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Abstract

The objective of this thesis was the design, fabrication and optical investigation
of a novel type of one-dimensional photonic crystal structures for application in
integrated Silicon microphotonics. This thesis reports on new and unique optical
properties of the developed ultra-wide pass-band filters based on multi-component
photonic crystal model and thermo-, electro-tunable filters based on micro-cavity
photonic crystal resonator model.

For the first time, the formation of the flat-top regions of transparency, pass-
bands, was experimentally demonstrated for the grooved Silicon photonic crystal
reflectors using the multi-component model. Using this method for the decrease of the
optical contrast in photonic crystals allows omni-directional photonic band gaps to be
obtained in high-contrast photonic crystal structures. The multi-component model
enables easy and precise engineering of the optical contrast of the grooved-Silicon
photonic crystal. This achieved, not by filling the air grooves with refractive index
matching liquid, but via appropriate selection of the thickness or refractive index of the
additional materials.

The proposed novel design of the electro-controllable band-pass integrated
filters is based on the defect-free one-dimensional Silicon photonic crystal model and
liquid crystal opto-fluidic technique, which allows the realization of the individual
optical defects, microcavities, with tuning capabilities. By either varying the
temperature or by application of electric field individually to each microcavity of the
device the continuous precise tuning was demonstrated, which possess: i) the widest
tunability of the resonance peaks known to date and ii) a unique fine electro-
controllable tuneability of individual resonances in the system. Most importantly, only
small change of the refractive index of liquid crystal is sufficient for realization of this
tuning.

Finally, a model for investigation of the photonic band gap deviations caused by
structural fluctuations in fabricated one-dimensional photonic crystals has been
elaborated. It was established that the deviations of the photonic band gaps strongly
depend on the magnitude of the structural fluctuations and increases with an increase in

the order of the photonic band gaps. The approach has been proposed for the
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determination of the fabrication tolerances and optimization of the photonic band gap
properties of the fabricated photonics crystal structures.

The optical effects demonstrated have practical applications in integrated Silicon
microphotonics. The models developed in this work can be applied to the design of one-
dimensional photonic crystal devices of any micro- and nano-structured semiconductor
or dielectric materials for application in optical-interconnects, biochemical sensing,

medicine, defence and security across the entire electromagnetic spectrum.
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transmission bands (T>0.99), denoted as TBs, for the multi-component PhC with
n=1.5and d,=0.13a. b) The transmission spectrum T for the same multi-component
PhC for f;=0.117. The calculation is performed at normal incidence of light with
NUMBEY Of PEPIOAS INT5. .....c.cuoviviiiriviniiinisinniiniissssssstessssstesssssasssssesssssassssesesssessanss 62
Figure 3-15: a) The GMs of PBGs (denoted as SBs) and maps of TBs (denoted as TBs)
for the multi-component PhC with additional t-layer of refractive index of n,=1.5
and thicknesses (a) d,=0.20a and (b) d,=0.33a. The calculation is performed at
normal incidence of light with number of periods N=35............c.ccccevurvervvnnuervennnens 63
Figure 3-16: The GM of SBs (R>0.99) for TE-polarization (light regions) and map of
TBs (T>0.99) for TM-polarization (dark regions) for the multi-component PhC
with d, =0.2a in a wide fs; range (a) and in limited fs; range (b). The calculation is
performed at angle of Moidence O=0B10 ... iiunsansisgpomd s 65
Figure 3-17: The T spectra for fs;=0.18 calculated for the multi-component PhC with d,
=0.2a at angle of incidence 0= 60°. The formation of TB for TM-polarization and
SB for TE-polarization at NF=1.62 demonstrates the transformation of the PhC
into TM-polarizer in transmission mode and TE-polarizer in reflection mode...... 66
Figure 3-18: 3D representation of (a) flat-top SB centred at 0.8NF in the range of
filling fractions fs;=0.25-0.33 before oxidation and (b) flat-top pass-band centred
at the same frequency calculated for the same device after oxidation in the range
fsi=0.10-0.17. The thickness of SiO; is dsij02= 0.180. .......coouvveeveeveeeeciesiereerrenn 68
Figure 3-19: (a) The GM of SBs with R>0.99 (light regions) and map of TBs with
T>0.99 (dark regions) calculated for fabricated filter based on PhC structure (air-
Si0,-Si-SiOs-air) with N=3 for mid-IR. (b) The same maps, demonstrated in the
limited range of A and f*s; for clarity. The dispersion of SiO, in MIR range and
normal incidence of light 0=0° are taken into account during calculations. ......... 70
Figure 3-20: SEM image of photonic crystal filter based on grooved Si with thermally
grown SiO; of thickness dsi0;=0.72um. The lattice period a=4um........................ 71
Figure 3-21: Experimental (dashed line) and calculated (solid line) (a) R and (b) T
spectra of the band-pass filter based on PhC structure (air-SiO»-Si-SiOs-air)" with
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N=3 demonstrate the transformation of the SBs at 3.5 um and at 4.8um into the TB
at the wavelength A= 4.2 M. ........ccocceevieiiiiiiiinieieeeeeeeeee et 71
Figure 4-1: Schematic fragments of (a) defect-free 1D PhC and 1D PhCs with (c) single
and (e) triple optical defects. (b, d, f) The TMM simulated reflection spectra for the
sixth order SB are demonstrated in normalized wavelength units NW=Xa ((b)
lower scale) and normalized frequency NF=a/ . ((b) upper scale). The value of
filling fraction is 0.243 and the refractive index of defect is ncavl,2,3=1.5 (light
green line) or ncavi, 2,3=2 (black line). R spectra of the single 1.5 periods FPRs
are aiso shown for comparison (dashed lNES). .......cusvssosssovsosssorbororsssissorsssensors 79
Figure 4-2 : (a) Map of stop-bands (shown by red contour with symbolic numeration)
with R>0.85 and regions of transparency (black contour) with T>0.99 for 1.5-
period PhC or FPR (shown in insertion). The incoming and outgoing media are
air, ns;=3.42, and the incidence of light is normal. (b) The R spectrum for f=0.11
with few largely-modulated resonance peaks between SBs la-1b, 2c-2d and 2d-2e.
(c) Spectrum R for fs;=0.4 demonstrated the absence of narrow resonance peak
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Figure 4-3 : (a) The map of stop-bands(oval-like figures) and transmission bands(lines)
for 1.5-period PhC (FPR) based on 3-layers model “Si-LC-Si” with two values of
npc=n;=1.49 (red contours for SBs and pink lines for TBs) and npc=n;=1.69
(black contours for SBs and grey lines for TBs). Reuoy =0.85, Teuoy = 0.99. (b)
Spectrum R calculated for fs; =0.06 and demonstrating the cut off line of R values,
used for drawing of SBs map. (c) Fine tuning of peak positions and stop-bands

