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ABSTRACT

DISPERSION ENGINEERING WITH LEAKY-MODE
RESONANCE STRUCTURES

Xin Wang, M.S.

The University of Texas at Arlington, 2010

Supervising Professor: Robert Magnusson

In the thesis, a numerical method for the analysis of optical pulses propagation through
leaky-mode/guided-mode resonance (GMR) structures is implemented by integrating a Fourier
decomposition technique and the rigorous coupled-wave analysis (RCWA) method. Dispersion
properties of several GMR structures such as single-grating-layer GMR filters, coupled GMR
fiters, and cascaded GMR filters are studied and their interaction with optical pulses
investigated. For device applications, a high-Q transmission filter is formed by coupling GMR
reflection filters which can withstand typical attenuation in silicon. Wavelength division
multiplexing (WDM) filters are proposed by cascading a number of GMR transmission filters.
Generally, a N channel DWDM filter can be realized by cascading N+1 GMR transmission
filters. The channel bandwidth in this structure is sensitive to the gap width between the two
neighboring GMR filters. Both the channel bandwidth and channel spacing are inversely
proportional to the number of cascaded GMR filters for a given gap width. For slow light
applications, a conceptual optical delay line device with desired time delay and flat-dispersion is
proposed by treating double GMR transmission filters as a cavity and then cascading such

cavities.
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CHAPTER 1
INTRODUCTION

1.1 Dispersion Types

In optics, dispersion is a phenomenon in which each spectral component of an optical
pulse propagates with a slightly different group velocity, resulting in pulse broadening in time.
Dispersion is one of the key factors limiting the transmission bandwidth in today’s optical
communication systems. Generally, dispersion effects are discussed in the context of pulse
propagation over a long distance within a waveguide (most commonly, an optical fiber).
However, with recent advances toward ultrahigh-bandwidth transmission and shorter pulses
being used, dispersion issues become increasingly significant, even for propagation over short
distances. There are five principal sources of dispersion: modal dispersion, material dispersion,
waveguide dispersion, polarization-mode dispersion and nonlinear dispersion [1]. In most
cases, pulse broadening results from the combined contributions of these effects, although they
are not strictly additive.

In multimode fibers, modal dispersion occurs due to the different group velocities of
various modes. The pulse broadening arising from modal dispersion is roughly proportional to
the fiber length. Material dispersion occurs in a dispersive medium which has a wavelength (or
frequency) dependent refractive index n(A). The group velocity of an optical pulse travelling
through such a medium is defined by v4 = co/N, where N = n-Aqgdn/dAq (Co and A are the vacuum
speed and wavelength of light, respectively) is called the group index. The corresponding
material dispersion coefficient D, is [1]

Dy = - (Ao Co)(d?n/d Ao?). (1.1)



It is called normal dispersion when D, is negative, meaning that the spectral
components of longer wavelengths travel faster than those of shorter wavelengths [1]. If D, is
positive, we call it anomalous dispersion, meaning that spectral components of longer
wavelengths travel slower than those of shorter wavelengths. Waveguide dispersion, in
essence, is the dependence of the group velocity on the wavelength for each mode in the
waveguide [1]. Polarization mode dispersion is a special case of modal dispersion, where two
different polarizations (TE and TM) of light travel at different velocities due to the random
imperfections and asymmetries of waveguides. When light intensity in a waveguide is so high
that the refractive index becomes intensity dependent, the waveguide will exhibit nonlinear
dispersion.

This thesis primarily deals with waveguide dispersion, which is also referred to as
chromatic dispersion (CD) to emphasize the wavelength dependence, or group-velocity
dispersion (GVD) to emphasize the role of group velocity, because this type of dispersion
occurs in optical fibers, which are most commonly used in today’s telecommunication systems.
GVD is one of the most important limiting factors determining the data rate that can be
transported through a single-mode fiber. In general, for a waveguide mode with an angular
frequency w and a propagation constant 3, the group velocity dispersion is defined as [1]

GVD = - (2mmc/A)(d*B/dw?) = (2mcy/A?v)(dvg/dw),  (1.2)

where A = 211¢o/w is the vacuum wavelength and v4 = dw/dB is the group velocity.

1.2 Dispersion Engineering

Since waveguide dispersion limits the performance of single-mode fibers, more
advanced fiber designs aim at reducing this effect by using special refractive-index profiles to
alter the chromatic dispersion characteristics. Dispersion-shifted fibers (DSF) [2] have been
successfully fabricated by using a linearly tapered core refractive index and a reduced core

radius; this type of fiber can shift the zero-chromatic dispersion wavelength from 1.3 ym to 1.55
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Mm, where the fiber has its lowest attenuation. Dispersion-flattened fibers have been
implemented by using a quadruple-clad layered grading. Dispersion-compensating fiber (DCF)
[3] has a reversed dispersion coefficient compared with that of a conventional fiber. In addition,
dispersion management and control in modern communication systems have motivated various
research efforts toward development of dispersion management techniques and devices, such
as chirped Bragg gratings [4]. Dispersion can also be controlled by use of an achromatic Fourier
transformer [5]. Another technique is cascading a number of all-pass filters to attain a desired
group velocity delay [6-8]. A summary of various dispersion management techniques can be
found in [9].

