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with ., 45, ,, 10,andd, d, @&/2;the dotted line shows the linear
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Figure 2.4: (a) A square lattice and (b) a triangldttice of air-holes fabricated in the
top Si layer of a silicon-on-insulator (SOI) wa#ee shown. 15

Figure 2.5: (a) A square lattice geometry and (baitrary general lattice geometry are
shown schematically. The two lattice vectors otelattice and their
corresponding primitive unit cells (dashed) are destrated in these figures.
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Figure 2.6: Band structure of a square lattice g@hatcrystal of air holes (witha=0.35)
in Si (with . 11.4) for H-polarization is shown in the form of iseefluency

contours. The first Brillouin zone of the structisenarked by the dashed
lines. It can be observed that by repeating tts¢ Brillouin zone in the
principal lattice directions (theandy directions) the entire band structure will
be generated. 22

Figure 2.7: Band structure of the 2D square lafi€g similar to the one in Figure 2.6,
with r/a = 0.34 and relative permittivity = 9.1 is calculated and plotted over
the boundary of the reduced Brillouin zone forEgyolarization and (b) H-
polarization. Photonic bandgap regions are showyeligw strips. Normalized
frequency is defined & in this figure, whera is the lattice constant of the
PC, and is the free-space wavelength corresponding topleeation
frequency. 24

Figure 2.8: Band structure of E-polarized modea 8D square lattice PC, similar to the
one in Figure 2.7 (witiva = 0.34 and relative permittivity = 9.1), is
calculated and plotted over the 2D k-space. (a)fifsiephotonic band (with
lowest frequency) and (b) the second photonic lzaadlepicted. In both cases,
corresponding iso-frequency contours in the 2Ddaplare also plotted. 25

Figure 2.9: Confinement and leakage in a slab-pjp®onic crystal are schematically
represented. (a) Solid arrows show confinemenbtal internal reflection in
the slab. (b) In a periodically patterned slathigher frequencies, the
periodicity wavevector of the photonic crystighc, can couple the modes of
the structure to wavevectors that are no longefimea by total internal
reflection (shown by dotted arrows); these photemystal modes are not
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caused by leakage to the substrate or cover regions 26

Figure 2.10: Band structures in the in-plamé direction for a square lattice of air-holes
with r/a = 0.3 in SOI wafers are shown. The thickness effilm Si layer in all
cases ifr = 220 nm, and the results are related to (a)i§idn oxide withh/a
= 0.4, (a) Si film on oxide with/a= 0.7, (c) undercut Si with/a= 0.4, and
(d) undercut Si witth/a= 0.7. The dashed line shows the light line (for
substrate or air) that is the border for confinexties. 30

Figure 2.11: Analogy between beam propagation effiacthe time domain (top) and in
the space domain (bottom) is graphically illustdate 31
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Figure 2.12: Band structure of a rotated squatedaslab-type PC structure of air-hole in
Si in the form of iso-frequency contours in the iBEplane k-space is shown.
The inset shows the lattice structure and the dliefimof coordinates (with/a
= 0.30 in this structure). The lattice constantis the distance between the
centers of the closest neighbor holes, and the etsniarked on the contours
are the corresponding normalized frequencies, @ie shaded region is the
range of band structure with super-collimation @y (i.e., with small
diffractive broadening effects). 33

Figure 2.13: The positive and negative refracticopprties in a PC are schematically
demonstrated. 35

Figure 2.14: (a) The negative diffraction effect ahffraction compensation in a PC are
schematically demonstrated. Beamwidth behaviolotgd for a Gaussian
beam propagating in a two stage PC structure. éanBvariations inside the
structure are illustrated. (c) Beamwidth in a squattice of air-holes in Si
(r+/a = 0.40), and (d) beamwidth of the resulting beesmf(b) in a square
lattice of air-holes in Sirg/a = 0.35) are plotted. The initial width of the
Gaussian beam entering region =0 is 20 anda/ =0.30 and E-
polarization are considered. 37

Figure 2.15: (a) The superprism effect in a PClematically demonstrated. (b) In-
plane band structure of a 45°-rotated square daRI(C structure on an SOI
wafer is shown. The inset shows the lattice stmgcamd the definition of
coordinates (withi/a = 0.30 in this structure, being the lattice constant), and
the color coding of the contours represents theesponding normalized
frequenciesa/ . Two PC modes excited by a plane wave coming fittan
unpatterned slab at an angle of 15° are shownebdhd structure. The
dashed arrows show the tangential wavevector oéxheation wave along the
interface, and the solid arrows show the grouparmialirections of the modes
excited inside the PC structure. 38

Figure 2.16: Multiple reflections of light in a F@ructure is schematically shown. The
distributed resonance effect in this structureltesn lower effective group
velocity and enhanced field amplitude. 39

Figure 3.1: Operation principle of the modal appfofor the analysis of beam
propagation in photonic crystals is shown. The irjgam is expanded over
photonic crystal modes, and the resulting outpatbée found using the same
expansion and by including the propagation effe€tsach of the modes. 42

Figure 3.2: Beam profile are plotted for a Gaustieam normally incident on a square
lattice PC (air holes in Si/a=0.4) at different propagation lengths inside the
PC (E-polarization a&/ =0.3). 44
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Figure 3.3: (a) The interface of a PC with a honmegeis incident region (with refractive
indexn) is shown and corresponding parameters are intextiu is the angle
of incidence and y is the angle of group velocity inside the PC ragio
corresponding to the main component of the inciteatm. (b) Relevant
wavevectors corresponding to the incident wavethaghotonic crystal mode
are depicted. 46

Figure 3.4: (a) Beam profiles (normal to the dil@ciof propagation) for the propagation
of a Gaussian beam through a square lattice plotoystal (air-holes in Si,
r/a=0.4 at normalized temporal frequency=a/ =0.3) are shown for different
propagation lengthd4 f inside the PC. The field has E-polarization, trel
initial beamwidths (aL=0) are 50. Solid lines are the results of exact
simulations using a modal approach (based on P\&thigue), and dotted
lines are those calculated using the envelopefeafsction method. (b) The
beamwidth variation with propagation length inside PC is shown. The solid
line is found directly from exact modal approadige tashed line is found by
fitting the parameters to Gaussian beam propagatmatel, and the dotted line
is the one calculated using the approximate megpinesented in this chapter.

48

Figure 3.5: (a) Field profiles at initial point10a) and final point y=500Ga) are shown.
(b) Calculated envelopes of beam profiles at déffiepropagation lengths
inside the photonic crystal structure are showreseérenvelopes are in good
agreement with those obtained by a diffractive xwedel (withne=13.5). 52

Figure 3.6: (a) Band structure of the square Rfpiotonic crystal structure under
consideration is shown in the form of iso-frequenowntours in k-space. (b)
Variations of the beamwidth during the propagatlmough the structure are
shown for both the direct simulation results (sdih@) and the results obtained
by a Gaussian beam approximation and diffractidexnmodel (dashed line).

53

Figure 3.7: Beam profile and variation of beamwidéinsus propagation length are
plotted for (a) the third-order and (b) the foudtttler spectral phase terms. 55

Figure 3.8: For a 45otated 2D square lattice PC (air holes inr8&0.40) the profile of
the beam envelope at the output is calculated wbnegt mode matching
method (solid line) and the approximate diffractiveex method (diamond
marker). The incident light in this calculationaigreconditioned (i.e.,
broadened) Gaussian beam at normalized wavelehgth@197, which
illuminates the structure at an angle of 12° wibpect to the normal to the
interface. The preconditioning is performed so thateffect of the second-
order diffraction term vanishes at the output e&f BC structure. The accurate
and approximate results are in good agreement. 59
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Figure 4.1: Iso-frequency contours of the firstdbaha rotated square lattice PC in a
planar SOI wafer is showné = 0.30). Coordinates are rotated by 45° with
respect to the principal lattice vectors of thed&hown in the inset. The
direction of the group velocity in the strong sup&m effect range varies
significantly for the two different wavelengths smtered here. 63

Figure 4.2: Geometry of the structure used for gumm demultiplexing in the
conventional configuration is shown. 65

Figure 4.3: (a) Schematic evolution of beam prefié¢ two adjacent wavelength
channels inside the photonic crystal structurustrated. is the angular
spacing between the group velocity directions efdénter frequencies of these
two channels, and is the divergence angle of each channel insid®@e
region. (b) The behavior of cross-talk versus ttegpgation length for
different values of = / is plotted. The Gaussian beam approximation id use
in all cases. 66

Figure 4.4: The relation between the size of thecstire and the number of channels are
shown for different PC lattices of air holes in @i H-polarization in a square
lattice PC withr/a=0.25, (b) H-polarization in a square lattice P@hwi
r/a=0.35, (c) E-polarization in a triangular lattle€ withr/a=0.25, and (d) H-
polarization in a triangular lattice PC witta=0.25. In each case, star, circular,
square, and triangular markers stand for incider@rgence angles of =1°,
2°, 3°, and 5°, respectively. 68

Figure 4.5: (a) Variations of the angle of groufoegy versus normalized frequency for
a square lattice PC with H-polarization is showamnoptimal structure for the
EASFF scheme. The number above each channel shewslue of ¢ for
that channel, and the number below it shows iteesponding value for the
diffractive index. (b) The field intensities of fofrequency channels at the
output plane of the superprism-based demultipleesigned in Figure 4(a) are
plotted. The ratio of the hole radius to the l&tonstant isa=0.30, the
incident angle is =14, and o,=2.44. The angular spacing between adjacent
channels foX=-20dB is =5.6, and the input divergence angle is =3.2 .
For this design, at=1550nm, propagation lengthlis210 m. 74

Figure 4.6: Schematic view of a preconditioned phat crystal demultiplexer and the
definition of parameters are depicted for an inocidegeam coming at an angle
76

Figure 4.7: A preconditioned photonic crystal detiplédxer that uses propagation in a
bulk incident region for diffraction compensati@sichematically illustrated.
Dark beam trace shows the evolution of an optieahb at a single wavelength
throughout the structure without the effect of setorder diffraction. In this
case, 3 is the divergence angle of the beam caused bthitteorder
diffraction. 77
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Figure 4.8: (a) The band structure of a 45°-rotéteterface at a 45° angle with respect to
the interface of the PC with the incident regiomyare lattice planar PC with
lattice constanda=333nm, normalized radius of holesr&=0.23, and
thickness of Si guiding layer &£200nm is shown for the first TE-like
polarization (electric field perpendicular to theea of holes). (b) The
compactness factor is calculated and shown in aridgnic scale for the band
structure in part (a); bright regions are apprdprfar designing
preconditioned superprism demultiplexers. 80

Figure 4.9: (a) For an incident angle af17°, and the normalized frequency of operation
of ,=0.22215 (both found from choosing an operatiomipmi Figure 4.8),
the relation between the original diffraction ligdk waist of the incident beam
and the required propagation length for achievimgoss-talk better than -
20dB is plotted for four demultiplexing wavelengtfannels with a channel
spacing of d=0.5nm. From these plots, minimum acceptable prafiay
length is found to be 2.05mm for a four channel digigiexer. Corresponding
required waist for the incident beam is found tage30 m. (b) The
diffractive index for a range of frequencies at itth@dent angle of =17° is
plotted showing a region with small variation ofyaéve diffractive index in
the vicinity of the operation point (=0.22215). 82

Figure 5.1: Diffraction compensated wavelength diépiaxing in photonic crystals is
schematically demonstrated for operation in thep(esjtive refraction regime
and (b) negative refraction regime. 84

Figure 5.2: (a) An SEM image of a square latticef@&icated in SOI is shown. (b)
Schematic plot of superprism demultiplexing in do@ventional configuration
is shown. (c) Schematic plot of diffraction compatiien (PC is designed in
negative diffraction regime) is shown. (d) Schematot of negative refraction
at the interface of PC is shown. 85

Figure 5.3: (a) The dispersion diagram for guidmg@n unpatterned SOI wafer with
h=220nm is plotted. (b) The band structure (dotieek) of a slab-type PC in
SOl wafer (square lattice/a=0.30,h/a=0.62) and the loci of PC modes (solid
lines) excited for incident waves coming from uneated slab at different
incident angles are shown. 87

Figure 5.4: Calculated iso-frequency contours efftist TE-like band in a planar square
lattice PC (/a = 0.25 in an SOI wafer) with the principal lattidieection at 45°
with respect to the interface. Regions of the betnacture with different
dispersive properties are marked as gray for negdiffraction; red for a
strong superprism effect; blue for low third-ordéfraction; and hatched for
regions not excitable from the input slab waveguide 87

Figure 5.5: A schematic view of the wavelength ditiplexing structure combining
three dispersive properties of photonic crystads, the superprism effect,
negative diffraction, and negative refraction, ésbnstrated. 89
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Figure 5.6: (a) An SEM image of the fabricated devs shown. A rotated square lattice
PC withr/a = 0.24 in a planar SOI platform is used. (b) ArVBifhage of the
interface of the PC is shown. (c) Overview of tleendltiplexing device is
shown. Five input waveguides are used to testasgonse of the device under
different incident angles. Waveguides at the oupatused to sample the
beam profile of the optical beams coming out of i@ 90

Figure 5.7: An SEM image of the cleaved edge obigut waveguides is shown. Some
nonuniformity in the quality of the end-faces oé$lke output waveguides is
clear. The three layers of this SOI wafer, i.ee, fim Si, the isolating Si©
layer, and the substrate Si layer, are also vigibtais image. 91

Figure 5.8: Overall view of the experimental sefmpcharacterization of the planar PC
structures is illustrated. 92

Figure 5.9: (a) An image of the actual charactéidresetup, with light passing from left
to right, shows the input fiber, the polarizer, digective lens to couple the
light into the device under test (DUT), and thepotitens to image the output
edge of the sample. A long working distance micopscon top (connected to
an IR camera) is used for alignment purposes sdase. (b) Imaging at the
output with high magnification is used, as showthis figure, to isolate and
resolve individual output waveguides. (c) The imagee DUT shows the
configuration of the input and output lenses ad ag&the long working
distance lens connected to the microscope for @kgm inspection. (d) Picture
taken by an IR camera shows the laser spot ahphug interface and coupling
of light to one of the input waveguides. 93

Figure 5.10: (a) Output images for the TE-like pzition show power distributions in
the output waveguides at four discrete wavelendth)s-or the same
wavelengths as part (a), power distributions indbgput waveguides for the
TM-like polarization are shown. It can be seen thathis polarization
diffraction compensation does not occur, and thputtbeams have extended
distributions. Moreover, there is negligible inexdnce from this polarization
at the location of demultiplexing channels highteghin this figure. 95

Figure 5.11: (a) The measured transmitted powefsurfoutput waveguides (channels 5,
7,9, and 11) are plotted. (b) Channel respongehidéowaveguides in (a) are
shown. In this case, incidence is at 15° (middptrwaveguide is used for
excitation), and input wave has a TE-like polai@at 96

Figure 5.12: Transmission channel responses fangplke fabricated in SOI (a 45
rotated square lattice geometry with a lattice tamtsof 367 nm and with holes
of 175 nm in diameter) are shown at three differecilent angles of =13°,
15°, and 17°. 98

Figure 6.1: The geometry of the setup for calcatathe reflection at the interface of a
2D PC is lllustrated. 100
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Figure 6.2: (a) The band structure of the PC meddsH-polarization in a square lattice
PC of air-holesr{a = 0.45) in Si is shown. (b) The calculated reftact
coefficient is plotted for a plane wave at nornmaidence coming from air to
the PC in (a). 102

Figure 6.3: Transmission coefficients (E-polariaajifor the light coupling between two
2D square lattice PCs with slightly different pasders (;/a = 0.30 and,/a =
0.35, as shown in the inset) using the direct modtching simulation and
group-velocity-based approximation are compared. 5 10

Figure 6.4: Contours of constant group velocitasa( / 015 with E-polarization)

for different design parameters of 2D rectangud#tide PCs are plotted. The
lattice constant parallel to the interfa@g, is kept intact and normal incidence
(along they direction) is considered. The dashed line showstlggested path
for an adiabatic transition and circles highlight designed parameters for the
successive layers. The gray shaded region repseBéhstructures for which
the operation frequency lies inside the bandgap. 8 10

Figure 6.5: (a) Reflection from a square latticedd@cture (circular air-holes in Si,
r/a 040) is shown with no matching stage and with adiabaigtching
stages. (b) For the same structure, the angulponsg of the 10-layer
matching at,/ =0.15 is compared with that of the PC with no mauglstage.
(c) The shaded region shows reflections for 5Cd#fit random buffer stages
(with 12 PC layers) with up to 5% perturbationhe sizes of holes compared
to the original design. 110

Figure 6.6: (a) The band structure of a square¢aRC of air holesr£0.35) in a
dielectric with . 74 is shown for the direction specified by the arrawhe
inset. (b) The transmission coefficient (i.e., tiaitted power divided by the
incident powerT 1 R) of light from the incident region ( 74) to the
PC in part (a) using the direct grating analysid te effective impedance

model are plotted. The interface is located haly thmough the holes (i.e.,
Yo=a/2). 114

Figure 6.7: The transmission coefficient of lightident from air (,, 1.0 to the

square lattice PC in Figure 6.6 is calculated u#iiegdirect grating analysis
and the effective impedance model. The interfaesl{edot line) is at (a =0
and (b)yo = &/2, withyy defined in Figure 6.6. 115

Figure 6.8: Electric field profiles of the PC modesigh transmission points are shown
for (@)a/ =0.19 and (bg/ = 0.26. Dash-dot lines show the relative location
of the interface for low reflection, when the inerd light is coming from air in
each case. Effective impedance of the PC undey ghaimalized to that of
air) is shown for the interface with (g) = 0 and (d)o = a/2. 117
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Figure 7.1: The iso-frequency contours of the sdcbia band of a square lattice planar
2D PC in SOI are shown (each contour is marked itgtborresponding
wavelength). The PC has a lattice constant of 400amd holes of 200 nm in
diameter. The thickness of the film Si layer is 240. The regions of leaky
coupling to the oxide substrate and to the aimaaeked with solid and hashed
shadings. 121

Figure 7.2: (a) Side-wall roughness can be sean BEM image of a fabricated structure
in SOI. (b) Top view of a fabricated sample in SBbws systematic
deformations caused by the vicinity effect of thecton-beam exposure. 123

Figure 7.3: The range of single-mode operatiorhefunpatterned slab in SOI is shown
for (a) Sion substrate and (b) air-bridge struet@fter removing the oxide
layer). 124

Figure 7.4: The band structure of a square laRiCan SOI is shown (each contour is
marked with its corresponding wavelength). The BE dnlattice constant of
420 nm, and holes of 210 nm in diameter. The treskrof the film Si layer is
250 nm. The red line indicates the range of modesffarent wavelengths
excited by an incident plane wave coming from thpaiterned slab on the
same planar structure at an incident angle of B2atked arrows show the
direction of propagation of two PC modes excitethatwavelength of 1550
nm for the above-mentioned incident wave. 125

Figure 7.5: (a) The first three photonic bands efjaare lattice planar PC in SOI
(asymmetric structure with air on top and Sudderneath) are shown. The PC
structure has air-holes of diameter 290 nm, lattaastant of 480 nm, and slab
thickness of 240 nm. The band crossing betweefotded TE-like mode and
the lowest TM-like mode can be seen from this fgyb) Contours of the
folded TE-like band in the in-plane k-space ardtplh and the crossing line
with the TM-like band is marked by a dashed limethis figure, band splitting
(and thus, opening a stop band) at the intersettierresults in band
deformation in that vicinity. 126

Figure 7.6: (a) An SEM image of end-face of an S&hple compromising of multiple
parallel waveguides is shown. The structure isiggrtundercut to retain the
mechanical support for the waveguides. (b) An SEMge of a large area PC
(in an SOI substrate) after undercutting is shaBending of the top silicon
layer after undercutting is visible in this image. 129

Figure 7.7: An SEM image of a PC buffer stage wdedg with a dispersive PC device is

shown. The period of the buffer stage is half @f dhiginal target PC, and it
effectively operates as a region with smaller ingtethis system. 129
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Figure 8.1: Overview of an integrated optical segsievice employing an integrated on-
chip spectrometer for spectral interrogation ofglggmal is demonstrated. The
optical signal is affected in the interaction reghy the sensing mechanism,
and the output from this stage is analyzed ovange of spectrum using the
on-chip spectrometer to recognize the unique sigeatleft by the sensing
process. 132

Figure 8.2: (a) A subset of the training data fdalaricated PC spectrometer (obtained by
imaging the output plane of the fabricated devioe ecording it at different
wavelengths) is shown. (b) SEM image of the phatenystal spectrometer is
shown. An array of waveguides is used to samplédaen profile at the output
plane of the photonic crystal region. (c) The perfance of the PC
spectrometer in locating a spectral peak in thetsps is shown in the form of
wavelength estimation error with respect to theouhoise level. 134

Figure 8.3: The overview of a two-stage PC demigiipr (fabricated in SOI) based on
the superprism effect and diffraction compensasoshown. 135

Figure 8.4: A PC lens fabricated in SOI is showhne Effective index of the material is
changed in different locations of the lens by chiagdhe size of holes in a
square lattice PC structure. 136

Figure 8.5: An SEM image of a photonic crystal stawe fabricated in silicon nitride is
shown. 137

Figure B.1:The geometry of the setup for calculating the otite at the interface of a 2D PC is
ilustrated. 147

Figure B.2: Calculated normal components of theevactor inside the PC structure for
a square lattice of air-holes in Si are markedtbyssn the complex plane.
Circular markers highlight the wavevectors thaiséathe conditions for mode
selection; these PC modes will be used in the nmaiehing process for
calculating the reflection. 150

Figure B.3: Calculated reflection at the interfa¢e square lattice PC of air-holes in Si
(r/a=0.20) is shown with number of Bloch componentsiretd in the
simulation being (alN:=N,=17 and (b)N;=N,=13. The incident wave is in E-
polarization and comes at an angle e20° from a bulk Siregion to the PC
structure. 153

Figure C.1: A portion of an iso-frequency surfaéa 8D PC in the k-space is shown.
The directions tangential to the interface (i.eand ) and the direction
normal to the surface Y are defined in this figure. 160

XiX



Figure C.2: (a) Schematic demonstration of theculmodpile lattice considered
throughout this appendix is shown. Lattice constamd filling factors in
different directions of this lattice are markedtbrs figure. (b) The setup for
reflection calculation is shown, with being the angle between the incident
wavevector and the normal to the interfagednd being the angle between
the plane of incidence and tkeplane. 168

Figure C.3: Reflection at the interface of a cuk@odpile photonic crystal structure with
. 25,f=1,=0.3,f,=0.5,a =a,= a, anda, = 1.2ais shown withz,=0 at
normal incidence. Two cases with TE and TM polaies (i.e., electric field
and magnetic field along thedirection) are considered with incident wave
coming either from the air ( 1)0or substrate (| 2pregions. 169

Figure C.4: (a) Calculated reflection for a plarever incident from substrate (  2.5)

to a cubic woodpile PC with, a, a,a, 12a, f, f, 03, and

f, 05 (parameters as defined in Figure C.3) with TMdecit polarization
(magnetic field along the direction) at an angle 7 is shown. The
interface of the PC is assumed to beat 0.75a,. (b) Calculated effective
impedance of the photonic crystal modes excitg@)ns shown (marked by
stars) and compared with that of the incident ne¢aashed line). 171

Figure C.5: Calculated reflection for a plane wan@dent from air (,  1.0) to the
same cubic woodpile PC in Figure C.4 with TM incitlpolarization at an
angle 7 is shown. The interface of the PC is assumed tat be
z, 025a, in (a), and the corresponding effective impedasastown in (b).
The calculated reflection and effective impedarmceah interface at
z, 0.75a, are shown in (c) and (d), respectively. 172
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SUMMARY

Photonic crystals (PCs), consisting of a periogattern of variations in the
material properties, are one of the platforms psegoas “synthetic” optical materials to
meet the need for optical materials with desireapprties. Recently, applications based
on dispersive properties of the PCs have been gegpm which PCs are envisioned as
optical materials with controllable dispersive pedges. Unlike the conventional use of
PCs to achieve localization, in these new appbeatipropagation inside the photonic
crystal is studied, and their dispersive properdies utilized. Among these applications,
the possibility of demultiplexing light using thegerprism effect is of particular interest.

Possibility of integration and compactness are tm&n advantages of PC-based
wavelength demultiplexers compared to other deplaking techniques, for applications
including compact spectrometers (for sensing apptios), demultiplexers (for
communications), and spectral analysis (for infafamaprocessing systems). | develop
the necessary simulation tools to study the dispensroperties of photonic crystals. In
particular, 1 will focus on superprism-based deipldixing in PCs, and | will define a
phenomenological model to describe different effeiat these structures and to study
important parameters and trends. A systematic ndefilvothe optimization and design of
these structures will be presented. Implementatiofsthese structures will be
experimentally demonstrated using the devices ¢ated in a planar SOI platform based
on designed parameters. In the next step, differ@mproaches to improve the
performance of these devices (for better resoluaod lower insertion loss) will be

studied, and extension of the concepts to otheemadplatforms will be discussed.
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CHAPTER 1

INTRODUCTION

In their quest to understand and control the mathuman beings have used
different means and investigated different appreaclAmong these approaches, the ones
related to light, because of their close connect@mfobservation,” have always been at
the center of attention. In addition, recent tedbigmal developments have found other
ways to utilize light and have extended the scdpapplications. The demand for higher
processing speed and higher transmission capatipgrticular, has been the motivation
behind the attention toward optical systems asadle@ichoice in applications such as
communications (telecom) [1,2] and interconnectstgdom) [2] in recent years.
Different methods and material-systems for reabratof desired optical systems for
these applications have been proposed, and thisstiaell focus on a particular set of
systems relying on the dispersive properties ofcaptmaterials with submicron and

nanoscale features.

1.1. Introduction to Photonic Crystals

A basic step in designing optical devices foretiént applications is to have the
optical material with appropriate properties avalga For years, the optical materials
used in making optical devices were limited to thtdsat were naturally available in the
environment. Purification, crystallization, and morecently doping and making
polymers are the main methods through which somimefoptical materials have been
modified to match the characteristics of interest $pecific applications. But, until
recently, the extent of modification obtained thgbwsuch schemes has been very limited.

Advances in fabrication technology in the last fgears, however, have brought the



opportunity to manufacture feature sizes much @ndhan the optical wavelength of
operation. It has been shown that such features st greatly affect the optical
properties of the material. Concepts similar tdifiaral dielectrics” that were suggested
and used in the microwave range to create dietsctvith controllable properties were
extended then, by the progress in the fabricagehriques, to optical frequencies. This
new possibility has resulted in a relatively neeidiof “synthetic” optical materials in
which the optical properties are manipulated byticling small-scale (tens to hundreds
of nanometer) features in a material. The goabislévelop a systematic approach to
design such materials and to explore their potefatiavarious applications.

In particular, a controlled way to manipulate thpical properties is to introduce
sub-wavelength periodicities in dielectric matexialhis periodicity affects the optical
properties of the matter (in the same manner tipEredic potential affects the behavior
of an electron in a lattice) and gives rise to Bgtit optical materials known as photonic
crystals (PCs) [3],[4]. The ability to control tlogtical properties of photonic crystals
offers a unique opportunity to manipulate the @iticesponse in different material
platforms. Consequently, new optical materials bardesigned to show specific desired
optical properties in their photonic band structurkis new opportunity has resulted in
new device ideas and concepts which were not pusljopossible, especially in
integrated platforms.

Different modes of implementation of photonic ¢ays have been proposed.
These devices, depending on the number of noratrperiodicity dimensions can be
categorized into one-dimensional (1D), two-dimenaio(2D), and three-dimensional
(3D) photonic crystal structures. From another poinview, the fabrication technology
used for realizing these structures can be catsgpbinto bottom-up (e.g., self-assembly)
and top-down (e.g., lithographic patterning) apptes [5]. Depending on the specific
application of interest, one of these implementaiwill be the optimal choice. Here, |

will focus on a particular type of photonic crystai.e., planar 2D PCs, because on one



hand they are compatible with the conventionalgraged optical components, and on the
other hand, they are compatible with the well-depetl microelectronics fabrication
techniques. Because of these reasons, planar R@€sréeeived significant attention as
the most feasible solution for integration. Figuiel shows examples of two-

dimensionally periodic photonic crystal structufasricated in a planar Si platform.
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Figure 1.1. Scanning electron microscope (SEM) esagf (a) a PC waveguide and (b) a
square lattice PC with two-dimensional periodidigpricated in a planar platform are
shown.
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1.2. Applications of Photonic Crystals

Based on the application of interest, the rolé pieptonic crystals are expected to
play as part of the optical system can be sigmtiyadifferent from case to case. There
are two main directions to which most of the cutr@pplications can be divided. On one
side, the presence of sub-wavelength features s1da@ inhibit the propagation of light
in a range of frequencies, known as photonic bgmd@BG), and this property was
proposed to achieve suppression of spontaneoussiemifs-7]. Photonic crystals by
prohibiting the propagation of light in their PB&nge can also act as a perfect mirror for
confinement of light in cavities and for guidingethght through line-defects [3-4]. Using

photonic crystals in their PBG range has been widelestigated for light confinement



in PC cavities [8-10] and PC waveguides [4,11-B8iveral other applications for such a
confinement have been proposed, including compgnientcompact photonic integrated
circuits [14-16], environmental sensors [17], noalr switches [18], and devices for
cavity quantum electrodynamics [19]. On the othendy propagation of light inside the
periodic structure of a photonic crystal exhibitsque dispersive properties, and these
dispersion effects can be used to realize anotfieofsfunctionalities, including slow-
light propagation [20], beam shaping [21], beanestg [22], open-cavity resonance
[23], band-edge lasing [24-25], diffraction-free opagation [26-29], diffraction
compensation [30-31], dispersion compensation [3R-Bigh-resolution imaging [34],
and superprism-based demultiplexing [22,35-38].