with variation of nic from 149 to 1.69. Relative peak shift
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Figure 4-4: (a) The map of SBs for 3-period PhC “Si-air” (black contour) and 3-period
PhC “Si-air” with LC “optical” defect (red contour) with njc=1.49.................... 85

Figure 4-5: R spectra for fs;=0.15 (b), 0.4 (c) and 0.6 (d) (see GM in Figure 4-4). ..... 86
Figure 4-6: The map of SBs for 3-period PhC “Si-LC” with nyc=1.49 (red contour) and
ALl LSOOI LIS st s svmminssssssnimssvaviomssintsasissiasissnsinns sabnissaiensiaetussdss 86
Figure 4-7: (a) The map of stop-bands (Rcuog=0.85) for 3-period PhC “Si-LC” (see
insertion) with tunable LC optical defect at nic=1.49 (red contours) and 1.69
(black contours). (b) Reflection spectra, R for fs;=0.05 with nyc=1.49 (red line)
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and 1.69 (black line); (c) the extended transmission spectra, T, with relative peak
shift of ANF/NE = 9. 1% 01 SB C. .....oniosmcsismincsismmmrsassissym smbrissniissmsnsissmsssspimnins 87
Figure 4-8: SEM images of air-resonator, fabricated on SOI platform, using (110)Si,
with (a) reservoir for LC infiltration and b) the cross-section of the resonator edge.
Depith af SI-walls 18 hg=2000. ... asdiscisssmesssstssisismimsasimssenvsssiosaics 89
Figure 4-9: Schematic presentation of Fabry-Pérot resonator, consisting of two Si walls
separated by (a) a gap and infiltrated with liquid crystal molecules with different
alignment: (b) vertical planar, (c) horizontal planar, (d) isotropic, (e) homeotropic
and (f) horizontal planar With Qir VOIAS. .............c.coeceeeveeeveivieeiiieiiiesiieesieeeciaessnenns 90
Figure 4-10: The (a) experimental and (b) calculated reflection spectra for air (dashed
line) and LC (solid line) resonators. For spectrum, shown in (b), n.,,=1 (dashed
line) and nyc=1.72 (solid line) for ds=1.2 pum and d.qov=3.4pm. The height of Si
WAL S By Sl L. svvinanssannsmninsssssussiobivs shsmmsasmeos i s sassich e RE R s SRR oS xSk e s 92
Figure 4-11: The (a) experimental and (b) calculated reflection spectra for LC-
resonator for E-(solid line) and H-polarization (dashed line). Calculated spectra

with nyc=1.72 (solid line) and nyc =1.53 (dashed line), ds;=1.2um and d.q,=3.4um.

Figure 4-12: The (a) experimental and (b) calculated reflection spectra in NIR range
Vs wavelengths (1O FIGURE 4-]0) v cinisoimnisisome sesasissds s sasissesisssmssission 94
Figure 4-13: The (a, b) experimental reflection H-spectra of empty (dashed line) and
LC (solid line) resonator vs. (a, c) wavenumber and (b, d) wavelength. (c, d)
Calculated spectra with n=1 (dashed line) and nyc =1.53 (solid line). SEM images
of the resonator: (e) the top view and (g) a sidewall roughness, obtained after
BRIE of (100)5E, her= 2000, s onvsinviniosiiss s ons st s 96
Figure 4-14: (a, ¢) The experimental reflection spectra of LC resonator, demonstrated
the effect of thermo-tuning, namely the transition from LC mesophase at 20 °C
(dashed line for H- and thin line for E-polarization) to the isotropic phase at 65 °C
(thick line). (b, d) Calculated spectra with nyc=1.67 (thin line), nyc =1.54 (thick
line) and nic =1.5 (dashed line). d.qy =3.6 pm, ds;=1.2 pm and hs;=50 pm........... 98
Figure 4-15: SEM image of the top view of the FPR fabricated on an SOI wafer. ...... 100
Figure 4-16: FTIR (a) reflection and (b) transmission spectra of the FP resonator with
LC filler for E-(thick line) and H-(thin line) polarizations in the absence of an
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applied electric field. The resonator parameters are: width of Si walls, ds;=1 um,
VI WEGLIIT @ = O T hsmabon o iavsss o nines ih i ansh dosn ashp s R S S s ams SRR 101
Figure 4-17: Experimental (a) reflection and (c) transmission spectra in E-polarization
in the absence (0V — thin line) and presence (10V thick line) of an applied electric
field. The spectral shift observed demonstrates the reorientation of LC molecules