Leaky-mode (or guided-mode) resonance occurs when the incident wave is coupled
with a guided mode supported by a periodically-modulated dielectric medium under phase
matching conditions. The amplitude-based spectral properties of resonant leaky-mode elements
have been intensively studied both numerically and experimentally due to their unique
properties and functionalities. Plenty of work has been performed in the aspects of diffraction
efficiency, device applications, design, simulation and fabrication. The external spectral
resonance signatures can have complex shapes with high efficiency in both reflection and
transmission [10-18]. It has been shown that subwavelength periodic leaky-mode waveguide
films with one-dimensional periodicity provide diverse spectral characteristics such that even
single-layer elements can function as narrow-line bandpass filters, polarized wideband
reflectors, wideband polarizers, polarization-independent elements, and wideband antireflection
films [19-20]. The spectra can be further engineered with additional layers [21-22]. The relevant
physical properties of these elements can be explained in terms of the structure of the second
(leaky) photonic stopband and its relation to the symmetry of the periodic profile [23]. The
interaction dynamics of the leaky modes at resonance contribute to sculpting the spectral

bands. The leaky-mode spectral placement, their spectral density, and their levels of interaction



strongly affect device operation and functionality [19]. Thus, there has been a considerable
amount of research performed on the spectral attributes of these elements.

In contrast, little work has been done to investigate the temporal responses of such
nanostructures or their interaction with optical short pulses until recently [24-31]. Schreier et al.
treated a sinusoidally-modulated waveguide grating at oblique incidence, computing the phase
variation of the reflectance near resonance relative to modulation strength. They quantified the
degree to which the structural parameters control the amount of delay achievable with
computed values of delay ranging from sub-ps to ~40 ps depending on conditions [24-25].
Using a finite-difference time-domain (FDTD) computational approach, Mirotznik et al. evaluated
the temporal response of a subwavelength dielectric grating that was designed previously [26]
as a reflection-type GMR element. The model input pulse was Gaussian with center wavelength
of 510 nm, spectral width of 5000 nm, and temporal pulse width of ~5 fs. They noted that the
reflected energy persisted for ~1 ps after the incident field decayed [27]. Later, Suh et al.
designed a 2D photonic-crystal-slab-type GMR transmission filter computing the resonance
amplitude, transmission spectrum, and group delay. For a 1.2 um thick slab, a peak delay of
about 10 ps was obtained at 1550 nm; the spectral width of the response was ~0.8 nm [28].
Nakagawa et al. presented a method to model ultra-short optical pulse propagation in periodic
structures, based on the combination of Fourier spectrum decomposition and rigorous coupled-
wave analysis (RCWA) [29]. They simulated an incident pulse (167 fs) on a resonant grating
supporting two modes and found that two pulses were transmitted with shapes similar to the
excitation pulse shape. Vallius et al. modeled spatial and temporal pulse deformations
generated by GMR filters. They illuminated the structure with a Gaussian temporal pulse of 2 ps
duration centered at 633 nm wavelength. Lateral spread and temporal decompression were
observed in the reflected and transmitted pulses [30]. As the spectrum of the pulse was not well

accommodated by the GMR element, the reflection efficiency of the pulse was relatively low.



Ichikawa et al also presented an analysis method for femtosecond-order optical pulses
diffracted by periodic structure based on FDTD [31-32].

This thesis will address the introduction of dispersion engineering with leaky-mode
resonance structures. Moreover, by cascading a number of single-grating-layer GMR filters, we
find device applications of dispersion properties of leaky-mode resonance structures in optical
delay lines, GMR filters with high Q-factor, dense wavelength division multiplexing (DWDM)
filters, and slow light techniques. Specifically, Chapter 2 discusses the numerical formalism and
dispersion engineering with one-dimensional leaky-mode resonance structures. Coupled leaky-
mode resonance reflection filters can provide tunable sensitivity, time delay, and attain high Q-
factors. Transmission filters with a desired time delay and flat dispersion are realizable by
cascading a number of identical leaky-mode resonance transmission elements. Chapter 3 deals
with the various practical applications of dispersion characteristics of leaky-mode resonance
structures including GMR filters with high Q-factor, DWDM filters and slow light element. A

summary of the thesis and conclusions is the content of Chapter 4.



CHAPTER 2
ONE-DIMENSIONAL LEAKY-MODE RESONANCE STRUCTURES

2.1 Time Delay and Dispersion

A leaky waveguide mode can be represented by a pole in the complex propagation
constant (y = B+ja) plane. For a waveguide grating structure with a periodicity of A, the field
solutions are Bloch waves represented by complex poles with separation of 27/A in the real axis
B (i.e. B = Botm2n/A, here By is the propagation constant for the fundamental TE; mode and
can be calculated from planar waveguide dispersion relation; m is the wave number). The
magnitude of the imaginary part o is the radiation coefficient (leakage) [17]. The complex
reflection amplitude is given by

