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Abstract

In this dissertation, two optoelectronic_devices based on photonic crystals are
presented. These two devices with their unique properties derived from the special
band structure of the photonic crystals will be useful for future photonic integrated
circuits with multiple functions.

The first device is an optical delay line that slows down the speed of the
propagation light. A special waveguide based on line-defects in photonic crystal was
designed to support waveguide mode with a significantly reduced group velocity. The
second device is an integrated surface emitting laser. A regular in-plane laser was
integrated with an photonic crystal nanocavity to couple the laser emission into a
single mode surface emitting light. Both devices will be the key components for
multi-function photonic integrated circuits.

In the part of slow light, single line defect (W1 type) photonic crystal



waveguides are first studied in order to understand the behaviors of propagation light
over them. Very low propagation loss (~2dB/mm) of the fabricated waveguides is
obtained. The rapidly diminishing Fabry—Perot oscillation periods at the cutoff region
of the measured transmission spectrum determine extremely large group indices of
200~300. The group delay time measurements by detecting phase shift of 3G Hz
modulated signals through the waveguides also show a very large time-delay
(>200psec) near the cutoff. In comparison with theoretical group velocities derived
from the band structure, these experimental results are ascribed to the effect of the
defect modes at the band edge of the first Brillouin zone.

Based on successful results of single line defect waveguides, we further
investigate a photonic crystal coupled waveguide, where the unique guided mode
band structure has a flat band region within the photonic band gap allowing for slow
light observation. The spectral -dependence of group: velocity, which is measured by
Mach-Zehnder interference method;. indicates- the “existence of slow light modes
around the inflection point of the<unique flat band, rather than at the band edge.
Time-domain observation of optical pulses propagating along two-dimension slab
photonic crystal coupled waveguides is also demonstrated by using a high speed
oscilloscope. By adjusting the wavelength of the input pulses toward the flat band of
the coupled defect modes, an increasing duration time between reference and output
pulses are clearly observed. An extremely small group velocity of 0.017c is thus
obtained. Calculated group velocities show good agreement with our measured
results.

In the part of photonic crystal nanocavity lasers, we demonstrate an integrated
nanocavity laser structure, where the laser light is directly coupled to photonic crystal
nanocavities (H1 and H2) and emits out from the surface with selected wavelengths of

the resonant modes of the nanocavities. Single mode emission with high Q factors

iv



[Q(H1)=1890 and Q(H2)=3800] is obtained with electrical pumping. Excellent
temperature stability (0.097nm/°C) of laser emission from the nanocavity is observed
as well. The wavelength shift versus temperature is about five times better than that of
regular quantum well lasers. Dual wavelength emission from two side-by-side

photonic crystal nanocavities is also demonstrated.
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Chapter 1

Introduction

1.1 History of Photonic Crystals

Photonic crystals are a new type of optical material having periodic variations of
dielectric constants on the order of an optical wavelength. They are considered as an
essential element for the development of all-photonic integrated circuits because of
their excellent ability to manipulate and tailor the light. The concept of photonic
crystal was first presented on Physicdl Review Letters in 1987 [1-2]. At that time, E.
Yablonovitch proposed an idea of photonic.band gap, analogous to the electron band
gap, where no photon density exists so that the spontancous emission corresponding
to the gap energy is rigorously forbidden in all directions [1]. S. John, nearly at the
same time, also found that the phenomena of strong localization of photons, similar to
Anderson localization in electronic systems, could be observed in certain disordered
superlattice microstructures with sufficiently high dielectric contrast [2], which are
namely photonic crystal defect structures today.

Following these papers, many theoretical researchers started to work on the
calculation of photonic crystal structures to figure out what kinds of patterns are
applicable and how large the refractive index contrast is needed for constructing a
complete photonic band gap. Most of them made use of the ideas from solid-state
physics to simulate light behaviors in the periodically-arranged dielectric medium. By
applying periodic boundary conditions to the four well-known Maxwell equations, the

researchers obtained the eigenvalue equations, which bear resemblance to the



Schrodinger wave equations for electrons, and then proceeded to calculate band
diagrams. This approach, called plane wave expansion method [3], became widely
used by today’s researchers. Their results, for the first time, showed the existence of a
widely complete band gap in a diamond structure.

Apart from theories, the early experiments on the photonic band structures were
confined only to the samples with millimeter-order periodicity because of limited
fabrication support. E. Yablonovitch and his coworkers introduced a fully
three-dimensionally (3D) periodic face-center-cubic structure, named as Yablonovite,
and carried it out in the microwave region by directly drilling into a commercial and
low loss dielectric material [4]. Their measured transmission data fit well with the
theoretical band diagrams. This was the first verified experiment on a complete
photonic band gap. According to the scaling properties of the Maxwell equations, the
work also indicated that the fabrication' of+3D.photonic crystals with submicron
periodicity in the visible or near-infrared region.is possible. Therefore, in the later half
of the 1990s, with the help of gradually. maturing nanotechnology, various 3D crystal
structures with a complete band gap, such as woodpile or stacked strip structure, were
sequentially demonstrated in the optical communication wavelength range [5, 6].

Meanwhile, two-dimensional (2D) photonic crystals were also continued to be
developed. They are thought of having advantages of easy fabrication and flexible
integration over 3D crystal structures. But, the finite thickness in one dimension
makes propagation light decoupled into two separate polarizations, TM and TE modes.
Here TM is the magnetic field lying in the 2D crystal plane and TE is the magnetic
filed emitting out of the plane. So, two different kinds of band diagrams need to be
concerned. MIT group theoretically pointed out the existence of 2D photonic band
gap, where TE and TM mode gaps overlapped each other, by optimizing air hole

radius of triangular lattice in a dielectric substrate (¢=13) [7]. Then, T. F. Krauss et al.



demonstrated a high-aspect-ratio 2D crystal structure by etching holes into GaAs
based substrate [8], and subsequently proved the polarization-dependent photonic
band gaps in near-infrared range by utilizing a waveguide configuration [9]. Till the
end of the 1990s, the studies of 2D photonic crystals mostly concentrated on the
achievement of sufficient depth of etching holes on semiconductor materials so as to
observe photonic band gap effect.

In 1999, Caltech research team used a 2D slab structure to successfully
demonstrate laser emission from photonic crystal nanocavity [10]. The slab structure
was designed to have a thin thickness of A/2n, where A is the wavelength of light in
vacuum and # is the refractive index of dielectric materials, to meet the fundamental
mode of standing waves, and was sandwiched by air at the upper and bottom sides to
make index contrast large so that strong optical confinement in the direction
perpendicular to the 2D crystal-plane could be achieved. This report greatly attracted
scientists’ and engineers’ attention because-of;its potential in realization of planar
monolithic optical integrated circuits.In. 2000, Noda et al. carried out a preliminary
photonic crystal circuit, where a point defect cavity is incorporated with a line defect
waveguide, in Si-based photonic crystal slab structure [11]. They found that
propagation light through the photonic crystal waveguide can be trapped by the
nearby cavity and then emitted to the outside world. This discovery opened up a new
way for design of all-optical functional devices, such as channel add/drop filters,
optical switches and so on. Since then, scientists and engineers gradually shifted their
research directions from the early investigation of 3D full band gaps to the
development of multi-functional 2D slab structures.

Accompanying these are many interesting physical phenomena, which are
either anticipated or observed in a variety of novel experiments and in the numerical

simulations related to the photonic band engineering. Russell’s group demonstrated a



single mode photonic crystal fiber [12], where the fiber core is a large air hole and the
clad is made of triangular array silica tubes. Such fiber has the advantage of
suppression of nonlinear effect at high power. Notomi detailed light propagation
characteristics in strongly modulated photonic crystal and found negative refractive
index phenomenon from calculation results [13]. Yoshie et al. embedded quantum
dots in photonic crystal slab nanocavities and observed vacuum-field Rabi splitting
exceeding decoherence linewidths of both the nanocavity and the quantum [14].
Gersen et al. reported the real-space observation fast and slow pulses propagation in a
photonic crystal waveguide by a time-resolved near-field scanning optical microscope
[15]. Yanik and Fan proposed and analyzed a physical system, which is composed of
square lattice photonic crystal cavities, for the purpose of stopping and storing light

coherently [16].

1.2 Background and Motivation

Currently, the interest in photonic crystal waveguides and nanocavities is increasing
and has two main developments: one is photonic crystal waveguides with broad
transmission bandwidth, large propagation delay time, and small dispersion, the other
is photonic crystal cavities with high Q factors and small volumes. The former has the
property of slowing down the speed of light and the latter exhibits the potential for
storing the optical signals. Both of them are considered the key components of optical
buffer devices for the quantum information processing system.

Photonic crystal waveguides are created by removing one or several line defects
from the otherwise lattices, thus forming the defect modes (or waveguide modes)

within the photonic band gap. Since the group velocity of propagation waves in the



dielectric materials can be determined from the band structures by differentiating the
corresponding dispersion curves (i.e. V, = dw/dk), the guided modes in photonic
crystal waveguides can propagate at extremely slow speed if their dispersion curves
are properly designed. Such slow light guided modes in photonic crystal waveguides
were first demonstrated by NTT research team in 2001 [17]. They observed the
rapidly diminishing Fabry-Perot (FP) oscillation periods at the cutoff region of the
measured transmission spectrum in W1 type photonic crystal waveguides (one row of
line defect was removed). By applying FP formula, they obtained unusual large group
index of ng~100. In other words, the speed of light is slowed down by about one
hundred times than that in vacuum. Because these observed slow light guided modes
exactly corresponded to the band-edge waveguide modes in the theoretical dispersion
curves of the photonic crystal waveguides, they. are named band-edge slow light
modes.

In the following years, various-€xperimental measurements on the band-edge
slow light modes of W1 type photonic crystal waveguides were sequentially reported
(see Section 4.1). Most of them used frequency-domain approaches to indirectly
deduce group index. However, results from direct time-resolved measurements on the
dynamical propagation waves are very limited because of large
group-velocity-dispersion and narrow operation bandwidth for the band-edge slow
light modes.

As for photonic crystal nanocavities with high Q factors and small volumes, a
number of reports have shown that the ultra high Q nanocavities can be realized by a
variety of delicate designs. Lee’s group observed whispering gallery mode with Q
value of 5,000 by optimizing the inner most holes of a point defect cavity [18]. Song
et al. experimentally obtained extremely high Q factor of 600,000 using

heterostructure nanocavity [19]. Later, Kuramochi and his coworkers demonstrated Q



value exceeding 800,000 by modulating the local width of a photonic crystal line
defect waveguide [20]. However, these experiments are all carried out either by the
use of optical pumping or by means of light coupling from a passive waveguide and
an external light. Very little work has been done in the aspect of electrically pumping
high-Q photonic crystal cavities because of difficulty in device fabrication.

The purpose of this dissertation is to investigate another type of slow light
modes (named “inflection-point slow light modes™) with small group velocity and
small group-velocity-dispersion in photonic crystal coupled waveguides by recording
the dynamical propagation light waves on a high speed oscilloscope, and to fabricate
the electrically-driven photonic crystal nanocavities by means of the integration with
quantum well semiconductor laser diodes. Two topics are covered: (1) slow light
phenomena, including band-edge and inflection-point slow light modes, in single line
defect waveguides and photonic crystal coupled. waveguides, and (2) single mode
operation of electrically-driven integtated-phetonic erystal nanocavity coupled surface

emitting lasers.

