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1. Introduction

l<This report summarizes achievements in Dr. Adibi’s research group at Georgia Institute of
‘Technology in the area of chip-scale WDM devices using photonic crystals supported by Air Force
.Office of Scientific research (AFOSR) during the 3 year term of the program that started in May
'2003. This AFOSR-supported research has been directed toward realizing low-loss large-
fbandwidth guiding and demultiplexing requirements of WDM devices in an integrated level. To
‘r:achieve this goal, in what follows, different steps (including efficient guiding of light through the
[planar platform, efficient demultiplexing, and methods to flawlessly putting devices together) to
reallze this integrated platform will be discussed. Our research in this field has already resulted in a
'large number of scientific publications and technical presentations (18 journal papers and 41
conference presentations and invited talks). A complete list of journal papers and conference
}ipresentations is included at the end of this report. AFOSR support has been acknowledged in all
;-;these publications and presentations. Compared to other projects in Dr. Adibi’s group and
.considering the level of funding, this project has been the most successful one. Two major patents
i(both pending) have been filed based on the results of this research.

IThe structure of this report is as follows. Since the details of the achievements in years 1 and 2
ifhave already been reported in previous progress reports, they are not repeated here. Instead, a short
Jitemized list of major achievements during this period is presented. The bulk of the report is then
‘dedicated to the achievement in the period of October 2005 to April 2006 for which no previous
ireport was submitted. Only major achievements with brief descriptions are listed in this report,
Detailed information can be found in the recent publications or can be directly requested from Dr.
Adibi.

II. Major Achievement During the 3-year AFOSR-Funded Research

This AFOSR-supported research was aimed at realizing several chip-scale optical devices needed
:as building blocks for implementing integrated optical systems. To achieve this, we developed
.several theoretical, fabrication, and characterization tools and procedures for photonic crystals.
I‘Some of the main achievements of the previous AFOSR-funded research at the device level are as
FIfollows

(1) Photonic crystal waveguides (PCWs) with low loss, large transmission bandwidth, and very
'low dispersion and distortion in their pass-band for efficient guiding of light; the bi-periodic PCW
sproposed and demonstrated in our research has shown the best performance among all proposed
'PCW structures in terms of low propagation loss and available guiding bandwidth;

1(2) Photonic crystal superprism-based demultiplexers for compact separation of spectral channels
‘in an integrated platform; the focusing superprism idea proposed and experimentally demonstrated
|for the first time within this program carries the world record on PC demultiplexing in integrated
|platforms with at least two orders of magnitude smaller size (while having the same performance)
‘compared to all existing implementations of the same structure;

;(3) Theoretical prediction of very compact photonic crystal couplers with performance that cannot
Ibe achieved in other integrated platforms;

?(4) Theoretical investigation and demonstration of optical cavities with high quality factors.
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The fabrication techniques to reliably make these structures have also been optimized. The
fabrication quality of the photonic crystal structures fabricated in our group recently is at the best
level achieved in academia with similar fabrication equipment. The high fabrication quality of the
structures is in part due to the available state-of-the-art JEOL electron beam lithography system at
the microelectronic research center (MiRC) at Georgia Tech, the state-of-the-art inductively
coupled plasma (ICP) etching machine owned by Adibi’s group (acquired through an AFOSR
DURIP grant), and our extensive efforts in the optimization of the fabrication process for the high-
quality photonic crystal structures.

In addition, in this research the necessary simulation tools for the analysis and design of these

photonic crystal components have been developed, and the characterization tools and techniques
required for experimental validation have been matured.

