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Abstract

Photonic Crystals, man-made periodic structures with a high refractive index contrast mod-
ulation, have recently become very interesting platform for the manipulation of light. The
existence of a photonic bandgap, a frequency range in which propagation of light is pre-
vented in all directions, makes photonic crystals very useful in applications where spatial
localization of light is required. Ideally, by making a three-dimensional photonic crystal,
propagation of light in all three dimensions can be controlled. Since fabrication of 3-D
structures is still a difficult process, a more appealing approach is based on the use of lower
dimensional photonic crystals. A concept that has recently attracted a lot of attention is
a planar photonic crystal based on a dielectric membrane, suspended in the air, and perfo-
rated with a two-dimensional lattice of holes.

In this thesis theoretical and experimental study of planar photonic crystal nanolasers,
waveguides and super-dispersive elements is presented. Room temperature operation of
low-threshold nanolaser is demonstrated, both in air and in different chemical solutions.
For the first time, we have demonstrated that photonic crystal nanocavity lasers can be
used to perform spectroscopic tests on ultra-small volumes of analyte. Our porous cavity
design permits the introduction of analyte directly into the high optical field of the laser
cavity, and therefore it is ideally suited for the investigation of interaction between light
and matter on a nanoscale level. We showed that small changes in refractive index of the
ambient surrounding the laser can be detected by observing the shifts in emission wave-
lengths of the laser. Our lasers can be integrated into large arrays to permit the analysis
of many reagents at the same time. The nanolasers can also be integrated with photonic
crystal waveguides to form the integrated systems of higher complexities. Theoretical and
experimental investigation of various photonic crystal waveguide designs is discussed. De-
tails of the fabrication procedure used to realize nanophotonic devices in silicon on insulator

as well as InGaAsP materials are presented.
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Chapter 1

Introduction

Photonics has recently become an attractive alternative to electronics technology owing to
advantages offered by information processing in the optical domain. For example, devices
that are using a photon rather than an electron as an information carrier can benefit from
the high speed of optical signals, reduced cross-talks between the channels, etc. Because of
that, recently we have witnessed an increased interest in compact optical components like
resonators, waveguides, etc. At the same time, nanotechnology and nanofabrication have
recently emerged as a powerful technology that offers an opportunity to create nanoscale
structures in a reproducible and controllable manner. The technology that was driven by
the ever-growing need to shrink the sizes of electronic chips has now evolved to a precision
which allows us to control the flow of photons within structures nanofabricated in standard
electronic semiconductor materials. By combining the need for integrated photonics with
the promise of nanofabrication technology, a field of Nanophotonics has emerged. The opti-
cal systems that have traditionally been made in silica, for example, can now be scaled down
and fabricated in conventional microelectronics materials (silicon, GaAs, etc.). These ultra-
small optical systems, defined in high refractive index contrast platforms, can be highly
integrated, thus realizing for the first time the dream of large-scale integrated all-optical
systems for information processing. In addition, since nanophotonic systems are realized in
standard electronic materials they can be integrated with electronic components resulting
in hybrid systems of higher complexity. On the other hand, nanoscale photonic structures
offer a great promise for the investigation of fundamental physical laws that govern the
behavior of photons. Strong coupling between light and matter, efficient control of sponta-
neous emission and enhanced nonlinear phenomena, are some of the interesting phenomena

that can be observed when light and matter interact on a nanoscale level. Nanophotonics



2

also offers advantages for biochemical sensing on a nano-scale.

1.1 Photonic Crystals

The photonic crystal'™* (PC) is one of the platforms that can enable the miniaturiza-
tion of photonic devices and their large-scale integration. These man-made periodic nano-
structures can be designed to form frequency bands (photonic bandgaps) within which the
propagation of electromagnetic waves is forbidden irrespective of the propagation direc-
tion. Depending on the dimensionality of spatial periodicity, we distinguish between several
different classes of photonic crystals. One-dimensional photonic crystals are well-known
dielectric stacks. For example, in Figure 1.1(a) we show a vertical cavity surface emitting
laser® (VCSEL) that utilizes Bragg mirrors to achieve light localization in the vertical di-
rection. If the periodicity is two-dimensional (2-D), we talk about 2-D photonic crystals.
Strictly speaking, these structures are assumed to be infinitely long in the direction per-
pendicular to the plane in which 2-D periodicity exists. Even though there was a lot of
reports on theoretical investigation of these structures, they show little practical promise
for nanophotonics applications since only finite hight structures can be fabricated. One
of the most promising applications of 2-D PCs is photonic crystal fiber,® shown in Figure
1.1(b). In such a structure, light is confined to the core by the photonic band gap (PBG),
and propagates down the fiber, along the PC holes. By making the spatial periodicity in
three dimensions, real three-dimensional (3-D) photonic crystals’” can be realized [Figure
1.1(c)]. 3-D PCs can have complete bandgap, and therefore can control propagation of
light in all directions. These structures can be realized using standard top-down etching

techniques, multiple thin-film deposition techniques, self-assembly, micromanipulation, etc.

Fabrication of 3-D PC structures is still a difficult process, and a more appealing ap-
proach is based on the use of lower-dimensional photonic crystals. A structure that has
recently attracted a lot of attention is a semiconductor slab perforated with 2-D lattice of
holes®? (Figure 1.2). The big advantage of these planar photonic crystals (PPC) is their
fabrication procedure, which is compatible with standard planar technology used to real-

ize micro-electronic systems. Lithographic tunability is another great advantage of PPC



Figure 1.1: Photonic crystals of different dimensionality (a) 1-D: Bragg mirror (after A.
Scherer®), (b) 2-D: Microstructured fiber (after R. F. Cregan®) (c) 3-D: Yablanovite struc-
ture (after C. C. Chen?).

concept - for example lasers that operate at different wavelengths can be monolithically
integrated within the same semiconductor slab, and the tuning of the lasing wavelength can
be achieved by changing the periodicity of the structure.'® The size of nanophotonic devices
based on the PPC concept is comparable to the wavelength of the light in the material and
therefore it is possible to realize functional photonics components that are at least an or-
der of magnitude smaller than conventional structures. Therefore, planar photonic crystal
devices offer a promise to replace conventional photonics components in highly integrated
optical systems. PPCs show even greater promise for realization of devices that cannot

W (super-

be made using a conventional approach. For example, highly dispersive prisms
prisms) and self-collimators, discussed in Chapter 2, are some of the examples. However, the
most attractive planar photonic crystal device might be a compact and efficient nanocavity
(Chapter 3). This is due to extraordinary feature of PPCs to localize high electromagnetic
fields in very small volumes, for a long period of time. In addition to many advantages,
photonic crystals have some disadvantages and challenges that still need to be addressed.
For example, electrical pumping of photonic crystal nanolasers still remains to be solved and
power emitted from these structures is tiny. Also, present state-of-the-art PPC waveguides

(Chapter 4) are still inferior to the conventional waveguides, and their propagation losses

are at least an order of magnitude higher than losses in conventional devices.
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Figure 1.2: SEM micrograph of a planar photonic crystal waveguide fabricated in SOI wafer.
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Figure 1.3: (a) Square lattice photonic crystal. (b) Si block, without air holes.

1.2 The Origin of The Photonic Band-Gap

The study of photonic crystals, and periodic dielectric structures in general, has a lot
of analogy with the study of solid-state physics and semiconductor materials. As it is well
known, the periodicity of electronic potential in semiconductor materials, due to the regular
arrangement of atoms in a crystal lattice, results in the existence of the forbidden energy
bands for electrons, the electronic bandgap. Similarly, the periodicity of a dielectric lattice
of photonic crystals results in the photonics-bandgap, forbidden energy bands for photons.
Therefore, photonic crystals are sometimes called semiconductor for light. The existence
of the photonic bandgap in photonic crystals will be explained on the example of a 2-D

photonic crystal based on a Si block perforated with a square lattice of air holes [Figure

1.3(a)].
Dispersion relation of pure Si block, shown in Figure 1.3(b), can be expressed as

co
w=Fk-—, 1.1
o (1.1)

where w is the frequency of light, £ propagation constant, ¢y speed of light in air and
ng; refractive index of silicon. Assuming the artificial periodicity of the Si block, with

periodicity a, the light line equation can be written in the normalized form common for
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Figure 1.4: Dispersion diagrams for light propagating along the x-axis direction for various
sizes of air holes in Si block. Normalized frequency in units a/\ = wa/2mc is shown on the
y-axis and normalized propagation constant on the x-axis.

photonic crystals:

1
wa 1 ka (1.2)

2mey  2ng 0w

This dispersion relation is shown in the first panel in Figure 1.4. The light line is shown
in the reduced scheme, and is artificially folded back into the first Brillouin zone, assuming

the artificial periodicity of the Si block.

By adding periodic lattice of holes into this Si block, dispersion is modified and the bandgap
opens at the edge of the Brillouin zone. The evolution of the dispersion diagram, obtained
using finite-difference time-domain calculations'? (FDTD), is shown in Figure 1.4. As holes
become bigger, the bandgap becomes wider and shifts towards higher frequencies. The
latter can be attributed to the increased overlap between light and low-dielectric constant

material (air) as holes becomes bigger.3

The mode profiles of two bands taken at the end of Brillouin zone (ka/m = 1) are shown
in Figure 1.5. It can be seen that the two modes have the same symmetry but they localize
the energy in materials with a different dielectric constant. Because of that, they will have
different eigen frequencies and the bandgap will open. Therefore, we conclude that the

photonic bandgap is open due to periodicity and symmetry of the photonic crystal lattice.



Dielectric Band

Figure 1.5: The field profiles of dielectric and air band. It can be seen that light is concen-
trated in the Si in the case of then dielectric band, and in the air hole region in the case of
the air band.

So far we were concerned with light propagating along the x-axis direction only. For
complete analysis of optical properties of uniform, un-patterned material (e.g., S7 block), it
is sufficient to study light propagation along one spatial direction only, since all directions
are equivalent. This is not the case when studying multi-dimensional periodic dielectric
lattices. The introduction of a periodic lattice reduces the symmetry of the system, and it
becomes necessary to study light propagation along various directions in order to describe
the optical properties of patterned media. Fortunately, as in the case of electronic bandgap,
it is sufficient to study light propagation along high symmetry directions of the periodic
photonic crystal lattice, only.!® In the case of square lattice, these directions are labelled
I'X, XM and I'M. In Figure 1.6 we show the dispersion diagram for the modes propagat-
ing in 2-D square lattice photonic crystal. It can be seen that a complete bandgap exists
between M point in the dielectric band and X point in the air band, and that it is narrower

than the stop-band calculated along the I' X direction (Figure 1.4).
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Figure 1.6: Band diagram calculated along high symmetry directions in 2-D photonic crystal
lattice of square symmetry. The position of the first-order bandgap is indicated. The

schematic of the irreducible first Brillouin zone is shown in the inset, along with the position
of high symmetry points.



Chapter 2

Photonic Crystal Slabs

2.1 Introduction

In Chapter 1 we studied two-dimensional photonic crystals based on a square lattice, and
we showd that there exists a frequency range in which the propagation of light is forbid-
den in any in-plane direction®. While the theoretical treatment of 2-D photonic crystals
is relatively easy, their fabrication procedure is not straightforward since they are infinite
structures in the third dimension. Therefore, the concept of a planar photonic crystal was
proposed to overcome this obstacle.® Planar photonic crystal is essentially a 2-D photonic
crystal with a finite third dimension. One typical example is a membrane based photonic
crystal shown in Figure 2.1. An optically thin semiconductor slab (thickness is roughly
A/2) is surrounded with a low-refractive index material (usually air), and perforated with
a 2-D lattice of holes. In such a structure, the localization of light in all three dimensions
is made possible by the combination of two mechanisms: in the vertical direction, light is
confined to the slab by means of total internal reflection (TIR) due to the high index
contrast between the high-index slab and the low-index environment, while in the lateral
direction light is controlled by means of distributed Bragg reflection due to the presence of
2-D lattice of holes. Another important example of planar photonic crystal is the one based
on the low-index contrast between the semiconductor-based core and cladding, as in the

case of AlGaAs material.!?

In the planar photonic crystal shown in Figure 2.1 the third dimension is not periodic nor

*In-plane direction is defined as a direction within a plane perpendicular to the direction of air holes.
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3D confinement of light:

Total Internal Reflection provides
vertical confinement in an optically
thin slab.

Distributed Bragg Reflection molds
the flow of light in lateral direction.

o
w

Frequency - a/i
o (=}
- )

01" X

Propagation Constant - k-a/n

Figure 2.1: (a) Schematic of planar photonic crystal. Two mechanisms that make three-
dimensional light localization possible are indicated. (b) Lightline (black solid line) and
lightcone (gray region) overlaid on a dispersion diagram of the square lattice planar photonic

crystal along the I'X direction.
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infinite, and therefore photons incident to the interface between the semiconductor slab and
air with small angles (angles smaller than the critical angle for TIR) can escape from the
slab and couple into the continuum of radiation modes. These photons leak energy from
the slab and therefore represent the loss mechanism of the planar photonic crystal. In order
to take these losses into account, we introduce the notion of the light cone (light line) in
the analysis of PPCs. The region above the lightline, where the leaky modes exist, is repre-
sented in gray in Figure 2.1(b). Since radiative modes exist at all frequencies, including the
bandgap region, they close the bandgap, and the complete bandgap does not exist in planar
photonic crystals. The forbidden frequency range still exists, however, for the guided modes
of the slab, that is for the photons confined in the patterned slab. Therefore, we conclude
that in the case of planar photonic crystals, the bandgap is not complete and it exists only
for the guided modes of the patterned slab. Because of that, any defects introduced into
the photonic crystal lattice can couple the guided modes into the radiative modes and scat-
ter light guided in the slab. These defects can be intentional, in the form of missing holes
for example, or un-intentional, due to fabrication tolerances. Both of them will enhance
coupling to the leaky modes and increase the losses of the PPC device. Therefore, care
needs to be taken when designing and fabricating photonic crystals in order to minimize
these losses. This is a very important issue and will be addressed in detail in Chapters 3
and 4.

In order to understand the operation of planar photonic crystals, full three-dimensional
analysis is required since the waveguide incorporates the vertical confinement of light. In
contrast to the infinite 2-D case, finite-thickness slabs can support modes with higher-order
vertical oscillations, and, if the slab is made too thick, the presence of these modes can
result in the closing of the bandgap. Therefore, the thickness of the slab is a critical pa-
rameter in this structure and needs to be modelled. 2-D analysis of vertically extended
structure (infinitely thick slab) would result in band diagrams that are shifted toward the
lower frequencies. The reason for that is that in the case of the slab waveguide guided
modes are not completely confined in the slab, but also extend into the air. Therefore, the
energy of the guided mode will be higher and the bands will be at higher frequencies than in
the case of 2-D waveguide with infinitely long holes. This can be taken into account using
the effective refractive index approach.'® However, we find that an effective-index method

can give good predictions for position of the band gap but it does not predict correctly the
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shape of the bands in dispersion diagrams. Therefore, we have proposed an alternative 2-D
method for the analysis of 3-D PPC structures, based on the use of frequency offsets.'6
The “effective” 2-D methods are very appealing, due to their simple implementation and
less intense computational requirements, and are used by many groups. However, they are
limited only to the phenomenological analysis of the properties of photonic crystals, and
cannot be used in several important problems, like the analysis of the losses of waveguides
and cavities.

The properties of planar photonic crystals, such as position and width of the bandgap,
depend strongly on several important parameters: the type of lattice (e.g., triangular,
square, honeycomb), the thickness of the slab (d), the refractive index of both slab (n44p)
and environment surrounding the slab (n¢n,), the periodicity of the lattice (a) and the size
of the holes (). In the next two sections we will investigate the influence of these parame-

ters on the properties of photonic crystal slabs.

2.2 Comparison between Square and Triangular Photonic

Crystal Lattices

The structure that we analyze first is a silicon slab, suspended in the air, and patterned
with square or triangular lattice of holes'®17>18 (Figure 2.2). 3-D FDTD scheme was used
to calculate the band diagrams. In both cases we analyzed a lattice unit cell by applying
appropriate boundary conditions to its sides: Bloch boundary conditions to all four sides
perpendicular to the plane of the slab, Mur’s Absorbing Boundary Conditions'® (ABCs) to
the top boundary, and mirror boundary condition at the middle of the slab. In that way we
reduce the computation time by analyzing only one half of the unit cell. By changing the
type of mirror symmetry we could select even (TE-like) or odd (TM-like) eigen modes of the
photonic crystal structure. The spatial resolution that we used to discretize our structures
was 20 computational points per lattice constant(a = 20). The thickness of the Si slab was
d = 0.55a and hole radius was r = 0.4a. The index of refraction of Si is assumed to be
ng; = 3.5. Mur’'s ABCs were applied at a distance of 3 - ¢ = 60 computational points away
from the top surface of the slab, yielding the computation box of 20 - 20 - 65 cubical cells.

In the case of square PPC, lattice vectors are a; = a - (1,0,0) and ay = a - (0, 1,0), and
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Figure 2.2: (a) Schematic view of the Si slab patterned with 2-D square lattice of holes.
Unit cell of the PC and boundary conditions used in the 3-D FDTD calculation are also
indicated. (b) Si slab perforated with 2-D square lattice of holes. Without loss of generality,
lattice constant a in the figure is chosen to be @ = 7/a (dimensionless units), in order to
conveniently show reciprocal lattice vectors. The square represents the first Brillouin zone,
and I'; X and M are the high symmetry points. (c) Si slab perforated with 2-D triangular
4r

lattice of holes. This time we chose a = 37. Hexagon represents the first Brillouin zone
with high symmetry points indicated.

|

reciprocal lattice vectors are by = 27 /a-(1,0,0) and by = 27/a-(0,1,0). The square in Fig-
ure 2.2(b) represents the first Brillouin zone, and I'; X and M are the high symmetry points
with coordinates (in reciprocal space): I' = (0,0,0), X = (0,7/a,0), M = (7/a,n/a,0).
In the case of the triangular lattice PPC, lattice vectors in the real space can be expressed
as a; = a - (v/3/2,-1/2,0) and a2 = a - (v/3/2,1/2,0), and in the reciprocal space as
b = :‘—\/ﬂg -(1/2,—+/3/2,0) and by = ;‘—\% -(1/2,v/3/2,0). The hexagon in Figure 2.2(c) rep-
resents the first Brillouin zone, and the coordinates of high symmetry points are I' = (0,0, 0),

X =22 (1/2,-v/3/2,0) and J = 42 (0,1,0).

Band diagrams for the vertically even (TE-like) and odd (TM-like) eigen modes of the
PPC structure with square and triangular symmetry are shown in Figure 2.3. As it can be
seen, in both structures the first-order bandgap is open for the guided modes of the slab
(modes below the light line) that have an even symmetry (TE-like). We again emphasize
that the bandgap is formed only for the guided modes, as discussed above. The triangular
lattice planar photonic crystal has a much wider bandgap than the square lattice, a result
of the greater symmetry and the smoother Brillouin zone in that geometry. If we take into
account fabrication tolerances (size and shape of the holes, thickness of the slab, etc.) it is

possible that in the fabricated square lattice structure the bandgap will be closed. There-
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Table 2.1: Design parameters of the photonic crystal used in order to have the bandgap
centered around A\ = 1.5um.

lattice PBG width PBG position midgap (fo) a= fo-A T d
square 0.031 (0.315, 0.346) 0.330 496nm 198nm 272nm
triangular 0.148 (0.291, 0.439) 0.365 547nm  219nm  301nm

fore, the triangular lattice is in many ways a more tolerant candidate for the realization of
wide bandgap planar photonic crystal structures. However, in many cases it is not neces-
sary, and sometimes is not even beneficial, to work with photonic crystals that have a wide
bandgap, and thus allows for very strong light localization. This is most notable in the case
of PPC cavities, and high quality factor cavity designs were realized even in square lattice
ppPC.20

In Table 2.1 we specify geometries of both square and triangular planar photonic crys-

tals designed to operate at wavelength A = 1.5um.

2.3 Geometry-dependent Properties of Photonic Crystals

As we have seen in the previous section, properties of photonic crystals depend strongly on
the lattice type. In this chapter we study the influence that hole size, thickness of the slab,
refractive index of both slab and environment have on the properties of PPCs. A trian-

gular lattice PPC is studied, but results can be generalized to the square lattice PPC as well.