= nl(k-(B+ ja)), (2.1)
where 1 is a constant related to the coupling strength between the incident wave and guided
mode field in the waveguide, k = n.2nsinB/A is the tangential incident wave vector and 8 is the
incident angle. When the coupling relation k = B is satisfied, a leaky-mode resonance occurs
due to the excitation and rescattering of a leaky mode in the waveguide. For a zero-order
resonant leaky-mode structure, only zero-order diffraction field can propagate through the
structure and all higher orders are cutoff, meaning the propagation constant is

B =Bo-2m/A.  (2.2)

The group delay and dispersion are derived from the phase of the complex reflection
amplitude [33]. Specifically, if we denote ¢ = arg(r) as the phase of reflection coefficient and
expand ¢ in a Taylor series about the resonance frequency wy, the first derivative d¢/dw is
considered as a measure of the group delay t; the dispersion D is essentially the rate of change

of delay with wavelength, so we obtain



1=d¢/do = -A¥/(2rc) dp/dh  (2.3)

D = dt /dA. (2.4)

2.2 Numerical Formalism

Let's consider a transform-limited, TE-polarized Gaussian pulse as represented by the

following equation

(t _to)z
T2

E (t) = E,exp[- lexplja,(t—-1,)], (2.5)

where Eq is the amplitude of the pulse; T is the temporal pulse width (T = o (2In2)'”2; o is the full

width at half maximum (FWHM) of the |Ey(t)|2); to is the offset of the pulse peak; wy = 21C/Ag IS
the central angular frequency; ¢, and Aq are the speed of light and central wavelength in vacuum
respectively [30-32, 34].

To use rigorous coupled-wave analysis method (RCWA), such a Gaussian pulse has to
be decomposed into its monochromatic Fourier components (plane waves), which is performed
by the Fourier transform and proper discretization. The corresponding Gaussian continuous

spectrum of the given pulse is given by

_ (@=w) o 26
E,(@)=7TE,T expl @iy lerlmien]. @9

In numerical simulation, this continuous spectrum is discretized by imposing a finite
bandwidth Aw= 2Mdw centered at w,, where dw is frequency sampling rate. Thus, the incident
pulse is represented by a finite number (2M+1) of discrete frequency components at
frequencies w, = wy + ndw (where n = {-M,...,0,...,M}). The cutoff frequencies of the bandwidth
are w, = wg * Mdw [29]. These discrete monochromatic components are then treated
independently by the well-established RCWA analysis technique, which, at a given incident
angle, provides the complex reflection coefficients R(w,) (or R(A,)) and complex transmission
coefficients T(w,) (or T(A,)) of every diffraction orders. In addition, the independent analysis of

each monochromatic component can facilitate the inclusion of material dispersion effects. The
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reflected pulse Egr(w,) and transmitted pulse Et(w,) in frequency-domain for a specific
diffraction order are thus respectively given by the following two equations:

Ep(o,)=E,(0,)R(@,). (27)
ET(a)n) = Ey(a)n )T(a)n) . (28)

To obtain the time-domain representation of the reflected and transmitted pulses, the
standard inverse Fourier transform is performed. Since the frequency domain representation of
the fields is discrete and finite, Riemann sum can substitute the integral in the inverse Fourier
transform. In other words, the reflected and transmitted fields can be obtained by superimposing
the resulting spectral components, as is given by Eq. (2.9) and Eqg. (2.10), assuming that the

Fourier kernel is included in the expression for the fields Eg(t; w,) and E+(t; w,) [29].

1 % 1
Ep(t) =7~ j Ep(o)exp( jot)do 27[;Ek(r,w,,>5w (2.9)

1 5 1
= i = : . (210
E, (1) 5o :[OET(a))exp(ja)t)da) 5. Zﬂ:ET(t,a)n)é'a) (2.10)
Figure 2.1 clarifies the flow of this computational method. Utilizing this technique, we
find the time delay of the pulse as well as incident, reflected, and transmitted pulse shapes over

a wide range of incident pulse widths (from ~several fs to hundreds of ps). The time delay (r)

and delay dispersion (D) for transmission elements are calculated as
r=(1/2m)do/dA (2.11)
D=-dr/dA. (2.12)
where @ is the wavelength (A) dependent phase in transmission [32,35-36]. Note that for

reflection elements, the sign change of time delay (t) and delay dispersion (D) should be

placed.



Input Field GMR Device
E (1)

FFT RCWA

y y

E (o, R(a,)).T(w),)

Eo(w,)= Ey((zJH)R((:ln)
Eo,)=E (0,)T(0,)

IFFT

Figure 2.1 Flow chart of the computational procedure utilized to obtain the output pulse shapes
in wavelength and time domains. FFT: Fast Fourier Transform, RCWA: Rigorous Coupled-
Wave Analysis, and IFFT: Inverse Fast Fourier Transform.

2.3 Simulation Results

The results presented in this thesis are calculated by combining the Fourier
decomposition techniques and RCWA method. Details about the formalization and
implementation of RCWA method can be found in references [35-36]. Some of the structures
are designed with the particle swarm optimization (PSO) technique [37-38].