I11. Research Accomplishments

ITI.A Design of wideband single-mode photonic crystal waveguides (PCWs)

In the first two years of this program, we proposed that the dispersion of a photonic crystal
waveguide (PCW) can be engineered by appropriate modification of the size or periodicity of the
air holes close to the guiding region. The former perturbation resulted in single mode guiding and
the latter in elimination of the modegap, dispersion linearization, and loss reduction. Knowing the
individual roles of the hole size (") and periodicity of holes (@) in the rows next to the guiding
region on the properties of PCWs, it is essential to allow both parameters (or degrees of freedom)
to vary simultaneously for a more careful optimization of PCWs. This task was done during the
last year of the program. Figure 1 shows a scanning electron microscopy (SEM) image of these
structures with definitions of the radii and the period of the air holes close to the guiding region.

Figure 1. SEM view of a biperiodic photonic crystal waveguide is shown. The radius and the period of the
air holes in the two rows next to the guiding region are a'=0.7a and »'=0.25q, respectively, and the lattice
constant is a=420nm.

Our approach is to allow both parameters to vary and find the single-mode guiding bandwidth
below the light line for each set of (¥, ). Once we find PCWs with large bandwidths, we can also
investigate the linearity of their dispersion and their coupling efficiency to an input slab waveguide
to find the optimal PCW. The final results of this exhaustive search have been shown in Figures 2
and 3. The results in Figure 3 show that the single-mode guiding bandwidth of the biperiodic PCW has
been extended to the entire frequency interval within the PBG and below the light line (maximum
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achievable bandwidth); in addition, the dispersion is almost linear over the entire guiding bandwidth
(0.253<a/2<0.268) in this biperiodic PCW.
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Figure 2. The normalized transmissions from a slab waveguide to a biperiodic PCW of the even and odd
modes in the frequency range above the lower edge of the photonic bandgap (PBG) and below the light line
for a) the conventional PCW (#/r,a /a)=(1,1) and b) a biperiadic PCW with (» /r,a /a)=(3/7,19/24); here r
and g are the hole radius and lattice constant of the original photonic crystal. The biperiodic PCW has a
larger single-mode guiding bandwidth with much better coupling to the input slab waveguide.
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Figure 3. The dispersion diagrams of the even TM modes of the original PCW (r/r=a’/a=1) and a

biperiodic PCW (r'/r=3/7, a /a=19/24), where a is the lattice constant of the PCW.
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IIL.B Design of high transmission and low dispersive PCW bend with large bandwidths

Waveguide bends are an important element in any integrated optics platform. There are various
approaches in designing PCW bends. 1) They can be viewed as cavities coupling electromagnetic
energy from the input to the output PCW. The transmission and dispersive properties of the bends
are primarily determined by the modes and the quality factor (Q) of the cavity at the bend. The
main disadvantage of the cavity based design of bends is the small bandwidth and high dispersion
that are usually associated with high Q optical cavities. 2) Bends can also be designed based on the
idea of impedance matching. The main idea is to use coupling holes to match the impedance of the
bend region to those of the input and output waveguides. The idea is based on constructive



1r1terferenee of multiple reflections in the matching region and hence suffers from the disadvantage
of small bandwidth and large dispersion of the designed band. 3) Consider PCW bends as mirrors
to deﬂect EM energy in the desired direction. Even though this idea seems simple to comprehend
and vgorks well for W3 and W5 waveguides, its drawback is low transmission for single mode W1
waveguides especially in the low group velocity region. Our idea is to use both group velocity and
modé matching at the interface of the waveguide and the bend. By modifying the dispersion and
mode properties of the guiding region and trying to match them to those of the incident region we
can have high transmission through the bend with much lower dispersion for much larger
bandWidth. Figure 4 shows our final bend design. Figure 5 shows the simulation results for our
bend!demgn compared to a simple bend in the single-mode guiding region of the PCWs attached to
the bend region. Figure 5 clearly shows that our bend achieves a considerably larger high-
transmlssmn bandwidth and more importantly a linear dispersion (i.e., linear variation of phase
with'| frequency) compared to the conventional bends, which is highly desired for practical
applications.