2.3.1 Influence of the Hole Size

In Figure 2.4 we show band edges of the air and dielectric band calculated for various slab
thicknesses and hole sizes. In panel (a) it can be seen that the bandgap becomes wider as
the holes become bigger. Also, due to increased overlap with low-dielectric material (air),
band edges are shifted towards higher frequencies when the hole size is increased. The
air-band modes that localize their energy in the air-holes are more sensitive to changes in

the hole size, and they experience larger blue-shift than the dielectric-band modes, when
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Figure 2.3: Band diagrams of eigen modes of Si slab perforated with 2-D lattice of holes
of (a) square and (b) triangular symmetry. The x-axis represents different directions in
the reciprocal lattice, and the y-axis normalized frequency in the units a/A. The gray
region represents the light cone. Even modes (TE-like) are represented with circles and odd
(TM-like) with stars. Insets show the SEM micrographs of the fabricated photonic crystal
structure, and the first Brillouin zones.
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for various geometries. ngqp = 3.5 (Si) and nen,y. = 1 (air).
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holes are made bigger. This results in widening of the photonics bandgap. When holes are
made too big (r/a > 0.5), the bandgap for TE-like modes can be closed and the bandgap
for TM-like modes can be open.? On the other hand, when holes are too small the bandgap
can also be closed, as we saw in Chapter 1. Slab thickness, in the range that we have
explored, does not have strong influence on the width of the bandgap [Figure 2.4(b)], and
it affects the position of the bandgap, only: due to reduced overlap with high-dielectric
constant material, band-edges are shifted towards higher frequencies when the slab is made

thinner.

2.3.2 Influence of the Refractive Index of Environment

In most common applications, planar photonic crystals are in the form of a free standing
membrane suspended in the air. However, it is also of interest to explore the PPC properties
when the air is replaced with material with a refractive index bigger than 1. For example, in
Chapter 3 we will use PPC lasers as chemical sensors, and the operation of PPC membranes
in chemicals with various refractive indices will be explored. Also, nanocavities based
on PPCs can be backfilled with electro-optic or non-linear polymer, and their resonant

frequency can be changed by applying strong electro-magnetic fields.

In Figure 2.5 we show the dependence of the dielectric-band and air-band edges when a
PPC is immersed in materials with various refractive indices. The thickness of the PPC
is d/a = 0.75 and its refractive index ngq, = 3.4. The hole size is r/a € {0.3,0.4}. As
expected, the band edges experience red-shift when the PPC slab is immersed in a material
with higher refractive index. Also, the width of the bandgap decreases when n.,,. increases.
The reason is similar to decrease in the bandgap width when the holes of PPC are made
smaller. The bottom of the air-band is more affected with increased n,,, since air-band
modes have larger spatial overlap with the environment. From Figure 2.5 we deduce that
the bandgap will close when nc,,. & 2 in both structures. In the case of a crystal with
r/a = 0.4 the dependence of the band-edges on n.y,. can be well approximated with

a

() diet = —0.0289 - nieny, +0.3255 (2.1)
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Figure 2.5: Air-band and dielectric-band edge dependence on the refractive index of envi-
ronment (7epy.) surrounding PPC slab, for r/a = 0.3 (red) and r/a = 0.4 (blue).

(%)m = —0.2139 - Ny + 0.6748. (2.2)

When r/a = 0.3 band-edges can be expressed as

(D) dier = —0.0104 - gy, + 0.2621 (2.3)
A

(L) air = —0.0812 - ngpy + 0.4144. (2.4)
A

As expected, the structure with bigger holes is more sensitive to the changes in the refrac-
tive index of environment. From these equations we find that the sensitivity of the air-band
edge is better than AX =~ 700 - An, when r/a = 0.4. This suggests that by monitoring
the shifts in the emission wavelength of a band-edge laser (that operates at the air-band
edge) we could detect very small changes in the refractive index of the ambient. In Chapter
3 we will explore similar possibility but using confined cavity modes instead of extended

band-edge modes.

2.3.3 Influence of the Refractive Index of the Slab

For some applications it is necessary to make PPCs in dielectric materials, that have a

small refractive index. For example, if we want to make PPC devices that operate in the
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Figure 2.6: Band diagrams for PPC realized in Si3Ny slab for two different hole sizes. Only
TE-like modes are shown.

visible spectrum, we cannot use majority of semiconductor materials, due to their absorp-
tion in visible range. One promising candidate for PPCs that operate in the visible is
silicon-nitride?! (Si3N,), with a refractive index of ng;x ~ 2.02. In Figure 2.6 we show
band diagrams for d/a = 0.55, and r/a = 0.3 and r/a = 0.4. As expected, due to small
refractive index contrast between core and environment, the band gap is narrow in these

cases, particularly in the case of smaller holes.

2.4 Propagation of Light in Photonic Crystal Slabs

In previous sections we studied the existence of the bandgap in photonic crystals, and we
investigated the influence of various design parameters on the position and width of the
bandgap. This was an important task since in a majority of applications photonic crystals
are used as mirrors, to confine light in space. However, by exciting the modes of photonic
crystal with frequencies outside the photonic bandgap, light can propagate in the PPC.
Then, due to strong dispersion of planar photonic crystals, phenomena associated with
16,22-31

anomalous refraction of light like a super-prism and self-collimation can take place.

In order to understand light propagation in patterned slabs, it is not sufficient to study
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Figure 2.7: (a) Schematic view of the Si slab patterned with 2-D square lattice of holes.
External light is incident to the slab at an angle 8. Unit cell of the PC, with boundary
conditions used in the 3-D FDTD calculation, is also indicated. (b) Band diagram for
TE-like (vertically even) modes of the square lattice PPC. Grey region represents the light
cone. Inset shows high symmetry points in the first Brillouin zone.

band diagrams along high-symmetry directions only, as it was done in previous sections,
but a complete band diagram for all possible directions in the first Brillouin zone, needs to
be investigated.

The planar photonic crystal that we study here is a silicon slab (ng; = 3.5) of thickness
t = 0.57a and patterned with a 2-D square or triangular lattice of holes of radius r = 0.3a,
where a is the periodicity of the lattice. The slab is surrounded by air on both sides. 3-D
FDTD is used to calculate dispersion diagrams. The discretization used in our 3-D FDTD
algorithm was ¢ = 30 computation points, this time. Better discretization in time and space
in FDTD algorithm is needed in order to correctly predict the position and shape of the
allowed bands of photonic crystal. We have analyzed only one half of the structure in the
vertical direction, by applying mirror boundary condition at the center of the slab. Choos-
ing the even mirror symmetry we analyzed TE-like (vertically even) modes only. Mur’s
absorbing boundary conditions were applied at 100 computational points away from the

surface of the slab, yielding a computational domain of 30 - 30 - 108 cubic cells.

In Figure 2.7(b) we show a dispersion diagram of a square lattice PPC. The band di-
agram is calculated only along the high symmetry directions in the first Brillouin zone (I
BZ), and the light cone is represented by the gray region. Only the modes that lie outside

the light cone are guided in the PPC without significant losses. We can see that this struc-
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ture has a very narrow bandgap. However, the width of the bandgap is not what concerns
us here. We instead hope to find unusual phenomena associated with the difference of the
dispersion diagram of this structure from one of the unpatterned slabs. In order to do so,
we have to find the full band diagram, for all k vectors in the I BZ, and not only along I'X,
XM and I'M directions.

Figure 2.8(a) shows such a dispersion diagram for the first two bands [black circles in
the Figure 2.7(b)] for all k vectors in the I BZ. The band diagram was calculated from 325
equally spaced points in 1/8 of the I BZ [shaded region in the inset of the Figure 2.7(b)],
the data were then fitted using polynomial of the fifth order, and finally mapped into the
entire I BZ. The light cone is represented as unshaded mesh. From Figure 2.8(a) we con-
clude that Band 1 is below the light cone (guided) in the whole frequency range, while
Band 2 is guided only for normalized frequencies a/A < 0.306. Furthermore, Band 2 is
almost flat and therefore light in that frequency range will be slowed down significantly. In
Figure 2.8(b) and (c) we plot the equal-frequency contours for Band 1 and Band 2. The
gradient of frequency change as a function of the in-plane k vector is indicated by vectors.
Those vectors are oriented towards the I' point in the case of Band 2 - an indication of the
negative group velocity!. In addition, iso-frequency contours of Band 2 are almost perfect
squares in the frequency range where Band 2 is guided. This is very different from the
unpatterned Si slab, where iso-frequency contours of the guided modes are circles (Figure
2.9). This modification of the dispersion relation leads to very interesting, collimation-like

effects, which we describe below.

2.4.1 Self-collimation in Square Lattice PPCs

In Figure 2.10(a) we again show iso-frequency contours for Band 2, but this time only
for frequencies that lie outside the light cone - a/\ € (0.273,0.306). The light cone for
a/X = 0.306 is represented with a dashed line. It can be seen that the equal frequency
contours can be approximated by squares for a/\ € (0.295,0.306). When the modes of the
PPC are excited using an external light incident to the cleaved facet of the PPC [Figure

tGroup velocity and phase velocity are oriented along opposite directions.
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Figure 2.8: (a) The dispersion (w(k)) relation for the first two bands of the square PPC,
calculated for all k£ vectors in the first Brillouin zone. The light cone is represented as an
unshaded mesh. (b) The iso-frequency contours for the first and (c¢) second band. The
color represents different normalized frequencies - a/\. The vectors represent the gradient
of frequency change as the function of k, and k, components.
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Figure 2.9: The dispersion of the first two bands supported in the unpatterned Si slab. The
light cone is represented as an unshaded mesh. The iso-frequency contours in the case of
the unpatterned slab are circles (shown for a/\ € 0.2774,0.3041,0.3309) since all in-plane
directions are equivalent.
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2.7(a)], both frequency and k-vector parallel to the boundary (cleaved facet) need to be
conserved (up to the modulo of the reciprocal lattice vector). In our case the boundary is
in the xOz plane, and therefore k; and k, need to be conserved. The energy of the excited

mode will propagate with a group velocity that can be calculated as

L, = 0 .0
g =Vw(k)=1- 6—kxw(km, ky) + 9 - 6—kyw(k1, ky), (2.5)

and the direction of propagation (in the real space) will be perpendicular to the iso-frequency
contour for that frequency (in the k-space). Therefore, if the input light has a range of k,
vectors, and all of them are, for example, between —kq and kg in Figure 2.10(a), then light
in the PPC will propagate along the y-axis direction (I'X), as indicated in grey in Figure
2.10(a). In other words, the light beam in the PPC can be self-collimated. This property
of square PPCs is entirely due to the fact that iso-frequency contours for Band 2 look like
squares. In contrast to the PPC case, iso-frequency contours of an unpatterned Si slab are
circles [Figure 2.10(b)]. When such a slab is excited with a range of k, vectors, light in the

slab diverges as schematically indicated by the gray region in Figure 2.10(b).

In our analysis we assumed that, for a given frequency, k; is within one of the horizontal
sides of the iso-frequency “squares” [Figure 2.10(a)]. However, the k, component is deter-
mined by the wavelength of the incident light as well as the angle of incidence 0 [Figure
2.7(a)]. Therefore, we have to find the range of s for which our assumption is valid. We
start by noting that the k; can be expressed as k, = (2w/)\) - sin(f). In order for k, to
belong to a horizontal side of a iso-frequency square it has to satisfy | ky |< ko(a/)N) - 7/a,
where 2 - kg(a/A) is the length of the horizontal side of the square, and is a function of
normalized frequency. Combining these two expressions we get

ko(a/A)/2

o zlsn@)]. (2.6)

The minimum value of kqg(a/X) is ko min = ko(a/A = 0.306) = 2-0.306 = 0.612, since the
relation between the normalized k-vector and normalized frequency is k- a/m = 2-a/), in

the case of the light line. Then, the minimum of the expression at the left hand side of the
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Figure 2.10: (a) The iso-frequency contours of the Band 2 of square lattice PPC. Only the
region below the light cone is shown [A € (0.273,0.306)]. The light cone, for A = 0.306,
is represented by the dashed circle. The light of frequency a/A = 0.3 is self-collimated
and propagates in the direction (in the real space) indicated by the gray color. (b) The
iso-frequency contours of the unpatterned Si slab are circles. Light diverges at the angles
shown in the gray color.
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inequality (2.6) is
komin/2 _ 0.612/2
(/N maz  0.306

(2.7)

and the inequality is satisfied for any angle . That is, for any incident angle, light in the
frequency range a/X € (0.295,0.306) can be self-collimated within the PPC and propagate
along the y-axis direction (in real space). However, this would be true if the iso-frequency
contours were perfect squares. Then k, could be anywhere on the horizontal side of the
square. Since the iso-frequency squares are rounded at the corners, we have to assume a
more conservative value ko mi, = 0.5 [Figure 2.10(a)]. Then, the left hand side of (2.6)

becomes
ko min/2 _ 0.5/2
(a/N)maz  0.306

= 0.817, (2.8)

and the sufficient condition for inequality (2.6) to be satisfied is | # |< arcsin(0.817) ~ 54°.
Therefore, the square lattice PPC acts like a self-collimator for incident angles | 6 |< 54°
and a/X € (0.295,0.306). The amount of light that is coupled into the slab depends on the
incident angle of the light. Also, the group velocity of any mode depends on the frequency
of that mode, and is calculated to be in the range v, € (0.16,0.25) - ¢p (co is the speed of
light in air) when a/\ € (0.295,0.306) and | 6 |< 54°. Modes with higher frequency will
have higher group velocities, since Band 2 becomes more flat at lower frequencies.

In order to verify the predictions that self-collimation is possible in a square lattice PPC
we have performed 3-D FDTD modelling of such a structure. The results presented in Fig-
ure 2.11 show the field evolution (B, component) in the patterned (a, b) and unpatterned
(c) Sislab. The structures were excited with a dipole source placed at the center of the slab.
In the case of the unpatterned slab, characteristic dipole radiation in the form of “spherical”
waves can be observed. The PPC structure shown in Figure 2.11(a) was excited with the
dipole source which frequency (a/A = 0.295) was chosen to be in the frequency region of
Band 2 where iso-frequency contours are squares [Figure 2.10(a)]. Because of that, it is
expected that light is radiated predominantly in four I'X directions, that is in directions
that are perpendicular to four sides of iso-frequency “squares”. Indeed, a 3-D FDTD simu-
lation of the structure [Figure 2.11(a)] shows such behavior. Therefore, we conclude that a
square lattice PPC modifies the radiation of the dipole source in the way predicted by the
above analysis of iso-frequency contours. It is also important to notice that this interesting

phenomena is “taking place” outside the light cone. Therefore, the light is self-collimated



27
as it propagates in the PPC without any losses.

Effects similar to the one described above could be obtained by exciting Band 1.'® For
example, if k; ~ m/2a and a/X close to 0.19 [Figure 2.8(b)], light would again be well
collimated, now in the ['M direction. However, since the iso-frequency contours in this case
are “rounded” squares, such collimation is weaker and some divergence is present [Figure

2.11(b)], but it is smaller than in the case of an unpatterned Si slab.

2.4.2 Complete Band-diagram of Triangular Lattice PPC

The complete band diagram in the case of triangular lattice is shown in Figure 2.12 (r =
0.3-a, t = 0.57-a, a = 30 computational points). The first three bands, calculated for
all k-vectors in the first Brillouin zone, are shown in Figure 2.12, and individual bands
along with their iso-frequency contours in Figure 2.13. The complete band diagram of the
triangular lattice photonic crystal has a lot more structure than the square lattice one, as a
result of higher symmetry of this structure. For example, iso-frequency contours of the third
band have a characteristic star-shape what can be used to achieve self-focusing, spot-size

conversion, and super-prism effects.

2.5 Conclusion

We studied dispersion properties of square and triangular lattice planar photonic crystals,
and we investigated the influence of geometry of the lattice on the width and position of
the bandgap. We found that a triangular lattice has a much wider bandgap than a square
lattice, and that the width of the bandgap decreases as the holes in the photonic crystal
lattice are made smaller and as the refractive index contrast between dielectric slab and
environment is reduced. Also, we analyzed complete band diagrams of square and tri-
angular PPCs, for all k-vectors in the first Brillouin zone, and we found that a photonic

crystal lattice of square symmetry can be used to achieve the self-collimation of light beams.
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Figure 2.11: Evolution of the B, component of the EM-field excited in the (a) unpatterned
slab and (b), (c) slab patterned with square lattice PPC. Structures were excited with
dipole sources (with E, component) at frequencies (a) a/A = 0.19, (b) a/\ = 0.19 and (c)
a/A = 0.295. Self-collimetion can be observed in the case (c) as predicted. In this case, light
is radiated predominantly along I'X directions. Radiation in y — axis direction is stronger
because the structure was excited with F, field only.
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Figure 2.12: Band-diagram of the first three bands of a triangular PPC, calculated for all
k vectors in the first Brillouin zone. The light cone is represented as an unshaded mesh.
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Chapter 3

Planar Photonic Crystal Cavities
and Lasers

3.1 Introduction

One of the most promising applications of planar photonic crystals is the realization of a
compact and efficient optical nanocavity, with high quality factor (@) and small mode vol-
ume (Vi04¢). Such a nanoscale optical resonator is of interest for a number of applications,
both of practical and academic importance. For example, PC cavities can be engineered to
concentrate light in the air, and they are natural candidates for investigation of interaction
between light and matter on a nanoscale level. Some of the most interesting applications

of planar photonic crystal nanocavities are

1. Low-threshold laser (including threshold-less laser)
Due to small V.4 of PC cavities, Q/Vinode ratio can be large in these structures

resulting in low-threshold powers of photonic crystal nanolasers.

2. Cavity QED experiments
Again, large @@ and small V,,,,4. are important for quantum electrodynamics experi-
ments. For example, strong coupling between neutral Cs atoms, or a single quantum
dot, placed in the PC cavity with the cavity field has been predicted. Integration of

several cavities can lead towards realization of quantum-optical networks.

3. Bio-chemical sensing/ single molecule detection
Ultra-small quantities of bio-chemical reagents can be placed in the air region where

field intensity is the strongest and their (strong) influence on the optical signature
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of the resonator can be monitored. This can lead towards realization of integrated

spectroscopy systems (e.g., on-chip Raman spectroscopy).

4. Channel drop filters for WDM applications
PC nanocavities can have high Q factors (> 10,000) and they can be highly integrated
(less than 5um apart), which makes them promising candidates for realization of

channel drop filters in dense wavelength-division multiplex systems.

In this chapter low-threshold PPC lasers®? and their application in dense biochemical sen-
sor arrays>® will be studied in detail. Lasers with InGaAsP quantum well active material
emitting at 1550 nm were optically pumped at room temperature, and lasing was observed
at record-low pumping powers (= 200 pW). The lasers that we developed permit the
introduction of analyte within the peak of the optical field of the lasing mode. We have
demonstrated the operation of photonic crystal lasers in different ambient organic solutions,
and we have explored the design compromises for developing sensitive low-threshold spec-
troscopy sources.

Photonic crystal cavities can be formed by modifying one or more holes in the pho-
tonic crystal lattice.®> By making one of the holes bigger or smaller (Figure 3.1), we form
a potential well for the modes supported in bulk planar photonic crystal. This is similar
to formation of potential wells in periodic electric potential studied in quantum mechanics.
By making one of the holes bigger, we locally increase the amount of low-dielectric constant
material (air) and therefore increase the energy of the modes supported in the bulk pho-
tonic crystal. Modes that were originally confined in the dielectric material (dielectric band
modes) will now be pulled up into the band gap, and be trapped in the energy well formed
by increasing the size of the hole. This bound state exists close to the dielectric band and
in its nature is similar to an acceptor level in semiconductors. Therefore, modes created by
modification of dielectric band are called acceptor modes. Similarly, by reducing the size of
one of the holes, we form bound states close to the air band - donor modes.>* Acceptor and

donor modes are shown in Figure 3.1.