2.3.1 Single-grating-layer GMR Structures

Figure 2.2 illustrates a typical single-grating-layer leaky-mode resonant structure. A
four-parts grating layer with high-index ng (silicon) and low-index 1.0 (air) is sandwiched
between two semi-infinite media: cover region and substrate region. The cover region is usually
assumed as air and the substrate region is taken as glass with a refractive index of ng = 1.48.
The average refractive index of the grating layer has to be higher than the substrate and cover
refractive indices for wave guiding and leaky-mode resonances to occur. Filling factors F;, F;
indicate the fractional grating period with high-index and F,, F, indicate the fractional grating

period with low-index. Other parameters are the thickness d and period A of the grating layer.
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The single waveguide grating layer functions as both the diffraction and guiding of light,
assuming the structure is transversely infinite.

To attain highly efficient filters, a high spatial frequency grating (A < A) or
subwavelength grating is chosen to prevent higher diffraction orders from propagating. This type
of structure operates in the zero-order regime, indicating that only zero order diffracted waves
propagate with higher orders cutoff. All the materials used in the structures are lossless and
free of dispersion, except, as specified. The incident wave is assumed to be a normally-incident

TE polarized (the electric field vector is perpendicular to the paper) plane wave.

i W -
BRDR TR R

Substrate

™ 1

A

Figure 2.2 Schematic of single-grating-layer GMR structure. Here, A and d is the period and
thickness of the grating respectively. [F4, F», F3, F4] is the filling factor of the grating layer. ng
(silicon) is the high-index of grating layer; the low-index of grating layer is assumed to be 1.0
(air). The substrate is usually made of materials like silicon dioxide (SiO,). The solid black arrow
indicates the normally-incident plane wave with TE polarization.

2.3.1.1 Reflection Filter

The first structure treated is a silicon-on-insulator (SOI) single-grating-layer guided-
mode resonant (GMR) reflection filter with ~27 nm spectral width. The four-part period grating
sits on the silicon dioxide substrate with a refractive index of ng = 1.48. Filling factors are [F4, F»,
Fs, F4] = [0.1, 0.13, 0.15, 0.62]; Grating layer thickness and period are d = 0.37 ym and A =

0.822 um, respectively; High-index of grating layer is ng; = 3.48 and the refractive index of air is

10



1.0. Figure 2.3 shows the spectral reflectance and phase, time delay and dispersion of a single-
layer guided-mode resonant refection filter under a normally incident TE-polarized plane wave.
In general, a single-layer resonant leaky mode filter exhibits a spectral phase which changes
monotonically by 1T in the vicinity of the resonance wavelength, as can be seen in Figure 2.3 (b),
and a very limited low dispersion band in wavelength in Figure 2.3 (c); appreciable dispersion
only occurs at the band edges, shown in Figure 2.3 (d). In Figure 2.3 (a), it is obvious that this
single-layer structure has one resonance at the wavelength of 1.569 um, where it has the
largest group delay of 0.226 ps and close to zero dispersion, as shown in Figures 2.3 (c) and
(d). Note that the negative time delay means that the peak of reflected wave packet appears at
the rear grating plane before the incident wave packet peak reaches the front grating plane.

The maximum delay depends on the linewidth of the reflectance peak for the single
resonance structure. This can be interpreted this way: the narrower linewidth of reflectance
peak has a larger Q-factor, meaning the electric field will be retarded for a longer time due to
resonance. This provides us one feasible way to maximize the time delay by designing resonant
nanostructures with proper linewidth of resonance peak. In the following section, one example is
given to show that high Q-factor and time delay can be obtained by coupling two identical

single-layer leaky-mode resonant reflection filters.
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Figures 2.3 (a) Spectral reflectance and (b) phase, (c) time delay and (d) dispersion of the

single-grating-layer GMR reflection filter. Structure parameters are [F4, F,, F3, F4] = [0.1, 0.13,
0.15, 0.62]; d = 0.37 ym; A = 0.822 uym; ng; = 3.48; ng = 1.48.
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Figure 2.4 (a) The normalized pulse spectrum and GMR reflection filter spectrum; (b) Incident
pulse and reflected pulse in time domain.

To verify the time delay, a normalized Gaussian pulse is incident upon the single-layer
leaky-mode resonant reflection filter. The reflected pulse and transmitted pulse can be detected

and analyzed. Figure 2.4 demonstrates that an optical Gaussian pulse with the central



wavelength of 1.569 um and temporal full width half maximum (FWHM) width of 0.45 ps, which
corresponds to a FWHM width of 8.23 nm in wavelength. The incident pulse experiences a time
delay of 0.18 ps. In addition, the maximum intensity of the reflected pulse is reduced to ~86.3%
and broadened by ~8.9% in time domain. This is because not all the spectral components of the
pulse are within the resonance peak and completely reflected; those outside the resonance
peak are partially reflected and suffer the appreciable dispersion, leading to the broadened
reflected pulse.