3

Flgure 4. Layout of our bend design showmg the modified holes at the bend region to achieve field
matchmg between the two waveguides for wideband low-loss transmission.
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Flgure 5. Comparisons of a simple waveguide bend (solid, marked by dots) and our designed bend based

on fleld matching (dashed, marked by stars) are shown for (a) transmission spectrum and (b) phase

response Transmission bandwidth is improved using our design, and phase response is linear over the pass-

band:
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I11.C Novel photonic structures based on critical coupling into cavities

Critical coupling is a particularly interesting phenomenon arising in systems of coupled
waveguides and cavities. When a waveguide is coupled to a resonator, for example the side-
coupling arrangement shown in Figure 6, a point can be reached where all of the power from the
waveguide is coupled to the resonator. This “critical coupling” occurs when the coupling
coefficient between the waveguide and the resonator is equal to the intrinsic loss of the resonator.
If we choose the material of the resonator to have second-order nonlinear properties and assume
that this “loss” is due to the conversion of optical power to the second harmonic frequency, this
critically coupled system would be capable of significantly enhancing the conversion efficient for
the second-harmonic generation (SHG) process. Such a system is easily and efficiently created
using a suitable photonic crystal (PC) structure; however, the analysis is more straightforward
when simple slab waveguides are used instead.

Figure 6. The field pattern of a conventional slab waveguide side-coupled to a microdisk resonator.

For the initial analysis of this application of critical coupling for efficient SHG, we have chosen to
analyze a simple slab waveguide coupled to a “racetrack” or ring resonator, as shown in Figure 7.
The modes of the linear resonator were calculated using our FDTD simulation tool, as shown in
Figure 7(b). For the SHG simulations, xm nonlinear material was placed in the resonator in the
region circled in red in Figure 7(a), as far as possible from the coupling region. This placement
effectively decouples the coupling and loss mechanisms at the incident frequency (which includes
the conversion to second harmonic), thus making the analysis of the system simpler. The
transmission of the system calculated using the nonlinear FDTD is shown in Figure 7(c), where the
SHG can clearly be seen at the higher frequencies. The ripples in the transmission curve represent
noise in the simulation due to Fabry-Perot effects. Despite the strong SHG signal, the critical
coupling point had not been reached, as evidenced by a coupling efficiency of less than 100% from
the waveguide to the ring resonator at the resonant frequency.

We have analytically calculated the coupling coefficient and loss factor of the system in order to
determine the appropriate nonlinear strength that should be used in the simulations, and are
currently simulating structures using these values. Coupled mode theory was used to derive an
expression for the coupling between the waveguide and the ring resonator for a given separation
distance between the two wavegumdes. The loss due to SHG was calculated using the SHG
conversion efficiency based on the mode mismatch between the fundamental and second-harmonic
beams and by applying the condition that the “effective” loss should be equal to the calculated



coupling efficiency. The critical coupling structure will be next implemented using a PC
waveguide coupling to a suitable PC cavity, and optimized for SHG efficiency using the nonlinear
FDTD tool. It is expected that the overall device size will be considerably decreased by using PCs,
due to the increased confinement of the optical power and the possibility of engineering the
dispersion propertics of the waveguides.
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Figure 7. (a) The field pattern a conventional slab waveguide side-coupled to a ring resonator. (b) The

calculated transmission of the coupled sa’stem, showing the dips in power at the resonance frequencies of

the cavity. (c) The transmission of the y ) nonlinear system, demonstrating the SHG effects.

IIL.LD Wavelength demultiplexers based on preconditioned superprism effect in photonic
crystals

Wavelength demultiplexing (WD) is one of the major applications of unique dispersion properties
of the PCs. Possibility of integration and compactness are two main advantages of PC based
demultiplexers compared to other demultiplexing techniques for applications including compact
spectrometers (for sensing applications) and WDM demultiplexers. Proof-of-concept
demonstrations of this phenomenon have been performed in planar structures. It has been shown
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that the resolution requirement for these demultiplexers can result in a very large structure (on the
order of cm? area), and phenomenological analysis shows that for a given operation bandwidth, the
required area for this type of demultiplexers increases as the fourth power of the number of
wavelength channels. These practical issues limit widespread use of these devices in current
applications. We have shown that these limitations are caused by the choice of configuration and
are not inherent to the photonic crystals. We have also proposed an alternative implementation that
provides considerably improved performance compared to the conventional implementation in
terms of being more compact and relaxed requirement for divergence angle of the incident beam.

