide at
different frequencies: (a) at 1.8614e'* Hz (b) at 1.9481e!* Hz (c) at 2.0286e!* Hz and
(d) at 2.0878¢'* Hz.

The fully 3D simulated field distribution (magnetic field perpendicular to
the photonic crystal membrane) of the light propagating around the 90° bend
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waveguide is shown in Fig. 5 at different frequencies. At lower frequencies the
el mode behaves like an index-guided mode, which can be seen in Fig. 5(a).
The light is well guided up to the bend, where it is then mostly reflected by
the crystal, since the frequency of the light is situated in the range of the first
photonic band gap. Only a small amount of light is guided around the bend.
Increasing the frequency into the region where the dispersion slope flattens, the
transmission efficiency around the bend increases due to the more diffractive-like
character of the guided el mode (Fig. 5(b)). We also notice that at the bend
a small amount of energy couples to the e2 mode. However, it disappears after
a few periods because according to the dispersion diagram e2 couples to states
of the photonic crystal and thus leaks energy into the crystal. Increasing the
frequency close to the mini-stop band edge, the ridge waveguide mode couples to
the el mode, which then couples in the corner to the several modes (beating in
the field distribution) due to the broken symmetry matching the field distribution
at the corner Fig. 5(c). Amongst others, the e2 mode can be identified in both
of the waveguide branches. One part of the e2 mode is guided around the bend
to the exiting ridge waveguide whereas the other part is reflected in the corner.
Due to the low modal conversion efficiency between the el and the e2 mode
the transmission efficiency decreases. The discussed modal conversion could be
an interesting point of study. Since the e2 mode is truly photonic band gap
effect guided and therefore is preferable to the el mode for low loss guiding, it
might be possible to design a waveguide that deliberately breaks the symmetry
of the el mode in order to couple to e2 mode. Efficient modal conversion from
a ridge waveguide mode to the el mode and then to the e2 mode might then be
achieved. At the frequency of 2.08*%1014 Hz no propagating mode exists outside
of regions with a high density of photonic crystal states, therefore light couples
to the photonic crystal modes and is no longer confined within the defect (Fig.
5(d)). The comparison of the measurements with the dispersion diagram and the
field simulation has shown that the measured maximum transmission efficiency
is mainly associated with the leaky refractive-like mode, whereas the small peaks
above the cut-off frequency, seen in both experiment and theory, are associated
with weak coupling to the diffractive-like mode.

3 Conclusion

To conclude, by comparing different designs of waveguides with 3D calculation, we
have identified the guided modes propagating around the 90° bend waveguide.
High transmission efficiency was achieved with the leaky refractive-like mode.
Despite the vertical losses, the leaky refractive-like mode presents some interesting
advantages for short photonic crystal waveguide sections. Due to the good modal
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matching, a high coupling efficiency is observed between the conventional ridge
waveguide and the photonic crystal waveguide mode. We have shown that the
refractive-like mode can also be guided effectively around sharp bends close to the
mini-stop band at the boundary of the Brillouin zone where the dispersion slope
in the band diagram becomes flatter and the mode gains a more diffractive-like
character. Further improvement of the transmission efficiency should be possible
by reducing the sidewall roughness of the photonic crystal. By optimizing the
design of the 90° bend, by restructuring the layout of the corner, it should be
possible to broaden the transmission bandwidth [15,21]. The presented results
prove that the leaky refractive-like mode can be used in devices containing short
photonic crystal sections and can exhibit quite high transmission efficiencies even
around sharp waveguide bends.
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Abstract

We present two methods based on the analysis of Fabry-Pérot interfer-
ence for a detailed characterization of a 90° corner in a two-dimensional
photonic crystal waveguide fabricated in a thin Si membrane. These meth-
ods are a means of identifying the critical waveguide elements in the process
of improving photonic crystal devices. The effects of the elements forming
the photonic crystal waveguide are identified and quantified by means of a
stage-by-stage analysis. By Fourier transforming the transmission spectra
we observe the amount of light that is back-reflected inside the waveguide
and based on the fringe contrast of the Fabry-Pérot modulation we calcu-
late the loss contribution of each waveguide element, such as the tapers and
the 90° corner.
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1 Introduction

Photonic crystals are periodic structures that provide a great potential for con-
trolling the propagation of light and permit further miniaturization of optical
devices [1-10]. Waveguides and waveguide bends can be created for frequencies
inside the photonic band gap by introducing line defects into the photonic crystal
structure [11-16]. A sharp bend in a photonic crystal, potentially a key compo-
nent for integrated photonic circuits, provides an opportunity to study the optical
characteristics of photonic band gap structures. In this paper, we present two
methods based on the Fabry-Pérot interference technique [17] for a detailed and
stage-by-stage experimental analysis of light propagation around a 90° bend in a
photonic crystal slab. Transmission spectra of samples with different designs are
compared for a better understanding of the transmission efficiency. This analysis
allows the study of the effects induced by the different elements of the photonic
crystal waveguide. By performing a Fourier transform on the transmission spec-
tra, regions in the waveguide where reflections occur are identified. The losses
in all the waveguides are evaluated by calculating the loss coefficient, a very
important parameter.

WESescssenanens

Figure 1: Scanning electron microscope image of the 90° bend photonic crystal waveg-
uide.

The photonic crystal consists of a square array of cylindrical air holes in a thin
Silicon membrane surrounded by air (Fig. 1). The structure is designed to give
rise to a TE-like (in-plane polarization) photonic band gap around A ~1.5 pm.
The design parameters of the photonic crystal structure are the lattice constant
a = 496 nm, the hole radius » = 190 nm and the slab thickness ¢ = 290 nm.
Measurements are performed with an optical setup that includes a tunable laser
source ranging from 1440 nm to 1580 nm.

Characterization of photonic crystal waveguides based on Fabry-Pérot
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Figure 2: Designs of the fabricated waveguides: (a) straight waveguide (width=10
pmm); (b) straight waveguide with taper and narrow width section (width=500 nm);
(c) straight waveguide with photonic crystal waveguide (photonic crystal waveguide
length=25 pm); and (d) waveguide with 90° bend.

2 Transmission efficiency

In order to study the effects induced by the taper, the ridge waveguide to photonic
crystal waveguide interface and the photonic crystal sections, we fabricated a
series of samples that represent the different sub-elements of a final photonic
crystal bend sample. This allows a better understanding of how each element
contributes to the final photonic crystal bend spectrum. The first design is a
straight multimode waveguide (Fig. 2(a)) on a SiO2 substrate with a width of 10
pm, a thickness of 290 nm and an overall length of 2 mm. It serves as reference
for the computation of the transmission efficiency [12|. The second design is a
straight waveguide with a taper (Fig. 2(b)) that reduces the width to 500 nm, a
ridge waveguide section of a length of 25 pm in the middle and again a taper to
increase the width to 10 um. The length of the two tapers is 75 pm each. The
25 pum middle waveguide section is a free-standing membrane and its width (500
nm) is approximately equal to the width of the photonic crystal waveguide defect
channel (¢—496 nm). This second design allows us to observe the influence of the
taper-induced modal conversion. The next stage is the insertion of the photonic
crystal containing a straight single line defect (no holes) into the middle of the
waveguide (Fig. 2(c)). The photonic crystal section is a free-standing membrane
and has a length of 20 ym. It allows us to study the effect of the modal mismatch
between the ridge waveguide and the photonic crystal waveguide [18,19] as well
as losses created by the crystal. Finally, the 90° bend is introduced into the
photonic crystal waveguide section (Fig. 2(d)).

Characterization of photonic crystal waveguides based on Fabry-Pérot
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3 Reflections and loss calculations

All the measured transmission spectra of the different waveguide types exhibit
a characteristic Fabry-Pérot interference pattern (shown in the inset of Fig. 3),
which is mostly due to the smooth end-facets and which will be discussed in de-
tail in the next section. To obtain the approximate transmission efficiency of the
different waveguides, shown in Fig. 3, we first remove numerically the periodic
Fabry-Pérot interference pattern and secondly, we divide the transmission spec-
tra by the spectrum of the straight reference waveguide for normalization. This
eliminates extrinsic effects of the end-injection and most of the spectral response
of the measurement optics. Repeated transmission measurements have confirmed
that the experimental set-up is sufficiently stable to validate the used normaliza-
tion method. The remaining error is therefore due to fabrication-induced varia-
tions between the different waveguides. A transmission efficiency of nearly 85%
(£10%), which includes ridge waveguide to photonic crystal losses, is observed
for the 90° bend waveguide at a frequency of 1.957x10'* Hz. It has a bandwidth
of Af ~2700 GHz for a transmission efficiency of more than 60%. The measured
transmission efficiency compares relatively well to the general shape and values
of the 3D simulations, which have been presented in Ref. [19]. A detailed modal
analysis of the different waveguide types is also presented in Ref. [19].

All back-reflections in the waveguide introduce a spectral Fabry-Pérot in-
terference pattern related to the path length between reflecting points. Thus,
the Fourier transform of the transmission spectra allows the identification of the
points where reflections occur [20]. Fig. 4 shows the Fourier transform of the dif-
ferent waveguides, which all indicate a dominating Fabry-Pérot interference. This
dominant peak corresponds to a Silicon path length of about 2 mm, and therefore
is the Fabry-Pérot effect created by the end facets. Our three-dimensional simu-
lations [21] have shown that about 38% of the light is reflected at the silicon/air
interface of each end face. For the design containing the straight photonic crystal
waveguide section (Fig. 4(c)), a small second Fabry-Pérot interference appears,
which is attributed to the waveguide half-length (1 mm) less half the length of
the photonic crystal section (10 pm), i.e., &1 mm. This suggests the presence
of some reflection at the interface between the ridge waveguide and the photonic
crystal waveguide section. The much smaller height of the second Fabry-Pérot in-
terference peak in comparison to the first Fabry-Pérot interference peak indicates
that the reflection at the interface between the ridge waveguide and the photonic
crystal waveguide section is much smaller than the reflection at the end-facets
(38%). The quantification of the second reflection from the relation between the
height of the Fabry-Pérot interference peaks is difficult due to too many unknown
parameters such as scattering and radiation. However, our three-dimensional nu-
merical simulations have shown a reflection of 1%-5% at the interface between

Characterization of photonic crystal waveguides based on Fabry-Pérot
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Figure 3: Transmission efficiency calculated from the measured transmission spectra in
reference to the ridge waveguide with a width of 10 pm. The rapid fluctuations are due
to interference in the optical system that has not been eliminated in the filtering and
normalizing process. The Fabry-Pérot interference pattern corresponding to the total
length of the waveguide is shown in the inset. The key corresponds to the different
waveguide types shown in Fig. 2. The straight waveguide with the tapered section
[waveguide (b)] exhibits a relatively flat transmission spectrum. The straight photonic
crystal waveguide (waveguide (c¢)) exhibits a characteristic cut-off which corresponds to
the mini stop band edge. The corner waveguide (waveguide (d)) shows a transmission
band with a bandwidth of 2.7 Mhz for a transmission efficiency of more than 60%.

the ridge waveguide and the photonic crystal waveguide section. Therefore, we
can conclude that in the high transmission efficiency range the coupling between
the ridge waveguide and the photonic crystal waveguide is quite efficient. In the
case of the 90° bend waveguide the secondary Fabry-Pérot interference generated
by the Fourier transform over the whole transmission spectrum is about three
times as strong as for the straight photonic crystal waveguide. This indicates
back-reflections at the corner added to the previously observed reflection at the
interface between the ridge waveguide and the photonic crystal waveguide. The
difference in the path length of the reflection at the waveguide to photonic crys-
tal interface and the reflection at the corner is too small to distinguish the two
different peaks in the Fourier transform. At most one can observe a slight broad-
ening of the peak corresponding to the path length of about the half-length of the
waveguide. For a detailed understanding of these back-reflections at the corner,

Characterization of photonic crystal waveguides based on Fabry-Pérot
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Figure 4: Fourier transform of the measurement data from the different waveguides: (a)
straight waveguide; (b) straight waveguide with taper and narrow section; (c) straight
waveguide with photonic crystal waveguide; (d) waveguide with 90° bend; (e) waveguide
with 90° bend for frequency ranges where the transmission efficiency is low (indicated
dark region in the inset); (f) waveguide with 90° bend for frequency ranges where the

transmission efficiency is high (indicated dark region in the inset).
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we divide the transmission spectrum into different sections and take the Fourier
transform thereof (shown in Fig. 4(e) and 4(f)). On the one hand, we observe
that, for frequency ranges where the transmission efficiency is low, the Fabry-
Pérot peak corresponding to the backreflection at the corner is greater than the
peak corresponding to the end-facet reflection. In this case, most of the light is
reflected at the corner. On the other hand, for the frequency range where the
transmission efficiency is high, the backreflection at the corner is low and most
of the light travels around the corner. The numerically calculated backreflection
at the corner in the case of high transmission is about 1%—5%. In the case of low
transmission about 50%—72% of the light is reflected at the corner, depending on
the amount of light that is scattered out of the photonic crystal waveguide.

Additional information can be taken from the fringe contrast of the Fabry-
Pérot modulation in the measured transmission spectrum. Based on the fringe
contrast, it is possible to evaluate the losses in the waveguide. Considering our
waveguides as simple resonators with losses, we introduce the round-trip inten-
sity attenuation factor [22], which is related to the two mirror reflectivities (end
facets) and the absorption coefficient of the medium associated with both optical
absorption and radiation loss:

7”2 = R1R2€72a8, (1)

where R1 and R2 represent the end-facet reflectivities, d the total waveguide
length of 2 mm, and alphas the absorption coefficient. The maximum and mini-
mum intensity (fringe contrast) observed in the measured transmission spectrum
is related to the attenuation factor as follows:

Iaw  (1471)?