in the FP-cavity from planar to homeotropic alignment, b) Calculated reflection
spectra, obtained from the best fit, for two values of n.., shown beside the curves.
Resonance peaks are seen at 1800, 2320 and 3400cm™, corresponding to 5.6, 4.2
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Figure 4-18: Smooth tuning of the position of the resonance peak from 3330 cm™ to
3550 em™ for E- and H-polarization (dotted line). The applied voltage is shown in
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Figure 4-19: (a) Experimental and (b) calculated E-polarized spectra of the FP
resonator with ds=0.6 um and d..,=7.4 um without electric field (thin line) and
with an electric field generated by an applied voltage of 15 V (thick line).
Application of a voltage of 15 V results in a shift of the resonance peaks across the
spectral range. The best fit is obtained at Anyc = 0.17 (nyc = 1.51, 0V)) and (nyc =
7ot 1 R, B T v e N SO TR I L8 ST M S oe ) 105
Figure 4-20: Smooth tuning of the resonance peak from 1700 to 1880 cm™ in the
experimental reflection spectra of the FP resonator (from Figure 4-17) with a
maximal relative shift Of AA/A =10%. ........ccuuueeeueeeuineeeireriercienseesseeseesssessseessenas 107
Figure 4-21: (a) Schematic view on the variation of the refractive index of LC E7 in the
cavity under an applied voltage V (see Section 4.3). (b, c) The controlled variation

of the ncav(1), ncav(2), ncav(3) that can be realized in triple-cavity system. 109
Figure 4-22: (a) The GM of Si 1D PhC with a triple cavity with
ncav(i)=ncav(1l)=ncav(2)=ncav(3)=1.63 in a wide range of NW. The triple
resonances within the first order SB calculated for (b) fs=0.1, (c) f5=0.2, (d)
fsi=0.3 and a=573 nm. The estimated channel spacing, 15,23 and FWHM of each
individual resonance are also demonstrated. ..................c..ccccocuecuevinecvucnennnnns 111
Figure 4-23: (a) The cavity refractive indexes ncav(1,2,3)versus relative channel
position shift normalized to the original channel spacing. (b) Continues tuning of

the central channel for An=-0.026 (red dashed line), An=-0.013 (red dashed
dotted line), An=0 (black line), An=0.013 (thin blue line) and An=0.026 (thick

xviii



blue line). (c) The GM of T=100%, calculated for An=-0.026 (red dashed line) and
An=+0.026 (blue line). Optimal design region is shown by ellipse. .................... 114
Figure 4-24: (a) The cavity refractive indexes ncav(1,2,3) versus the ratio of the
channel spacings, As12/2s23. (b) Continues blue shift of the edge channels with linear
decrease of the central cavity refractive index,ncav(2), by, An=0.02 (thin black
line), An=0.052 (dashed blue line), An=0.11 (dashed dotted blue line). The triple
channels, for An=0, are also demonstrated (thick black line). (c) Continues red
shift of the edge transmission channels with linear increase of the central cavity
refractive index,ncav(2), by, An=0.02 (thin black line), An=0.052 (red dashed
line), An=0.11 (red dashed dotted line). (d) The GM of T=100%, calculated for
An=-0.052 (blue line) and An=+0.052 (red dashed line). .................c.cccuecu...... 117
Figure 4-25: (a) The cavity refractive indexes ncav(1,2,3)versus the edge channel
intensity I; 3 normalized to the maximum original intensity Ip=I, (lower scale) and
versus the relative channel spacing shift normalized to the original channel
spacing (upper scale). (b) The precise attenuation of the edge channel intensities,
1,3 for An=0.015 (red line), An=0.03 (green line), An=0.05 (blue line), An=0.07
(cyan line) demonstrated for the fs;=0.2. (c) The GM of T=25-100 %, calculated
Jor An=0.06. (d) The attenuation of the edge channels for An=0.06 and f5;=0.35.
(e) Fine attenuation from 100 % to 90 % for An=0.005 (red line), 0.01 (green
line), 0.015 (blue line) demonstrated for the fs=0.2. .........ccovvevvurvvenvrereersernenn. 119
Figure 4-26: (a) The SOI-based chip design of the triple-coupled defect photonic
crystal filter filled with nematic LC (green colour) and metal contact pads (yellow
circles). (b) SEM image of the fabricated defect-free 1D PhC with three-channels
connected to 2nd, 4th and 6th grooves. (c) SEM image showing a view on the
channels from the cone-shape cavity designed for LC infiltration........................ 120
Figure 4-27: (a) SEM image demonstrates the structural deviations obtained for the
defect-free 1D PhC with a=900 nm, fs;=0.4. (b) Transmission spectra of the
originally designed triple-defect device (black line) and of the fabricated device
with structural deviations of +0 ds;=20 nm (red line). The refractive index of all
cavities ncav(1,2,3)=1.63. (c) A precise adjustment of the edge channels by
decreasing the refractive index to ncav(1,2,3)=1.60. (d) Final adjustment of the
central channel With AB=0.01. . it srvsmsmimessntssbsssyessssiss sesasssmsans 121

XiX



Figure 5-1: Schematic diagram of a seven-period, 1D PhC with a lattice constant
a=dy+d; and an optical contrast of ny/n;. A wall thickness with fluctuation (dp);
in the H-component appears in each lattice period, causing a variation (dy); in the
E-COMPOTERLE O RE STTHEIUIE, - s oo sisisssssssiswsinnssmasininsashacinsihasssasosbiisigss sniods w5 128