In order to realize an efficient spectrometer, in addition to a compact WD mechanism to achieve
spatial separation of different wavelength channels, special measures must be taken to achieve
high isolation from unwanted wavelength channels. The basic demultiplexing function can be
obtained using the superprism effect in PCs. Figure 8(a) shows a schematic demonstration of the
superprism effect for wavelength demultiplexing, which is based on the difference between the
dispersive properties of the PC and the incident region. Due to the superprism effect, different
wavelength channels inside the PC region propagate in different directions (determined by the
direction of group velocity of the corresponding PC mode at each wavelength), Propagation in
such a medium can eventually result in separation of different wavelength channels, but it has been
shown that the diffraction of the optical beam at each wavelength channel results in broadening of
the beam, which requires relatively large propagation length to achieve spatial separation with the
required cross-talk level between adjacent wavelength channels. More detailed analysis has shown
limited resolution for compact PC WD devices based on the conventional configuration shown in
Figure 8(a). In addition, it has been shown that the area of these demultiplexers increases as the
fourth power of the number of channels (or equivalently, resolution), which limits their
applicability for high-resolution purposes. Recently, it has been theoretically proposed that
compact demultiplexers at high resolutions can be realized by combining two dispersive properties
of PCs, i.e., superprism effect and negative diffraction. In these structures, the broadening of the
beam due to normal diffraction effects is compensated by propagation in a PC region with negative
diffraction, as shown in Figure 8(b). As a result of such diffraction compensation, the size of the
beam at the output of these structures is reduced to approximately the transfer-limited beamwidth.
This requires much smaller propagation length for spatial separation of adjacent wavelength
channels. Another unique property of PCs is the negative refraction at their interface, as shown in
Figure 8(c). In this case, the desired signal is refracted away from the direction of the incident
signal, resulting in the separation of the desired signal from the stray signals.

Figure 8. Three dispersive properties of PCs are schematically visualized: (a) the superprism effect, (b) the
negative diffraction effect, and (c) the negative refraction effect.




We have recently shown (Optics Express, 14, 2413, 2006) that it is possible to combine several
unique dispersive properties of PCs for a desired application by optimizing the PC geometry (i.e.,
size and periodicity of the holes). In particular, we show that it is possible to engineer the modes of
the PC to simultancously have the three aforementioned dispersive properties (i.e., superprism
effect, negative diffraction, and negative refraction) at the frequency range of interest. By
combining these three properties, it is possible to realize compact and efficient PC demultiplexers.
By such optimal dispersion engineering in PC devices, it is possible to simultaneously focus the
separated channels down to a small size while propagating through the PC and divert the separated
channels from the stray and unwanted signals. These considerable improvements are obtained
without adding to the complexity of fabrication or requiring any special material growth. This is a
main advantage of PCs in which a wide range of material properties can be achieved by simply
modifying the geometry of air holes.