C(1=r)? (2)

I min

Using the two relations, we can solve for the absorption coefficient:

\/Rl RQ (\/Imaz 7\/Im7,n)
ln( (\/Imaac‘i'\/lmzn) ) (3)

d

The loss contribution of each element of the bend waveguide can now be calcu-
lated, assuming zero material absorption and that the calculated end-facet reflec-
tivities of 38% are not significantly wavelength dependent in our measurement
range. In Fig. 5 we show the calculated overall loss for the different waveguides.
The straight reference waveguide shows an overall loss of between 8 and 9 dB for
the entire measurement range. Considering the waveguide length of 2 mm, we can
estimate a relative loss of 4.5 dB/mm. As already observed from the transmission
efficiency, the loss calculation of the waveguide with taper confirms that practi-
cally no significant losses are induced by the taper. Compared to the reference

Ag =
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Figure 5: Calculated overall loss of the different waveguides: (a) simple straight waveg-
uide; (b) straight waveguide with taper and narrow section; (c) straight waveguide with
photonic crystal waveguide; (d) waveguide with 90° bend. The grey regions indicate
the frequency ranges where the loss calculation is not valid.

waveguide, we can attribute an approximate loss of up to 0.5 dB to the taper. For
the straight photonic crystal waveguide we observe in the frequency range below
the cut-off between 0.5 and 2.5 dB of loss, which is due to the inserted photonic
crystal waveguide section. Above the cut-off frequency the loss explodes and the
applied loss calculation method looses its validity. The numerical noise above
the cut-off frequency is due to a too small Fabry-Pérot fringe contrast. From the
calculated loss corresponding to the photonic crystal waveguide section, we can
estimate the relative loss coefficient of the defect guide. The section length of 20
pm leads to a relative loss coefficient of 25-125 dB/mm. Recently loss coefficients
of 1 and 2.4 dB/mm have been reported |23,24]. Lower quality of the fabricated
photonic crystal structure can explain the higher loss coefficient. In addition, in
Ref. 19 we have shown with a detailed modal analysis that the dispersion curve
of the propagating defect mode is above the light line, which contributes signifi-
cantly to the loss coefficient. Finally, the loss that can be attributed to the 90°
bend waveguide adds up to between 1 and 2.5 dB in comparison to the reference
waveguide for the high transmission frequency range. Comparing the 90° bend
waveguide with the straight photonic crystal waveguide, we can estimate a loss
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of 0.5-2 dB due to the corner itself. It should be noted that the applied loss
calculation method is valid only to a limited extent in the case of the 90° bend
waveguide. As long as any reflections at points in between the end-facets are
significantly small in comparison with the end-facet reflection, the loss coefficient
can approximately be calculated from the Fabry-Pérot fringe contrast. However,
in the previous section we have shown that considerable reflections at the corner
occur for frequencies where the transmission efficiency is low. Therefore, in that
case the applied loss calculation method is not valid.

4 Conclusion

In summary, we have presented simple methods for a detailed analysis of the light
propagation around a 90° bend corner in a photonic crystal slab. The presented
measurements show efficient waveguiding around a 90° corner and help to un-
derstand better the phenomena present in a waveguide containing a section of
photonic crystal. Comparing the transmission spectrum of the different waveg-
uide designs has made it possible to evaluate the influence of the sub-elements
of the corner waveguide. We have shown that nearly 85% transmission efficiency
was observed for the 90° bend waveguide. By means of the Fourier transform
of the transmission spectra we have identified the points where reflections occur
inside the waveguide. Based on the fringe contrast of the measured Fabry-Pérot
modulation in the transmission spectrum, we have calculated the losses of the
waveguides. The loss for the straight photonic crystal waveguide was estimated
to be 25 dB/mm in the best case. The corner alone adds an estimated loss of
0.5-2dB for the frequency range where the transmission efficiency is high. The
presented methods for the characterization of the photonic crystal waveguide
help identify the critical waveguide elements that need improvement. For ex-
ample, back reflections can be significantly reduced by introducing tapers for
better light coupling. Waveguide sections with high losses need improvement by
positioning the dispersion curve of the defect mode under the light line and by
reducing the roughness of the sample surface.
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Abstract

We present results of the optical characterization of silicon photonic
crystal waveguides and microcavities that are completely buried in a sili-
con dioxide cladding and are fabricated by deep ultraviolet (UV) lithogra-
phy. The advantages of buried waveguides and deep UV-lithography are
discussed. Transmission spectra and loss factors for photonic crystal waveg-
uides, as well as quality factors for resonant microcavities are obtained. The
observed characteristics are in good agreement with the three-dimensional
simulations.
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1 Introduction

Photonic crystal structures are becoming important building blocks for providing
exciting ways to control light and to permit further miniaturization of optical
devices. Planar photonic crystals find their application for example in extremely
small lasers, filters, multiplexers, optical switches and microcavities [1-4]. For re-
search purposes e-beam lithography is the most used technique for the fabrication
of such integrated optical circuits, because of its high resolution capabilities. How-
ever, it is expensive (per sample) and, due to its serial writing process, it is slow
and therefore not suitable for mass production. Optical lithography provides the
fabrication process for large volume but is limited in resolution by optical diffrac-
tion. With deep ultraviolet (UV) lithography both the resolution required to
fabricate the photonic crystal structures and the parallel writing process needed
for mass production have become available [5].

In this work we present the first investigation of a silicon slab photonic crys-
tal waveguide (PCW) structure, which is completely buried in a silicon diox-
ide cladding. Photonic crystal structures made from SOI (silicon on insulator)
wafers are more promising for large-scale integration because advanced CMOS
fabrication technology, i.e. deep UV-lithography, can be used. Photonic crys-
tal waveguides are basic elements for building integrated optical circuits. They
carry the light to and from the functional part of the photonic crystal structure
(e.g. filter or resonator). The lower the losses in the PCW, the better the per-
formance of the photonic crystal structure with the specific functionality. So far,
low-loss guiding has been demonstrated in suspended membrane and low-index
bottom cladding structures [3,6]. Our waveguide structures, fully buried in a
silicon dioxide cladding, are protected from the environment and therefore much
more practical for many applications. However, the lower refractive index con-
trast between the slab and the cladding makes it more difficult to achieve low-loss
guiding and is a challenge during the design process. In fact, three dimensional
simulations are essential in order to precisely model the losses.

We investigate a design of a resonant microcavity inside the photonic crystal
waveguide. Resonant microcavities in photonic crystals are of great interest be-
cause they exhibit highly localized optical fields and narrow transmission bands
and therefore can serve as basic elements for switches, filters and small lasers.
Much effort has been spent by different groups in design and fabrication in order
to improve the quality (Q) factor of microcavities. @ factors of up to 7300 have
been reported for 2D crystal cavities with direct in-plane transmission measure-
ments [3].

We report the design, fabrication and measurement of the structures. Based
on the measurements we discuss the losses in the photonic crystal waveguide and
the quality factor of the resonant cavity.

Characterization of buried photonic crystal waveguides and microcavities
fabricated by deep ultraviolet lithography
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2 Design and fabrication

First, we propose a straight photonic crystal waveguide with a W1 defect line
(one row of missing holes) as a basic building block. The photonic crystal con-
sists of a triangular array of cylindrical holes in a thin Si slab. The Si slab is
completely buried in silicon dioxide. Second, we propose a design of in-plane
resonant cavity, which is formed by two identical Bragg reflectors and is situated
inside the photonic crystal waveguide (see Fig. 1). The design parameters of
the Bragg reflectors are different to those of the rest of the photonic crystal, thus
increasing the design options for the cavity. The cavity structure is designed so as
to obtain a highly localized field inside the cavity and high in-plane transmission
for a narrow frequency band. In order to achieve a high Q factor and high in-
plane transmission, the radiation losses, i.e. the modal mismatch at the interface
between the photonic crystal waveguide and the cavity structure, need to be min-
imized by engineering the hole dimensions and positions of the Bragg reflectors
during the design process. Several methods have been suggested for optimizing
the performance of photonic crystal microcavities, including tapering [7], Bloch-
wave engineering [8] or radiation losses recycling [9]. All these methods require
a very high accuracy and quality for the fabrication. Being at the limit of the
possible resolution with deep UV-lithography, we have kept the design as sim-
ple as possible while accepting lower performance for the photonic crystal cavity.
The holes forming the Bragg reflectors are all equally spaced and have the same
dimensions. A microcavity with four holes on both sides and a microcavity with
five holes on both sides have been fabricated and measured.

The photonic crystal structures are fabricated by LETI (Laboratoire d’Elec-
tronique de Technologie de I'Information, France) using deep UV-lithography
at a wavelength of 193 nm. After the lithography process, the patterns in the
photoresist are transferred into the silicon layer of the SOI wafer using dry etching
technology. As a final step, the etched structures in the silicon are then covered
with an oxide layer.

3 Reflections and loss calculations

Measurements are performed with an optical setup that includes a tunable laser
source. An aspheric lens is used to inject TE-polarized light (in-plane polariza-
tion) into a 10 pm-wide, 238 nm thick Silicon layer buried in silicon dioxide.
The light is guided via a taper, which reduces the waveguide width to 0.5 pm,
to the photonic crystal waveguide. In the case of the W1 waveguide the light
is directly transmitted, whereas in the case of the microcavity the light couples
into the resonant cavity for a narrow frequency band, where it is highly localized

Characterization of buried photonic crystal waveguides and microcavities
fabricated by deep ultraviolet lithography



70 J. Appl. Phys., Vol. 98, 2005, 013103

b)

Figure 1: a) In-plane photonic crystal microcavity structure buried in silicon dioxide
(PhC period a=490 nm, hole diameter d=350 nm, core thickness =238 nm, bottom
oxide thickness s ~ 2000 nm, upper cladding thickness ¢ ~ 700 nm). The microcavity
inside the photonic crystal waveguide is formed by two five-hole Bragg reflectors (hole
dimensions b1=325 nm and b2=180 nm, period p=373 nm). b) Optical microscope
image of the fabricated waveguide structure showing the tapered sections guiding the
light to and from the photonic crystal microcavity.

and eventually transmitted. Using a second, identical taper the transmitted light
is then guided to the exit of the device, where it is collected by a microscope
objective and focused onto an InGaAs detector for measurements. The tunable
laser source allows us to measure the transmission spectrum ranging from 1440
to 1590 nm.

The measured transmission spectra contain a dominant periodic Fabry-Pérot
interference pattern (see Fig. 2), which corresponds to the total length of the
waveguide system and is due to the reflections at the smooth waveguide end-
facets. To obtain the approximate transmission efficiency of the photonic crystal
waveguide and the resonant microcavity, we first remove numerically the Fabry-
Pérot interference pattern from the measurement data by filtering the peak cor-
responding to the total waveguide length in the Fourier transformed spectrum.
Second, we divide the transmission spectra by the spectrum of a straight reference
waveguide for normalization. The reference waveguide has a width of 10 ym and
a thickness of 238 nm, which corresponds exactly to the PC waveguide without
tapered and photonic crystal sections. This eliminates extrinsic effects of the end
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Figure 2: Filtered (black) and non-filtered (gray) normalized transmission spectra of
three W1 waveguide samples of different lengths: a) 41a b) 81a and ¢) 161a, with a=490
nm. The oscillations in the nonfiltered transmission spectra are due to the reflections
at the end-facets forming the periodic Fabry-Pérot interference pattern.

injection and most of the spectral response of the measurement optics.

In Fig. 2 we show the filtered and non-filtered normalized transmission spec-
tra of three W1 waveguide samples of different lengths (41a, 81a and 161a, with
a—490 nm). They exhibit an even transmission spectrum over the whole mea-
surement range from 1440 nm to 1590 nm with a variation of £10%. In the
case of the shortest PCW (41a) about 35% of the light that is coupled from free
space into the input end-face of the 10 pm-wide waveguide is transmitted. As
mentioned above, the lower refractive index contrast between the slab and the
cladding makes it more difficult to achieve low loss guiding. The computed dis-
persion diagram, shown in Fig. 3, illustrates the more limited possibilities for
low loss guiding below the light line due to the oxide cladding. As comparison,
the light line for an air cladding is indicated as well. The different guided defect
modes, shown in Fig. 3, are represented by solid black lines. We observe that
the present design does not posses a suitable propagating mode in the measure-
ment range that is below the light line. Therefore, the longer the PCW the more
light is leaking vertically. In fact, the contrast in the Fabry-Pérot interference
pattern of the non-filtered transmission spectra is proportional to the averaged
transmission efficiency (filtered value), indicating the loss induced by the PCW.
In order to calculate the propagation losses we compare the different transmission
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efficiencies depending on the different lengths of the photonic crystal waveguides
using the cutback method [10]. We obtained a propagation loss of 150 dB/mm.
The transmission measurements have been repeated several times in order to con-
firm the obtained propagation loss value. Accordingly, the error is estimated to
+30dB/mm. In comparison, we have performed three dimensional simulations
using a finite integration time domain (FITD) algorithm [11]. They have shown
a propagation loss of 100 dB/mm, indicating that there are some extra losses in
the real system, coming from e.g. surface roughness. By adequately changing
the design of the PCW, such as the silicon slab thickness and the PC waveguide
width, it is possible to shift the propagating mode into the limited region be-
low the light line (see Fig. 3), which would allow non-radiative vertical guiding,
i.e. a significant reduction in vertical loss. Improvements in fabrication such as
higher accuracy in dimensions and smoother sidewalls will result in a reduction
of the scattering losses. In addition, based on the propagation loss we estimate
the losses at the interface between the conventional waveguide and the photonic
crystal waveguide to be about 35%. These losses can be reduced by varying the
width of the conventional waveguide [12] or by introducing a taper system [13]
for a better mode matching.

-~ measurement rangg

Frequency [Hz]
Wavelength [um]

0 0.1 0.2 0.3 0.4 0.5

Wavevector [2m/a]

Figure 3: Dispersion diagram for TE-like guided modes in the W1 PC waveguide ob-
tained by a fully three dimensional calculation based on a plane-wave expansion method.
The defect modes are represented by solid black lines. The dark gray regions correspond
to modes of the photonic crystal, which are states that can propagate through the crys-
tal. The modes above the light line will leak energy into the cladding (leaky modes).
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Figure 4: Measured transmission spectrum of a four-hole reflector cavity (a) and a
five-hole reflector cavity (b). The raw measurement data has been filtered to remove
the Fabry-Pérot interference.

In Fig. 4 we show the measured spectral response of two different in-plane
resonant cavities inside the W1 PCW: One cavity with Bragg reflectors formed
by four holes on both sides of the cavity and one cavity with Bragg reflectors
formed by five holes on both sides of the cavity (Fig. 1). For the four-hole
cavity we observe a transmission peak at A ~1557 nm and an approximate max-
imum transmission efficiency at resonance of 21%. The measured quality factor
Q~ N/ AXpw s is equal to 100. The weak modulation on the left part of the spec-
trum is likely due to fabrication-induced non-uniformities in the cavity structure.
Such modulations have also been observed in our three-dimensional simulations
when varying the hole dimensions and positions of the Bragg reflectors inside the
PCW. The transmission spectrum of the five-hole cavity is much narrower and
more Lorentzian-like than the spectrum of the four-hole cavity. We observe an
approximate maximum transmission efficiency of about 11% at a slightly higher
peak wavelength (1562 nm) induced by a small increase in the effective cavity
length due to the presence of the additional Bragg holes. The measured quality
factor Q~ A/AXpw gy is equal to 200. Thus, by adding one hole to the Bragg
reflectors on both sides of the microcavity we can increase the quality by a factor
of two, whereas the transmission efficiency is reduced by approximately that same
factor.