In case of 2-D photonic crystal, with infinitely many PC layers around the defect, light
can be completely trapped to the defect. However, in cavities defined in photonic crystal

slabs, modes will suffer from radiation losses due to the coupling into the continuum of
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Figure 3.1: Dispersion diagram for the modes supported in the triangular lattice planar
photonic crystal (r/a = 0.3 this time). Mode profiles for one component of the E field in
the dielectric (red) and air (blue) band, taken at the X point, are also shown.

radiation modes that exist within the light cone.* These components contribute to the
out-of-plane losses of the cavity, as shown in Figure 3.2(a). At the same time, light can
leak laterally due to the finite number of the photonic crystal layers surrounding the cavity

[Figure 3.2(b)], contributing to the in-plane losses of the resonator.

The efficiency of a resonator, described by a quality factor (Q), can be expressed as the

ratio of energy stored in the cavity and energy lost (emitted) from the cavity in one cycle:

Q — 9 Wstored

) 3.1
Wlost ( )

This quality factor can be broken into lateral quality factor (Qq:) and vertical quality
factor (Quert) that take into account in-plane and out-of-plane losses, respectively.

L_ 11
Q Qlat Qvert’

(3.2)

By adding more photonic crystal layers around the cavity, the lateral leak can be com-

pletely suppressed and we can assume that Q. can be arbitrary high.!> Therefore, the

*Since the cavity mode is localized in the real space it is extended in the reciprocal k space, as governed

by the uncertainty principle, and therefore it consists of k-vector components that are positioned within the
light cone.
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Figure 3.2: One of the dipole modes supported in a single defect cavity. In-plane and
out-of-plane energy leaks can be observed.
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Figure 3.3: Single defect cavity fabricated in AlGaAs, and designed to operate at A = 852
nm.

ultimate @ is limited by Quere- Unfortunately, the simplest photonic crystal cavity, formed
by reducing the size of one of the holes, known in literature as single defect cavity, suffers
from large radiative losses (small Qyer¢). The best quality factor that one can achieve with
this cavity is limited to ~ 2,000.3%36 This @ is obtained in a cavity with r/a = 0.3 when
the radius of the defect hole is slightly reduced to rg.r/a = 0.2. Such a cavity fabricated in
AlGaAs material system, designed to operate at A = 852 nm is shown in Figure 3.3. This
cavity design is not robust since the defect hole is only slightly smaller than bulk PPC holes,
and any fabrication related fluctuations can form unintentional defects and spoil the @ of
the cavity. At the same time, quality factor of () ~ 2,000 is not spectacular, and better
Q is needed for all applications proposed in the beginning of this section. The problem of
high-Q cavity design has recently attracted a lot of research attention and several designs
were proposed and characterized experimentally.?0:323537-44 Also, operation of PPC lasers

based on various PPC nanocavities have been reported by several groups.20:32,43,45-62
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Figure 3.4: (a) Conventional single defect cavity (p = 0). When structure is “cut” along the
dashed line, and two PPC half-planes are dislocated along I'X direction by p/2, (b) high-Q
cavity can be formed (p = 0.25 - a).

3.2 High-Q Cavity Design

The high-Q cavity geometry that we proposed is based on fractional edge dislocations in

1.35 Our planar photonic crystal is based

the single defect triangular lattice photonic crysta
on a free-standing membrane: high dielectric constant slab (refractive index n = 3.4) is
perforated with 2-D lattice of holes with periodicity a and is suspended in the air. The cav-
ity consists of a defect hole (radius r4ef) that is smaller than surrounding holes (radius r)
which define the photonic crystal mirror. The row that contains the defect hole is elongated
by moving two photonic crystal half-planes a fraction of a lattice constant apart in the I' X
direction (Figure 3.4). Each half-plane is moved by p/2, yielding total dislocation of p.

It was shown that in such photonic crystal cavity, with r/a = 0.275, r4c.f/a = 0.2 and
d/a = 0.75 (d is thickness of the slab), it is possible achieve Q factors as high as 11,000 by
tuning the dislocation parameter p. The Q was maximized when p/a = 10%. These high
Q values were obtained while maintaining a very small mode volume of V;,,oq0 = 0.1(A\/2)3.
These cavities were originally designed for cavity QED experiments, where strong-coupling
between atoms introduced into the high field region of the cavity and light trapped in the
cavity was to be investigated.?®> However, it is clear that the presence of a hole at the point
of maximum field intensity is not desirable in low-threshold laser designs, since the overlap
with the gain region, provided by quantum wells is decreased. Therefore, we have revisited
the problem of cavity design in order to investigate the influence of the defect hole size
(rger) on the Q factor of the cavity.®

In order to improve the lateral confinement of light, we decided to analyze structures
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with slightly bigger holes (r/a = 0.3). This results in a more compact cavity, since fewer
layers of photonic crystal can be used to efficiently confine the light. On the other hand,
bigger holes in the photonic crystal mirror increase the scattering of light in the vertical
direction and therefore result in decreased Q factors. As the first step, we calculated the
band diagram of the bulk photonic crystal with parameters r/a = 0.3, d/a = 0.75, and
Nsap = 3.4, and we found that a bandgap exists for vertically even modes (TE-like) for
the normalized frequencies in the range a/A € (0.2508,0.3329). 3-D FDTD was used to
calculate this dispersion diagram, as described in the previous chapter. The discretization
used in FDTD algorithm was ¢ = 20 computational points. Next, we modelled various
high-Q cavity designs in order to find their eigen modes. A single defect donor cavity in a
triangular lattice photonic crystal without the fractional edge dislocation is known to sup-

415 However, as we stretch

port two doubly-degenerate, linearly polarized, dipole modes.
the photonic crystal lattice by introducing a fractional dislocation, these modes start to
interact and the degeneracy between them is lifted. In Figure 3.5 we show the results of
3-D FDTD analysis of the structure with p/a = 10%, 74y = 0.2a, r = 0.3a and d = 0.75a.
Two dipole modes, labelled LQ and HQ, are found to exist in the cavity!. The mode at
longer wavelength can have an order of magnitude better QQ factor value and therefore is
called HQ (high-Q) mode.

In Figure 3.6 we show the dependence of the eigen-frequency and Q of HQ dipole mode
on the stretching (dislocation) of the central row (p/a) and on the size of the defect hole
(Tgef/a). It can be seen that by increasing the dislocation, the splitting between the two
dipole modes increases. Also, as the defect hole becomes larger, the modes shift towards
higher frequencies. This shift occurs since a larger hole in the center of the cavity leads to
an increased overlap between the optical field and air. One more interesting feature is that
splitting between LQ and HQ modes does not depend strongly on the size of the central
hole, and is mostly dependant on the amount of dislocation introduced.

The mode of interest for laser applications is the HQ mode, since it has an order of
magnitude higher Q and therefore will reach threshold first. The quality factors of LQ
modes are limited to several hundreds and therefore are not of practical importance. In

Figure 3.7 we show dependence of the vertical (Quer¢) and lateral (Qq:) quality factors of

t Additional modes are found close to the air-band, as well. Those modes are not localized to the defect
hole, but are instead attributed to the waveguide modes of the elongated central row.
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Figure 3.5: Defect modes of the cavity with p/a = 10% and rg.r = 0.2a. (a) Cavity supports
two dipole modes, and their profiles are shown (B, component and vector of the E field).
Spectrum of the modes supported in the cavity, obtained using 3-D FDTD, is also shown.
The bandgap is shown in white. (b) Amplitude of the E field is shown. It can be seen that

light is localized in the small defect hole.

0.32

0.3

03F

0295

.28

normalized frequency (a/\)

0 5 10 15 20 25 30 35 40 45
dislocation parameter p/a [%)]

Figure 3.6: Dependence of the position of the two dipole modes of the cavity on the amount

of dislocation introduced (p), and the size of the defect hole (rgcf).
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the HQ mode on the amount of fractional edge dislocation (p), for various sizes of central
defect hole (rger). In our calculations, cavity was surrounded with five layers of photonic
crystal, as shown in Figure 3.5(b). The lateral Q-factor (in-plane Q-factor) depends on the
position of the mode within the bandgap, and can be improved by adding more photonic
crystal layers around the cavity. The ultimate Q-factor that we can achieve is therefore
limited by Quert-

Figure 3.7 tells us that the best Q that we could hope to achieve in the modelled cavity
geometry is around 7,000. In comparison, we were able to achieve Qs as high as 11,000
when r/a = 0.275. As expected, due to the increased size of the bulk photonic crystal holes
(r/a = 0.3), light scattering in the vertical direction increases, and therefore the Q-factors
are smaller. The optimal design (Q-factor maximized) requires more dislocation as r4.s de-
creases. This can be understood by looking at spatial frequencies that exist in the Fourier
spectrum of the HQ mode. In order to increase the Q of the cavity, components that lie
within the light cone need to be minimized. This can be achieved by changing the size of
the air-region in the cavity in order to balance the energy that exists in each lobe of the
mode[Figure 3.5(b)], and in that way minimize its DC component.’* The change of the
area occupied by the defect hole, induced by stretching of the central row, is AA = 2rges - p.
From this equation it follows that in order to achieve the same influence on the mode larger
p’s are needed when rg.; is made smaller. In other words, for big defect hole small change
in p has big influence on the mode since most of the light is located in the hole.

Another important figure of merit of any laser design is the gain provided by the laser
cavity. As the defect hole diameter is decreased and the amount of dislocation is increased,
we expect a better overlap between the optical cavity mode and the quantum wells, and
therefore reduced laser threshold. However, it is important in our application that central
defect hole is as large as possible so that we can achieve strong interaction between light
emitted from the laser and material (nanoparticles, single molecules, chemical fluids, gasses,
etc) placed in the strong optical field of the laser. Therefore, we have chosen r4.; = 0.15a
and p = 0.25a as a good compromise for our initial laser sensor design.

By introducing different material into the photonic crystal holes, or by immersing our
lasers in various chemicals (liquids, gasses) altogether, refractive index of the surrounding is
changed. Therefore, it is of interest to determine the change in the Q and eigen-frequency

of the cavity resonances as the cavity is back-filled with reagents (n > 1). In Figure 3.8(a)
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Figure 3.7: Dependence of the (a) vertical and (b) lateral quality factor of the HQ mode
on the amount of dislocation (p) and the size of the defect hole (rq.r). Only five layers of
photonic crystal surrounding the defect hole was used. Qjqterq; can be improved by adding
more photonic crystal layers.
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Figure 3.8: Dependence of the (a) Q factor and (b) eigen-frequency of cavity resonance on
the refractive index of analyte introduced in the cavity with p/a = 25%.

we observe that the highest Q that we could hope to achieve in the modelled cavity design
occurs at an ambient refractive index ney, = 1 (air), and this value deteriorates as the
refractive index of the ambient surrounding the photonic crystal cavity is increased. This
decrease in Q is a result of the weaker vertical confinement of light by total internal reflec-

tion, and can be compensated for by increasing the thickness of the photonic crystal slab.

It is interesting to note that the frequency of the resonant mode, as well as the band
edges of the photonic crystal mirror, depend linearly on the refractive index of the environ-
ment (Nepy) [Figure 3.8(b)]. From linear fits of the dependence of the resonant frequency on
Nenv, We can estimate the sensitivity of the cavity, and we find that the wavelength shift of
the resonance is approximately A\ = 266 - Angy,,, where Any,, is the change in refractive
index. The simplest method of optically sensing ambient material uses wavelength shifts in
the laser spectrum when the laser is immersed into a solution or exposed to a material to
measure its refractive index. In this method, the sensitivity of the sensor depends on the
smallest change in refractive index that can be optically detected. In passive devices, this
is related to the width of the cavity resonance peak, which in turn is determined by cavity
quality Q. If we assume that our cavity is embedded in a typical polymer (nen, = 1.4) a
wavelength shift that is still observable from cavity with @@ = 1,000 is A\ = 1.55 nm, what

corresponds to change in refractive index of An =~ 0.0056. On the other hand, once we



42

Table 3.1: Applications of high-Q cavities

application material wavelength periodicity
channel drop filter for WDM SOl 1550 nm 440 nm
low-threshold laser for nano-spectroscopy InGaAsP 1550 nm 440 nm
cavity QED - strong coupling experiment  AlGaAs 852 nm 240 nm

introduce optical gain into the cavity, as in the case of the proposed laser spectrometer, the
linewidth of emission is significantly narrowed (in our case A\ =~ 0.12 nm), and sensitivities
to An < 0.001 can be measured even in cavities with modest Q factors. Figure 3.8 suggests
that the edge of the air band is even more sensitive to changes in the refractive index than

46,50,52,57,65 mlght be even

the cavity mode itself (Chapter 2). Therefore, band-edge lasers
better choice for applications where high sensitivity to the changes of refractive index are
needed. However, band-edge lasers operate at extended bulk PPC modes, with large mode
volumes, and therefore are not suitable for applications where high spatial sensitivity is
needed (e.g., single molecule detection).

The high-Q cavity described so far can be used for various applications, but we were
mostly interested in three major applications summarized in Table 3.1. The material of
choice, wavelength of interest and characteristics lattice constant for each of these applica-
tions is also shown in Table 3.1, and fabricated structures are shown in Figure 3.9. In next
section we present the details of fabrication procedure for lasers made in InGaAsP mate-

rial. Fabrication procedure for devices made in silicon-on-insulator is explained in Chapter

4 when we study photonic crystal waveguides.

3.3 Low-threshold Planar Photonic Crystal Nanolaser

In this section we explain the fabrication and experimental characterization of lasers realized
in InGaAsP material system. InGaAsP quantum well material was grown on InP substrate
using metal-organic chemical vapor deposition (MOCVD). Optical gain is provided by four
9 nm thick, compressively strained, quantum wells with an electronic bandgap at Ay, = 1.55

pm, separated by 20 nm thick InGaAsP barriers (A\py = 1.22 pm). Because of the compres-
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Figure 3.9: High-Q cavity designs based on fractional edge dislocations fabricated in (a)
AlGaAs, (b) SOI, (¢) InGaAsP.
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Table 3.2: InGaAsP wafer structure

layer composition layer description )\bandgap(um) strain thickness [nm)]
12 InP cap 50
11 InGaAsP  electron confinement 1.22 117
10 InGaAsP QW 1.55 0.85% compress. 9
9 InGaAsP  electron confinement 1.22 20
8 InGaAsP QW 1.55 0.85% compress. 9
7 InGaAsP  electron confinement 1.22 20
6 InGaAsP QW 1.55 0.85% compress. 9
5 InGaAsP  electron confinement 1.22 20
4 InGaAsP QW 1.55 0.85% compress. 9
3 InGaAsP  electron confinement 1.22 117
2 InP sacrificial layer 1000
1 InGaAs etch stop 20
InP substrate

sive strain, the coupling is the strongest to the TE polarized modes of the slab. This is
desirable since in triangular lattice PPC the bandgap is larger for TE-polarized light. This
active material is placed in the center of a 330 nm thick InGaAsP slab (A, = 1.22 pm),
with 1 pm thick sacrificial InP layer underneath the slab. An InGaAs etch stop is intro-
duced above the InP substrate, and the active quaternary material is designed to operate

at A = 1.55 pm. The wafer structure is shown in Table 3.2.

3.3.1 Fabrication Procedure

Fabrication procedure consists of electron-beam lithography, followed by several dry- and
wet-etching steps. Ideally, only one mask layer would be needed to define patterns in In-
GaAsP material of interest. However, due to poor etching selectivity between e-beam resist
and InGaAsP we had to use the mask amplification method. Total of three mask layers
were used before the patterns are defined in InGaAsP. The etch mask consists of 40 nm Au
evaporated on top of 100 — 140 nm thick dielectric layer (Figure 3.10). For dielectric we
used Si0q, SizNy or SiON. Si09 and Si3N4 were deposited at room temperature using

RF sputtering and SiON (silicon-oxi-nitride) was deposited using plasma enhanced CVD
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Figure 3.10: (a) Mask used for fabrication of high-Q cavities of the first generation. Mask
consists of PMMA, Au and SigNy. (b) Patterns in PMMA after e-beam lithography. Au
can be seen at the bottoms of the holes in the PMMA.

(PECVD) system at 200°C. All three masks performed more or less the same in our etching
chemistry, but in this section we will describe fabrication procedure assuming Si3 Ny layer

as the dielectric mask layer.

Fabrication procedure begins by RF sputtering of 100 — 150 nm of Si3Ny and is fol-
lowed by thermal evaporation of 40 nm of Au. Then, 120 nm of polymethyl methacrylate
(PMMA), electron-beam (e-beam) sensitive resist, is deposited on top of the Au layer by
spin coating. 2% solution of PMMA diluted in chlorobenzene (molecular weight 950K) was
used. PMMA was baked on the hot-plate at 150°C for 30 — 40 min. E-beam lithogra-
phy was performed using converted Hitachi S-4500 scanning electron microscope (SEM).
Electron beam voltage was 30KeV, and the dose used to define the pattern in PMMA was
~ 3001C/ecm?. Number of different cavity geometries was beam-written at the same time.
By varying the electron dose and the periodicity of the lattice we could span the entire
design space of the PPC nanocavities by changing a, r, r4.¢ and p/a independently. Upon
completing e-beam lithography, PMMA was developed for 30s in PMMA developer and
rinsed for 15s in isopropyl alcohol (IPA). This procedure removes the areas exposed by the
e-beam, leaving behind positive mask in PMMA. PMMA developer that we used is the
mixture of 2-ethoxyethanol:methanol with 3:7 ratio. In Figure 3.10(b) we show one of the

structures after e-beam writing and PMMA developing.
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Ion beam etching (IBE) is used to transfer the mask from the PMMA into the Au (Fig-
ure 3.11). Ar™ ions are accelerated towards the sample with beam voltage Vg = 500V, and
the beam current is Ig = 10mA. After ¢ = 3min the mask is transferred from the PMMA
into Au. In Figure 3.11(d) we can see that after the ion milling Au is completely perforated,
and the pattern is partially transferred into the SigNy as well. Also, it can be seen that
after the pattern is transferred into the Au layer, the mask quality deteriorates. Similar
results were observed at higher beam voltages as well (1,500V). In order to explore this
problem, we have evaporated Au using two different evaporators, as well as tried different
metal layers (Cr). However, poor results remained to exist. It is interesting to note that
the problem was somewhat geometry related as well, and was less apparent in the case of
square lattice photonic crystal lattice. Therefore we have attributed this problem to the
erosion of PMMA. This problem was solved in the second generation of fabricated samples
by excluding the Au mask layer and ion milling step altogether (Section 4 of this chapter).

After milling, we used reactive ion etching (RIE) to transfer the mask from Au into
Si3 Ny, using mixture of 25 sccm of CoFg and 5scem of Ar as a gas chemistry. This etch
step was done at pressure P = 3bmT orr with RF power of Prr = T0W, and the built-up
DC voltage Vpe =~ 320V. It takes about t = 4min to etch 100 — 130 nm of Si3Ny, Figure
3.12 shows SEM micrograph of the sample after RIE step.

At the end, the patterns were transferred into the InGaAsP using inductive-coupled
plasma RIE etching. We used the mixture of Ar and Cl to perform this final etch step.
It is well-known that InP-based materials are hard to etch unless the temperature of the
sample is elevated to about 200°C. Due to lack of the heated chuck in our ICP RIE sys-
tem, the sample was heated locally by very strong plasma. The ICP-RIE etch starts with
15sec treatment with 10scem of Ar (P = 1mTorr), and is followed by 15sec etch in Cl/Ar
chemistry. The etch-parameters are pressure P = ImTorr, ICP power P;cp = 800W, RF
power Prr = 155W and gas mixture of Cl:Ar=15sccm:10scem. In spite of short etch time
we were able to etch about 1.3um into the InGaAsP/InP material. However, the etch is
not optimized, and first 50 — 100 nm is somewhat rough while the rest has very smooth
side-walls. The sidewalls are straight throughout the thickness of the InGaAsP slab.