Figure 5-2: (a), (b), (c) R and (d), (e), (f) T spectra of an ordered PhC based on a “Si-
air” structure for (a),(d) fy=0.23; (b, e) fy=0.5 and (c, ) fu=0.08. The number of
lattice periods, N=7, the incoming and outgoing medium is air and a normal
incidence of light is used for these calculations. The numbers correspond to the
order number of the PRGOS [Fami THUTIIE 5-3. .....cvnuissoisssssssssssssssmmssomsnssassnsssassanss 130

Figure 5-3: Gap Map for ordered PhC, based on “Si-air” structure, with N=7. The
lines, intersecting the PBG regions labelled with the numbers shown, are

demonstrated for fy =0.23 (dashed line), fi =0.08 (dotted line) and 0.5 (short

RUOTEE BABH iihie e o ot 5655 Basisioussastonebndaninss oxsnuss smssonmsst sups suresersessshs 131
Figure 5-4: Histograms for 12 types of thickness fluctuation distribution values o, for
an eightwall PhC with standard fluctuation 0=0.00. .........ccisvsesssismseosssssssssssssin 134

Figure 5-5: Gap maps of an a) ordered (thin line) PhC (from Figure 5-3) and a
disordered (thick line) PhC with standard random thickness deviation of the walls
of 6=0.05. The fluctuation distribution used is type 1 from Figure 5-4(a), (b) Gap
maps under identical conditions to those in figure (a) but with fluctuation
distribution of type 8 (Figure 5-4(h)) and (c) type 6 (Figure 5-4(f). Wall
[fluctuations are proportional to wall thickness. The dashed line corresponds to
fu=0.23 and the dotted lines correspond to fr; = 0.08, 0.5 and 0.71. ................... 135

Figure 5-6: Transmission spectra T for ordered (black line) and disordered (grey line)
PhCs with filling fractions a) fy =0.08, b) 0.23, ¢) 0.5, d) 0.71, with corresponding
thickness fluctuations 0dy=0.004a, 0.0115a, 0.025a and 0.036a and fluctuation
distributions of type 1 from Figure 5-4(a) and Table 5-1. Numbers inside the dips
(PBGs) correspond to the number of the PBG shown on the gap map in Figure 5-
s s b mvon s e L T L L 137

Figure 5-7: T spectra for ordered (black line) and disordered (grey line) PhC with
[fluctuation distribution of type 8 for a) fy=0.23 and b) fy=0.5 with thickness
fluctuations ody =0.0115a and 0.025a, reSpectively. .............ossseessrissessssmmsonssssins 138

Figure 5-8: T spectra for ordered (black line) and disordered (grey line) PhCs with
filling fractions of a) fy=0.23, b) fy=0.5 with corresponding thickness fluctuations
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ody =0.0115a and 0.025a. The fluctuation distribution of type 6 from Figure 5-4(f)
WS TUSBL. oveervornesorsrssnussssonsansmnossrassnshssnnsnsonsssnisssonsssagsnaasnennsssasasessnbons vonsstsonaornints 139
Figure 5-9: Gap map of ordered (black line) and disordered (grey line) PhC with a
standard deviation in thickness 0=0.2 and fluctuation distribution of type a) I and
b) 6. The value of the fluctuation ody=0.016a is constant for different wall
PRICRTIOSBEN. osiviviioninsssomssbsdnonsinsussinessansass svss s R snEy s v sl Re s AR s saasaassthys 140
Figure 5-10: T spectra of ordered (black line) and disordered (grey line) PhC with
fluctuations of type 1 for a) fy =0.08, b) fy=0.23, c¢) fy=0.5 and d) fy=0.71. The
value of the thickness fluctuation ody=0.016a is constant for different wall
THCRIIESNES vvsssisteinsburons Bimtinn diesastie e o e s s eV e e SR R s i r o amesa s S aoma s e ks s honTanss 141
Figure 5-11: T spectra of ordered (black line) and disordered (grey line) PhC with
fluctuation distribution of type 6 for a) fy=0.08, b) fu=0.23, c¢) fy=0.5 and d)
fu=0.71. The value of the thickness fluctuation 6dy=0.016a is constant for different
WALL LRICKNESSES. ...ttt ettt et sse e sae s stesaeesaesaa e saassa s s enes 142
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Acronyms and Abbreviations

BD
BOX
CMOS
DRIE
PP
FPR
FSR
FTIR
FWHM
GM

IB

LC
MEMS
MIR
NF
NIR
NW
ODB
PB
PBG
PhC
RIE
SB

B

TE
™
T™M

dair

cav

Band diagram

Buried Oxide
Complementary metal oxide semiconductor
Deep reactive ion etching
Fabry-Perot

Fabry-Perot resonator

Free spectral range

Fourier transform infrared
Full width at half maximum
Gap Maps

Interference bands

Liquid crystal
Microelectromechanical systems
Middle infrared
Normalized frequency
Near infrared

Normalized wavelength
Omni-directional band

Pass band

Photonic band gap
Photonic crystal

Reactive ion etching

Stop band

Transmission band
Transverse electircal
Transverse magnetic
Transfer matrix method
Lattice constant

Thickness of air component
Thickness of cavity

Thickness of high-refractive index component
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(dn);i
dp
(dy);
dsi

dsio?