Structures designed through optimization have been fabricated in SOI wafers (220nm Si, 3pm SiO,
from SOITEC) using e-beam lithography and ICP etching facilities available through
Microelectronic Research Center (MiRC) at Georgia Institute of Technology. Figure 9(a) shows
the schematic view of the designed structure with incident light on the PC region coming from an
unpatterned Si region and the output light going through an array of 5 pm wide output waveguides
(1 um distance between neighboring waveguides). Each output waveguide is tapered down to 2
um at the output end of the devices. The waveguide array has been designed to observe the output
of the PC structure with a reasonable resolution. Each separated wavelength channel corresponds
to two output waveguides to observe the possible crosstalk between adjacent channels more
clearly. Two of the wavelength channels are schematically shown in Figure 9(a) as red and blue
curves. Figure 9(b) shows the scanning electron microscopy (SEM) image of a portion of the PC
structure (which has a 45° rotated square lattice geometry with a lattice constant of 367nm and
with holes of 180nm in diameter) at its input interface. The SEM image of a portion of the output
waveguide array is shown in Figure 9(c).

In our measurement setup, light from a tunable laser is end-coupled into the input Si region
through a conventional dielectric ndge waveguide. The output edge of the device (which includes
the waveguide array shown in Figure 9(a)) is imaged onto an infrared camera to record the results.
The output from each waveguide is also isolated and measured using an infrared detector
connected to a lock-in amplifier. Figure 10(a) shows the image of the output waveguides at four
discrete wavelengths with input light having TE-like polarization (electric field parallel to the PC
plane of periodicity in Figure 9(a)). Spatial separation of these wavelength channels can be clearly
seen in Figure 10(a). In addition, the desired small spot from diffraction compensation is evident
from this figure. Another evidence for dramatic minimization of the output spot size comes from
the comparison of the focusing TE-like beams with TM-like (magnetic field parallel to the plane of
periodicity) beams for which neither the superprism effect nor the diffraction compensation occur.
In Figure 10(b), we show the measured output distributions for TM-like polarization for the same
set of wavelengths used in Figure 10(a). It can be easily seen that the overall output beam profiles
of all TM-like channels are very broad, covering more than 10 output waveguides. Comparing
Figures 10(a) and 10(b), the effect of negative diffraction in refocusing the TE-like polarization
beams at the output end is evident. Also, it can be clearly observed that by designing the device in
the negative refraction regime for TE-like polarization, the unwanted polarization (TM) is



successfully isolated from the desired signals (i.e. all TM-like signals in the wavelength range of
operation appear in a scparate set of output waveguides numbered 12-24 as shown in Figure

10(b)).

Figure 9. (a) The schematic layout of the PC Ademultiplexing device under consideration is demonstrated
which shows the superprism effect, the negative diffraction effect, and the negative refraction effect
simultaneously. (b) SEM image of the PC fabricated in an SOI substrate is shown. (¢) SEM image of the

output waveguide array in part (a) is shown.
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Figure 10. Images of the output face of the device (output power distribution from the array of waveguides)

at four discrete wavelengths are shown for input beams with (a) TE-like polarization and (b) TM-like
polarization at four different wavelengths.

To characterize our designed PC demultiplexer more quantitatively, we measured the power from
each output waveguide by placing a pinhole in the far-field of the device output to select only a
single waveguide and to reduce the scattered light from the background. The normalized measured
power for four of the output waveguides are shown in Figure 11. Four channels are separated in
this device with a wavelength spacing of 8nm, and channel isolations (i.e., the power in the desired
channel divided by the sum of contributions of other channels at the location of the desired one)
are better than 6.5dB. This integrated superprism-based demultiplexing device with 8 nm channel
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wavelength separation takes PC area of less than 50pumx100pm (or 5000 (um)®). This is two
orders of magnitude smaller than other experimental demonstrations of the superprism-based PC
demultiplexers (in the conventional geometry) for the same performance. Using the same scheme,
a 64-channel demultiplexer with channel spacing of 0.5 nm can be realized in a 4 mm* PC
structure. To the best of our knowledge, this is the best overall performance for a PC demultiplexer
reported to date.
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Figure 11. (a)} Measured channel response of the four waveguides after normalization to the maximum
transmission of each waveguide.