2.3.1.2 Transmission Filter

The second structure is a single-grating-layer silicon-on-insulator (SOI) GMR
transmission filter with 0.26 nm spectral width and minimal sidelobes. This filter is designed
using the particle swarm optimization (PSO) technique. This device has structural parameters
A =979 nm, d =465 nm, [F4, F,, F3, F4] = [0.071, 0.275, 0.399, 0.255], ng; = 3.48 and ns = 1.48.
Figure 2.5 shows the spectral transmittance and phase response, time delay, and dispersion of
this filter under normal incidence with TE polarization. As seen in Figure 2.5 (a), this filter has a
transmission resonance at the wavelength of 1524.51 nm. It can provide time delays as high as
~90.6 ps at the transmission resonance, however, the dispersion width is narrow and zero
dispersion is obtainable only near 1524.51 nm. Figures 2.6 (a) and (b) display the response of
this filter to excitation with a pulse in the spectral (wavelength) and time domains, respectively.
The pulse has a full-width half-maximum (FWHM) of 30 ps in time and the central wavelength at
1524.51 nm, and its spectrum fits well spectrally inside the transmission bandwidth of the filter.
The output pulse preserves its shape with a delay of ~8.25 ps with respect to the input pulse.

Since this is a leaky-mode resonant transmission filter with a substantial time delay,
higher time delay and flat dispersion can be achieved by cascading a large number of such
identical transmission filters. In the following sections, examples are shown to verify this

approach to attain a desirable time delay.
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single-grating-layer GMR transmission filter. Structure parameters are: [F4, F», F3, F4] = [0.071,
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2.3.2 Coupled Single-grating-layer GMR Structures

2.3.2.1 Coupled GMR Reflection Filters

By coupling two identical single-grating-layer GMR reflection filters, novel spectral
signatures are realizable. Figure 2.7 shows an example structure. The same GMR reflection
filter from section 2.3.1.1 is used to form the coupled GMR reflection filter (note that there is no
phase shift or lateral displacement between the two filters). The interference phenomena in a
double-sided corrugated waveguide was studied and used to design a narrowband optical filter,
where the spatial phase shift between the two corrugated waveguides plays an important role in
narrowing the resonance bandwidth [39-40]. Also, by cascading two identical resonant grating
reflection filters with sufficiently large gap and = out of phase, increasingly wide and flattened
spectral responses were obtained [41]. MEMS tunable resonant leaky mode filters based on the
modulation of symmetry profile were also reported; a variable reflector was proposed by
vertically tuning the distance between two waveguide gratings [42].

In a coupled GMR reflection filter, a transmission peak (100%) may appear within the
range of reflection resonance of the single GMR reflection filter due to the evanescent coupling
between the two guides. As the distance between the two reflection filters is tuned, the
transmission peak shifts in wavelength. It is possible to design a coupled GMR reflection filter
with high Q-factor and time delay. In other words, we can configure the sensitivity of the coupled
GMR reflection filters by adjusting the distance between the filters. Figure 2.8 and Figure 2.9
show the transmittance and delay for two different gap distances between the two single-
grating-layer GMR reflection filters. It is clear that the width of the transmission peak is much
smaller compared with the single GMR reflection filter.

In addition, the width of transmission peak is very sensitive to the gap distance between
the two single-grating-layer GMR reflection filters. By changing the gap distance from h = 2.169
pm to h = 2.168 um, the width of transmission peak is increased from 0.8 pm to 1.3 pm, and the

peak delay is reduced from 3.23 ns to 2.01 ns. Figure 2.10 shows the transmittance and delay
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for various gap distances. As the distance increase from h = 2.16 ym to h = 2.18 ym, the peak
delay first increases and then decrease at the point close to h = 2.17 ym, which is close to the
center of reflection resonance of single GMR reflection filter. This can also be explained by the

temporal coupled-wave theory as discussed in detail in [43-44].

Substrate

>

A BH =
.
Substrate

» )l
|

Figure 2.7 Scheme of coupled GMR reflection filters. The gap between the two GMR reflection
filters is made of air and h denotes the distance between the two filters. The rest parameters are
the same as that in Figure 2.3: [F4, F,, F3, F4] =[0.1, 0.13, 0.15, 0.62]; d = 0.37 ym; A\ = 0.822
Mm; ng = 3.48; ng = 1.48.
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Figure 2.8 Transmittance (a) and delay (b) of a coupled GMR reflection filter with the gap
distances of h =2.169 ym.
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Figure 2.10 Transmittance (a) and delay (b) versus wavelength for various gap distances: h =
216 ym, h=2.165 ym, h=2.17 ym, h =2.175 ym, h =2.18 ym.

2.3.2.2 Cascaded GMR Transmission Filters

Cascading all-pass filter to obtain the desired time delay and dispersion management
has been implemented by many researchers, as discussed in Chapter 1. Here, a number of
GMR transmission filters are cascaded to realize the desirable time delay and flat dispersion

versus wavelength. Figure 2.11 shows the scheme of two cascaded GMR transmission filters
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with structure parameters [F4, Fo, F3, F4] =[0.071, 0.275, 0.399, 0.255]; d = 0.465 pm; A = 0.979
Mm; ng; = 3.48. The two cascaded single-grating-layer GMR transmission filters can also be
considered as a resonant cavity, and desired time delay is achieved by cascading a number of
such cavities [45]. In Figure 2.12, the transmittance, delay and dispersion in wavelength for a
cascaded two identical single-grating-layer GMR transmission filters are shown. Compared with
the single GMR transmission filter, the FWHM width of the transmission peak is the same (0.5
nm) and the time delay is on the same order. However, the maximum dispersion is reduced
from 50 ps/nm to ~13 ps/nm. In the next chapter, it is shown that smaller or even flat dispersion
can be achieved by cascading a large number of such cavities formed by two single-grating-

layer GMR transmission filters.