Ju
UH) min
N/

fsi
hs;

Nair
Ne
hg7
Ny
ny,
Ho
Myand
ns;
nsio2

Hy

maxfs;

porSi

Rppc
Rcutojf
TprpG

Tcutoﬂ

Thickness of the i-th high-refractive index component
Thickness of low-refractive index component
Thickness of the i-th low-refractive index component
Thickness of Si component (Si wall)

Thickness of SiO, component

Thickness of additional ¢-layer

Filling fraction of high-refractive index component
Minimum level of high-refractive index component filling fraction
Filling fraction of low-refractive index component
Filling fraction of Silicon

Etching depth of Silicon walls

Intensity

Number of the high-refractive index component
Number of periods

Refractive index of air component

Extraordinary refractive index of LC

Refractive index of nematic liquid crystal E7
Refractive index of high-refractive index component
Refractive index of low-refractive index component
Ordinary refractive index of LC

Refractive index value for a random orientation of the LC molecules
Refractive index of Silicon layer

Refractive index of SiO; layer

Refractive index of ¢- layer

Order of reflection band/transmission band
Maximum value of filling fraction of Si component
Porous Silicon

Quality factor

Minimum reflection level of photonic band gap
Reflection cutoff level

Maximum transmission level of photonic band gap
Transmission cutoff level

Voltage
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Ady

Af
ANFopp
An

AI’IE7

Thickness deviation range of high-refractive index component
Range of filling fraction

Width of omni-directional reflection band in normalized frequency
Refractive index change

Refractive index change of nematic liquid crystal E7
Birefringence of LC

Reflection signal modulation

Standard deviation

Relative deviation of the i-th high-refractive index component
Thickness deviation

Thickness fluctuation of the i-th high-refractive index component
Step size of Silicon filling fraction range

Angle of incidence of light

Band-pass filter wavelength of operation

Stop band/ pass band operational wavelength

Channel spacing
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Chapter 1.

Introduction

It is now one-half century since the advent of the solid state electronics with the
invention of the transistor. The semiconductor revolution, which is still continuing,
enabled profound and unanticipated improvements in our standard of living.
Advances in semiconductor physics have had a profound impact on all aspects of
society transforming the way people work, live, learn and communicate [1]. The
resultant explosion in information technology is based on the ability to control the flow
of electrons in a semiconductor in the most intricate ways.

What is known today as a technology shrink has increased computational speed
due to a shorter gate width, increased functionaltity through higher levels of integration
and decreased costs by processing more transistors/chip and more chips/wafer. The key
driving forces for the Silicon electronics technology roadmap is a high speed and
functionality at low cost. In the last three decades, this performance level has increased
exponentially with rates of more than 100/decade. This has led to increasingly difficult
problems in communication between computer boards, chips and even individual chip
components as well as the integration of optics and microelectronics. These problems
create an interconnect bottleneck which is a ‘grand challenge’ to be overcome by the
semiconductor industry according to the ITRS (International Technology Roadmap for
Semiconductors).

The invention of the laser in the nineteen sixties inspired the photonics industry,
thus enhancing the transmission of information by replacing electronic signals in wires
with laser pulses in optical fibres. The alternative interconnect technology can be
Silicon based optical interconnects, which can efficiently deal with large bandwidths of
information and is not limited by resistance, capacitance and reliability constraints of

metal lines. In particular, the incorporation of optical components on a Silicon chip



would provide a new platform for the monolithic integration of optics and
microelectronics and open doors to new technologies. However, the difficulty in
controlling light and diverting its path on Silicon need to be addressed before this
technology can be successfully used to resolve current microelectronics interconnect
bottlenecks [2]. Investigation of solutions to the interconnect bottleneck has stimulated
much research into actively controlling and manipulating the propagation of light
through materials. Along this course of technological progress there has been much
interest in the development of a photonic analogue to the electronic semiconductor.
This requires the design and fabrication of photonic materials that can control and
manipulate light on a microscopic scale [3]. This research has led to the development of
photonic crystals (PhCs) or Photonic Band Gap (PBG) materials, structures which
prohibit the propagation of certain wavelength ranges of light in certain directions

depending on their physical properties.

1.1 Photonic Crystals

Since the invention of the laser, progress in Photonics has been intimately
related to the development of optical materials which allows one to control the flow of
electromagnetic radiation or to modify light matter interaction. Photonic Crystals are a
novel class of the optical materials which elevates this principle to a new level of
sophistication [1]. The PhCs are materials with a periodic modulation (translational
symmetry) of the dielectric constant. This modulation gives rise to what is known as a
Stop Band (SB), or a Photonic Band Gap within the crystal [4, 5]. The easiest way to
understand the PBG effect is to rely on an analogy with natural crystals, which is a
periodic repeated arrangement of atoms and molecules in space. A crystal therefore
presents a periodic potential to electron propagation through it, and the geometry of the
crystal dictates the energy band structure of the crystal, so that (due to Bragg-like
diffraction from the atoms) electrons are forbidden to propagate with certain energies in
the certain directions. For example, a semiconductor has a band gap between the
valence and the conduction energy bands.

The PhCs are the artificial optical analogy of the natural crystals, in which the
periodic “potential” is due to a lattice of microscopic dielectric media instead of atoms.
If the dielectric constants of the materials in the crystal are different enough, and the

absorption of light by the material is minimal, then scattering at the interfaces can
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produce many of the same phenomena for the photons (light modes) as the atomic
potential does for electrons [3].