IIL.E Design of efficient photonic crystal couplers

We developed a systematic method for designing efficient directional couplers in photonic
crystals. There are three issues need to be considered for designing a coupler. These issues are: 1)
coupling length and the way to control it; 2) spectral characteristic of the coupler, in other words
channel dropping bandwidth and channel spacing; and 3) design of the output circuit to send the
desired signal outside of the coupling structure. To be close to a realistic device, the design of
couplers in a triangular lattice photonic crystal of air holes in dielectric matenal is considered. The
dielectric material throughout this paper is silicon with relative permittivity of €=12.25, and the
material inside the holes is air with €=1. The radius of all air holes in the triangular-lattice photonic
crystal used in this letter is #=0.3a with @ being the lattice constant of the structure.

Figure 12(a) shows the structure of a directional coupler where the size of the air holes in the
intermediate region in the coupler has been changed. Figure 12(b) shows the dispersion of coupler
for different sizes of the modified air holes. As it can be seen from Figure 12(b), by increasing the
sizes of the intermediate air holes, two things happens. First, the frequency operation range of the
coupler is shifted to higher values. Second, the coupling length becomes smaller, as demonstrated
in Figure 12(c), which dramatically decreases the size of the coupler and makes the structure more
compact.

11
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Figure 12. (a) Schematic illustration of a PC coupler in which the sizes of the intermediate air holes have
been increased. (b) Dispersion of the modified coupler for different sizes of intermediate holes. (c) The
coupling length of an unperturbed coupler is compared with that of a coupler with radius of the holes in the
middle row changed to »=0.35«,

A challenge in the design of directional couplers in photonic crystals is the design of a waveguide
bend to guide the desired signal, which is coupled from one branch of the coupler to the other one,
out of the coupling region. Figure 13(a) shows a typical design of a PC directional coupler together
with the waveguide bend part. The structure consists of a triangular lattice photonic crystal of air
holes in silicon. The radius of air holes () is 30% of the lattice spacing (a). Generally, in such a
structure, the frequency operation range of the waveguide bend is different from the coupler
operation frequency range as shown in Figure 13(b). As it can be seen from Figure 13(a), although
a strong transmission occurs from one channel of the coupler to the other channel, the final
transmission from the coupler to the waveguide bend is poor as the frequency range of high
transmission for the coupler and the bend do not overlap. An optimal solution to improve the
transmission of the signal from the coupler through the waveguide bend is to design the coupler
and bend in a way to shift their operation frequency range toward each other so that a common
frequency operation range for both structures 1s achieved. According to Figure 13(b), we neced to
shift down the operation frequency range of the bend and to shift up the operation frequency range
of the coupler. Based on our theoretical studies and simulations we have succeeded to realize this
appropriate frequency shift.

S
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Figure 13. (a) Structure of a directional coupler together with bend waveguide. (b) Spectrum of the
transmission of the bend; the frequency operation range of the coupler is also shown in this figure.
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- Figure 14(a) shows the structure of a waveguide bend after the modification in order to shift down
the high transmission frequency range. These modifications are based on the properties of the
original bend and the cavity that created in the bend corner. Therefore, knowing the properties of
this cavity, by changing the sizes of the appropriate air holes in the bend region, the transmission
frequency of bend is efficiently shifted down. Figure 14(b) shows the transmission of the bend
structure before and after the modifications. Here, by combining the modified coupler and
modified bend waveguide the efficient coupling structure is realized.
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. Figure 14. (a} Structure of the modified waveguide bend is shown. The air holes shown by green color have
normalized radius of r/a=0.22, and the air holes shown by red color have normalized radius of r/z=0.26.
(b) Spectrum of the transmission of the original bend and the modified bend. The high transmission
frequency range of the modified bend overlaps considerably with that of the coupler.

IV. Publications and Presentations

While several projects are still ongoing and multiple publications in the near future are expected,
~ the research supported by the AFOSR in the last year has resulted in 8 journal papers (4 published,
4 submitted), 9 conference presentations, and two invited talks. The following list includes all
. publications during the 3 year period of the program.
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