A
| >
hI
i W
F, F, Fs Fy
Figure 2.11 Schematic of two cascaded GMR transmission filters. The gap between the two
GMR transmission filters is air and h denotes the distance between the two filters. All the rest

parameters are: [F, Fy, F3, F4] =[0.071, 0.275, 0.399, 0.255]; d = 0.465 pm; A = 0.979 um; ng; =
3.48.
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Figure 2.12 Transmittance (a), delay (b) and dispersion (c) from a cascade of two identical
single-grating-layer GMR transmission filters with a gap distance of h = 2 um.
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CHAPTER 3

DEVICE APPLICATIONS OF DISPERSION PROPERTIES OF
LEAKY-MODE RESONANCE STRUCTURES

3.1 Effect of Loss in Coupled GMR Reflection Filters with High Q-factor

Another limiting factor of optical transmission system is the power loss in waveguides.
The power of a light beam travelling through an optical waveguide decreases exponentially due
to losses, which arise mainly from absorption and scattering. The attenuation coefficient is
defined in units of decibels per kilometer (dB/km) [1] and is denoted here by I', which is related
to the extinction coefficient k of the waveguide material (the imaginary part of complex refractive
index) by the following formula

k = TA/(4TT), (3.1)
where A is the wavelength of propagation wave in the waveguide; and I is defined by the
following equation

M =10 logqo (Po/PL)/L, (3.2)
where the P /Py is the ratio of transmitted to incident power for a waveguide of length L km. For
a light beam propagating through a cascade of several lossy systems, the overall loss in dB is
the sum of the dB losses [1].

The attenuation coefficient also depends on wavelength. There are strong absorption
bands resulting from various transitions of electrons and molecules in the waveguide. Besides,
the randomly localized variations of the molecular may introduce random inhomogeneities in the
refractive index, which form scattering centers. The scattered intensity based on this effect is
proportional to 1/N*, so short wavelengths are scattered more than long wavelengths [1].

However, this thesis mainly considers wavelengths in the transparency window in silicon
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waveguides, where scattering is very small. Ignoring scattering losses, the attenuation
coefficient is related to propagation loss in 1/um by the equation
Propagation_ I [1/uym] =T [dB/km] / (20><Iog10(e)><109). (3.3)

In order to improve the performance of optical waveguides as data-transmission
channels, special designs of silicon waveguide including etchless silicon [46], amorphous silicon
[47], rib-silicon on insulator [48] and strip-silicon on insulator [49] have been implemented to
reduce the propagation loss. Table 3.1 gives a brief summary of typical propagation losses in
these designed silicon waveguides. It is acceptable for the optical power travel through a silicon
waveguide if the attenuation coefficient is in the range of 0.1-1.6 dB/cm. The coupled GMR
reflection filters should be able to survive under such attenuation to be used in practical device

applications.

Table 3.1 Reported Losses in Silicon Waveguides

Propagation Loss Wavelength | Waveguide

0.3 dB/cm (3.45%10° ym™) | 1.55 pym Si [46]

0.5 dB/cm (5.76x10° pm™) | 1.55 pm a-Si [47]

1.6 dB/cm (1.84x10° um™) | 1.30 um

0.1 dB/cm (1.15x10° pm™) | 1.30 pm rib-Si, SOI [48]
0.92 dB/cm (1.06x10™ pm™) | 1.52 pym strip-Si, SOI [49]

Note: SOl denotes silicon on insulator.

Figure 3.1 gives the transmittance, phase, time delay and dispersion of a coupled GMR
reflection filter with an attenuation coefficient ' = 5 x10°® pm'1 (0.434 dB/cm). The coupled GMR
reflection filter has the same structural parameters as shown in Figure 2.7 except that the
substrate is replaced by air. The lossy silicon coupled GMR filter has ~44% peak transmittance
and a peak delay of ~3 ns at the resonant wavelength. In Figure 3.2, the transmittance peak
reaches ~89% and the peak delay is ~ 6 ns with an attenuation coefficient ' = 0.5 x10°® pm'1

(0.0434 dB/cm). By comparing the results of Figure 3.1 and 3.2, it is clear that the attenuation
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loss strongly degrades the transmittance and delay. Fortunately, the coupled GMR reflection
filters show the potential to be used as a high-Q optical resonator with a high time delay under

practical attenuation coefficients.