1.3 Organization of Dissertation

The dissertation is organized as follows.

Chapter 2 provides the theoretical fundamentals of photonic crystal structures.
Propagation light wave within the periodic dielectric materials is discussed by the use
of Maxwell equations. Plane wave expansion (PWE) method to solve the Maxwell
equations is elucidated in the chapter. The concept of photonic band diagram and
photonic band gap are then described with the help of eigenfunctions obtained from

the method. The supercell technique employing on PWE method is introduced for the



analyses of photonic crystal defect structures. The widely-used finite difference time
domain (FDTD) method to simulate dynamic field transition in photonic crystal is
detailed as well.

In Chapter 3, we present the band-edge slow light modes in the single line
defect photonic crystal waveguides. The propagation loss of the fabricated samples is
evaluated by means of the cut-back method. The group index dispersion curve is
obtained from the measured spectra by applying Fabry-Perot method. The increasing
group delay time at the cutoff frequency is also observed in the phase-detection
measurements and related with the band-edge defect modes of photonic crystal
waveguides.

Following these results, 2D slab photonic crystal coupled waveguides with a
unique flat band allowing infleetion point ‘slow light modes propagation are
systematically studied in Chapter 4..The theoretical band structure is first designed to
obtain S-shaped coupled band. Thenj the-existence of the coupled modes is examined
by transmission spectra and Mach-Zehnder " interference curves. Finally the
time-resolved measurements on temporal optical pulses through the coupled
waveguides are conducted.

In Chapter 5, we demonstrate an integrated photonic crystal nanocavity coupled
laser structure. A practical fabrication process of photonic crystal nanocavity
integrated with electrically driven quantum well laser diodes is successfully
developed. Light emission from the nanocavity is observed and compared with that
from the cleaved facet of the integrated laser diode. The temperature stability of the
nanocaviy modes and the capability of multiple wavelength emission from side by
side slightly different nanocavities are also investigated, respectively.

The conclusion and suggestion for future work are found in Chapter 6.



Chapter 2

Computational Method

This chapter provides the theoretical fundamentals revelant to the study of photonic
crystal structure. In the beginning, Maxwell equations will be intoduced to discuss the
propagation of light wave within a linear, isotropic, and homogenious medium. Then,
light behaviors in the periodic dieletric materials will be analyzed with the help of
plane wave expansion (PWE) method. To determine field modes for a 2D photonic
crystal, the photonic band diagram and the photonic band gap are elucidated. Besides,
the supercell technique employing on the PWE method to solve defect crystal
structures will also be described. Finally, the finite difference time domain (FDTD)
method will be detailed to calculate the space and time changes in the electromagnetic

fields of light.

2.1 Full Maxwell’s Equations

According to the electromagnetic model, all the light waves are governed by four

well-known Maxwell equations (SI units):

V-B=0, (2.1a)
V-D=p, (2.1b)
OB
VXE:__: 21
o (2.1¢)
VxH:J+86—D. (2.1d)
t

Here B, E, H, and D are the magnetic flux density, electric field, magnetic field and

electrical displacement field, respectively. J is the free current density and p is the free



charges. These Maxwell's equations are generally applied to macroscopic averages of
the fields, which vary wildly on a microscopic scale in the vicinity of individual
atoms [21]. It is only in this averaged sense that one can handily treat light behaviors
in various kinds of dielectric media. Detailed description of these equations from their
microscopic correspodent can be found in [21-22].

Here let us consider a simple case of a uniform and transparent medium for
propagation light. In this medium, no external light or current source is assumed. That
is, J and p are all 0. We also restrict ourselves to the linear regime of the medium so
that higher oder terms of dielectric constant related to nonlinearity can be ignored
here. To simplify the system, frequency dependence of dielectric constant is neglected.
In addition, we treat this medium as a non-dispersive, isotropic, and lossless dielectric
material. Therefore, D and B fields’related to £ and H can be given by

D) = £y E). (2.2a)
B(r) =y u(r)H (r). (2.2b)

where ¢(r) and u(r) are the electrical permittivity (dielectric constant) and the
magnetic permeability of the material, respectively. & and yy denote the
proportionality constants in vacuum and hold the relation of equp=1/c?, where c is the
speed of light in vacuum. Since u(7) is very close to unity for most dielecric materials

of interest, we set B(r)= uy H(r) in the following derivations.

With all of these assumptions done, the Maxwell’s equations [(2.1a) ~(2.1d)]

are reduced to



V- H(r,0) =0, (2.3a)

V-e(r)E(r,t) =0, (2.3b)
Vx E(r,t) :—,UO%, (2.3¢)
VxH(r,t)= gog(r)%. (2.3d)

Here E(7, t) is the electric field and H(7 ¢) is the magnetic flux density at the point
and time #. Since these equations are linear, we can separate out the time dependence

by expanding the fields into a set of harmonic modes:

E(r,t)= E(r)e™,
H(r,t)=H(r)e ™.

Equation (2.3) then becomes

V-H(r)=0, (2.4a)
V- e()E(r) =0, (2.4b)
VX E(r) = i, H(r), (2.4c)
Vix H(r) = —iwe, e (r)E(r). (2.4d)

Now take a look at Eq. (2.4a) and (2.4b). They mean that the divergence of a
magnetic field or elcectrical displacement field is always zero. If considser the
propagation of a uniform plane wave along the arbitrary direction within the medium,
we will find that a constant vector (amplitude) of the magnetic field (or electric field )

is always transverse to the direction of propagation. Take a plane wave of a magnetic
filed H(r)= H,e"" as an example [23]. Here H, is a constant vector, and k is a

wavenumber vector and defined as k=ayk,+ayk,+ask.=kan. r is a radius vector given

by r = awx+taypyta,;z. So, the plane wave H (r) can be written compactly as

H(r)=H,e"" = Hye"™ ", where ay is a unit vector in the direction of propagation.
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By replacing H(r), the divergence equation of V-H(r) =0 becomes

ik(H,-a,)e" " =0
which requires Hy ¢ a,=0. Similarly, we can also obtain the results of £y - a,= 0 by
assuming a uniform plane wave of E(r) = E,e”” . Thus this proves that both E and H

are transverse to the direction of propagation.

Based on reference [22], E and H are also shown perpendicular to each other in
a homogenous, source-free, and lossless medium. Generally, we name such particular
field configuration transverse electromagnetic (TEM) wave.

Next, we pay our attention to the last two curl equations, Eq. (2.4¢) and (2.4d).
These two equations can be combined together by taking the curl on both sides of the

equations. Then the equations become'entirely in.£(r) or H(r):

VxVXE(r) = (?j () EG), (2.52)

or

v x{ L vx H(r)} L (ﬁj H(r). (2.5b)
e(r) c

using egpo=1/c”. Tt is now clear that the modes E(r) or H(r) for a specific frequency

can be solved if a dielectric function &(r) is given.

2.2 Plane Wave Expansion Method

Since photonic crystal is a kind of periodically varied dielectric materials, its nature of
highly symmetries in space, such as translational symmetry, rotational symmetry,
mirror symmetry and so on [23-24], is helpful to shorten the calculation time as we

determine field modes by Eq. (2.5a) or (2.5b). These special characteristices are very
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similar to those of electron systems so that some of the theorems and terminologies of
solid state physics can be inherited by photonic crystal in slightly modified forms. In
the well-known Schrodinger equation for band calculations of electrons, for example,
periodic Coulomb potential in crystals is expressed by Fourier expansion and an
electron wave function is supposed in Bloch form [25-26]. When substituted into the
Schrodinger equation, the allowed eigenstate of electron energy as a function of its
kinetic momentum is thus solved. This approach is named plane wave expansion
(PWE) mehtod because an electron wave function expressed as a superposition of
plane waves is used [3, 27-29].

The same derivation can be applied to the propagation of lightwaves in
photonic crystals. The Coulomb potential of an electron is now replaced by the

perodic dielectric constant &(r) and’given by

&(r)= ngeiG'r (2.6)

. 1 —iG-r
with gG = V_J‘ unit cellg(r)e ’

C

where G is the reciprocal lattice vector to characterize the periodicity of photonic
crystal and Ve is the volume of the unit cell. The wavefuntion of an electric field E(r)

or magnetic field H(r) can also be expressed in the form of the Bloch type, given by
Ei(r) =Y 8 (G)e" o, (2.7a)
G

H, (r) =Y h (G)e" " (2.7b)

Here @(G) and i (G) are unknown vector amplitudes of the plane wave (k+G),
which is to be determined so that Ey(7) and Hy(r) become solutions to Maxwell’s

equation [(2.5a) or (2.5b)], and their corresponding unit vectors are perpendicular to

(k+G) because of the transverse nature of H and D (V-H(r)=0=V-D(r)). k is an

arbitrary wavevector within the first Brillouin zone (because any & located outside the
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Brillouin zone can be replaced by (k-G) without the results changed, as introduced in
solid state physics [25-26]). Substituting Eq. (2.6) and (2.7) into Eq. (2.5), we obtain

the following matrix [28-29]:

(0]

VxVxE(r)= (—j e(r)E(r),
c

=(k+G)-(k+G)x¢,(G) = (gj D 668 (G). (2.8a)

Vx{ !
e(r)

= (k+G)x Z £co(k+GYx h (G) = —(?j h,(G). (2.8b)

V x H(r)} = (Qj H(r),
c

where & ;. and 85?G,are the Fourier coefficients of &(r) and &”(r) on the plane wave

with wavevector (G’-G). Both equations are the k-dependent linear matrixes and can
be solved by using standard matrix-diagonalization method [29].

Futhermore, Eq. (2.8) indicates that-the.dielectric materials enter the calculation
only through the position-dependent dielectrie-function &(r), which is evaluated on the
fine grid in the real space of unit cell and Fourier transformed into the reciprocal
space [3]. Therefore, any periodic arrangement of dielectric crystals with any shapes
and filling ratios can be exactly treated in the calculation of field eigenmodes. This
was first proposed by Ho et al. in 1990 and is noted for its efficiency and accurancy in
calculation [3]. They used the calculated 750 plane waves for a 3D fcc dielectric
structure and achieved eigenfrequency convergence within 1%. Today, of course, the
improvement of the numerical approaches and the rapid development of computers
have reduced a lot of time in calculating 3D crystal structures, which used to require
thousands of plane waves for accuracy.

Although the PWE method has advantages of accuracy and efficiency, there are

still two limitations. One is for dispersive material and the other is for nonperiodic
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structure. The former contributes complex part to the dielectric function. This
contradicts the assumption that the refractive index distribution must be identical at all
frequencies of the modes being found. The alternative solution is to use FDTD
method, which will be introduced in Section 2.5. The latter usually occurs when we
treat defect structures but can be solved by employing supercell technique, which will

be described in Section 2.4.