In Fig. 5 we show the corresponding 3D simulated transmission efficiencies
of the two different microcavities using the 3D finite integration time domain
(FITD) algorithm [11]. The quality factor for the four-hole cavity is 240 and
for the five-hole cavity is 440. The maximum transmission efficiencies are 41%
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Figure 5: Simulated transmission efficiency of a four-hole reflector cavity (a) and a
five-hole reflector cavity (b).

and 17% respectively. Compared to the measurements, the simulated values are
about two times better. Additionally, we note the asymmetry and the higher
resonant wavelengths in the measured transmission spectra. The observed dif-
ferences between Fig. 4 and Fig. 5 are due to variations between the fabricated
structure and the ideal simulated structure. Small defects, like variations in the
hole dimensions or sidewall roughness, also induce higher losses, which cause a
reduction in transmission and in the quality factor. However, despite the differ-
ence in the absolute values, the ratio between the two quality factors and the two
maximum transmission efficiencies observed in the measured spectrum is in very
good agreement with that of the simulated spectra. Our simulations have shown
that by adding one hole to the reflectors on both sides of the microcavity, the
reflectivity increases by 10%. Therefore, on the one hand the quality factor in-
creases and on the other hand the transmission efficiency decreases because more
light is either reflected back to the input end-face or scattered into the cladding.

Based on the loss calculation of the W1 waveguides, we can evaluate the
losses induced by the microcavity. The losses attributed to the four-hole cavity
and the five-hole cavity are in the order of 25% and 38%, respectively. These
losses include scattered light and light that is reflected back to the input end-
facet. With a modified design for the PC waveguide providing a propagating
mode below the oxide cladding light line, the losses induced by the microcavity
can as well be reduced. The quality factor of the microcavity can be improved
by further increasing the reflectivity of these mirrors. However, the reflectors
must be designed such as to allow efficient coupling between the photonic crystal
waveguide mode and the resonant cavity mode. As mentioned earlier, this can
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be achieved by using different design methods.

4 Conclusion

We have investigated a W1 photonic crystal waveguide and a design of an in-
plane resonant cavity completely buried in silicon oxide and fabricated by deep
UV-lithography. On the one hand, the buried photonic crystal structure is well
protected and therefore very promising for applications. On the other hand, the
oxide cladding makes it more difficult to achieve low loss guiding. By changing
the silicon slab thickness and the PC waveguide width it should be possible to
achieve low loss guiding with a propagating mode below the light line. We have
presented transmission measurements for PCW and cavities in silicon dioxide. For
the W1 waveguide, a loss of 150 dB/mm has been measured. The quality factor
for the resonant microcavities was measured to be about 100 for the four-hole
cavity and about 200 for the five-hole cavity. The transmission measurements for
the microcavities are in good agreement with the 3D FITD simulations. Further
improvements to the maximum transmission efficiency and the quality factor of
the resonant cavities can be achieved by optimizing the design of the photonic
crystal waveguide and of the reflectors forming the microcavity.

Beside design optimization, our future investigations will focus on the strong
localization of the optical field in a microcavity, which is sensitive to small per-
turbations and can lead to significant changes in the transmission properties.
We have performed first experiments that will be shown elsewhere confirming
that frequency tuning and modulation of the output-signal is possible with the
presented resonant microcavities.
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Abstract

We apply heterodyne scanning near-field optical microscopy (SNOM) to
observe with subwavelength resolution the amplitude and phase of optical
fields propagating in several microfabricated waveguide devices operating
around 1.55 um wavelength. Good agreement between the SNOM measure-
ments and predicted optical mode propagation characteristics in standard
ridge waveguides demonstrates the validity of the method. In-situ obser-
vation of the subwavelength-scale distribution and propagation of optical
fields in straight and 90° bend photonic crystal waveguides facilitates a
more detailed understanding of the optical performance characteristics of
these devices, as well as illustrates the usefulness of the technique for in-
vestigating nanostructured photonic devices.

OSICS codes: 040.2840, 120.5050, 180.5810, 230.7370.

Observation of amplitude and phase in ridge and photonic crystal waveguides
operating at 1.55 um by use of heterodyne scanning near-field optical
microscopy



Opt. Lett., Vol. 21, 2005, 28852887 81

Photonic nanostructures, and in particular photonic crystals (PCs), provide
a number of possibilities for developing novel devices based on near-field opti-
cal phenomena, as well as for monolithic integration of large-scale photonic sys-
tems |1-3]. However, as many of these devices depend on the subwavelength-scale
localization of optical fields, traditional far-field characterization techniques are
incapable of fully capturing the propagation characteristics of light in such struc-
tures. Scanning near-field optical microscopy [4,5] (SNOM) provides the ability
to observe directly the optical fields propagating in a photonic structure with
sub-wavelength resolution, and has been applied to investigate photonic crystal
resonators and various other devices [6,7]. In heterodyne SNOM, light collected
by the scanning probe is combined with a frequency shifted reference beam to en-
able simultaneous measurement of the local amplitude and phase of the probed
field [8-10]. This technique has been used to characterize several devices, in-
cluding periodically structured waveguides 11| and structured optical fibers [12],
demonstrating the usefulness of SNOM for the detailed characterization of optical
field propagation inside microstructured waveguides. In this letter, we apply this
technique to investigate microfabricated ridge and PC waveguides and demon-
strate the measurements of the phase and amplitude of the propagating fields in
silicon-based photonic devices at the 1.55 ym wavelength |13]. The obtained re-
sults are in good agreement with predicted values, illustrating the viability of the
technique as a method for investigating the complex amplitude of optical fields
as they propagate inside the waveguides, and could have a significant impact on
the understanding and development of nanostructured optical devices.

In the present set-up, the source is a semiconductor cw laser operating in a
wavelength band around 1.55 pm. The cantilevered tapered fiber probe has an
aperture of 200 nm and is scanned in tapping mode. This scanning technique
reduces lateral interaction forces and is particularly advantageous for the investi-
gation of silicon membranes or other fragile samples having abrupt topographical
changes.

First, we characterize a standard ridge waveguide. This device is fabricated
using an SOI wafer, with an approximately 290 nm thick silicon guiding layer on
a 1 pum thick oxide layer. The waveguide structure consists of 10 um wide input
and output sections, a 0.5 pum wide section at the center, and linearly tapered
sections in between to connect them. The oxide separation layer under the thin
central section of the waveguide is undercut, resulting in an air-bridge structure.

The detected topography, amplitude, and phase for 1.55 pm light with polar-
ization orthogonal to the substrate plane propagating in a 25 pum long segment
of the wide section of the waveguide are shown in Fig.1. Comparison of the
amplitude map (Fig.1b) with the topography (Fig.1a) clearly shows a good con-
finement of the light in the waveguide region. The phase map (Fig.1c¢) confirms

Observation of amplitude and phase in ridge and photonic crystal waveguides
operating at 1.55 um by use of heterodyne scanning near-field optical
microscopy
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Figure 1: SNOM images of a 25 pm long segment of the wide (10 pm width) section
of the tapered ridge waveguide showing: (a) topography; (b) amplitude; (¢) phase
measurements.

the same observation and shows a planar phase front, indicating that most of the
light propagates in the fundamental mode. The Fourier transform of the mea-
sured complex amplitude along the propagation direction shows the strongest
frequency component-corresponding to the dominant propagating mode-to have
an effective wavelength of approximately 0.57 pum, very close to the predicted
value of 0.61 um for the fundamental TM-like mode.

In Fig.2, we report measurements performed on the narrow air-bridge section
of the waveguide. The topography (Fig.2a) shows that part of the ridge and the
initial part of the output taper are included in the scan. The amplitude (Fig.2b)
and phase (Fig.2c) images show that the light is once again well confined in the
waveguide. The spacing of the phase fronts in the taper section (top portion
of Fig.2c¢) can be seen to be different from in the air-bridge section. The peri-
odic oscillations in the amplitude of Fig.2b are due to a Fabry-Pérot standing
wave pattern in the waveguide. The Fourier transform of the complex amplitude
data for the narrow waveguide section (excluding the taper) shows that the ef-
fective wavelength of the propagating mode is 0.77 pm. Numerical simulation
of the waveguide design yields 0.76 pum for the effective wavelength. The excel-
lent agreement between the predicted and measured optical propagation charac-
teristics demonstrates the capability of this heterodyne SNOM to characterize
photonic devices operating in the 1.55 ym wavelength regime.

Next, we apply the heterodyne SNOM to the characterization of PC waveg-
uides. The PC lattice consists of a square array of microfabricated cylindrical
holes in a thin silicon membrane surrounded by air. The design parameters of
the PC structure are lattice constant a = 496 nm, hole radius » = 190 nm and slab

Observation of amplitude and phase in ridge and photonic crystal waveguides
operating at 1.55 um by use of heterodyne scanning near-field optical
microscopy
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Figure 2: SNOM images of a 25 pm long segment of the tapered and air-bridge (0.5 pm
width) sections of the ridge waveguide device showing: (a) topography; (b) amplitude;
(c) phase measurements.

thickness ¢ = 290 nm. These values are chosen to give rise to a TE-like (in-plane
polarization) photonic band gap for wavelengths around 1.5 ym. The waveguide
is formed by eliminating a single row of holes such that the propagating modes
are confined within the defect. Two different PC devices are studied, a straight
waveguide and a 90° bend. To facilitate injection of light into the waveguide,
tapered ridge waveguides identical to the previous example are used.

The straight waveguide device, shown in Fig.1la, has a length of 30 mm. In
previous work using this device, high transmission efficiency was measured in the
wavelength range of 1530 to 1590 nm, efficient coupling from the ridge waveguide
to the PC waveguide was observed, and the propagation loss in the PC waveguide
was estimated to be on the order of 25 dB/mm [14,15|. Using the heterodyne
SNOM, we observe over an area of 14 pum square the amplitude and phase of light
with wavelength 1560 nm propagating through the structure, as shown in Figs.1b
and lc, respectively. In the amplitude image we observe a confined propagating
mode along the defect guide. A weak signal can be detected in the photonic
crystal region around the defect guide indicating that a small amount of light
is leaking into the photonic crystal. The phase image clearly shows a distinct
phase front corresponding to the propagating mode inside the defect guide. The
horizontal wavefront profile indicates that most of the light is propagating in
the first defect mode having an even transverse symmetry, this being expected
according to the modal analysis discussion in Ref. [15].

The last example is a PC waveguide with a 90° bend, as shown in Fig.4a. The
measured amplitude and phase of light with wavelength 1550 nm propagating in
the waveguide are shown in Figs.4b and 4c, respectively. Good confinement of the

Observation of amplitude and phase in ridge and photonic crystal waveguides
operating at 1.55 um by use of heterodyne scanning near-field optical
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Figure 3: Straight PC waveguide: (a) top-view SEM image of the device (the square
outline indicates the approximate SNOM measurement area); (b) SNOM amplitude
measurement of the propagating mode in the waveguide over an area of 7 pmx 14 pm;
(c) SNOM phase measurement.

light in the waveguide channel is observed in both straight waveguide segments.
In addition, in the input arm of the device (propagating up from the bottom of
the figure), the dominant mode corresponds to the first defect mode having an
even transverse symmetry, while the more complex variations in the transverse
field profile in the output arm suggest a superposition of multiple modes hav-
ing even and odd transverse symmetry. Simulations have shown that coupling
to higher order modes in the PC corner occurs due to the broken symmetry at
the corner [15]. Finally, in the region of the waveguide bend, significant pene-
tration of the light into the photonic crystal lattice is observed. A significantly
higher amplitude signal is detected by the SNOM in this region due to two mecha-
nisms: first, the corner region acts as a resonant cavity, resulting in a significantly
higher field amplitude inside; and second there is significantly greater leakage or
scattering of light from the vicinity of the corner, as compared with the straight
waveguides. These preliminary measurements on the PC waveguides demonstrate
the capabilities of the technique, however, a more complete investigation of the
optical propagation characteristics in such structures requires further study.

We have demonstrated the direct observation of the amplitude and phase of
an optical field propagating in ridge and PC SOI-based waveguides for wave-
lengths around 1.55 pm using heterodyne SNOM. These results are consistent

Observation of amplitude and phase in ridge and photonic crystal waveguides
operating at 1.55 um by use of heterodyne scanning near-field optical
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Figure 4: Images of the PC waveguide 90° bend structure: (a) SEM; (b) SNOM
amplitude; (c) SNOM phase.

with predicted values from previous numerical or far-field experimental studies.
These results also show the usefulness of the heterodyne SNOM as an investiga-
tive and diagnostic tool in the study of optical propagation in nanostructures,
in particular in cases where subwavelength-scale and near-field effects are impor-
tant. In the future, this technique can be applied to a wide range of PC and other
nanostructure-based photonic devices, facilitating the improved understanding of
nanoscale optical phenomena and the design and optimization of nanostructured
photonic devices and systems.
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Abstract

We analyze the propagating optical modes in a Silicon membrane pho-
tonic crystal waveguide, based on subwavelength-resolution amplitude and
phase measurements of the optical fields using a heterodyne near-field scan-
ning optical microscope (H-NSOM). Fourier analysis of the experimentally
obtained optical amplitude and phase data permits identification of the
propagating waveguide modes, including the direction of propagation (in
contrast to intensity-only measurement techniques). This analysis reveals
the presence of two superposed propagating modes in the waveguide. The
characteristics of each mode are determined and found to be consistent
with theoretical predictions within the limits of fabrication tolerances. An
analysis of the relative amplitudes of these two modes as a function of wave-
length show periodic oscillation with a period of approximately 3.3 nm. The
coupling efficiency between the ridge waveguide and the photonic crystal
waveguide is also estimated and found to be consistent with the inter-
nal propagating mode characteristics. The combination of high-sensitivity
amplitude and phase measurements, subwavelength spatial resolution, and
appropriate interpretive techniques permits the in-situ observation of the
optical properties of the device with an unprecedented level of detail, and fa-
cilitates the characterization and optimization of nanostructure-based pho-
tonic devices and systems.

OSICS codes: (230.7370) Waveguides; (180.5810) Scanning microscopy.
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1 Introduction

Since the first demonstrations of the near-field scanning optical microscope (NSOM)
in 1984 [1, 2], the technique has proven to be an important tool for subwave-
length resolution observation of various optical field configurations |3-5|, includ-
ing evanescent and other non-propagating fields [6-10]. A more recent inno-
vation, the heterodyne NSOM (H-NSOM) [11], permits the near-field measure-
ment of both amplitude and phase, providing previously inaccessible information
about the optical fields under investigation. This technique has been applied to
a large number of studies, in particular involving subwavelength-scale structures,
localized optical field phenomena, and photonic crystals (PhCs) in the visible
range [9,12,14].

With the recent rapid developments in optical fiber communications and
semiconductor-based photonic devices and systems, there is a clear need for H-
NSOM tools operating in the near infrared wavelength range. Although H-NSOM
has only recently been adapted to this wavelength band, several interesting ap-
plications and results have already been reported [15-19]. In particular, for pho-
tonic devices based on subwavelength-scale features, such as photonic crystal
structures, this technique is an indispensable diagnostic tool. Typically, charac-
terization of such devices is carried out in the far field, by measuring the spectral
response of the light that emerges from the structure. Instead, by measuring the
optical fields as they propagate inside the device-with subwavelength resolution
and with amplitude and phase information-H-NSOM provides significant addi-
tional information about the optical properties of the device [18,19], and greatly
facilitates both understanding the operation of the device and improving its per-
formance. Furthermore, as manufacturing technology advances and photonic
systems achieve higher degrees of complexity and integration, localized in-situ
characterization of optical fields will become increasingly useful and necessary.