In this thesis, the main focus will be on wavekndemultiplexing as one of the
major applications of the unique dispersive praesrtof photonic crystals. The
possibility of integration and compactness are tmain advantages of PC-based
demultiplexers, compared to other demultiplexinghteques, for applications including
compact spectrometers (for sensing applicationggctsal analyzers for optical
information processing systems, and demultiplef@rsvavelength division multiplexing
(WDM) systems. The basic idea has been proposdtbbgka et al. [39-40], and it relies
on the fact that at the interface between two megiavith different dispersion
characteristics, with incident waves at differengigiiencies it is possible to excite modes
that propagate in different directions, a phenomemalled the superprism effect.
Because of the strong dispersive properties of @hotcrystals, one can imagine that
such an effect could be used to realize devices $bad different wavelengths to
considerably different directions. This angular agpon can be used to achieve the
spatial separation needed in wavelength demuliipdex The overall scheme is

schematically represented in Figure 1.2.



Figure 1.2. Wavelength demultiplexing in a photoaigstal structure is schematically
shown. Spatial separation is obtained by mappirfgrdnt wavelengths of the input
signal to different propagation angles inside tker&gion.

1.3. Devices for Wavelength Demultiplexing

Wavelength demultiplexing (or in a broader vieweparation of spectral
constituents of a signal) has many applicationth@optical systems. Examples of these
applications include spectroscopy for the invesiogaof the emission or absorption
spectrum of materials, wavelength multiplexing foore efficient exploitation of the
wide bandwidth offered at optical wavelengths, amdalband spectral analysis for
information processing systems. The common modualali these applications is a
component that discriminates between different wengths of the incoming signal and
maps the input wavelength to different modes abtliput.

There are two main approaches in realizing waveledgimultiplexing devices:
cascaded implementation and parallel implementatiothe cascaded implementation of
these devices, a series of frequency selective coergs are used and each of them
“drops” one of the wavelength channels from thenaigo a specific output port. In that
sense, the cascaded implementation can be cordidsra filter bank (a series of drop
filters) that separates different wavelength chasinBifferent implementations of this
idea, including those based on Fabry-Perot resostad], microring resonators [42], PC
cavity-based drop filters [43-44], and PC coupl¢45], have been proposed. The

cascaded implementations offer reasonably goodopeance for small number of



channels, but for larger number of channels theirement that all individual resonance
effects occur exactly as designed lowers the yigaltifarces a stringent condition on the
fabrication of these devices in practice.

The other possible implementation of optical wangtla separation devices relies
on a parallel scheme. In this scheme, usuallyhalMavelength channels share the same
medium of propagation, but the effective dispergiveperties are different from one
wavelength to another. As a result, propagationutinosuch systems discriminates
between different wavelengths and results in modphrsg¢ion at the output plane.
Several possibilities for realizing such wavelenggmultiplexing devices have been
proposed, among which proposals based on diffractoatings [46-49], arrayed
waveguide gratings [50-52], and the superprism efieghotonic crystals (similar to
material dispersion in the conventional prisms)ehasceived more attention. Some of
these reported wavelength demultiplexing schemeshaen in Figure 1.3. The common
feature between all these schemes is that the watbled the input signal inside the
structure is mapped to some spatial feature (@g.angle of propagation or the location
of spot) at the output of the device.

In this research, | will focus on superprism-basedlementation of wavelength
demultiplexing. The reason for this choice is ttlas implementation offers the most
compact solution (for a specific resolution). Iretfollowing chapters, the ideas of
implementation of compact and efficient wavelenggmdltiplexing devices based on the
dispersive properties of photonic crystals will ppoposed and assessed. Chapter 2
reviews the basic concepts of band structures nbgie media, their mode properties,
and how the band structure features lead to uniegpeiive properties. In Chapter 3, an
approximate model for the analysis of propagatifaces inside photonic crystals are
developed, which will be the primary tool for eféat modeling and design of dispersive
photonic structures in this work. The basic wavelergmultiplexing scheme based on

the superprism effect in photonic crystals is désed in Chapter 4. The limits of the



conventional configuration are then discussed amabdified implementation based on
diffraction compensation is proposed, which enaltesnpact and high-resolution

implementation of PC wavelength demultiplexers grectometers.
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Figure 1.3. Available technologies for integratddnpr demultiplexers are shown. (a)
Compact AWG in silicon-on-insulator (SOI) with 8 cim@fs, 3 nm wavelength channel
spacing, cross-talk isolation better than 6 dB, amind 8 dB on-chip insertion loss [51].
(b) A 4x4 wavelength demultiplexer fabricated in mih 400GHz channel spacing, -12
dB channel isolation, and 5 dB insertion loss [$2]. Schematic demonstration of planar
grating spectrometer [53] based on a concave graishown. (d) A 48-channel grating-
based wavelength demultiplexer fabricated in,S1@® Si platform [49].



Performance measures of wavelength demultiplexiagbso discussed in Chapter 4, and
a systematic design procedure is presented. In t€hdp different steps in the

experimental implementation and demonstration ehgact wavelength demultiplexers

(i.e., fabrication and optical characterization)e apresented and experimental
measurement results obtained for the fabricatedceleare discussed. Chapter 6 deals
with the issue of reflection at the interfaces bbnic crystal as one of the important
factors in efficient implementation of dispersivevites. Two approaches for designing
matching stages are presented that can be usettitice the reflection loss. Chapter 7
includes other considerations to be taken into aactor the practical implementation of

dispersive devices for different applications. Hinaonclusions are drawn in Chapter 8,

and some future directions for this research aggested.



CHAPTER 2

DISPERSIVE PHOTONIC STRUCTURES

In this chapter, | will introduce the basic concepisl effects used in dispersive
applications of PCs. The chapter starts with aen@wf the basic concepts related to the
band structure of PCs. It will be followed by a br&udy of structure and basic
properties of modes in planar 2D PCs (which arenthén implementation platform in
this thesis). Finally, some propagation effects ahdir corresponding dispersive

properties of photonic crystals will be introduced.

2.1. Photonic Band Structure

According to the Bloch theorem (also known as tlog|&ét theorem) [54], modes
of a periodic structure can be expressed as ajemrmvelope (with the same periodicity
as the material) propagating with a propagationstamt. In other word, for a structure
with perioda along thez direction a mode corresponding to the propagatmmstantk

can be represented as

(@) u(Dexp( jkz)

u(z a ul(2 &

In this view, the periodicity of the structure isanisferred to its modes through the
periodic envelope functiony, (z .)Bloch theorem is the fundamental principle used i
most mathematical analyses of periodic structiiées.can expand the periodic envelope
portion of the mode in terms of its Fourier expansas

u,(2) U, exp(jnK2), (2.2)

n

with



K 2 (2.3)
a

Figure 2.1(a) shows a one dimensionally periodracstire in the form of a stack of
dielectric structures with different refractive ices. Figure 2.1(b) shows the typical

spatial spectrum ofi, (z )nd (z) in such periodic structures, consisting of diseret

harmonic components apart by multiples of the pkecity wavevectorK.
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Figure 2.1. (a) A multilayer 1D photonic crystalgshematically shown. (b) Spectral
representation of a mode of a 1D photonic crygtalcture is illustrated. Each PC mode
consists of several Bloch components.

Similar to the concept of dispersion diagrams faveguides, the plot relating the
characteristic wavevector of each modtg t6 the frequency of that mode is called the
dispersion diagram of the periodic structure. Nibt all the wavevectors differing by
multiples of periodicity wavevectokK, are connected together in each mode. As a result
the dispersion diagram of a periodic structureesqualic in wavevector. An example of
the band structure of a one-dimensionally periatiiacture (similar to the one in Figure
2.1with ;, 13, , 1,andd, d, @&/2)is shown in Figure 2.2(a). From this figure,
it can be seen that the information in the dispersliagram is redundant, and can be
reconstructed using the contents of a single penoithe wavevector domain (e.g., for

K/2 k K/2). The range of the dispersion diagram inK/2 k K/2 that
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completely expresses the entire dispersion diagr@m a unit cell of the structure in the
wavevector domain) is called thgxillouin zone In this particular case, because of the

mirror symmetry in the structure, the dispersioagdam in K/2 k 0 is simply the
mirrored version of that if k K/2. As a result, the complete dispersion diagram can
be expressed by the k K/2 portion of it, which is called th&reducible Brilluoin

zoneof the periodic structure.

In the band structures shown in Figure 2.2, oneidantify ranges of frequencies
in which no propagating mode exists in the struetlihese frequency ranges are called
photonic bandgaps (in analogy with electronic bapdgh which no electronic mode
exists), and multilayer periodic structures aredusethis region as perfect 1D mirrors.
Examples of applications of these perfect mirreesia Bragg reflectors in vertical cavity
surface emitting lasers (VCSELS) [55] and in thdlsvaf hollow-core fibers used for
high-power applications. Note that the bandgap meat above in these 1D structures
occurs only for waves propagating in the directperpendicular to the periodicity of
structure, and waves in other directions are noessarily prohibited in the same range
of frequencies. Furthermore, using a coupled matErpretation, the photonic bandgap
opens up because of the coupling between forwardl-backward-propagating modes in
the structure (coupled through the periodicityha structure), and this coupling occurs at

k mK/2. The same idea is also used in fiber Bragg grat{®BGs) and distributed

Bragg reflectors (DBRs) for realizing highly refte mirrors.

2.1.1. Band Structure Calculations

Most calculation methods for periodic structures based on the application of
Bloch-Floquet theorem (which gives the main form sofution for photonic crystal

modes),

(2 u(exp( jkz)

u(z a ul(2 &4
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Figure 2.2. (a) A typical band structure of a 1Dofamic crystal is plotted. (b) Band
structure of a multilayer periodic structure, aswh in Figure 2.1(a), is plotted with
. 45, ., 10,andd, d, a/2; the dotted line shows the linear dispersion of a

bulk material with ,, 24.

The direct method to find these modes is to sulietithis form of the solution into the
Maxwell's equations, and use the periodic boundanydition for the envelope function.
Two methods that are most widely used to find tled@s of PC structures are plane-
wave expansion (PWE) [56] and finite-differencedidomain (FDTD) [57].

In the plane wave expansion method, the periodielepe is expanded in terms
of its Fourier components (hence, the periodic ldamy condition is imposed to the

solution), and the resulting expansion is
u.(2) U €Xp( jMmK2)
" . . (2.5)
(2 ugexpl j(k mK)z]; E.H

m

It is clear in this relation that the mode is exgeoh as a set of plane waves with

wavevectork+mK. Inserting this expansion into the 1D Helmholtz&upn

’E k2 (2E O, (2.6)

results in
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3—; ) Oexpl j(k mK)Zl K2 (2) ) Gnexp[ j(k mK)Z 0,  (2.7)
and using
(2) “exp( jnKz), (2.8)
we get
(k mK)?T, exp[ j(k mK)z] kZ “oa.expl j(k mK)Zl 0.(2.9)

Re-arranging the terms and looking at the coefiicior exp[ j(k mK)z] terms

separately, we obtain

(k mK)Zka k02 ankn 0’ (210)

n
or equivalently,

;z—umna‘kn izl—]‘km' (211)
n (kK mK) ko

This relation can be expressed in matrix representas

Au U, (2.12)
with
1 - Jk [
A ; N /., N2 mn ~
Bl B Gk 0.
1 andu ' : (2.13)
k02 L'Ik,l

which is a standard eigenvalue problem. Note thateixpansion is truncated =21+1
components to make it a finite-size matrix for nuice simulations. Solving this

eigenvalue problem gives us the frequency of thdero  k,c), and the profile of the

envelope of the mode (through its Fourier coeffitseu,,) for a given wavevectok.
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Figure 2.3 shows the envelope function calculatethgu such simulations for the

structure analyzed in Figure 1.3(b) in the firsbgmic band and &= 0.4XK.
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Figure 2.3. Envelope function(z), for the first band of a multilayer periodic stture at
k=0.4K is shown (,, 45, ., 10,andd, d, a/2).

FDTD can also be used to find the modes of peristhiactures. For that, again
the Bloch-Floquet theorem is used to express thgenas

(zt) u(exp( jkz j 1)

u(z a ul2 (244

Keeping only a single unit cell of the periodic ustiure, in this method, an initial
arbitrary field profile is assumed over the unil.ddsing the boundary condition

Sz oat) L (zt)exp( jka), (2.15)

the field is allowed to evolve for several timepsten the FDTD algorithm. Through this
evolution only the modes of the structure thatséatboth the Maxwell's equations
(enforced through the FDTD relations) and the dmeboundary conditions survive. By
saving the field over time and taking the Fourransform of the resulting time-domain

signal, the resonance peaks (corresponding to rdeguéncies of the modes) can be
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calculated. By repeating this process for diffenalties ok the complete band structure

can be found.

2.1.2. Two-dimensional photonic crystals

A Dbroader range of applications are covered whemcttres with two-
dimensional (2D) periodicity are considered. Insthestructures, the material properties
(e.g., permittivity) repeat in two dimensions pelieally. Such structures are closely
connected to 2D periodic slab-type planar photanystals which are one of the main
platforms proposed for using photonic crystals ntegrated optics. Figure 2.4 shows
examples of such 2D periodic patterns created Bngl structures. The unique
opportunity offered by photonic crystals is that thaterial properties can be engineered
by controlling the periodic pattern. Therefosgntheticoptical materials for specific
needs can be realized in the integrated optic#fiopta by designing geometrical features
through fabrication, and all of this is implemeniadx single optical material (e.g., in Si

or IlI-V compounds).

(a) (b)
Figure 2.4. (a) A square lattice and (b) a triangldttice of air-holes fabricated in the top
Si layer of a silicon-on-insulator (SOI) wafer atewn.

Two-dimensional photonic crystals are simply stuues with two-dimensional
periodicity in space. This 2D periodicity can beaified by a 2D unit cell and two lattice

vectors. By repeating the unit cell using the tattide vectorsd; anday, which define
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the two lattice symmetry directions) the periodmsture can be reconstructed. Note that
the choice of unit cell and lattice vectors is natque, but there exists a primitive unit
cell that is the smallest unit cell for the perodtructure (in the following material, the
term unit cell usually refers to such primitive woells, unless otherwise stated). Figure
2.5(a) shows a square lattice structume (a, anda; = ap) of cylindrical air inclusions

in a host dielectric. Other typical lattice struetsi of frequent use as photonic crystal
structures are triangular lattice (a,,a, 60 anda; = ay) shown in Figure 2.4(a) and
rectangular lattice , a, anda. ap). Figure 2.5(b) shows a general 2D lattice
structure in which the two lattice vectors makeadnitrary angle and; a..

Using the Bloch theorem, the electromagnetic mo(msresponding to a

wavevectok) in this structure can be expressed as

(1) U (r)exp( jk f), (2.16)
u(r a ulr)

where a a;,a,. Here, can be either the magnetic field or the electiieldf

perpendicular to the plane of periodicity; these tiases are called H-polarization and E-
polarization, respectively. Again, similar to th® tase, the mode is divided into two
parts: an envelope function that has the same diettip as the original lattice, and an

exponential term with the characteristic 2D wavéeoe®f the mode. The reciprocal

lattice vector¥; andK are the k-domain counterparts of the lattice vecfpe.,a; and

ay) and are defined such that

(2.17)

The reciprocal lattice vectors can be formally dedi from the lattice vectors for a three-
dimensionally periodic structure using the cyclector product as

a'2 a3 K 2 a3 a'l K 2 a'l a'2

Kl 2 3
(@ a;) & (@ a) a, (& a,) a

(2.18)
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For the special case of two-dimensionally periosiiouctures in the x-y plane, the
reciprocal lattice vectors can be calculated sinfglyassuming a virtual periodicity with

a, z inthe third direction.

2
2

Figure 2.5. (a) A square lattice geometry and (bauditrary general lattice geometry are
shown schematically. The two lattice vectors othelattice and their corresponding
primitive unit cells (dashed) are depicted in thisgeres.

The mode properties of a periodic structure in khgpace are periodic with
periods being the reciprocal lattice vectors (asaaly seen for the special case of 1D
periodic structures). To prove this claim, startirgm the general form of the mode, we

have

«(r) u (r)exp( jk r) u (r)exp(jK; r)exp[ j(k K;) r]. (2.19)
Let us defineu, , (r) u, (r)exp(jK, r )it can be readily verified that
Uog, (r &) udr a)exp(K; ryexp(jK; a;) uc(r)exp(jK; r) u (r).(2.20)
Therefore,
() U (expl jk Ky) rly o (r); (2.21)

in other words, the points differing by multiples$ reciprocal lattice vectors in the k-

domain all represent the same electromagnetic mode.
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For calculating the band structures, several methim¢luding PWE and FDTD
(with the same principles discussed for the 1Dcstmes), can be used. To be concise, |
only describe the PWE technique here in more detdié analysis starts again with
expressing the mode of the structure using thelBlbeorem as

() ucryexp( jk 1)

G a) u(r) (222

Knowing that the reciprocal lattice vectdfs andK, express the periodicity of
the structure in the k-space, we can expand thegerenvelope functiony, (r), by its
Fourier expansion,

U, () Oy €XPL J(MK,  NK) 1. (2.23)

m n

The PC mode, therefore, in general can be expressed

(1) U mn€XP[ j(k MK, nK,) r]. (2.24)

m n

This is the general form of the solution for thedes of this periodic structure. In what
follows, | will consider the cases for E- and H-@adations separately. For both cases we
assume that the-y plane is the plane of the periodicity and thedirection is
perpendicular to this plane (i.e., the medium hasvariation in thez direction).

Furthermore, we assume the permittivity of thedtrce to be periodic, with

(r) Tpa@XP J(PK,  aK ) r]. (2.25)

pq

2.1.3. Plane wave expansion for PC modes with Bration

In this case, E_,

Z

E,(r) Sme[ j(k MK, nK,) r], (2.26)

m

and from Helmholtz equation, we have
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’E, K2 (r)E, O. (2.27)

Thus,
[k mK, nK,[S,exp[ j(k mK, nK,)r]
_ . (2.28)
kS Smexpl jk MK, nK,) r] 0 ©XPL J(PK, aK)) ]
m n p q

By re-arranging the terms and removing the commq@moeential factor from the sides,
we obtain

Ik mK, nK,PS, k2 S, O. (2.29)

Or equivalently,

1 - =z 1z
Sy =S 2.30
[k mK, K, TP kT (250)

If we create a vectd® of the coefficients of the electric field expansiémn’s, we can

represent Equation (2.30) in matrix form as

1

[AelS S, (2.31)

which is a standard eigenvalue problem with

1 ~
Al [a52.] : afn) o (2.32)
TE P P lk mK, nK2|2 p.n g

Note that in these relations, the same indexing tsereate the vect@ (i.e., I=1(m,n))
is also used in the coefficients matrix. Solving #igenvalue problem in Equation (2.31)
gives us the frequencies of the PC modes (kO/J o o) corresponding to a given

wavevectoik. Furthermore, the eigenvector corresponding th eagenvalue (calculated
by standard methods of solving eigenvalue problemagjesents the coefficients of the

Bloch expansion of the mode.
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2.1.4. Plane wave expansion for PC modes with lsmaEtion

In this case, H._,

z

H,(r) Unexpl jk mK,

m n

and the Helmholtz equation can be represented as

Using the vector identity
(ffF) £ F f F,

we can rewrite Equation (34) as

Now, using the vector identity

H, H, ’H,
and noting that
H, = B, O,
0
we obtain
i H i ’H

Thus,

20

nK,) rl,

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)



(PK, gK,)  expl j(pK, oK) r]

m n p q
KKy 9 YKy DU expl K, 1]
oL (K, gK,) MK PUmexpl jkpe 1] (241
m n p q
ke U XPL (K )]
in which
1 - .
— g EXPL J(PK, gK,) r]. (2.42)
r) » q
By eliminating the common exponential factor in Btjon (2.41), we obtain
Tnendl(M PK, (0 QK,] KKk, §) Ik, HU,
P N . (2.43)

2.7 2
m p,nqlkpql qu kOUmn

pq
Similar to the E-polarization case, we can defineeator U of the coefficients of the

magnetic field expansiortJ - S, and represent these relations in matrix form as
AU KkJU, (2.44)
which is a standard eigenvalue problem with

[Ar] [8mnpo]

mn, pq

oy~ . . o s kR (2.45)
amn,pq mp,nq[(m p)Kl (n q)KZ] X(kpq y) y(kpq X) z | pql

The same procedure can be readily followed to aealpree-dimensionally periodic

photonic crystals, noting that the vectorial natafehe fields in the 3D case should be

preserved.
The two-dimensional dispersion of a 2D periodicisture can be represented by

the dispersion relation (k.,k,) in the two-dimensional k-space. Knowing from

Equation (2.21) that this information is redundemthe k-space, we can limit ourselves

to one unit cell in the k-space, and by periodically repeating tth&ga (using the
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reciprocal lattice vectors) the entire band stmectcan be reconstructed. Thisit cell
region of the k-space is called the first Brillowmone of the band structure. Figure 2.6
shows the band structure of a square lattice potygstal of cylindrical air holes in Si

in the k-space in the form of iso-frequency consoiie., contours of (k,,k,) ;).

Using other symmetries in the structure (e.g., [ @@ation symmetry and mirror
symmetry in the square lattice with circular hole$=igure 2.6), it can be seen that the
highlighted region in Figure 2.6 (marked by dotbedders) is sufficient to represent the
entire band structure. This region is called thduced Brillouin zone of the band

structure.

2 zre ‘Aousnbal) pazifewloN

Figure 2.6. Band structure of a square lattice @motcrystal of air holes (with'a=0.35) in Si
(with . 11.4) for H-polarization is shown in the form of isefjuency contours. The first

Brillouin zone of the structure is marked by thelted lines. It can be observed that by repeating
the first Brillouin zone in the principal latticardctions (thex andy directions) the entire band
structure will be generated.

The boundaries of the reduced Brillouin zone oftihad structure are usually the
points with the strongest effect of periodicity. Asesult, to investigate the properties of
the modes, usually only the dispersion of the 2DaRihg these boundaries is studied.

Figure 2.7 shows an alternative representatiorhefltand structure of a 2D PC as in
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Figure 2.6, calculated over the boundary of thaiced Brillouin zone. Note that these
boundaries for a square lattice PC are usually ethskith the crystallographic lattice
directions , M, and K, as shown in Figures 2.6 and 2.7.

In the band structure as shown in Figure 2.7, it ba observed that there are
frequency bands, in which no electromagnetic maedallowed. These frequency bands
are called 2D photonic bandgap (PBG) in analogyhwite concept of electronic
bandgap. The existence of the PBG is one of thet nmysortant properties of the
photonic crystals. Photonic crystals in their PB&é been proposed to achieve tight
confinement of light in photonic crystal waveguidd3CWs) and photonic crystal
cavities. They have been also proposed in this erafoy suppressing spontaneous
emission.

The representation of band structure over the ¢hayn of the irreducible
Brillouin zone as depicted in Figure 2.7 is useiful PBG applications of photonic
crystals, in which the existence and the locatibRBG is of main interest. In dispersive
applications of photonic crystals, however, sugireésentations are of little use. Instead,
a more complete visualization of the band structurhe form of iso-frequency contours
in k-space (as shown in Figure 2.6) conveys mofernmation about the dispersive
properties of PC modes. A more complete (but hatdeinterpret) representation of
photonic band structure is the direct three-dinwmai plot of the frequencies of the
modes in the k-space (which is the direct extensiothe conventional dispersion plot in
1D structures). Figure 2.8 shows such visualizapibthe band structure for the first two
E-polarized PC bands of a square lattice PC otidrcair holes (withr/a = 0.39 in a
dielectric with relative permittivity of, = 9.1 (same structure as in Figure 2.7). Note that
the bands are shown only in the first Brillouin cand the bands in the rest of the k-

space can be found by repeating these bands p=ilydiFurthermore, note that in this
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case the second photonic band is the extensiomedirst band folded back into the first
Brillouin zone, and as a result its dispersion assiderably different from that of an

ordinary bulk medium.

0.6 ; a
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Figure 2.7. Band structure of the 2D square la®€g similar to the one in Figure 2.6, with =
0.34 and relative permittivity, = 9.1 is calculated and plotted over the boundahe reduced
Brillouin zone for (a) E-polarization and (b) H-poization. Photonic bandgap regions are shown
by yellow strips. Normalized frequency is definesled in this figure, wherea is the lattice
constant of the PC, andis the free-space wavelength corresponding topeeation frequency.
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Figure 2.8.Band structure of E-polarized modes of a 2D sqlattiee PC similar to the one in
Figure 2.7 (withr/a = 0.34 and relative permittivity, = 9.1) is calculated and plotteer the
2D k-space. (a) The first photonic band (with lotvésquency) and (b) the second
photonic band are depicted. In both cases, correldpg iso-frequency contours in the
2D k-plane are also plotted.
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2.2. Structure of Modes in Planar 2D PCs

A more feasible implementation platform is a slgpbet PC structure in which the
light is confined in a slab of a dielectric maté(aith relatively large permittivity) and
the slab is patterned by a periodic array of hdleshese structures, confinement in the
vertical direction (normal to the plane of the 3labachieved by total internal reflection,
similar to unpatterned slab waveguides [58-59]uFe2.9(a) shows such confinement in
a periodically patterned slab. The slab-type im@etation of PC structures [60-69] is
advantageous over other platforms since it is caoibipawith available well-developed
microelectronic fabrication technology as well ashvpreviously developed concepts in

integrated optics.

Covel P Kee_ _ _ _ 3
T L
———— . L =
Krc
Substrat
@
Covel R P .K_P.C_ ....... _
e I _— ~—
5 PSR i T~
. Kpc
Substrat

(b)

Figure 2.9. Confinement and leakage in a slab-tpb@tonic crystal are schematically
represented. (a) Solid arrows show confinementogl internal reflection in the slab. (b) In a
periodically patterned slab, at higher frequencteg, periodicity wavevector of the photonic
crystal,Kpc, can couple the modes of the structure to wavevethat are no longer confined by
total internal reflection (shown by dotted arrowtsiese photonic crystal modes are not confined,
and their propagation in the slab-type PC involgespagation loss caused by leakage to the
substrate or cover regions.
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Depending on the frequency of light, the periogicitavevector of the photonic
crystal may couple the light to the propagating e®af the substrate and/or cover
regions, as shown in Figure 2.9(b). In this cabke,wave “leaks” to the outside of the
slab, and propagation loss is relatively large.efisure confinement of light in the slab
region, it is essential that all of the Bloch compnts generated inside the slab have
tangential wavevectors that are larger than theliardp of the wavevectors in the
substrate and cover regions. The region that doéssatisfy this condition is usually
marked out of the band structure, since it canmoused for low-loss manipulation of
light in photonic crystals. The border line thapaeates confined modes from those that
are not confined is usually referred to asliglet line.

In 2D and symmetric slab-type structures, photocigstal modes can be
separated into two groups of orthogonal polarizetif65], i.e., transverse electric (TE)
modes and transverse magnetic (TM) modes; in tbases, usually the band structures
of these two sets of modes are studied separaseige( either set of modes can be
selectively excited and used for the operation ladtpnic devices). In asymmetric slab-
type photonic crystal structures, these sets of@nae not pure, and in general, one
needs to consider all the hybrid modes. Howeveargetlare cases in which the definition
of TE-like and TM-like modes applies to these dmues, and a single dominant
polarization for the range of operation can be wmied [65,70]. Note that the
convention based on which TE and TM polarizatiore @efined has been different in
some reports for 2D and planar structures. To agoidusion, throughout this work, TE
is defined as the case with dominant magnetic fielthe direction perpendicular to the
plane of periodicity in a slab-type structure. D &tructures, the term H-polarization is
used for the same case (highlighting the fact that magnetic field has a single
component perpendicular to the plane of periodicitgimilarly, TM and TM-like

polarizations have a dominant electric field in theection perpendicular to the plane of
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periodicity in a slab-type structure, and will beferred to as E-polarization in 2D
structures.