2.3 Photonic Band Structure

Since Eq. (2.8) is also a kind of Hermitian eigenvalue problems, all of the eigenvalues
(w/c)* can be obtained for a given:value of k [23729]. If we plot the eigen-frequency
(o) as functions of wavevectors: (k).in the first Brillouin zone, the so-called photonic
band structure would be obtained. Take'a-2D-phetonic crystal sttructure as an example.
Assume that the air crystal patterns<are.embedded in a dielectric background &(r) and
arranged in hexagonal array. The radius of the crystal is » and the pitch (lattice
constant) is @, as shown in Fig. 2.1(a). Because it is a two dimensional structure, there
are only two primitive lattice vectors, @; and @, in real space [26]. In this case, they

are expressed by

a, = a[l)?—i—? y} (2.9)

which corresponds to the reciprocal lattice vectors

5’_2_” g_LA
1 P ﬁy’
A (2.10)
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, as shown in Fig. 2.1(b). The realation between aT,aj and l; ,IZ 1s defined by

Z : b_; =276, , where i and j are integers. We then rewrite Eq. (2.6) and (2.7) as

27m 27 (2n—m)
x i

gr(x’y):zz gm’net « o a3 ,V’ (211)

m n

2 [27r(2q—p)

—X

Eey: ! T a3 ilkxtk, y+k,z)
E, =23 groce o e afi Tl (2.12)
P 4

by the use of Eq. (2.9) and (2.10) [29]. Here m, n, p, and ¢ are integers and ¢, , are
Fourier coefficients and given by
1 1 —izmx 7[27[(271—m)7

_ a Ba
8m n e e d.Xdy (2 1 3)
’ Vunit cell gr (x> y)

¢5qJ represents Fourier coefficients of each elctric field component and needs to be

determined later.

(a) (b)

Fig. 2.1 Schematic of a 2D photonic crystal structure with triangular lattices. (a) Real lattice vectors, a,

and a,, and a dielectric background ¢ (r). (b) Reciprocal lattice vectors, b; and b,, and a wave vector k.

15



Next, substituting Eq. (2.11) and (2.12) back into Eq. (2.5a) and performing a

series of algebraic simplification, we can obtain a modified eigenvalue equation:

E, E,
¢’";P a)z ¢m,p
E, E, )
zzgp—m,q—nO ¢m,)p =7 ¢m,p 5 (2.14)
m n E. C E.
¢m,p ¢m,p

where O is a matrix in which each entry is a function of wavevector k. (The step-
by-step derivation of Eq. (2.14) can be found in [29].) Finally, the eigenfrequcny o as
functions of & can be determined with the help of linear algebra and diagonalization.

Figure 2.2 shows the calculated dispersion curve w-k (or named as photonic
band diagram) of a 2D photonic crystal structure. In this case, the dielectric constant
of air crystal and dielectric background are 1 and. 13, respectively. The hole radius r is
0.33a. Because the light wave now| propagates:in the xy plane, the filed modes are
seperated into two distinct polarizations, TE-like (£ in the xy plane) and TM-like (H
in the xy plane) modes. Here, only-TE-like modes‘are concerned.

From Fig. 2.2, we found a special mode gap in a certain frequency region. That
is, the density of states, the number of possible modes per unit frequency, is zero
within the region. So this gap is called the photonic band gap. All light emission and
propagation are prohibited in it. Many applications of this property to nanocavity
lasers and waveguides are rapidly developed. A good example will be detailed in
Chapter 5. Also, Figure 2.2 reveals that the group velocity of light waves, defined by
dw/dk, is zero at some symmetric points, like /' and K. This is very interesting
because as light speed is retarded, the photon-material interaction time will be
extended; thus, the properties, such as optical gain and nonlinearity effect, would be
enhanced. Such topic is categorized as slow light phenomenon and also the focus of

this dissertation. More details can be seen in Chapter 3 and 4.
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Fig. 2.2 Band diagram for the TE-like modes,of 82D triangular lattice structure. The gray area shows
the photonic band gap where light propagation is_forbidden.”.I", M, and K are symmetric points in the

first Brillouin zone.

2.4 Supercell Techniques

Based on the PWE method (Eq. 2.8), infinite periodicity of dielctric materials in all
directions is a requirement for band diagram and field mode calculation. However, if a
defect is introduced into the otherwise periodic structures, the original periodicity of
system would be altered and a defect mode would arise in the photonic band structure.
To avoid this, the technique of “supercell” is often employed in PWE method. The
approach is to replace the original unit cell of the structure by a complicated unit cell,
where a defect is surrounded by a set of crystals. The new defined cell, called
supercell, retains its periodicity in every direction so that PWE method can be applied

to solve defect modes [28-29].
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Figure 2.3 is an example of cavity defect modes calculated by a 5x5 supercell
technique. The supercell size depends on design structures and user’s demand, but it
shoud be large enough to avoid interaction with adjacent supercell. Generally, the
larger the supercell, the more accurate the defect states are and the longer the
calculation time takes. In this case, only a single defect is concerned so that a small
size of 5x5 supercell is used. If defect studctures become complicated, such as several
missing holes around crystals, larger cells are necessary for studying confined modes
with higher accuracy. The same technique can applied to photonic crystal slabs. These
structures are periodic in two dimension (i.e. xy plane), but the dielectric funtion &(r)
in the third dimension (i.e. z direction ) still varies because of the finite thickness of

slab. If we are able to define an appropriate cell plane, the PWE methood can be used.

{ a } I...I-..I.I.-l.l.l-.‘l.l-l.l-i.l
LU R L L L R
IO DBDDBEBRRI

£ see \
) A
1 X
iiiiiii‘ii-iiiii
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248534

4 0 3 & 9§ 12 15 1§ -M4EEM
o

Fig. 2.3 Concept of the supercell technique. (a) A 2D photonic crystal defect structure. (b) A selected
5x5 supercell, including the defect. (c) Repeated supercell in all directions for the PWE method. (d)
Calculated defect modes in each identical supercell. Clearly it is seen that no interaction occurs

between two adjacent supercells.
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2.5 Finite-Difference Time-Domain Method

Another widely used numerical technique for computating the propagation of light
waves in the medium is the finite-difference time-domain (FDTD) method [30-32].
The FDTD method is a rigid solution to the Maxwell’s equations. Different from the
PWE method which merely provides stationary states (eigenmodes), the FDTD
method can directly explore the dynamic motion of light waves. Besides, there is no
theroretical restriction and approximations in the FDTD method. Any finite space
including objects can be straightforward analyzed by the FDTD technique.

The main algorithm of FDTD method builds on solving two Maxwell’s curl
equations, as depicted in Eq. (2.3c)and (2.3d). If we rewrite the equations in Cartesian

coordinates, we would obtain six scalar equations{33]:

OE, _1(OH, _OH Y :0oH, OE, OE,

o &\ oy 8z 7ot oy oz )
aEy =l OH ; __aHZ oH oF _8Ez (2.15)
o &\ oz o ) ot oz ox J
E, 1 aHy_é’Hx OH . OF, _OE,

o e\ ox oy ) ot ox Oy

All of these equations indicate that any spatial variations of one field would cause the
other field to change dynamically. In other words, the electricl field and the magnetic
field are interlaced in temporal and spacial domain. The FDTD techniques to solve the
equations are based on Yee’s approach published in 1966 [31]. Yee dividied the
analytical domain into small regutangular cells with edges Ax= Ay= Az, and assumed
that each FE field vector component is located midway between a pair of H field vector
components inside the cells (see Fig. 2.4), and vice versa. Then, he discreted the time

step so that £ and H field components can be computed at every short time interval Az.
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Fig. 2.4 Illustration of the Yee’s cell'used for FDTD method [31].

For example ,the field components, E. an M., in Eq; (2.15) at time t= nAt (n is an

integer) can be solved by

En+1 — En

2(i,),k) 2(i,),k)

At n+l/2 n+l/2 At n+l/2 n+l/2
+——(H . an —Hyo ) ——— (H G —H G )
EAX ENy

y(i,j+Lk) x(i,j,k+1) x(i,

A At
Hi =HIG o+ _t(En Elan)~ (Ey
HAY HAX

n
z(i, ] k) x(i,jk) (i j,k) _Ey(i,jfl,k))’

if a cell, denoted by integers (i, j, k), is given [33]. This scheme, now called Yee’s cell
or Yee’s mesh, proves to be essential to many current FDTD softwares.

There is an important issue to be addressed while using FDTD method. It is
boundary condition. In the real world, the space is continuous and infinite, but in the
FDTD method, the computational domain is finite and limited by the computer
memeory. Therfore, as the light waves reach the boundary surface of the
computational domain, relfection would occur and disturb the excited fields. To solve

this problem, many simulations introduce an absorbing boundary condition (ABC),
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which eliminates any outward-going waves that impinge on the domain boundries,
into their models [33]. Among a number of available highly effective absorbing
boundary conditions, Mur s condition and Bereger s perfectly matched layer (PML)
condition are the two most commonly used techniques [30-31]. The former calculates
fields so as to cancel the reflection on the boundary, and the latter places absorbing
materials (conductive medium) close to the boudary to suppress the reflection. In
general, PML can provide orders-of-magnitude lower reflection than Mur’s condition
so that it is widely adoptedly by FDTD users [28]. In the following chapters, our

FDTD simulation results are all based on the PML boundary conditon.
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Chapter 3
Band-Edge Slow Light Modes in Two-Dimensional
Slab Photonic Crystal Waveguides

3.1 Introduction

Photonic crystal (PhC), consisting of periodically-varying dielectric materials,
exhibits the ability to manipulate the propagation of light in both passive and active
optical devices [23]. If properly designed in geometry, a photonic band gap (PBG),
analogous to electron band gap in semiconductors, would be created [34-35]. It is
believed that photons can be amehably controlled by introducing artificial defects into
the ordered crystals [2, 36]. For ‘example; point defects, where a single or a few
periodic dielectric materials are Temoved, -have beén realized as cavities at nanometer
scale [37-38].

The simplest type of photonic crystal consists of two alternative thin films with
different refractive indexes [39]. This 1D photonic crystal, however, dose not have the
flexibility for being used in a complicate photonic circuit. A full blown 3D crystal
with a complete band gap, in which light at the frequency of defect states can be
trapped or guided without losing any energy, would be a good candidate for the
realization of omni-functional photonic chips [4, 40]. However, the complicated
fabrication of 3D structures keeps them from being further applied. As for 2D crystals,
they have many advantages, such as well in-plane light confinement and excellent
integration with photonic and electronic devices. But the deficiency of vertical

confinement would create another path for light to escape, resulting in serious energy

22



leakage.

Recently, 2D photonic crystal slab structures, where dielectric slab with planar
photonic crystal patterns are sandwiched between two low dielectric constant
materials, were proposed and studied extensively [10, 41]. Such structures not only
maintain the superiority as 2D crystals, but also effectively confine light in the
vertical direction by means of total internal refraction. If we could create high
refractive index contrast in between the dielectric slabs and choose the adequate
thickness of the sandwiched layer, a pseudo 3D PBG will be formed. One of the most
accomplished structures that have been reported so far is that fabricated on
silicon-on-insulator (SOI) substrate [42]. This structure consists of Si/Si0,/Si (from
surface layer to substrate) and has been maturely developed as the platform for ultra
large scale integrated (ULSI) cireuits in current semiconductor industry. Strictly
speaking, Si is not a good candidate for photonic: devices because of its natural
characteristic of indirect band gap, but’its-superior properties, such as high refractive
index (n,,=3.4) and low absorption ‘coefficient (a,<lcm™, at 7,~8*10'° cm™ and A=1.55um)
meet the needs in optical communication network [43]. In addition, the low dielectric
constant material of SiO; (€s2=3.9) can be easily removed with solution, buffered HF
(BOE), thus turning SOI substrate into a membrane structure of air/Si/air/Si bulk. The
suspended membrane hence possesses fairly large index contrast (ns/n,, =3.4/1.0)
which can reinforce the confinement of light in a vertical direction. Moreover, the
thickness of the membrane (Si layer of SOI) is always chosen to be half of the
wavelength at which light transmits in the material to satisfy the lowest-order modes
of standing waves. This is especially important for Si-based planar photonic crystal
devices aimed at optical applications.