0.8/ () 3000, (b)
® -1
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Figure 3.1 Spectral transmittance (a), delay (b), phase (c) and dispersion (d) of a coupled GMR
reflection filter with attenuation coefficient I = 5 x10°® pm™ and gap distance h = 2.169 um. The
rest structure parameters are [F,, F,, Fs3, F4] =[0.1, 0.13, 0.15, 0.62]; d = 0.37 ym; A = 0.822
Mm; ng = 3.48; ng = 1.0 (air).
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Figure 3.2 Spectral transmittance (a), delay (b), phase %c) and dispersion (d) of a coupled GMR
reflection filter with attenuation coefficient I = 0.5 x10° pm™ and gap distance h = 2.169 pm.
The rest structure parameters are [F4, Fo, F3, F4] = [0.1, 0.13, 0.15, 0.62]; d = 0.37 uym; A =
0.822 uym; ng; = 3.48; ng = 1.0 (air).

3.2 Cascaded GMR Transmission Filters for DWDM

It is already reported that the cascade of a number of GMR transmission filters can
function as a conceptual optical delay lines [45]. And it is known that arrayed waveguide
gratings (AWGs) are widely used for dense wavelength division multiplexing (DWDM)
applications [50]. AWGs are key devices in the rapidly expanding all-optical DWDM networks,
as they integrate multiple optical functions on a single substrate leading to a single package.

Cascade of a number of GMR transmission filters can also be employed in DWDM systems with
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subnanometric resolution. Figure 3.3 illustrates the cascade of a number of GMR transmission
filters with equal gap distance. Along the X direction the structure has a grating periodicity of A =
0.979 ym and filling factors of [F4, F,, F3, F4] = [0.071, 0.275, 0.399, 0.255. Due to the
interaction of leaky-mode resonances from each single waveguide layer, multiple transmission

peaks may appear in the spectral response of the cascade system of GMR transmission filters.

Figure 3.3 Cascade of a number of GMR transmission filters with equal gap distance of h. The
single GMR transmission filter has the same structure parameters as those in Figure 2.5 except
that the substrate is replaced by air. [F4, F,, F3, F4] =[0.071, 0.275, 0.399, 0.255]; d = 0.465 pm;
A =0.979 um; ng; = 3.48; ns = 1.0 (air). The solid black arrow indicates the incident plane wave.

Figure 3.4 is an example of cascade of 4 GMR transmission filters. There are three
transmission peaks with a spectral FWHM of ~0.2 nm and an equal spacing of ~4 nm in the
1.518 um -1.53 uym wavelength range, as shown in Figure 3.4 (a). The three transmission
channels/peaks have slightly different widths, leading to slightly different peak delays at
resonance wavelengths. In a cascade of 7 GMR transmission filters, six channels with the
average spacing of 2 nm in 1.518 ym -1.53 ym range are shown in Figure 3.5. The spectral
FWHM of each channel is approximately 0.11 nm. 12 channels with a channel spacing of ~ 1

nm (~ 125 GHz in frequency) and the average channel bandwidth of 0.05 nm are observed in
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the 1.518 um -1.53 ym band at the spectral response of a cascade of 13 GMR transmission
filters, as shown in Figure 3.6.

The wavelength range is primarily determined by the gap distance between the two
neighboring GMR transmission filters. The average linewidth of these transmission peaks (or
average bandwidth of channels) gets smaller and thus higher time delay and dispersion in
Figure 3.5, compared with the computed results in Figure 3.4. Generally, N channels can be
obtained by cascading (N+1) GMR transmission filters, which create N cavities. And the
corresponding channel bandwidth and the spacing between two neighboring channels both get
smaller with the increasing number of cascaded GMR transmission filters. In addition, the
spacing and channel bandwidth can be tuned by adjusting the structure parameters such as the

thickness and period of grating layer, filling factors and refractive index.
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Figure 3.4 Spectral response (a), time delay (b) and dispersion (c) of a cascade of 4 GMR
transmission filters with gap distance h =2 ym.
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3.3 Slow Light and Optical Delay Lines

Two free-standing membranes (single-grating-layer GMR transmission filter) with an air
gap (cavity) between them is used to realize a ~0.75 nm (FWHM) flat-top transmission band as
shown in Figure 3.7. Again, this structure is designed by PSO and its structural parameters are:
A =1103.9 nm, d = 432.2 nm, [F1, F2, F3, F4] = [0.0626, 0.3013, 0.4576, 0.1785], and d¢ =
2000 nm (the cavity width). Figure 3.7 illustrates the transmittance, phase, delay, and dispersion
of this single cavity device. This element shows a flat-top transmission bandwidth, which
actually is a result of merging two adjacent narrow transmission resonances. In addition, the
delay response exhibits an average of ~7 ps in the transmission band. Figure 3.8 shows the
pulse response of this filter in wavelength and time domains, respectively. The input pulse has a
FWHM of 20 ps in time and spectrally fits well inside the transmission bandwidth of the filter.
The input pulse is delayed by ~6.1 ps by being transmitted through this filter in good agreement
with the delay in Figure 3.7.