For the analysis of the mode structure in slab-ty@s, the direct method is to
simulate the complete 3D structure using either BO0$7], or plane-wave expansion
(PWE) using the supercell method [65]. Both thespr@aches require relatively large
memory and involve intensive computations. An agpnate (yet efficient) approach for
faster simulation of slab-type PCs is the use tdative index. In the effective index
simulations, the dielectric confinement in the diren normal to the interfaces of the slab
(or the plane of periodicity of the PC) is neglegtand instead, an effective index
(corresponding to this confinement) is used fordledectric region. Therefore, the slab-
type PC problem is reduced to a 2D PC structuredda be readily solved using any of
the standard approaches [71].

The modes of these structures in principle are-slpb modes (i.e., the modes of
an unperturbed slab structure) that are modifiethbse of the in-plane periodicity. The
effect of periodicity appears as band folding (whimn some cases results in band
crossing, and possibly mode splitting in that viginand band deformations. These
effects are in nature similar to what we see inFADstructures, with the main difference
being that the original unperturbed modes of theicstire are the modes of a slab
waveguides, and that the range of operation isice=t to the confined modes below the
substrate light cone.

The main design consideration is the proper choicthe thickness of the slab
relative to the lattice constant of the PC. For P&splications, usually the thickness of
the slab is chosen in a way to maximize the gapotwis the useful range of operation in
these applications). However, if we are considethmegPC for propagation of the beam,

maximizing the PBG may not be the best criteriom.general, as the ratio of the
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thickness to the lattice constant increases, thdesiare shifted to lower normalized
frequencies, and therefore, a larger portion ofidued structure lies below the light cone
(this is an advantage, since parts of the bandtsite above the light cone are not
confined and thus, cannot be used despite thesilpggsattractive dispersive properties).
On the other hand, for larger normalized thickndsgsstructure becomes multimode in
the range of interest. Figure 2.10 shows thesal$réy comparing the band structure of
four different photonic crystals.

In the calculations for Figure 2.10, a 3D PWE teghe incorporating a supercell
is used to find the modes of the structure. The siz the supercell in the vertical
direction (i.e., the direction perpendicular to filane of periodicity) is chosen to be 12
times the thickness of the slab region to ensurtcalpisolation. Also, in these
simulations 19 orders in tiedirection were retained for acceptable represemtatf the
actual structure. Note that in practice, the thedsof the film layer is mainly dictated by
the availability of the wafers, and the other pagters of the PC have to be chosen

accordingly.

2.3. Propagation Effects

The main phenomena of interest in applicationgtas the dispersive properties
of PCs are the effect of propagation on the spatiafile of an optical beam and the
dependence of these propagation effects on thelaragté of the optical beam. The main
propagation effect in ordinary bulk media is th#rdction effect and most conventional
device concepts rely on the effects at the intedaaf regions with different refractive
indices. However, in photonic crystals the optioaterial shows a variety of unique
dispersive properties with direct impact on thefigoof an optical beam propagating

through this structure. In what follows, a briefckground on the approach for
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understanding these effects is provided, and th@mge of unique dispersive properties of

PCs are surveyed.
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Figure 2.10. Band structures in the in-plam direction for a square lattice of air-holes with

= 0.3 in SOI wafers are shown. The thickness offitheSi layer in all cases is = 220 nm, and
the results are related to (a) Si film on oxidehwita = 0.4, (a) Si film on oxide with/a = 0.7,
(c) undercut Si wittn/a= 0.4, and (d) undercut Si witida= 0.7. The dashed line shows the light
line (for the substrate or air) and is the boraercbnfined modes.

Propagation effects for a monochromatic beam mai@g inside a dispersive
medium can be understood by drawing an analogydesithe resulting effects and those
caused by the propagation of a pulse through aedisge medium in the time domain.

The already well-developed analysis tools develofpedhe propagation of an optical
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pulse in time-domain (e.g., those presented in)[¢dih be readily extended to the space
domain. In this analogy, the time is transformedh® coordinate along which the beam
profile is monitored, as shown in Figure 2.11. Easpatial spectrum component
(characterized by a wavevectky,has a specific direction of propagation thataseyned

by the direction of group velocity of that compotérhis direction corresponds to a shift
in the space domain in the output plain in analag the time-delay in the temporal
(i.e., shift along time coordinate) counterpart.t&that the wavelength dependence in
investigation of dispersive effects in space isenelaborate compared to its time-domain
counterpart. Even though at each specific waveletigt nature of the propagation in the
time and space domains are similar, there are @& tyaof unique concepts and
phenomena when the difference between differenteleagths for the propagation

effects in the space domain is considered.

|

= L)

Figure 2.11. Analogy between beam propagation &ffiecthe time domain (top) and in the space
domain (bottom) is graphically illustrated.

In the applications based on the dispersive pragsemf PCs, the periodic

subwavelength patterning of the material changesdispersive properties discussed
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above for an optical beam propagating through thetgnic crystal structure [73]. By
changing the material properties through pattertinggmaterial, a wider range of optical
properties in integrated optical platforms will bete available. Access to the materials
with different optical properties (e.g., differediffractive index) in this fashion is
achieved with the conventional microelectronic fedtion technology, and as a result, it
eliminates the need for material growth or othephssticated processes to bring the
optical material property of interest to the intggd platform. Furthermore, by
engineering the PC modes through fabrication, salispersive properties can be
achieved that have no counterpart in ordinary lytkical materials. Therefore, this
approach brings up the opportunity to manipulatiécapproperties of the material and to
develop “synthetic” optical materials with disp&esiproperties of interest, relying only
on the well-developed fabrication technologies.

In specific cases, when the period of the PC kti&c much smaller than the
wavelength of the light (i.e., working in the firphotonic band, away from the band
edge), an effective medium theory [74] can be &gpio analyze the properties of the PC
structure. In the effective medium approximatidme PC region can be replaced by a
bulk material with an average index that imitatke band structure of the periodic
structure. In more elaborate cases (e.g., in tbiity of the gaps or at higher photonic
bands) at which the dispersion effects are stroregsimple effective medium theory is
not applicable anymore, and a more careful treatnsemeeded, which will be discussed

in the next chapter.

2.3.1. Super-collimation

One of the first proposed applications of the dispee properties of photonic crystals
was the possibility of optical beam propagationhwlittle or no diffraction through a
photonic crystal region. This property of photomig/stals has been investigated by

several groups [31,28,36,75-76], and is proposedgalith unique reflection properties
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[77-78] for routing the signal through an integchfdatform. Specifically, the possibility
of routing the signal with no “physical’ guiding edaries and the opportunity to
achieve beam crossing with no cross-talk make Hotgmic crystal in super-collimation
regime a viable candidate for signal routing inicgdtinterconnects [79].
Flat regions of the band structure, a typical exengp which is shown in Figure

2.12, are used for this purpose. In these regiprgpagation of a beam from input to
output in the PC structure showing super-collimatproperty adds the same spectral
phase to all spatial-spectrum components of thenbéaerefore, the optical beam is not
affected by propagation through the photonic cha&traicture and the shape of the beam

is preserved.
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Figure 2.12. Band structure of a rotated squatidaslab-type PC structure of air-hole in Si in
the form of iso-frequency contours in the 2D inf@ak-space is shown. The inset shows the
lattice structure and the definition of coordinatedth r/a = 0.30 in this structure). The lattice
constant,a, is the distance between the centers of the dlosgghbor holes, and the numbers
marked on the contours are the corresponding naxedhfrequenciess/ . The shaded region is
the range of band structure with super-collimatiproperty (i.e., with small diffractive
broadening effects).

The idea has been also combined with other preseoti PCs for more functional
devices. For example, the difference between thgetsion of two PCs in this range has
been used to realize a dispersive integrated beéttes[128]. It should be noted that the

super-collimation property of the photonic crystatsurs in a limited bandwidth, and
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that bandwidth (along with the corresponding spdizndwidth of the beam) should be

considered for successful implementation of tha itedifferent applications.

2.3.2. Neqative refraction

Because of band folding effects, it is possible,dertain ranges of excitation, to
have the refracted beam inside the photonic crydtakcture on the same side as the
incident beam coming from a bulk medium, as showfkigure 2.13. Such an effect is
referred to as negative refraction, but it shoutd be mixed with negative refractive
index material with negative permittivity and negat permeability, as the physical
origin of the effect is different.

Negative refraction in photonic crystals is closedated to the interface of the
photonic crystal used for excitation. In other wardt a certain excitation condition light
can be coupled to a PC mode with a direction ofugreelocity showing negative
refraction. In that sense, negative refraction @ in photonic crystals is associated
with the direction of group velocity of PC modesrgmared to that of a plane-wave in the
bulk incident region for a specific interface ofetlphotonic crystal. Note that the
propagation of the PC mode inside the structurar(affom excitation) is then the
ordinary propagation of a Bloch mode in a perioginucture. The idea of negative
refraction in photonic crystals was used for redlan of an open cavity structure [23]. It
has also been used for isolation of signal from amed contributions in a photonic
crystal demultiplexer [80]. Note that the term “a&ige refraction” is also used in the
optical community in the context of imaging, bué tferm in those cases in fact refers to

negative diffraction in photonic crystals, whichivoie discussed in the next section.
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Figure 2.13. The positive and negative refractiompprties in a PC are schematically
demonstrated.

2.3.3. Negative diffraction

One of the unique properties of photonic crystalshe propagation effects for
optical beams inside the periodic structure. It lsarshown [31] that the diffraction of the
envelope of an optical beam inside the photonistetyis governed by the curvature of
the band structure at the operation point (whickdeéined by the wavelength and the
direction of propagation). Therefore, the diffractiproperties of the beam propagation in
photonic crystals can be controlled to have thdaregsfeatures by designing the PC
structure, i.e., by changing its properties (daitice type, size of the holes, shape of the
holes, etc.) or by choosing the proper point onbidned structure. In particular, operation
at a point on the band structure with curvaturehef band negative to that of ordinary
bulk media exhibits the negative diffraction eftddsing negative diffraction at a certain
propagation length, it is possible to compensatepttopagation effects (e.g., diffractive
beam broadening) caused by propagation in an oxdimalk material (with a normal
“positive” diffraction effect). Figure 2.14(a) sahatically shows the diffraction
compensation by negative diffraction effect insidePC structure. The diffraction

compensation effect has been discussed in the>tasit®@ne-dimensional PC structures
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[81], and its effect for focusing the optical beanas been investigated and discussed in
detail in several reports [31,82-83].

Figure 2.14 shows the results for the propagatioa B-polarized Gaussian beam
(a/ =0.30) through a two-stage PC structure composeéd@Equare lattices of air-holes
in Si withri/a = 0.40 and,/a = 0.35 with the same lattice constant, as showrigare
2.14(b). The first PC region has a positive diffnae index. Thus, the propagation
through the first PC region results in diffractiseam broadening. The resulting beam
then enters the second PC region, which is designmédve a negative diffractive index.
As a result, the diffraction effects in the secardion, after some propagation length,
cancel those introduced by propagation throughfitise region. The variations of the
beamwidth of the Gaussian beam in the first ands#end PC regions are shown in
Figures 2.14(c) and 2.14(d), respectively. As gadfigure 2.14, the original beamwidth
is retrieved aty=y, using the propagation in the second PC. Furthepagation in the
second region adds more quadratic phase, whicldensathe beam again. The negative
diffractive index is related to the negative cunvatof the bands of the PC, and can occur
in both positive and negative refraction regimes.

The possibility of coupling evanescent componentsawm optical source to
photonic crystal modes and transferring them toatgout brings about the opportunity
to perform imaging with resolutions beyond the rdiétion limit. This topic has been
subject to detailed investigations because of igemially useful and significant
applications, and proof of principle demonstratitlasve shown some of its capabilities

under the broad title of subwavelength imaging 384,
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Figure 2.14. (a) The negative diffraction effectdadiffraction compensation in a PC are
schematically demonstrated. Beamwidth behaviotatqal for a Gaussian beam propagating in a
two stage PC structure. (b) Beam variations inthidestructure are illustrated. (c) Beamwidth in a
square lattice of air-holes in Sifa = 0.40), and (d) beamwidth of the resulting beaomf (b) in

a square lattice of air-holes in $j/& = 0.35) are plotted. The initial width of the Gaias beam
entering region 1 =0 is 20 anda/ = 0.30 and E-polarization are considered.

2.3.4. Superprism effect

One interesting property of photonic crystals iitlability to spatially separate
different wavelengths, similar to what a prism do@&&is phenomenon, called the
superprism effect, arises from two facts. Firse, dispersive properties of the PCs can be
much different from those of the incident regioenbe, incident waves with slightly
different properties (e.g., small difference in wkangth) can excite much different PC
modes inside the periodic region. Second, the dinecof propagation of the optical

beams inside the PC is governed by the directiogra@dip velocity of the corresponding
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PC mode. Photonic crystals can show strong (spatiapersion, in other words, the
direction of group velocity can vary significanily these structures, which can result in
large angular dispersion (i.e., large change inatigde of group velocity when changing
the wavelength) that leads to much stronger spag@phration of different wavelength
channels compared to a conventional prism thaggeln material dispersion. The overall
concept is schematically shown in Figure 2.15(&uie 2.15(b) shows the region on the
band structure with a strong superprism effect #5&rotated square lattice PC. The
superprism effect can be used to achieve spatj@ragon of different wavelength

components of an incident beam in a photonic ctysta
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Figure 2.15. (a) The superprism effect in a PCcieematically demonstrated. (b) In-plane band
structure of a 45°-rotated square lattice PC stirecon an SOI wafer is shown. The inset shows
the lattice structure and the definition of cooedes (withr/a = 0.30 in this structure being the
lattice constant), and the color coding of the oard represents the corresponding normalized
frequenciesa/ . Two PC modes excited by a plane wave coming ftwerunpatterned slab at an
angle of 15° are shown on the band structure. Bishetl arrows show the tangential wavevector
of the excitation wave along the interface, andsthled arrows show the group velocity directions
of the modes excited inside the PC structure.

Kosaka et al. suggested the potential behaviordoaseanomalous dispersion
property of photonic crystals [39] and proposedghlly sensitive phenomenon, named
the superprism effect, for wavelength demultiplgxapplications [35]. The basic theory
has been developed based on the group velocitgtaineand its relation to the PC band

structure [73,85]. The implementation of wavelenggparation in a planar PC structure
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has been demonstrated with good agreement withthiary [37]. Also, some of the
implementation issues and basic limitations andsickemations of superprism-based
demultiplexers have been addressed and discusSe&l’[8

The idea of using the PC superprism effect for wength demultiplexing was
discussed and experimentally demonstrated [22,88394y different groups in different
operation ranges. An alternative approach, makisg af the phase velocity of the
photonic crystal modes, has also been proposednfomoved performance of photonic

crystal demultiplexers [95-97].

2.3.5. Slow light propagation

The distributed resonance effect (i.e., continuoter-coupling of Bloch orders)
results in a slow-wave property in the vicinity @iotonic mode gaps. Intuitively, this
effect can be related to multiple reflections ahti (at a working region close to the
Bragg condition) inside the structure during praggam, as schematically shown in
Figure 2.16. Such a property makes photonic crystajood candidate for a slow-wave
structure with several potential applications lidelaying light and field amplitude
enhancement for nonlinear optical applications. rEtleough this effect has not been
directly used to slow down light in practical amgliions, the resulting improved density

of states has been used in applications such akduge lasing [24-25].

Figure 2.16. Multiple reflections of light in a P€tructure are schematically shown. The
distributed resonance effect in this structure ltesa lower effective group velocity values and
enhanced field amplitudes.
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CHAPTER 3
ANALYSIS TOOLS FOR DISPERSIVE APPLICATIONS OF

PHOTONIC CRYSTALS

New device concepts that emerge from the uniquepedsive properties of
photonic crystals and new demands for applicatemsing from those concepts need
new tools for efficient modeling of these structurn developing such analysis tools, it
is of particular importance to have a method thataddition to direct analysis of the
structure (i.e., finding the solution for a partaucase), provides us with some insight on
the physics of the problem. Such an insight is iatuim the design process, where
solutions and modifications for specific goals desired.

The analysis of photonic crystal structures forirthiispersive properties is
inefficient using direct electromagnetic wave siatats that use numerical techniques
such as FDTD method [57], time-domain beam propagahethod (TD-BPM) [98], or
Multiple Scattering Technique (MST) [99]. The reass that the required size of the
structure for observing the desired dispersivectsfés relatively large; however, there
are sub-wavelength variations in the material priogee that require a fine simulation
grid. Thus, there are intensive memory, computadiod time costs in direct simulation
of the structure. Spectral methods based on modphmsion of the field are
advantageous for the analysis of these struct@@3].[ The reason for modal approaches
(based on the properties of the modes) being niticeeat in modeling these devices is
that they eliminate the unnecessary calculations tfe simulation of the beam
throughout the structure and limit it to the inpand output planes. There are still
potentials to simplify the analysis since in mosdqgpical applications only the envelope
of the beam (not its exact profile calculated indaloapproach) is needed. In particular, a

diffractive index model can be used [31] to analyzmam propagation effect inside
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photonic crystals using simple geometrical optiethads; furthermore, this approximate
method gives insight into the beam propagation gsscand will be helpful to avoid a
mass of computations for each particular case.

In this chapter, | will investigate these propagateffects inside PCs using modal
expansion and derive a simple (approximate) difivadndex model for the applications
mentioned before. | will show that diffractive indenodel only requires numerical
simulation for the calculation of band structurehiet is typically performed by
analyzing only a unit cell of the PC. After findinle diffractive index, the propagation
of electromagnetic waves inside the PC can be aedlysing the well-known analytic
formulas for bulk media. Thus, the diffractive ixdsodel proposed here reduces the
computation time for the analysis of electromagnetave propagation inside PCs by
several orders of magnitude. Using this model,ll aso explain how diffraction control

devices can be implemented by designing propertRCtares.

3.1. Modal Approach

The most common method for analyzing propagatitaces is to use modal
approach. In this method, the signal is expanded the modes of the structure and
knowing the propagation properties of each modelgnsliperposition of the modes after
propagation at the output, the resulting sign&isid. The only requirement for validity
of this process is the validity of mode expansiod auperposition, which is satisfied in
linear systems. This approach can be used to an#lgzpropagation effects in photonic
crystals as well, as schematically demonstratédgare 3.1.

To briefly formulate the relations, the beam geoét the input plangnu(x), and at

the output plangy.(x), can be represented as

) ak)f(xy)dk,, (3.1)

Ky (ky)

and
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P ak)fi(xy,)dk,, (3.2)

*ky (k)

in which, the integration ové covers the spatial spectrum of the beam in thesterse
direction, and the summation represent all modeth@fphotonic crystal structure (both
real and complex) for eadfr. The weight functiona(k), is the amplitude of each mode
excited at the input and is found by mode matclohthe input beam to photonic crystal
modes. Note that in this representation the propagaffects are included in properties
of each mode (througHi, functions), and these propagation effects carobad simply

by referring to the Bloch theorem for PC modes nlstates that

f(xy) U, (xye e, (3.3)
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Figure 3.1. The operation principle of the modagiraach for the analysis of beam propagation in
PCs is demonstrated. The input beam is expandedptatonic crystal modes, and the resulting
output beam is found using the same expansion grdchuding the propagation effects of each
of the constituent modes.

For the actual implementation of this method,Pdl modes are found using one
of the standards methods for PCs (In this work,alehused PWE technique; see

Appendix B for calculation of PC modes at a cerfeaguency and for a given transverse
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wavevector). However, direct application of modalp@ach suffers limitations in
practice, since it requires finding all eigenvalaesl eigenmodes of the structure. This
process of finding the modes and projecting theutinpignal on them can still be
computationally intensive in practice. Figure 3l®ws the calculated beam profiles at
different propagation lengths inside a squareckat®D PC (air holes in S¥a=0.4) for an
E-polarized input Gaussian beam. As it can be ebseirom Figure 3.2, the exact beam
profile has fine spatial features that are relatethe microscopic variations of the beams
in the inhomogeneous PC region (through dielectggons and hole regions of the PC).
Such exact solutions of the beam profile at thepwiuare not needed in most practical
cases. In the following sections, | will introdutether simplifications for the analysis
tools to reduce the computations by focusing omiythee envelope of the beam which is

the main characteristic of interest in most disperapplications of PCs.

3.2. Envelope Transfer Function

Knowing that the envelope of the beam is of maiterest in dispersive
application of PCs, we can model the propagatideceinside the PC as an input-output
system, with envelopes of the input and output lseéeing the signals through these
systems. For simplicity, the structures we considene are two-dimensional photonic
crystals and the optical beams are at one of tHegonal E- or H-polarization (with
electric or magnetic field perpendicular to thenelaf periodicity, corresponding to TM
and TE polarizations in planar 2D PCs, respectjvéiiso, we limit our discussion to in-
plane propagation effects that can be either iD gRotonic crystal or a slab-type planar
photonic crystal. Nonetheless, it can be shown ghaimilar treatment can be used for
other periodic structures as well. For generalitg,represent the field éswhich can be
the transverse component of either the electrid fa the magnetic field inside the
structure. Using Bloch theorem, a photonic crystatie corresponding to the wavevector

k X, ¥, inits plane-wave expansion representation canriieen as
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f(xy) U, (xye e, (3.4)

U, (X Y) f, eimurghiur (3.5)
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Figure 3.2. Beam profiles are plotted for a Gausbi@am normally incident on a square lattice
PC (air holes in Sif/a=0.4) at different propagation lengths inside th@ @E-polarization at

a/ =0.3).

We assume, as shown in Figure 3.3, that the inpatn excites PC modes around
point O in the band structure. We defineand as the coordinates in the directions
tangent and normal to the constant frequency cordgbpointO (Figure 3.3). Thus, the
direction of group velocity (or wave propagation)pmint O is along the direction.
Lattice wavevectors of this photonic crystal aneegi by

K
K

u

xK,sin  yK, cos

UK (3.6)

\

Assume we have an initial distributiop, (u) along theu-axis inside the PC. We can

expand this distribution over photonic crystal mneods
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P(¥  AKIU, (X Y,)expk,x) exp(k, y,)dk,

AK,) f.a(k,) expimK ) exp(nK, ;) exp(k,x)exp(k,y,)dk, (3.7)

m n

Ak)  folk)explk, mK,sin )xlexp(k, mK,cos nK,)y] dk

m n
The Fourier transform of this distribution can ladcalated as

R (k) Ak mK,sin )f, (k mK, sin )e’® Mo Mgimios nkyy (3 g)

The details of these derivations are presented®1ij. [Note that the spectral content is
assumed to be band-limited arouRg,, in that sense, the actual spatial profile of the
beam (excluding the phase term) is determined Zt(y) Ak k,). To find the
envelope of the beam distribution, only the lowgfrency portion ofP,(k k., )should

be kept. For the low-frequency portion of the sigrfathe signal is band-limited to
[k, K,sin /2,k, K,sin /2], we can eliminate the terms with 0 in Equation
(3.8). The spectrum of the envelope of the beaniilpréexcluding the phase term),

P,(k) can be found as

RO Ak ko)explik,(k Koyl Tonlk Ko)exp(nK,y,). (3.9)

n

Now if we consider the same beam at the plginey,, we have

R Ak ko)explik,(k ko)yal  foulk Ko)exp(nK,y,).  (3.10)

n

If yz-y1:2 |/Ky, then
P, PK)explik, (K Ko)(y, Y, (3.11)

which means that the effect of propagation frgay; to y=y, can be represented as a

phase change in the spatial spectral domain sinalptane-wave-type propagation with
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propagation constank,. Thus, the main effect of propagation in PCs ie fhase

variations of PC modes from initial plane to thesetvation plane.

/>< Constant- oy
frequency i

Ky | .
! trajectory !
I ! y !
Ki i
[ i
[ i
X i
9 |
i PC region i
A | »I
! s kg C R
Incident beam Homogeneous : !
Incident region ! '
(@) (b)

Figure 3.3. (a) The interface of a PC with a honmageis incident region (with refractive index
ny) is shown and the corresponding parameters axalinted. is the angle of incidence angy
is the angle of group velocity inside the PC regionresponding to the main component of the
incident beam. (b) Relevant wavevectors correspat the incident wave and the PC mode are
depicted.

Based on the derivations given above, we can whietransfer function for the

envelope of an optical beam propagating througtsthesture frony=y; to y=y, plane as

H(K) % explik, (v, y,)I. (3.12)

1
where k, Kk, (k, ) is related tdk through the dispersion relation of the structur¢he

constant temporal frequency of the beam. The melat exactly the same if we monitor
the propagation in a bulk medium. Based on thidlaiity, we extend the relation for a
beam propagating in the bulk medium along theirection (Figure 3.3) to the photonic
crystal case, and write the propagation relation tfe beam propagating along the

direction as [31]
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» (k)

H (k
(k) )

explik (k)( . ], (3.13)

>

=

in which and are the coordinates along the directions paraltel normal to the

direction of propagation, respectively, as showrFigure 3.3.H(k ) is the envelope

transfer function describing the evolution of thevelope of the beam in propagation
through a periodic structure.

In Figure 3.4 the results for the exact simulatidrthe properties of a Gaussian
beam incident on a square lattice photonic cryatalifferent propagation lengths inside
the PC region are compared with those calculatedyuke envelope transfer function. It
can be observed that the approximate model repese® envelope of the beam inside

the structure with very good accuracy.

3.3. Diffractive Index Model

Using the envelope transfer function, the analgs$isvolution of the envelope of
the optical beams inside photonic crystals redt@esstandard spectral-domain analysis.
We can further simplify the problem based on italagy with ordinary bulk media and
find a diffractive index that describes the diffiac of the optical beams in these
structures. The importance of such an approximathod is two-fold: on one hand, it
converts the wave propagation in PC to a conveaticase in geometrical optics, and
enables us to extend and use all the availablghnsif the ordinary wave propagation
phenomena to photonic crystals. In addition, bypgisimple Gaussian beams relations in
the PC structures, we can find analytical and semailytical formulas describing the
basic properties of the devices under investigatiery., cross-talk level, required
propagation length, ...), which are crucial in quiyg the performance of the devices

and for engineering the design parameters.
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Figure 3.4. (a) Beam profiles (normal to the dittof propagation) for the propagation of a
Gaussian beam through a square lattice photongtadr{air-holes in Sif/a=0.4 at normalized
temporal frequency ,=a/ =0.3) are shown for different propagation lengthsifiside the PC.
The field has E-polarization, and the initial beadthws (atL=0) are 50. Solid lines are the
results of exact simulations using a modal apprghalsed on PWE technique), and dotted lines
are those calculated using the envelope transfestibn method. (b) The beamwidth variation
with propagation length inside the PC is shown. 3tled line is found directly from exact modal
approach, the dashed line is found by fitting theameters to Gaussian beam propagation model,
and the dotted line is the one calculated usin@pproximate method presented in this chapter.

In transition from the envelope transfer functiorodal to an approximate
diffractive index model, there is an extra assumpinvolved that requires the spatial
spectrum response of the structure (representethéoyspectral phase in the envelope
transfer function) to vary slowly over the rangeimterest. Knowing that the constant-

frequency contour is smooth around the operatiantpee can approximate the transfer

function by the first three terms of its Taylor axggion,

Hkk) expj[ , (kK k) , (k k> ], (3.14)
where we have
o (2 Dk(ky), (3.15)
1 (2 JL : (3.16)
k

k ko

48



1 K
2 _( 2 1)
2

% (3.17)

k ko

These terms can be used to describe the beam ptapagffects inside photonic
crystals. The first term in Equation (3.15) is mgle phase change that does not affect
the shape of the beam. The first-order spectrad@kberm in Equation (3.16) represents a
shift in the location of the beam with respect le selected coordinates as the beam
propagates through the structure. In other wotdspresents the direction of propagation
of the optical beam inside the structure. The seawder term is related to the chirp

parameterlf) [72] that is defined as

1 ?k
b 2 E( 2 1)?

k ko

(3.18)

The chirp parameter is essentially responsibleb&am broadening during propagation,

similar to its time-domain counterpart [72].