Examples of such most studied slab devices are 2D photonic crystal slab

waveguides [44]. By inserting line defects into the periodically-arranged crystal
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lattices, a certain frequency of light waves will be guided along the defect waveguides
with less intensity loss because of the formation of defect modes in above-mentioned
pseudo 3D PBG. Over the last decade, various applications of these waveguides, like
photonic beam splitter [45], channel-drop filter [46], all-optical switch [47] and so on,
were developed. Moreover, many interesting physical phenomena have been observed
in such slab waveguides. One of them is “slow light” [20].

Slow light, as implied by the name, is that the speed of light wave is slowed
down to the value much smaller than that in vacuum. It is expected that a great variety
of applications, such as optical delay lines, buffer devices, and memory to store
optical signals could be carried out if the light speed can be controlled at will. Since
the photonic crystals are a category of band structure engineering, the slope of the
corresponding dispersion curves,. dw/dk, would*determine the energy propagation
velocity of light waves in the crystal patterns..Accordingly, it makes possible to retard
the propagation speed of light-waves if-the. photonic crystal patterns are designed
properly. In the band diagram of photenic crystal slab waveguides, the defect bands
are formed within the photonic band gap because of the introduction of line defects.
Waveguide modes corresponding to the defect bands would propagate along the slab
waveguide at different velocities if the shapes of the defect bands are not linear lines.
Therefore, it is practicable to observe propagation light waves at extremely slow
velocity in photonic crystal waveguides.

In the following, we start with slow light by taking 2D photonic crystal slab
waveguides with single line defect (W1 type). First, the band diagrams of the
waveguides were calculated by using plane wave expansion (PWE) method with
effective index approximation. Next, we demonstrated the performance of the
fabricated W1 type slab waveguides in experiments. After that, the deduced group

velocities as a function of wavelength were obtained by means of frequency-domain
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measurement (Fabry-Perot method) and time-domain measurement (phase-delay
approach), respectively. Finally, the advantages and disadvantages of the two
measurement methods will be showed and an improved way to measure the ultra slow

light in photonic crystal waveguides will be proposed.

3.2 Band Diagram

Figure 3.1(a) is a pattern of 2D photonic crystal slab waveguide used in our
calculations. A row of crystals is removed from the otherwise hexagonal lattices to
form a so-called W1 type photonic crystal waveguide. The radius and the refractive
index of crystals are assumed 7;=0.255a and n,;=1.0, respectively. Si substrate was
used as the material of the slab+n simulation so as to meet the practical samples. The
effect of the thickness of the slab was-approeximated by the approach of effective
index of guided modes in the dielectric.slab {48]. In this way, calculation dimension
can be reduced from 3D to 2D without altering other simulated results, such as the
field distribution of eigenmodes. A supercell was used as a primitive unit cell to
construct the waveguide in spatial domain, as shown in Fig 3.1(b). And then, by using
the PWE method, this supercell was applied to Maxwell equations (described in
Chapter 2) to solve eigenmodes of 2D photonic crystal slab waveguides.

Figure 3.1(c) is the calculated band diagram for TE-like modes of a W1 type
photonic crystal waveguide. The dash line, marked as light line, results from the
air-cladding (n,;=1.0) and indicates a demarcation between the leaky mode region
and photonic crystal slab mode region. Waveguide modes above this line are leaky.
While the gray region shows the photonic crystal slab modes which can propagate

inside the slab, the white area represents PBG where light transmission is forbidden.
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Fig. 3.1 (a) Schematic of a W1 type photonic crystal waveguide. (b) A selected 1x10 supercell. (c)
Band diagram for TE-like modes of W1 type waveguides. (d) Y-components of magnetic field in the
defect waveguide. (Left) Odd modes (Right) Even modes.
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Of interest are the two unusual defect bands within the PBG. These two bands allow a
certain frequency range of waveguide modes to propagate along photonic crystal line
defects without leakage because of in-plane PBG confinement and TIR in the vertical
direction. Close inspection of the field distributions of the guided modes in the two
bands exhibits highly symmetry along the central axis of the defect waveguide, named
odd and even modes (see Fig. 3.1(d)).

Furthermore, it clearly appears that the gradients of the two bands under the
light line become flat, especially at the zone edge of the bands. This suggests that
group velocities of the guided modes within the narrow bandwidth region would be
very slow. In order to further understand, we will examine the properties of even
bands for the fabricated 2D photonic crystal slab waveguides by using

frequency-domain and time-domain measurements.in the following section.

3.3 Device Fabrication and Characterization

Based on the theoretical results given in Section 3.1, a 4-inch SOI wafer with a 2pm
buried oxide and a 205nm thin silicon guiding layer were used as a slab dielectric
material. W1 type photonic crystal waveguides with triangle lattice constant of a=432
nm and hole radius of =110 nm were patterned by E-beam lithography and
transferred upon the Si guiding layer by ion couple plasma (ICP) dry etching. Then
the underlying SiO; cladding layer was removed by selective wet etching using HF
solution to form an Air/Si/Air membrane structure, as shown in Fig. 3.2. Si tapered
ridge waveguides were connected to both sides of photonic crystal waveguides. W1
type slab waveguides with different lengths (L=50~3024um) were prepared for the

following propagation loss measurements. The total lengths of all samples, including
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Fig. 3.2 SEM micrographs of the fabricated W1 type photonic crystal waveguides. The lattice constant

and hole radius are 432nm and 110nm, respectively. The thickness of the slab is 205nm.
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Fig. 3.3 Schematic illustration of the measurement system [49]. The inset shows the taper structure

between Si and photonic crystal waveguides.

28



Si taper waveguides and photonic crystal waveguides, were fixed at 6mm.

Figure 3.3 shows the schematic of the measurement setup. A long-wavelength
tunable laser with wide bandwidth of 1=1490~1620 nm was used as light source.
Linearly TE-polarized light (E // PhC plane) was coupled into the samples by using
polaizers, single-mode optical fibers and objective lens. Light passing through
photonic crystal waveguides was then analyzed by optical spectrum analyzer (OSA).
A typical transmission spectrum of the fabricated W1 type photonic crystal waveguide

with 54um long is shown in Fig. 3.4. In this case, the structural parameters are

W=1.0W,
0 M L=54um
) A AL
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Fig. 3.4 Experimental transmission spectrum of a W1 type photonic crystal waveguide with a 54jum
length. The inset is the magnification of the cutoff region. AAmeans the Fabry-Perot oscillation

period.

designed to be the same as that in Fig. 3.1. The span from 1510nm to 1593nm
corresponds to the bandwidth of the even modes calculated in Fig. 3.1. Similarly,
other samples with different PhC waveguide lengths but the same structure

parameters were also measured and shown in Fig. 3.5. Random dips observed in the
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Fig. 3.6 Transmittance against photonic crystal waveguide lengths at different launch wavelengths.

spectra of longer waveguides are due to fabrication disorder, i.e. broken crystals.
Different position of the cutoff in the curve results from the propagation loss of the

waveguides, which is in proportion to waveguide length.

30



To estimate the propagation loss of the fabricated W1 type photonic crystal
waveguides, the so-called “cut-back” method was used. The details of the method are
described as follows. First, the original measured transmission curves were rearranged
as a function of PhC waveguide length. Then, straight lines were applied to each
modified curve by using the approach of least squares, shown in Fig. 3.6. Finally, the
slopes of each fitting lines, presenting propagation loss, were plotted against the
wavelength. Figure 3.7 shows the results of propagation loss measurements of the
fabricated W1 type photonic crystal waveguides. It is clearly seen that the propagation
loss in the range of 1530nm~1580nm is around 2~3dB/mm. In other words, if the
device size is shrunk to 50um, only 0.1~0.15 dB loss is shown. Such loss is too small
to affect the normal operation of practical devices, hence our fabricated photonic
crystal waveguides are considered:teady to be applied to photonic integrated circuits.
This value, to our knowledge, is the smallest-one. among those ever reported studies

on photonic crystal waveguides:
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Fig. 3.7 Propagation loss spectrum for the fabricated W1 type photonic crystal waveguide. It is clearly

that propagation loss is only 2~3dB/mm in the transmission region.
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3.4 Group Velocity Measurement

3.4.1 Frequency-Domain Method

Since Si ridge waveguides were designed to connect with both sides of the photonic
crystal waveguides (see the inset in Fig. 3.3), light reflection from the interface of Air
and Si waveguide or Si and PhC waveguides resulted in the obvious Fabry-Parot (FP)
interference patterns in spectra, as shown in Fig. 3.4. These FP patterns, however,
exhibited abnormal oscillation periods (AA), which is getting smaller as wavelength
increases. Based on FP formula, given by

/12

Al = ,
2Ln .

with A being the FP resonant peak, L being.the length of PhC waveguides, and ng
being the group index, a reduction of AZ implies the increase of n,. Well-known in
solid state physics, group index is defined as the ratio of light speed in vacuum to that
in material, expressed as n,= ¢/v, where c is the speed of light in vacuum and vy is the
group velocity. Therefore, a large value of n, means that light wave propagates
through materials at a small group velocity. Fig. 3.8 shows the deduced group indexes
from Fig. 3.4 as a function of wavelength A. The group index rapidly increases from
20 to 200 at around wavelength A=1592-1596nm and reaches its highest value 7,=300
at wavelength A=1597nm near the cutoff. This indicates a swift change of the energy
propagation velocity of light in photonic crystal waveguides larger than that in air by

a factor of 20-300.
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Fig. 3.9 (a) Magnified dispersion curve for the guided modes around the band-edge region. (b)

Ilustration of the Fabry-Perot resonant modes, which correspond to the guided modes in W1 type

photonic crystal waveguides.
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Since these group indexes were derived from the measured spectra by means of
FP method, longer PhC waveguides would offer better opportunities to explore
extremely large group indexes of light waves than short ones. This is because FP
modes spacing is inversely in proportion to the waveguide length. The narrower the
FP mode spacing, the more likely we are to approach the band edge points of guided
modes. Figure 3.9(a) is a magnified dispersion curve around the band edge of even
modes in W1 type slab waveguides. Figure 3.9(b) is a sketch of corresponding FP
resonant modes in spectrum. Here, we assume that the dispersion curve is in parabolic
shape and wave vector at the band edge of the first Brillouin zone is k), which
corresponds to a normalized frequency wy. According to a parabolic approximation,

we could express other normalized frequency w around band edge as

6
O R@yt o
a

where a is a numerical parameter related to -hole radius, refractive index, and pattern

structure, and Ak is the wave vector differencein dispersion curve, which is given by
Ak:|kl —k0| =|k2 —kl| =|k3 —k2| =..., and is in proportion to 1/L. By differentiating

the dispersion curve, group velocity is given by

, :d_a)NA_kN(a)—a)O)m
¢ dk ol a ’

As the waveguide length (L) increases, Ak would become smaller. So, it should be

possible to achieve v, ~0 at @~ w, in theory. In practical experiments, however, a

long waveguide would cause a large propagation loss. Therefore, we believe if the
optimum waveguide length is found, an approximately ultimate band edge point of

the guided mode, which corresponds to the extremely large group index, could be

34



observed.