Finally, the remaining Si3/N4 mask is removed in a HF acid and the InGaAsP mem-
brane is released from the substrate by wet etching in 4:1 HCl:water solution at 4°C'. HCI

goes into the photonic crystal holes, and selectively attacks InP sacrificial layer, leaving In-
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Figure 3.11: SEM micrographs of the cavity after the ion milling step: (a), (b) are top
views, and (c) and (d) view at 30° angle.
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Figure 3.12: SEM micrograph of the sample after RIE. (a) Top view and (b) at 30° angle.
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Table 3.3: Process parameters for fabrication of the first generation samples

IBE RIE ICP RIE

Vieam = D00V Prp =T70W Prep = 800W
Viaee = 100V Upc = 320V Prp = 155W
Lyearm = 10mA Pprocess = 3dmTorr  Pprocess = lmTorr
Pprocess = 2e —4Torr  CoFg flow= 25scem  Cl flow= 15scem
Ar flow= 1.7sccm Ar flow= 5scem Ar flow= 10scem
etch time = 3min etch time = 4min etch time = 15sec

GaAsP membrane and InGaAs etch-stop layer intact. However, since HCI does not attack
InP isotropically, but rather along well defined crystal planes, it is not straightforward to
release the membrane from the substrate. Therefore, care needs to be taken when designing
the cavities in order to facilitate wet-etching step.

The whole fabrication procedure is summarized in Figure 3.13, and details of each fab-
rication step are tabulated in Table 3.3.

In Figure 3.14 we show some of the fabricated structures. Each pattern consists of six
different cavities that have received the same electron-dose during the e-beam lithography
step, and therefore should have similar hole size (r) and lattice constant (a). The only
difference between the cavities in one structure is the value of the dislocation parameter p
that assumed values in the range p/a € (0,0.25). Fifty different structures were fabricated
on the same sample, and they were arranged in the matrix with 5 rows and 10 columns,
yielding the total of 5-10 - 6 = 300 cavities [Figure 3.14(d)]. In our experiments we tested
several structures, but in this work we show results for three structures (total of 18 res-
onators). The structures are labelled a9, by and by, according to their position within 5x10

matrix of fabricated structures.

In Figure 3.15 we show scanning electron microscopy (SEM) micrographs of four cavities
that lased, as described in the following section. In order to determine the exact geometry
of these nano-laser, we performed detailed image-analysis of the SEM micrographs of these
four cavities. We used pattern recognition procedure to determine the area of all holes

that make photonic crystal mirrors, and to estimate the radius of each holef. The results

iThe details of pattern recognition procedure are discussed in Section 4 of this chapter
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InGaAs etch stop Lundercut air region

Figure 3.13: Fabrication procedure for PPC lasers made in InGaAsP material. RF sputter-
ing (1) is used to deposit dielectric and is followed by deposition of Au mask (2). E-beam
lithography consists of PMMA deposition (3), e-beam writing (3) and PMMA developing
(4). Patterns are transferred from PMMA into Au using IBE (5) and then into SizNy
using RIE (6). Finally, cavities are etched into InGaAsP using ICP-RIE (7) and the mem-
brane is released from the substrate in HCI (8). Final structure is a free standing InGaAsP
membrane with four quantum wells (thin red layers).



50

membrane (b f/— TS

\

P3

{
- 3 \’
undercut region )

elongéted row

Figure 3.14: SEM micrograph of the structure bs. Each structure consists of (a) six different
cavities with different elongation parameters: py = 0, p; = 0.05-a, ps = 0.1-a, p3 = 0.15-q,
ps = 0.2-a and ps = 0.25-a. (b) Blow-up of p3 cavity, and (c) of a single hole (tilted).
Quantum wells and undercut air region can be seen. (d) Optical image of all 50 fabricated
structures. Structures for which we show experimental data are indicated by arrows.
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Table 3.4: Geometry of four nano-lasers tested in the experiment
r r/a Tdef Tdef/a
az,ps 126 nm  0.290 ~50 nm 0.115
bi,ps 125nm 0.290 =71 nm 0.162
by, p5 139 nm  0.320 =73 nm 0.168
bgy pg 138 nm 0317 =73 nm 0.168

are shown in Figure 3.15 and summarized in Table 3.4. In case of by structure, that we
show the most experimental data for, the average hole size is found to be r ~ 140 nm,
and average periodicity of the photonic crystal lattice a = 435 nm. This geometry yields
relative thickness of d/a = 0.76 and relative hole size r/a = 0.32. This is slightly different
geometry than the one that we analyzed in the Section 2 of this chapter. Due to increased
hole size, Q-factors of fabricated structures are expected to be smaller than those reported
in previous section. Moreover, Q-factors are expected to be even further decreased due to

increased scattering of light at the rugged hole walls$ (Figure 3.15).

3.3.2 Characterization of High-Q Cavities

Fabricated structures were tested at room temperature using micro-photoluminescence ap-
proach (uPL). Due to poor heat sinking in our membrane-based devices, optical pumping
was performed in pulsed regime, with limited duty cycles. The experimental setup is shown
in Figure 3.16. As the pump we used diode laser emitting at A = 830 nm. In most cases
structures were pumped with 1% duty cycles, using 10ns pulses with 1us periodicity, or
30ns with 3us periodicity. The pump beam was focused through 100x objective lens onto
the sample surface to obtain a spot size of about 2.5-1.5um?. The emission from the cavities
was collected through the same lens, and the spectrum of the emitted signal was analyzed
with an optical spectrum analyzer (OSA). Flip-up mirrors were used to obtain the optical

images of the excitation pump-spot and the cavity modes.

$The fabrication procedure can be improved/simplified by using chemically assisted ion beam etching
(CAIBE) instead of combination of RIE and ICP RIE. Cl-based CAIBE is known to have good selectivity
of etching between InGaAsP and PMMA when etching is done at higher temperatures (~ 200°C).
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Figure 3.15: SEM micrographs of (a) a2 p4, (b) b1 ps, (¢) by ps and (d) by ps along with the
distribution of hole sizes in the bulk photonic crystal mirrors surrounding each cavity.



Figure 3.16: Experimental setup. Pump beam (A = 830 nm) is focused on the sample using
high-power NIR lens (100x). Si detector behind beam splitter (BS) is used to monitor the
pump power. Emission from the sample is collected using the same lens, and is analyzed
with an optical spectrum analyzer (OSA). The emission from photonic crystal resonators
can also be monitored with an infrared camera (IR) using a pair of flip-up mirrors. Inset
shows the size of the pump beam.

First we measured the emission from the unprocessed InGaAsP material and obtained
the gain spectrum of the active material. We found that emission exists between 1300 nm
and 1650 nm, with a maximum at around 1550 nm [Figure 3.17(a)]. Assuming the lattice
constant of ¢ = 436 nm (as in the case of the most of the fabricated structures) this wave-
length range corresponds to normalized frequencies of a/A € (0.264,0.335), which is within
the bandgap of the bulk photonic crystal mirrors surrounding the cavity. The emission from
the quantum wells is modified when the slab is suspended in the air, even without presence
of the PPC lattice. Fabry-Perot resonances observed in Figure 3.17(b) are due to cavity
formed between etched facets of the membrane.

As the next step we tested all six cavities in by structure in order to characterize their
resonant modes. We found two prominent resonant peaks in these cavities, all positioned

within the bandgap of photonic crystal mirror¥ (Figure 3.18). We also observed that the

TRelatively large linewidths of the resonances are due to the resolution bandwidth of OSA in this case
(RB = 5 nm). When measurements are taken with smaller resolution (RB < 1 nm), linewidths are much
narrower and limited by the Q of the cavities.
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Figure 3.17: (a) Emission from unprocessed InGaAsP material and (b) from rectangular

membrane suspended in air. Fabry-Perot resonances, due to rectangular cavity formed
between etched facets, can be seen.
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Figure 3.18: Structure by. Position of resonant modes detected in cavities py + ps as a
function of the elongation parameter p.

positions of these resonances depend strongly on the value of the elongation parameter p.
This is the signature of the HQ and LQ modes of our cavity, as observed in theoretical treat-
ment presented in previous section. Originally double degenerate dipole modes of a simple
single defect cavity (pg) become split apart as dislocation is introduced, and the splitting
between two modes increases as amount of dislocation increases. LQ mode positioned at
higher frequencies (shorter wavelength) is shifted towards shorter wavelengths, while HQ
mode is shifted towards longer wavelengths, as the central row becomes more stretched.
The experimentally observed mode-splitting is the signature of HQ and LQ modes of the
cavity, and is the first indication that observed resonances correspond to HQ and LQ modes.
Slight variations in the case of structure ps (peaks jump towards longer wavelengths) might
be attributed to the non-uniform defect hole size. Indeed, as we observed in previous sub-
section, positions of HQ and LQ resonances are strongly dependent on the defect hole size.
In addition, LQ and HQ modes are split even in the case of py, even though theory predicts
double-degenerate modes in that case. This can be attributed to the broken symmetry of
the structure due to the fabrication-related disorders.

In previous section we predicted that HQ and LQ cavity modes are linearly polarized
with orthogonal polarizations. In order to verify that observed resonances are HQ and LQ

modes of the cavity, we checked their polarization properties. By introducing polarization
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plate into the PL signal path (Figure 3.16) we could analyze polarization of the emitted
photoluminescence signal. The results are shown in Figure 3.19. It can be observed that
two resonances are linearly polarized with orthogonal polarization. Moreover, the mode at
longer wavelength (smaller frequencies) is polarized along x-axis, and the one at shorter
wavelength along y-axis, as expected in the case of HQ and LQ mode, respectively. In Fig-
ure 3.19 we also show the position of the two modes as calculated using 3-D FDTD method.
The results of numerical analysis are in excellent agreement with experiments, and they
predict existence of the HQ and LQ modes at almost exactly the same wavelengths as the
ones found experimentally. Bigger linewidths observed in numerical simulation are due to
the methodology of FDTD algorithm”. However, agreement between theory and experi-
ments is still very good.

Based on the polarization properties of the observed resonances, their strong depen-
dence on the amount of stretching of the central row, their position within the bandgap of
photonic crystal mirror as well as an excellent agreement with theoretical predictions, we
conclude that the resonances that we observe are localized dipole modes of our nanocav-
ity. The resonance at shorter wavelength is LQ mode of the cavity, and the one at longer
wavelength is the HQ mode. According to theoretical predictions, for rg.y ~ 0.15a (the
case of fabricated structures), the Q is maximized when p = 0.25a. Therefore, we expect
that the cavity ps has the highest Q factors of all the fabricated structure and it is the best

candidate for realization low-threshold laser.

3.3.3 Room Temperature Laser

As the next step, we investigated the dependence of the PL signal on the input pump
power. In order to prevent overheating, the structures were pumped with limited duty
cycles (1% — 3%). Since our cavities have high Q factors and very small mode volumes it
is expected that the lasing action will occur even at the room temperature. In Figure 3.20
we show the dependence of detected peak output optical power as a function of peak input

optical power - light-light (L-L) curve - for HQ resonant mode of ps cavity in structure by.

ITn order to have sufficient resolution in frequency domain, many time-steps are needed and FDTD
simulation needs to be done for a long time (e.g., days/weeks). In most cases this is not practical and
shorter calculations are performed, resulting in poor frequency resolution
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icity was lus in both cases. Spectra taken above threshold for DC = 1% (red) and below
threshold for DC' = 3% (black arrow) are shown as insets. (b) Wavelength chirp in case of
DC = 3%.

The peak input power is the amplitude of the pump beam at the sample surface. The reflec-
tion from the sample is not taken into account, and actual power that “pumps” quantum
wells is smaller. This is important to keep in mind when comparing pump powers reported
in literature. When structure ps is pumped with 1% duty cycle characteristic lasing curve
is observed, with the threshold power as low as Py, = 214uW . In the same figure we show
the spectra above the threshold. The linewidth above the threshold is reduced to only 0.117
nm, and was limited by the resolution of or OSA (0.1 nm). The existence of the thresh-
old and linear region in L-L curve, and the linewidth narrowing above the threshold are
indication of the lasing action in our nanocavities. Therefore, we conclude that the cavity
ps in structure by is lasing when pump power is bigger than 214pW. This is the smallest
threshold power reported so far in the case of photonic crystal lasers based on quantum well
materials.

When duty cycle is increased to 3%, the threshold power increases to 520 . We have
attributed this increase in the threshold power to poor heat dissipation of our nano-laser
and its increased temperature. Quality factor in the case of ps structure was estimated from

below threshold luminescence measurements to be around @ =~ 2,000 (Figure 3.20). How-
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ever, it should be mentioned that by estimating Q factors of the cavity from below-threshold
characteristics, we underestimate actual Q-value. This is due to additional losses intro-
duced in the cavity due to the re-absorption of light in the active region (quantum wells).
We expect actual Q-values to be higher and in the range of 6,000 as predicted by theory.
In Figure 3.20(b) we show the spectrum of the lasing HQ mode above the threshold when
DC = 3%. Wavelength chirping is apparent, and is most likely due to the overheating of the
sample when cavities are pumped with high power, or due to the variation of the refractive
index due to the carrier dynamics, when structures are pumped with longer pulses (30ns in
this case).

In Figure 3.21 we also show L-L curve for p4 cavity in the by structure. It can be seen
that threshold is higher in this case, and it is around Py, = 950uW . There are several rea-
sons for increased threshold: gain provided from quantum wells is smaller at this wavelength
(A = 1457.5 nm) than in the case of ps cavity (A = 1504) since gain peaks at A ~ 1550
nm; second, for rg.y ~ 0.15a Q factor of py cavity is smaller than Q factor of p5, as shown
in Section 2; finally, p5 structure has more dielectric material in the cavity region (bigger
dislocation), and the mode-overlap with the gain material is better than in the case of p4
structure. In the inset of Figure 3.21 we show spectrum of the HQ) peak of the py cavity (set
by), taken at the threshold. Full-width half-maximum of the resonance is FWHM = 0.34
nm, and that corresponds to Q factor of ) =~ 4,300. This is in good agreement with our
theoretical predictions of ()p4 = 4,000. However, since the spectrum is taken at the thresh-
old, it is possible that the linewidth is narrowed due to gain provided by quantum wells.
Therefore, this high Q value that we measure should be taken with caution, and more de-
tailed analysis needs to be conducted in order to get reliable estimates for Q-factors. For
example, structures defined in passive materials (e.g., SOI) can be characterized in order

to get unambiguous estimates of Q-factors.

Based on the experimental results presented so far, we can conclude that in spite of the
unusual design of our nanocavities (air hole pierced at the center of the laser where the
cavity field is the strongest) and reduced overlap with the quantum well (gain) region, our
structures lase at low threshold powers. We have attributed this to high quality factors and
small mode volumes of our cavities (big Q/Vinode factor). In order to even further reduce

threshold powers, it is beneficial to increase Q of the cavities. This can be accomplished by
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Figure 3.21: Cavity by. L-L curves for structures ps and py pumped with DC = 1%.
Reduced differential quantum efficiency in the case of p4 structure is due to the smaller Q
factor. Spectra for py structure, at and above threshold, are also shown.

reducing the size of photonic crystal holes and thereby reduce out-of-plane scattering. In
addition, the defect hole should be made smaller in order to increase mode overlap with the
dielectric and increase the gain in the cavity. As it can be seen in Table 3.4, cavity ps from
set by satisfies these conditions. Therefore, we expect to observe small threshold power in
the case of this cavity. In Figure 3.22 we show the positions of the resonant modes in the
cavity by ps. The spectra are taken for two different pumping levels, and line-narrowing can
be observed as laser is pumped harder. It can be seen that HQ resonance is positioned at
A = 1560, almost exactly at the position of the maximum gain (A = 1550 nm). Q-factor of
the LQ mode was estimated to be ()¢ = 505. In Figure 3.23 we show L-L curves for this
structure, taken on two different days. It can be seen that threshold power in this structure
is smaller than in the case of structure by, ps shown in Figure 3.20.

In Figure 3.24 we show L-L curve for as py4 cavity, as well as tuning characteristics
of structure as. This cavity also supports two modes, and the one at longer wavelength
(HQ mode) lases. Since both holes in the bulk photonic crystal mirror surrounding the
cavity and the central defect hole are smaller in this case (Table 3.4), resonances are shifted

towards longer wavelengths. A photoluminescence spectrum taken above threshold, as well
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at A = 1598 nm. Insets show spectrum above threshold, and mode profiles of the lasing
mode for several pump levels. The boundaries of the structure can also be seen. The mode

is very well localized to the center of the cavity. (b) Tuning properties of ay structure, as a
function of the elongation parameter p.

as the mode profiles taken at different pumping levels, are shown in the inset. The size of
the light spot emitted from the nano-laser is on the order of 3.9um?, a strong indication
that this laser has a small mode volume. When the pump beam is only slightly moved from
the center of the cavity (less than 1um), the strong signal shown in Figure 3.24 disappears.
This result is qualitative confirmation that we are indeed observing well-localized, small
mode-volume, resonant mode of our nanocavity. In order to obtain quantitative estimation
of the mode size as well as an image of the mode profile near field scanning optical mi-

croscopy (NSOM) can be used as a powerful tool.5

3.4 Photonic Crystal Lasers as Chemical Sensors

The construction of compact spectroscopic tools for the optical analysis of ultra-small

(< 10715 liter) sample volumes remains an important goal in the development of integrated
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microfluidics systems. Miniaturization of appropriate light sources and detectors can en-
able very compact and versatile “laboratory on a chip” devices, in which many analytical
functions can be monolithically combined. One of the device integration platforms which is
ideally suited to enable such integration of ultra-small and efficient optical components is the
membrane based planar photonic crystal, defined in high refractive index contrast materials
by standard lithography and semiconductor fabrication processes. Compact lasers, high-Q
cavities, waveguides and prisms have been fabricated and demonstrated in semiconductor
slabs of silicon, GaAs or InGaAsP. These devices have been used to generate, concentrate
and route light efficiently within nanophotonic chips.

So far, the applications of planar photonic crystals have been restricted to large-scale
integration of optical wavelength division multiplex (WDM) components for telecommuni-
cations. Here, we propose application of planar photonic crystal cavities in the development
of chemical sensors, with high spectral resolution and excellent sensitivity to changes in the
absorption or refractive index of their surrounding. By combining an unconventional cavity
geometry with optical gain at 1550 nm, we have defined ultra-small sensor elements which
can emit a very narrow spectrum. Our porous cavity design permits the introduction of an-
alyte directly into the high optical field of the laser cavity, and, due to the ultrasmall mode
volume of our lasers, permits the sensitivity to optical changes within femtoliter volumes.
The introduction of absorbing or fluorescing molecules into such cavities is expected to have
a large influence on the optical signature, and the high fields obtained in the cavity can
be used for spectroscopy of the cavity contents (e.g., Raman or absorption spectroscopy).
This will enable the sensing and analysis of individual organic molecules or self-assembled
quantum dots, and offers a unique opportunity to achieve strong interaction between light
and molecules on a nano-scale level. We propose to use these lasers for high-resolution
spectroscopy with single-molecule sensitivity.

The cavity geometry that we have chosen for our chemical sensors is based on a frac-
tional edge dislocations introduced in the previous sections. The cavity design is shown
again in Figure 3.25 and it can be seen that the energy of the mode is mostly confined to
the central defect hole. In order to increase the interaction between light and the material
within that hole, a larger defect hole diameter is preferred. However, increase of the hole
size reduces the gain provided by the light emitting quantum wells within the laser cavity

and thereby increases the threshold of our laser. Therefore, a trade-off between the optical
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overlap with the analyte cavity and the optical gain is needed, as pointed out in section 2
of this chapter. We decided to use the cavity with r/a = 0.3, d/a = 0.75, 74 /a = 0.15 and
p/a = 0.25 since this design was shown to have reasonably high Q while maintaining small

defect hole size.
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Figure 3.25: Scanning electron micrograph and calculated field distribution of a photonic
nanocavity laser sensor.

3.4.1 Fabrication of Photonic Crystal Bio-Chemical Sensors

To demonstrate our biochemical sensors, photonic crystal nanolasers were fabricated in
the same InGaAsP quantum well material as the one described in previous section (Table
3.2). Optical gain was provided by four 9 nm thick, compressively strained quantum wells,
placed in the center of a 330 nm thick InGaAsP slab. The emission from the quantum wells
was in the range A € (1300,1600) nm, and these were embedded within a free standing
membrane, patterned with a photonic crystal lattice. This time, we controlled the precise
emission wavelength either by scaling the lattice parameter, or by changing the size of the
defect hole introduced into the lattice to form the cavity. The structures were tested using
micro-photoluminescence approach, and were optically pumped at room temperature with
30ns pulses of 3us periodicity (Apump = 830 nm). In this work we used the same photo-
luminescence setup as the one described in the previous section.