If we define k / k , then the angle of the group velocity directiore.(i
normal to the constant frequency contour) with eespo the normal to the interface of
the PC and the incident medium can be written as

Jk) g tani(k [/ k). (3.19)

where , is the angle of group velocity fok ;,, as shown in Figure 3.3. Since

(k ,) 0, using the definition of the direction of groudoty, it is found that

k
K 2

1_
1 %k

(3.20)

k ko k ko

Therefore,

1 g
b 5( 2 D (3.21)
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which suggests that the diffraction property of thedium depends basically on the local

value of / k (or equivalently, the curvature of the constaetfrency contour) in

the 2Dk-plane. For a bulk homogeneous medium with refvacindexn and free-space

wavevectolky, direct calculations result in

-9 i (3.22)
k k,n
kK ko
We use this relation to define the diffractive irdd the medium as
N, ! : (3.23)
Ko 9/ K ‘k Ko

Noting that k / k, |k «, COS and k, nk,cos (k, is the component of the

go
incident wavevector that is parallel to the inteefaas shown in Figure 3.3), Equation
(3.23) can be rewritten as

1 n, cos

n, K
0 9/ kt OCOS go 9/ OCOS go

, (3.24)

in which subscript “0” is used to emphasize thatsthvalues are local values calculated

at the point for which Taylor expansion is writtgre., atk  k ,). Note that both the

magnitude and the sign of are important. The magnitude determines how munzis@

chirp is added to the beam, and the sign is eplsitive (positive chirp, as in ordinary
dielectric media) or negative (negative chirp). Tegative chirp has no counterpart in
the conventional wave propagation phenomena irectie¢ medium and can be used to
compensate the effect of ordinary diffraction.Hé tassumptions for the above derivation
are satisfied, the diffractive index model can Isedifor describing all the important
properties of beam propagation inside PCs. Thiviges better understanding of wave
propagation phenomena in PCs, and eliminates thed nfor massive direct

electromagnetic simulations.
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To verify the applicability of the method, we calei the structure shown in
Figure 3.1. There are two different issues to Iséifjed. First, that the envelope function
used here is a good representation of the extetiteobptical beam inside the photonic
crystal; and second, that the model accuratelyrdesscthe behavior of the envelope of
the beam during the propagation. As a referenaawoiparison for both cases, we use a
brute-force method of analysis for the beam ingigestructure and compare the results
with those obtained using our approximate methodhé brute-force method, we use a
modal expansion for the propagation, and a modeiireg scheme for the interface to
obtain the transmitted field inside the photonigstal region.

The structure we analyze is a two-dimensional sglettice photonic crystal of
air-holes in Si. The holes have a radiusrof 035a, wherea is the lattice constant. The

incident beam has a Gaussian profile (at a/ 030 and with a waist oPw, 4 ) and

is incident from air to the photonic crystal. Thelgrization of the incident beam is
assumed to be E-polarized (i.e., electric fieldafal to the axis of cylindrical holes). We
also assume that the interface is parallel to dnéhe primary lattice directions of the
photonic crystal. We first calculate the propertidghis beam as it propagates through
the structure using brute-force technique. Figuf{ad shows the beam profiles at the
initial plane §=10a) and final plane y=5000Ga). Note that the effects caused by the
mismatch at the boundary are vanished at the lipténe after propagation for ten unit
cells and the initial field distribution is relatesblely to propagating modes of the
structure. In Figure 3.5(b) the envelopes of treddfiprofiles at different propagation
lengths are calculated and shown using a low-plss\Which keeps only the low spatial
frequency portion of the beam profile. It can beerved that all these envelope functions
have Gaussian spatial distribution and propagatiornthe structure has the same

broadening effect as in the conventional homogeseaedia.
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Figure 3.5. (a) Field profiles at initial poing=10a) and final point y=5000a) are shown. (b)
Calculated envelopes of beam profiles at diffepgnpagation lengths inside the photonic crystal
structure are shown. These envelopes are in gaeg@mgnt with those obtained by a diffractive
index model (witm=13.5).

To check the validity of the diffractive index mddeve first calculate the
effective diffraction index at different points ithe band structure (iso-frequency
contours in the k-space). Using the diffractiveerdalculated for the structure analyzed
in Figure 3.5 (i.e.ne=13.5) and assuming a Gaussian beam propagatiooalelate the
beamwidth at different propagation distancels (The band structure of this photonic
crystal is shown in Figure 3.6(a). We also calaildhe beamwidths at different
propagation lengths using the brute-force simutamd compare the results obtained
using the two techniques in Figure 3.6(b). As ih d& seen from Figure 3.6(b), the
beamwidth variation has the same behavior as that@aussian beam propagating in a
homogeneous medium with refractive index of 13.8ifl is the value we obtain using
Equation (3.23)]. Note that this effective diffrmet index €e=13.5) is much different
from the refractive index of Si (which is 3.38) atite average refractive index of the

structure (which is 2.7).
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Figure 3.6. (a) Band structure of the square kfplotonic crystal structure under consideration
is shown in the form of iso-frequency contours isgace. (b) Variations of the beamwidth during
the propagation through the structure are showmdth the direct simulation results (solid line)
and the results obtained by a Gaussian beam appmogn and the diffractive index model
(dashed line).

We repeat the same procedure in a square latt@®ipl crystal of air-holes in Si
(r/a=0.40) with an incident Gaussian beam with a beaitiwof 10 and E-polarization. |

have repeated the simulations for different norpeali frequencies (, a/ ) and

compared the results for the diffractive index #melnormalized Rayleigh range obtained
from the diffractive index model with those obtalndy curve-fitting into the data
obtained from brute-force simulations. The resaits shown in Table 3.1. It can be seen

that the agreement is good and the model is vatia@lf practical purposes.

Table 3.1. Comparison of diffractive index and R#yth range values obtained from
simulations with those obtained from the diffraetimdex model.

n r]e,sim n, ZO,Sim/ ZO/
0.23 1.13 1.17 370 368
0.24 1.90 1.92 600 603
0.25 2.29 2.27 720 713
0.26 2.61 2.63 780 826
0.27 2.86 2.94 900 924
0.28 3.13 3.23 1020 1015
0.29 3.49 3.57 1050 1122
0.30 4.18 4.17 1250 1310
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3.4. Generalized Diffractive Index Model

There are cases in which either the second-ordmtrsp phase term is very small
(compensated in propagation through regions withospe diffraction effects) or higher-
order terms are considerably large (bands deforaedtically from their original
guadratic forms). In these cases, the effect dfdrigorder terms comes into the picture
and results in further beam broadening. Some messare needed to quantify this
broadening so that they can be used in practicsigds. Unlike the second-order case,
the effect of broadening for higher-order termsas simply the main lobe of the beam
profile getting wider. Side-lobes usually appead ghe measure has to change (Clearly,
the full-width at half-maximum measure does not kvanymore). A good measure of

how distributed the beam has become is the rootiregaare (rms) beam size defined as

X2l (x)dx
Wr2ms - ) (325)
I (X)dx

wherel(X) is the intensity of the beam (amplitude squared)ng this measure, the beam
size for a third-order spectral phase term is dated and shown in Figure 3.7(a). The
behavior is very similar to the ordinary secondesrépectral phase [31], and this
similarity suggests that one can assign a correBpgrdiffractive index to it. A similar

behavior is seen for the case with a dominant feartler spectral phase as plotted in

Figure 3.7(b).
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the third-order and (b) the fourth-order spectfag®e terms.
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If A(k )exp[j (k)] is the normalized spatial Fourier transform of theam

profile with

A )dk 1, (3.26)

the rms-beamwidth of the beam can be found as [72]

w2, A(K)dk  AK)? (k)7dk (3.27)

rms
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in which A(k ) and (k )are the first derivatives oA(k and (k ) (with respect
to k ), respectively. To analyze the beam propagatidactd, we assume that the
amplitude of each spectral component of the beanaires intact (which is valid if there
is no loss, no gain, and no coupling between madke system). The spectral phase

term (k ) is caused by the spatial dispersion during proj@myaf the optical beam.

Starting with a minimum phase Gaussian beam witbaam waist ow,, given by

y2
Ak) —o exp %ngz, (3.28)

J2 o

entering a material with second-order spectral @hagk ) b,k* and lengthL, the

output rms beamwidth can be directly calculatednfiequation (3.27) as

w2 4b?
w? -0 =2 3.29
I'mS,Z 4 Wg ( )
with
2 d?k
tan o 1dx, L (3.30)

b. = =
2 o2dk® 2 dk? 2k N,

wheren,, Kk,d’k /dk2 " is the diffractive index as defined in the predaection.
Equation (3.29) can be rewritten as

2 lewg 1 — (3.31)

2
02

W,

rms,2

2

with z,, k,n,W2/2 being its effective Rayleigh range.

Equation (3.31) represents the variation (or broadp of the size of a Gaussian
beam in an ordinary medium. This equation also gwséhe size of the output beam in a
conventional PC demultiplexer. There are cases,elew that either because of

diffraction compensation the second-order effectaaceled out, or because of strong
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spatial dispersion, higher-order diffraction effeetre important. Thus, to calculate the

output beam size in such structures, we need tdheséhird-order spectral phase term

(ie., (k) bk®)in Equation (3.27) to obtain

weow 1 w?  27b?
w2 -0 O  exp —=wlk? (9b’k*)dk 2 s 3.32
ms,3 4 \/2— K p 2 0 ( 3 ) 4 Wg ( )
where
1d® 1d°%k
b, ——— = 3.33
° 6dk® 6 dk® (3.33)
Combining Equations (3.32) and (3.33) results in
2 312 4% /dk®°
we, o 4/ . (3.34)
4 4w,
We can define
z, I Jdk® W (3.35)
3 \/é 0
to simplify Equation (3.34) as
2 15 L?
Wiins3 w, 1 — (3.36)

03
This is in an exact analogy with the second ordenfgiven in Equation (3.31). Based on

this analogy, we can define the third-order Rayle@nge as

e KoMV, (337)

to define a third-order diffractive index as

2w,

n, d*k /dk® . 3.38
e / (3.38)
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The beamwidth behavior inside the structure follahes same behavior as in the
ordinary second-order case, with one major disbncthat the third-order diffractive

index (n,) depends linearly on the beam wai&ng) and inversely on the third-order

curvature of the bands. Figure 3.8 shows the beanfigs calculated in a 45°-rotated
square lattice PC (air holes in $@=0.40) using a direct modal approach compared to
that found using a third-order diffractive index aeh In this case, the setup is chosen
such that the second-order diffraction has no dmrtion at the output screen (the
second-order contributions from the incident buggion and the PC region cancel out
each other). It can be observed that the envelbfifeedeam calculated using the higher-
order diffractive index (found by curve fitting tive band structure in the range of
excitation) is in good agreement with the envelopéhe beam calculated using a direct
modal approach.
Similar to the third-order case, the rms beamwidttthe fourth-order diffraction

can be calculated using the fourth-order spectrap term as

Wis 4 w, 1 — (3.39)
%
with
Z, %kone4wg, (3.40)
Nea 2\/*/;’:5 d*k /dk* . (3.41)
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Figure 3.8. For a 45otated 2D square lattice PC (air holes inr&i=0.40) the profile of the
beam envelope at the output is calculated usirecdmode matching method (solid line) and the
approximate diffractive index method (diamond mayk&he incident light in this calculation is a
preconditioned (i.e., broadened) Gaussian beano@halized wavelength a/= 0.197, which
iluminates the structure at an angle of 12° wiélspect to the normal to the interface. The
preconditioning is performed so that the effedthef second-order diffraction term vanishes at the
output of the PC structure. The accurate and appedr results are in good agreement.

In general, for -th order spectral phase, we can calculate the paiameters

describing the beam propagation effects as

2
W2 %wg 1 :7 : (3.42)
1 2
z, Ekone Wy, (3.43)
| 2
R G L S (3.44)
2 3 k,

where (2 3)!! stands for factorial over odd numbers up2o 3 (i.e., 1, 3, 5, ...,

2 3).
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Note that for a PC structure, all derivatives ia t  k plane (e.g.d%k /dk®)

are calculated at the operation point on the PCdbstnucture and at the specific
frequency of operation. Thus, by dispersion engingg(i.e., by designing the PC to have
appropriate dispersion properties at the operapomt), we can greatly affect the
propagation of an optical beam. Note also thabthexall behavior of the beamwidth of a
given beam inside materials with third-, fourthr,higher-order spectral phase terms can
be calculated using similar formulas as that obetinary Gaussian beam propagating in
a bulk medium if we use the appropriate diffractimdex. In that sense, the analysis
reduces to simple geometrical optics calculatiohsckvare extremely fast and efficient
to perform, comparing to direct electromagnetic evamimulations (that require huge
amount of time, processing, and memory). | will tigs approximate model in analyzing
the beam propagation effects in photonic crystalicstires for dispersion-based
applications and in particular, for the analysisd adesign of superprism-based

demultiplexers.
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CHAPTER 4
DEMULTIPLEXING BASED ON THE SUPERPRISM EFFECT IN

PHOTONIC CRYSTALS

To effectively exploit the demultiplexing capahbds of PCs in different
configurations and for different applications, avfbasic steps are necessary. First, we
should have an understanding of the physical cdacep the effect, including the
dispersive properties of PCs and the wave propawgatifects inside PCs. Second, a
meaningful measure of the performance of the dehiae to be defined based on our
design goals. Finally, we should be able to systeamldy design the parameters of the
structure to achieve our desired design goalsvércthese issues in this chapter to design
and implement photonic crystal demultiplexers base&dthe wavelength separation
properties of PCs.

The superprism demultiplexing in photonic crystaé¢dies on the difference
between the angles of group velocities of photamigstal modes excited by different
incident wavelength components. In principle, thms effect is observed at the interface
of two dielectric regions of different refractivedices, as in regular prisms. However, the
distinction between different wavelengths in reguysaisms is limited to the material
dispersion offered by the dielectric that the primmmade of. This distinction can be
substantially larger in photonic crystals in white dispersion effects induced by
periodicity are considerably stronger. After Linadt [101] proposed the effective prism
structure using PC synthetic materials, the ideasoperprism phenomenon was
developed [39-40,35] and the physical concept lekltinvas described [73]. This idea
has been implemented in one-dimensional (1D) aadgsl 2D PCs [93-94,37], which
show different spatial distributions of the liglur fdifferent wavelength channels at the

output. However, a detailed assessment of thesieedefor wavelength demultiplexing
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showed that there are limitations for using theseiaks in their basic configuration for
high spectral resolutions [86-87]. The limitatioa also observed in the previous
demonstrations of the demultiplexers relying on blasic superprism effect [89,22,37].
Alternative implementations have been proposedjziag other differences in the
properties of beams passing through photonic ds/staboost the wavelength separation
characteristics. Examples of such effort includdlizing the difference between
wavevectors of the beams at different wavelenddbsd7], and using cavities to improve
the cross-talk isolation [102]. However, demonstratof these ideas faces practical
implementation difficulties.

Figure 4.1 shows the basic property for differemtident wavevectors (i.e.,
different incident wavelengths). The angle of grouglocity in the structure can vary
considerably from one wavelength to another wagtleras a result of the anomalous
dispersive properties of the photonic crystal. Kimgwthat the optical power at each
wavelength propagates in the direction of corredp@ngroup velocity, this relatively
large angular difference is what forms the basighef superprism effect. In a more
realistic situation, however, the actual opticahims need to be considered in these
systems instead of the abstract view of interpigan terms of wavevectors. There are
two main considerations that come into the picwuhen the limited spatial extension of
the optical beams is included in the model. Bothdahgular separation between adjacent
channels and the divergence angle of each chamaeingortant in the propagation
length required for adjacent beams inside the straaequired to achieve a certain level
of cross-talk. We need a quantitative measure @ptiopagation length required in terms
of the properties of the optical beam and the mtegeeof the medium on one side and the
angular separation and the desired cross-talk mvéthe other side.

We can use the approximate diffractive index madeie previous section to
create a clear picture of the beam propagatiomiénphotonic crystal structures, and to

relate the design parameters to the desired peafocencharacteristics. We consider a
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two-dimensional photonic crystal structure withypital band structure shown in Figure
4.1. In this figure, each contour corresponds ® dlowed photonic crystal mode at a
certain wavelength and with all possible wavevextgyk,). In what follows the band

structures under discussion may be related to twekional photonic crystals or in-
plane propagation in a planar slab-type photonystel. The discussions are similar in

both cases.

Figure 4.1. Iso-frequency contours of the firstdah a rotated square lattice PC in a planar SOI
wafer is shownr(a = 0.30). Coordinates are rotated by 45° with respe the principal lattice
vectors of the PC as shown in the inset. The doecof the group velocity in the strong
superprism effect range varies significantly fa tivo different wavelengths considered here.

4.1. Dispersion in Space-Domain

The concept of dispersion in the space domainusigue possibility in photonic
crystals with no simple counterpart in ordinary Kouhaterials. In principle, similar
phenomenon can be observed in anisotropic matdriaishich diffraction properties

deviate from the well-known effects. However, natiyr occurring anisotropy is
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relatively weak, and those dispersive properties @i little practical application. In
contrast, the coupling between Floquet-Bloch ordernghotonic crystals (caused by the
strong periodicity in the material) results in baottling and strong band deformations,
both of which can be the source of unique disperproperties.

The dispersive properties of photonic crystalsaisense can be considered as
generalization and extension of temporal disperstiacts. The ability to control the
shape of the bands and their wavelength dependeffiees a unique opportunity to
realize optical processing functionalities. Heme,piarticular, the focus will be on the
possibility to map different wavelengths in theident beam to different angles in space,

and thus, achieving the spatial separation neaateddvelength demultiplexing.

4.2. Basic Configuration for Wavelength Separation

The basic configuration for the PC wavelength deipleixer is shown in Figure
4.2. The PC is illuminated by a collimated inpuabrefrom a homogeneous medium with

a refractive indexn,. Because of the anomalous dispersion of the P@ereint

wavelengths are spatially separated at the outjgut avelength demultiplexing). For a

given incident angle, the photonic crystal modested at different wavelengths can be
calculated by equating the tangential componentshefwavevector at the interface.

Using the tangential component of the mode, andeath given wavelength, the

corresponding mode (i.e., corresponding point arapon on the band structure) can be
found. The direction of propagation of an opticadin excited at each point of the band
structure can be found using the direction normalhie iso-frequency contours of the
band structure,

v C - (4.1)

g

In addition, using Equation (3.24) for the diffraet index, we can estimate how each
wavelength channel at a given angle diverges aswatrof diffraction, as it propagates

through the structure. Because of the unique dsdgemproperties of photonic crystals,
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the change in the angle of group velocity with arge in the wavelength of the incident
beam can be considerably large (compared to thatither mechanisms, e.g., in a
reflection grating configuration). This mapping fmovavelength to the spatial direction

of propagation of beam is the main mechanism wdarse&avelength demultiplexing.

Figure 4.2. Geometry of the structure used for qumn demultiplexing in the conventional
configuration is shown.

The relative extent of two adjacent wavelength cleds) inside the PC is
schematically shown in Figure 4.3(a), assuming tth@two adjacent channels have equal
divergence angles. The overlap of the two beams depends on bothathgular
separation between these channels and the propagdatigth inside the PC. We define
the cross-talk between channels as the total poivesich channel at the position of other
channels. Assuming the beams inside the PC to besdan (which is a good
approximation for most practical applications [31ghd the angular separation between
the two adjacent channels (calculated at theirezdréquencies) to be, the propagation

length required to limit cross-talk to a desiredueaX is found approximately as [103]
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L(X)  (X)z

K, - (4.2)
(X) H.

where 3 = 4 o/( ne %) is the Rayleigh range for the beam [127},is the free-space

wavelength, and = / is the angular separation factor.
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Figure 4.3. (a) Schematic evolution of beam pesfibf two adjacent wavelength channels inside
the PC structure is illustrated. is the angular spacing between the group velatigctions of

the center frequencies of these two channels, asdhe divergence angle of each channel inside
the PC region. (b) The behavior of the cross-tadksus the propagation length for different
values of = / is plotted. The Gaussian beam approximation is usad cases.

Equation (4.2) is found by interpolating the simathdata. The coefficientsx
and Hx in Equation (4.2) depend only on the cross-tdlkand not on other design
parameters; their values are listed in Table 4d fifd Kx andHx, we calculated the
cross-talk (assuming Gaussian beams) for sevdfateaht device lengthd § and angular
separation factors ( ). A subset of the results appears in Figure 4,3¢hjch shows the
variations of cross-talk versus propagation lenfgh different angular separation
factors, . We then fitted the data to Equation (4.2) to obtalues oK(X) andH(X) for

each value of cross-tal. The error in this curve fitting for all casestime range of

interest was less than 5%. Since the propagatisidenthe PC is modeled using the

66



diffractive index technique, the results in Figdt8(b) and Table 4.1 are independent of
the choice of PC. The importance of this equat®nni that it relates the required
propagation length, (which is directly related to the physical sizetlod demultiplexer)

to other parameters (i.e., beam divergen¢cend angular separation between channels,

) based on the acceptable cross-talk level.

Table 4.1. Cross-talk parameters.
Cross-talk level,

X (dB) Kx Hx
220 0.9 0.56
30 0.9 0.83
40 0.9 1.04
50 0.9 1.22

4.3. Performance Analysis for the Basic Configuratin

To design efficient wavelength demultiplexing dedc we need to analyze the
performance of these devices in terms of practmabsures. The main performance
measures of interest in wavelength demultiplexireyicks are cross-talk isolation,
wavelength resolution, and size of the device.his section, | will derive the basic
relations between these main performance measanddjnd the fundamental trends and
trade-offs in these devices. Such relations on side enable us to compare the
performance of superprism-based PC demultiplexéts ather demultiplexing schemes
in terms of compactness and resolution, and orother side, provide a way to design

optimal devices by engineering the geometry andigoration.
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Figure 4.4. The relation between the size of thectire and the number of channels are shown
for different PC lattices of air holes in Si. (a)pdlarization in a square lattice PC with

r/a 025, (b) H-polarization in a square lattice PC witha 035, (c) E-polarization in a
triangular lattice PC withr/a 025, and (d) H-polarization in a triangular lattice Rth

r/a 025. In each case, star, circular, square, and trlangmarkers stand for incident
divergence angles of = 1°, 2°, 3° and 5°, respectively.

For arbitrary frequency separation between adjackannels, for each structure,
we calculate the angle of group velocity versugudency and angle of incidence for each

structure, and also the angular sensitivity paramet / , for the structure. Now, for

a specific beam divergence in incident beam,, we consider a range of values for

channel separation angle, ,, and based on that we find the optimum angle ciience

in the sense that the number of available charpelsinit area is maximized (in fact, the
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merit function to be maximized il cos ). Figure 4.4 shows the relation between the

size of the structure and the number of wavelengtlannels (i.e., wavelength
demultiplexing resolution) in four different phoforcrystal structures. These values for

different values of ~and ;| are marked in each graph, and the trend in eaaphgr

represents the potentials of the correspondingtstre. It can be induced that first, there
are optimal designs in each lattice that offer tiest compact devices for any desired
resolution. Second, there is a significant diffeeenbetween the demultiplexing
performances of different lattices. These graplygest that a more rigorous analysis is
required to compare different PC lattice structuge®metries, and design parameters for
better demultiplexing performance.

To be able to compare the performance of diffedemhultiplexing structures, we
can define figures of merit to quantify their perfance. The two primary merits
describing the performance of these structureswkatonsider here are the compactness
of the structure and the divergence angle requinérfgg the incident (or input) beam.
Compactness is one of the main advantages of fermusm-based demultiplexers and
an optimum design must result in as compact atstre@s possible. The smaller the area
of the structure is, the higher the yield; the lowe cost; and the less the complications
caused by the nonuniformity of the structure wdadd Moreover, scattering loss, which
is still one of the major issues in planar PC dtes, increases as the size of the
structure is increased. On the other hand, to aliage cross-talk and realize spatial
separation of channels in a PC structure with negsle size (or alternatively, to achieve
the desired resolution), some limitations mustrbpased on the divergence angle of the
incident beam. It is practically difficult to laulnc/ery large beam sizes with very small
divergence angles into the planar PC structureigbes structures that can effectively

work with incident beams with reasonable divergeaogles is essential for realizing
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practical PC demultiplexers. Therefore, compactraass incident divergence angle are
considered here as the main features for whichrdgof merit are defined.

The physical area is a reasonable measure for tmpactness of a PC
demultiplexer. Note that the required propagatiengths of different channels for
achieving a certain level of cross-talk are in gahdifferent. For calculating the area of
the structure, the worst case (i.e., the channdls largest propagation length) must be
considered. Thus, we can use (4.2) to definghe minimum propagation length for

achieving the required cross-talk lev¥),(as

RS

2 ’

L (4.3)

channels n
e

where max refers to maximum value over all wavelength chémimethe demultiplexer.

channels

If the total angular range of operation over whadlhseparated wavelength channels exist

inside the PC are represented bythe area of the structure will be

4 (X
A %TLZ 7T rhnaxl (—)2
" (4.4)
Using Equations (4.2) and (4.4) we obtain
/| 2
2 cos
I 1~ max K ’ — (4.5)
channels H X n, cos
in which X-dependence iKx andHy is implicit. Using , we can simplifyA to
/| 2
2K 2 cos
A S Ko : : (4.6)

nl2 2cod channels  ( Hy )

Combining g/ ‘ ( ) and Equation (4.6), we get
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2K 2 coSs
A 8 K s 1 max 9

4.7
nl2 2cod channels H g/ ‘ (4.7)

4.3.1. Figures of merit

The case that we consider here is a demultiplexiér egqual angular separation
but with no restriction on the wavelength of theuchels, which will be denoted as equal
angular separation with flexible frequencies (EABFFis scheme is of interest when
we have a set of equally-spaced detectors at ttupudor example in a spectrometer,
but the wavelength spacing between channels axiblédesince the spectrum will be later
processed and extracted from the readings of treey af detectors. In this case, the
angular spacing, has to be chosen for the worst channels (the dargdue) and is the

same for all channels. For design purposes, thenmggn the PC band structure with

smaller values for / ‘ are advantageous for this scheme. If we limit tlaiie to
athreshold (ie., ,/ | < )as discussed in[87], then
2
8 2K?2 , 2 cos
A — () 1 max 8 (4.8)
n; co< channels H X

Using simple calculus, it can be shown that theaakeis minimized by setting

x ) which results in

8 °K2 , 4HZ 2 4cos ,

A :
n? *cos 2 2

(4.9)

where gmis the propagation angle in the range of intendsth maximizes cc?sg. ForN

demultiplexed channelsy = N , thus

2
128 2K2H?2 cos’ g,

A
n * 2, )cos

N*. (4.10)
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This basically tells us that in these demultiplsxiére area of the structure is proportional
to the fourth power of the number of channels. €hefficient of this relation can be
defined as the compactness factoyysrr with

c nf? §(,)ecos . A N
EASFF 12&<2H2 ZCOSZ om ! 2

(4.11)

CEAS FF

Compactness factor, as defined in Equation (4.dépends on the PC structure
(through +7), and on the parametersand . To realize arN-channel demultiplexer in
this scheme, the larger the compactness facttliasnore compact the structure will be.
Therefore,Ceasrr Can be used as a measure of compactness of tlotusértio compare
different designs. In the process of minimizing #nea of the structure, we obtained

J(2H ). (4.12)

By re-arranging this formula and using= N we get

(L)1

, 4.13
2H N ( )

which means that for a given design in this schdraeequired incident divergence angle
decreases as the number of channels increasesciRgdhe incident divergence angle
usually requires more sophisticated optical destperefore, a design with less strict
requirement for the divergence angle of input baammore favorable. We define the
other performance measure (which depends on betR@hand the design parameters) as

incident divergence factoEgasrs Where

M ) Eeasee _ (4.14)

EEASFF 2H ) N

4.3.2. Resolution limit

Even though the initial structures proposed basethe basic superprism effect
looked promising, more careful analysis revealeat tlesolution of the photonic crystal

superprism in the conventional basic configurai®himited for compact devices [86].
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Also, as it has been shown above, there is a lawgefor going to higher resolutions, i.e.,
the size of the structure grows as the fourth powfethe number of demultiplexing
wavelength channels [87], as shown in Equation 1(4.4'hese facts showed the
limitations of the conventional superprism-basedndkiplexers for high-resolution
applications. Table 4.2 lists the results of optmion for superprism-based PC
demultiplexers in the basic configuration. The o&ted compactness factdz, can be

used to derive the required size for desired nuroberavelength channels.

Table 4.2. Results of optimization (over o, and radius) in the EASFF scheme.

LattICe type POl r/a opt opt T’opt Copt

TE 035 16 2.75 194 0.017
™ 030 14 244 221 0.032
Triangular TE 0.27 9 0.11 10.0 1.56
( ) ™ 0.20 4 1.96 21.4 0.047
Triangular TE 040 8 7.5 928 0.26
( ) ™ 040 4 16 90.7 0.054

Square

Figure 4.4(a) shows the response of an optimaicsire designed in a square
lattice PC of air-holes in Si with H-polarizatiohhe resulting beam profiles at the output
of the designed structure, shown in Figure 4.4¢bhfirm the required spatial separation
at the output of the device. From these beam pfive can see that the nonuniformity
of the diffractive index in this range of operatiogsults in considerable broadening of
some of the wavelength channels.

The design objective can be modified to cover ottases, including equal
frequency separation between channels with fixedvaniable operation bandwidth,
which are covered in the Appendix A. The resultsdther design objectives show the

same basic relations between parameters, i.esitleeof structure grows as the fourth
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power of wavelength (or frequency) resolution, #mel required divergence angle of the

input beam is inversely proportional to the desiresblution.
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Figure 4.5. (a) Variations of the angle of gro@toeity versus normalized frequency for a square
lattice PC with H-polarization is shown in an opdinstructure for the EASFF scheme. The
number above each channel shows the value $f for that channel, and the number below it
shows its corresponding value for the diffractimdax. (b) The field intensities of four frequency
channels at the output plane of the superprismebdsenultiplexer designed in Figure 4(a) are
plotted. The ratio of the hole radius to the l&tionstant i$/a=0.30, the incident angle =14 ,

and op,=2.44. The angular spacing between adjacent chafmek=-20dB is =5.6, and the
input divergence angle is =3.2. For this design, at=1550nm, propagation length is
L=210 m.