3.4.2 Time-Domain Method

The other approach to determine velocity dispersion of photonic crystal waveguides is
to monitor the phase delay of launched signal. Figure 3.10 is the schematic view of
our time-domain measurement system. A 3G Hz(®) modulated signal was steered into
two branches: one is conducted to the fabricated photonic crystal waveguides and the
other is directed to the phase combiner. Due to the different optical paths, the phase of
the modulated signal passing through photonic crystal waveguides would differ from
the original signal by an amount of A®. Since delay time is given by T=A®/® where ®

being the modulated frequency, group index of the.waveguides can be determined via

L

where L is the length of the photonic erystal waveguides.

Frequency Modulator

(3GHz) .
Phase Combiner
sin( ot + @)
JUL > ()= AdA)
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Fig. 3.10 Ilustration of the phase-delay measurement setup.
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The black line in (a) and (b) represents the signal transmits over a Si waveguide.

Figure 3.11(a) shows the measured relative group delay time for W1 type
photonic crystal waveguides with different lengths. Here, the structural parameters of

all samples are designed to be the same as those in Fig. 3.1. The resolution of

36

(5dB/div)



time-domain scale is 0.1psec and the fluctuation shown in the plot comes from the
internal FP noise of the waveguides. It clearly shows that the delay time rapidly
increases at the cutoff region. However, due to the limited function of the modulator
in our measurement system, the maximum deduced group index from the longest
sample (L=1.3mm) is only 40 at around A=1590 nm, as shown in Fig. 3.11(b). The
information behind this point can not be analyzed. Compare this result with what we
have obtained in frequency-domain measurement, the obtained group indexes are
almost the same from n,=15 at A =1580 nm to ny,~40 at A =1590 nm. This again
confirms that light waves at launched frequency close to the band-edge guided modes
are rapidly retarded when passing through photonic crystal waveguides due to the

unique characteristic of dispersion.

3.5 Discussion

While these two measurement methods provide convenient ways to examine the slow
light phenomena in 2D slab photonic crystal waveguides, some disadvantages of the
methods impede the further exploration of precise large group index. In
frequency-domain measurement, for example, intrinsic FP noise, resulting from other
FP cavities formed due to different interfaces of Air/ Si waveguide or Si/PhC
waveguides, would couple into the measured signals of transmission spectra, thereby
causing the wrong determination of group index. This circumstance usually occurs
when we measure longer photonic crystal waveguides because of their corresponding
dense and narrow FP oscillation periods. This is why short PhC waveguide length is
usually chosen for frequency-domain measurements. However, if we attempt to

approach the guided modes at the cutoff region (band edge of the first Brillouin zone),
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samples with long waveguide lengths are preferred (as mentioned in Section 3.4.1).
Recently a novel approach, utilizing a Mach-Zehnder interferometer to acquire 7y,
was proposed by IBM researchers to solve this contradiction [50]. They showed that a
precise and large value of group index up to n,=300 was successfully obtained even in
a short (L=50um) or a long (L=250um) photonic crystal waveguide. The detail of this
method will be introduced in Chapter 4.

As for the time-domain method used in this work, a major problem of observing
extremely small group velocity vglies in propagation loss and dispersion of photonic
crystal waveguides, which lead to the modulated signal weakened and distorted. This
problem causes a vital failure in the detection of phase delay in the cutoff region,
especially for those samples with longer PhC waveguide lengths, as shown in Fig.
3.11. Shortening the waveguide length would reduce propagation loss, yet it would
result in the observed group delay time being.too small to be analyzed precisely in the
cutoff region. This is because low frequency--of the-modulator (3G Hz) was used in
the experiments so that the resolution-is.not.good enough. The tradeoff is to choose
modulated frequency as high as possible to obtain the best temporal resolution (i.e.,
the highest number of oscillation per second). A good example can be found in [51].
The authors launched a 19 GHz small-modulated signal into a 20um-long photonic
waveguide and successfully obtained extremely high group index (>230) near the

cutoff edge.

3.6 Summary

We have fabricated 2D slab of W1 type photonic crystal waveguides on SOI wafers.

Very small propagation loss (2~3dB/mm) of the fabricated waveguides was
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demonstrated by using the “cut-back” method. We also have reported on
measurements and theoretical calculations of group indexes of light propagating in the
W1 type slab waveguides near the cutoff region. Extremely large group indexes of
200~300 were observed from the measured spectra by the use of Fabry-Perot method.
Results obtained from the time-domain measurement approach, which determines
group velocities by detecting phase delay of a 3GHz-modulated signal passing
through the waveguides, also showed large group indexes at position close to the band
edge. In addition, the wavelength dependence of the group velocities deduced from
the band diagram fit well with the measured data. These high values of group
velocities indicated that light wave propagates through the photonic crystal
waveguides at extremely slow speed. This characteristic would offer good
opportunities of exploring nonlinear physics because of strong enhancement of
light-matter interaction. We also.expect that in. the near future, photonic crystal
waveguide as an optical integrated circuit-can-find its applications, like optical buffer

devices.
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Chapter 4
Inflection-Point Slow Light modes in

Photonic Crystal Coupled Waveguides

4.1 Introduction

Since photon can be tailored at will in the man-made photonic crystal, utilizing
photonic band gap structures to slow down the speed of light were recently acquiring
much attention because of potential applications in devices such as optical delay lines
[52-53], all-optical buffers [54-557, and optical storages [56]. One such promising
structure is two-dimensional (2D).photonic erystal (PhC) slab waveguides [20]. As
described in the Chapter 3, these waveguidess.if designed properly, exhibit a unique
dispersion relationship for the ‘traveling .light and can selectively retard the
propagation speed of certain waveguide modes. Theoretical calculations have shown
that extremely small group velocities can exist for the defect mode at the band edge of
PhC waveguides due to a relatively flat band structure [20, 57]. Experimental
measurements of slow light in PhC waveguides have also been reported. Some used
the frequency-domain approach, which indirectly deduce the group index by
analyzing the transmission spectrum using Fabry-Perot or interference methods [20,
50]. Some measured the phase delay of modulated signal to determine the group
velocities [51, 58]. Results from direct time-domain measurements on the wave
propagation in PhC waveguides, however, are very limited [59-60] because of the
narrow operation bandwidth and large group-velocity-dispersion at the band edge.

Recently, Mori and Baba proposed a photonic crystal coupled waveguide
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(PhCCW), where a unique flat band of coupled modes is formed in the photonic band
gap [61]. An S-shaped dispersion curve with a flat region (or the inflection point)
inside the first Brillouin zone was obtained for the waveguide mode. Their simulation
results showed that the waveguide mode has a wider operation bandwidth and a lower
dispersion for slow light propagation than that of a conventional single line-defect
PhC waveguide. However, the experimental realization of PhCCWs and the light
behavior at the unique flat band have not been reported.

In this chapter, we present for the first time the measured transmission spectrum
of a properly designed PhCCW to verify the existence of the unique flat band. Next,
we demonstrate the deduced group velocities as a function of wavelengths by using an
interference approach, where the spectra of an integrated Mach-Zehnder
interferometer (MZI) employing:PhCCWs were. measured, to further clarify the
inflection-point slow light meodes' of this< flat region. Finally, we report the
time-domain observation of the retardation-of propagation pulses in a 2D slab
PhCCW by using a high speed oscilloseope.. The group velocities of the optical pulses
at different wavelengths were measured. An extremely small group velocity of 0.017¢
was obtained at the wavelength of A=1537.30 nm, which is very close to the

inflection-point slow light modes in the flat band.

4.2 Band Structures of Photonic Crystal Coupled Waveguides

A PhCCW consists of two W1 type waveguides, where a row of air-holes (W1) is
removed from the otherwise hexagonal PhC lattices [62]. The two W1 waveguides are
separated by three rows of air holes. The radius of the holes in the center row () and

those besides the waveguides (rj, r;) and the position of the holes along the W1
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Table 4.1 Structure parameters

Parameter: r, r r, r Shift 1  Shift 2

(=)

(unit: a)
Fig. 1.(b) 030 0.44 030 033 0.00 0.00
Fig. 1.(c) 0.28 0.41 026 0.27 0.00 0.22

waveguides (shift 1, shift 2) are used as design parameters, as shown in Fig. 4.1(a).
By adjusting the structural parameters, we can easily obtain an S-shaped-like coupled
defect band with clear inflection points. Figure 4.1(b) and 4.1(c) are the two examples
of theoretical band structure for the guided modes, which were calculated by the 2D

plane wave expansion method with effective index approximation. The corresponding
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structural parameters are tabulated in Table 4.1. In Fig. 4.1(b), there are two inflection
points, M and N, with a negatively sloped region in between. By optimizing the
design parameters, we were able to obtain a nearly flat region between the two
inflection points. In this case, with the band structure shown in Fig. 4.1(c), both the
first derivative and the second derivative of the w(k) curve approach zero at the
inflection point A. So we have a situation that not only the group velocity of the
waveguide mode is very small, but the dispersion of the propagating optical pulse is

minimized.

4.3 Fabrication of Photonic Crystal Coupled Waveguides

Conventional 2D slab process for the PhC waveguides is carried out for this PhnCCW
fabrication. The detail is described in‘Chapter.3 and is also outlined here. A 4-inch
SOI wafer with a 3 um buried oxide layer and a thin silicon guiding layer (thickness =
205 nm) was chosen as a platform for fabrication. Devices were started by E-beam
patterning of hexagonal arranged photonic crystals, whose lattice constant is designed
as a= 438nm, followed by ICP-RIE dried etching. After obtaining air holes, the
suspended silicon membrane was formed by removing the buried oxide layer using a
selective wet etch, an HF solution. The top view of a completed coupled waveguide is

shown in Fig. 4.2.
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Fig. 4.2 SEM image of PhCCW with lattice constant a = 438 nm and hole diameter 2r;=250 nm. In this
case, I, I, I, and Shift 2 is 0.44a, 0.23a, 0.30a, and 0.15a, respectively.

In order to investigate the characteristic of PhCCWs with such special defect
bands in the experiments, some design rules are considered here. The input and the
output of the PhCCW were integrated with two optical multimode interference (1x2

MMI) couplers for efficient couphng tQ tlpe Qut31de world (see Fig. 4.3). These MMI’s,

with 50/50 split ratio, allow us to 'XCItS! _e‘ind colleét the coupled-defect modes at the

input and the output ports of the PhCCW : Twe kmds of the interface between the

PhCCW and the access strip Si wavegmdes of the MMI s, named as Type I and Type
II in Fig. 4.4, were fabricated to examme‘ if’ -or-“not the coupling efficiency is enhanced
in the slow light region [63]. The width of the waveguides between the PhCCW and
the MMI was tapered to ensure single mode propagation in the two branches.

PhCCWs with three different lengths (L = 100, 200 and 500 um) were prepared.
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Fig. 43(a) A 1x2 MMI with 50/50 split ratio simulated by 2D beam propagation method. A

Gaussian-shaped pulse at wavelength of 1.55jum is used as light source in the simulation. (b) SEM

Fig. 4.4 Two kinds of interfaces. (a) Type L. (b) Type II.