The benefits of such a photonic band gap for direct-gap semiconductors are
illustrated in Figure 1-1. On the right-hand side is a plot of the photon dispersion
(frequency versus wavevector). On the left-hand side, sharing the same frequency axis
is a plot of the electron dispersion, showing conduction and valence bands appropriate
to a direct-gap semiconductor. Since atomic spacings are 100 times shorter than optical
wavelengths, the electron wavevector must be devided by 1000 in order to fit on the
same graph with the photon wavevector. The dots in the conduction and valence bands
are meant to represent electrons and holes respectively.

If an electron were to recombine with a hole, they would produce a photon at the
electronic band-edge energy. As illustrated in Figure 1-1, if a photonic band gap
overlaps the electronic band edge, then the photon produced by electron-hole

recombination would have no place to go [6].

o
A 1
)
9 :
!
% '
. hv
Loy Phoionic
: Band Gap
t
Electronic '
Band Gap '
)
ko : s
1000 f d"
AN
Electronic Photonic
Dispersion “*~ |~ Dispersion

Figure 1-1: On the right is the electromagnetic dispersion, with a forbidden gap at the
wavevector of the periodicity. On the left is the electron wave dispersion typical of a
direct-gap semiconductor, the dots representing electrons and holes. Since the photonic
band gap straddles the electronic band edge, electron-hole recombination into photons

is inhibited. The photons propagation is prohibited [6].

Depending on the number of directions that the SB (or PBG) exists in, there are

one-dimensional, two-dimensional and three-dimensional photonic crystals (Figure 1-
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2). If, for some wavelength range, a photonic crystal reflects light of any polarization
incident at any angle, then the crystal has a complete photonic band gap (or omni-
directional band gap). Only a 3D periodicity, with a more complex topology than is
shown here, can support a complete photonic band gap. However, over the last decade,
the focus of research groups has returned to 1D PhCs, due to their unique property to
possess an omni-directional reflection, i.e. the presence of highly reflective bands over a

wide range of angles of incidence and for both polarizations of light [7-9].

periodic in periodic in periodic in
one direction two directions three directions

Figure 1-2: Simple examples of one-, two-, and three-dimensional photonic crystals.
The different colors represent materials with different dielectric constants. The defining

feature of a photonic rystal is the periodicity of material along one or more axes [3].

1.2 Si based Photonic Crystal devices

Recent advances in nano-, micro- and submicron-structuring technology
provide an enormous flexibility in the choice of material composition, lattice periodicity
and symmetry of the period arrangements allowing one to fabricate multi-dimensional
PhCs operating in a wider range of electro-magnetic waves. For example, a PhC of a
given geometry with millimeter dimensions can be constructed for control of
microwave radiation, while with micron dimensions for control of infrared radiation. In
this regard Silicon is the most attractive optical material from the variety of other
different suitable materials mainly due to its transparency in the Near Infrared (NIR)
range for both 1.3 and 1.55 pum telecommunication wavelengths as well as in the
middle-infrared (MIR) and long-wave infrared ranges up to 100 um. The success in the

development of the in-plane light emitters and other microphotonics elements based on
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monocrystalline Si, made the realization of all-Silicon optoelectronic circuits to be
possible [10]. The term of “Silicon microphotonics” was first introduced by Lionel C.
Kimerling in Ref. [11]. Briefly, the Si microphotonics is the optical equivalent of micro-
electronics for integrated circuits. It enables interconnection bandwidth that is not
limited by the resistance, capacitance and reliability constraints of metal lines.

Modern Si fabrication technology allows fabrication of the PhC structures on

nano-, micro-scale and of all dimensions on a single integrated platform. Examples of

in-plane PhC realized on Si substrate are demonstrated in Figure 1-3.

vy

Figure 1-3: SEM images of PhCs on Si platform: a) one-dimensional periodicity porous
Silicon Bragg mirrors fabricated by vertical anisotropic etching of Silicon [12]; (b)
two-dimensional hexagonal porous Si structure fabricated by anodization of p-type
Silicon [12]; (c) three-dimensional Silicon photonic crystal woodpile structure

fabricated by successive multiple masking-etching-alignment steps [13].



The Si-based photonic crystal structures have provided a good platform for
numerous opto-electronic devices with applications in optical interconnects, chemical-
and bio-sensing and etc. Below are some examples of utilization of 1D and 2D photonic

crystals based on Silicon:

e Photonic crystal waveguides, obtained by realization of line defect within perfect

periodical PhC structure [13]:

e 2D-in-1D hybrid photonic crystal waveguide device fabricated by dry
etching of Silicon (Figure 1-4) [18];

Figure 1-4: 2D-in-1D PhC waveguide for the measurements at 90° [18].

*  Hollow waveguide with multilayer pairs of Si/SiO, coated on Si substrate

(Figure 1-5) [19];

Figure 1-5: a) Schematic structure of hollow waveguide; b) SEM image of cross-

section of hollow waveguide [19].



o Photonic crystal fibres. The total internal reflection phenomenon in photonic
crystal fibres achieved by forming a two-dimensional photonic crystal around a

hollow or Silica core [14, 15];

o Photonic Crystal Microresonators, realized by introduction of the

defects/cavities within regular periodical structure [16, 17];

* Microresonators based on nano-, meso-porous Si 1D photonic crystal with

defects [20] (Figure 1-6);
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Figure 1-6: (a) SEM image of a Porous Silicon microcavity. (b) Resonance peak
realized within the PBG at 0.63 nm [20)].

* Microresonators based on macro-porous Silicon 2D photonic crystal with
point defect [16] (Figure 1-7(a)) ;

* Microresonators based on photonic crystal waveguides with defect/cavities
[21] (Figure 1-7 (b));



Figure 1-7 : A point defect (cavity) realized in (a) macro-porouse Silicon photonic
crystal [16] and (b) in photonic crystal waveguide fabricated by X-ray lithography
21].