The reason behind the limitations in the basic igométion is identified to be the
divergence of the optical beams inside the photonystal region [86-87]. In the basic
configuration, the incident beam is at its waisttla& entrance to the photonic crystal
region, and as it propagates the beam size bectangsr. As a result, the angular
separation between adjacent channels needs toldesabf the order of divergence angle
of each channel. This requirement limits the resmtuof the device and puts stringent
conditions on the collimation of the input beanwill propose solutions to this issue in

the following section.
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4.4. Diffraction Compensation for Improving the Denultiplexing Performance

As discussed in the previous section, the demakiph concept using the
superprism effect in photonic crystals relies op tihange in the direction of group
velocities of the beams at different wavelengthgattal separation of the beams at the
output plane in such a scheme requires relativehg Ipropagation lengths inside the
dispersive material. A more efficient implementatican be achieved if the diffractive
beam broadening is suppressed. To achieve this RC avavelength demultiplexing
device, one option is to allow the incident optitelam (with multiple channels) to
propagate (and diffract) in the unpatterned Si teefontering into the PC region. This
propagation results in a second-order spectralepbersn in the spatial spectrum of the
beams (and therefore, beam broadening), which ez te as preconditioning. As the
beams propagate through the PC, they experienceff@cts: the superprism effect and
negative diffraction. Beams of different wavelergythropagate in different directions
inside the PC (the superprism effect), and at #Hmestime, the second-order spectral
phase term is decreased (since the PC second-difftaction is opposite to that of the
unpatterned Si) until it completely vanishes at theput (diffraction compensation),
retrieving the minimum spot size for the beamshatdutput ports. Using this scheme, the
spatial separation needed inside the PC regiorbeanf the order of the minimum spot
size of the incident beams, which is much smahantits broadened version observed in
the basic configuration of superprism-based depleker.

In another view, the main limitation in the basionfiguration of superprism-
based wavelength demultiplexing is the dependeretevden the angular dispersion

factor ( ,/ ) and the beam divergence factor (/ ), which is posed by the band

structure itself. If we eliminate this dependengecbmpensating the diffraction effects
(and hence, making the response independent digam divergence factor), the trends

in the structure change, and wavelength separat@mnbe achieved in a much more
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compact structure. Schematic demonstration of thecds considered here is shown in
Figure 4.6 in which both the diffraction compensatiand superprism effects are

illustrated.

Figure 4.6. Schematic view of a preconditioned phimt crystal demultiplexer and the definition
of parameters are shown for an incident beam coatirzgn angle .

4.5. Performance Analysis for the Diffraction-Compasated Configuration

We use two of the unique dispersion properties lbtpnic crystals, namely, the
superprism effect and diffraction compensationdbieve compact demultiplexers. Two
main objectives to be considered are: first, défeérwavelengths should be spatially
separated (by steering them to different directiosgg the superprism effect), and
second, the beam broadening caused by normalditirashould be eliminated (to avoid
the limitations of the conventional superprism dguarfation).

To design superprism demultiplexers, we follow a{step scheme. First, by
defining a compactness factor as the figure of imscribing the performance of the
photonic crystal demultiplexer in preconditioninggime, we find the proper photonic
crystal structure and an appropriate operationtptirthe next step, in the vicinity of that
operation point, we find the design parameters., (ilength of the structure and
divergence of the incident beam) to give us thaiireq cross-talk level at the resolution

of interest for all demultiplexing wavelength chaim
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The main difference in the analysis of the precoowéd PC demultiplexers
comparing the conventional ones (investigated iraitlen [103]) is the replacement of
the second-order spectral phase with the thirdfospectral phase. Furthermore, as
demonstrated in Chapter 3, the main wave propagdgatures remain the same as
ordinary second-order case, when third-order diffoan is the dominant effect (by
choosing the appropriate diffractive index). Thésiution of the third-order diffractive

index instead of the second-order diffractive indethis scheme is shown in Figure 4.7.

Figure 4.7. A preconditioned photonic crystal deipléxer that uses propagation in a bulk
incident region for diffraction compensation is sofatically illustrated. Dark beam trace shows
the evolution of an optical beam at a single wawgtle throughout the structure without the effect
of second order diffraction. In this case,is the divergence angle of the beam caused by the
third-order diffraction.

Using the formulation of Section 2, we can applg #ame formalism as in the
conventional case [103] for the calculation of #m@ss-talk in a preconditioned PC
device, by using the third-order diffractive indeXs a result, we can calculate the

required propagation length, for achieving a certain level of cross-talk as

L —X—z, (4.15)
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In these relationsz, is the Rayleigh range corresponding to the thidkospectral phase
term, , / , is the ratio of angular separation between adjackannels () to

divergence angle of each channel caused by tha-ohder diffraction effect inside the
PC (shown in Figure 4.7), arkk=0.9 andHx=0.56 are constants chosen to achieve a
cross-talk better than -20dB between channels. titqu#4.15) represents the spatial
separation condition for the preconditioned supenpr devices. The diffraction
compensation condition that describes the canaallatf the overall quadratic phase can

be written as

Lpre L
N, COS N, COS |

(4.16)

To assess the performance of the preconditionedrgupm demultiplexers, here, we
calculate the size of these structures for a gamgular channel spacing, Starting from

Equations (3.36)-(3.38) for a beam propagating mealium with third-order diffraction
effects, we have ; 2 /( |ng|We.) and z, }éko |n, |wZ. . By inserting these

relations into Equation (4.15) one obtains [91]

2K x Wac
. (4.17)
Wi  2V3H,| *k /K|
The area of the photonic crystal taken by eachmblacan be estimated as
8KZw>.| °k / Kk®
A Pee ALY . (4.18)
Z, Whe  2V3H| %k /K7

The area in Equation (4.18) depends explicitly lom diffraction-limited beam waist of

the channel inside the P@w, ; thus, we can minimize the area directly with extgo

this parameter by usingd/ w,. 0 to obtain
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1003, | % |

(Wac) opt E ‘ (4.19)
which consequently gives
o W)y (4.20)
25K 2
At W(Wpc)opt- (4.21)

In terms of the physical parameters of the str@gtane can find [91]

2 % %
AOzlat 25/10J3H, K2 cos , n,, L s 70 )% (4.22)

2 )
8 n, cos ng,

in which we have used i / as the separation between adjacent channels.

From these relations, we can see that the ardaeddttucture scales s ) *?, which
grows considerably slower than tiie ) * dependence in the conventional superprism-
based demultiplexers [87].

We can define the compactness factor for the difiba compensated structures

as

2.2 }/2
8 nez cos g nez

Cec — (4.23)
25/10J3H, K2 ™ COS

which simply relates the angular spacing betwe@mghls to their optimum area through

Aw ()7

4.24
C.. (4.24)

Also, it is straightforward to find from EquatioA.(9) that

5
( )2 El )2 (@425

2 cos of
ncos  10V3H,| %k / k7
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which grows considerably slower than the Eg,-( ) in the basic configuration

of the superprism-based demultiplexers [103].

Equations (4.24) and (4.25) summarize the impraam@machieved by modifying
the basic configuration to a diffraction compendatnfiguration. A comparison
between the two schemes show that there is a athamntage in adopting the diffraction
compensated scheme since both the size and divergeguirements become less
stringent. The difference becomes more drasticeasmwve to the high-resolution devices

needed for current demanding applications in deipleking and sensing.

Figure 4.8. (a) The band structure of a 45°-rotdieterface at a 45° angle with respect to the
interface of the PC with the incident region) sguéattice planar PC with lattice constant
a=333nm, normalized radius of holesrtd=0.23, and thickness of Si guiding layerhsf200nm
is shown for the first TE-like polarization (elactfield perpendicular to the axes of holes). (b)
The compactness factor is calculated and shownlagarithmic scale for the band structure in
part (a); bright regions are appropriate for desigmpreconditioned superprism demultiplexers.

4.6. Design Steps for Wavelength Demultiplexing ithe Diffraction-Compensated
Configuration

Having the main focus on the compactness of thesitre, we can consid€lycas
a first measure to locate the appropriate opergi@nts on the band structure of a given
photonic crystal. From a graph similar to Figur®)5(@ne can determine the operation

point that can potentially provide good demultiphex performance. Selecting this point
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specifies the center frequency of operation, ad a®lthe incident angle of the input
beam. However, the actual required propagationtteng get to the desired level of
cross-talk for all channels requires extracting tiedated parameters for individual
wavelength channels. These parameters describepribygagation behavior for each
channel (i.e., the direction of propagation, sevigjtto frequency, and the divergence
caused by the third-order spectral phase term).gé@othe required cross-talk for all
channels, the original diffraction-limited waist thie incident beamaf) should be found

in such a way that the maximum propagation lengtuired over all channels is

minimized. This can be directly performed by refatating Equation (4.17) as

. 2K, w’cos

, (4.26)
" w cos cos 2\/§Hx‘ 3k/k?"jcos"

in which subscriptj stands for the parameters calculated for jthie channel. After

finding w, from this process, it is straightforward to set

L maxL;(w) . (4.27)

As an example, for a four channel demultiplexeihwihannel spacing of 0.5 nm in a SOI
wafer the required propagation lengths for all c¢teds are plotted together in Figure
4.9(a). It can be observed that in this case waggtechannels 2 and 3 which are at the
center of operation point (closer to the optimasige point) show better performance
and are separated at shorter propagation lengthacfiieve the required -20dB cross-talk
for all channels, however, we need a propagatiogtle of at least 2.05 mm(and a
diffraction-limited input spot size of 29 m) to satisfy the requirements for all
wavelength channels. Figure 4.9(b) shows anothearddge of designing the photonic

crystal demultiplexing structure in this operatiaange, which is the invariance of the
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diffractive index over the bandwidth of interestoge to the optimum operation point).
This property is important since it results in @fsing of all wavelength channels at the

same plane in the output of the device, where dut@veguides can be placed to carry

the separated channels.
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Figure 4.9. (a) For an incident angle of 17°, and normalized frequency of operation gf=
0.22215 (both found from choosing an operation fpwirFigure 4.8), the relation between the
original diffraction limited waist of the incidefteam and the required propagation length for
achieving a cross-talk better than -20dB is ploftedfour demultiplexing wavelength channels
with a channel spacing of = 0.5 nm. From these plots, minimum acceptableggafpion length

is found to be 2.05 mm for a four channel demutigel. Corresponding required waist for the
incident beam is found to b& = 30 m. (b) The diffractive index for a range of frequms at
the incident angle of = 17° is plotted showing a region with small vagatof negative

diffractive index in the vicinity of the operatigoint ( ,.= 0.22215).

Using the performance merits introduced in thigpthr, and following the design
procedure we can find the device parameters obftenal structure for desired design
objectives. Note that the analysis of the structanel assessing the demultiplexing
performance in our approach is based on simple g&amal optics considerations;
nonetheless, since we are using the band struitutbe actual planar PC, the model is

in good agreement with the actual structure. In fiiowing chapters, experimental

demonstration of these devices and additional densiions to improve their

performance will be discussed.
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CHAPTER 5
EXPERIMENTAL DEMONSTRATION OF WAVELENGTH

DEMULTIPLEXING IN PHOTONIC CRYSTALS

In this chapter, experimental realization of wangkth demultiplexing devices in
a planar platform is the main focus. As discusse€hapter 4, a combination of the
superprism effect and negative diffraction can ro#fesolution for compact wavelength
demultiplexing in photonic crystals. However, inpeactical implementation of such
devices, without proper considerations, the unwaietetributions (other polarization of
light or other wavelengths) and stray light wiltetitly appear at the same location as the
desired signal at the output, as schematically showFigure 5.1(a). This effect is
detrimental to the proper operation of the wavetllerdemultiplexing device, especially
when these devices are being used as spectronfietessnsing applications (where the
presence of unwanted input light is inevitable). &vwid this problem, one can use the
negative refraction property of the photonic crissta isolate the signal of interest from
the stray light. One implementation of this ideanmginable if the designed photonic
crystal of interest has the negative refractiorpprty in addition to the superprism effect
and negative diffraction. In that case, the signathe bandwidth and polarization of
interest can be steered away from stray light isacéing in the negative regime (while
all other input waves experience a positive refoacat the interface), as demonstrated in
Figure 5.1(b).

Note that in this way, the “synthesized” opticalterial is behaving in contrary to
the ordinary bulk optical materials in three ways:send different wavelengths to
drastically different directions (the superprisrfeef), it diffracts the light reverse to that
of ordinary bulk media (negative diffraction), amdefracts the signal at the interface to

the opposite direction, compared to ordinary materinegative refraction). And these
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three effects, when combined, result in a closelal optical material for wavelength

demultiplexing in a way that was not available lefo

(@) (b)

Figure 5.1. Diffraction compensated wavelength dépilexing in photonic crystals is
schematically demonstrated for operation in thep@sitive refraction regime and (b) negative
refraction regime.

The basic ideas of the three effects that are coedbin our design are shown in
Figure 5.2. Figure 5.2(a) shows a typical planar fa@ricated by etching a two-
dimensional (2D) array of air holes in Si. Figur2(5) shows the superprism effect, in
which the PC separates wavelength channels bytiigethem into different angles.
Figure 5.2(c) shows the application of the negativéraction property of PCs for
diffraction compensation. Propagation of an optitglam in a PC with negative
diffraction index compensates for the diffractiaaused by propagation through a normal
(i.e., positive diffraction index) material. Thegative refraction at the PC interface is
shown in Figure 5.2(d). As Figure 5.2(d) shows,dbsired signal is refracted away from
the direction of the incident signal (causing teparation of the desired signal from stray

signals).
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200nm EHT = 1.00 kv Signal A =InLens  Date :3 Jun 2005
Mag= 2050 KX |—] WD= 3mm Photo No. = 6344 Time :20:36:50

(c) (d)

Figure 5.2.(a) An SEM image of a square lattice PC fabricate80I is shown. (b) Schematic
plot of the superprism-based demultiplexing in ttventional configuration is shown. (c)
Schematic plot of diffraction compensation (PC ésigned in negative diffraction regime) is
shown. (d) Schematic plot of negative refractiothatinterface of PC is shown.

5.1. Planar Photonic Crystals

In this implementation, | will focus on planar sttures since this is the most
feasible option for photonic crystals because ddirttcompatibility with the well-
developed microelectronic fabrication techniqueslikeé simulation techniques based on
direct electromagnetic wave propagation that tbemputation cost considerably grows

as we go to three-dimensional structures, theatifive index model, described in this



work, only requires the band structure of the phatarystal, which can be calculated
once for all further calculation steps. This allows to directly perform a three-
dimensional analysis on the more realistic platrarctures. One main difference between
the three-dimensional planar case and the two-dimeal model is that in two
dimensional case the incident region is assumeloeta homogeneous medium with a
given refractive of index (material dispersion da neglected in the relatively narrow
bandwidth of operation); however, in planar stroes, the incident wave comes through
a slab waveguide and the modal dispersion of tlaigeguide affects the modes that can
be excited inside the photonic crystal region. Fegb.3(a) shows the calculated
dispersion curve (effective guiding index with respto frequency) for the first TE-like
and TM-like modes of this slab waveguide. For tipersion diagram in Figure 5.3(a), a
SOI wafer is assumed with top silicon layer of kimess of 220 nm on a 3n of SiQ.
The silicon oxide layer is assumed to isolate th&ligg layer from the thick silicon
substrate. Figure 5.3(b) shows the loci of the modecited inside a square lattice
photonic crystal made in the same wafer with aclattonstant 0o8&=355nm and holes of
diameter 213nm, when the light comes from the uepatd slab at different angles.

Figure 5.4 shows the band structure of the fistlikKe photonic band of a square
lattice PC of air-holes in Si in an SOI wafer. Tihterface of this PC is at a 45° angle
with respect to the primary lattice directions hewsn in the inset of Figure 5.4. Different
regions of the band structure with a strong supsrpeffect, the negative diffraction
property, and the negative refraction propertyraaeked on this band structure, showing
that a range of operation with all the three prtesris possible. | have used the
methodology in Chapter 4 to find the optimal operatpoint, and design a 4-channel

wavelength demultiplexer around 1550 nm in thisucre. The resulting design
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parameters arela = 0.25,h/a=0.6, =15,L =70 m, and 2, = 10.5 m. This design

was then used in the fabrication process thatvalo
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Figure 5.3. (a) The dispersion diagram for guidim@n unpatterned SOI wafer witk220nm is
plotted. (b) The band structure (dotted lines) aflab-type PC in an SOl wafer (square lattice,
r/a=0.30, h/a=0.62) and the loci of PC modes (solid lines) edtifor incident waves coming
from an unpatterned slab at different incident esglre shown.

k.a

Figure 5.4. Calculated of iso-frequency contoursthef first TE-like band in a planar square
lattice PC (/fa = 0.25 on SOI wafer) with the principal latticeadition at 45° with respect to the
interface. Regions of the band structure with défe dispersive properties are marked as gray
for negative diffraction; red for a strong supesprieffect; blue for low third-order diffraction;
and hatched for regions not excitable from the irgtab waveguide.
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5.2. Fabrication Process

The optimal structure found by dispersion engimggeof the PC according to the
guidelines mentioned in the previous section wasidated on a SOl wafer with 3n of
SiO, sandwiched between a thick Si substrate and an@2&yer of Si (on top) covered
by 70 nm of Si@that is used as a hard-mask during the fabricgifogess. The 2D PC
pattern is lithographically written on the top Si@yer using a JEOL JBX-9300FS
100kV electron beam lithography system and therheetcusing a Plasma-Therm
inductively coupled plasma (ICP) system. Figure $hbws the schematic view of the
fabricated structure. Light is end-coupled into sheicture through one of a series of 10.6

m wide input waveguides each exciting the PC dtinecat a unique incident angle in
the range of 13 to 17 degrees. The PC region (fabr@ligh optimization) has a 45
rotated square lattice geometry with a lattice tamtsof 367 nm and with holes of 180
nm in diameter, as shown in the inset of Figure $le propagation through the 1100

m long unpatterned Si region (schematically showrFigure 5.5) preconditions the
beam with positive second order phase. Beam blacksised at the entrance of the PC
region to limit the spatial-spectral content of thput beam (i.e., to spatially filter out
some of the higher-order beams that are exciteldidtyer order modes of the multimode
input waveguide) and also to prevent stray incidghtt from reaching the output end.
The output light of the PC region is coupled intoaaray of 5 m wide waveguides (with
1 m distance between neighboring waveguides) to oliaiter spatial resolution (note
that the size of beam for each wavelength chamnatound 11 m at the output). The
spatial extent of the light in each wavelength cledrin the PC demultiplexer output
corresponds to two output waveguides. Each outpweguide is tapered down to 2n
at the output end of the devices. Two of the wawgtle channels are schematically

shown on Figure 5.5 as red and blue curves.
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Unpatterned Si

PC

Output
waveguides

Figure 5.5. A schematic view of the wavelength diipiexing structure combining three
dispersive properties of photonic crystals, i.ee superprism effect, negative diffraction, and
negative refraction, is demonstrated.

We have fabricated a preconditioned photonic etystiperprism demultiplexer
designed using the process in Section 4.6 in@sHon-insulator (SOI) wafer. The initial
wafer has a 220 nm layer of Si sandwiched betwegbnan of SiQ top layer (used as a
hard-mask during fabrication process) and ax8SiO, layer underneath. Electron-beam
lithography and ICP etching are used to patternttipe SiQ hard mask layer, and a
chlorine-based chemistry is used afterwards toepatthe Si layer. Scanning electron
microscopy (SEM) images of the fabricated photamigstal structure and its interface
are shown in Figure 5.6(a) and Figure 5.6(b), retpely. The overall view of the
structure is shown in Figure 5.6(c). The opticahrbefrom the input waveguide goes
through a preconditioning region to initially under the required preconditioning
diffraction [shown schematically as beam broadeiingigure 5.6(c)]. This diffraction is
subsequently compensated by propagation of the kbaough the photonic crystal
region, so that the optical beams are focused agaime output interface of the photonic

crystal region. Figure 5.7 shows an SEM image efdbtput edge of the sample after
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cleaving. This SEM image shows the arrangementiftdrdnt layers of the SOI wafer

used for the fabrication, as well as the qualitgwnd-faces of the output waveguides.

Incident .« ,

Input
waveguides

(c)

Figure 5.6. (a) An SEM image of the fabricated deus shown. A rotated square lattice PC with
r/a = 0.24 in a planar SOI platform is used. (b) AnMSkEnage of the interface of the PC is
shown. (c) Overview of the demultiplexing devicesisown. Five input waveguides are used to
test the response of the device under differentlémt angles. Waveguides at the output are used
to sample the beam profile of the optical beamsiegraut of the PC.
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Figure 5.7. An SEM image of the cleaved edge of dhgput waveguides is shown. Some
nonuniformity in the quality of the end-faces oésle output waveguides is clear. The three layers
of this SOI wafer, i.e., the film Si, the isolati®&jO,, and the substrate Si, are also visible in this
image.

5.3. Characterization Setup

In our measurement setup, shown in Figure 5.&t @afstunable lasers (81672B,
81600B, 81680A, and 81640A from Agilent Technolsgieovering 1260 nm to 1640 nm
wavelength range) are coupled through fiber cospler a graded refractive index
(GRIN) fiber lens and the collimated beam is diegicthrough a broadband polarizer to
assure the proper polarization of input beam. A dBjective lens is used to end-couple
the light into one of the input waveguides of thevides. The sample is placed on a
sample holder on top of a precision translatidrétiige (561-XYZT precision stage from
Newport). An infrared (IR) camera (SU320 NIR, froBensors Unlimited, Inc.)
connected to a long working distance microscopet@iyo FS-70 microscope head,
with 20x and 50x near infrared long working distarienses) is used to monitor the
coupling to the input waveguide from the top. Thetpoit edge of the device is imaged
using a 20x objective lens on another IR cameralfiMBIR from Indigo Corp.). Figures

5.9(a) and 5.9(b) show the actual characterizasietup that is used in this research.
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Figure 5.9(c) shows the arrangement of these tlereses around the device under test
(DUT). Figure 5.9(d) shows the image taken by arc#fera of the input edge of the
sample under test, showing the scattering of teerlgpot from the input facet of the

sample and coupling of light to the waveguides.
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Figure 5.8. Overall view of the experimental setigp characterization of the planar PC
structures.

The output light intensity is also directed to I&detector (New Focus #2033
with 30 kHz bandwidth) that is connected to a lackamplifier with a modulation
frequency of 20 kHz (Stanford Research Systems38R® enhance the signal-to-noise
ratio of the channel response measurements [10H¢ OabVIEW software (from
National Instruments) is used for controlling &kktexperiments. It is used to capture the
images from cameras, and to systematically sweepwi#velength and measure the
transmission spectrum over the desired waveleraytge (in the available tunable laser
range of 1260 nm to 1640 nm). All the data is starethe computer either using a data

acquisition card (DAQ) or using a GPIB card forthar processing.
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(€) (d)

Figure 5.9. (a) An image of the actual charactéomasetup, with light passing from left to right,
shows the input fiber, the polarizer, the objecters to couple the light into the device undet tes
(DUT), and the output lens to image the output edigehe sample. A long working distance
microscope on top (connected to an IR camera)as € alignment purposes in this case. (b)
Imaging at the output with high magnification iseds as shown in this figure, to isolate and
resolve individual output waveguides. (c) The imaféhe DUT shows the configuration of the
input and output lenses as well as the long workiisgance lens connected to the microscope for
alignment inspection. (d) Picture taken by an IReea shows the laser spot at the input interface
and coupling of light to one of the input wavegsgide

5.4. Experimental Measurement Results

Figure 5.10(a) shows the image of the output wamkes at four discrete
wavelengths with input in TE-like polarization (efdc field parallel to the plane of
periodicity). Good separation of these wavelengdtanoels can be clearly seen in Figure

5.10(a). In addition, the desired small spot oladirby the diffraction compensation

93



effect is evident from these images (Note thatsibe of the input beam at the entrance to
the PC region is around 6). Another evidence for dramatic minimization diet
output spot size comes from the comparison of dleeding TE-like beams with TM-like
beams for which neither the superprism effect mer diffraction compensation effect
occur.

In Figure 5.10(b), we show the measured outputridigions for TM-like
polarization for the same set of wavelengths usdgigure 5.10(a). It can be easily seen
that the overall output beam profiles of all TMdilchannels are very broad, covering
more than 10 output waveguides. Comparing Figur#8(&) and 5.10(b), the effect of
negative diffraction in refocusing the TE-like padation beams at the output end is
evident. Also, it can be clearly observed that legighing the device in the negative
refraction regime for the TE polarization, the umbeal polarization (TM) is successfully
isolated from the desired signals (i.e., all TMmsil$ in the wavelength range of operation
appear in a separate set of output waveguidesndasure the power in each output
waveguide, a pinhole in the far-field of the devadput is used to select only a single
waveguide and to reduce the scattered light fraarbtckground.

The normalized measured power for four of the outpaveguides at 15ncident
angle from the input waveguide are shown in Fidufel (a). Four channels are separated
in this device with a wavelength spacing of 8 nmd ahannel isolations (sum of
contributions of other channels at the locationthef desired one) are better than 6.5 dB.
This is to the best of our knowledge the first destoation of an integrated superprism-
based demultiplexing device with such channel sgjmar in a 4500 m? (i.e.,

50 mx90 m) PC structure. Using the same scheme, a 64-chaeneultiplexer with

channel spacing of 0.5 nm can be realized in a 4 Rtnstructure.

94



Ch# 15 14 13 12 11 10 9 8 B8 5 4 3 2 1

\

1540.5nm(

1548.0nm"

1557.6nmf

T T T Y | I

1565.5nm[

1540.5nn [

I |

1548.0nn[

1557.6nnf

I I T

1565.5nn}

(b)
Figure 5.10. (a) Output images for the TE-like piakaion show power distributions in the output
waveguides at four discrete wavelengths. (b) Fa& shme wavelengths as part (a), power
distributions in the output waveguides for the Tikklpolarization are shown. It can be seen that
for this polarization diffraction compensation does occur, and the output beams have extended
distributions. Moreover, there is negligible inesdnce from this polarization at the location of
demultiplexing channels highlighted in this figure.

Note that in general, the power level for differehinnels is not uniform (1.5 dB
variation over the channels is shown in Figure p.b&cause of the wavelength-
dependent intrinsic loss of the PC, the wavelemigihbendent nonuniformity in excitation,
or the quality of end-face of output waveguidesesponding to different channels. Note
also that for the fourth channel (at 1563 nm inuFég5.11) the focusing is not as good as

the other channels. Possible reasons for the elge-appearing on one side of the
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spectrum [visible on the two channels on the rightigure 5.11(b)] are distortion in the
incident beam and diffraction effects from beamchkioat the entrance to the PC region,
and residual third-order spatial diffraction effe¢possibly caused by imperfections in
fabrication that deviate the fabricated structuxent the optimum operation point with
low spatial dispersion effects). The total insertioss for the sample demonstrated in this
measurement is estimated to be 13 dB by compahagutput power level to that of a
straight ridge waveguide on the same substratee Nwit a large portion of this loss
(approximately 6 dB) is due to the multimode natoféhe input waveguide and can be
considerably reduced by using a tapered input wadeg The preconditioning region in
Figure 5.6 is chosen to be an unpatterned Si galsimplicity of demonstration. In a
practical device, this function can be implemenisthg a curved mirror with appropriate

curvature to further reduce the size.
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Figure 5.11. (a) The measured transmitted powerswof output waveguides (channels 5, 7, 9,
and 11) are plotted. (b) Channel responses fomtdreeguides in (a) are shown. In this case,
incidence is at 15° (middle input waveguide is usgdexcitation), and input wave has a TE-like
polarization.