4.4 Spectral-Domain Measurement

A typical transmission spectrum of the fabricated Ph\CCW with 200pum long (Type 1)

45



is shown in Fig. 4.5. In this case, the structural parameters were designed to be the
same as that used in Fig. 4.1(c). A sharp dip (marked as point “A”) can be clearly seen
at around A=1537 nm indicating that the propagating light suffers a severe change in
velocity. Usually for PhC waveguides, the so called “slow light” phenomenon is
observed when waveguide modes propagate near the band edge [20]. But here, the dip
(or slow light) is in the middle of the transmission spectrum. This is due to the special
slow light region associated with the inflection point of the S-shaped-like dispersion
relationship caused by the PhACCW.

In W1 type PhC waveguides, it has been demonstrated that different truncation
at the interface of strip Si-PhC line defects would influence the coupling efficiency of
the band-edge slow light modes [63]. This is explained by the photonic surface state
at the coupling interface in resonance with the slow light modes. Here, the similar
results were also observed in our fabricated PhCCWs. Fig. 4.6 (a) and (b) show the
measured spectra, which correspond. to-the samples ‘with truncations of Type I and

Type II (see Fig. 4.4), respectively. Tt obviously exhibits that Type II has better
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Fig. 4.5 (Right) Measured transmission spectrum of a PhCCW with length L=200 pim. In this
sample, the structural parameters are designed to be the same as that used in Fig. 4.1(c). (Left) For

convenience of comparison, Fig. 4.1(c) is placed here again.
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coupling efficiency than Type I in the slow light regime by a factor of 5~7dB. This is
also ascribed to the mode match of surface state (I -M) and line-defect state (I -K).
So, it again confirms the importance of truncation design of the coupling interface as
we explore extremely slow modes in PhC waveguides. In the following discussions,

only samples with Type II interface are concerned.
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Fig. 4.6 Measured spectra for (a) Type T, and (b) Type II. It is clear that Type II shows higher

transmittance at the cutoff than Type 1.

For further clarification of the S-shaped-like band in PhCCWs, we also
investigated the spectral dependence of the group velocities by utilizing interference
method. Fig. 4.7(a) shows the schematic of the device layout. An integrated MZI
structure [50], which consisted of a reference branch (stripe Si waveguide) and a
signal branch (PhCCW butt-connected to MMIs), was used. Two MMI splitters that
split light equally between the branches were applied to realize the interference
experiments. The structural parameters of PhCCW were designed with the band
structure shown in Fig. 4.1(c).

A typical transmission spectrum of this MZI device is shown in Fig. 4.7(b). The
maximum and minimum of the oscillating fringes correspond to the constructive and

destructive interference, respectively. It is seen very clearly that the oscillation period
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changes rapidly between wavelengths of 1530 nm and 1540 nm. This indicates a
sharp increase of the relative phase shift in interference. The group index of the

propagating light in the Ph\CCW can be deduced from this interference spectrum using

sig — ﬂ’min * /Imax
n*(2) 204 —2 )+”si(/1)

‘min ‘max

where =200 pum is the length of a PhCCW and ny(41)=3.4 is the index of Si
waveguide in the reference branch [50]. Figure 4.7(c) shows the deduced group index
as a function of wavelength. We can see that the group index n, increases rapidly as
the wavelength increases above 1535 nm and reaches the highest value at around
1537 nm, and then diminishes beyond 1540 "nm. For comparison, we have also
calculated the group index from-the.S-shaped-like.band structure shown in Fig. 4.1(c)
using n,= c/(dw/dk). The result is shown by-the black dashed curve in Fig. 4.7(c).
Very good agreement was obtained-between the measured and the calculated results,
demonstrating the existence of small group velocities at around A=1537 nm, which
corresponds to the inflection point, “A”, shown in Fig. 4.1(c) and the dip shown in Fig.

4.5.
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Fig. 4.7 (a) Schematic of an integrated MZI structure. The gray bold line represents the stripe Si
waveguides. (b) Measured transmission spectrum of a MZI sample. In this case, the length and the
lattice constant of PhCCW are 200 jam and 438 nm, respectively. (c) Wavelength dependence of
group indices (blue squares) deduced from (b) by using inference approach. The black dash line shows
the theoretical group indices calculated from the inverse of slopes of the blue line (coupled band) in Fig.

4.1(c).

4.5 Time-Domain Measurement

Next, we explore the temporal dynamics of the propagating light in this special slow
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light region by doing the time-resolved measurements on the PhCCWs. Figure 4.8
shows the schematic of our time-domain measurement system. A passive
mode-locked Er-doped fiber ring laser, operated in the 1525-1565 nm, was used as the
light source. The repetition frequency of the pulses was 10 MHz, which corresponds
to a period between pulses of 100ns. The light from the laser was amplified by an
Er-doped fiber amplifier (EDFA) and then modulated by an optical tunable filter of
bandwidth 0.244 nm. As a result, high power input pulses with a long pulse length of
24-28 ps (FWHM) were obtained. By utilizing a 1 x 2 fiber optic splitter module with
a splitting ratio 90/10, 90% of the input power was steered into the sample under test
and 10% goes into a tunable optical delay line. Another Tee type (2 x 1) fiber optic
coupler with a coupling ratio 50/50 was used at the output to combine the two split
beams into one. The output light.collected was then amplified by a 2™ EDFA. The
waveforms of the amplified pulses were finally -displayed and recorded by an
oscilloscope with a fast integrated optical-module, which has 28 GHz of unfiltered
optical bandwidth for optical signal-detection: To suppress the amplified spontaneous
emission (ASE) from the EDFA, another optical tunable filter of bandwidth AA=0.6
nm was used between the 2™ EDFA and the oscilloscope.

In order to determine the group velocity of the waveguide mode, we used
PhCCWs with three different lengths (L=100, 200, and 500 pm). Since the optical
delay line was the same for all three samples, the transmitted pulse from the delay line
was used as a reference and the waveforms measured from samples with different
lengths could be overlapped to show the propagation delay in the PhCCWs. Figure

4.9(a)-(c) show the transmitted pulses through the Ph\CCWs and the optical delay line
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Fig. 4.8 Schematic diagram of the expérimental setup. Note that a 1 x 2 splitter with uneven split
percentage (90% and 10%) is used tor reduce the contrast.of output power between samples and the

optical delay line.

recorded on the oscilloscope. (a), (b), and(c) correspond to measurements with input
pulses of three different wavelengths A=1541.02 nm, 1539.38 nm and 1537.30 nm,
respectively. The reference signal is the left most pulse in each figure and other pulses
are measured waveforms of the transmitted light from the three samples. By
measuring the delays of the output pulses with respect to the reference signal, the
group velocity was then determined. Take Fig. 4.9(b) as an example, the duration time
between the output pulses and the reference pulse was 99, 108, and 132 ps for
samples with length L = 100, 200 and 500 pm, respectively. Plotting the duration time
versus the waveguide length and fitting the data with a linear line (see Fig. 4.9(d)), we
obtained a group velocity of 0.039¢. Similarly, the group velocity determined from the

curves in Fig. 4.9(a), where the input pulse has a center wavelength of 1541.02 nm, is
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Fig. 4.9 Time-resolved measurements obtained by recording output pulses on the oscilloscope. The
black, red, and blue lines represent’.samples<withTRACCW length of L=100, 200, and 500 pum,
respectively. The waveforms in the leftmost of plots, named reference signals (Ref.). Others correspond

to output signals (Out.), which means pulses travel through PhCCW. Measurements at different central
wavelengths of launched pulses A=1541.02 nm, 1539.38 nm, and 1537.30 nm are shown in (a), (b),
and (c), respectively. The magnified plot of the blue line in (c) is shown in (e). A weak output signal is

clearly observed. (d) The measured duration time with different launched wavelengths as a function of

PhCCW length.

0.050c. The series of small damped oscillations following the output signals are
thought to be from the signal reflected at the interface of Si-stripe and PhCCW and
are not taken into consideration here.

In Fig. 4.9(c), where the input pulses have a center wavelength of 1537.3 nm,
the pulses obviously travel slower than those in the other two cases. But the output
waveform for the sample with L=500 is very weak (at t=430ps). This makes the

determination of Vg difficult. For clarity, the blue line in Fig. 4.9(¢c) is magnified, as
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Fig. 4.10 Transmission spectra of input pulse (dotted line) and measured output signals (black, red, and

blue lines) in Fig. 4.9(c).

shown in Fig. 4.9(e). Now a clear but weak output.waveform can be seen.

To ascertain where this =waveform' originates: from, spectrums of all output
pulses in Fig. 4.9(c) were measured;-as-shown, in/Fig. 4.10. In this plot, the dotted
curve represents the spectrum of the input pulse, which is centered at A=1537.3 nm
and has a linewidth (-3dB) of AA=0.244nm. The black, red, and blue lines
correspond to the measured spectra of output pluses traveling through PhCCW with
length of L=100, 200, and 500 um, respectively. Because an optical filter is used for
suppression the ASE, only a span of 0.6 nm of all output spectra is visible. The
periodic ripples in the output spectra are due to Fabry-Perot noise, which originate
from an intrinsic Fabry-Perot cavity formed by both facets of the samples. Besides
being weaker, the output spectrum (blue line) for pulses of the sample with L =
500um is distorted compared with those from the samples with L = 100um and
200pum. This phenomenon can be explained by the group-velocity-dispersion (GVD)
of Ph\CCW. As we approach the saddle point (or slow light) of the dispersion curve of

the waveguide mode (see Fig. 4.1(c)), GVD is expected to become stronger. As a
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result, after propagating through a long distance, the spectrum is slightly distorted.
But from the spectra of the output waveforms, we are sure that the pulses measured,
including the weak one after 500um, are all from the pulses launched at the input.
From the delay times measured in Fig. 4.9(c), we determined, at A=1537.30nm, a
very slow group velocity of only 0.017¢. In other word, the speed of light is slowed
down by about sixty times than that in vacuum.

Using the same method, we have investigated the frequency dependence of
group velocity in the wavelength range from 1545.00nm to 1537.30nm and compared
it with the theoretically calculated group velocities obtained from the slopes (dw/dk)
of the band structure in Fig. 4.1(c). The result is shown in Fig. 4.11(a). The deviation
between the measured points and the theoretical curve is due to fabrication disorder,
which results in slight difference in structural parameters. In spite of this discrepancy,
it clearly shows that the group.velocity goes.down as the launched frequency
approaches the inflection-point “A».~These-extremely small group velocities are
attributed to a relatively flat region in.the band structure of the coupled waveguide
modes. The slow light region is in the middle of the transmission spectrum of the
waveguide mode. This is different from the previously reported slow light
experiments in single line-defect photonic crystal waveguides, where the waveguide
modes propagate near the zone edge (or the edge of the transmission spectrum) of the

band structure. This gives us a larger tolerance in obtaining the slow light region.
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Fig. 4.11 (a) Measured group velocities (blue dot) in comparison with theoretical ones (black line),
which are derived from the calculated band diagrams in Fig. 4.1(c). The character “A” indicates the

calculated inflection point of the coupled band. The lowest group velocity in experiments is about
0.017¢ at ©0=0.2849 (orA=1537.30 nm). (b) Calculated GVD (black line) from Fig. 4.1(c) and
experimental GVD (blue line) derived from measured Vg in Fig. 4.11(a).