In a previous letter |20]|, we demonstrated the feasibility of measuring the
amplitude and the phase of the propagating optical field in ridge and Silicon
membrane PhC waveguides operating around 1550 nm wavelength using the H-
NSOM technique. In this paper, we focus on a single example-a straight square-
lattice Silicon membrane PhC waveguide-and perform a significantly more de-
tailed analysis of the optical propagation characteristics of the device based on
H-NSOM measurements. A detailed description of the H-NSOM tool (based on
Nanonics MultiView 2000™ System) that was used for these measurements is
given in [16]. By comparing measurement results obtained for a range of optical
wavelengths around 1550 nm, we determine a number of important characteris-
tics concerning the propagating modes in the waveguide, including the number
of propagating modes, their effective wavelength, their relative amplitudes, the
position of the band edge, and the approximate input coupling efficiency as a

Near-field characterization of propagating optical modes in photonic crystal
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function of wavelength. This information supports a much better understanding
of the propagation of light within such a structure, enabling a detailed comparison
of the experimental results with theoretical predictions. Overall, this investiga-
tion demonstrates the range of information provided by high-quality H-NSOM
measurements, in many cases yielding insight that is unattainable using far-field
optical characterization techniques.

In the next section we provide a brief description of the fabricated PhC waveg-
uide sample and describe its expected properties from the calculated dispersion
diagram. In section III we present experimentally obtained results validating the
existence and the position of the PhC band edge. Section IV presents measure-
ments of the complex amplitude for the propagating modes in the PhC waveguide,
and the subsequent spectral analysis to determine the mode propagation prop-
erties. Section V is devoted to the measurement of input coupling loss at the
interface of a single mode ridge waveguide and the PhC waveguide. Section VI
concludes the manuscript.

2 Description of the PhC waveguide

The optical micrograph in Fig.1la shows the layout of the fabricated device, con-
sisting of a pair of ridge waveguides coupled to the edges of a PhC waveguide. A
square mesh PhC lattice with a period of 496 nm, air holes of radius 190 nm, and
a membrane thickness of 290 nm (see Fig.1b) is used to create a W1 PhC waveg-
uide by removing a single row of air holes (here W1 stands for PhC waveguide
with one missing row of holes). The total length of the W1 PhC waveguide is
about 25 microns. The device is fabricated in a silicon on insulator (SOI) wafer
using electron beam lithography of PMMA resist for patterning, followed by re-
active ion etching to transfer the pattern into the SOI substrate. The oxide layer
below the PhC structure was removed using a buffered hydrofluoric acid vapor
etch, thereby creating a PhC membrane. With this configuration a symmetric
mode in the vertical direction can be obtained, and the radiation loss is reduced
significantly.

To facilitate the injection of light into the device, two tapered ridge waveguides
are coupled to the input and the output facets of the W1 PhC waveguide (See
Fig.1). These tapered waveguides perform adiabatic mode conversion from 10-pym
width to 500 nm width to allow single mode propagation and to better match the
mode profile of the W1 PhC waveguide. Nevertheless, some loss is to be expected
at the boundary between the ridge waveguide and the W1 PhC waveguide, due
to mode mismatch. This issue will be further addressed in section 5.

The expected dispersion diagram for the TE-like modes of this PhC structure
was numerically determined using a fully three-dimensional calculation based on

Near-field characterization of propagating optical modes in photonic crystal
waveguides
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Figure 1: Description of the W1 PhC waveguide device: (a) optical micrograph showing
the layout of the device, including the tapered waveguide and the W1 PhC waveguide.
(b) Scanning electron micrograph (SEM) image of the region inside the dashed rectangle
in (a). The W1 PhC waveguide is clearly observed.

a plane-wave expansion method [21]. The results of this analysis are summarized
in Fig. 2: Solid black lines represent the guided defect modes (labeled e;, e,
es, and e4). The dark gray shaded regions in Fig.2 represent modes that can
propagate through the crystal. The light line is introduced in Fig.2 to define
the boundary between the leaky and the propagating modes: modes above the
light line leak energy whereas modes lying below the light line are confined in the
membrane. The blue shaded region in Fig.2 shows the approximate measurement
region.

The dispersion diagram of Fig.2 shows that in the measurement wavelength
range we expect to excite two modes, labeled e; and e;. The cutoff frequency
for mode e; occurs at a normalized frequency of about 0.325, corresponding to a
wavelength of about 1525 nm. The mode e, exists for the entire frequency range
under study. However, for wavelengths shorter than about 1525 nm, the e; mode
lies in the dark gray region, where PhC states are allowed, leading to leaking of
the light from the waveguide into the PhC structure. In the following section we
investigate experimentally these theoretical predictions.

3 Characterization of PC band edge

We first investigate the guided modes of the W1 PhC waveguide at a wavelength
of 1560 nm, where we expect the light to be strongly guided in the waveguide
channel. The H-NSOM system is used to measure amplitude and phase images

Near-field characterization of propagating optical modes in photonic crystal
waveguides
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Figure 2: Calculated dispersion diagram for TE-like guided modes in the photonic
crystal waveguide. Solid black lines represent the guided defect modes: eq, es, e3, and
e4. The dark gray shaded regions show modes that can propagate through the crystal.
The light line defines the boundary between the leaky and the propagating modes.
The blue shaded region shows the approximate measurement region centered at the
wavelength of 1.5 pum.

of the W1 PhC waveguide following the procedures described in Ref. [9]: the
light from a fiber-coupled tunable laser is split into two arms in a Mach Zehnder
interferometric arrangement. One arm has a tapered fiber that is used to couple
light into the cleaved edge of the fabricated device. An NSOM tip is introduced
into the evanescent field just above the W1 PhC waveguide shown in Fig.1b. The
optical field coupled into the NSOM tip is mixed with the light in the reference
arm of the Mach-Zehnder interferometer and introduced into a photodetector
followed by signal processing [9]. The NSOM tip is used to scan an area of 7x7
pm and the detected images are used to reconstruct the time-domain propagation
of light, as shown in Fig.3. The results of Fig.3 show that the propagating light
is well confined to the waveguide channel and has a predominantly stationary
mode configuration. The movie was generated by adding for each frame a time-
dependent phase to the measured phase, and taking the real part of the resulting
complex amplitude. Such time-domain reconstruction of the optical field is only
possible if amplitude and phase data are available.

We also investigate the excitation of modes well within the PBG and close to
the edge of the PBG. As expected, at an optical frequency close to the edge of the

Near-field characterization of propagating optical modes in photonic crystal
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Figure 3: Optical field at wavelength of 1560 nm propagating in the W1 PhC waveguide
as calculated from the measured complex amplitude. Scanning range is 7 by 7 microns.

PBG (corresponding to a wavelength of 1520.0 nm) the optical field is not strongly
guided, as is clearly seen from the detected amplitude and phase images shown
in Figs.4a and 4, respectively. In contrast, for a wavelength of 1560.0 nm (well
within the PBG), the amplitude and phase images of Figs.4 and4, respectively,
reveal well-guided optical propagation. The amplitude image (Fig.4) shows that
the light is localized to the waveguide channel, and the phase image (Fig.4) shows
planar phase fronts.

4 Photonic crystal waveguide modes

Next we perform detailed experimental measurements and analysis of the spec-
tral modes propagating in W1 PhC waveguide, and compare these results with
theoretical predictions.

4.1 NSOM measurement of waveguide spectral character-
istics
The spectral measurement of the optical fields propagating in the W1 PhC waveg-
uide is performed over optical frequencies within the bandgap, corresponding to
a wavelength range of 1556.6 nm-1559.8 nm. Fig.5 shows nine representative
images of the amplitude and phase data obtained using the H-NSOM at differ-
ent wavelengths in this range (note that the amplitude and phase color keys are
similar to those of Fig.4). It is evident from the results shown in Fig.5 that the
propagating mode characteristics depend strongly on the wavelength. For ex-
ample, at wavelength 1556.6 nm, the transverse profile of the propagating mode

Near-field characterization of propagating optical modes in photonic crystal
waveguides
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Figure 4: Tmages of measured amplitude and phase of the optical fields propagating
in the W1 PhC waveguide at wavelengths of 1520 nm (a, b, respectively) and 1560 nm
(¢, d, respecitvely). Below the band edge (1520 nm) the propagating modes are not
strongly confined to the waveguide channel, whereas modes within the bandgap of the
PhC (1560 nm) demonstrate strong confinement of light in the waveguide channel (c)
and planar phase fronts (d) in the waveguide region.

appears to be that of the fundamental mode-the amplitude has a single lobe with
even transverse symmetry, and the phase fronts within the waveguide channel
are flat along the transverse direction and uniformly spaced. Similar character-
istics are observed again at wavelength 1559.8 nm. However, at a wavelength
of 1558.2 nm (i.e., halfway between these two values), a very different profile
with odd transverse symmetry is observed. Moreover, at intervening wavelengths
(e.g. wavelengths between 1558.2 nm and 1559.8 nm) we see a gradual transi-
tion between the dominant even and odd mode structures. These results reveal
a periodic variation of the propagating mode characteristics with respect to the
optical frequency.

Next we exploit the unique advantage of the H-NSOM technique that provides
the 2D complex amplitude information of the optical field for an operating device.
Specifically, we perform a spectral analysis of the propagating modes at each
excitation wavelength, thereby quantifying the modal power spectral density.
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Figure 5: A sequence of amplitude and phase images of the guided modes in a W1
PhC waveguide measured for a sequence of wavelengths from 1556.6 nm to 1559.8 nm
in increments of 0.4 nm. The images are obtained by scanning the H-NSOM tip over
an area of 7x7 micrometers above the W1 PhC waveguide.

4.2 Complex-amplitude Fourier analysis

Detailed mode characteristics can be discerned by performing a Fourier analy-
sis of the detected H-NSOM complex amplitude measurements. The ability to
perform a Fourier transform operation on the measured near field complex am-
plitude data is clearly a significant advantage unique to the H-NSOM method
in comparison to other existing techniques. For example, the available phase
information allows us to calculate the propagation constant for each mode and
to distinguish between forward and backward propagating fields. Since the light
in the W1 PhC waveguide propagates along a specific direction, we can perform
a one-dimensional Fourier transform along the propagation direction (i.e. the
z-axis) to reveal the spatial frequency content of the complex amplitude. Fig.6
shows images of the resulting magnitude of the 1D Fourier transform applied
to the complex amplitude of the optical field determined from the NSOM data,
with the z-axis remaining in the spatial domain, and the z-axis replaced by the
corresponding spatial frequency in the z-direction. The spectral images for wave-
lengths 1556.6 nm and 1558.2 are shown in Fig.6a and 6b, respectively. The peaks
observed in these images are associated with the various modes propagating along
the z-axis.
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Figure 6: Spectral content of the optical field propagating in the z-direction when
the guided optical field is excited in the W1 PhC waveguide at optical frequencies
corresponding to (a) the dominant even mode at a wavelength of 1556.6 nm, and (b)
superposition of even and odd modes at a wavelength of 1558.2 nm.

Fig.6a shows that for excitation of the guided mode at a wavelength of 1556.6
nm there is one dominant peak located in the center of the waveguide along
the z-axis. For the longer wavelength of 1558.2 nm (Fig.6b), we still observe
this peak, but also two additional peaks (centered at positive and negative z-
coordinates) appear at a slightly lower spatial frequency. This result implies the
propagation of two modes. By observing Fig.2, it is reasonable to believe that
these two modes are el and e;. Indeed, this expectation is confirmed in section
IVe. Moreover, by integrating these 1D Fourier transform results along the trans-
verse direction (i.e. along the z-axis) we obtain the average modal power content
of the guided optical fields, shown in Fig.7. For wavelength 1556.6 nm, Fig.7a
shows a single dominant peak indicating predominantly single-mode propagation
in the W1 PhC waveguide. This peak corresponds to an effective wavelength of
/\i})f ~ 0.67 with a corresponding effective refractive index of ngc)f ~ 2.34. Note
also that there is a smaller peak at the symmetric position on the negative side
of the spectrum, which corresponds to the equivalent counter-propagating (i.e.
reflected) mode. In contrast to commonly used NSOM intensity measurements,
where forward propagating and backward propagating modes cannot be distin-
guished, the complex amplitude measurements permit the determination of not
only the spatial frequency of the modes, but also their direction of propagation.
For wavelength 1558.2 nm, Fig.7b shows two dominant peaks on the positive side
of the spectrum indicating the existence of two forward propagating modes in the
W1 PhC waveguide. These peaks correspond to modes with effective wavelengths
of /\Sc)f ~ 0.67 and /\g)f ~ 0.93, having effective refractive indices of n(e;)f ~ 2.34
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Figure 7: Spatial spectral content of the light propagating in the W1 PhC waveguide
observed using H-NSOM: (a) A=1556.6 nm; (b) A=1558.2 nm.

and ngc)f ~ 1.68, respectively. This result also clearly explains that the modal
images shown in Fig.5 for this wavelength result from the superposition of two
co-propagating modes with different propagation constants.
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Figure 8: Fourier spectrum amplitudes vs. excitation wavelength for the two forward-
propagating modes observed in the W1 PhC waveguide.

Finally, we perform a Fourier analysis for the NSOM measurements spanning
the entire wavelength range shown in Fig.5 in order to obtain the amplitude of
each of the above-mentioned modes as a function of wavelength. These results are
summarized in Fig.8 and clearly indicate a gradual transition from single mode
propagation towards dual mode propagation, and back to single mode propaga-
tion. Evidently, changing the wavelength can enhance or suppress the appearance

Near-field characterization of propagating optical modes in photonic crystal
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of the second, anti-symmetric mode in a periodic fashion. Applying a sinusoidal
curve fit to the obtained experimental results yields a wavelength offset of 1557.5
nm and a period of 3.3 nm.

A possible explanation for this periodic behavior is Fabry-Pérot interference
of propagating and counter-propagating modes. However, the interference period
corresponds to a cavity length of about 150 pym and we are unable to identify
such a cavity in our device (the end facet of the waveguide is located further
away from the PhC sample). Further investigation is required in order to fully
understand the source of this periodic characteristic.

4.3 Comparison with theoretical modal analysis

Next we use the slope of the dispersion diagram in Fig.2 to estimate the theoret-
ically predicted value of the propagation constants for the two expected modes.
We find effective wavelength values of Ay = 0.57 pm and of Ay = 0.7 pm for the
two modes relevant to our study (modes e; and ey respectively). The theoreti-
cally predicted effective wavelengths for the e; and e; modes are 15% and 25%
lower than those measured in our experiments. We attribute these differences to
fabrication inaccuracies and the dispersive nature of the modes. In particular,
mode ey is highly dispersive (see Fig.2) and therefore any small variation in the
fabrication conditions and/or environmental and material parameters may have
a strong effect on the characteristics of this specific mode.