Looking at the operation range in Figure 5.4, \wa see that for incident angles
slightly different from the designed value, the saimsic properties for wavelength
demultiplexing are still satisfied. To confirm thidservation, another sample was used

(with similar parameters as above, with slightlyadier holes of 175 nm in diameter)
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with extra input waveguides to send the light te grhotonic crystal at three incident
angles (i.e., 13°, 15°, and 17°). The channel nesp® for these three incident angles are
shown in Figure 5.12. By comparing the results ioleth at different incident angles, it
can be observed that: first, the diffraction congaion is not complete at = 13°
(because the preconditioning length is designedafmther incident angle), resulting in
wider spectral lines, compared to other incidenglesy Second, the third-order
diffraction effects are stronger (for this part@uset of parameters) at= 15°, compared

to =17°, resulting in more pronounced side-lobethexchannel responses. Finally, the
bandwidth of operation shifts as the incident anglehanged, and this effect can be used
to extend the operation bandwidth of the devicé.tAdse observations are in agreement
with theoretical predictions, and confirm the viéidof the approximate model used to
describe the dispersive effects in these PC strestWp to this point, the main focus has
been on the demonstration of the principle wavelemgmultiplexing effect in PCs. In
the following chapters, additional consideratioas improving the performance of these

devices (e.g., reducing insertion loss) will be radded.
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Figure 5.12. Transmission channel responses fample fabricated in SOI (a 4%botated square
lattice geometry with a lattice constant of 367 anmd with holes of 175 nm in diameter) are
shown at three different incident angles o£13°, 15°, and 17°.
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CHAPTER 6
EFFICIENT COUPLING OF LIGHT TO DISPERSIVE PHOTONIC

STRUCTURES

One crucial issue in implementing dispersion-baB€ddevices is to overcome
the reflection loss in coupling the light into artaf the PC structures. Improper coupling
and considerable reflection at the interfaces e$¢hdevices disrupt efficient operation of
dispersive photonic structures by increasing treerition loss in these devices and by
contributing to unwanted responses caused by aoyplo unwanted modes (e.g.,
multiple reflections or increased cross-talk). Tehdactors especially become important
in realizing a system consisting of multiple comeots. In this chapter, a direct method
for the analysis of these reflection effects at ititerfaces of photonic crystals will be
provided. Also, two approaches for designing maighstages to reduce unwanted

reflections, namely, adiabatic matching and impedanatching, will be discussed.

6.1. Analysis of Reflection at the Interface of Phionic Crystals

In this section, | will limit the analysis of refidon at the interface of PCs to the
case of 2D PCs, because of their close relatiotheéoplanar structures we study in this
research. The reflection at the interfaces of pld&tas can be decomposed to the effects
caused by the lateral mode profile of the wave thiode caused by the in-plane effects of
the PC. The lateral mode profile mismatch betwedsn ihcident and the PC regions
results in scattering loss to out-of-plane radiatioodes in addition to in-plane reflection.
However, since the mismatch is mainly due to théeince between the degrees of
confinement in the two regions, the resulting retiten and scattering is not the dominant
factor in the insertion loss. Furthermore, sinceare focusing on reducing the reflection

loss in this work, and tapering the modes have gmow be useful in reducing these

99



effects in planar PCs, the focus in the remainihthe discussions will be on analyzing
the in-plane reflection effects.

The in-plane reflection effects in planar PCs can dificiently modeled by
comparing the effects to those in 2D PCs. To make2D model resemble more to the
actual planar structure, a diffractive index isdige the 2D model, which describes the
effective confinement of the light to the plandmfilayer [105]. The geometry of the
structures that will be considered in the resthig section is shown in Figure 6.1. In this
figure, a plane wave is incident on the interfatehe PC at an angle,, and excites
transmitted modes inside the PC region as well aslew reflecting back from the
interface. The wavevectors of all the excited maalesconnected to each other by phase
matching condition along the interface. The PC dtme is assumed to have arbitrary
lattice direction denoted by anda,, as shown in Figure 6.1. To address most common
practical cases, | will focus on the case where afithe periodicity lattice vectors (here,
a;) is along the interface, even though the methad e readily extended to the more

general case of arbitrary interface.

X

Figure 6.1. The geometry of the setup for calcoathe reflection at the interface of a 2D PC is
illustrated.
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To perform this analysis, | use a direct mode matgtprocess. This process
consists of calculating all significant modes irttbthe incident region and the PC region,
and then finding the relative amplitude of thesede®by applying the electromagnetic
boundary conditions along the interface. This 1&gy general method, and variations of
it can be applied to other cases of interest sgateffection at the interface between two
PCs or reflection of a wave coming from a PC tailk Imedium.

The first step in the analysis is finding the pbksimodes in the two regions
when the incident wavevector is present in thepselhe reflected wavevectors are found
directly by applying the phase matching condititong the interface (by considering the
tangential components of reciprocal lattice vectwfrshe PC). To find the modes inside
the PC, we use a modified version of the plane-veaggansion method. In this modified

version, using the Floquet-Bloch theorem, the fisldxpanded as

£(r) fonexpl j(k MK, nK,) r], 6.1)

m n

and this expansion is inserted into the Maxwelfjsa&ions. In this case, the frequency of
the mode and one of the components of the wavewvgioto, the component along the
interface) are known. The relations are then rargyed to form an eigenvalue problem
for the other component of the wavevector. By s@uihe resulting eigenvalue problem,
all PC modes that are excited with the given incideave are calculated (See Appendix
B for the details of this process).

After finding the modes in the two regions, the thauity of tangential
components of the electric and magnetic field altnginterface is applied. This results
in a linear system of equations with the unknoweind the amplitude of different
transmitted and reflected modes in the structuhe Jolution of this linear system gives
us these amplitudes, from which the relative poweeach mode can be found. The

details of this process and the related formulatiare discussed in Appendix B.
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Figure 6.2 shows an example of calculated reflestiover a range of frequency
for a square lattice PC structure, with incidenvgvaoming at normal incidence with H-
polarization. The stop bands marked in Figure §.2{@tch with the complete reflection
regions in Figure 6.2(b). Furthermore, as one waxpect, the normalized frequencies
close to the band edge show relatively high refdect which means the mismatch
between the incident wave and PC modes in thiserasidnigh. Also, note that at very
small normalized frequencies the reflection appheadhe value obtained by the average

index method (large wavelength limit).
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Figure 6.2. (a) The band structure of the PC mad#sH-polarization in a square lattice PC of
air-holes (/a = 0.45) in Si is shown. (b) The calculated reflactcoefficient is plotted for a plane
wave coming from air to the PC in (a) at normaldeace.

The method explained above will be used as thereate point for calculating
the reflection of waves at the interfaces of PG$ f@n investigating the related effects. In
the following sections, methods will be discussededuce such reflections. Eliminating
reflection reduces the insertion loss and remotiescomplication arising from multiple
travels of light through the system. Without instage reflections, the implementation of
dispersive photonic structures is considerably $ifrad, and a systematic multi-level

approach can be used for realizing different progein such systems.
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6.2. Adiabatic Matching

Different techniques that have been proposed ¢liae this reflection can be
divided into three groups: methods based on direxxde matching [106], methods based
on interference (e.g., in [107]), and those based gradual change [108-109].
Interference-based methods are those in which phaltreflections throughout the
matching stage are used to achieve a destructiggenence for the reflection wave (e.g.,
in anti-reflection multilayer coatings). In the rohing stages based on gradual change
(also known as adiabatic transition), however, itliéal mode passes through slightly
modified intermediate steps that transform it itlte final mode, keeping the reflection
low at all intermediate stages. A main concernrioppsed interference-based techniques
to date is the small range of frequencies or imtidangles over which low reflection is
achieved. In this section, we present a desigrafogflection reduction stage based on
adiabatic transition that is wideband (in frequéntglerant to fabrication imperfections,
compatible with planar fabrication technologies] &as a wide acceptance angle.

In this section, | present a matching stage félecgon reduction based on the
principle of gradual change to efficiently coupight to propagating modes of photonic
crystals (PCs). In adiabatic transitions in elegiagnetic structures the characteristic
properties of the medium vary smoothly in a wayt thare is negligible coupling of the
initial mode to other modes (reflecting or of difet properties) of the structure. In
theory, for such a smooth variation, in the linotr fan infinitely long transition region,
complete transfer of energy is possible. In pragtiowever, the length of the transition
stage is limited, and an approximation to the dtien adiabatic case is achieved.
Furthermore, relatively strong dispersion effeatshie behavior of modes of the PC make
it necessary to consider smooth variation of moagerties in addition to the smooth

variation of geometrical features.
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In the following discussions we will restrict oahges to 2D PCs of air holes in a
dielectric material with a fixed permittivity to ogly with the practical limitations in
fabricating planar PC devices. Thus, design parametre the radius of holes and the
aspect ratio (ratio of the lattice vector in thetperpendicular directions). Assuming that
the variations are slow and following the basic ragpnation in Wentzel-Kramers-
Brillouin (WKB) method [110] the wave in the tratish region can be considered to be
the local mode of the corresponding PC at eachtitmcaThus, to design a smooth
transition, one needs to know how large the mismatc any of the intermediate
interfaces is. To get this information, we firsnea@er the reflection at the interface of
two slightly different PCs shown in the inset ofiie 6.3. Assuming that the difference
between field profiles of the modes at the intexfés negligible, the field in these two

regions can be written as

f.(r) u(r)exp( jk; r) u(r)exp( jk, r)
fo(r)  u,(r)exp( jk, r)

: (6.2)
where the field isf, (r) mEn,z(f) (n= 1,2 shows the region that field corresponds
to) for E-polarization (electric field perpendiculéo the plane of periodicity), and
f.(r) \/_oHn,z(f) for H-polarization (magnetic field perpendicular the plane of
periodicity). The coefficients and represent the reflection and transmission relative
field amplitudes, andi, (r) andu,(r) are the Bloch envelope functions corresponding to

the PC modes. In additiork,, k,, andk, are the incident, reflected, and transmitted

wavevectors, respectively.
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Figure 6.3. Transmission coefficients (E-polariza}i for the light coupling between two 2D
square lattice PCs with slightly different paramete/a = 0.30 and,/a = 0.35, as shown in the
inset) using the direct mode matching simulatiod gnoup-velocity-based approximation are
compared.

AssumingS, S, and S, to be the component of Poynting vector normaht® t

interface corresponding to incident, reflected, madsmitted contributions, respectively,

the boundary conditions at the interface can béewrias

fl (r )| interface f2 (r )| interface (6 . 3)

imerce  Slerace S linerc
The Poynting vector can be related to the groupogl usingS v, in which is
the average energy density of the mode, given by
2 uc|f(r)|2dr/ dr 2 uc|u(r)|2dr/ dr, (6.4)
where the integration is performed over a unit ¢et) of the PC. Starting from this

relation for incident, reflected, and transmittedwers, and using the assumption that the

field profiles in the two regions have negligibiéfelence, one can directly deduce that
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and are real-valued and that |ul(r)|2dr c|u2(r)|2dr. Therefore,

v o/ ® ./ 7, and substituting this into (6.3) results in
(6.5)

wherev,_,, andv,,  are the components of group velocities normahwihterface for

gln g2,n
the PC modes in regions 1 and 2, respectively. dJBiguation (6.5) one can obtain the

reflection coefficient as [126]

(Vgrn  Vg2n)/(Vgrn  Vgan) - (6.6)
This relation relates the reflection at the integfdetween slightly different PCs to the
mismatch in the group velocity of their modes. Eoify the validity of (6.6), we analyze
the reflection for TE polarized light between twd &quare lattice PCs of air-holes in Si
(., 114) with ri/a = 0.30,ro/a = 0.35, as shown in Figure 6.3. The results foeati
calculations (using plane-wave expansion and moatehing method [31]) are compared
with those obtained by group-velocity approximatimnEquation (6.6), as shown in
Figure 6.6. Transmission coefficients (i.e., tratsed power divided by the incident
power) calculated using the approximate relationthis case agrees well (within a
relative error less than 1%) with those of the exatculations.

In PCs, the reflection between slightly differeagions can be attributed to two
sources: the difference between their group ve&sciand the difference between their
field profiles. Thus, design of a smooth transitr@gion (i.e., designing the pattern of
variation for the radius of holes and aspect ral@uld be performed in two aspects: 1)

smooth variation in field profile, and 2) smoothrigéion in group velocity. Here the
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focus is on coupling from an incident homogeneagion to a PC structure. For this
case, the strategy that we propose involves lipllyitchanging the geometry of the PC
structure smoothly keeping the group velocity ihtactil we reach a PC structure with
low dispersion effects, and 2) in the second sténging the structure to match the
group velocity of the incident region. Using thisheme, the field profile matching is

done at first, and then group velocity matchingasformed in the regime that dispersion
effects are no longer strong. To demonstrate tesigth scheme, coupling at normal
incidence from a homogeneous Si region to a sqlagtiee PC of air-holes in Si with

r/a 040 under TE polarization is considered. For thisidatttype, constant group

velocity contours with respect to different valisdshole size and aspect ratio are plotted

in Figure 6.4. Normalized frequency ( a,/ , a being the lattice constant parallel to

the interface) of 0.15 is assumed for the calomtatif the results shown in Figure 6.4 The
path proposed for the adiabatic transition is shbwa dashed line in this figure. Point A
in Figure 6.4 corresponds to the PC structure wWeaplan to efficiently couple light to
(target PC). The path between A and B falls on @stamt group velocity contour, and
each point shown by an open circle corresponds¢ood the intermediate PC layers. The
path from B to C is chosen to have equal reflecéiball intermediate stages.

The approximate length of the matching stalgefor long transition regions,

kL ¢/vg,, . can be obtained based on general approximatibadiabatic transition
[110], as

L 12k, ¢/vg,, nVR,, (6.7)
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in which R, is the desired (or acceptable maximum) powerctdlg, c is the velocity of

light in vacuum, andk, is the free-space wavenumber. Equation (6.7) f8Castructure

is different from the formula for adiabatic tramsit in bulk materials (given in [110]) by
a factor 2 which was calculated by interpolation the simwlatresults to include the
effects of the discretization of the propertiesltd PC structures (i.e., layered structure
instead of a continuous adiabatic change), andlitfierence between initial and final

field profiles in the PC structure (which is noepent for bulk structures in [110]).
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Figure 6.4. Contours of constant group velocitias &/ 015 with E-polarization) for
different design parameters of 2D rectangulardatRCs are plotted. The lattice constant parallel
to the interfacea, , is kept intact and normal incidence (along ytwbrection) is considered. The

dashed line shows the suggested path for an agiataisition and circles highlight the designed
parameters for the successive layers. The grayesheatjion represents PC structures for which
the operation frequency lies inside the bandgap.

Figure 6.5(a) shows the reflection performancehef matching stages designed
for different lengths of the transition for the B@ucture described in Figure 6.4. A
combination of plane-wave expansion and multilayeting analysis is used to calculate

the reflection in these structures. The exponeméédlction in reflection by adding the
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buffer layer can be qualitatively seen from FigGrg(a) at each normalized frequency as
suggested by Equation (6.7). Figure 6.5(a) shoasatbuffer stage with small size (less
than 10 lattice constants) results in consideraklgection reduction over a wide
frequency range. The reflection in Figure 6.5(ajisdes below 16, and we believe the
reason is the discretization error in the numertieahnique. Figure 6.5(b) compares the
angular reflection response of the PC structurénigaa 10-layer adiabatic matching stage
with that of the structure with no matching stagke incident region is a homogeneous
Si medium. It can be observed from Figure 6.5(fat tih a wide range of angle two
orders of magnitude reflection reduction is achielg adding the buffer stage with only
10 layers. To study the robustness of the adiabatitching stage under fabrication
imperfection, Figure 6.5(c) shows the reflectiorrfpenance of a 12-layer adiabatic
matching stage and 50 different randomly pertunmdions of it obtained by randomly
varying the radii of holes in all layers by up t& %sing a random variable with uniform

distribution. Figure 6.5(c) shows that at the ceritequency of . &/ 015, the

reflection remains at the same order of magnitiedie original design. Furthermore, the
modified structures maintain the wideband perforceaexpected from an adiabatic
design.

To summarize, basic physical considerations ingiésy these matching stages
are investigated and a systematic yet simple dgsigcedure is suggested. We show that
matching stages obtained using this method arebaioi® in frequency, have a wide
acceptance angle, and are robust against fabmceatiperfections. Therefore, they are the
preferred choice in general-purpose matching stégdse used along with dispersion-

based PC devices.
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Figure 6.5. (a) Reflection from a square lattice $¥@cture (circular air-holes in Si/a  040)
is shown with no matching stage and with adiabaitching stages. (b) For the same structure,

the angular response of the 10-layer matching/at0.15 is compared with that of the PC with
no matching stage. (c) The shaded region showsctafhs for 50 different random buffer stages
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design.
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6.3. Impedance Matching

The brute-force approach of calculating the reitecat the interfaces of the PC
regions usually, as discussed before, involvesettirect electromagnetic simulation of
the structure in the time domain [107] or using alodpproach [111]. Both these
approaches require massive calculations and gfile insight into the physics of the
coupling process from the incident region to the P@Gde. Here, we propose an
approximate effective impedance model that candael o estimate the reflection at the
interface of a PC structure. We will show that thisdel has two main attractive features:
first, it is independent of the properties of timeident region, and second, it can be
readily applied to analyze different terminatiorigtee PC interface (i.e., location of the
interface relative to the PC unit cell). A diffeteimpedance model, inspired by the
rigorous definition of impedance, has been alreaghprted by Biswas et al. [112]. We
use an alternative definition here based on thématy of power and field that provides
more insight into the physics of reflection and ldaa us to optimize the structure at the

interface to reduce reflection.

6.3.1. Definition of the effective impedance for i&rfaces

To find the reflection at the interface between tdistinctive materials, the
common practice is to apply the continuity of eleotagnetic field (transverse
components of electric and magnetic fields) alomg interface. Alternatively, one can
use a combination of these fields as new paramdterapply the electromagnetic
boundary conditions. We limit our discussion to PO structures with E-polarization
field excitation (i.e., electric field perpendiculéo the plane of periodicity). In this

particular case, we choose continuity of the tatigealectric field and continuity of the
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normal Poynting vector at the interface as the damn conditions. The choice of the
continuity of the Poynting vector at the interfaeacouraged by the physical concepts of
the continuity of power, proves to be more suitdblePCs since the Poynting vector has
the aggregated effect of the periodicity of theidure included in it. Using the analogy
with homogeneous bulk media, the effective impedafoc propagating modes of a PC

can be defined as [113]
‘< Eint>2

where (E,,.) is the spatial average amplitude of the electeiti falong the interface, and

/ 2S.), (6.8)

S is the time averaged component of the Poyntingorazdrmal to the interface. For the

equivalent impedance model to be valid the inciderd transmitted regions need to be
single mode (or they need to have a dominant mdéejhermore, the accuracy of the
model degrades when the variations of the fielcdh@lthe interface in the two regions
(i.e., incidence and transmission regions) difignsdicantly. These considerations limit

the range of structures that our effective impedanodel covers, but the model remains
valid in the vicinity of the first photonic bandgag the PCs, on which most of the

activity in the PC dispersion engineering has Heensed.

To verify the effective impedance model, we conside2D structure in which
light is incident from a dielectric region to artarface of a square lattice PC. The PC
structure consists of a periodic array of air haotea dielectric with normalized radii of
r/a = 0.35 @ being the lattice constant), and its band strectarthe direction normal to
the interface is shown in Figure 6.6(a). Since walyze the structure using a 2D model,
the effect of the finite PC thickness is taken imtccount by selecting the effective
74 for Si as the dielectric material. Here, normatidence is

permittivity of

r
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assumed, and the PC termination at the interfaessamed to go through the middle of
the holes [i.e.yp = a@/2, as shown in the inset of Figure 6.6(b)]. Thsmission results
are shown in Figure 6.6(b) for direct simulatiory (modifying a cascaded grating

analysis [129] to incorporate termination to a peéic structure) and for those calculated
using our proposed approximate effective impedanodel (R [( ; . )/(; ) &

where ; and ,care the effective impedance of the incident regiod that of the PC
interface, respectively). To calculate the effextimpedance, we use plane wave
expansion method to find the eigenmodes of thectire, and then the effective
impedance for each PC mode is found directly frayudion (6.8) for any given location
of interface. Figure 6.6(b) shows that the effectimpedance model provides a very
good estimate of the transmission coefficient ught® point that the reflected grating
orders appear (@ = 0.37). In particular, the transmission charastes in the vicinity

of the stop band are accurately represented bgftbetive impedance model.

One main advantage of the effective impedance medéht it is independent of
the permittivity of the incident region and is aefd only by the properties (permittivity,
geometry, lattice type, etc.) of the PC region. veEoify this, the same PC structure in
Figure 6.6 is used when light is incident from &rgure 6.7 shows the transmission
coefficient calculated with air as the incidentioegwith different terminations of the PC
with good agreement between the effective impedamoelel and direct numerical

simulation visible.
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Figure 6.6. (a2) The band structure of a squarieéaRC of air holesr£0.35) in a dielectric with

. (4 is shown for the direction specified by the arrimwthe inset. (b) The transmission
coefficient (i.e., transmitted power divided by tineident power,T 1 R) of light from the
incident region (,  74) to the PC in part (a) using a direct grating gsial and the effective
impedance model are plotted. The interface is &mtatlf way through the holes (i.g7a/2).

Figure 6.7 shows the existence of high transmisgmmes in the vicinity of the

stop band (around/ = 0.19 in Figure 6.7(a) and arouatl = 0.26 in Figure 6.7(b)).
Such a behavior is of special interest in the d&pa-based applications of PCs, where

coupling of light to PC modes with low group vekycis desired. Figure 6.8 shows the

electric field profile of the relevant mode of tR€ studied in this section at frequencies
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close to the stop band in Figure 6.7. To calculaee PC effective impedance, we use
Equation (6.8) and note that the Poynting vectoelsted to the group velocity normal to

the interface {,,), and the average energy density stored in theume@\e) as

S, Wy, (6.9)
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Figure 6.7. The transmission coefficient of lightident from air (,, 10) to the square

lattice PC in Figure 6.6 is calculated using thedigrating analysis and the effective impedance
model. The interface (dash-dot line) is aty@F 0 and (b), = &2, withy, defined in Figure 6.6.

In Equation (6.9), the average stored energy owartecell W, , is given by

W, % dr (NEM)[, (6.10)

u.c.
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where (r) represents the permittivity, and the 2D integrat® performed over a PC
unit cell (i.e., the structure in Figure 6.8(a)prbining Equations (6.8) and (6.9) results
in
2
‘<Eint>

In Figure 6.8(a) the electric field is more concated in the dielectric around the

/ (AVeVy,) . (6.11)

edges of the unit cell where the interface is ledaContinuity of the electric field along

the interface states that the field along this Isx¢he same inside the PC and in the air.

/\NE air ‘<E>i“ /\NE PC

because of the large value WE in the PC region caused by higher permittivityr) .

2
int

Therefore, using Equation (6.10) one can see tKEt}

Combining this result with Equation (6.11), it isar that impedance matching at the PC-
air interface requires a small group velocity foe PC mode compared to air. This can be
realized by using the PC in the frequencies closié edge of the stop band. Similarly,
in the frequencies above the first stop band, ib& fis more concentrated in the
dielectric in the middle of the PC unit cell as wimoin Figure 6.8(b). Therefore, for these

frequencies and for an interface going throughrtiddle of the unit cell [as shown in

/WE air ‘< E>§“

the edge of the stop band and thus lowering thepk@locity in the PC, effective PC

Figure 6.8(b)], again‘<E>§n

/WE , and by using frequencies close to
PC

impedance of unity for impedance matching to tredent region (i.e., air in this case)
can be achieved. Another important behavior invibity of the stop band can be seen
when the field profile of the PC mode goes to zalang the interface (e.gyy = a/2

interface andy, = O interface in Figures 6.8(a) and 6.8(b), respely). In this case,
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(B

therefore, as we approach the bandgap, the effectipedance of the structure goes to

/\NE has a second order zero at the band edge, whiléas a first order zero;

Zero.
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Figure 6.8. Electric field profiles of the PC modsshigh transmission points are shown for (a)
a/ =0.19 and (bp/ = 0.26. Dash-dot lines show the relative locatbrthe interface for low
reflection, when the incident light is coming frain in each case. The effective impedance of the
PC under study (normalized to that of air) is shdamthe interface with (cy, = 0 and (d)y, =
al2.

Our results clearly show that the PC effective idgree can be considerably
varied by the PC termination at the interface. phssibility to approach both zero and
infinite effective impedances (and thus, any impegavalue in between) based on the

PC termination at the interface provides the opputy to impedance-match the PC to
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any incident region by proper choice of the inteefaIn many dispersion-based
applications of PCs, a low group-velocity mode led PC is of interest and impedance
matching discussed above provides a practical wagchieve reflection-free coupling of
light to these modes. The bandwidth of the highdmaission window (>95%) in this case
is around 10% of the operation wavelength whiclige enough for almost all practical
purposes. Note that this particular impedance nrajchappens in the vicinity of the

bandgap, where other matching schemes face cortiplisa

6.3.2. Approaches for impedance matching

The effective impedance concept can be used tmast the reflection at the
interfaces of PCs with acceptably low error for tnpsactical cases. The fact that an
effective impedance value can be assigned to anfefface (regardless of the properties
of the incident region) makes it possible to asshesreflection for a given PC mode
without going into lengthy simulations and to fittee proper termination or intermediate
stage to suppress the impedance mismatch. Thefute effective impedance model
enables us to describe a unique impedance matatomglition for reflection-free
coupling to PCs, which is of significant value iesthning heterostructure dispersion-
based PC devices. Finally, since the impedanceghef PC mode for different
terminations are not necessarily equal, thereusique opportunity in photonic crystals
to have a PC stage with different impedances atirthet and output planes. Such a
concept does not exist in ordinary bulk materialg] can be used to directly implement
an impedance matching PC layer.

Note that the definition of an impedance valua ®C mode requires that mode to

be the dominant mode of the structure in the rasfgaterest. As a result, the effective
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impedance model discussed in this section worksamdy for single-mode regime in the
incidence and transmission regions. However, thairement for single-mode operation
is also enforced in almost all practical impleméotes of dispersive photonic devices,
and as a result, this condition does not limit @pglicability of the effective impedance

model for practical cases.
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CHAPTER 7
ADDITIONAL CONSIDERATIONS FOR THE IMPLEMENTATION

OF DISPERSIVE PHOTONIC STRUCTURES AND SYSTEMS

In this chapter, | will discuss other issues tha¢ @mportant in practical
implementation of dispersive photonic devices. €hmain issues in planar 2D PCs, i.e.,
loss mechanisms, multimode operation, and crosadpation coupling, will be studied.
In each case, the related possible complicatiofidowireviewed and possible approaches

to avoid them will be proposed.

7.1. Propagation and Scattering Losses

One of the main issues in practical implementatefndispersive photonic
structures is the insertion loss in these strusturbere are three main possible sources of
loss in these structures: intrinsic propagatios,l@sattering loss, and coupling loss. The
issue of coupling loss and some approaches to eeithacreflection loss at the interfaces
have been discussed in Chapter 6, showing that tbeses can be reduced considerably
by using appropriate matching stages. Here, ther siburces of loss will be considered.

The intrinsic propagation loss in planar PC suipe$ has two main sources:
coupling to leaky modes above the light line, anever leakage to the substrate. Power
leakage to the substrate refers to the case taaigtical isolation between the film layer
(in which the main portion of the light is confineelg., the top Si layer in SOI wafers)
and the substrate (e.g., the main Si substrat®©imvifers) is not complete. As a result,
some light leaks to the wafer substrate during @agagion in the planar structure. This
loss in SOI wafers is more when the oxide layéteist and for smaller thicknesses of the
isolating oxide layer. However, this loss is nogngiicant in most practical cases

(typically much less than 1 dB/cm in SOI waferg)d a&an be further reduced by using
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wafers with a thicker layer of oxide. The more impat source of intrinsic loss in planar
PCs is coupling to leaky waves above the light.li@eupling to leaky modes occurs
when we use portions of the band structure aboxdight line, for which one or more of

Floquet-Bloch orders can radiate to the cover bssate region. In this case, the light is
not essentially confined to the film layer, and gwaver is constantly lost to out-of-plane
modes. The loss in this case can be large (~ 10ndBhbut can be simply avoided if we
limit out range of operation on the band structoréhe regions far enough from the light
line. Figure 7.1 shows a typical band structura sfjuare lattice photonic crystal in SOI
on which the regions of leaky substrate and covedesn are marked. Avoiding these
leaky regions is essential in implementing a lossldispersive device in this platform. It
can be readily observed from this figure that bgeroutting the structure (which brings
the leaky condition to that of the air) the rangke possible low-loss operation is

considerably expanded.

0.5 1 15 2 25 3
an

Figure 7.1. The iso-frequency contours of the sécida band of a square lattice planar 2D PC in
SOl are shown (each contour is marked with itsesponding wavelength). The PC has a lattice
constant of 400 nm, and holes of 200 nm in diam@ike thickness of the film Si layer is 240
nm. The regions of leaky coupling to the oxide $t#ts and to the air are marked with solid and
hashed shadings.
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The scattering loss in PC structures is causeddmyniformity of the structure
and presence of defects in the structure thatliosahtter light to unwanted or radiation
modes. The scattering loss in PCs is mainly detexdhby the quality of fabrication and
is ultimately limited to the imperfections in eafdbrication technology. Figure 7.2(a)
shows one of the fabricated structures throughptioeess explained in Chapter 5, for
which some side-wall roughness and imperfectionl@mawobserved. Figure 7.2(b) shows
an SEM image of the top view of one of fabricatéitures. It can be observed in
Figure 7.2(b) that the shape of the holes is ndep#y circular. The deviation is caused
by the exposure pattern of the electron beam wrpirocess in which some resist regions
are exposed more. The two type of imperfectiorsitiated in Figure 7.2 have different
effects on the scattering loss through the strectiystematic deformations caused by e-
beam exposure do not, in principle, affect thegrenince of the device. The may cause
slight deviation from the originally designed stiwes, but as long as the periodicity of
the structure (even with deformed unit cell) isane¢éd no scattering loss is present.
However, local defects, side-wall roughness, orundformities in the structure (caused
either by patterning process or etching procesbyegult in scattering loss.