Fabrication procedure was slightly modified in order to improve the quality of fabricated
structures. In this case, the RIE process was modified by replacing CyFgs gas with C'H F3.
CHF;3 is known to have good etch selectivity between SizNy and PMMA. Therefore, we
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Figure 3.26: SEM micrograph of structures B:rycs (a, b) and Cirscpsmall (c) after reactive
ion etching using PMMA as the mask and C'H F3 as the reactive gas.

were able to etch SizNy using PMMA as the only mask, and problematic Au layer and
milling step were not necessary any more. Patterns were again defined in PMMA by means
of e-beam lithography and then they were transferred into Si3/N4 using RIE. 20sccm of
C H F3 reactive gas was used and chamber pressure was kept at 16mTorr. RF power used
in this RIE step was 90W and built-up DC voltage was Upc = 480V. The etch was done
for 3 minutes. Results of this improved RIE step, for several structures that we have tested
experimentally, are shown in Figure 3.26. It can be seen that the quality of the etch has
improved, but some PMMA erosion is still present. Finally, patterns are transferred from
SigNy into InGaAsP using ICP RIE using the same conditions as in the previous section.
The membrane was released from the substrate using HCL.

In order to make structure more mechanically robust and less susceptible to the vibra-

tions, we have redesigned the trenches around the cavity so that the membrane is supported
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Figure 3.27: SEM micrograph of high-Q planar photonic crystal cavity, defined in the
suspended membrane.

at two sides (Figure 3.27). Since HCI attacks sacrificial InP layer only along well defined
crystal plains, undercutting of the structures that are supported at both sides turned out
to be more complicated. In some situations it was impossible to remove InP completely
underneath the membrane. This can be seen as light gray region underneath the membrane
in Figure 3.28 and at the bottom and top of the figure. This is particularly serious problem
in the case of structures with small photonic crystal holes. This problem can be fixed by

beam-writing the patterns at angles different from major crystal planes.

As shown in the previous sections, the properties of photonic crystal devices depend
strongly on the periodicity of the lattice but also on the size and shape of all the holes in
the photonic crystal lattice. Therefore, it is necessary to control these parameters and to
minimize fabrication related disorders. In order to quantitatively characterize the quality of
our fabrication process we have used simple pattern recognition technique. The procedure is
based on detection of the edges of photonic crystal holes in the SEM image of the structure.
Panels (b) and (c¢) in Figure 3.29 show the holes detected in SEM micrograph shown in
Figure 3.27(a), and panel (d) shows distribution of the hole radii. The radius of each hole is
estimated by calculating the area of the hole, assuming the circular shape of the holes. The
average lattice constant is estimated as the average periodicity in each row of holes shown

in Figure 3.29(c). The resolution of this procedure ultimately depends on the resolution of
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Figure 3.28: Membrane not completely released from the substrate. The light gray region
at the bottom and top of the figure, as well as the diagonal line at the left side of the figure
are regions where sacrificial InP was not completely removed. Q-factors can be spoiled
significantly if non-undercut region is close to the cavity region.

the SEM image, as well as on the magnification used to obtain the SEM image. In case of
Figure 3.29(a) the resolution was ~ 4 nm. As it can be seen fluctuation of the hole radius
(=~ £4 nm) and that is within the resolution of our technique. A quasi-periodic fluctuation
of the hole size observed within each row (hole in the middle of the row are slightly bigger
than the holes at the ends of the row) can be attributed to the proximity effect - the holes
in the center receive bigger effective dose. This can be corrected by reducing the size of the
holes or the dose that holes in the center receive. By comparing the quality and uniformity
of these fabricated structures with those described in the previous section (Figure 3.15) we
conclude that new fabrication procedure has much better uniformity and reproducibility.
Our simple hole-detection procedure can be used to compare theoretical and experi-
mental results for our high-Q cavities. For example, we used the information from Figure
3.29(c) to generate an input structure for 3-D FDTD algorithm and to numerically model
real structure, with all imperfections taken into account. Then, the only discrepancy be-
tween experimental and numerical results comes from the discretization of FDTD algorithm

and the assumption that the walls in our etched structures are straight.
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Figure 3.29: Pattern recognition. (a) SEM micrograph of one of the structures. (b) Blow-up
of the region indicated by square. Edges of the holes detected in this step are shown in red.
(c) Detected holes are shown in white and their area is calculated and used to estimate (d)
the radius of each hole.
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3.4.2 Chemical Sensing

Our porous cavity design permits the introduction of analyte directly into the high optical
field of the laser cavity. When the overlap between that introduced analyte and the optical
field generated in the laser cavity is optimized, the sensitivity of a fabricated nanocavity
sensor can be maximized. Photonic crystal nanocavities can support high optical fields with
very small mode volumes, and such structures are expected to be ideal for the analysis of
reagent volumes below 10716 liters. The introduction of absorbing or fluorescing molecules
into such cavities is expected to have a large influence on the optical signature, and in
turn the high fields obtained can be used to excite nonlinear effects and can be used for
spectroscopy on the cavity contents.

The simplest method of optically sensing ambient material uses wavelength shifts in the
laser spectrum to measure refractive index of ambient. In this method, the sensitivity of the
sensor depends on the smallest change in refractive index that can be optically detected.
In passive devices, this is related to the width of the cavity resonance peak which in turn is
determined by cavity quality Q. However, a laser linewidth can be much narrower than the
passive cavity resonance, and even smaller shifts in the lasing wavelength can be detected by
taking advantage of the spectral narrowing from stimulated emission above laser threshold.

To test the influence of a change in ambient refractive index on the laser spectrum of a
cavity, we have backfilled our photonic crystal lasers with isopropyl alcohol and methanol.
Figure 3.30 shows position of the resonances from six different lasers after immersion in air,
isopropyl alcohol (IPA) and methanol. It can be seen that wavelength shifts of up to 67 nm
can be observed when a cavity is immersed in IPA. This red-shift corresponds to a change in
refractive index from 1.0 to 1.377, and yields roughly 1 nm spectral shift for a 0.0056 change
in refractive index. When IPA is replaced with methanol (n = 1.328), the laser resonance
experiences a blue shift of &~ 9 nm, which is again in good agreement with predicted shift of
~ 13 nm from our theoretical predictions (Figure 3.8). We have also investigated the depen-
dence of the cavity resonance wavelength on the lithographic laser geometry, particularly
the lattice constant (a) and the dislocation (p/a)in the photonic crystal cavity. Resonances
experience red shifts of &~ 80 nm when the periodicity is changed from ¢ = 446 nm (dashed
lines) to a = 460 nm (solid lines). This lithographic tuning of the emission wavelength

can be used to ensure an overlap of the cavity resonance peak with the InGaAsP quantum
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well emission gain curve even when the cavities are immersed in a reagent. Laser threshold
curves before and after immersion into alcohol are also presented in Figure 3.30. After im-
mersion, the laser threshold power for the cavity measured was reduced since the emission
wavelength was shifted to match the maximum gain of the quantum wells. However, the
differential quantum efficiency of the immersed cavity is slightly lower, which may reflect

the lower laser cavity Q after immersion.

In order to explore the sensitivity of our lasers on the changes in the refractive index of
environment we used fluids with known refractive index**, in the range nep, € (1.295,1.335)
(specified at A = 1.5 um) with step Angp, = 0.005. A new sample was fabricated, with total
of 9x8 cavities [nine rows (R) and eight columns (C)|. Here we report the results for three
different cavities, labelled RgC5, R7C5 and R;C5 according to their position within the 9x8
matrix. Cavities in column 5 (Cs) have fractional edge dislocation p/a = 20%, whereas
cavities in column 3 (C3) have dislocation of p/a = 10%. Structures in row 6 (Rg) have
lattice constant ¢ = 427 nm, and structures in row 7 (R7) have lattice constant a = 454
nm. In Figure 3.31(a) we show dependence of the frequency of the resonant HQ mode as a
function of the refractive index of environment (7¢y,). It can be seen that frequency shifts
depend linearly on nep,, as predicted by numerical analysis presented in Section 2. The
experimentally obtained sensitivities (slopes) are in good agreement with numerical results.
However, 3-D FDTD result presented in Section 2 is obtained for structure with p/a = 25%
and therefore direct comparison between our numerical and experimental results is not pos-
sible. Also, shifts that the cavity resonances experience when nepy, is changed will depend
strongly on the size of the holes in PPC mirror (r/a) as well as on the size of the defect hole
(rgef/a). For example, it is expected that structure with bigger r/a will be more sensitive

to the changes in nep, !’

While relation between a/\ and nep, is useful for comparison between theory and exper-
iments, relation between A and ney,, is of more practical importance. That dependence

is shown in Figure 3.31(b) and we can see that the emission wavelength depends almost

“*Refractive index fluids are based on mixture between perfluorocarbon and chlorofluorocarbon.
tIn Chapter 2 we found that air-band edge in structure with bigger holes is more sensitive to changes
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Figure 3.30: (a) Sensor response measured from 6 nanocavities with a lattice parameter of
a = 446 nm (dashed lines) and ¢ = 460 nm (solid lines) as a function of p/a dislocation
parameter. The three curves correspond to the laser wavelength with air, methanol and
IPA backfilled into the cavity. (b) Spectrum change and (c) threshold curve change of laser
before and after filling with TPA.



—
Y
N’

® & ¢
A A A
~ T~ o
[T )

e
\ \\
\

T 0.205T .

0.29 \

a/A=-0.0400"n+0.3360

normalized frequency a/j.
o
w

0.285--a/A=-0:0464"n+0.3566 ~~y
a/\=-0.0463"n+0.3637 e,
Il | 1 Il
1 1.05 1.1 1.15 1.2 1.25 1.3 1.35

refractive index of environment (nenv)

(b) 1560

1550+

A=228.2*n+1206.73 nm
A=243.0"n+1216.47 nm
A=252.0"n+1168.02 nm

1odr 4 /"‘"’t

1520 ‘ ‘ -

1510} « .__,_,/

1500 F ’//"‘
[

1490+ ‘ ‘ -

OO0
w oo

wavelength [nm]

1480 1 | 1 1 1 | 1
129 1285 13 1305 131 1315 132 1325 133 1335 134

refractive index of environment (nenv)

Figure 3.31: Dependence of (a) a/A and (b) A of HQ mode on refractive index of the
environment (ne,,). Three different cavities, labelled RsCs, R7C5 and R;Cs, were tested.
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linearly on the refractive index of environment. The sensitivity of the laser emission wave-
length on the changes in nep, is AN = 243 - Aney, in case of structure R;C5, and this
is very close to sensitivity obtained using 3-D FDTD model (AX = 266 - Anepy). In our
experiments we changed 7y, in steps Ane,, = 0.01. The data points represented by square
in Figure 3.31(b) correspond to Aney, = 0.005. It can be seen that they also follow the
predicted linear trend, and red shift of &~ 1.2 nm is measured (structure R;C5) when ngp,

is changed from 1.315 to 1.32.

3.4.3 Dense Integration of Laser Sensors

We have also tested structures with different defect hole sizes (r4cs/a) within the same pho-
tonic crystal platform in order to explore the integration multi-wavelength photonic crystal
lasers with lithographically predetermined spectra. These devices are particularly interest-
ing as compact multi-wavelength light sources, but are also useful if many reactions have
to be monitored at the same time. Individual reactions can be observed in laser cavities
which have predetermined spectral signatures, and optically read by observing changes in
the collective spectrum of a multiwavelength laser array. In Figure 3.32 we show both the
structure and accompanying spectra of three optical cavities fabricated within a common
photonic crystal slab with a = 446 nm and r = 134 nm. The sizes of the defect holes which
define the optical cavities were varied from 7y, = 74 nm, r,,;; = 85 nm and ry;; = 97
nm, and a detailed view of one of the cavities is shown in the inset. The distance between
the cavities is 10 lattice periods or ~ 4.5um. This distance can be even further reduced (to
about 2um) since the radiation of the HQ dipole mode of the cavity is predominantly along
y-axis direction [Figure 3.25(b)] and therefore the cross-talk between two adjacent cavities

is minimal.

To characterize our highly integrated lasers, cavities were pumped individually, and
well-confined spectra were obtained from each of these cavities. The lasing wavelength of
the cavities could be tuned from A = 1420 nm (for ry;,) to A = 1550 nm (for reyen). It
is important to emphasize that the emission from each nanocavity could be observed only
when the pump beam was positioned exactly on top of the nanocavity. Even slight varia-

tions in the position of the pump beam resulted in turn-off of the laser.
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Figure 3.32: (a) Fabricated structure consists of three cavities integrated within the same
photonic crystal mirror. Defect holes are indicated by arrows, and their size increases from
right to left. (b) Resonances detected in each cavity. Mode experience blue-shift as the size
of defect hole increases. Positions of pump-beam are shown.
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Figure 3.33: Simultaneous emission from two adjacent nano-lasers pumped simultaneously
using big pump spot. Insets show near-field image of the light emitted from nanolasers.

We were also able to achieve simultaneous emission from two adjacent nano-lasers by
de-focusing the pump beam so that the pump spot covers the whole structure shown in
Figure 3.32(a). The results are shown in Figure 3.33. Emission from cavities with defect
hole radius 7rgnen and ;4 was detected. As it can be seen, by lithographic tuning the
nanocavities and by the choice of pump position, it is possible to achieve simultaneous las-
ing at two different wavelengths with comparable output powers. By adjusting position of
the pump beam we were also able to choose between the two lasers, and enhance the signal
from one laser while suppressing the other one. Insets show the near field image of the
emitted signal obtained using our NIR camera. This time, pump beam is cut-off with filter
(GaAs wafer) and cannot be seen in the image, and the light detected with camera is the
light emitted from the quantum wells. As expected, the strong emission exists at positions

of our nanocavities, only.

3.5 Conclusions and Future Work

In this chapter we have presented the design, fabrication and characterization of high-Q
photonic crystal nano-cavities. 3-D FDTD method is used as a design tool, and cavities
were fabricated in various material systems (InGaAsP, AlGaAs, and silicon on insulator).

Nanocavities made in InGaAsP active material were tested at room temperature, and were
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optically pumped with pulsed laser source. Lasing is observed from the high Q dipole modes
of these nanocavities. In spite of the unusual design of our structures, which have a hole
etched through the position of maximum field intensity and therefore reduced overlap with
gain material, we observe low threshold powers in our devices. We have attributed this to
the small mode volume and the high Q factors inherent to our device design. Polarization
and lithographic tuning properties of two dipole modes supported in the cavity are in ex-
cellent agreement with theoretical FDTD predictions. The mode profile taken by our IR
camera shows that the lasing resonance is well localized to the center of our cavity.

In nanolaser that we have developed high-intensity optical field is localized in the air.
This is fundamentally different from the majority of semiconductor lasers, since they confine
the light in the high-index material. Therefore, our lasers are ideally suited for investigation
of interaction between light and matter placed in the high optical fields. For example, our
high Q laser cavities with small mode volumes provide us with opportunities for integrated
optical spectroscopy systems. We have demonstrated this concept and showed that changes
in refractive index of the ambient surrounding the laser cavities can be measured by ob-
serving the shifts in emission wavelengths of the lasers. Small changes in refractive index
can be detected within samples of femtoliter volumes, and such devices can be integrated
into large arrays to permit the analysis of many reagents at the same time. Since InGaAsP
can serve both as a laser gain material as well as a material for light detection, it is possible
to develop compact and integrated spectroscopy systems for detection of chemical and bio-
logical molecules. For example photonic crystal nanocavities with modest Q-factors can be
included to detect changes in the output signal of adjacent laser diodes. We have integrated
our nanolasers with microfluidic systems defined in soft materials (PDMS) in order to en-
able delivery of small quantities of reagents. This will lead towards realization of highly
integrated optoelectronic/microfluidic laboratory on the chip systems. Possible applications
of the system that we have developed are protein detection by monitoring wavelength shifts
due to refractive index changes, detection of sugar level in blood using absorption spec-
troscopy, on-chip Raman spectroscopy for chemical analysis, etc.

Spectroscopy for chemical or biological analysis is typically performed in the UV /Visible
and the mid-IR wavelength ranges. This is a result of the availability of sources, detectors,
and fluorescent dyes, but is also determined by the energy ranges at which bonds and molec-

ular vibrations of molecules are excited. The 1.55um range, although convenient from the
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availability of efficient laser material, is not usually considered to be an interesting range
for direct absorption measurements. Therefore, we are working on development of photonic
crystal lasers that emit at visible wavelengths (red), using AlGalnP material. An additional
benefit from reducing lasing wavelength is the improvement of the Raman excitation effi-

ciency of molecules, which is typically inversely proportional to the pump wavelength.
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Chapter 4

Planar Photonic Crystal
Waveguides

4.1 Introduction

The optical waveguide is one of the most important components of integrated optical sys-
tems, and it has the role that a wire has in an electronic system. In order to achieve

compact, low-loss and fast optical systems, waveguides should be:

1. Low-loss
To efficiently transmit information between different parts of the system, as well as
to minimize cross-talk between different channels (waveguides) and to improve the

security of the system.

2. Dispersion-less

High-speed applications require broad-band waveguides with little dispersion.
3. Single-mode

4. Compact
For example, the capability to efficiently negotiate sharp bends is an important feature

of optical waveguides since large bends consume a lot of chip “real-estate”.

Realization of optical systems in high refractive index contrast materials (e.g., silicon on
insulator) offers an opportunity to satisfy these requirements. Two most researched types
of optical waveguides designed in these systems are silicon wire and photonic crystal waveg-

uide. Silicon wire is a conventional device, whose operation is based on the total internal



79

reflection between the Si core and air/Si0Os cladding. Recently there has been significant
progress in both theoretical and experimental treatment of these structures, and efficient
guiding and bend-turning in silicon wires have been reported when some sort of resonator

is inserted in the waveguide bend.67>8

Photonic crystal waveguide, on the other hand, is
a novel type of waveguide whose operation is based on distributed Bragg reflection due to
the presence of the periodic dielectric lattice.®® The most interesting property of the PC
waveguide is the possibility of making sharp bends, with acceptable transmission efficiency
around the bend.”® " This is due to the fact that a photonic crystal acts like an excellent
mirror and therefore, light in the bend cannot leak outside the waveguide. In addition, pla-
nar photonic crystals offer a great promise for the realization of waveguides with engineered
dispersion properties,”® that can be used to realize compact delay lines,”” interferometers,
etc. Also, by combining interesting dispersion properties of PPC waveguides'® 880 with
dispersion properties of (nonlinear) materials, it becomes possible to enhance nonlinear

phenomena8'—83

of the materials as well as to propagate pulses confined both in space and
time.®* The latter is very interesting for realization of ultra-fast systems.

The idea of using line defects in photonic crystals to guide light was proposed by Meade
et al.,®while Mekis et al. have developed the theoretical foundation of understanding
90° bends in the two-dimensional photonic crystals.%” The disadvantage of using photonic
lattices constructed from dielectric rods surrounding an air waveguide is that there is no
mechanism for low-loss vertical confinement of the light within the waveguide at optical
frequencies. A more favorable geometry is the planar photonic crystal within which a line
defect of missing holes can be defined. Here, we present the theoretical analysis, fabrication
and experimental characterization of waveguides based on planar photonic crystals that in-

corporate two-dimensional photonic crystal geometries for lateral confinement of light, and

total internal reflection for vertical confinement.

4.2 Design of Planar Photonic Crystal Waveguides

4.2.1 Single Line Defect Waveguide

When we introduce a line defect into the photonic crystal by removing an entire line of holes

from the two-dimensional crystal lattice (Figure 4.1), we form the simplest photonic crystal
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Figure 4.1: Schematic of the single line defect waveguide. Unit cell and boundary conditions
used in the FDTD calculation are indicated.

waveguide. By forming such a defect, we are adding “donor impurities” to the photonic
crystal, and as a result modes from the air band are pulled down into the bandgap and
form defect states. Energy can now propagate only along this line defect, and this results
in the waveguiding of light. Propagation in the lateral direction is suppressed since the
defect mode is within the bandgap of the photonic crystal, and propagation in the vertical
direction is prevented since the mode is below the light line. In our case waveguides are
extending along y-axis in 3-D space. Due to the periodicity of the lattice, the waveguides
analyzed here have discrete translational symmetry with periodicity a.