From the curve shown in Fig. 4.11(a), we can evaluate the value of group
velocity dispersion (GVD) defined as — (dvg'l/doo). Figure 4.11(b) shows the
calculated GVD (black line) and the experimentally ebtained GVD (blue line), which
is obtained after curve fitting the data peints.in Fig. 4.11(a). Despite the offset in
frequency in Fig. 4.11(b), the goed qualitative agreement between the two lines
indicates that the value of GVD ranges from 2x10° ps/nm/km at ®=0.2835 to 2.5x10°
ps/nm/km at ©=0.2849. The observed GVDs are almost 3~5 orders of magnitude
larger than those in a conventional single-mode optical fiber (typically 17 ps/nm/km
at 1550nm), but 1~2 orders smaller than those in W1 type PhC waveguides. Moreover,
different from those of the W1 type PhC waveguides [59-60], the calculated
dispersion curve has a positive and a negative part, and in a very narrow region in
between it goes to zero. Therefore, it is possible that by reaching the center point, A,
one may obtain an extremely small group velocity with zero dispersion. Due to the
narrow bandwidth of this reduced GVD region in the current design and the limitation
of the measurement system, however, we did not succeed in exploring such reduced

GVD region in the experiment. We believe that by further optimizing the Ph\CCW
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structure to enlarge the bandwidth of the low dispersion region [61] or by launching a
longer pulse length, it is possible to observe that the guided modes propagate along

the PhCCW at an extremely group velocity and minimized dispersion.

4.6 Summary

We have designed and fabricated a photonic crystal coupled waveguide, where the
guided mode has a unique flat band region within its photonic band gap allowing slow
light propagation. Special inflection-point slow light modes that appear in the middle
of the transmission spectrum instead of at the band edge were obtained. A sharp dip in
the transmission spectrum and the.peaking of the group index from the Mach-Zehnder
interference measurement clearly indicate theexistence of such inflection point. The
group velocities of the optical pulsestin this-special waveguide were measured in time
domain by comparing the propagation delay-of the optical pulse through the
waveguide with that of a reference optical delay line. A very clear slowdown of the
optical pulses was directly recorded on a fast oscilloscope. An extremely small group
velocity of 0.017¢ has been observed at A=1537.30 nm, due to the inflection-point
slow light modes. This study, to our knowledge, is also the first consistent and reliable

observation of the inflection-point slow light in the spectral and time-domain analysis.
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Chapter 5
Electrically-Driven Integrated Photonic Crystal

Nanocavity Coupled Surface Emitting Lasers

5.1 Introduction

In the last decade, utilizing the line defects to form the functional photonic crystal
waveguides has been extensively studied and applied in the field of physics and
engineering, as discussed in Chapter 3 and Chapter 4. In parallel with these studies,
the point defects leading to the photonic crystal (PhC) nanocavaites were also greatly
developed [2, 10, 18-19, 64-65]. Defects or vacancies in photonic crystal are natural
high Q resonators that can trap light.and serve-as laser cavities. It is also expected that
the spontaneous emission rate in such.tiny-nanocavities can be altered in proportion to
the cavity Q value and light localization; this. 1S known as Purcell effect [66]. In
addition, the potential of ultra high quality factor and extremely low mode volume
makes photonic crystal nanocavities the most promising candidates for the
experiments on cavity quantum electrodynamics (Cavity QED) [67-69]. The first
successful experiment on point-defect laser was demonstrated by a Caltech group in
1999 [10]. They fabricated two dimensional (2D) slab photonic crystal nanocavities
on an InP-based wafer, which has four pairs of InGaAsP quantum wells as light media,
and observed pulse lasing action at a substrate temperature of 143K by optical
pumping. At that time, a small mode volume (V) was 0.03 pm?®, but a very low Q
value of only 250 was obtained. In 2003, Y. Akahane et al. identified that due to the
edge effect, the smaller cavities would result in more serious leakage, thereby

drastically decreasing Q value [64]. They instead developed a so-called L3 nanocavity,
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where three adjoined points were removed and the positions of the innermost two
points were modified, and carried out a high Q cavity with V=0.07um?*and Q=45,000
by using a Si-based 2D photonic crystal slab. In 2005, B. S. Song et al. further
achieved an ultimately high Q cavities (Q=600,000) using double-heterostructure,
where the cavities were formed in between two W1 type PhC waveguides with
slightly different lattice constants [18]. Based on this concept, NTT researchers
pushed Q-value up to one million by inventing width-modulated-waveguide cavities
in 2006 [19]. Their latest study showed these ultra high Q cavities could trap and
delay photon at nearly 1ns [65]. On the other hand, since the resonant wavelengths of
the cavities can be easily tailored to selectively pick up signals with specific
wavelengths, nanocavities combined with photonic crystal waveguides, which
function as photonic integrated circuits (like optical switches, channel add/drop filters,
and optical inverters), have also been extensively proposed [70-72]. Moreover, the
cavities with embedded quantum dots being-on-demand single photon light source
were implemented as well [73-75], However, the above-mentioned work was all
based on either optical pumping or light coupling from a passive waveguide and an
external light source. Very few electrical pumping photonic crystal nanocavity lasers
were reported because of the difficulty in device fabrication [76].

In this chapter, we demonstrate an integrated laser-nanocavity structure, where
the laser light is directly coupled to the photonic crystal nanocavities. Since the laser
light is generated by a lateral cavity similar to a conventional edge-emitting laser,
electrical pumping is easily achieved like a regular laser diode. A two-dimensional
photonic crystal slab with point defects, which were created as nanocavities, was used
as a reflective mirror for the in-plane laser light, while the nanocavities served as
couplers for light trapping and emission. Under the electrically-driven pulse operation,

the characteristics of the strongly coupled surface emitting laser light from the
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nanocavities were analyzed. Temperature dependence of the laser emission from the
nanocavity was also measured. In addition, two side by side nanocavities with slightly
different designs were fabricated to demonstrate the multiple wavelength emission
capability of this integrated structure. Two surface emitting single-mode lasers
derived from the same in-plane laser with a wavelength separation of 0.8nm was

obtained.

5.2 Fabrication of Photonic Crystal Nanocavity Lasers

Our devices were fabricated on:a 3-inch_n+-GaAs wafer. Strained InGaAs/GaAs
single quantum well structure:grown by metal organic chemical vapor deposition
(MOCVD) emitting at wavelength of 990nm-was used as the lasing media. The grown
layer structure consists of (from the substrate) (a) an n-AlysGag;As cladding layer
(thickness t=750nm), (b) an Al-rich Alp9Gao1As buffer layer (t=200nm), (c) a thin
n-Aly3Gag 7As cladding layer (t=200nm), (d) an undoped active region composed of a
10nm Ing2Gap gAs sandwiched by two 200nm GaAs space layers, (e) a 1.15um-thick
p-AlgsGag7As cladding layer, and (f) a p*-GaAs Ohmic contact layer (t=120nm), as

depicted in Fig. 5.1.

59



contact layer p-doped GaAs —— 120nm
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Fig. 5.1 Strained InGaAs/GaAs single quantum well laser structures. The emission wavelength is
990nm.

The process flow of an integrated PhC nanocavity coupled laser structure is
shown in Fig. 5.2. Device fabrication began with strip patterns for the following mesa
formation by using photolithography. -~ Then, p-type metal films
(Ti/Pt/Au=300/300/1500A) were deposited-with the help of E-Gun evaporator. After
that, self-aligned ridge mesa was formed by*chemical wet etching with a blend of
solution H,SO4:H,0,:H,0 = 1:8:40 and stopped in the upper cladding layer of the
laser structure. The ridge mesa has a length of 1500um, a width of 20um, and a height
of 1.1um and was used as the Fabry-Perot laser cavity. While one end of the ridge was
a cleaved facet, the other end was a 2D PhC slab, which was used as the other mirror
of the laser [77]. Next, a 320nm thickness of SiN film, serving as a hard mask for the
following photonic crystal patterning, was deposited by the use of plasma enhanced
chemical vapor deposition (PECVD) system. The photonic crystal was designed in
hexagonal arrays with a period a= 260nm and a hole diameter 2r = 165nm. The PhC
mirror had a length of 30um and started at 8um away from the edge of the ridge mesa.

The holes in the PhC were defined on a 230nm thickness of PMMA resist by E-beam
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Fig. 5.2 Process flow of integrated photonic crystal nanocavity lasers.

lithography, followed by two runs of inductively coupled plasma reactive ion etch
(ICP-RIE). The first round was aimed to transfer patterns from PMMA layer to SiN
by using CHF3/O,, and the second one lay in creating air holes from SiN to the epied
wafer by using SiCls/Ar. The etching went through the laser’s active layer and the
confining layer and stopped at an AlyyGag1As sacrificial layer. The slab was then
formed by undercutting the sacrificial layer using a selective chemical etch, buffered
HF (BOE), through the holes. The thickness of the slab was 600nm and the air gap
was 200nm. The layer thicknesses used here were chosen for the convenience of
fabrication and are probably not optimized for the PhC slab and the nanocavity. But
since the cavity is placed quite close to the end of the laser ridge, the effect of the
layer thickness on the nanocavity’s performance is limited. Finally, n-Ohmic contact
was deposited on the backside of substrate with Ni/Ge/Au (300/300/1500 A) alloyed

metallization. The fabricated schematic device and the scanning electron microscopy
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Fig. 5.3 Schematic of an integrated nanocavity coupled surface emitting laser
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Fig. 5.4 SEM micrographs of completed photonic crystals. (a) an (b) are the photos taken from the top
and the cross-section of samples, respectively. (c) shows the formed slab structure after BOE selective

etching. (d) is a magnification view of (c).
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(SEM) micrographs of defined photonic crystal slab are shown in Fig. 5.3 and 5.4,

respectively.

5.3 Nanocavity Design

The PhC nanocavities were placed at the sixth row of the lattice from the edge of the
PhC mirror. The position was chosen to ensure a good coupling from the laser light
and a good Q factor for the nanocavities. The light intensity and its line shape of the
trapped light in a single defect cavity as a function of its position are calculated by the
2D finite-difference time-domain«FDTD)_method.and shown in Fig. 5.5. Clearly a
trade off between the coupling efficiency and-the Q factor has to be considered. Based
on the calculated result, the location at the-sixth row appears to be the best for both

light coupling and Q factor.
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fabricated H1 cavity at the sixth row.

Lasers with two types of-nanocavities,-Hl and“ H2, were fabricated, where H1
being the single defect cavity with<only. one-hale removed and H2 being the cavity
with seven holes removed, as shown in the inset of Fig. 5.6. Guided by the calculation
result shown in Fig. 5.5, we placed the cavities at the sixth row of the PhC mirror for
optimum light coupling. Numerical calculation of the band structure and the field
distribution profiles indicate that there are multiple resonant modes in the H1 and H2
cavities, as shown in Fig. 5.6. Within the laser’s gain bandwidth, however, only dipole

mode for the H1 and monopole mode for the H2 are considered (see Fig. 5.7).
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Fig. 5.7 Coupled cavity modes simulated by 2D FDTD method. A Gaussian wave with central
wavelength of 990nm was launched into the photonic crystal region in the both cases. Due to the
coupling effect, a degenerated dipole mode for H1 cavity (left) and a mono mode for H2 cavity (right)

are excited, respectively.