Another loss mechanism in these structures i®thef-plane loss caused by the
mismatch in the lateral direction of field profile®etween two regions (e.g., at the
interface between an unpatterned Si region witlhaagp PC). This loss can dominate if
one tried to couple directly two modes of differdatieral symmetry. However, in most
practical cases, the lateral mismatch is not aifsignt source of loss, and it can be

reduced by an adiabatic transition between therégmns.
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(@)

(b)
Figure 7.2. (a) Side-wall roughness can be sean iBEM image of a fabricated structure in SOI.

(b) Top view of a fabricated sample in SOI showstayatic deformations caused by the vicinity
effects in the electron beam exposure.

In designing dispersive systems, one of the macisibns to be made is the
choice of the photonic band to work in. As a geh@uaideline, working at lower
photonic bands suffers less insertion loss (frohs@alirces, including propagation loss,
scattering loss, reflection loss, and other soumksntrinsic loss) and is easier to
implement. Furthermore, in the lowest order mod&ehs a possibility to work with a
band which is always confined to the planar stmgct'he drawbacks are that first,
working at lower bands (and thus, lower normalizeedquencies) requires better

fabrication resolution to pattern the PC. Secomd,the lower photonic bands the

123



dispersion effects are in general weaker than higi®tonic bands. The choice of

operation photonic band has to be made considénesg trade-offs.

7.2. Multimode Behavior

To have control over the dispersive propertiesigtt, it is essential to keep the
signal single-mode throughout the platform. Couptio unwanted modes in a multimode
structure can degrade the performance of the sybteadding extra insertion loss (the
power in unwanted modes), and by presence of teeféning signal at the output, which
can be treated as extra cross-talk in the wavdteshginultiplexing devices.

In planar implementation of dispersive devices, thpatterned slab region is the
medium usually used for transfer of light betweaffetent stages of the system.
Therefore, it is necessary to make sure that the stmains single-mode in these
applications. Figure 7.3 shows the range of simybele operation for a planar slab in

SOl wafers.
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Figure 7.3. The range of single-mode operatiorhefunpatterned slab in SOI is shown for (a) Si
on substrate and (b) air-bridge structure (afterasgng the oxide layer).

Depending on the operation point in the band strec it is also possible that a

single-mode input excites more than one PC modgir€i7.4 shows an example of such
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occurrence in a square lattice planar PC excited bgam incident from the unpatterned
slab. The two modes marked in this figure are leodtited in the structure and carry the
light in different directions (and with differenisgppersive properties) inside the PC. It is
also possible for a single PC mode at the outpatfece of a PC structure to excite more
than one wave in the unpatterned region. This rlateese happens when at higher
frequencies the grating-type orders resulting ftbenphase matching at the interface are

not in the cut-off condition.

Figure 7.4. The band structure of a square laRiCein SOI is shown (each contour is marked
with its corresponding wavelength). The PC hagtacéaconstant of 420 nm, and holes of 210 nm
in diameter. The thickness of the film Si layer280 nm. The red line indicates the range of
modes at different wavelengths excited by an intiggane wave coming from the unpatterned
slab on the same planar structure at an incidegleas 32°. Marked arrows show the direction of
propagation of two PC modes excited at the wavétenfy 1550 nm for the above-mentioned
incident wave.

7.3. Cross-polarization Coupling

Another issue to be considered in planar impleatent of dispersive PC devices

is the cross-coupling between different polarizagioAs described in Chapter 2, in
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presence of holes in the planar 2D PC, the mod#seodtructure are not pure TE or TM
polarized, and in general, can be considered asdchyiodes. Therefore, band folding
caused by the periodicity of the structure, canltes coupling between the TE-like and
TM-like modes of the structure. In symmetric slaibustures, these effects vanish
because of different symmetry of the field compdsen the lateral dimension (i.e., the
direction perpendicular to the plane of periodicitiiowever, this is not the case for
asymmetrical slabs (e.g., structures in SOl wafgtBout undercutting) [70]. For such
asymmetric planar PCs, the coupling between TE-dikd TM-like bands, when they
intersect each other, opens a stop band and defooaky the shape of the bands. Such
stop bend, if located within the range of operatican disrupt the normal function of
dispersive PC elements. Figure 7.5 shows an exaofiach coupling between the TE

and TM polarizations for a square lattice PC irb&» wafer.
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Figure 7.5. (a) The first three photonic bands sigaare lattice planar PC in SOI (asymmetric
structure with air on top and SiQinderneath) are shown. The PC structure has bas-haf
diameter 290 nm, lattice constant of 480 nm, ant shickness of 240 nm. The band crossing
between the folded TE-like mode and the lowest Tkd-mode can be seen from this figure. (b)
Contours of the folded TE-like band in the in-pldngpace are plotted, and the crossing line with
the TM-like mode is marked by a dashed line. Is figure, band splitting (and thus, opening a
stop band) at the intersection line results in b@efdrmation in that vicinity.
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7.4. Solutions and Challenges

The issues mentioned above require a clear syrddeglesigning dispersive PC
components and systems. One approach is to undéeyilanar structure (e.g., using
wet etching for SOI wafers) to have a patternetl slarounded by air. Undercutting the
planar structure and hence, making a symmetric B@bvith air on both sides, decouple
the modes with different lateral symmetry and alslaxes the confinement condition
imposed by working below the light cone. The dragisain transforming the structure to
an air-bridge slab are: first, the structure is Isteble mechanically, and second, there are
some losses associated with the interface betweerundercut and on-the-substrate
regions. Also, in a system with multiple componestdective undercutting a portion of
the device adds more steps to the fabrication godagure 7.6(a) shows SEM image of
the output end-face of an undercut SOI wafer. Ia tigure, an array of waveguides is
carrying the light to the output, and partial urmlgting is used to leave supporting $iO
posts for the silicon waveguides (to add to medanstability and avoid cross-talk
between the output waveguides). Another issuerttagt happen for large area PCs is the
bending of the top silicon layer after undercuttifggure 7.6(b) shows an undercut PC
region in SOI. The silicon layer is slightly berst @an be seen in the etched trench in this
image; as a result, further away from the regiangoerted by the oxide underneath, the
silicon layer falls on the substrate of the wafera additional support is included.

Another factor discussed in the challenges wag #iahigher normalized
frequencies (e.g., when working in higher PC bamagltiple waves will be excited as a
result of phase matching at the interface of the H@s multimode behavior disrupts the
designed operation of the dispersive device bystratting some of the power to the
unwanted modes of the slab. The range for whickrqtlane waves are generated can be
simply found from phase matching at the interfage a

Kt kOnslab(l Sin )’ (71)
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in which K; is the smallest tangential wavevector that is gateer by the periodicity of
the PC structurea is the in-plane incident angli, is the free-space wavevector of the
field, andngap is the effective index for in-plane propagatiorthe unpatterned slab. In
the multimode region, because of the presence dffipileumodes that can potentially
carry the light in the reflected region, it is haodmplement an efficient matching stage.
To avoid all these difficulties, one option is teetanother photonic crystal in the incident
region to push the unwanted plane waves to cutHtdfe, we propose the inclusion of
another photonic crystal with smaller period at theface. This additional PC buffer
stage, effectively performs as a region with smmatidex, and prevents the propagation
of unwanted waves. To avoid new wavevectors insystem, the period of the buffer
stage is chosen to be half of the target PC. Nwtliecause of the small period in this
buffer stage, the normalized frequency of operafwerthis region is small, and therefore,
the effective index approximation can be used éndperation range. Figure 7.7(a) shows
the incorporation of such a buffer stage along &ithC. For these structures, the range of
multimode operation is changed to

Kt kO (nbuffer nslab Sin ) ’ (72)

wherenpser IS the effective index in the buffer region. Byooising the size of the holes
in the buffer region to be large, this effectivelex will become small and therefore, the
range of single-mode operation will be extendedisTprocess, in fact, brings the
opportunity to realize regions with smaller (anchtzollable) refractive index into the
integrated platform of the dispersive PC deviceptynby patterning the slab. Note that
the size of the holes and the periodicity in thdfdsustage will be limited to the

achievable spatial resolution and feature sizeékarfabrication process.
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(b)

Figure 7.6. (a) An SEM image of end-face of an S@hple compromising of multiple parallel
waveguides is shown. The structure is partiallyarodt to retain the mechanical support for the
waveguides. (b) An SEM image of a large area PCGa(r5OIl substrate) after undercutting is
shown. Bending of the top silicon layer after urdéting is visible in this image.

Figure 7.7. An SEM image of a PC buffer stage wdedg with a dispersive PC device is shown.
The period of the buffer stage is half of the oréditarget PC, and it effectively operates as a

region with smaller index in this system.
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The solutions briefly discussed above are exampli@gpportunities available by
exploiting the possibilities of “designing” appragte materials in the integrated platform
of our system to achieve better performance andemarsatile functionalities in
dispersive PCs. The available solutions are notoeirse, limited to these suggestions,
and other methods can be thought of to solve pdatic problems faced in

implementation of these devices for each applicatio
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CHAPTER 8

FUTURE DIRECTIONS

The possibility of exploiting the dispersive prapes of photonic crystal
structures to “design” an optical material with pecties of interest is the main direction
proposed in this research. A compact and efficieatelength demultiplexing device as
an example of such applications is designed andodstrated showing the potential of
this approach to implement functionalities withexfprmance superior to other available
device concepts. Developing new device conceptsimptementing them in different
platforms for existing and future desired opticgdtems is the natural direction that can
be imagined as the foreseen future of this workwhat follows, | will briefly address

some extensions to this work.

8.1. Integrated Spectrometers for Sensing Applicatns

Compact on-chip spectrometers are essential comporier integrated optical
sensing that can be considered as a natural appticaf the wavelength demultiplexing
devices developed in this research. Implementatibrsuch devices requires strong
dispersion in the optical materials, which can lealized using unique dispersive
properties of PCs. Possibility of integration, c@uimess, and compatibility with
different host materials are the main advantagd3@based spectrometers compared to
other techniques.

The main difference between the operation oftiddce as a demultiplexer and as
a spectrometer is that in demultiplexers, the apatverlap of the beams at different
wavelength channels directly correspond to thesctalk, while in spectrometers it is

possible to use a post-processing step to elimmaseppress such cross-talk effects. The
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design objective in an on-chip spectrometer forssen applications is to be able to
recognize specific spectral features in the tragssimn response of the interaction device
(e.g., a transmission peak in the spectrum). Enwiental changes (e.g., change in the
refractive index of the region next to a resonatt@r the spectrum of the interacting
device, and this change needs to be detected tisngpectrometer. The scheme that |
propose is to find the correlation of output sigmath training data to recognize the
signature in the spectral response. The schemiatic af such sensing platform is shown

in Figure 8.1.

Detector arra Electronic processir

/ Interaction region

On-chip spectrometer

Sensing device

Figure 8.1. Overview of an integrated optical segsilevice employing an integrated on-chip
spectrometer for spectral interrogation of the aigsn demonstrated. The optical signal is affected
in the interaction region by the sensing mechanmsnd the output from this stage is analyzed
over a range of spectrum using the on-chip spe@temnto recognize the unique signatures left
by the sensing process.

We have fabricated PC demultiplexing structures @ested the performance of
these devices as on-chip spectrometers. Figuréa)8ad 8.2(b) show the response of
the structure and the SEM image of the fabricatedcwre tested for this purpose,
respectively. To investigate the performance ofs¢helevices, the training data is
obtained by recording the output power distribusiom output waveguides at different
wavelengths. The measurement is performed ovemb@frwavelength bandwidth with

50 pm wavelength grid spacing in the training d&asubset of this training data is
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shown in Figure 8.2(a). An additive Gaussian nasséhen added to this data and by
correlating the noise-affected version with all ttraining data, the wavelength is
estimated using a maximum likelihood scheme. Figug$c) shows the estimated error
in locating a spectral peak at the output at diffikmoise levels (the noise level ratio is
defined as the ratio of the noise power at the @Wutpthe average of the signal power in
all output waveguides of interest). Estimation eiirothis case is the standard deviation
of error (the difference between estimated loca#ind the actual location of the spectral
peak) for an ensemble of 60 events. It can be wbddhat the PC spectrometer in this
case is capable of determining the location of $pectral peak with an average
estimation error of 50 pm (at a relatively high seievel ratio of 0.15), as shown in
Figure 8.2(c). Note that the PC structure for gtdample is only 100 m by 200 m in
size. This clearly shows the potential of PCs foplementation of compact on-chip
spectrometers.

Note that the optimal operation point of theseickevas spectrometers is different
from that of the wavelength demultiplexing deviddore detailed analysis of these
structures (see for example, [114]) is needed twoex the possibilities and find the
optimum operation range for these devices. Conisigi¢he current demand for sensitive,
accurate, and efficient integrated sensing dewarekthe unique opportunity offered by
photonic crystals, this is one of the main direasiohat the current work can be extended

to for practical applications of immediate interest
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Figure 8.2. (a) A subset of the training data fofabricated PC spectrometer (obtained by
imaging the output plane of the fabricated devind eecording it at different wavelengths) is
shown. (b) An SEM image of the photonic crystalcspemeter is shown. An array of waveguides
is used to sample the beam profile at the outpameplof the photonic crystal region. (c) The
performance of the PC spectrometer in locatingextsal peak in the spectrum is shown in the
form of wavelength estimation error with respectiie output noise level.

8.2. Multistage Photonic Crystal Devices

Practical implementation of optical systems usugedlquires interplay of several
components, and naturally requires utilizing bothidgd and dispersive photonic
structures. Such implementations, in the particelse of dispersive photonic crystal
structures, require complete control over the d&pa throughout the system. The main
challenges to overcome to reach that point arasthees of compatibility and reliability.

On one side, different components should be dedigoe operation in the same
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consistent platform (e.g., a planar 2D PC with fane thickness), and the modal
properties of the signals between different stadebe system should be compatible. On
the other side, as the number of components okyseem increases, in order for the
entire structure to work as desired, more religbfbr each component (compared to the
case with only a single component in the systemmesded. In this context, designs that
are more robust against possible sources of ezrgr, fabrication imperfection, modeling
error, unwanted interference, etc) become moradive.

Figure 8.3 shows an example of a two-stage PC lighexer. In this device both
PC regions operate in the strong superprism redionthe PC on the top in this figure
operates in the second photonic band and has avpadiffractive index, while the other
PC is designed in the first photonic band and hagsgative diffractive index. Spatial
separation of wavelengths is achieved in both stabat the diffraction effects are
cancelled out by proper choice of lengths of the shtages. This example demonstrates a
more compact implementation of wavelength demwéikiplg devices, and shows some of

the possibilities of dispersive systems consisthgultiple stages.

Figure 8.3. The overview of a two-stage PC demigitigr (fabricated in SOI) based on the
superprism effect and diffraction compensatiorhizven.

135



8.3. Inhomogeneous Photonic Crystal Structures

In this research the main focus has been on #pediive properties of a PC with
fixed parameters. There is, however, a variety miliaations that can benefit from
utilizing another degree of freedom obtained byyway the parameters of the PC and
creating inhomogeneous PC structures. The posgilbdi have spatial variations in an
integrated platform adds significantly to their abpities for implementing systems
based on dispersive application of PCs. FiguresBaw an implementation of a PC lens
in SOI by gradually changing the size of holes isqaare lattice PC. Our preliminary
experimental results show the effectiveness of suthapproach for realizing on-chip
lenses in integrated platforms (focusing of a owmdiied beam is observed using such
lenses). Continuation of this work for new deviaenecepts can lead to unique and
efficient solutions for a variety of functionaliseand applications for spatial-spectral

manipulation of optical beams in the planar intégplgplatform.

Figure 8.4. A PC lens fabricated in SOI is showhe Effective index of the material is changed
in different locations of the lens by changing $iee of holes in a square lattice PC structure.
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8.4. Implementation in Other Material Platforms

A major advantage of the implementation of opt®egdtems through patterning
the structures (as it is done in forming photomgstal structures) is that the device
concepts are not limited to a specific materiakefEthough the majority of the discussion
in this research was focused on the implementatiadevices in SOl wafers, the choice
of platform is not limited to SOI. The same consepan be applied to other material
platforms with the only considerations being théiacgh properties of the material in the
range of interest (e.g., material absorption arichcéve index) and the existence of the
required fabrication techniques to perform the graihg. In particular, two interesting
platforms that can be considered for such impleatenis are the PCs in IlI-V
semiconductors (for the possibility of incorporatiof active devices in the system) and
the PCs in silicon-nitride (for the possibility afperation in the visible range of
wavelengths). The main tools for this extension already developed in this work.
Important applications that can extensively berfediln such extensions include lab-on-
a-chip sensing platforms at visible and UV wavetbngs well as active integrated
photonic circuits. Figure 8.5 shows a PC structiatericated in silicon nitride using

electron beam lithography and dry etching.

Figure 8.5. An SEM image of a photonic crystal siuee fabricated in silicon-nitride is shown.
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8.5. Extension to Three-Dimensional Photonic Crysta

For the analysis of the beam propagation, the saouel (that was developed for
2D structures) applies to three-dimensional (3Dycttires by extending the diffractive
index model to the 3D case and by using the santbadelogy as before. It can be
shown that for each photonic crystal mode in 3D B@se are two principal axes and
two effective diffraction indices. By controllindne properties of the PC, these indices
can be tailored, and this effect can lead to isténg properties in 3D PC structures. A
major advantage of three-dimensional PC structaves the slab-type structures is that
the coupling of light to 3D structures is much egsand they offer more flexibility in
design. On the other hand, fabrication techniqoes3D structures are not as mature as
the slab-type structures that rely on the well-dtigwed microelectronics fabrication
technology. The possibility of using 3D PC struetias dispersive elements expands the
range of applications that can be covered and sriveyv potentials and concepts that
need further investigation. Some immediate praktegaplications of such 3D PC
structures with engineering dispersion include specopy, pulse shaping, spatial-
spectral mapping of optical signals, and dispersiompensation. Appendix C includes
more details on extension of the analysis tooBQcstructures (both the diffractive index

model and the effective impedance model).
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CHAPTER 9

CONCLUSIONS

In this research, the main focus has been onntipdementation and applications
of dispersive photonic crystal structures. To aehighis goal, in the first step, a
simplified analysis tool for modeling these struetiis developed with its main emphasis
being on the spatial distribution of optical begonspagating through photonic crystals.
The resulting diffractive index model avoids vepnd calculations involved in direct
simulation of the devices and transforms the beespamation effects to the well-known
propagation effects in the time and space domaissg this model and focusing on
wavelength demultiplexing as the application ofermest, the superprism effect in
photonic crystals is used as the main physical pmemon for realizing compact
wavelength demultiplexing devices. | have introdlie@alytical relations to describe the
performance of these wavelength demultiplexing ckssi which show that the size of
these structures in the basic implementation of dhperprism-based demultiplexers
grows rapidly for higher resolutions. It is theroam that by combining the superprism
effect with two other dispersive applications ofP@amely, the negative diffraction
effect and the negative refraction effect), it iespible to realize more compact
demultiplexers and avoid stray light at the outpiuthese devices. Both of these features
are crucial in practical implementation of waveldnglemultiplexing devices. The
optimization and systematic design are then peradrfor these devices.

For implementation of these devices, an integratadar platform in SOl wafers
is chosen. Based on 3D simulations of the banctstre and using the diffractive index
model, a PC demultiplexer is designed and fabritatée performance of the device is

then verified by optical characterization. The meament results confirm all the
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physical concepts based on which the device has designed. The demonstrated
demultiplexer (based on combination of the supsmpreffect with negative diffraction
and negative refraction) shows the possibility aalizing the most compact
demultiplexers. A main contribution of this resduaiis the demonstration of the most
compact PC demultiplexer with at least two orddrsnagnitude smaller size compared
to all demonstrated PC demultiplexing structurgsoreed to date. This is the result of
modeling and development of systematic design igals for PC structures in which
multiple unique dispersive properties of PCs ameustaneously utilized (and optimized).
Additional techniques for more efficient implemenda of these devices have also been
proposed and developed. Among these techniques, ntaim contributions are the
development of matching stages for reducing théecedn loss and investigation of
higher photonic bands for improving the resolutminthe wavelength demultiplexing
devices. Finally, important issues for practicalplementation of dispersive PCs for
different applications in general have been adedks3his research open up a new
avenue for the application of PC structures asetlsgpe devices in which it is possible to
engineer the dispersive properties by optimallea@ig the PC geometrical parameters
(periodicity, size of holes, etc.). Thus, it is pide to use and extend the results of this
research for multiple applications in which deledispersive properties are needed.
This new approach that enables “effective” opticahterials with different
properties in a single host material brings a n#svtb the integrated optical platforms
and enables efficient implementation of devices dade for optical information
processing and sensing. Possibility to migrate tteero material platforms (e.g., other
geometries such as 3D PCs or other host matetials &s silicon nitride) with minimal
effort is another advantage of the design concagteloped in this research. Developing
the necessary components to enable the integrationultiple functionalities in a single
platform is one of the main directions to be takenbring the dispersive photonic

structures to real applications.
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A brief summary of contributions of this researoldws:
Development of an efficient systematic approachtiieranalysis of the envelope
of the optical beams propagating inside photonysted structures.
Development of an approximate diffractive index mioidr efficient and intuitive
analysis of the diffraction effects inside periosicuctures
Developing the idea and systematically designingtgtic crystal devices based
on dispersion compensation (more compact and highersolution compared to
the conventional implementation).
Experimental demonstration of the designed photorystal structures based on
combined dispersive effects experimentally (firstrbnstration of a diffraction-
compensated superprism effect with considerabliebeerformance compared to
the conventional basic configuration of superprisased demultiplexers).
Development of a systematic approach to desigrtieffi adiabatic matching
stages for dispersive applications of PCs.
Development of an effective impedance model foickfht analysis and design of
impedance matching stages in PCs.
Development of the model and concepts for dispersapplications in 3D

photonic crystal structures.
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APPENDIX A
DESIGNING PHOTONIC CRYSTAL DEMULTIPLEXERS IN

DIFFERENT REGIMES

In Chapter 4 the optimization and design processafepecific scheme, equal
angular spacing with flexible frequencies (EASRkgre discussed. Such a scheme is of
interest for realizing a spectrometer with posteessing. There are other applications,
however, that require equal frequency spacing. & aeplications, mainly encountered in
communications systems, may require certain speatifins on channel spacing as in
dense wavelength division multiplexing (DWDM), carcwork in a range of channel
spacing, for example in a point-to-point coarse WBydtem. We will develop the design
procedure for these two cases in what follows. Bmtio Chapter 4, the area of the

structure plays an important role, given by

2
8 °K? 1 cos

A ——5——— max g
nl C032 channels H g/ ‘

(A.1)

A.1l. Equal Frequency Separation with Specified Fregencies (EFSSF)

In this case, the frequency separation betweerncadfjachannels is equal. An
example for this case is a DWDM wavelength demiger. The incident divergence

angle can be found as

— (A.2)

with
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channels ‘
[¢]

(A.3)

in which the minimum value is obtained over all wkangth channels in the frequency

range of interest. Using (A.1) and (A.2) along with g/ ‘ for each channel,

the area of the structure is

2

2K 2 cos
A 282 T 2H2 Z max < (A.4)
n; C052 ( ) channels g/ ‘ % g/ ‘
Using ; N , we obtain
2
2 2 2 cosS
A RIKHD L : v @S
nl C032 T channels g/ ‘ % g/ ‘

where 7 is the total bandwidth of the designed deviceah be seen that the area of the
structure increases as the fourth power of the murob channels [87].We can define a

compactness factor as

2 2 4 2 / ‘ — / ‘
n . 9 g
Corgrr TS i 2 . (A6)
128( H T channels cOoS g
with
A N4
CEFSFF
and the incident divergence factor as
E
EEFSFF ;; —EESEE (A-S)

2H N

The quantitieCersrr and Egrser are considered as the figures of merit for supsrpr

based PC demultiplexers in this scheme.
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A.2. Equal Angular Separation with Specified Frequacies (EASSF)

The main difference here, compared to the flexitdguency scheme, is that the
frequency range of operation of the device is givaerapplications such as spectroscopy,
one of the main performance measures for the deiaxer is the frequency resolution
(i.e., how close the frequencies that it can resalke located with respect to each other).
Knowing the number of channels by itself does ngiress the resolution since it has no
information about the distribution of channels mequency. For a single channel,
normalized resolution can be defined as centeu@egy of the channel () divided by
frequency separation of that channel from its aghaachannels ( ;); i.e., ;/ ;for j-th
channel. For a demultiplexer with multiple arbitharspaced channels, we need to
combine these individual normalized resolutions/ ( j) to obtain a reasonable
performance measure that can be used to compdesedif designs. To represent the
performance over the entire spectrum of operatiandefine the resolution measur,
as

R —1 (A.9)

channel§j) i

This parameter, the frequency resolution (or regmiy of the device, is considered here
as a main figure of merit for the demultiplexer. Wse an averaged version of the
resolution to reflect the behavior in the entiregiuency range of interest. Assuming that

the device is designed for a specified frequenogea , then

R N2 N - , (A.10)
avg

The size of the structure is another performancasome of interest in this case as
well. We will use the resolution per unit area as fgure of merit for the following

discussions. Having equal angular separatignbetween channels results in
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=, (A.11)

where g/ ‘ ,— and( ), are the values corresponding to each chapng).(., N).

Hence, the normalized resolution per device aredefned using (A.1), (A.10), and
(A.11) as

R1R2r1122c0§No g/|d

2
min H ( )?.(A12)
A 8K2 - g/ |

Similar to the EASFF casé&?, can be maximized by setting

T 1 (A.13)
2H max g/ ‘ 2H max g/ ‘ N
which results in
n? 2 3 cos 1
R 128:<2H2 . 2 N2 (A14)
;max / ‘

From this relation, it can be observed that thelte®n per unit area decreases as the

second power of number of channdl§ {n this scheme. We can define the resolution

factor as
n? 2 3 cos
128Il<2H2 - RN BNER (A.15)
; max g/ ‘

and this value, , will be used as the main figure of merit in oesigns.
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APPENDIX B
CALCULATION OF REFLECTION AT THE INTERFACES OF

PHOTONIC CRYSTALS

The basic approach for analyzing reflection effett®C interfaces is to find the
photonic crystal modes inside the periodic regiod anatch them to plane waves in
homogeneous medium through electromagnetic bouratangitions. If a plane wave is
incident at the interface, the result of such aalyais is the amplitude of photonic crystal
modes and amplitude of reflected plane waves.

We assume that the photonic crystal has an anpitastice, but one of its lattice
vectors is parallel to the interface. The two t¢atvectors are shown in Figure B.1aas
anday,. The corresponding reciprocal lattice vectors il

K 1 Xle yKly

(B.1)
KZ yKZ

The angle of incidence is assumed to be and the refractive index in homogeneous

region is n . Also, the interface is located gt Yy, with respect to the edge of the unit

cell.
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Figure B.1. The geometry of the setup for calcoathe reflection at the interface of a 2D PC is
illustrated.

B.1. Formulation for E-Polarization

Considering E-polarization in the system showifrigiure B.1, the incident wave

can be written as
Eexpl jkox jku(y o)l expl j(kex +nks ki(y Yo)l. (B.2)
Knowing these values, the general solution in hoenegus region can be written as

Eh Ei Rm exp[ j(kxi mle)X kayy] ' (BS)

m

in which

Oy M

jWnZkZ (k, mMK,)?; ntkE (K, mK,)?

The sign of wavevector in thedirection is selected in a way to satisfy consegovaof
power at the interface (for the propagating wave) being bounded at infinity (for the

evanescent waves).
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The electric field inside the photonic crystal cenwritten as

E T, E..expl j(k, mK)x j(k

t m n

mK,, nK,)y] (B.5)

my,t

with T, being the amplitude of-th photonic crystal mode, and,, being its

corresponding wavevector in tiedirection. E_, is the amplitude o{m,n) component

in plane-wave expansion tth photonic crystal mode. To find the modes extiteside
the PC when a tangential wavevectky, is enforced at the interface, we insert the

Floquet-Bloch form of the PC modes

Er) z  Epexp( jk ryexp[ j(mK, nK,) rl, (B.6)

m n

into the Helmholtz equation,

E(r) k& (NE(r). (B.7)
Therefore,
Km K ZEm 2K oo B, (B.8)
st
in which
k., kK mK, nK,. (B.9)

We can rewrite the Equation (B.8) as

mK, nK,)?E,, k2 E., . (B.10)

(k mle)Z (k m s,n t ' —st

X y

S t
Equation (B.10) should be re-arranged to form germralue problem fag,. If we define

indicesl andJ as

I(mn) mN, n

J(st) SN, t (B.11)

and coefficient matrices
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[1 [ |J]N1N2 NN, 1 msnt? (B.12)

e [&lun,1: & Em (B.13)
K. [K,,] ;K Ko MG T (B.14)
X I3 IN;N, NN, 0 x,1J 0 otherwise J .
. mK, nK,; I J
L T 0 otherwise ' (B.15)
We can write the Equation (B.10) in matrix format a
kyze 2k, [K,]e (K., J? [Ky]2 k[ De O. (B.16)

To solve this equation (which is in the form ofengralized eigenvalue problem), we can
use an auxiliary variable,

u ke, (B.17)

y

which transforms the Equation (B.16) to

ku 2K, Ju (K07 [K,J? ki De O

o0 20 (B.18)
Thus,
U AR KL KK e (B.19)
e [1] [O] €

which is a standard eigenvalue problem, withdnd [O] being the identity and zero
matrices, respectively.