Single line defect waveguides were analyzed using the 3-D FDTD algorithm. Discretiza-
tion was again 20 points per interhole spacing (a = 20). Since a waveguide has reflection
symmetry in vertical (o) and lateral (oy,) direction (Figure 4.2), we could reduce com-
putation time by analyzing only one quarter of the structure by applying mirror boundary
conditions in the middle of the slab and in the center of the waveguide. Bloch boundary
conditions were applied in the y-direction, at the boundaries of the waveguide unit cell.
For analysis of the square lattices, Mur’s ABCs were applied in the vertical direction, at
a distance 3 - « = 60 computational units away from the surface of the waveguide, and in
the lateral direction, after 5 layers of photonic crystal. The half-thickness of the slab was
t = 5 points. Therefore, the computational domain consisted of 110-20- 65 cubic cells. The
advantage of using absorbing boundary conditions over the supercell approach is that we
can map out not only the guided modes of the structure, but also the leaky modes - modes
that satisfy vertical resonance in the waveguide but lie above the light line. In the case
of triangular PC waveguides, Mur’s ABCs were also used in the vertical direction. In this
case, we analyzed 8 layers of photonic crystal, so that total computational box consisted of

141 - 20 - 65 cubic cells.
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Figure 4.2: (a) Cross section of the fabricated square lattice waveguide suspended in the
air and (b) schematic of the waveguide viewed end-on. Reflection symmetry planes are o,
in the middle of the slab (vertical symmetry plane), and o, in the center of the waveguide
(lateral symmetry plane).

In Figures 4.3 and 4.4 we present dispersion diagrams for modes supported in the single
line defect photonic crystal waveguide of square and triangular symmetry. The propagation
constant 3, also labeled as k,, is on the x-axis of the diagram, and normalized frequency
in units a/X is on the y-axis. Dispersion diagram is calculated for 25 different values of
the propagation constant k, (8) in the interval (0,7/a). The direction of propagation of
light in the case of the waveguide made in a square lattice PC is along the I'X direction
in the reciprocal space. Due to the periodicity of the waveguide in the y direction, k, can
only take values in the interval (0,7/a), that is any value between I' and X points. The
procedure for finding dispersion diagram of guided modes was discussed in Chapter 2 and

here it is again briefly summarized. We fix one value of k&, by applying Bloch boundary
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conditions to the boundaries of the waveguide unit cell. Then, we evolve in time the initial
field in the waveguide and store the field evolution in several low symmetry points. We
find the spectrum of these time evolutions by applying a fast Fourier transform. Peaks in
the spectrum correspond to the characteristic modes of the structure. However, not all of
the modes that we find in this way are necessarily guided modes of the waveguide, and we
can detect modes of PC slab, as well. Since guided modes can exist only in the region in
(ky,a/X) space where there are no photonic crystal modes, it is necessary to project all the
bands of PC lattice onto the I' X direction. In Figures 4.3 and 4.4 the dark gray regions are
regions where modes of photonic crystal slab exist. The light line is indicated with the solid
line going from (0,0) to (7/a,0.5). All modes above the light line, in the light gray region,
will leak energy into the air, and modes that exist in the dark gray region will couple to
the states of photonic crystal and leak energy into it. The regions where 3-D localization
of light in the waveguide can occur are shown in white in both Figures 4.3 and 4.4.

By analyzing Figure 4.3, it becomes clear that there are two mechanisms of light confine-
ment in the lateral direction. First, guiding can occur if the mode is below all photonic
crystal modes (modes ej, 01 and o2 in Figure 4.3). These modes do not “see” the Si slab
perforated with 2-D PC lattice as the PBG material, but rather as material with an effective
refractive index (n.sy) lower than the refractive index of Si core (ng; = 3.5). The mecha-
nism of guiding for these modes is similar to the standard index-contrast waveguide: total
internal reflection. Since they do not see periodicity of the PC there is no upper limit for
propagation constant k,, and therefore, at the zone boundary (k, = 7/a), they appear to be
folded back into the first Brillouin zone of the waveguide. However, careful FDTD analysis
of this waveguide mode shows the existence of the small bandgap at the zone boundary.
This is an indication that the modes do “feel” the periodicity of the lattice as discussed in
the later section. When modes cross the regions where the modes of the PC slab exist, they
interact with them and leak energy into the PC. This is due to the fact that the modes of
the PC slab extend outside the first BZ.

Another type of guiding occurs for the modes that are located in the bandgap (modes
es — ey in Figure 4.3). These modes are truly photonic crystal effect guided modes, and
would not exist if there was no periodic crystal lattice. They are pulled down, into the
bandgap, from the air band and therefore we expect them to resemble the properties of

that band. Since the bottoms of the air bands are flat (see band diagrams of the even
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Figure 4.3: Dispersion diagram for (a) vertically even (TE-like) and (b) vertically odd (TM-
like) guided modes in the square lattice waveguide. Symmetry of the modes with respect
to the lateral symmetry plane (oy.) is indicated. Modes are labeled e; — e4 for vertically
even case, and 01 — oy for vertically odd case. Characteristic high symmetry points are also
shown (dielectric band only). Insets show field patterns of (a) B, and (b) E, components
in the middle of the slab (z-slice) for different guided modes. In the case of TM-like guided

modes (0; and 0y), distribution of E, component along the cross section of the waveguide
is shown, as well.
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modes in XM direction, Chapter 2), we expect these PC effect guided modes to have flat
dispersion. The flat dispersion will result in the small group velocity and inefficient trans-
port of energy, the property that needs to be investigated in more detail.

Field profiles of the B, (TE-like modes) and E, (TM-like modes) components of the
field in the middle of the slab (o4, plane) are shown as insets in Figure 4.3. Figure 4.5
shows field distribution of the same components along the cross section of the waveguide
(04, plane) for several different modes. As we can see, all the modes are fundamental in
the vertical direction, and have different number of nodes in the lateral direction. In this
work we are interested in the PBG effect guided modes: mode es in the first order bandgap,
and modes e3 and ey in the second order bandgap. Field profiles for these modes are taken
for k, = % - % . For this value of k,, mode ey approaches, in (k,,a/)) space, modes of PC
slab (gray region), couples to them and leaks energy into the photonic crystal. This can be
observed in the inset es in Figure 4.3(a) as the Bz field pattern penetrating the photonic
crystal. If we move away from the zone boundary, closer to the light line, the mode will
start radiating more energy into the air, and again will experience a loss. If we want to
excite eg mode with an external light source, light will also couple to the leaky e; mode,
since it exists in the same frequency range, and coupling efficiency will decrease. In addi-
tion, the dispersion diagram for the TM-like modes [Figure 4.3(b)] tells us that the mode
02 exists in the same frequency range as the ey, and therefore the single mode operation of
the waveguide is not possible. This problem could be solved by selecting the polarization
of the input light, so that we preferentially couple to the e mode. Modes e3 and ey in the
second order gap have different spatial profiles but are very close in frequency. This can
be understood by analyzing the properties of the PC slab modes. We observe that, in the
case of square lattice, the second air band along XM direction is double degenerate [Figure
2.3(a)], and therefore when pulled down in the bandgap will produce two closely spaced
modes e3 and ey.

In Figure 4.3(b) we show the dispersion relation for guided modes with vertically odd
symmetry (TM-like). Although there is no bandgap for TM-like modes [Figure 2.3(a)], light
can be localized to the waveguide due to the refractive index contrast, as described above.

In Figure 4.4 we show dispersion relations for the guided modes in the waveguide based
on the triangular PC lattice. In the case of a triangular lattice waveguide, a single line de-

fect is formed in the I'J direction. Again, k, can assume values in the interval (0,7/a)
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Figure 4.4: Dispersion diagram for (a) vertically even (TE-like) and (b) vertically odd
(TM-like) guided modes in the waveguide based on the triangular PC lattice. Insets show
field patterns of (a) B, and (b) E, components in the middle of the slab (z-slice). In the
case of TM-like modes (01, 02), distribution of E, component along the cross section of the
waveguide (o, plane) is shown. Note that the cross sections for o; and 0oy modes are taken
at different positions along the waveguide. Field profile for o5 is taken near the cut-off and
therefore the field penetrates the photonic crystal, as can be seen in the inset.
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Figure 4.5: Distribution of the B, component of the field along the cross section of the
square lattice based waveguide (o, plane) for different guided modes. Labeling is (mode,
ky -2, a/X). (a) (e1,15/24,0.173), (b) (e2,22/24,0.320), (c) (es,22/24,0.395) and (d)

T
(e4,22/24,0.404). It can be seen that all the modes are fundamental in the vertical direction.
The core of the waveguide appears as the rectangle in the center of the figure.

what represents 3/4 of the I'J direction. In Figure 4.4 we have projected all the bands from
Figure 2.3(b) to the (0,3/4 - I'J) range (gray regions). We see that the triangular lattice
based waveguide can support several TE-like modes. Two of them, e; and eq, are “index”
guided and lie below the modes of PC lattice. Other modes are PBG effect guided, and
are located in the bandgap. The structure also supports two index guided TM-like modes
[Figure 4.4(b)]. Since the bandgap is closed in the case of TM-like modes there are no PBG
effect guided TM-like modes. In Figure 4.6 we show field profiles of the B, components

along the cross section of the waveguide (o, plane) for several different modes.

Before analyzing the different types of waveguides in the next three sections, it is im-
portant to notice that all PBG guided modes shown in Figure 4.4 (below the light line,
and in the frequency bandgap) have an almost flat dispersion relation. Therefore, these
modes will have small group velocities and will be able to guide the light only in a very
narrow frequency range. This is very different from an ideal case, where we want to have

efficient transport of energy in a wide frequency range. Also, coupling between PC waveg-
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Figure 4.6: Distribution of the B, component of the field along the cross section of the trian-
gular lattice based waveguide (o, plane) for different guided modes. (a) (e1,17/24,0.191),
(b) (e2,24/24,0.260), (c) (e4,21/24,0.346) and (d) (es,21/24,0.382). Again, all the modes
are fundamental in the vertical direction. The core of the waveguide appears as the rectangle
in the center of the figure.
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uides and conventional waveguides is expected to be poor due to very different dispersion
characteristics of the two waveguides, and alternative methods of adiabatic coupling need
to be used.?68 However, small group velocity can be interesting for the enhancement of

nonlinear phenomena, realization of delay lines, compact interferometers, etc.

4.2.2 Effect of the Hole Size on the Waveguide Properties

In the previous section we learned that single line defect waveguides, based on triangular
or square lattice photonic crystals, are multimode structures and can support both TE-like
and TM-like polarized modes. However, for many applications it is advantageous to work
with single-mode structures. In this section we investigate the influence of photonic crystal
hole size on the dispersion properties of a PPC waveguide.

The waveguides were analyzed using 3-D FDTD code. We have analyzed Si slabs (refrac-
tive index assumed to be ng; = 3.5) of thickness ¢ = 0.55a, surrounded by air on both sides,
and perforated with a 2-D triangular lattice of holes of radius r = 0.3a. The discretization
of the space used in 3-D FDTD code was again a = 20 computational points. In the analysis
that follows, we have analyzed only one half of the structure in the vertical direction, with
a mirror boundary condition applied at the middle of the slab. In the vertical direction we
have applied Mur’s absorbing boundary conditions (BC) at a distance of 4a points (more
than one wavelength in air) from the surface of the slab. In the y direction (along the
waveguide) we have applied Bloch BCs and in that way we could control the propagation
constant of the mode (3). In the z direction we have applied Mur’s ABC after eight layers
of PC at both sides of the waveguide. In this section we will be interested mostly in TE-like

modes, since the bandgap exists only for these modes.

In Figure 4.7 we show the band diagram for a triangular lattice photonic crystal with
r/a = 0.3. The bandgap for the modes of bulk photonic crystal is open around /\io =g R
0.28 normalized frequency. In the previous section we used the value r/a = 0.4. The smaller
value of r results in a narrower bandgap, but in turn improves localization of light within
a slab, which is especially important for efficient turning of corners. In addition, as it will

be shown later in this section, a PPC waveguide with smaller holes supports fewer guided

modes.
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Figure 4.7: The band diagram for the TE-like (vertically even) modes of the Si slab per-
forated with triangular lattice of air holes. Parameters used in analysis are r = 0.3a (hole
radius), ¢ = 0.55a (slab thickness), ng; = 3.5 (refractive index of Si).
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By omitting one row of holes we form a single line defect waveguide (type 0), as analyzed
in the previous section. This type of waveguide, where we increase the amount of the high
dielectric material comparing to the unperturbed PPC, is called a donor-type waveguide.
Figure 4.8(a) shows the dispersion diagram for guided modes of a single line defect waveg-
uide. The crossing of mode 1 and mode 2 in Figure 4.8 is due to the different symmetry
properties of these two modes in the lateral direction (mode 1 is odd and mode 2 even with
respect to the mirror plane in the center of the waveguide). The modes above the light line
will leak energy into the air (leaky modes). In this work we are interested only in the truly
photonic bandgap (PBG) guided modes of the waveguide. Therefore, from now on (Figures
4.10, 4.13 and 4.14) we will show only modes that are located in the frequency bandgap.
In addition, modes 8 and 4 are not of any practical interest since they are located very
close to the band edge and therefore will be pushed back into the air-band when we change
the waveguide geometry. Because of that, they will not be included in the analysis that
follows. In this paper we will be interested in the position of modes 1 and 2, and any other
additional modes that appear as we make some changes to the single line defect waveguide.

For comparison, in Figure 4.8(b) we show the dispersion diagram for guided modes in a
single line defect waveguide with /a = 0.4, where all other parameters are held the same as
in Figure 4.8(a). It is clear that the structure with larger holes has a much more complicated
dispersion diagram. The most important difference between the two structures is that in
the case of bigger holes there exist leaky modes at all bandgap frequencies. Therefore, by
coupling light from an external light source into the waveguide, leaky modes are excited as
well, and the coupling efficiency decreases. However, in the structure with r/a = 0.3 there
are no leaky modes in the frequency range where mode 1 becomes guided [Figure 4.8(a)].
Therefore, it can be used for guiding of light and efficient coupling from an external light
source. However, mode 1 is not very well confined to the waveguide, and decays slowly
into the PPC, since it is located close to the dielectric-band edge. Thus, it may suffer from
the finite size effects of PPC and be more sensitive to the fabrication disorder. In order to
achieve the efficient guiding of light, it is desirable to push mode I to higher frequencies,
closer to the midgap, and use it as our guided mode of preference. This can be achieved by

reducing the amount of high dielectric material that forms the waveguide.

In the next two sections we will investigate different waveguide designs, based on a tri-
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Figure 4.8: w— f relation for the guided modes in the single line defect waveguide type 0 for
(a) 7/a = 0.3 and (b) r/a = 0.4. The straight solid line represents the light line. The modes
above the light line, in the light gray region, will leak energy into the air (leaky modes).
The dark gray areas are the regions where extended states of the PPC slab exist. Guiding
can occur in the white regions.
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angular PPC lattice, and analyze their w — 8 dispersion properties. We will show several
ways of controlling the frequencies of guided modes, a feature that can also lead to the
single-mode regime of the operation of the waveguide. The ability to control the position
of the guided modes within a frequency bandgap of surrounding PPC is necessary in order

to achieve three important goals:

1. Low-loss waveguiding

Reduced lateral and vertical losses

2. Good coupling efficiency

No leaky modes at the frequency of interest

3. Coupling between different PPC devices
Mode matching between waveguide and cavity is necessary in order to realize efficient
channel-drop filters, for example. The eigen frequency of the cavity mode is fixed by
a choice of a high quality factor of the cavity, and good coupling can be achieved by

tuning the waveguide mode.

4.2.3 Waveguides Based on the Rearrangement of the PPC Lattice

The straightforward way of controlling frequencies of the guided modes is the reduction
of the waveguide width. By reducing the amount of the high-refractive index material,
we push the modes to higher frequencies due to reduced overlap between the mode and
high-refractive index material. This can be achieved by moving the two semi-infinite PPC
mirrors that surrounds the single line defect, towards one another [Figure 4.9(a), (b)], along
I'X direction.?? 92 We will call this type of waveguide type 1. The dispersion diagram of the
guided modes in waveguides of different widths is shown in Figure 4.10(a). We can observe
that modes 1 and 2 are shifted towards higher frequencies as the width of the waveguide de-
creases. For parameter M=5 mode 1 is shifted closer to the midgap frequency and therefore
losses related to the leaks into the PPC are reduced. That means that mode I can now be
used to guide the light in the waveguide. However, a big disadvantage of type 1 waveguide
is the broken symmetry of the triangular lattice - it is impossible to create sharp bends
with the waveguide sections of the same width [Figure 4.9(b)], unless we create unwanted
line defects close to the bend and in that way reduce the bending efficiency. Therefore, the

type 1 waveguide is not a good candidate for controlling the position of the guided modes.
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Figure 4.9: Different type of waveguides. By moving the PPC mirrors that surround the
single line defect waveguide (a) along the direction indicated by arrows (I'X direction) we
can form a type 1 waveguide (b). (c¢) Unperturbed PPC lattice. If we offset the black holes
along the I'J direction (as indicated by arrow) for the amount d, we can form a (d) new
type of waveguide (type 2). By controlling the parameter d, we can control the positions of
the guided modes of the structure.
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Another, more promising, method of controlling the positions of the guided modes is
shown in Figure 4.9(d). This novel type of waveguide®® will be called type 2. The waveguide
is formed from the PPC lattice by moving two regions of PPC apart, along the I'J (nearest
neighbor) direction, by the offset d = [ - a [Figure 4.9(c), (d)], where [ is a real number. For
[ =1 we can form the single line defect waveguide, and for 0 < [ < 1 waveguide narrower
than a single line defect. Now, it is possible to create sharp 60° bends within the waveguide
without introducing unwanted line defects. Dispersion characteristics for guided modes in
this structure, as a function of the parameter d, are shown in Figure 4.10(b).

For d = 0.5a, mode 1 is pushed to around the midgap frequency, and mode 2 is pushed
out of the bandgap, all the way back into the air band. Therefore, we have achieved our
goals of designing a waveguide with reduced lateral losses (due to the finite-size effects and
fabrication disorder) and increased coupling efficiency, since there are no leaky modes at
the frequency of interest. However, because of the dislocation of the PPC regions, creation
of 120° bends as well as an easy integration of type 2 waveguide with PC cavities, is not
straightforward any more.

In Figure 4.11 we show field patterns of mode 1 in the case of type 1 and type 2 waveg-
uides, for parameters M = 5 and d = 0.5a, respectively. In both cases, E and B field have
an anti-node at the middle of the waveguide, and therefore it is possible to efficiently couple
TE polarized light (with B, and F, components) from an external light source into the

waveguide.

There is one more interesting feature that can be observed in Figure 4.10(b). An extra
mode, pulled from the dielectric band up into the bandgap, appears as we reduce the value
of the parameter d [labeled accept. mode in the Figure 4.10(b)]. This mode has the same
symmetry as mode 1, and therefore the two modes interact strongly (anti-crossing). This
mode can also be observed in the case of type 1 waveguide [Figure 4.10(a)]. Now, what has
to be explained is why does the acceptor-type guided mode appear in the donor-type waveg-
uide, since we would expect that by adding dielectric material, guided modes are formed

by reducing the frequency of the air-band modes.

In order to explain this, we will focus our attention to Figure 4.12. Figure 4.12(a) and

(b) show electric field distribution (amplitude) in the unperturbed PPC at the X point for



95

%0 0.32
& osf
(7]
§
w
hed
o
N
©
E
=]
z

0.34F

0.32F

[=]

o
5]
T

*2% mode 2

Normalized Frequency (a®_)

0.24f

— Propagaiin Constant (p)

Figure 4.10: Dispersion relations for the guided modes of the type 1 and type 2 waveguides
for different values of controlling parameters (M and d respectively). Arrows indicate the
positions of the modes as we change the controlling parameters. (a) Type 1 waveguide.
The width of the waveguide (center-to-center distance between two holes adjacent to the
waveguide) is defined as a - v/3/2 - (1 + M/6). M=6 yields a single line defect waveguide.
(b) Type 2 waveguide. Position of the modes as a function of the parameter d - offset along
the I'J direction.
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(a)
Figure 4.11: (a), (b) Field pattern of the mode 1 in the type 1 waveguide for M = 5. (c),
(d) Field pattern of the mode I in the type 2 waveguide, for d = 0.5a. (a) and (c) show field

profiles at the middle of the slab, and (b) and (d) at the positions indicated by dashed lines

in the (a) and (c) respectively. The intensity bar is also shown. Field patterns are shown
for g =n/a.