5.4 Characteristics of Nanocavity L.asers

Device characterization is performed at roeam temperature under electrical pumping. A
pulse with a 5% duty cycle is chosen to minimum the heat effect. The schematic
diagram of the measurement system can be referred to [78]. The spectrum of the laser
light emitted from the PhC nanocavity is very different from that measured from the
cleaved facet of the laser diode. The nanocavity only picks up the resonant mode with
a specific wavelength from the relatively wide laser spectrum. Figure 5.8(a), for
example, shows the top view of the fabricated laser device with an integrated H1
cavity. When this sample is biased at above-threshold condition of lasing, a bright
light emitted from the H1 cavity can be clearly seen, as shown in Fig. 5.8(b). Figure

5.8(c) shows its corresponding spectrum where the emission peak is at 992.8nm.
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Fig. 5.8 (a) Top view of the fabricated samp‘lej with an'integrated H1 cavity. (b) Infrared image

taken from the H1 cavity. (c) Emission spectrum from the.H1 cavity.

The emission spectrum from the cleaved mirror of the laser with the H1 cavity
was also measured. As can be seen in Fig. 5.9, the emission spectra become
broadened as the injection current increases. Of interest is a shallow dip that appears
in the plots. Compare these spectra with that obtained from the H1 cavity, we found
that this clear dip is exactly at the same position of the H1 cavity emission’s peak, as
shown in Fig. 5.10. Obviously, it demonstrates that part of the laser power is taken
away by the resonant mode of the nanocavity. This phenomenon can be understood by
the reflectivity of the PhC with the nanocavity. Because part of the light is coupled
into the resonant mode of the nanocavity, the reflectivity spectrum shows a dip at the
resonant wavelength and this results in a reduced emission intensity for the laser light

from the cleaved mirror at that wavelength.
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Fig. 5.9 Emission spectra measured from the.cleaved facet,of the laser with the integrated H1 cavity at

different bias condition. Note that a clear dip appears as injection current is increasing.
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Fig. 5.10 For comparison, emission spectra from the H1 cavity and cleaved facet are put together.

Obviously, the shallow dip is exactly at the same position of H1 cavity’s emission peak.

68



Curves of the light output against injection current from the nanocavity for
lasers integrated with H1 and H2 are shown in Fig. 5.11. Clearly the H2 cavity had a
higher external quantum efficiency and a slightly higher threshold current than the H1
cavity. This is understandable because the H2 cavity, due to a larger size, has a higher
coupling efficiency than the H1 cavity. The increased output coupling in turn causes a
slight reduction in the reflectivity of the PhC mirror, and that contributes to the

increase of the threshold current.
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Fig. 5.11 L-1 curves of laser emission from the H1 (blue triangle) and H2 (red dot) cavities.

Figure 5.12 shows the spectrum measured from a laser with an H1 cavity and
that from a laser with an H2 cavity. The spectrum measured from the H1 cavity peaks
at A=992.8nm and has a linewidth of 0.526nm. The emission from the H2 cavity
peaks at a slightly longer wavelength but has a much narrower width of only 0.26nm.
From the line widths obtained, we calculated the Q factors for the H1 and H2 cavities

to be 1890 and 3800, respectively. The higher Q for the H2 nanocavity is due to its
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Fig. 5.12 Spectra measured from the H1(blue) and H2 (Red) nanocavities. The line width of the H1 and

H2 emission peaks are 0.526nm and 0.26nm, respectively

non-degenerate monopole mode.

The temperature dependence of the emission-peak from a laser with an H1
nanocavity and that of a laser. without the photonic crystal mirror were also
investigated. Figure 5.13 shows the emission spectra of our regular QW laser (without
photonic crystal mirror) at different temperature. The emission peak shifts toward
longer wavelength as temperature is increasing due to the band gap narrowing effect.
Similarly, the temperature stability of the H1 cavity’s emission peak is measured and
compared with that of the regular QW lasers, as shown in Fig. 5.14. Apparently, the
temperature sensitivity of the emission peak from the photonic crystal nanocavities is
much better than that from the cleaved facet of FP lasers without any PhC structures.
The amount of wavelength shift per  for the regular laser is 0.45nm/°C, but that
from the H1 nanocavity is only 0.097nm/°C. There is nearly a five times difference
between the two. This also demonstrates the advantage of using the photonic crystal

nanocavity as the light source.
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Fig. 5.13 Emission spectra measured from the:regular QW laser at different operation temperature.
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lines are 0.097 nm/°C (blue triangle) and 0.45nm/°C (red square), respectively.
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Since the emission wavelength of PhC nanocavities can be easily tuned by
cavity design, we are able to shift the resonant wavelength of the cavity continuously
by slightly adjusting the size of the inner most holes of a cavity. Figure 5.15(a) shows
the calculated wavelength shift of an H2 nanocavity. The rate of shift, AA/2Ar; is
-1.08nm/nm. Based on this result, we designed two H2 nanocavities side by side. The
cavities had a= 260m, 2r, = 166nm. One of the cavities had all the surrounding holes
the same dimension as the rest of the holes in the photonic crystal, while the other one
had the surrounding holes (the inner most holes) slightly smaller with the diameter

2r £165.2nm.
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Fig. 5.15 (a) Resonant wavelength as a function of holes radius in modified H2 nanocavities. The inset
depicts that 12 inner most holes are modified in diameter. 2ro and 2r ‘denote the diameter of the regular
holes and modified inner most holes, respectively. (b) Measured spectrum of the laser light from the
two nanocavities. The inset: (Left) SEM micrograph of two side-by-side modified H2 PhC nanocavities.

(Right) Infrared image of laser emission from the two nanocavities.

The left and right insets in Fig. 5.15(b) show the SEM micrograph of the two
fabricated nanocavities and the infrared image of the surface emitting laser beam from

these nanocavities. Also, the spectrum of the laser light from the two cavities is shown
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in Fig. 5.15(b). Two narrow emission peaks corresponding to the two cavities at

993.4nm and 994.2nm are clearly seen. The separation of the two peaks is 0.8nm.

5.5 Summary

In conclusion, we have fabricated an integrated PhC nanocavity-laser structure. The
2D PhC slab was used as one of the reflective mirrors for the laser cavity, while the
nanocavity in the photonic crystal served as a coupling outlet for the surface emitting
laser light. In this manner, an electrically driven laser light was converted to a surface
emitting laser light with a narrow:spectrum. Both-H1 and H2 nanocavities have been
fabricated. Single mode emissian with high Q‘factors:[Q(H1)=1890 and Q(H2)=3800]
was obtained. Excellent temperature stability-(0:097am/°C) of the laser emission from
the nanocavity was observed as ‘well.-\We have also demonstrated the multiple
wavelength emission capability of this integrated structure by utilizing two PhC
nanocavities with slightly different designs. Two single modes, narrow line width

surface emitting laser lights were obtained.
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Chapter 6

Conclusion and Suggestion

6.1 Conclusion

We have reported on the theoretical analyses and experimental measurements of

group velocities of light propagation in photonic crystal waveguides for the promising

applications of all-photonic integrated circuits and optical delay lines. We also

demonstrated an electrically-driven integrated photonic crystal nanocavity coupled

surface emitting laser as a potential candidate for single mode emission light sources.

The primary results in this dissertation are summarized as follows:

1.

2D slab of W1 type photonic erystal waveguides were fabricated on SOI
wafers. The ingenious'design in crystal patterns and superior technology in
sample fabrication enabled us to obtain’a very small propagation loss
(~2-3dB/mm) of the “waveguides. The measured transmission spectra
displayed unusual Fabry-Perot oscillation peaks near the cutoff region. By
the use of Fabry-Perot formula, the group index exceeding 200 was
obtained. Results from the phase delay measurement on the propagation of
modulated light waves within the waveguides also showed large group
indices at the position close to the zone edge. These values fit well with the
theoretical group velocities calculated from the defect bands of the
waveguides.

For the first time, 2D photonic crystal coupled waveguides, composed of
two parallel W1 type photonic crystal waveguides, were successfully
fabricated. The integrated MMI devices were used to excite and collect

coupled modes. The theoretical unique flat band (inflection point) of
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coupled modes allowing slow light mode propagation was investigated by
means of frequency domain and time domain approaches. A sharp dip in the
middle of transmission spectrum and the peaking of the group index from
the Mach-Zehnder interference measurement clearly indicated the existence
of such inflection point. The time-of-flight optical pulses of 24~28 ps
(FWHM) recorded on a high speed oscilloscope also obviously displayed an
extremely small group velocity of 0.017¢ at a wavelength of A=1537.30 nm,
which corresponds to the inflection-point slow light modes.

3. Single mode emission lasers with photonic crystal nanocavities integrated
with electrically-driven quantum well edge-emitting laser diodes were
demonstrated. The photonic crystal served as an end mirror for the laser
cavity, while the nanocayvities served as wavelength selective high-Q surface
emitters. From the lasing.spectra, high Q' factors of 1890 for the H1 cavity
and 3800 for the H2-cavity were-observed. The laser emission from the
nanocavities had excellent. temperature stability (0.097nm/°C). The
wavelength shift versus temperature was about five times better than that of
regular quantum well lasers. Dual wavelength emission from two side by
side slightly different cavities was also demonstrated. Laser emission with

two wavelengths of AA = 0.8nm was obtained.

6.2 Suggestion for Future Work

An ideal optical buffer device in the optical communication network should possess
the properties of low loss, zero dispersion, large delay time, and broad bandwidth for

launched light waves. In this dissertation, photonic crystal waveguides were shown to
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have great ability to slow down the light waves. Also, a small propagation loss of
(2~3dB/mm) was reported. However, these are not good enough for the application to
industry because of large dispersion and loss of the band-edge guided modes.
Therefore, for industrial purposes, how to manage pulse dispersion and diminish
propagation loss should be the main issues.

Photonic crystal coupled waveguide is one of the solutions, as it makes possible
for light waves to propagate at very slow speed and small velocity dispersion due to
the unique S-shaped band structure. But the constant of formulated delay-bandwidth
product leads to another trade-off problem: the larger the delay time, the smaller the
bandwidth. As can be seen in Chapter 5, the observed inflection-point slow light
modes correspond to a narrow bandwidth of only 2nm. This would limit the
practicability in the development.of photonic integrated circuits. One of the most
suggested approaches is to employ.the chirped refractive index on the photonic crystal
waveguides [52, 61]. But this is metely-theoretical proposal and may not be easy to
carry out by the existing fabrication‘téchnology. So, more efforts still have to be made
to achieve small group velocity and broad bandwidth for propagation waves in the
photonic couple waveguides.

As for the electrically-driven integrated photonic crystal nanocavity lasers,
quantum dots as an active medium should be recommended for the enhancement of
the coupling probability between cavity modes and lasing modes because of its
broadening emission spectrum. To achieve very high Q value (i.e. Q>10,000), the
structure of the fabricated slab and the pattern of the nanocavities should be optimized.
The design rules can be referred to the published results on nanocavities, which have
demonstrated Q value exceeding hundred thousands under optical pumping or
coupling operation [18-19, 64]. Furthermore, the integrated nanocavites can be

replaced by (or combined with) photonic crystal waveguides to become
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multi-function photonic integrated circuits. These circuits would no longer need a
passive waveguide and an external light source. Instead, the integrated electrical
pumping edge-emitting laser diode directly provides essential optical waves. Once the
laser is driven by injection current, each component of the photonic circuit would start
to work accordingly. This image would be very similar to an electronic chip, and can
be named “photonic chips”. To realize this, experiments on the integrated W1 type

photonic crystal waveguides should be expected.
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