In this problem, the wavevector in tkedirection is known because of
phase matching, and we solve the eigenvalue protaeimd ky. If we assuméN; plane-
waves in theK; direction, and\, plane-waves in th&, direction, we will have R;N,

values fork,. Three conditions for the selection of PC modesukhbe considered: (1)
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real part within a single Brillouin zone (to pregerlinear independence, since
wavevector differing by a reciprocal lattice in faepresent the same PC mode), (2) for
complex modes, imaginary part must be negativeaHermodes to decay away from the
interface, and (3) for real modes, the directio®Poynting vector must be away from the
interface to satisfy conservation of power.

The correct sign of real or imaginary parts of wvevector eliminates half of
the 2\N;N, modes that are found by solving the eigenvalue temuan (B.19). Also, the
remaining N;N, modes can be divided intdl; groups of N, modes, each group
representing one PC mode. We choose one wavevigtoyt of each group (preferably
those which are less affected by truncation) amdths resultindN; modes for the mode-

matching process.
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Figure B.2. Calculated normal components of theewvagtor inside the PC structure for a square
lattice of air-holes in Si are marked by starshi@ tomplex plane. Circular markers highlight the
wavevectors that satisfy the conditions for modedi®n; these PC modes will be used in the
mode-matching process for calculating the reflectio
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Note that the Poynting vector mentioned above és dbace-averaged Poynting
vector of the mode. Unlike wave propagation in amif media, the local Poynting vector
for a PC mode is neither necessarily real, noriabatuniform. To calculate the space-

averaged Poynting vector for an arbitrary 2D P@rtstg with
E(r) z Emn exp( jk ryexp[ j(mK, nK),) r], (B.20)

m n

, (B.21)
=k MK, nK,) zE,exp( jk r)exp j(mK, nK,) r]

the complex local Poynting can be found as
1

S EE H
= 2 [k K, t&,) 2E,.Eexpl (M 9K, (0 DK,)] r}(B.22)
= k K, tK,)E Eexp{ilm 9K, ( DK, 1}

By averaging over the space (over a unit cell) baio

2

(s) ERN e K )| Epe (B.23)

In numerical simulations, in practice, there areaswtonal errors in finding the
right set of PC modes. The cause of errors weherethoosing a mode with the wrong
direction of propagation of energy, or choosingepeated mode near the edges of the
first zone. We basically use two steps to elimintdiese instabilities: first, using the
formula given above for the direction of propagataf energy, only those modes with
the proper direction of Poynting vector are selgct8econd, we consider a slightly

bigger zone, and then eliminate the extra modes largest real part, this way the small
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jitter in the location of the modes (which are doenumerical errors) does not cause
missing a mode or having a duplicated mode.
To satisfy the electromagnetic boundary conditianthe interface, continuity of

tangential electric and magnetic field should hesBad, which means

exp( k) R,expl j(k, mMK)X]

" (B.24)

T, Epeexdl iky mK)X j(Ky, NK)Y,]

t m n

and

jkyi exp( jkx) Rm(jkmy)eXp[ J(ky  mK)X]

"o _ _ _ (B.25)
T, B ( Kmye  INK)EXPL j(ky MK)X  j(Kp,e NK)Y,]

t m n

Eliminating common phase factor in tkelirection, we obtain

o Roexp( jmKx) T Eexpl jmKx j(ky,  nK)y,]  (B.26)

t n

Ki o RoKny®XP( JMKY) T, Epne(kne NK)expl jmKx j(k

t n

nK)y,] (B.27)

my,t

For eachm, the above equations give two linear equatiorexetiore, form n,,...,n

NOLLEELANE

we have 2(2n, 1) 2N, linear equations. If we také 1,...,N,, then there areN,
unknowns for photonic crystal modes ahj unknowns for reflection waves, thus we
have a consisterZN, linear system of equations wi@N, unknowns. This system can

be solved by standard methods of solving lineatesyof equations, and the results give
the amplitude of reflected waves and photonic alysibdes.

For the purpose of simulation, we can rewrite tiredoing system as

A, A, R b

A AT b (B.28)

152



In which A, and A, are diagonal matrices witha,, exp( jk,Y,) and
am K €xp( jK,Y,) as diagonal elements, respectively. For other ficsit

matrices we have

8om  Emn P J(Kpye NK)Yo] (B.29)

n

8om Emng(Koye NK)EXPL j(Kpye  NK)Yo] (B.30)

n

Finally, constant values on the right hand sideystem ared,,, ,exp( jk,Yy, )and
B, Ky mo€XP( jK,Y,). Figure B.3 shows the reflection at the interfaea square

lattice PC of air-holes in Si (witha=0.20) for an incident plane wave coming from a
bulk Siregion with E-polarization. These resulte abtained using the method described
above, and for the definition of reflection coeifiet, a convention similar to the concept
of diffraction efficiency for gratings is used. Tisenulation is repeated for two cases

with different number of plane waves, demonstrativgconsistency of the results.

Reflection, Square Lattice (Si, /a=0.2) - TE Polarization Reflection, Square Lattice (Si, r/a=0.2) - TE Polarization
T T T T T T T

=200 =20°
n = sqr(i1.4) | 12 n = sqn(11.4)

0 ! 1 1 ! ' —
0.15 0.16 017 0.18 0.19 0.2 021 0.22 023
normalized frequency, |

: L L : L T -
0.15 0.16 017 0.18 019 02 021 0.22 023

normalized frequency,

(a) (b)
Figure B.3. Calculated reflection at the interfamfea square lattice PC of air-holes in Si
(r/a=0.20) is shown with the number of Bloch componestained in the simulation being (a)
N;=N,=17 and (b)N;=N,=13. The incident wave is in E-polarization and esnat an angle of

=20° from a bulk Si region to the PC structure.
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B.2. Formulation for H-Polarization

The same procedure as discussed for the E-pdlanzease can be followed to
calculate the reflection at PC interfaces for Hapahtion. For calculating the PC modes

excited inside the PC for an incident plane wawe can expand the field components as

H() J->  Homexp( jk rexp[ j(MK, nK,)r],  (B.31)
0O m n

E (r) E,mn€P( Jk r)exp[ j(mK, nK,) rl, (B.32)

E,(r) Eyymnexp( jk r)exp[ j(mK, nK,) r]. (B.33)

By inserting these relations into the Maxwell's agons,

Er) ] oHM

. : (B.34)
H(r) J  (rE(r)
and using the matrix convention, we obtain
[K. e, Kkl [K,]le ko,
ke, [ 1[K,lh, : (B.35)

ke, [ 1k [K,Ih,
where[ ] []' contains the Fourier coefficients of the inversanpittivity of the

periodic structure, and the rest of matrices folldw same definitions as in the E-

polarization case. If we eliminagg from these linear relations, the result is

kee. [ 1kl [K,]h, O

) B.36
ki[le[ K] k h, k[ [K,Je, O (836

The relations in Equation (B.36) can be readilyaaged to form a standard eigenvalue

problem,
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o (] e Kl [ K, ]

X ex
SO, K IO ki, O B

z

Solving this eigenvalue problem gives us the eig&res and corresponding eigenvectors
of the modes excited inside the PC region. Follgnanmode selection scheme similar to
the one described for the E-polarization case, are fond the set of independent and

physically proper modes to be used in the mode-mragqrocess.
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APPENDIX C
IMPLEMENTATION OF DISPERSIVE SYSTEMS IN THREE-

DIMENSIONAL PHOTONIC CRYSTALS

C.1. Introduction

Recent advances in fabrication of three-dimensi@h@itonic crystal structures,
including layer-by-layer processing [115], direcasér writing by multi-photon
lithography (MPL) [116-118], and multi-beam intedace lithography (MBIL) [119-
121], have made it possible to consider these tsires for a variety of applications.
Activities to realize photonic crystals have beewstty around planar structures because
of their compatibility with well-developed microeteonic fabrication techniques, the
possibility of integration in a planar platform, datheir close connection to already
investigated field of integrated optics. Howevdrwere are applications, including beam
shaping and dispersion control, in which the optigams to be processed are in the free
space. For such cases, coupling the light intoaauridf a planar platform will not be a
cost-efficient solution. In addition, recent advescin materials and fabrication
techniques (such as MBIL, MPL, self assembly, dtaye brought the opportunity to
realize high-quality three-dimensional photonicstays at low cost that can be readily
used as the optical material in these applicatidimese potentials are more versatile,
easier to access, and more cost-efficient in thmeensional structures, compared to
two-dimensional platforms, which motivates focusedearch in this direction. There
have been proposals for photonic crystal devicéldae applications, and to realize them
efficiently, it is essential to have a basic unterding of the effects and a model to

describe the structures of interest.
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The propagation of the optical beams inside theettimensional photonic
crystal structures is the main effect to be studiiednable organized analysis and design
of dispersion-based applications of photonic cigst@he amount of required memory
and computation makes direct space-domain simulaifothese structures, e.g., using
finite difference time-domain (FDTD) method, highhefficient. A modal approach is
more efficient in this case by reducing both thguieed memory and the computation
cost for large structures. It has been shown tbattwWwo-dimensional photonic crystal
structures an effective diffractive index can bdirdel to describe beam propagation
effects in the two-dimensionally periodic structurelere, we will show that such model
can be extended to three-dimensional photonic als/sts well. As a result, it will be
shown that in general for any photonic crystal madtiere are two principal directions
and two corresponding effective indices that déscthe beam properties in the plane
perpendicular to the direction of propagation. Tiedel is used to study some dispersive

applications of these structures.

C.2. Extension of the Diffractive Index Model to 3DPCs

The problem of interest in most dispersive appiicet of photonic crystals is the
modeling of evolution of the optical beams propagatthrough a periodic structure.
There have been models to describe these effegbariicular cases [122-123], but a
more general model is still missing. We try in tlisction to develop an easy-to-use
model that can also provide some insight into trec@ss of beam propagation through
three-dimensional periodic structures. Modal appingarovides a straightforward way of
analyzing these structures by expanding the beagn mwodes of the photonic crystal
structure. This, however, requires a detailed mo@ching process, which can be a
tedious task. At the same time, in most disperbased applications of photonic crystals
we are not interested in the details of the beaaofilprinside the periodic structure. In

most these cases, a description of the behavithieoénvelope of the optical beam is of
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practical interest. It has been shown in Chaptahd& in two-dimensional photonic

crystals an amplitude transfer function (usinglthed structure) can be defined to model
the evolution of the amplitude of the beam inside periodic structure. Here, we extend
the same idea to define the amplitude transfertimmdor three-dimensional photonic

crystals. Local quadratic approximation of the bastducture is then used to define
diffraction indices that describe the diffractiom aptical beams inside the periodic
media.

One main concept that differentiates between thmeetdimensional photonic
crystals and the two-dimensional case is that the in three-dimensional case is in
general vectorial. Therefore, unlike two-dimensionase that field profiles can be
expressed as scalar quantities (by decouplinguweass electric and transverse magnetic
components), in the three-dimensional structureggjeineral, we need to consider the
vectorial nature of polarization state. Neverthgles can be shown [124] that the
polarization of the modes of three-dimensional phmt crystal structures in most
practical cases have Bloch components with wellhe@éf transverse eigenstates. In
addition, these polarization states have smootiati@n over the band structure. As a
result, for the optical beams with limited spasakctral content, we can locally consider
a scalar field by projecting over the dominant paktion state. In what follows, such
scalar model is used in the approximate solutions.

For simplicity we consider a cubic three-dimensloladtice for the photonic
crystal in our derivations. The formulation canééended readily to other lattices and
the results are not specific to the choice ofdattiAssume we have an initial distribution

p,(X y) alongz=z (i.e., a plane normal to tlmaxis) inside the photonic crystal. We can

expand this distribution over photonic crystal mneods

p(xy) ALK U (XY z)explk,x  jk,y)expik,z)dkdk
_ (C.21)
AK,) Enn(ko Ky ) explik, mK)xexpf(k, nK)ylexpli(k, nK)z] dkdk,

m n |
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The spatial Fourier transform of the field disttiom can be calculated as

Plok) Ak Bk k) expilk (k) KTzl y . (€2)
I y Ky MKy

m n

or

P.(K,.k,) Ak, mK.k, nK)E..(k, mK,k, nK)
m n | . (CB)

expilk,(k, mK,k, nK) IK,]z

Assuming that the beam profile covers a limitedcspen around Ky, k)= (K«o,Ky0), we
can extract the envelope of the beam by filterihg high-frequency portion of the
spectrum aroundkfo,k,0) and moving it to the base band by shifting thecsum. The

resulting spectrum of the envelope is

E2I.(kx ' ky) A(kx k k kyO) eXp[sz (kx k k kyO)Zi]

x0Tty X071ty
- _ (C.4)
EOOI (kx kxO ! ky kyO) eXp(jIK zzi)
|
At another monitoring planez  z,, we have
E2 (kx ' ky) A(kx kxO ! ky kyO) eXp[sz (kx kxO’ ky kyO)ZZ]
~ : (C.5)

EOOI (kx k k kyO) eXp(JlK z ZZ)

x0Tty
|

If z, zz 2 qg/K, (with g being an integer), the summation term in Equatighg)
and (C.5) will be exactly the same, therefore

Pk k,) Pk ky)explik,(k, Kok, kyo)z 2)], (C.6)
which means that the effect of propagation frorm to z=2 on the envelope of the beam
can be represented as a phase change in the $glectrain similar to plane-wave-type
propagation with propagation constaki. Thus, the main effect of propagation in

photonic crystals on the beam envelope is the phasations of the modes from initial

plane to the observation plane.
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Based on Equation (C.6), we can write the envelwpasfer function of the

structure fronz=z to z=z plane as

5Zl(x’l(y -
H (k.. k) ﬁ explj(z, z)k,], (C.7)

where k, k,(k,,k, ) is related tokc and k, through the dispersion relation of the

structure at the constant temporal frequency ofdem. The relation is similar to what
was obtained for two-dimensional structures [31lkhwhe main difference being the
extension of the envelope transfer function fromiragle variable function to one with
two variables. Using the analogy with propagationbulk media, we can extend the

relation to the case of beam propagation along tldrection (normal to the constant

frequency surface at the point of operation, parédi v . )as

Pk k)

Hk k) )

expl (. Dk (k, k)], (C.8)

where the directions of, , and are shown in Figure C.1.

Figure C.1. A portion of an iso-frequency surfadeao3D PC in the k-space is shown. The
directions tangential to the interface (i.eand ) and the direction normal to the surfacgdre
defined in this figure.
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Equation (C.8) can be used readily to investig&i@n propagation effects inside
a three-dimensionally periodic photonic crystalusture. The analogy with the
propagation in normal bulk media can be furthelizatil if we express the exponential
term of the spectral response in Equation (C.8@ims of its Taylor expansion. Knowing
that the curvature of the constant frequency sertacthe operation point describes the
diffraction of an optical beam launched at thatnpowe need to find those curvatures.

Using the second order approximation,
k, ko @k ko) alk, kpo) aik ko)’ aslk, Ko)k, ko) a(k, ky)®.(C.9)

a standard method can be adopted to find thesatues [125].

Defining W as the magnitude of the gradient at the operat@mnt, we have
w J1 a5 al. (C.10)

Then the parameters for the first fundamental foam be defined as [125]

E @ a))w
F aaw (C.11)
G (@ a’)w

and those of the second fundamental form can loalleddd as

L 2a,
M a; . (C.12)
N 2a

Using these relations, which are coefficients &f thndamental forms of a surface in the

special case of a quadratic surface, we can cadctia Gaussian curvature as

2
and the mean curvature as
H % EN EéFMFZ GL. (C.14)
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Finally, the two principal curvatures can be cadtedl as

. H JH?2 K (C.15)
, H JH? K. (C.16)

The principal directions can be calculated by itisgrthese principal curvatures in the

characteristic equation,
i v 0 ;i 12, (C.17)

which gives us the principal directions projectedxg plane. From these directions, we

can find the three-dimensional directions whichrayemal to the gradient direction,
no(a, al. (C.18)

Note that in the special case that the two curestare equal (degenerate case),
the choice of principal directions is arbitrary. tiiut loss of generality we assume the
directions of and in Figure C.1 to be along the principal diffractigirections.
Therefore, based on the analogy with bulk mediumil@r to the two-dimensional case

[31]) we can find the principal diffractive indicasthe operation point as

1
ne
Ko 1 : (C.19)
1
ne
kO 2

As a result, for each mode of the three-dimensigmalttonic crystal (at a given
temporal frequency), there are two principal difran directions in the plane
perpendicular to the direction of group velocity fhat mode. A principal diffractive
index can be defined for each of these princip#tatition directions to describe the
diffraction of an optical beam along its correspiagdorincipal diffraction direction. The
diffraction of the beam along an arbitrary direntitoransverse to the direction of

propagation of the beam (i.e., the direction ofugreelocity) can be found using
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1 cos sin
ni() n? n

(C.20)

in which is the angle between the arbitrary direction ¢érest and the direction in

the plane perpendicular to the direction of grogfoeity. The same phenomenon, in
principle, occurs in anisotropic media as well, the extent of the contrast between the
two principal diffractive indices can be much lar@®r instance they can have opposite

signs).

C.3. Analysis of Reflection from Photonic Crystals

The analysis model is the basic mode matching kmiwbe two regions by
expanding the field at each region over Bloch mo&&sse matching condition plays the
main role in describing the modes excited in tlamgmission region for a given incident
wave. The reason we use this mode matching prasedgt it immediately gives us
information on excited photonic crystal modes sashpenetration depth of evanescent
modes and transmission coefficient and wavevedtprapagating modes.

Here, we formulate the problem using the componehtslectric and magnetic
fields tangential to the interface. Other formwdas based on three components of the
electric field or three components of the magnégdd can also be used. All these
formulations are of the same order of complexity fgrm of implementation issues,
required memory and computation cost) but may katefest in particular cases.

The periodic structure of the three-dimensional tphic crystal can be

represented as

r(X’ Ys Z) Imn eXp[ J(IKl mKZ nK 3) r], (CZl)

where K,, K,, and K, are the reciprocal lattice vectors of the thrematisional

periodic structure. For these structures, the Fdod@loch theorem allows us to expand

each mode of the structure as
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H () [-% U..expl j(k 1K, mK, nKj;) r] (C.22)

ol m n

E, (1) SemeXpl j(k 1K, MK, nK.,)r] (C.23)

I m n

in which k is the wavevector of the mode, abg,, and S, are the coefficients of
different Bloch components of the magnetic and tekecfields, respectively. For
simplicity, let

k k IK, mK, nK,. (C.24)

Imn

To find the reflection at the interface, we useir@ad mode matching process to match
the modes of the incident region to those of thetqhic crystal structure. For that, we
need to first find the modes of the photonic crlystaicture excited by the incident wave.
The next step is to match the tangential fieldshatinterface to those of the incident
region to find the amplitude coefficient of eachdeo

Starting from Maxwell’'s equations

(C.25)

and expanding the fields over their Bloch composeasults in

k1S, [k.IS, kU,
[kz]Sx [kx]Sz kOUy ! (C26)
KIS, [k,ISc kU,

and

[k, JU, [k, JU, K[ IS,
[kz]Ux [kx]Uz kO[ ]Sy (C27)
[k U, kU, kL ]S,

In these equations, the wavevector matrices agoda matrices with diagonal elements

k (k IK, mK, nK,) G, and the periodicity matrix[ ], is defined as

u I,mn
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[ ] (1, mn)(au.1,s) ( q)(m r)n s)* (C.28)

Eliminating z components from these relations, assg[ ] [ ] ', gives us
1
k—[ky][ 1k, U, [k, JU,  [k,IS, kU,
0

y

KIS, o T TTRIY, TIU, kU

. . (C.29)
kIS, kIS, kU, kLS,
kU, k0SS, kLIS,
To sort these relations féy, we can defingk,] k, [K,];thus
u, u,
U U
y v C.30
Mg kg (C.30)
Sy Sy
where
1 1.,
K] 0 T T ]
0 K,] DU I OB O
M ) o o (C.31)
SR T KD K K] 0
1 1
I Tk 0 K]

Solving the eigenvalue problem in Equation (C.308)g us the wavevectors of the
photonic crystal modes in tlzdirection as eigenvalue, and corresponding angaiuof
the Bloch components as eigenvectors. Applying ibandary conditions afterwards
gives us the amplitudes for reflected and transwhithodes.

Note that in the case that interface of the phat@nystal (chosen to be thg

plane, without loss of generality) contains two tbé lattice vectors of the photonic
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crystal structure (which is the case in most pcatsituations), the third reciprocal lattice
vector,Ks, will be along thez direction, and this eigenvalue problem is reduhdsince
theoretically ifk;s is a solution, so & +nKs (n being any integer number). This is the
case that we will be considering in what followsefe are two conditions that a PC
mode has to satisfy to be considered as one gidksible modes excited inside the PC.
First, the direction of energy for that mode sholddaway from the interface. Second,
the amplitude of the mode should not grow towarfthity. Moreover, considering the
redundancy in the modes calculated in the prevemasion (wavevectors differing by a
multiple of the lattice wavevector represent thmmed@C mode), onlyN4N, modes are
eligible to be included in the mode matching preo@s andN, are the number of plane
waves retained for Kand K reciprocal lattice vectors, respectively).

In the first step we need to calculate the Poyntiector for each of the PC modes

calculated in the previous section

S, —E, H, . (C.32)

Therefore, the Poynting vector normal to the irtegfcan be calculated as

S Zi u's, U's, . (C.33)

z

The sign of Poynting vector determines whether riftede has its power propagating
toward or against the interface. Only those PC mmodeich take power away from the
interface are physically acceptable according tawgyoconservation requirement. Thus,
we retain A;N, PC modes which are not redundant and satisfyabsatity condition, in

the photonic crystal region. In the incident regionaddition to the incident plane wave,
we considemMN;N, TE plane waves an;N, TM plane waves for reflected orders from

the PC structure. Therefore, the field matchingadigns can then be written as

2N;N,
U ™

Im ,OOU i ,00x U rTEnx r,Imx at U t,Imnx eXp[ J (kzt nKz)Z] (C34)

t1 n
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2NN,

Im ,OOU i 00y U rTE‘ny U :—'I\:I‘ny at U t,Imny eXp[ J (kzt nKz)Z] (C35)

t1 n
TE ™ 2Rl i k K
Im ,OOS| ,00x Sr ,imx Sr ,imx at St,lmnx eXp[ J ( zt n z) Z] (C36)
t1 n
S, ST o§M ik, nK C.37
Im, 00~ ,00y r,imy r,imy at St,lmny eXp[ J( zt n Z)Z] ( ' )
t1l n

In these relations, the TE and TM components oféflected plane-waves satisfy

St 1K imX Koy ¥) 2 (C.38)
KUTE Ko SIS (C.39)
UTi 1K mX Koy ¥) 2 (C.40)
Kon?Sim Uiim Ko (C.41)
in which
Keme PR Kl K2y - (C.42)

By solving the linear system of equations in (C-84)37), we obtain both the
amplitudes of the reflected plane-waves as welthes amplitudes of the PC modes
excited in the photonic crystal region. In this Wowe will use these relations to analyze
reflection at the interface of different photoniystal structures and to investigate some
of the effects associated with that.

Figure C.2 shows schematically a cubic woodpilecdtire that can be realized
through direct laser writing in a polymer materiéhe calculated reflection spectra for
both transverse electric (TE) and transverse magii€M) incident polarizations are
shown in Figure C.3. In our simulations, we havedus plane-wave components for the
expansion in each direction. The calculated va@l#ained at this size have an error of
less than 5% in the reflected order powers, whighsufficient for most practical

applications. It can be seen that at low frequen@a average index model can be used
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to describe these reflections. At frequencies i vitinity of the bandgap, however,
strong Bragg reflection is observed. Inside the siand, total reflection of the wave to
the incident region is observed (note that a saefimite photonic crystal is considered in

these simulations).

A

fyay

% f,a,
a, i AX
ay

(@) (b)

Figure C.2. (a) Schematic demonstration of thecwmodpile lattice considered throughout this
appendix is shown. Lattice constants and fillingtdas in different directions of this lattice are
marked on this figure. (b) The setup for reflect@aiculation is shown, with being the angle
between the incident wavevector and the normalhtointerface 4), and being the angle
between the plane of incidence andsxthaplane.
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Figure C.3. Reflection at the interface of a cubioodpile photonic crystal structure with
. 25,f=1,=0.3,f,=0.5a=a,= a anda, = 1.2a is shown withz,=0 at normal incidence.

Two cases with TE and TM polarizations (i.e., alecfield and magnetic field along the

direction) are considered with incident wave comgither from the air (; 1.0) or substrate

(; 25)regions.

C.4. Effective Impedance Model

Analysis of reflection using the rigorous method\pded in the previous section
gives the exact solution (within computational tamions) for the reflection at the
interface of a 3D PC. However, the process is cdatmnally intense, and provides
limited insight into the process of reflection dtetinterface of the PC. We have
previously proposed an effective impedance modelthe analysis of reflection at the
interface of 2D PCs [113]. The effective impedanmael suggests that the continuity of
field and conservation of power at the interface aeeded for an impedance matching
condition (to couple the light efficiently into @mut of a PC structure). Here we extend
this model to analyze reflection at the interfaé@D PCs. For simplicity, we consider a
TM-polarized incident wave (with magnetic field pendicular to the plane of

incidence), and define the effective impedanceaf®ilC mode as
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25 (C.43)

(Ha)

where(H,,) is the average tangential field of the PC modegtte interface, an8, is

the Poynting vector of the mode normal to the fate. Note that the effective
impedance is defined for each photonic crystal made depends on the interface at
which the PC is truncated. Therefore, by choosimg incident region or a different
termination of the PC, it is possible to realizeimpedance matching condition to couple
the light completely into the PC structure (with redlection). Note that the definition of
this effective impedance requires that both thademt region and the transmission
region to be single-mode. In low-contrast 3D PCaallg more than one mode are
present, but the polarization of the incident waae be selected such that excitation of
other modes is negligible.

Figure C.4(a) shows the calculated reflection fgulane wave incident from a

bulk medium with =~ 25 to a cubic woodpile PC witha, a, a, a, 12a,

f, f, 03, and f, 05 (parameters as defined in Figure C.2) with TM decit

X y
polarization at an angle 7 ; the interface of the PC is assumed to bejat 0.75a, .

Both results from the rigorous mode-matching scheand the effective impedance
model are plotted in Figure C.4(a) and are in \gogd agreement. Figure C.4(b) shows
the effective impedance of the PC modes excitedlifrent frequencies in Figure
C.4(a). The impedance matching condition in thigufé occurs around normalized
frequency of 0.34 which corresponds to the comglatgsmission range in Figure C.4(a).
Another important behavior in the effective impedamf PCs is that in the vicinity of
mode gap (depending on whether the average fietth go zero or a finite non-zero
value), it is possible to obtain very large or vemgall values of effective impedance to

match the PC modes of interest to the incidenoregi
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Figure C.4. (a) Calculated reflection for a planaves incident from substrate (  2.5) to a

cubic woodpile PC witha, a, a, a, 12a, f, fy 03,and f, 0.5 (parameters as

defined in Figure C.3) with TM incident polarizati¢magnetic field along thg direction) at an
angle 7 is shown. The interface of the PC is assumed wtt®z 0.75a,. (b) Calculated
effective impedance of the photonic crystal modested in (a) is shown (marked by stars) and

compared with that of the incident region (dasheel)!

Figure C.5 shows the reflection from the PC in FgC.4 for two different
terminations atz, 025a, and z, 075a, along with the calculated effective
impedances. It can be seen that the behavior ofeffextive impedance is highly
dependent on the choice of the interface. In palei¢ by controlling the location of the
interface, it is possible to move the high-transiois range (in the vicinity of the
impedance matching condition) to different frequerenges for specific applications of

interest.
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Figure C.5. Calculated reflection for a plane waadent from air (,  1.0) to the same cubic
woodpile PC in Figure C.4 with TM incident polarimm at an angle 7 is shown. The
interface of the PC is assumed to bezgt 025a, in (a), and the corresponding effective
impedance is shown in (b). The calculated reftecand effective impedance for an interface at
z, 0.75a, are shown in (c) and (d), respectively.
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