By cascading the single-cavity filter as that in Figures 3.7, we can build a structure
resembling a multi-cavity photonic crystal waveguide [51]. To illustrate, we cascade five GMR
subunits with spacing dg= 5.0 um (the distance between two neighboring cavities). Figure 3.9
shows the computed results. Although the high-transmission bandwidth is smaller than it is for
the single-cavity structure, cascading the cells results in a flat delay response of ~30 ps over a
~0.5 nm wavelength band. Moreover, the flat low-dispersion response illustrates that such
structures are promising for imposing constant (and almost dispersion-free) delays on optical
pulses. Theoretically, this ~30 ps group delay for the ~34 um long structure designed here
corresponds to a group velocity of ~0.0038cy. Figure 3.10 displays the response of this filter to
pulse excitation. The input pulse has a temporal FWHM of 30 ps, and the output pulse
preserves its shape with a delay of ~30 ps with respect to the input pulse. For comparison,
Notomi et al. reported 75 ps delay with 60 cavities each being 2100 nm in diameter; the total

structure length was 175 mm [51].
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Figure 3.7 Spectral transmittance (T,) and phase, time delay and dispersion of single-cavity
filter. A=1103.9 nm, d =432.2 nm, [F1, F2, F3, F4] =[0.0626, 0.3013, 0.4576, 0.1785], and d¢ =
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Figure 3.8 Pulse response of the single-cavity filter. (a) Spectrum of the input pulse in relation to
the filter spectrum. (b) Time domain response. FWHM of the input pulse is 20 ps.
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pulse experiences a ~30 ps time delay with respect to the input pulse.

Figure 3.11 shows a conceptual implementation of a GMR slow-light device. If the
device height dp is large, the device functions as a bulk element. Each sub-ridge layer is a GMR

element like in Figure 2.11. If we design the sublayer to operate as a bandpass filter, the input
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light will resonate transversely and be reradiated forward to the next GMR layer. This idea can
also be implemented with a series of GMR filters on numerous substrates cascaded as a stack.
The concept in Figure 3.11 is convenient in that a large number of cascaded resonant units can
be fabricated in a few steps by e-beam lithography (EBL) and deep reactive ion etching (DRIE),
resulting in a compact system of resonant delay units. Certainly, the dimensions of the device
and the input beam size should be specified with practical limitations in mind. On the other
hand, if thickness dp is small, such as on the order of 100-300 nm, this can be a waveguide
device. In that case, the functionality of the device employs waveguiding is a dual sense. First,
there is the waveguide that guides light from one resonant layer to the next. For that to work,
the structure requires a higher average refractive index than that of the surrounding media as
usual. A membrane in air will satisfy this requirement with additional considerations if the device
sits on a substrate. Second, each GMR cell forms a resonant waveguide. In principle, we can
cascade a large number of these GMR cells to achieve a specified time delay. Indeed, multiple-
cell cascading is the basis for the new coupled-resonator optical waveguide (CROW)

technology being developed [51].

Figure 3.11 Schematic view of a conceptual implementation of an example GMR slow-light
device. Multiple resonant units can be cascaded to realize a specified delay. Only three
subunits, each based on two transversely-resonant GMR elements, are shown. Here, dp is the
device thickness, d¢ is the cavity length, and dg is the buffer length. Other parameters are
defined in Figure 2.11 [45].
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CHAPTER 4

CONCLUSIONS

4.1 Contributions

In the past, considerable research work has been performed on the spectral amplitude
properties of leaky-mode resonance structures. In contrast, the spectral phase properties which
are directly related to the dispersive properties have received less attention. In this thesis, a
numerical computation method for the analysis of optical pulses propagating through leaky-
mode/guided-mode resonance structures is formalized and implemented based on the
combination of Fourier spectral decomposition technique and rigorous coupled-wave analysis
(RCWA) method. Then, the dispersion properties of various leaky-mode resonance example
structures including single-grating-layer GMR reflection and transmission filters, cascaded GMR
filters, and coupled GMR filters are analyzed numerically in details. Specifically, the phase, time
delay and dispersion characteristics of each device are studied, as well as their interaction with
optical pulses. Finally, device applications such as high-Q filter, DWDM filter, and optical delay
lines based on the dispersion properties of leaky-mode resonance structures are proposed.
High-Q transmission filter can be designed from a coupled narrow linewidth GMR reflection
filters. The loss analysis shows that this high-Q property can withstand typical attenuation
losses in silicon waveguides. By cascading a number of GMR transmission filters, dense
wavelength division multiplexing filters with subnanometric resolution are proposed. DWDM

fiter with N channels can be made from a cascade of N+1 GMR transmission
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filters. The channel bandwidth strongly depends on the gap distance between two neighboring
GMR transmission filters. A conceptual implementation of GMR optical delay line device is also

proposed.

4.2 Future Work

All the contributions in the thesis are limited in three aspects. Firstly, leaky-mode
structures are TE-polarized and the incident pulse is TE-polarized incident Gaussian pulse.
Future work can be performed in TM-polarized cases. Secondly, all the leaky-mode structures
are one-dimensional structures or mixture of one-dimensional structures. Future work can be
done for two-dimensional cases. Thirdly, all the presented results need to be verified by
physical experiments. Future work on the experiment setup to verify the time delay and
dispersion properties of such devices is necessary. In addition, to implement a practical device,
the imperfection and perturbation during fabrication of such devices also need to be considered,
which is out of the scope of the thesis. In addition, these proposed devices can be optimized by

using various optimization and design methods.
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