From our plane wave simulation results we learn that the first mode e; is
symmetric (laterally even) and has a wave vector and field distribution not very
different from the fundamental mode of a ridge waveguide (Fig.9a). The second
mode ey is an anti-symmetric (laterally odd) mode and has strong dispersion
(Fig.9b).
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Figure 9: Plane wave expansion simulation showing mode patterns within the PhC
waveguide. The modes were calculated using an approximate supercell-based model of
the ideal structure. The two lowest-order eigenmodes are shown: (a) even mode eg; (b)
odd mode es.

To investigate how these two modes propagate within the PhC we performed
a simulation using the finite-integral time domain method (CST Microwave Stu-
dio 5). The simulation results are shown in Fig.10. By controlling the source
illumination profile we select the propagating modes within the W1 PhC waveg-
uide. Fig.10a shows the propagation of the even mode, e;. This simulation
result is very similar to the experimental measurements results shown in Fig.5 for

Near-field characterization of propagating optical modes in photonic crystal
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(b)

Figure 10: Finite integral time domain simulations showing the propagation of: (a)
even mode, (b) odd mode and (c¢) superposition of the even and the odd mode.

wavelengths of 1556.6 nm and 1559.8 nm. Fig.10b shows the propagation of the
odd mode and Fig.10c shows the superposition of the two modes. The "snake-
like" pattern is due to the beating of the two modes having differing propagation
constants. Qualitatively, the calculated field distribution is consistent with the
measurements shown in Fig.5 (e.g., at a wavelength of 1559.40 nm).

5 Estimation of coupling loss

As a final example of the application of H-NSOM to investigate the detailed
optical properties of the PhC waveguide, we estimate the input coupling loss
of the device. Specifically, we perform a scan over a region that includes the
boundary between the input ridge waveguide and the W1 PhC waveguide. Fig.11
shows a typical scan of the measured amplitude profile clearly demonstrating a
significant drop in the field amplitude.

We calculate the coupling loss between the ridge waveguide and the W1 PhC
waveguide by integrating the intensity in the transverse direction over the ex-
tent of the waveguide. Since the measured amplitude is not constant along the
propagation direction, we estimate an average value of integration for each region.
Fig.12 shows a typical variation of the intensity of the guided light along the prop-
agation direction z. The two horizontal lines correspond to the averaged values
of intensity for each of the two sections: the ridge and the W1 PhC waveguide.
Although the reflection from the ridge to PhC waveguide junction has been shown
to be small in far-field measurements [22], our Fourier analysis shows that the
integrated intensity of the backward-propagating modes in the ridge waveguide
is approximately 50-60% that of the forward-propagating modes, corresponding

Near-field characterization of propagating optical modes in photonic crystal
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Figure 11: Near-field amplitude measurement in the area of the input coupling inter-
face between the ridge and the W1 PhC waveguides for wavelength 1553.5 nm. The
dotted line indicated the interface between the ridge waveguide (below the line) and the
photonic crystal waveguide (above the line).

to roughly 2 dB of reflection loss. This result can be attributed to the input
coupling method (a tapered fiber as opposed to the microscope objective used
in [22]) possibly leading to the launching of higher order modes. The data in
Fig.11 obtained for the wavelength of 1553.5 nm, shows a 7.1 dB drop of the in-
tensity from the ridge to the W1 PhC waveguide. We believe that the additional
loss is the result of out-of-plane radiation in the junction.

By performing such an analysis for measurements over a range of wavelengths,
we obtain coupling loss dependence versus wavelength (see Fig.13). From the
results of Fig.13 we observe that the coupling loss is also a periodic function of
wavelength, with values of coupling loss varying between 2.7 dB to 7.1 dB and an
average value of 4.8 dB. The period is approximately equal to the period observed
in the analysis of the waveguide propagating modes (see Fig.5). The coupling loss
can be fitted using a sinusoidal function with a period of 3.1 nm and wavelength
offset of 1557.2 nm.

In general, in our measurements we find that the coupling loss is high when the
ridge waveguide mode is mostly coupled to the symmetric PhC waveguide mode.
This is somewhat counterintuitive, since we would expect the most efficient cou-
pling to occur between the symmetric fundamental modes in the ridge and PhC
waveguides. However, as seen in Fig.11, the light in the input ridge waveguide

Near-field characterization of propagating optical modes in photonic crystal
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Figure 12: Aggregate intensity (integrated across the waveguide channel width) along
the propagation direction for the distribution shown in Fig.11. The horizontal lines
correspond to an average value of integrated intensity for the ridge waveguide (left) and
the PhC waveguide (right).

does not appear to be predominantly in the fundamental mode. While not con-
clusive, this result indicates that the light injection from the tapered fiber into
the ridge waveguide was most likely not optimal, and that the observed coupling
behavior in our experiment will be more complex than the ideal case would sug-
gest. In addition, the results presented in Fig.5 show that while the fundamental
(even) mode seems to always be present in the waveguide, the second (odd) mode
varies in strength as a function of the wavelength. Assuming there is no strong
coupling between these two modes inside the PhC waveguide, since one mode
is universally present and the second mode varies in amplitude, it is reasonable
to expect that we should see the greatest transmission of energy through the
waveguide when the second modes is at its apex and both modes are present.
This expectation based on the observed mode characteristics inside the waveg-
uide agrees with the observed characteristics at the input interface of the PhC
waveguide. Once again, although there is insufficient information to draw a firm
conclusion, these results reveal an agreement between near-field measurements
made on differing areas of the PhC waveguide. Moreover, this comparison high-
lights the advantages of the H-NSOM technique for investigating the properties
of nanoscale photonic devices, and demonstrates its potential for providing new
and useful insight into these characteristics.
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Figure 13: Experimentally obtained values for coupling loss at the coupling interface
between the ridge and the W1 PhC waveguides for different input wavelengths.

6 Conclusions

We have analyzed the optical modes propagating in a Silicon-membrane pho-
tonic crystal waveguide, based on subwavelength-resolution amplitude and phase
measurements of the optical fields using a heterodyne near-field scanning optical
microscope (H-NSOM). Fourier analysis of the experimentally obtained optical
amplitude and phase data allowed the identification of the propagating modes of
the waveguide, including the direction of propagation (in contrast to intensity-
only measurement techniques). This analysis revealed the presence of two super-
posed propagating modes in the waveguide. The propagation characteristics of
these two modes were found to be in reasonable agreement with theoretical predic-
tions within the limits of fabrication tolerances-the strongly dispersive waveguide
modes mean that the exact propagation characteristics are extremely sensitive
to a variety of parameters, including the material refractive index, membrane
thickness, hole diameter and shape, and other fabrication defects. An analysis
of the relative amplitudes of these two modes as a function of wavelength shows
a periodic variation. Finally, by scanning the input region of the PhC waveg-
uide, an estimation of the coupling efficiency between the ridge waveguide and
the photonic crystal waveguide was made. The coupling efficiency was also found

Near-field characterization of propagating optical modes in photonic crystal
waveguides



Opt. Express, Vol. 14, 2006, 1643-1655 105

to have a periodic nature as a function of wavelength, with a period very close to
the period measured for the internal propagating mode characteristics.

These results demonstrate that the characterization technique based on H-
NSOM provides a wealth of information concerning the optical fields propagating
in the device under study. In particular, the combination of the high-sensitivity
amplitude and phase measurements, subwavelength resolution, and appropriate
analytical and interpretive techniques permit the in-situ observation of the op-
tical field properties with an unprecedented level of detail. Consequently, as
nanostructure-based photonic devices and systems continue to grow in complex-
ity and scale, the H-NSOM technique will likely prove to be an invaluable tool
in observing the local optical fields in such devices, understanding the optical
interactions between integrated components, and optimizing the performance of
photonic systems based on this technology.
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Abstract

We present all-optical tuning and switching of a microcavity inside a
two-dimensional photonic crystal waveguide. The photonic crystal struc-
ture is fabricated in SOI using CMOS processing techniques based on deep
ultraviolet lithography and is completely buried in a silicon dioxide cladding
providing protection from the environment. By focusing a laser onto the
microcavity region, both a thermal and a plasma dispersion effect are gen-
erated allowing tuning and fast modulation of the in-plane transmission.
By means of the temporal characteristics of the in-plane transmission we
experimentally identify the slower thermal and the very fast plasma disper-
sion effect with their modulation bandwidth being in the order of several
100 kHz and up to GHz, respectively.

OSICS codes: 230.1150, 230.5750.
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The ability to control light propagation on a wavelength scale using silicon
planar photonic crystal structures is well known. Planar photonic crystal waveg-
uides, bends and microcavities are considered basic building blocks for applica-
tions such as microlasers, filters, multiplexers and optical switches [1-4]. It is
possible to tune or switch photonic crystal devices in various ways such as tem-
perature [5], refractive index change using liquid crystals [6], free charge carrier
density [7] or non linear material effects [8]. Active photonic crystal devices allow
further miniaturization of integrated optical circuits with active functionality.
High-(Q microcavities in planar photonic crystals exhibit highly localised fields
and narrow transmission bands [9]. Even a small perturbation of the localized
field can change the transmission properties of the microcavity. The relatively
weak non linear properties of silicon can be used in these structures for low-power
modulation and switching [10-12].

Until now most of the work done on tuning and modulating silicon photonic
crystal devices has been based on an electrically controlled thermo optical effect.
In this work, we present an optically tuneable microcavity inside a photonic
crystal waveguide. We experimentally show that tuning the resonant wavelength
and modulating the transmission signal is possible by using a laser focused onto
the microcavity region, generating both thermal and plasma dispersion effects.
As silicon membranes are delicate to the environment, our waveguide structures
are fully buried in a silicon dioxide cladding being protected and more practical
for many applications, notwithstanding the smaller refractive index contrast.

The design of the in-plane resonant cavity is shown in Fig. 1. The photonic
crystal consists of a triangular array of cylindrical holes in a thin Si layer. The sil-
icon slab is completely buried in a silicon dioxide cladding and therefore protected
from the environment. The in-plane resonant cavity is formed by two identical
one-dimensional Bragg reflectors inside the photonic crystal waveguide and has a
length of about 330 nm. The cavity structure is designed so as to obtain a highly
localized optical field inside the cavity and high in-plane transmission for a nar-
row frequency band. For fabrication reasons, we have kept the design as simple
as possible while accepting lower performance for the cavity. Thus, the holes of
the one-dimensional Bragg reflectors are all equally spaced and have the same
dimensions. The designed photonic crystal microcavity structure is fabricated by
LETI (Laboratoire d’Electronique de Technologie de I'Information, France) using
deep ultraviolet lithography at a wavelength of 193 nm. After the lithography
process, the patterns in the photoresist are transferred into the silicon layer of an
SOI wafer using HBr dry etching technology via a silicon dioxide hard mask. As
a final step, the etched structures in the silicon are then covered with an oxide
layer.

Optically tunable microcavity in a planar photonic crystal silicon waveguide
buried in oxide
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Figure 1: In-plane photonic crystal microcavity structure buried in silicon dioxide
(PhC period a=490 nm, hole diameter d=350 nm, core thickness =238 nm, bottom
oxide thickness s ~ 2000 nm, upper cladding thickness ¢ ~ 700 nm). The microcavity
inside the photonic crystal waveguide is formed by two five-hole Bragg reflectors (hole
dimensions 61=325 nm and 52=180 nm, period p=373 nm).

The transmission measurements are performed using a tunable laser source.
By means of an aspheric lens, TE-polarized light (in-plane polarization) is in-
jected into a 10 pm-wide silicon waveguide. The light is guided through a taper,
which reduces the waveguide width to 0.5 pm, to the photonic crystal waveguide.
For a narrow frequency band the light propagating in the photonic crystal waveg-
uide couples into the resonant cavity, where it is highly localized and eventually
transmitted. Using a second, identical taper the transmitted light is then guided
to the exit of the device, where it is collected by a microscope objective and
focused onto an InGaAs detector for measurements.

The measured transmission spectrum of the microcavity exhibits a resonance
peak at a wavelength of 1.561 um with an approximate maximum transmission
efficiency of 11%. The quality factor is in the order of 200. Further transmission
and loss properties of the microcavity have been discussed in Ref. [13].

At the transmission resonance the spectral frequency response of the micro-
cavity is sensitive to the smallest perturbations of the region around the localized
field. In order to induce a perturbation a laser with a wavelength of A = 532 nm
and a maximum power of 30 mW is focused onto the center of the microcavity.
The light is strongly absorbed (~ 30%) by the Silicon core of the waveguide,
whereas the upper and lower oxide cladding are transparent for the control laser
wavelength. Figure 2 shows the measured transmission spectra through the mi-
crocavity without |curve (1)] and with |curve (3)] the control laser turned on.
The raw measurement data have been numerically smoothed so as to remove the

Optically tunable microcavity in a planar photonic crystal silicon waveguide
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periodic Fabry-Pérot interference (compare with inset in Fig. 2), which is due to
the reflection at the input and output waveguide end-facets. The resonant wave-
length is red-shifted by 3 nm and the transmission is attenuated by approximately
10% due to thermo and plasma dispersion effects.
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Figure 2: Measured transmission spectra through the photonic crystal microcavity
without (1) and with (3) the control laser illumination (A — 532 nm). The dotted
curves (2) and (4) approximately indicate the change induced by the plasma disper-
sion and thermo optical effects, respectively. Arrow indicates the fixed wavelength for
the temporal response measurements. The inset depicts the unfiltered transmission
spectrum with the periodic Fabry-Pérot interference oscillations.

To distinguish the different physical effects we observe the temporal response
of the transmission signal when applying a square modulation pulse of 12 us to
the control laser, shown in Fig. 3. A wavelength of A\ = 1.564 pm slightly above
the resonant wavelength (the peak wavelength of the thermally shifted trans-
mission spectrum, see Fig. 2) was chosen for the transmitted light in order to
conveniently observe both the thermo and plasma dispersion effects in the mod-
ulated transmission signal. The switching time of the control laser is in the order
of a 100 ns. Coinciding with the switching-on of the control laser, we observe
a small negative peak (position (2) in Fig. 3), which is due to the fast plasma
dispersion effect inducing a small negative index change and an increase in the
absorption coefficient. Following, the transmission efficiency increases with a rise
time of about 5 ms as a result of the slower thermo optical effect (position (3)),
which induces a positive index change shifting the resonant wavelength towards
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the wavelength of the transmission signal. At the switching-off of the probing
laser a small positive peak is observed (position (4)) which is due to the recom-
bination of the free carriers increasing slightly the refractive index and reducing
the absorption coefficient. Sequentially, the transmission properties return to the
initial state with thermal relaxation. For a better understanding of the present
effects the consecutive change in the transmission properties can be indicated in
Fig. 2 according to the observed temporal response. The arrow marks the fixed
wavelength of | = 1.564 um. The dotted curve (2) corresponding to the position
(2) in Fig. 3 approximately indicates the change induced by the plasma disper-
sion effect alone where as the dotted curve (4) corresponding to the position (4)
in Fig. 3 approximately indicates the change proper to the thermo optical effect.