(d)
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Figure 4.12: Electric field pattern at X point in the unperturbed PPC in the case of (a)
dielectric and (b) air band. (c) Black holes - new type of waveguide (for d = 0.5a). Black
holes at the LHS and open holes at the RHS represent positions of the holes in the unper-
turbed PPC. The regions where air replaces dielectric (A) and vice versa (B) as we move
holes around (black holes at the RHS) are also indicated.
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dielectric and air band, respectively. In Figure 4.12(c) unperturbed PPC is represented by
the black holes at the left hand side (LHS) and the open holes at the RHS of the figure. The
offsetting of the open holes by amount d = ¢ in I'J direction is equivalent to the removal of
one row of holes - net result is a single line defect waveguide (type 0). In either case, there
are regions where dielectric material substitutes for air, and therefore modes from the air
band are pulled down into the bandgap to form a localized state. However, if the offset is
less than a, for example d = 0.5a in the case of Figure 4.12(c) (new position of the open
holes is represented by the black holes at the RHS), there will be regions where air will ap-
pear instead of the dielectric material (A), in addition to regions where dielectric material
will replace the air (B). Therefore, modes from the dielectric band will be pulled up into the
bandgap, due to their increased overlap with air (acceptor-type modes) and modes from the
air band will be pulled down into the bandgap due to increased overlap with the dielectric
material (donor-type modes). This explains the appearance of both types of modes in a
donor-type waveguide. Therefore, we conclude that, in order to form the waveguide, what
matters is not the absolute amount of dielectric material added to the PPC, but rather the

relative position of the holes in the unperturbed and perturbed PPC.

4.2.4 Waveguides Based on the Modification of the Hole Size

So far we have investigated properties of three different types of waveguides (including the
single line defect waveguide). In all cases, waveguides were formed as narrow regions of high
dielectric constant material, surrounded by the PPC mirrors at both sides. The position
of the guided mode within the bandgap was then controlled by moving the holes around.
Beside this approach, positions of the guided modes can also be controlled by changing the
size of the holes in one or more rows. For example, if we increase the radius of the holes
adjacent to the single line defect waveguide, we can form a new type of waveguide - type 3
[Figure 4.13(a)]. This method was proposed and analyzed in 2-D by Adibi et al.”® Here, we
present results of the 3-D FDTD analysis of the structure. In Figures 4.13(b) and (c) we
show the dispersion relation for the TE-like guided modes in this waveguide. As expected,
by increasing the size of the holes, the modes of the original waveguide (type 0) are shifted
towards higher frequencies. Also, other modes, in both laterally even and odd case, appear

- these are acceptor-type modes, pulled up from the dielectric band due to the increased size
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of the holes adjacent to the waveguide. This is particularly dramatic in the case of the later-
ally odd modes, where the acceptor-type mode interacts strongly with the donor-type mode
1, and the two anti-cross. Therefore, the feature observed in the Adibi et al., the bending
of the mode 1, is due to its interaction with the acceptor-type mode. For rgcfeci/a = 0.5,
all the donor-type guided modes are pushed back into the air band (there are some leaky
donor-type modes, though), and the only modes that remain are the acceptor-type modes.
In conclusion, this waveguide has a rather complicated band structure, and many modes
are present due to the fact that we have changed the properties of three rows of holes.
Therefore, it is probably not a good candidate for the efficient controlling of the position of
the modes within the bandgap. The advantage of this structure over the type 1 and type 2
waveguides is the fact that no holes are moved, and therefore, the structure has exactly the
same symmetry as the original triangular lattice. Because of that, it is possible to create

not only the 60° bends, but also the 120° ones.

Another promising mechanism of controlling the positions of the guided modes within a
bandgap is shown in insets in Figure 4.14(a) and (b). The waveguide is formed by reducing
(donor-type) or increasing (acceptor-type) the radius of one row of holes.”®:8% 94

In Figure 4.14(a) we can observe that by reducing the size of the holes from 0.3a to 0,
modes are moving towards lower frequencies. For rgcfecs = 0.2a (small perturbation to the
rest of PPC with r = 0.3a) mode 1 is centered around the midgap frequency. In addition,
coupling from an external light source is optimized since there are no leaky modes around
the a/\g = 0.29 range of interest. This structure does not support any acceptor-type modes
since the waveguide has full symmetry of the triangular lattice and no holes were moved
around. The only perturbation is the reduction in size of the holes, and therefore, only
the modes from the air band will be pulled down into the bandgap due to the increased
overlap with high dielectric constant material. Finally, integration of any kind of cavities
with this type of waveguide is very easy since the full symmetry of the triangular PC lattice
is preserved.

If we increase the size of one row of holes [Figure 4.14(b)], we form the waveguide that
can be used for real single mode operation. By making the holes bigger, the only modes that
are localized to the line defect are acceptor-type modes. For rgepect = 0.45a, the first order

acceptor-type mode (mode 1) is centered around the midgap frequency, and can be used for
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Figure 4.13: (a) SEM micrograph of the fabricated type 3 waveguide, formed by increasing
the size of the holes adjacent to the single line defect waveguide. (b) and (c) Dispersion
relations - position of the laterally (a) even, and (b) laterally odd modes as the function of
the size of the holes adjacent to the waveguide.
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Figure 4.14: Dispersion relation for the guided modes in the (a) type 4 and (b) type 5 waveg-
uides, as the function of the radius of the defect holes (7gefect). Arrows indicate positions of
the modes for different values of r4.fec;. SEM micrographs of the fabricated structures are
shown in the insets. (c¢) Dispersion diagram for TM-like guided modes supported in type 4
and type 5 waveguides.
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the guiding of light. This mode is expected to have a higher group velocity than any of the
modes described above, due to its slope in the w— 3 dispersion relation. Also, it spans across
a wider range than any other mode described so far. These two features are desirable in
order to have efficient transport of energy along the waveguide. However, by increasing the
size of the holes, the efficiency of turning sharp bends might decrease due to the increased
vertical losses since the light is less confined to the slab (bigger holes). This feature needs
to be investigated in more detail. This waveguide is a very interesting structure for the
investigation of the fundamental properties of the PC guiding mechanism. The reason is
the fact that guided modes in this structure are truly PBG effect guided modes. Guiding
by effective refractive index contrast is not possible in this structure, since the “core” of
the waveguide (line with bigger holes) actually has a smaller effective refractive index than
the surrounding PPC (Figure 4.14(c)). Therefore, TM-like modes will not be guided in this
structure at all. Therefore, in experiment, any light that is guided, and detected at the
output of the waveguide has to be guided due to the PBG effect.

In Figure 4.15(a) and (b) we show field patterns of mode 1 in the type 4 waveguide
for r4efect = 0.2a, and in (c) and (d) mode of the type § waveguide for r4epect = 0.45a.
Both modes have odd lateral symmetry, and E, and B, have anti-node at the middle of
the waveguide. Therefore, it is possible to couple efficiently the TE-polarized light from an
external light source into the waveguide. It is interesting to note that in the case of the type
4 waveguide E-field reaches maximum at the positions of reduced holes [Figure 4.15(a)],
and in the case of the type 5 waveguide at the dielectric regions. This is because in the case
of Figure 4.15(a) mode is pulled down from the air-band (E field localized in the holes, see
Figure 4.12) and in the case of Figure 4.15(b) mode is pulled up from the dielectric band
(E-field localized in the dielectric).

4.3 Fabrication

In this section we describe the fabrication procedure for making photonic crystal waveg-
uides in silicon-on-insulator material (SOI).!® Waveguides with a different number of bends

in square and triangular lattices respectively were fabricated. In addition, we have fab-
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Figure 4.15: (a), (b) Field patterns of the mode 1 in the type 4 waveguide with rg4efect = 0.2a.
(c), (d) Field patterns of the guided mode in the type 5 waveguide with rgerec; = 0.45a.
(a) and (c) show field profiles at the middle of the slab, and (b) and (d) at the positions
indicated by dashed lines in the (a) and (c), respectively. Field patterns are shown for

g =r/a.
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Figure 4.16: (a) Waveguide with two 60 bends and 25um bend-to-bend spacing. (b) High
Q cavity filter formed by coupling single defect cavity to the two waveguide sections.

ricated structures that incorporate different types of cavities coupled to the waveguides
(Figure 4.16). These types of structures can be used as high Q filters but are also very

promising candidates for quantum computing applications.

Our waveguides were fabricated in a Silicon on Insulator (SOI) wafer, as single crystal
silicon is known to be transparent within the interesting 1.3 — 1.7um wavelength range.
The fabrication techniques to define microstructures within Silicon have been thoroughly
researched, and it is possible to obtain large areas of high quality waveguide slabs of known
thickness. The advantage of the procedure described here is that, due to the high etch-
ing rate selectivity of Polymethylmethacrylate (PMMA) over silicon, no mask amplification
procedure is required to define the photonic crystals. Patterns are defined in PMMA using
electron beam lithography, and directly transferred into Si using Chemically Assisted Ion

Beam Etching (CAIBE).

Table 4.1: The structure of SOI wafer
Layer Number Layer Type Layer Thickness
3 (top) Si slab 340nm
2 SiO2 340nm
1 Si substrate ~500mm
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The structure of the wafer is shown in Table 4.1 and the whole fabrication procedure
is summarized in Figure 4.17. As discussed in Chapter 2, the optimal thickness of the Si
slab is around 0.182 - A for a square and 0.2 - A for a triangular lattice. This thickness can
be controlled on an SOI wafer by oxidizing the surface of the Si until the desired silicon
thickness is obtained.

After oxidation, the formed SiO2 layer was removed from the top by dissolution in hy-
drofluoric acid (49% HF). The sample was then prepared for electron beam lithography.
A PMMA, with a molecular weight of 950K, was deposited on the sample by spinning.
The sample was then baked on the hot plate at 150°C for 45 minutes. The resulting
PMMA thickness was measured to be 150nm. Electron beam lithography was performed
in a converted Hitachi S-4500 field emission Scanning Electron Microscope operated at 30
kV. 500um sections of both triangular and square lattice photonic crystal waveguides were
defined. The exposed PMMA was then developed in a 3:7 mixture of 2-ethoxyethanol and
methanol for 30 seconds and finally rinsed in IPA for 15 seconds. Patterns were then trans-
ferred through the Si slab using CAIBE with a 1250V Ar™ beam assisted by XeF, as a
reactive gas [Figure 4.18(a)]. We measure a 7 : 1 selectivity of Si etch rates versus PMMA in
our optimized CAIBE system, which enables us to use relatively thin PMMA layers (50nm
thick) as etch masks. In addition, the directionality of etch was found to be almost vertical,
as can be observed in the Figure 4.18(b). This high selectivity and anisotropy permit us
to define high quality photonic crystal structures within SOI silicon structures. However,
XeF5 etch is known to leave relatively rough etched walls behind. This wall roughness
might contribute to the scattering of light and might increase the losses of our waveguides.
The etching could be improved using different etch chemistry and a more complicated fabri-
cation procedure. For the purpose of the demonstration of photonic crystal waveguides, this
small surface roughness was acceptable. After the CAIBE etching procedure, the PMMA
resist was removed from the top of the sample.

In order to be able to couple the light in and out of the waveguide and perform the
experimental verification of predicted properties, it is necessary to have access to both ends
of the waveguide. To do so, the samples were cleaved at both ends. Prior to cleaving, the
sample was mechanically polished from the back side using Aly,O3 polishing powder, and
thinned from 500um to below 100um. This enabled us to obtain smooth cleaved edges at

both ends of the waveguide [Figure 4.18(b)], which is very important in order to reduce the
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Figure 4.17: Fabrication procedure: 1) oxidation and 2) HF dip in order to define the
thickness of the Si slab; 3) deposition of PMMA and 4) electron-beam lithography to define
patterns in PMMA; 5) CAIBE to transfer patterns into silicon; 6) removal of PMMA and
thinning of the substrate; 7) HF dip to remove SiO2 layer underneath the waveguide in
order to improve the vertical confinement of light.
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Figure 4.18: (a) SEM micrograph of the 90° bend in the square lattice after CAIBE. (b)
SEM micrograph of the cross section of the square lattice waveguide. Layers top-down are
Si slab (280nm), SiO2 (340nm) and Si substrate. The lattice constant is a ~ 500nm and
the hole radius r ~ 200nm.

insertion losses during optical coupling from a glass fiber to the photonic crystal waveguide.

The final step, undercutting of the waveguide, again required immersion into hydrofluo-
ric acid. This was performed in order to increase the refractive index contrast in the vertical
direction and thereby improve the vertical confinement of light within the slab. In addition,
by having the slab surrounded by air at both sides, the structure is made symmetric and
its eigen modes can be characterized by their symmetry properties in the vertical direction.
As we have seen, the bandgap is open only in the case of vertically even modes. If we did
not remove Si0s layer, the symmetry would be broken, and the distinction between the
even and odd modes of the slab destroyed. Formerly odd modes would come into play and
possibly close the bandgap. The SiOy layer underneath the waveguides was removed by
dissolution through the ion-etched holes. The fabricated SOI sample was dipped into the
49% HF for 30 seconds, and was then rinsed with de-ionized water for one minute. This
process left the Si waveguide and photonic crystal mirror membrane suspended in the air.
Figure 4.19 shows the cross section and the top view of a typical photonic crystal waveguide

after HF undercutting.
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Figure 4.19: (a) SEM micrograph of the cross section of the triangular structure waveguide
suspended in the air. Layers top-down are Si slab/ air/ Si substrate. (b) SEM micrograph
of 60° bend in the triangular lattice. Area that is undercut extends about luym around
the waveguide. Parameters of the fabricated structure are a ~ 530nm, r ~ 208nm and
d ~ 300nm.
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4.4 Experimental Characterization

4.4.1 Transmission Measurements

An objective of this work was a qualitative characterization of light propagation within
single-line defect planar photonic crystal waveguides. Experimental confirmation of light
propagation in these novel structures was one of the most challenging and the most com-
petitive research areas in the field of photonic crystals at the time, since PPC waveguides
were thought to be the next generation of low-loss optical waveguides. Many groups have
tried to obtain experimental evidence of guiding in photonic crystal waveguides, but the

race was won by Professor Baba’s group at Yokohoma National University (Japan).”® This

1‘96 1.97

first evidence of guiding was followed by works of Tokushima et a and Loncar et a
Quantitative estimation of propagation losses in PPC waveguides was provided by Notomi
et al.,”? Talenau et al.”® and Baba et al.””

Although photonic crystals waveguides have been around for several years now, their
advantage over conventional photonic devices still waits to be experimentally confirmed.
While theory predicts their superior characteristics, for example waveguides capable of
transmitting light around sharp bends with low losses, real quantitative experimental con-
firmation is yet to be obtained. This is almost entirely due to the difficulties associated
with the characterization of PC devices resulting from their small size. First, it is necessary
to couple light from a glass fiber into thin semiconductor slabs with reasonable efficiency.
Second, it is important to efficiently couple the light from the slab into the PPC waveguide.
Finally, measured light intensity from the exit facet of the waveguide has to be effectively
shielded from the scattered light coming from the input.

A tunable semiconductor diode laser [A € (1440,1590nm)] of rather modest power
(4mW') was used to characterize optical transmission. Butt-coupling of a single-mode fiber
was used to introduce the laser output into the PC waveguide. Since fiber core diameter is
around 10pum, and slab thickness around 0.3um, coupling from the fiber to the waveguide
was not efficient due to a large mode mismatch. This problem can be solved by designing a
grating coupler and couple the light from the top into the Si slab, or by incorporating some
sort of tapered-coupler to bring the light from the fiber into the intermediate waveguide
section, and finally into the photonic crystal waveguide. In our case, sufficient optical power

(= 10uW) is coupled into the guide to carry out the characterization of waveguiding within
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Figure 4.20: Experimental setup for characterization of PPC waveguides.

these structures. The experimental setup used in this experiment is shown in Figure 4.20.

Waveguiding performance was observed by visualization of the guiding structure with
two infrared cameras. The first camera (No.1), positioned in the plane perpendicular to the
sample, was used to observe the light scattered in the vertical direction. The second camera
(No.2), positioned in the plane of the sample, was used to look at the cleaved output facet
of the waveguide in order to observe the output (transmitted) signal. By careful manipula-
tion of the input fiber, we were able to observe apparent guiding over two 90° bends with
waveguide segments of &~ 200um lengths (Figure 4.21) as well as guiding around a 60° bend
(Figure 4.22). In order to obtain the evidences of guiding, light was intentionally coupled
into the leaky modes of the waveguide. As it can be seen, in both square and triangu-
lar lattice photonic crystal waveguides, light propagates in the waveguides, is transmitted
around the bend and then propagates in the second section of the waveguide. It can also be
observed that light intensity in the waveguide segments after the bends is much weaker than
the light intensity in the first part of the waveguide. This can be attributed to significant
losses associated with the bending of the PPC waveguide. This is in contradiction with
our expectation that PPC waveguides have superior bending efficiency over conventional

waveguides. This significant loss can be attributed to the following effects:

1. Coupling to leaky modes

In order to obtain evidence of guiding within the PPC waveguide, light was inten-
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tionally coupled into the leaky modes of the waveguide. These modes might not have
high bending efficiency as the modes below the light line. Indeed, as it will be shown
below, for the lattice with r/a = 0.4 we predict small bending efficiency for the leaky

modes around the mini stop bend.

2. Partially TM-like polarized light
Since the light was launched into the waveguides using tapered optical fiber, it was not
possible to control the polarization of the light coupled into the waveguides. Therefore,
significant TM-like polarized component might exist in the waveguide, and light with
this polarization is not expected to have high bending efficiency due to the lack of

photonic bandgap for these modes.

3. Wrong propagation constant
As it was shown in original work by Mekis at al., high transmission efficiency can
be achieved only in a certain frequency band, and only for the range of propagation

constants .

In Figure 4.22 it is interesting to note the difference between two different corner designs.
In the case (b), waveguide with cavity in the corner, light is localized in the corner. This is

“mode converter”

expected since the cavity supports bound states. This cavity serves as a
and improve the coupling between two waveguide segments, thereby improving the bending
efficiency. However, the useful bandwidth of the waveguide is limited upon introduction
of the cavity and the tradeoff between two requirements needs to be made. Simple corner
design, without an additional cavity, does not support bound states.

Whereas results shown in Figures 4.21 4.22 is instrumental in qualitative visualization
of light propagation within the PC structures, the optimization of true waveguiding re-
quires the observation of the guided mode exiting from the PC sample. This is particularly
important to distinguish between light scattered from the surface due to the holes of the
PPC lattice, and light coupled into and “emitted” from the waveguide, as in the case of
real leaky/guided modes of the structure. For example, results similar to those shown in
Figures 4.21 and 4.22 were obtained when light from a HeNe laser (A = 650nm) was di-
rected towards the sample. In this case, light cannot be coupled into the waveguide, since

it is outside the useful bandgap frequency range, and the signal is attributed to the scat-

tering from the surface of the sample. Therefore, in order to obtain unambiguous evidence
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Figure 4.21: Light guided in the waveguide around two 90 bends (top view). It can be
seen that the light is confined to the waveguide (upper right inset). Inset in the lower right
corner shows the SEM micrograph of the corner design in the square lattice. Visualization
of light propagation is made possible by coupling intentionally to leaky modes which radiate
from the top surface of the guide. Enhanced losses for these modes can be seen at the sharp
bends.
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Figure 4.22: Visualization of light guided in the triangular lattice single line defect waveg-
uide around 60° bend in the case of (a) simple corner design and (b) corner with cavity.
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of guiding we need to look at the output of the waveguide and not into the “leaks”. By
reference to the output camera (No.2), we were able to confirm that true guiding by the PC
is obtained by a different set of coupling conditions. Under these conditions, a clear guided
mode is observed at the output facet of the waveguide, and very little light is scattered out
of the waveguide perpendicular to the wafer. For the case where the fiber was correctly
aligned to the waveguide, Figure 4.23(a), camera No.2 detected two signals, marked A and
B. The light in spot A has a significant component that is not coupled from the input fiber
into the waveguide and is therefore of little interest for characterization. This is due to
the big mismatch between the input fiber and the waveguide. Also, this signal contains
a TM-like polarized component of the light coupled into the waveguide, since it does not
make it around the corner due to the lack of the photonic bandgap. On the other hand,
spot B represents the light that is guided around the sharp 60° bend in the PC waveguide.
The distance between the 60° bend and the output of the waveguide was about 50um. This
distance is sufficiently large to distinguish easily between the signals A and B. Figure 4.23(c)
shows detected output power as a function of position along the cleaved output facet of the
waveguide. On the left hand side is an intensity scan of spot B corresponding to the guided
mode. Between B and A any measured intensity would correspond to light scattered out of
the guide through the PC (loss in the lateral direction). It can be seen that this intensity
is below the threshold of the camera used. This result suggests that lateral confinement of
light in PC waveguides is very good.