* Microresonators based on grooved-Silicon 1D PhC, fabricated by means of

e-beam lithography and dry etching of Silicon [22] (Figure 1-8);

tramsmissbon (dB)
tramsmission (dB)
3 3 & 4 % B & 0 K &G

3 L I I s @ -

RO U0 UM N0 VN0 IS0 WA WG0 WO 1O T I8 Y300 1380 e "e 1T 1T

a0 1900 1880 1900
wavelength (am) wavelength (am)

(b) (c)

Figure 1-8: (a) Optical image of the ‘fiber-photonic crystal-fiber” system; (b)
Microresonators based on 1D PhC with defect; (c) Mirror based on 1D PhC [22].




1.3 Tunable Photonic Crystal Devices

One of the most important functions of the integrated Si-based photonic devices
is the tuning capability of the optical characteristics by application of the electric field
or by changing the temperature. The ability to modify the parameters of PBGs and
resonances in a controllable way after PhC fabrication is a desirable property. The PBG
parameters, e.g. bandwidth and wavelength of operation, depend on the structure of the
crystal and on its constituent materials. The large variety of promising applications of
photonic crystals depends on many adjustable parameters [1]. For the Si based PhCs the
tuning of the optical properties can be achieved by either varying the optical thickness
of Si/filler materials or by changing the geometrical parameters of the structure. If we
can externally alter the materials and/or the structure during the device operation, we
have an actively tunable PhC device (Figure 1-9). For example, in Si-based 1D and 2D
PhCs the refractive index of Si can be altered by varying the temperature and the donor
concentration, through the variations of the free carrier concentration [23].

In paper [24] the tuning of Silicon refractive index was experimentally
demonstrated by injection of free carriers with 800 nm, 300 fs pulses, which allows
ultra-fast band-edge tuning of 2D Si PhC. Also, the injection of free-carriers at any
point of the p-i-n/cavity region can be used for the ultra-fast modulation of light in the
waveguide [2]. Although, this method provides ultra-fast operation of the device ¢
Insec), the associated relative spectral shift is very small, as the refractive index
changes |An]| are below 107~

Alternatively, the refractive index of Silicon can be tuned by changing the
temperature. In work [25] this effect was utilized in the optical filter based on 1D Si
PhC fabricated by deep reactive ion etching. However, as for the previous tuning
examples, the relative spectral shift is limited to the maximum variation of Si refractive
index.

Microelectromechanical systems (MEMS) technology provides an attractive
approach to provide the mechanical tuning mechanism, thus enabling a low-cost highly
integrated tunable PhC filter. By varying the geometrical parameters of the PhC
devices, e.g. filling fraction and size of the cavities, the precise position of the PBGs,
band edges and/or resonances can be tuned or switched ON/OFF [1, 26-28]. The
mechanical movement is controlled by either simple digital electronics or by means of
the electrostatic deflection. However, current MEMS technology is capable of

9



producing mechanical devices that are on the scale of 10 to 500 um [29], which limits

the maximum tunability of the device.

Methods of Active Tuning
in Si Photonic Crystal devices

Filler

Geometry

Figure 1-9: Methods of active tuning (green) and correspondent parameters of tuning

(blue) that can be realized in Si based Photonic Crystal devices.

Significantly wider tunability can be achieved for the non-mechanical design of
composite PhC devices, based on Silicon and various filler-materials that can change
their optical characteristics by changing temperature or applying the electric field. In
this regard, the most promising filler-material is considered to be liquid crystal (LC)
with its extraordinary optical properties. Firstly, LCs show large optical birefringence in
which molecular reorientations can be induced by low power electric fields. Secondly,
the LCs possesses high transparency, low absorption and scattering losses in a wide
wavelength range span from visible to middle infrared. One of the disadvantages of the
exisiting up to date commercial nematic LC, suitable for this purpose, is a slow
response time. However, recently the MEMS-driven tuning of the liquid crystal fillers
was demonstrated providing much shorter response time than using temperature and
electric field [30]. A brief introduction and background of tunable LC-infiltrated

photonic crystals are reviewed in the following Section.
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1.4 Photonic Crystals and their liquid crystal composites

Liquid crystals combine fluid behaviour and anisotropic properties in a unique
way. Anisotropy, i.e. the dependence of bulk material properties on the crystallographic
direction, indicates non-spherical symmetry of the corresponding material. This
phenomenon is traditionally attributed to solid crystals. However, organic compounds
that consist of molecules with anisotropy of shape (for example rod-like or disk-like)
can show an orientational order of these molecules even in a fluid state. If so, this fluid
state is referred to as being the liquid crystalline state. Thermotropic, calamatic LCs
consist of rod-like organic molecules which form mesophases. These mesophases exist
between the conventional crystalline phase and the isotropic liquid phase (Figure 1-10).

The most common LC mesophase is the nematic which is characterized by
uniaxial orientational order, i.e. one preferred axis is sufficient to describe its local
anisotropy. The director # (a pseudo vector) can be used to indicate the local molecular

alignment and a scalar order parameter S is sufficient to describe the degree of

orientational order [1, 31].
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Figure 1-10: The nematic liquid crystal mesophase has an orientational order, but

lacks of a long-range positional order, and exists between the crystalline and isotropic

phases. Nis the nematic director [32].