From these measurements, the size of the thermo and plasma dispersion ef-
fects can be estimated. Three-dimensional simulations show that a change of
An = +0.05 in the refractive index of the silicon layer gives the required red-
shift. For silicon, dn/dT is 1.86 £0.08x10™* /K at 1.55 um [14] indicating a
local temperature rise of 270 °C due to the thermo optical effect. The observed
attenuation of approximately 10% is due to the presence of free carriers generated
by the plasma dispersion effect. Assuming an approximate effective cavity length
of QX Leayity, the absorption coefficient is in the order of 15 cm~!. Based on the
Drude model [15], the induced charge density is estimated to be of AN~ 10¥¢m ™3
causing a refractive index change of about An = -0.0007, being more than one
order of magnitude smaller than the thermo optically induced index change. This
explains the observed redshift in the transmission spectrum.

Furthermore, from Fig. 3, we estimate the thermo optical maximum modula-
tion frequency to be in the order of 200 kHz. Below this frequency a modulation
depth of about 30% can be achieved (see Fig. 2). The plasma dispersion effect
allows much greater modulation frequencies. We have measured the transmitted
signal modulated at 50 MHz working above the thermal maximum modulation
frequency. For the modulation of the control laser an electro optical resonant
modulator was used, limiting the maximum modulation frequency to 50 MHz. In
this case, the modulation depth is reduced to about 10% due to the weaker plasma
dispersion effect and due to the diminished modulation depth of the control laser.
A relaxation time for free carriers in a different light-confining structure on silicon
has been measured to be in the order of 500 ps [11,16]. Therefore, modulation
frequencies in the GHz range should be possible.

A higher Q factor and transmission efficiency would allow a reduction in the
power of the control laser and an increase in the maximum modulation frequency,
improving the performance of the photonic crystal optical modulator. The differ-
ing temporal response of the thermal and plasma dispersion effects should allow
in a limited range simultaneous tuning and high-speed modulation increasing the
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Figure 3: (a) Measured temporal response of the transmission signal with its switching
characteristics (position (1) to (4)). The slight decrease of the signal in position (3)
is most likely due to secondary thermal effects induced in the bulk silicon. (b) Square
modulation pulse applied to the control laser.

functionality. Based on the plasma dispersion effect dense integration of several
structures not suffering from the thermal cross-talk encountered in present-day
integrated optical devices becomes possible. With current technology one could
envision the integration of the control laser source onto the same chip, by stack-
ing a wafer-based laser aligned with a wafer-based waveguide. Alternatively, the
integration of the optical tuning and modulation method into a completely planar
solution using a different wavelength for the control laser (slightly different to the
wavelength of the transmission signal) could be realized with two intersecting res-
onant cavities. This configuration would enable modulation due to the free-carrier
induced change of the refractive index based on two-photon absorption.

In conclusion, we have demonstrated that high-speed optical switching and
resonant wavelength tuning on the sub-wavelength scale is achievable with a rela-
tively simple technique. The induced thermal and plasma dispersion effects have
been clearly identified by means of the temporal characteristics of the transmission
signal. These results indicate that an improved design based on the presented de-
vice could serve as a basic component of high-speed all-optical integrated circuits
based on silicon photonic crystal structures with applications in, for example,
high bandwidth data routing.
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Tuning the resonance of a photonic crystal
microcavity with an AFM probe
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Abstract

We present theoretical and experimental results on switching and tun-
ing of a two-dimensional photonic crystal resonant microcavity by means of
a silicon AFM tip, probing the highly localized optical field in the vicinity
of the cavity. On-off switching and modulation of the transmission signal
in the kHz range is achieved by bringing an AFM tip onto the center of
the microcavity, inducing a damping effect on the transmission resonance.
Tuning of the resonant wavelength in the order of several nanometers be-
comes possible by inserting the AFM tip into one of the holes of the Bragg
mirror forming the microcavity in the propagation direction.
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1 Introduction

Photonic crystals are periodic structures with lattice dimensions of the order of
the wavelength of light and they offer the ability to control light propagation
on a wavelength scale [1-3]. One of the most promising realizations of photonic
crystals is the well known two-dimensional planar photonic crystal slab, which
confines the light by means of a photonic band gap in-plane and through index
guiding in the vertical direction. These structures provide the possibility of cre-
ating miniaturized photonic components for integrated optical circuits [4-6]. An
area of great interest in the process of realizing photonic integration is the use of
photonic microcavities in two-dimensional photonic crystal waveguides for partic-
ular waveguide functions, such as small filters, microlasers, multiplexers, optical
switches and high-resolution sensors [7-9]. Photonic microcavities can confine
light in very small volumes (~ A*) and exhibit high spectral resolution. Therefore,
they could be key components for a variety of applications. The cavity Q factor
per modal volume, Q/V, is one of the characteristic quantities that determine the
strength of various interactions within the cavity. In recent years the optimiza-
tion of such microcavities with increased factors has been the subject of intense
research [10-12]. One of the difficulties associated with such photonic crystal
cavity structures is to match their resonance frequency with those of interest in a
given application. This is especially a concern since already small fabrication in-
duced variations and irregularities cause a change in the optical properties of the
cavity structure. The ability to tune or modulate the optical properties of such
devices increases their functionality and opens up new possibilities for a variety of
applications for integrated optics. In this paper, we present theoretical and first
experimental results on tuning and switching the optical properties of a photonic
crystal microcavity by means of a mechanical actuation method. A Silicon AFM
tip is used to probe the localized optical field in the vicinity of the cavity achiev-
ing damping and tuning of the transmission resonance as theoretically predicted
by A.F. Koenderink et al. in a similar configuration [13]. The theoretical and
experimental results suggest a stand-alone MEMS solution to create a chip-based
device with switching and tuning functionalities.

2 Design

The design geometry of the in-plane resonant cavity we have chosen is shown in
Fig. 1. The photonic crystal consists of a triangular array of cylindrical holes
(period 520 nm and hole radius 182 nm) in a thin Si layer (thickness 205 nm) for
lateral light confinement. The in-plane resonant cavity is formed by two identical
one-dimensional Bragg reflectors embedded in the photonic crystal waveguide
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and has a length of 400 nm (distance between the two Bragg reflectors) confining
the light to an effective volume of approximately 200x500x500 nm at resonant
wavelength. The design parameters of the Bragg reflectors (hole width 350 nm,
hole length 150 nm, Bragg period 380 nm) are different to those of the rest of
the photonic crystal. This increases the design options for the cavity and allows
more efficient coupling into and out off the cavity than the surrounding triangular
photonic crystal arrangement. The entire structure is surrounded by air and is
thus a membrane.

Figure 1: In-plane photonic crystal microcavity membrane consisting of a triangular
array of cylindrical holes (period 520 nm and hole radius 182 nm) in a thin Si membrane
layer (thickness 205 nm) surrounded by air.

The cavity structure is designed so as to obtain a highly localized field inside
the cavity and high in-plane transmission for a narrow frequency band. In order
to achieve a high Q factor and high in-plane transmission, the radiation losses
(i.e. the modal mismatch at the interface between the photonic crystal waveguide
and the cavity structure) need to be minimized by engineering the hole dimen-
sions and positions of the Bragg reflectors during the design process. Several
methods have been suggested for optimizing the performance of photonic crystal
microcavities, including tapering, [14] Bloch-wave engineering [15] or radiation
loss recycling [16]. All these methods require a very high accuracy and quality
for the fabrication. For example, Noda et. al. have realized high-QQ photonic
crystal microcavities with Q factors up to 100,000 by optimizing the position of
the air holes at both edges of the cavity [8]. Limited by the fabrication tolerances,
we have kept our design as simple as possible while accepting lower performance
for the cavity. Thus, the holes of the one-dimensional Bragg reflectors are all
equally spaced and have the same dimensions (350 nmx150 nm).
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The device has been fabricated in-house at the IMT-Samlab (University of
Neuchatel) using e-beam lithography [17]. The microcavity structure is written
into a PMMA layer and then RIE and DRIE is used to transfer the structure from
the PMMA layer into the Silicon. Lastly, buffered hydrofluoric acid vapour (BHF)
etching removes the silicon dioxide layer underneath the Silicon slab forming a
free-standing silicon membrane.

To measure the sample a butt-coupling setup was used. By means of a tapered
fiber, TE-polarized light (in-plane polarization) from a tunable laser source (1440
nm to 1590 nm) is injected into a 10 ym-wide silicon layer (thickness =205 nm).
A lateral taper is used to reduce the waveguide width to the 0.5 pm width of the
photonic crystal waveguide. For a narrow frequency band the light propagating in
the photonic crystal waveguide couples into the resonant cavity, where it is highly
localized and then transmitted. Using a second, identical taper the transmitted
light is then guided to the exit of the device, where it is collected by a microscope
objective and focused onto an InGaAs detector.

3 Passive transmission measurements

We have fabricated and measured several samples with the designed microcavities,
exhibiting Q-factors between 300 and 750 for resonant wavelengths between 1.47
and 1.52 pm. In Fig. 2(a) we present one of the measured transmission spectra
of the photonic crystal microcavity. For this sample, the measured transmission
spectrum exhibits a resonance peak at the wavelength of 1.47 um and a Q-factor
of approximately 750. The dominant periodic Fabry-Pérot interference pattern
contained within the measured spectrum corresponds to the total length of the
waveguide system (approximately 2 mm) and is due to the Fresnel reflections
at the smooth waveguide end-facets. Our three dimensional simulations have
shown that about 38% of the light is reflected at the silicon/air interface of each
end-facet.

The calculated transmission spectrum using a three dimensional finite integral
time domain technique [18] is shown in Fig. 2(b). In the inset the field distribu-
tion at the transmission resonance peak illustrates the strong light confinement
within the cavity. The measured Q-factor is about half of the predicted value
by the calculation. Such differences are due to variations between the fabricated
structure and the ideal simulated structure. Small defects, like variations in the
hole dimensions or sidewall roughness, also induce higher losses, which cause a
reduction in transmission and in the quality factor. Further improvements to the
quality factor of the resonant cavity can be achieved by optimizing the design of
the photonic crystal waveguide and the reflectors forming the microcavity.
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Figure 2: (a) Measured transmission spectrum of a photonic crystal cavity structure in
a membrane surrounded by air with a Q factor of approximately 750. The characteristic
Fabry-Pérot interference pattern at resonance is mainly due to end-facet reflections cor-
responding to a total waveguide length of 2 mm where as off resonance the interference
pattern (2 times longer peak separation) is mainly due to end-facet to cavity reflections
corresponding to an optical path of 1 mm (cavity structure is situated in the middle
of the waveguide). (b) Calculated transmission spectrum of the ideal photonic crystal
cavity structure with a Q factor in the order of 1500. The inset shows the calculated
field distribution (magnetic field perpendicular to the photonic crystal membrane) at
the resonance wavelength.

4 Tuning and switching

The highly localized field within the resonant microcavity is very sensitive to
any perturbation. By a local change in the structure or the environment of
the cavity one can influence the optical transmission properties. Ideally, such
a change should be reversible so that we can realize an active, tunable device
on a very small scale. Various ways to tune or switch photonic crystal devices
have been demonstrated recently. One of the most common ways is temperature
tuning induced by the temperature dependence of the refractive index of the
material [19,20]. However, with this method it is difficult to locally restrict the
tuning effect on a chip. Both, theoretical [21] and experimental [22, 23| work
has demonstrated the possibility of infiltrating photonic structures with liquid
crystals and achieve the desired modulation by electromagnetically rotating the
director field of the liquid crystal or thermally inducing a phase transition in
the liquid crystal. Tunable spectral filtering of a planar photonic crystal has
been demonstrated by means of a nanofluidic delivery structure using fluids with
different refractive indices [24]. Electro-optical switching has been presented using
a PN junction to inject free charge carriers and induce electro-absorption [25].
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Further, all-optical switching has been demonstrated by different groups [26-29|
with time responses varying from ms to fs depending on the mechanism and
materials used. First results on mechanically tunable photonic crystal structures
point out their great potential for multifunctional integrated optical devices [30—
32]. One of the objectives of today’s on-going research is to increase the tuning
and switching performances and to achieve applicability for tuneable photonic
crystal devices. Here, we present theoretical and experimental results on tuning
and switching the optical properties of a photonic crystal microcavity based on
the mechanical perturbation of the optical field.

Because the photonic crystal structure is a free-standing membrane, it allows
direct access to the cavity and therefore direct mechanical intervention becomes
possible. Our mechanical actuation method consists in bringing a silicon tip
into the vicinity of the microcavity in order to induce a change in the optical
environment. This can be achieved by introducing an AFM into the measurement
setup and by probing the photonic crystal cavity region, as indicated in Fig. 3.

Figure 3: Silicon AFM tip positioned above the cavity center perturbing the confined
optical field in order to induce on-off switching.

In a first configuration, we bring an AFM tip onto the center of the cavity
perturbing the optical field. As shown in the field distribution at the resonance
wavelength in Fig. 2, the optical field is highly localized in the center of the cavity
and therefore very sensitive to any changes in the environment. In Fig. 4(a) we
show the simulated changes in the in-plane transmission properties of the micro-
cavity when approaching the silicon tip to the surface of the membrane (three
tip-surface distances) using the 3-D finite integral time domain technique. The
tip used in the simulation is shaped like a polygon based pyramid and has a tip
radius of curvature of 30 nm. The simulations predict that the closer the Silicon
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tip to the surface of the photonic structure the stronger is the damping effect on
the transmission efficiency. Virtually complete damping of the transmitted sig-
nal can be achieved when the tip is positioned on the surface of the membrane.
Thus, by moving this small silicon tip over a distance as small as 500 nm, on-off
switching becomes possible. In the inset of Fig. 4(a), the absolute value of the
calculated field distribution illustrates how a part of the optical field confined
within the cavity is coupled into the probing silicon tip inducing the observed
damping in the transmission efficiency and reducing the Q factor of the cavity.
Our simulations show that due to the presence of the probing tip approximately
15% of the light is coupled into the tip, approximately 35% is reflected back to
the input waveguide and the rest is radiated to free space. The induced damping
strength depends not only on the distance between the tip and the membrane
surface but also on the tip size and on the exact lateral position of the tip in
respect to the cavity structure and the strength of the optical field. A theoretical
study addressing the effects of the lateral and vertical position of the tip in more
detail has been presented by A. F. Koenderink et. al. [13].
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Figure 4: (a) Simulated changes in the transmission properties of a resonant micro-
cavity structure when probing the center of the cavity by a silicon tip. The closer the
silicon tip is to the surface of the membrane (tip-surface distance: 1) 500 nm, 2) 375
nm, 3) 0 nm) the stronger is the damping effect on the transmission efficiency. The inset
shows the absolute value of the calculated field distribution in the x-y plane through
the center of the resonant cavity with the probing AFM tip. (b) Measured changes in
the transmission properties of resonant microcavity structure when probing the center
of the cavity by a silicon tip. 1) Measured transmission spectrum without the probing
AFM tip. 2) Measured transmission spectrum with the AFM tip positioned on the
center of the cavity using the static force mode.