When the fiber was not aligned to the waveguide, Figure 4.23(b), camera No.2 regis-
tered only one signal (A) - the one coming directly from the fiber. The other signal was not
present since there was no light coupled into the waveguide. Similarly, when we moved the
fiber in the vertical direction, guided signal (B) was present and not present depending on
the relative position of the waveguide and the fiber. Therefore, we can conclude that signal

B corresponds to the guided mode in this PC waveguide.

4.4.2 Measurement of the Dispersion of the Guided Modes

The qualitative evidence of guiding described in previous section was one of the first exper-
imental observations of light propagation within photonic crystals. While our experiments

showed that it is possible to guide the light in these structures, they also suggested that
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Figure 4.23: Waveguiding at A = 1550nm around a 60° bend. Two cameras are used simul-
taneously, a top (camera No.l1) and in-plane view (camera No.2) of the tested structure.
(a) When input fiber is aligned to the input of the waveguide, an output signal, transmitted
around 60° bend is detected (signal B) and (b) when it is misaligned a transmitted signal
is not present. The position of the slab is indicated with two parallel lines. (c) Detected
output power (arbitrary units) at different positions along the cleaved output facet of the
waveguide. Two peaks correspond to the signals A and B. The figure is obtained as a line
scan of the Figure 4(a) along the middle of the slab.
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the propagation losses are rather high. These losses are at least an order of magnitude
higher than losses in conventional waveguides fabricated in low refractive index contrast
materials (e.g., glass), and they can be attributed to scattering losses due to imperfections
in the fabrication of PPC waveguides. On the other hand, since structures fabricated in
high-index contrast platforms are much smaller than ones fabricated in glass, it is nec-
essary to transport the light for shorter distances only, and therefore higher losses might
be acceptable. However, cross talk between adjacent waveguides still remains to be a big
problem since the light scattered from one of the waveguides can couple into neighboring
waveguide and contribute to the noise in that channel. At the same time there have been
reports, both experimental and theoretical, on efficient light propagation in conventional
waveguides fabricated in SOI material. For all of these reasons we concluded that PPC
waveguide offers little advantage over conventional waveguide when they are used for a
plain transport of photons from one point to another. However, unusual dispersion proper-
ties of PPC waveguides still make them interesting for applications like enhanced nonlinear
phenomena, compact interferometers, dispersion compensators, etc. These applications are
based on the fact that light can be significantly slowed down in PPC waveguides,” 8" and
that their dispersion properties can be controlled by modifying their geometry. The goal
of this work was an experimental investigation of the dispersion properties of the modes of

single-line defect planar photonic crystal waveguides.

In our experiments, we have tested two different structures: the first one was a single
line defect waveguide with a single 60° bend in it, and the second was a straight waveguide
with a single defect cavity in the middle. At first we show numerical and experimental
results for the waveguide with the cavity in it. In this case, the cavity was surrounded
by three layers of photonic crystal on each side (Figure 4.24). Numerical analysis of the
experiment is shown in Figure 4.25. In this case, light was excited with the dipole sources
positioned at the entrance of the waveguide. As expected, light coupled in the waveguide,
travels towards the cavity. The light with a frequency different from the cavity resonance
is reflected back and interacts with a forward propagating wave, forming the standing wave
as observed in Figure 4.25.

These standing waves were also detected in experiments. In the Figure 4.26 we show the

pattern of light coupled out of the top surface of the waveguide structure and detected by
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Figure 4.24: Experimental setup. The structure that we have characterized is a single line
defect waveguide with a single defect cavity in it. L ~ 122um.

the camera. At nearly every wavelength, a clear periodic intensity modulation can be seen
along the waveguide direction. It should be noted, however, that at 1495nm and 1505nm
this modulation intensity has nearly disappeared. It can further be seen that the spatial
periodicity of this modulation grows shorter as the difference between the wavelength and

1500nm grows larger, in either direction of the wavelength.

In order to better understand these results it is necessary to extract information on the
spatial periodicity of the modulation pattern (that is propagation constant ). Once we
get [ for each wavelength (\) of the light coupled into the structure, we can map out the
dispersion diagram of the mode excited in the waveguide, that is the relation a/A = f(3).
We have analyzed our experimental results using a fast Fourier transform (FFT), and the
results are shown in Figure 4.27. The black dots in this figure represent results from our
3-D FDTD simulation (shown only in the frequency range of interest) whereas the black
solid lines are polynomial fit to these numerical results. One unit cell of the waveguide, with

Bloch boundary conditions applied in the direction of propagation (y-axis), was modelled
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Figure 4.25: Formation of the standing wave in the numerical model of our experiment.
of the waveguide (left-hand side).
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Figure 4.26: Wavelength dependence of the signal scattered in the vertical direction, de-
tected by the camera. Periodic intensity modulation can be observed for all wavelengths
except for A € (1490nm, 1510nm). Periodicity of this modulation grows shorter as the differ-
ence between the wavelength and 1500nm grows larger, in either direction of the wavelength.
An optical microscope image of the structure is also shown. L = 122um.
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in order to obtain the dispersion diagram. The region shown in blue in Figure 4.27 is the
result of the FFT of the line scans along the patterns shown in Figure 4.26. The experimen-
tally detected propagation constants are represented by light blue dots, for each normalized
frequency. It can be seen that our experimental results are in very good agreement with
the 3-D FDTD simulations. The slight shift of the experimental results towards the higher
frequencies can be attributed to the difference between the refractive index of Si used in the
simulation (ng; = 3.5) and the refractive index of Si slab used in the experiment, fabrica-
tion tolerances and the resolution of the FDTD algorithm (¢ = 20 computational points).
Experimental results also show the presence of a small stop-band around a/\ = 0.353, as
predicted by 3-D FDTD analysis. Our experimental results can now be explained in the
following way: light from the tunable laser source is coupled to leaky e; mode of the waveg-
uide, and as it propagates down the waveguide (towards the single defect cavity) it radiates
energy in the vertical direction since the mode is leaky (above the light line). The light in
the frequency range of our laser [a/A € (0.333,0.368)] can not couple to the mode of single
defect cavity since it is located at frequency a/A = 0.326. Therefore, the light is reflected
back and interferes with the forward-propagating light forming the standing wave pattern
observed in Figure 4.26. The cleaved input facet and the single defect cavity act as mir-
rors, and light coupled to the leaky modes of the waveguide resonates between them. This
experimental finding is in excellent agreement with results of numerical modeling shown in

Figure 4.25.

It is interesting to note that a pattern similar to the one shown in the Figure 4.26 was
observed between the input facet and the 60° bend during characterization of the SLD
waveguide with 60° bend in it. Figure 4.28 shows the standing wave pattern formed be-
tween the input facet of the waveguide and the 60° bend. This indicates that the reflection
of the leaky e; mode from the bend is significant, and that the transmission around the
bend is small. Indeed, 3-D FDTD simulation of the structure [Figure 4.28(b)] shows both
features: formation of the standing wave pattern in the input portion of the waveguide, and
low transmission around the bend. For example, the bending efficiency is only 15% when
a/X = 0.345. Poor transmission efficiency can also be explained by following the simple
symmetry argument: mode e; has an odd symmetry (antinode of the B, field at the center

of the waveguide) with respect to the symmetry plane that cuts along the center of the
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Figure 4.27: Experimentally mapped dispersion diagram of the leaky TE-like modes sup-
ported in the waveguide, overlaid onto the calculated diagram (black solid lines). Frequency
range probed in the experiment is shown in blue. The light-blue pixels represent the spa-
tial frequencies () detected in the spectrum of the periodic intensity modulation pattern
recorded by the camera. Insets show mode profiles (B,) for the two modes of interest. The
light line is represented by the straight solid line, the leaky-modes region in light-gray, and
the extended states of photonic crystal in dark-gray.
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waveguide (x-z plane). Also, it can be seen that the mode has spatial periodicity = a in the
direction of propagation. Therefore, the whole period of spatial oscillation can fit within
the waveguide bend - that is, within the bend mode reaches both negative and positive am-
plitude. Transmission around the bend can be understood as sequence of following events:
light that arrives to the bend acts as a source that excites the modes in the second section of
the waveguide (after the bend). Since the “light source” in the bend has an even symmetry
(both negative and positive amplitude), it will not be able to efficiently excite the odd e
mode in the second section due to the symmetry argument. As long as the waveguide is
single mode, very little light can be transmitted around the bend in the same e; mode. If
the waveguide is not single mode at the frequency of interest, then light in the bend can
couple into other modes, but with reduced conversion efficiency. This multimode feature

and weak bending efficiency can be observed in Figure 4.28 as a weak signal after the bend.

The guided modes, on the other hand, are expected to have much better transmission
efficiency. For example modes close to the edges of the Brillouin zone will have spatial
periodicity of 2 - a, and therefore it will be possible to fit only half the spatial period within
the waveguide bend. Therefore, the second section of the waveguide, after the bend, will
be excited with the “light source” of appropriate symmetry, resulting in high transmission
efficiency. By including some sort of defect in the bend (e.g., cavity) we can break the
symmetry of the mode even in the case of leaky modes, and high transmission efficiency
can be achieved.

As a next step, we wanted to estimate the transmission losses of the leaky modes sup-
ported in our single line defect waveguide. Figure 4.29 shows normalized light intensity (in
dB) in the waveguide as a function of position along the waveguide, obtained from Figure
4.26. This result can be used to estimate propagation losses by calculating the reduction in
signal intensity along the waveguide. Due to multiple reflections of the light in the waveg-
uide (from both input facet and cavity), it is not straightforward to calculate waveguide
losses with high accuracy by looking at this standing wave pattern. However, it can be
observed that the light signal detected at the end of the waveguide is stronger when the
frequency is closer to the mini stop band. Therefore, we can conclude that the losses are
growing smaller as we approach the mini stop band.8%1% This is a somewhat unexpected

result, and it predicts the existence of long-life time modes in the waveguide section be-



123

oE

DA

Cr=Cia)
s

e —

Figure 4.28: Standing wave formed in a waveguide with bend. (a) Experiment and (b) 3-D
FDTD simulation.
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tween the single-defect cavity and cleaved input facet of the waveguide. Leaky modes with
long life times have been theoretically predicted in the bulk planar photonic crystal lattice
by Sakoda et al.!%! Also, our experimental findings were recently confirmed in theory by

Andreani et al.!02

In order to understand this reduction in transmission losses we have numerically ana-
lyzed waveguide section formed between two PPC mirrors [Figure 4.30(a)]. The structure
was excited using dipole sources of fixed frequency. Choosing the symmetry of the dipole
sources we were able to excite only the leaky modes (e1). This was also confirmed by in-
specting the field profile (B, component at the middle of the slab) of the excited mode,
for each frequency [Figure 4.30(a)]. Due to the memory limitations of our computers (1Gb
of memory), the length of the waveguide section was chosen to be 40.5 - a (¢ = 12 points
in 3-D FDTD algorithm) instead of the ~ 230 - a, as it was in our experiment. In order
to make calculations easier, the waveguide section was also closed with PPC at both ends.
This change should not affect the profile of the standing wave formed in the waveguide
section. The results are shown in Figure 4.30(b) that shows profiles of the P, component of
the Poynting vector in case when leaky modes were excited at three different frequencies.
Periodic intensity modulation can be seen. The periodicity of this standing wave pattern
has the same trend with respect to the frequency as in the experiment: it becomes longer
as the frequency approaches the mini stop band. It is important to say that this standing
wave pattern was detected at a distance of about 1um from the surface of the sample. This
is again in excellent agreement with the experiment, where the standing wave pattern was
observed above the sample, i.e. at a different focal distance from the one used to image the

surface of the sample.

The dispersion diagram for the TE-like modes supported in the single line defect PPC
waveguide is again shown in Figure 4.31. The geometry of the analyzed structure is
r/a = 0.4, t/a = 0.55, ng; = 3.5 (refractive index of silicon) and a=20 computational
points. Mode e; (encircled) is the one of interest in this work. That mode is mainly effec-
tive refractive index contrast guided, and it appears to be folded back into the first Brillouin
zone by the periodicity of the lattice. The mini stop band open for § = 0 is an indication

that the mode e; is affected by the lattice periodicity. Because of the discrete translational
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Figure 4.29: (a) Signal detected with the camera, and (b) light intensity in the waveguide
normalized to the intensity at the input - line scans across the data shown in (a). Radiation
losses can be seen to increase as the wavelength departs from the mini stop band centered
around 1500nm.
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Figure 4.30: (a) Field profile (B, taken at the middle of the slab) of a leaky mode excited
in the waveguide. (b) P, component of the Poynting vector, at a distance of about 1um
from the top surface of the structure, shown for three different frequencies. Periodic inten-
sity modulation can be observed. (c) Profile of B, component taken at the center of the
waveguide (envelop is shown in red). Beating between two Bloch components and signal
attenuation along the waveguide can be seen. (d) Spatial frequency spectrum of the signal
shown in (c). Most of the mode energy is stored in the component at ks since its intensity
is almost 10 times greater than the one at k;. The light cone is represented i gray.
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Figure 4.31: Dispersion diagram of the TE-like guided modes supported in the triangular
lattice PPC waveguide. The light cone is shown in light-gray and the extended states of
the surrounding PPC (projected along I'J direction) in dark-gray.

symmetry of the PPC waveguide in the y-axis direction, field components of each waveguide

mode can be expressed as

B(xa Y, Z) = U,(JI, Y, Z) ’ eiﬂy = Z UK(xa Z) ’ ei(K+/3’)y’ (41)
K
) a/2
Uk = a / u(xayaz) ’ e_iKydya (42)
—a/2

since Bloch function u(z,y,z) is periodic [u(z,y,2) = u(z,y + a,2)]. B(z,y,z) is one of
three B field components (similar relations hold for the electric field component), 3 is
Bloch wave vector limited to range 5 € (—n/a,n/a), and K is reciprocal space lattice vec-
tor (K = 0,£27/a,...)*. From Equation 4.1 it follows that, in general case, each mode
supported in the waveguide [defined as a single (,a/)) point on the dispersion diagram
shown in Figure 4.31] is a composite mode made up of infinitely many Bloch components

that are coupled by photonic crystal.

When S is close to zero and a/\ € (0.33,0.37) Bloch component for K = 0 lies above the
light line and can radiate energy in the vertical direction. On the other hand components

for K = N -2n/a,(N = 1,2,...) are located below the light line and do not leak the energy.

“In order to account for the losses due to radiation in the vertical direction in the case of leaky modes,
Equation 4.1 should be written as B(z,y,2) = u(z,y,z) - e - ¥ where « is the propagation loss
parameter.
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However, they are coupled to the leaky component at K = 0 by the PPC, and therefore will
lose energy by coupling to that component. The ratio of energy stored in Bloch component
for K = 0 and the energy stored in all other components will determine the losses of the
whole composite mode defined in Equation 2.6. In order to explore this loss mechanism in
more detail, we have modelled long waveguides (75-a long, a = 18 points) using distributed
3-D FDTD code. The waveguide, shown in the Figure 4.30(a), was excited by the dipole
sources (E, component) positioned at one end of the structure. The symmetry of the source
was such that only e; mode was excited. Figure 4.30(c) shows the intensity of B, compo-
nent along the center of the waveguide, when a/A = 0.33. It can be seen that intensity of
the field decreases as we move away from the input of the waveguide, yielding the losses
of ~ 128dB/mm. The interplay between the different Bloch components is also apparent.
Figure 4.30(d) shows the FFT of the line-scan shown in Figure 4.30(c). Only two spatial
frequencies, located at k; = 0.17-7/a and ko = 1.84-7/a, are detected in this case, and the
amplitude of component ks is almost ten times bigger than the amplitude of k. Having in
mind the resolution of our FFT (0.014 - 7/a) we can conclude that ks = 27/a — k;f. From
the dispersion diagram shown in Figure 4.31 we find that for frequency a/A = 0.33 Bloch
wave vector has a value of f = 0.167 - m/a. This agrees well with k;. Finally, we conclude
that the leaky mode of interest consists of Bloch components at K = 0 and K = 27/a,
and that more than 90% of its energy is stored in the component at K = 27/a, that lies
above the light line. Because of that, the overall losses of the mode will be smaller than
what would have been expected keeping in mind only its “distance” from the light line. We
have calculated the losses of the e; mode at various frequencies, and we have found that
the losses are decreasing from around 135dB/mm to 33dB/mm when a/X is changing from
a/A = 0.33 to a/A = 0.345. That is, the losses become smaller as we approach the mini
stop-band located at § = 0. We have attributed this to the reduction of the ratio of energy
stored in Bloch components at K =0 and K =2 -7/a.

At the end, we compare the experimentally estimated losses of the waveguide with the
numerically calculated ones. The results are summarized in Table 4.2. The numerical re-

sults are obtained by the calculation ratio of energy that propagates through the waveguide

"This resolution was determined by discretization used in 3-D FDTD model (a=18 points), determined
by the memory of the computer used to perform the simulation, and by the length of 3-D FDTD time
evolution
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Table 4.2: Waveguide losses of the leaky e; mode of the PPC waveguide
a/A Theory Experiment

0.33 140 dB/mm 120 dB/mm

0.34 100 dB/mm 80 dB/mm
0.345 33 dB/mm 20 dB/mm

section that consists of 20 layers of photonic crystal. The waveguides were again excited
using dipole sources. As mentioned above, experimental estimation of the waveguide losses
is not accurate due to the multiple reflections from the facet and mirror (cavity) in the
waveguide. However, it can be seen that both theory and experiment predict that losses

should decrease as we approach the mini stop band at the center of the Brillouin zone.

From the experimentally obtained dispersion diagram (Figure 4.27) we can also estimate
the group velocity of the light in the waveguide, by finding the derivative of the dispersion
curve. Light can be significantly slowed down as we approach the mini stop band due to
strong dispersion of the e; mode. However, it was not possible to carry out the experiment
at these extreme conditions (slow light) due to difficulties associated with coupling of light

into the modes with small group velocity.

4.5 Conclusions

In conclusion, we have demonstrated design, fabrication and characterization of photonic
crystal waveguides. 3-D FDTD analysis was used to model waveguides and optimize their
properties. We have shown that a single line defect supports both effective index contrast
guided and PBG effect guided modes. In addition, we have shown that index guiding can
occur for the vertically odd modes (TM-like) although the bandgap is not open in that
case. We have also presented and analyzed, using 3-D FDTD method, several mechanisms
of controlling the position of the guided modes within the PPC based waveguides. Ability
to engineer the position of the guided mode is very important in order to achieve efficient
guiding, coupling into the waveguides and mode-matching between various PPC devices.

We have developed a new fabrication technique for defining these structures in silicon on
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insulator wafers. Fabrication technique involves only one mask layer and is compatible with
microelectronic fabrication techniques. Photonic crystal waveguides were characterized and
we were able to see the evidence of guiding of light around 60 and 90 corners. We have
also demonstrated an equilibrium propagating mode of a photonic crystal waveguide that
is a Bloch mode consisting of guided and radiative components. The radiative component,
responsible for all the propagation losses has been experimentally and theoretically identi-
fied. Transmission losses of the leaky mode were estimated and long life-time leaky modes
(reduced losses) were observed at the center of the Brillouin zone. We have explained the
origin of this loss reduction and have attributed it to the ratio of energy stored in radiative

and guided Bloch component.
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