In Fig. 4(b) we show the experimental measurements using an AFM in the
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static force mode (contact mode) to probe the cavity center. Unlike the simula-
tions, it was difficult to control the position of the AFM tip in an intermediate
state limiting the experimental measurements to the two positions where the tip
is not probing the cavity (curve (1)) and where the tip is in contact with the cav-
ity surface (curve (2)). The tip used in the experiment is shaped like a polygon
based pyramid with a half-cone angle in the order of 15° to 25° and has an initial
tip radius of curvature of approximately 10 nm. By scanning the photonic crystal
structure the surface is measured and the cavity center slowly approached reduc-
ing consecutively the scanning area. After positioning the tip onto the center of
the microcavity, the tip radius of curvature is expected to be slightly increased
due to abrasion (estimated increased radius of curvature ~30 nm). The raw
measurement data have been numerically filtered so as to remove the periodic
Fabry-Pérot interference. The damping effect that has been predicted by the
three dimensional simulations can be observed in the measurements when posi-
tioning the AFM tip onto the center of the cavity. In addition, comparable to
the simulations, the measurements show a similar reduction in the quality factor
and a similar slight red-shift in the resonance wavelength induced by the AFM
tip while damping the transmission efficiency.

Transmission [a.u.]

Time [s]

Figure 5: Measured transmitted signal modulated at ~180 kHz by the AFM tip in
the dynamic mode with the corresponding resonance frequency of the cantilever. The
observed parasitic, small amplitude oscillations are most probably due to mechanical
vibrations perturbing the cantilever modulation.

When using the AFM in the dynamic force mode the cantilever with the AFM
tip is vibrated near its resonance frequency with constant vibration amplitude,
thus experiencing only intermittent contact with the surface. In consequence,
when positioning the tip onto the center of the microcavity the damping effect
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is modulated and a modulation of the transmission signal is achieved. In Fig.
5, the modulated in-plane transmission signal with its frequency corresponding
to the resonance frequency of the cantilever has been measured. In our case the
resonance frequency is in the order of 180 kHz. The mechanically controlled mod-
ulation frequency of the optical signal depends on the resonance characteristics
of the cantilever. For example, by reducing the geometry of the cantilever its
resonance frequency can be increased and the optical signal could be modulated
with higher speed, reaching the MHz regime.

Figure 6: Silicon AFM tip inserted into one of the holes of the Bragg mirror forming
the cavity in order to induce wavelength tuning.

In a second configuration, the AFM tip is inserted into one of the Bragg
mirror holes at the edge of the cavity, as indicated in Fig. 6. In our simulations
we observe that as the Silicon tip enters the air hole, the resonant wavelength of
the microcavity is red-shifted without significantly lowering the quality factor and
the transmission efficiency (see Fig. 7(a)). At maximum insertion the calculated
transmission spectrum exhibits a red shift of over 10 nm. By inserting the silicon
tip the optical field confined within the microcavity sees the hole in the silicon
slab being filled with silicon, which changes the effective cavity length and reduces
the Bragg mirror reflectivity, thus inducing the observed shift in the resonant
wavelength. In the inset of Fig. 7(a), the absolute value of the calculated field
distribution illustrates how the optical field is confined within the inserted silicon
tip without inducing significant vertical loss. Contrary to the first configuration
where the probing silicon tip above the center of the cavity induces vertical losses,
the optical field mainly remains vertically confined within the silicon membrane.
Thus, tuning of the cavity becomes possible. Analog to the probing of the cavity
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center, we achieve a significant change in the transmission properties with a very
small mechanical movement of the probing silicon tip.
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Figure 7: (a) Simulated changes in the transmission properties of a resonant microcav-
ity structure when inserting a silicon tip into one of the Bragg mirror holes at the etch
of the cavity. The tuning strength depends on the silicon tip position (tip - membrane
surface distance: 1) 0 nm, 2) -100 nm and 3) -200 nm). The inset shows the abso-
lute value of the calculated field distribution in the x-z plane through the center of the
photonic crystal waveguide with the probing AFM tip. (b) Measured changes in the
transmission properties of the resonant microcavity structure when inserting a silicon
tip into one of the Bragg mirror holes. 1) Measured transmission spectrum without
AFM tip. 2) Measured transmission spectrum with an AFM tip inserted into one of
the Bragg mirror holes using the static force mode.

Figure 7(b) shows the measured transmission spectra for the two positions
where the tip is not probing the hole (curve (1)) and where the tip is inserted
into a hole (curve (2)) using the AFM in the static force mode. As predicted by the
three dimensional simulations we observe a slight induced red-shift, which is of the
order of 2.5 nm. However, contrary to the simulations the measurements present
a lowered transmission efficiency and quality factor indicating the presence of
scattering losses when the AFM tip is inserted into the air hole. Small variations
between the experimental and the ideal simulated configuration can cause the
observed differences in the transmission properties. For example, small defects
in the fabricated structure, such as variations in the hole dimensions or sidewall
roughness, can cause a different field distribution around the cavity, which may
induce higher losses in the presence of the inserted AFM tip [13]. In addition,
during the experiment it was difficult to determine how well the AFM tip was
centered in respect to the air hole and how far the tip was inserted. The losses
may also be increased due to mechanical stress in the silicon membrane induced
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by the probing AFM tip. Nevertheless, compared to the measurements of the
first configuration the induced losses are significantly smaller, confirming the
predicted tuning effect. In order to fully understand the observed results of the
second configuration, we intend to carry out further tuning measurements using
different types of AFM tips in the near future.

5 Conclusion

In conclusion, we have shown by simulations and first time measurements that a
silicon AFM tip can be used to mechanically perturb the optical environment of
a photonic crystal resonant microcavity in order to induce a change in its trans-
mission properties. On-off switching is achieved by probing the center of the
microcavity with the AFM tip, inducing vertical losses and a damping effect in
the transmission efficiency. In the AFM’s dynamic force mode the transmission
signal has been modulated at a frequency of 180 kHz corresponding to the reso-
nance frequency of the cantilever. By inserting the tip into one of the holes of the
Bragg mirror forming the microcavity we have shown that resonant wavelength
tuning becomes possible with limited losses. These results suggest a stand-alone
MEMS solution to create a chip-based on-off switch or tunable filter. Further-
more, one could attempt to integrate more than one silicon tip to combine filter
and tuning functionalities on one device. By separately controlling the position
of the different tips a programmable integrated optical circuit with higher inte-
gration density and functionality could be achieved.
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Abstract

We will present experimental and theoretical studies of optical fields
with sub-wavelength structures, in particular phase singularities and co-
herent detection methods with nano-metric resolution. An electromag-
netic field is characterized by an amplitude, a phase and a polarization
state. Therefore, experimental studies require coherent detection meth-
ods, which allow to measure amplitude and phase of the optical field with
sub-wavelength resolution. We will present two instruments, a heterodyne
scanning probe microscope (heterodyne SNOM) and a high resolution in-
terference microscope (HRIM). We will review some earlier work using the
heterodyne SNOM, in particular the measurement of phase singularities
produced by a 1 mm pitch grating with 10 nm spatial sampling. Using
the HRIM we have investigated the intensity and phase distributions (with
singularities) in the focal region of microlenses. The measurements are
compared with the results calculated by rigorous diffraction theory.
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1 Introduction

Optical fields are characterized by an amplitude, a phase and a polarization state.
Coherent light diffracted by microstructures produces sub-wavelength features
and can give birth to phase dislocations, also called phase singularities. Phase
singularities are isolated points where the amplitude of the field is zero. In clas-
sical microscopy the objects are in general illuminated by incoherent light, and
therefore only the intensity is measured. That is probably the reason why histori-
cally most investigations (including discussions on resolution, imaging properties,
etc) are based on the intensity distribution. For phase measurements coherent
illumination and interference of the object wave with a reference wave is needed,
like in interference microscopy. In the neighbourhood of phase singularities the
phase varies rapidly at a sub-wavelength scale. To investigate these phase varia-
tions and to localize the position of the phase singularities with high precision, we
use two different instruments with sub-wavelength resolution: a heterodyne scan-
ning probe microscope (heterodyne SNOM) [1] and a high resolution interference
microscope (HRIM) [2].

In this paper we would like to give you a review of some earlier work with
the heterodyne SNOM [3] and some new results obtained with the HRIM. We
present measurements of phase singularities with 10 nm spatial sampling and
compare them with theoretical results obtained from rigorous diffraction calcu-
lations. We made measurements of amplitude and phase with the heterodyne
SNOM in the optical field diffracted by periodic microstructures, in particular
a holographically recorded 1 pum pitch grating. We have also investigated the
3D intensity and phase distributions in the focal region of microlenses using the
HRIM. The measurements are compared with the theoretical results obtained
with a 2D model.

2 Heterodyne scanning probe microscope (hetero-
dyne SNOM)

We have developed a coherent scanning near-field optical microscope (SNOM)
with heterodyne detection for accurate phase measurements [1]. The concept of
heterodyne interferometry is to introduce a small frequency shift A f between two
interfering beams. Due to this, the interference of the two beams produces an
intensity modulation at the beat frequency Af = f; — f5 , which is then detected.
The set-up of the SNOM with heterodyne detection is shown in Fig. 1.

The laser is a 150 mW frequency doubled Nd:YAG diode-pumped solid-state
laser (A = 532 nm). After separation by a beam splitter (BS), the object and ref-
erence beams are shifted in frequency by two acousto-optic modulators (AOM),
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Figure 1: Heterodyne scanning probe microscope [1].

driven at f; = 40.07 MHz and f; = 40.00 MHz, respectively. By approaching
a commercial AFM cantilever fibre probe close to the surface, the field is per-
turbed, resulting in propagation in the fibre. The reference and object beams are
combined in the fibre coupler, producing the beat signal at 70 kHz, detected by
a standard Silicon photodiode. A polarization controller is used to get maximum
interference. During the measurement, the polarization is stable. Using syn-
chronous detection of the heterodyne signal with a lock-in amplifier, we get two
electronic output signals from which the amplitude and the phase of the optical
field can be deduced. Besides the fact that coherent detection allows the optical
field phase to be determined, we also get an increased dynamic range. This is
because the amplitude of the electrical signal is proportional to the amplitude of
the optical field, rather than to the intensity. In addition, we can always get shot-
noise-limited detection, even with a photodiode, if PR is chosen to be sufficiently
large to overcome the electronic noise.

The illumination system for the samples is shown in Fig. 2. The illumination
system and the sample are mounted on an z-y-z piezo-electric translation stage
(100 gm x 100 pm x 20 pm range), which allows accurate translation steps (2
nm resolution in z-direction). The fibre tip is mounted independently from this
translation system. The bent tip is used as a conventional AFM (Atomic Force
Microscope) cantilever and is brought close to the surface. Once the tip approach
is done, the AFM feedback (contact mode) is switched off and the scan (in XY or
X Z planes) is accomplished by the z-y-z stage. Most SNOM measurements are
done at constant height (or constant intensity) in the X-Y plane (parallel to the
surface) above the samples. However, the optical field diffracted by a structure
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Figure 2: Experimental set-up for the illumination of the sample and the fibre tip
probe [3].

depends strongly on the z-position, normal to the surface. Therefore, we have
performed scans above the structures in the X-Z plane, perpendicular to the
surface.

3 Phase singularities generated by a 1 ym grating

The sample is a 1 pum pitch quasi-binary shape grating of about 0.7 pm depth,
holographically recorded in photo-resist. We use a dielectric fibre tip to collect the
field information. The small coupling between the dielectric tip and the dielectric
grating gives a negligible contribution to the total electric field. Using the set-up
of Fig. 2, measurements of the TE-mode amplitude and phase in the X-Z plane
have been performed. Results of the phase measurements are shown in Fig. 3
together with the theoretical phase distribution calculated with a Fourier Modal
Method (FMM). The phases in Fig. 3 are represented by contour plots (iso-phase
lines). The distance between two "bold" lines is A (and thus corresponds to 27).
The measured phase distribution shown in the left Fig. 3 is a zoom into a larger
field, which has been acquired by scanning in the x-direction at constant height
with a step of Az = 25 nm, starting at z = 10 gm and moving down in Az = 50
nm steps for further z-line scans. The total scan size was = 5 ym by z = 10 pum
and the number of pixels is 200 x 200. With an integration time of 30 ms/pixel,
the total image was acquired in 20 min. The circle indicates a phase singularity,
an isolated point where the amplitude is zero and the phase is not determined [4].
Comparison with the theoretical calculations (right Fig. 3) shows a very good
agreement, at least for the field measured more than 0.5 ym above the grating.
The evolution of the optical phase in time can be simulated by an additional
linearly increasing phase of the reference wave. In Fig. 4 we present another
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X [pum]

Figure 3: Left: calculated phase distribution with the Fourier Modal Method. Right:
measured phase. The circle encloses one phase singularity [3].

measurement of the phase around two adjacent singularities using the following
approach: the reference phase increases from left to right in steps of 90°. The
spatial sampling of the measurements is 10 nm in the x-direction and 20 nm in the
z-direction. We observe that the measured phase distribution changes its shape,
but the phase singularities do not change their position. As the wave propagates
in z-direction, the phase distribution turns around the two phase singularities in
opposite direction, which means that they have opposite topological charge.

Figure 5 shows another measurement, but similar to a cross-section of Fig.
4 at z = 1.18 pm. By crossing the phase singularity, the amplitude makes a
transition through zero (Fig. 5(a)) and the phase jump is always 7 (Fig. 5(b)).
In this figure, we demonstrate that, at a phase singularity, the phase is not defined
(because the signal vanishes in the noise) and the amplitude is really zero. In
fact, we measured the zero amplitude, or more precisely, the zero optical power,
down to Py = 1076 W (Fig. 5(a), with the marker “S”). The theoretical minimum
detectable power at 50 Hz bandwidth is P, — 2.7 x 10717 W, limited by the
shot noise. Thus the detected point is very close to the shot noise. The transition
of the phase in Fig. 5(b) is measured within one step of £10 nm. The measured
phase jump is as sharp as one step (with a slope of 18°nm™1).

From these measurements we see that although the amplitude falls practically
down to zero at the singularity, the signal-to-noise ratio around the phase sin-
gularity (Fig. 5(b), markers A and B, separated by 20 nm) is sufficiently large
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Figure 4: Phase measurement around two adjacent singularities separated by less than
300 nm. The scan step is 10 nm in z-direction and 20 nm in the z-direction. The
additional reference phase increases from left to right in steps of 90°. The opposite
sense of rotation indicates the opposite topological charge of the two singularities.

to locate the phase jump with high accuracy. In fact, in Fig. 5(b), the signal-
to-noise ratios at the points A, S and B are SNRy= 26 dB, SNRg = 6 dB and
SNRp = 21 dB, respectively, corresponding to the optical powers of P4 = 107
W, Ps = 1071 W and Pg — 3 x 107> W. The resulting standard deviations for
the phase measurement are dp4 = 3°, dpg = 30° and dpp = 5°. Although the
phase is not well measured at S, the transition is very well localized (within 10
to 20 nm) by the measurements at marks A and B in Fig. 5(b).

In previous papers we have also discussed the vectorial aspects of the electro-
magnetic field detection with fibre optical SNOM probes [3,5]. We did observe
some interesting polarization effects for the TM diffraction mode, which has an
important longitudinal electric field component in this non-paraxial case, and our
conclusion was that the longitudinal component of the electric field contributes
nearly as much as the transverse component to the excitation of the propagating
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Figure 5: Measured optical power and phase by crossing a phase singularity (S). The
phase singularity is the special point where (a) the amplitude is zero, and (b) the phase
jumps by 7 (with a quasi-infinite slope) [3].

mode in the fibre probe.

4 High resolution interference microscope

We have modified a classical interference microscope based on a Mach-Zehnder
interferometer by adding a second magnification stage to obtain high spatial ac-
curacy (see Fig. 6) [2]. The instrument is suitable for studying test structures in
transmission. The typical overall magnification of the interference microscope is
up to 1000, giving rise to a pixel size in the object field between 10 and 50 nm.
The resolution of the far-field measurements is, of course, diffraction limited. The
test structures are illuminated by a linearly polarized plane wave of wavelength A
— 488 nm. A piezo stage is used for precise z-positioning of the test element. 3D
measurements are created via z-stepping of whole z-y areas, read consecutively
using an area CCD. Thus, the different sections (z-y, z-z, y-z) can be observed
by taking slices through the completed 3D data array. The phase information
of the optical field is obtained by a classical 5 frames error-compensation algo-
rithm [6]. By varying the phase difference between the two interfering beams in
a known manner (phase shifts of 7/2 introduced by PZT-mounted mirror) five
intensity distributions are acquired and the original phase difference between the
interfering beams can be calculated. The first studies in the field of high resolu-
tion interferometry were carried out by Tychinski [7]. He observed structures of
the phase distribution inside a diffraction limited spot. Convincing explanations
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of the apparent superresolution phenomenon have been given only recently by
Totzeck [8,9]. With a high resolution interference microscope phase singularities
can be observed [2|. Phase singularities can be observed in both the near- and
far-field of optical microstructures. The phase jump at singularities is very sharp,
which allows the determination of their position with sub-wavelength accuracy.
However, since the electromagnetic field decreases to zero, the detected signal
decreases in the vicinity of a singularity and the accurate location of two close
singularities is therefore limited by the signal-to-noise ratio.

Piezo - Mounted Mirror
(Path Length Shifter)

g : Lens: f=250 mm
| JE—
Objective Collimation
x50 with NA of 0.8
a—Sample Polarization

Controller

Linear
Polarizer

1oy 090
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Polarization Coupler
Collimation Controller Laser
90% A =488nm

Figure 6: Schematic view of the high resolution interference microscope. Pixel size of
CCD is about 10 pm.

Fiber Injection

5 Phase singularities in the focal region of mi-
crolenses

Micro optical elements play an important role in a large range of applications,
notably in integrated optical systems. Today’s technology allows the realization
of a great variety of micro optical elements, and several simulation methods have
been developed in order to model the interaction of light with such optical mi-
crostructures [10,11]|. The ability to image and compute the optical field of micro
optical elements allows a better understanding of the optical phenomena that
occur. In this article we discuss the simulation and measurement of the optical
field in the focal region of a refractive microlens. Similar studies have already
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been presented [12-15], however, with limited experimental results. To the best
of our knowledge, we present for the first time combined theoretical and three-
dimensional experimental investigations. For this purpose, the Fourier modal
method (FMM) based on rigorous diffraction theory [16] was applied and, by
means of high resolution interference microscopy, the intensity and phase distri-
bution of the optical field generated by a microlens was measured.

A common and well-known method for fabricating refractive microlenses is
the resist melting technology or reflow technique [17]. This technology was used
to fabricate the microlens arrays discussed in this paper. The presented investi-
gations add more information about the behaviour of the optical field in the focal
region of refractive microlenses with a diameter in the order of 30 um and high
numerical apertures (NA ~ 0.4).

Based on a standard rigorous diffraction theory, we apply the rigorous eigen-
mode method (FMM) to the simulation of microlens arrays [16]. The rigorous
eigenmode method is applicable to a wide range of periodic profiles but is limited
by the dimensions and the period of the microstructure because of the increas-
ing computational requirements. In order to observe the optical field in the
focal region experimentally we analyse two-dimensional arrays of approximately
hemispherical microlenses illuminated with a plane wave. For the simulation we
perform two-dimensional calculations (transverse electric polarization). Three-
dimensional calculations are not possible because of the computational require-
ments, which exceed by far the available capacities. For the two-dimensional
calculations we use a periodic line of infinitely long cylindrical lenses [18] and we
represent the lens surface as part of a perfect circle, which does not completely
correspond to a real microlens fabricated by the resist melting technology, but
is a good approximation for the studied microlenses. The precise form of a mi-
crolens, and hence its focal properties, is determined by the effects of surface
tension, temperature, and the rate and manner of the temperature change during
fabrication [19].

The presented microlenses have a diameter of d = 30 um, a height of h =
10 pm and a focal length of f ~ 35um (NA =~ 0.4). The 2D array period is
33 um. In Fig. 7(a) we present the measured intensity distribution. The lens
is illuminated with a plane wave propagating in the z-direction (in the figure
from top to bottom). The intensity distribution in the focal region is strongly
modulated by diffraction due to the high numerical aperture. Comparing with the
calculated intensity, shown in Fig. 7(b), and considering the differences between
the 2D model and 3D lens, we observe a good correspondence in the diffraction
pattern. However, we notice that the calculated intensity is stretched in the z-
direction in comparison with the measured intensity. Further, in the calculated
diffraction pattern we observe a dark region just above the focus, which is not
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Figure 7: Intensity distribution in the focal region of a microlens (d = 30 pm, f =~
35um). (a) Measured with the HRIM (Az = 50 nm: defined by the step size of the
piezo stage, Az = 35 nm: pixel size in the object field). The slight asymmetry may
be due to a misalignment of the illumination. z = 0 indicates the starting plane of
the measurements. Due to experimental limitations, the absolute distance between
the starting plane and the lens is not known. (b) Calculated with the rigorous modal
method (FMM). The z-axis represents the distance to the microlens.

present in the measurements. This may be due to the fact that the calculations
generate a two-dimensional pattern whereas the measurements refer to a section
of an axially symmetric 3D diffraction pattern [20]. Variations may also be caused
by the difference between the shape of the real microlens and the shape of the
simulated microlens. The diffraction contributions of the neighbouring lenses
cannot be noticed because most of the energy is diffracted into lower orders [18].

The behaviour of the phase in the focal region of microlenses is illustrated
in Fig. 8. The illumination of the microlens is again in the direction of the z-
axis. The agreement between the measured (Fig. 8(a)) and the calculated (Fig.
8(b)) phase distribution allows good comparison, including the phase singular-
ities (marked by circles). The noise in the measurements is due to the rapid
changes of the intensity with position and the low intensities in regions outside
the focus. There is also a contribution from relative movements caused by ex-
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Figure 8: Phase distribution in the focal region of a microlens (d = 30 pm, f ~35
mm). The grey scale range is between 7w (white) and —7 (black). (a) Measured with
the HRIM (Az = 50 nm : defined by the step size of the piezo stage, Ax = 35 nm:
pixel size in the object field). z = 0 indicates the starting plane of the measurements.
Due to experimental limitations, the absolute distance between the starting plane and
the lens is not known. (b) Calculated with the rigorous modal method (FMM). The
z-axis represents the distance to the microlens. (c¢) Enlargement of an encircled region
containing one singularity (lower left singularity in 8(a) and ((b)).
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ternal influences during the measurements. Approaching the focal region from
the bottom towards the lens (z > 15 pm in the measured and z > 43 pm in the
calculated phase distribution) the wavefronts are more smoothly curved than be-
tween the focus and the lens. In general, the closer to the microlens we get (going
towards z = 0 um), the more turbulent is the wavefront. Further, we observe
that the wavefront changes the direction of its curvature starting at the centre
of focus and growing progressively while approaching the microlens. This change
of curvature direction starts at a specific point, which is situated between the
first two phase singularities when approaching the focal region from the bottom.
In a restricted region between these two singularities we can observe a planar
wavefront. Additional singularities are encountered approaching further towards
the microlens. They always occur in pairs in order to conserve the topology of
the optical field [20].

One of the essential properties of a phase singularity in a two-dimensional
section as presented in Fig. 8(c) is given by a phase change on a closed path
around the singularity [20]:

j[dgp — 42 (1)

The total phase change of +27 remains unchanged if the closed path around
the singularity is varied. By using the measurements, we calculate the phase
on the path around the singularity. To prevent adjacent pixels from acquiring
a difference in phase that exceeds p, phase unwrapping is used [21]. Fig. 9(a)
and Fig. 9(b) show the unwrapped phase on two different paths around the
measured singularity of Fig. 8(c) with the corresponding phase change of 2.
This property allows us to localize the singularity to within the region of 105
by 150 nm (Fig. 9(b)), which is less than the diffraction limit. To confirm the
accuracy of locating the singularity, an additional curve (dashed line) is added
to Fig. 9(b), showing the unwrapped phase on a closed path (laterally shifted by
105 nm) not enclosing the singularity. Fig. 9(c) shows the unwrapped phase on
a path equivalent to the one in Fig. 9(a) around the singularity in the simulated
field shown in Fig. 8(c). A good comparison between Fig. 9(a) and 9(c) can
be drawn. Notwithstanding the present noise in the measured phase distribution
due to low intensity in the vicinity of singularities, we are able to localize the
phase singularity with sub-wavelength accuracy.

It is interesting to notice that the observed intensity diffraction pattern in
Fig. 7 is most similar to the Pearcey pattern [20]. However, the measured and
calculated phase distributions show a different behaviour inside the caustics. The
Pearcey pattern presents pairs of singularities inside the caustics whereas we can-
not observe such in the rigorously calculated intensity distribution. The measured
phase distribution may contain singularities inside the caustics (for z < 8 pm),
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Figure 9: (a) Unwrapped phase on a closed path of 315 nm x 450 nm around the
measured singularity shown in Fig. 8(c). (b) Unwrapped phase (solid line) on a closed
path of 105 nm x 150 nm around the measured singularity shown in Fig. 8(c). On
the same graph, the unwrapped phase (dashed line) of a laterally shifted (by 105 nm)
contour not enclosing the singularity is included. In this case the phase change yields
zero. (¢) Unwrapped phase on a closed path of 315 nm x 450 nm around the singularity
in the simulated field shown in Fig. 8(c). The insets show the path in the phase
distribution. The values shown on the graph can vary by a multiple of 27 in comparison
with the convention used in Fig. 8 due to the unwrapping of the phase.
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Figure 10: (a) Singularity positions extracted from the 3D measurements for a mi-
crolens without astigmatism. (b) Singularity positions extracted from the 3D measure-
ments for a microlens with astigmatic aberrations.

but they are not discernable with assurance due to the present noise. In addition,
our calculations have shown that singularities inside the caustics are only present
for lenses of significantly greater size than the ones studied in this paper. This
finding is in accordance with recently published investigations by Nye [23].

Next, we investigated the measured phase singularities in three-dimensional
space. In general, dislocations are curved lines in space. By scanning through
the 3D measurements the positions of different pairs of singularity have been ex-
tracted. Enough singularity positions have been extracted in order to indicate
the form of the dislocation lines. The phase singularities are situated on differ-
ent concentric circles (Fig. 10(a)) forming circle dislocations according the Airy
pattern, and because they are perpendicular to the direction of propagation they
are of pure edge type [20].

The fact that the measured dislocations are circles perpendicular to the di-
rection of propagation indicates that the investigated microlens has no serious
astigmatic aberrations. In the presence of astigmatism, the dislocation circles
are distorted out of the plane perpendicular to the optical axis. An example of
such a distorted dislocation from a different microlens is presented in Fig. 10(b).
The extracted singularity points forming the dislocation line are no longer situ-
ated in a plane perpendicular to the direction of propagation. This observation
indicates astigmatic aberration for the investigated microlens. By observing dis-
location lines in the focal region, we get information about the quality of the focal
properties, which are key attributes in applications of microlenses.
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6 Conclusion

We have presented two different instruments for phase measurements of optical
fields with sub-wavelength resolution: a heterodyne scanning probe microscope
(heterodyne SNOM) and a high resolution interference microscope (HRIM). In
particular, we have used them to determine the existence and properties of phase
singularities. For both instruments we have demonstrated subwavelength resolu-
tion for the phase measurements with a spatial sampling of the order of 10 nm
and a corresponding resolution for the position of the phase singularities. Using
the heterodyne SNOM we were able to measure the phase around two adjacent
phase singularities separated by less than 300 nm at a wavelength of A = 532 nm.
We have also verified that the phase turns around these two phase singularities
in opposite direction, which means that they have opposite topological charge, as
expected by theory. By means of high resolution interference microscopy (HIRM)
we have been able to image the intensity and the phase distribution in the focal re-
gion of microlenses. There is a good qualitative agreement between the measured
optical intensity and phase distribution and the results of rigorous diffraction
theory applied to a two-dimensional model. We have been able to observe the
predicted phase singularities in the measurements. They are situated in the focal
region and define characteristic points where the wavefront curvature changes its
direction. Closer three-dimensional investigations of the phase distribution in the
focal region show that phase singularities form closed lines in space in order to
conserve the optical field topology. It confirms the presence of dislocation rings
corresponding to the Airy ring in a focal pattern. The measurements for an
astigmatic microlens show that the dislocation line is distorted along the optical
axis indicating the aberrations of this focusing microlens. Comparing the two in-
struments, there is a significant difference concerning the vectorial aspect of the
detected electric field: in the case of the high resolution interference microscope
(HIRM) the non-paraxial field (large numerical aperture) produced by a micro-
scopic object is transformed into a paraxial field at the observation plane of the
microscope, therefore the electric field has only transverse components and the
detected polarisation is selected by the polarisation of the reference wave, whereas
the heterodyne SNOM probes directly the non-paraxial field with transverse and
longitudinal components of the electric field vector |[22|. In this latter case, the
detected signal depends on the field conversion (vectorial transfer function of the
tip) and the propagating mode in the fibre probe.
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