The most important anisotropic property from the optical point of view is
birefringence. The effective refractive index for linear polarized light with the direction

of the electric field vector perpendicular to the director (ordinary refractive index n,) is
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different from the effective value for polarized light with the direction of electric field
vector parallel to the director (extraordinary refractive index n.). The difference
between these two effective refractive indexes is called birefringence of LC, An,= n,-
n,, and can be as large as 0.3. The birefringence of thermotropic LC An,=n,-n,
decreases with increasing temperature (decreasing orientational order) and vanishes
above the nematic-isotropic transition temperature (clearing temperature for nematic
LC).

There are numerous publications devoted to experimental investigations of the
electro-tuning effect in LC photonic structures such as LC-opal composite structures
[33-35], micro-porous “Si-LC” structures [36, 37] and multilayered 1D PhC with liquid
crystal cavity [38] which manipulate with light propagating perpendicular to the
substrate. The number of papers dealing with the molding of in-plane light propagation
is relatively small and these mainly present the results on the thermo-tuning effect in 1D
and 2D PhCs. One of the main reasons for that is the difficulty with the application of
an electric field to the matrices based on electro-conductive materials. Also, the
response time for the nematic LC is in the range of milliseconds, which makes the LC
material not very suitable for optical interconnect applications.

However, today, “Si-LC” based photonic research is undergoing a
modern-day renaissance. For example, bio-sensors fabricated with LC and Si materials
can allow label-free observations of biological phenomena. Moreover, as it will be
demonstrated in Chapter 4, the continuous electro-tunability of LC filler in the optical
devices based on PhC may be used for compensation of the post-fabrication tolerances

and, thus, adjustment of the optical device to its nominal operational mode.

1.5 Thesis Overview

Chapter I: An introduction to Photonic Crystals and their application in
integrated Silicon photonics is presented. The contexts in which this body of work was
performed and the motivation behind the studies contained therein are outlined.

Chapter 2: The basic concepts of theoretical and experimental background are
introduced. A classic model of 1D PhC is described for the grooved Silicon case. The

methods used for fabrication of the grooved Silicon structures in this work are
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discussed. The optical experimental techniques applied to the investigation of the
fabricated structures are described.

Chapter 3: In this Chapter, the design of a new type of 1D Si PhC based on
multi-component model is described. The fabrication techniques for realization of
multi-component PhCs by introduction of additional regular layers into a grooved
Silicon structure are discussed. The novel optical effects such as omni-directional
PBGs and ultra-wide regions of transparency have been obtained for the suggested
model. Based on the obtained results the band-pass filter based on three-component PhC
structure was fabricated and successfully examined experimentally in Mid-IR.

Chapter 4: The model of transformation of defect-free photonic crystal
structures into tunable Fabry-Perot resonators on Si chip is theoretically described and
experimentally demonstrated. The transformation is achieved by introduction of the
optical defects into certain periods of grooved Silicon structures. The ultra-wide and
electro-controllable tunability is experimentally demonstrated for the Fabry-Perot filters
based on Si and nematic liquid crystal. Furthermore, a technique for precise position
control of individual transmission resonances/channels in a triple Fabry-Perot filter is
also proposed.

Chapter 5: An approach for investigation of the photonic band gap deviations
caused by structural fluctuations in fabricated one-dimensional photonic crystals is
demonstrated. The deviations of the photonic band gaps are strongly dependant on the
magnitude of the structural fluctuations and demonstrate an increase with the order of
the photonic band gaps. The approach is proposed for the determination of the
fabrication tolerances and optimization of the photonic band gap properties of the
fabricated photonics crystal structures.

Chapter 6: Finally conclusions and future work are drawn.
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Chapter 2.
Theoretical and Experimental

Background

2.1 Introduction

In this Chapter, the basic concepts of the simulation, and experimental
fabrication and characterization techniques employed to study the optical properties of
the in-plane grooved Silicon photonic crystal structures are discussed. The design of
one-dimensional photonic crystals and the analysis of their optical properties have been
performed using transfer matrix [1] and forbidden gap map (GM) methods [2]. The GM
method is one of the most powerful design methods since it can be applied to modelling
of PhCs with any possible geometrical configurations, e.g. PhCs with defects [3],
disordered PhCs [4], multi-component PhCs [5] and others, providing the optimal
design parameters using a single graphical representation. For the fabrication of
grooved Silicon structures two etching techniques were employed: Wet Anisotropic
Etching (WAE) of (110)Si in an aqueous solution of potassium hydroxide (KOH) and
Deep Reactive Ion Etching (DRIE) of (100)Si. WAE produces good quality smooth
mirror like side-walls which is important for obtaining PBGs with high reflection.
However, WAE can only be performed on (110)Si. DRIE can be performed on (100)Si
and hence it is compatible with current processing technology. The optical
characterization of the photonic properties of fabricated structures was mainly
performed using the Fourier Transform Infrared (FTIR) microspectroscopy in mid-IR
range and using optical-fiber-coupling set-up based on an optical spectrum analyzer

(OSA) in near-IR range.
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2.2 Calculation methods

2.2.1 The Transfer Matrix Method

The transfer matrix method is a 2x2 linear matrix describing light propagation in
a stratified medium. A stratified medium is a medium whose properties are constant
throughout each plane perpendicular to a fixed direction. The TMM is based on the fact
that the equations that govern the propagation of light are linear and the continuity of
the tangential fields across an interface between two isotropic media can be regarded as
a 2x2 linear-matrix transformation [1, 6]. One of the most attractive features of the
TMM method is the ease of introducing any number of different additional layers
(strata) and defects at any point in the TMM’s matrix equation, which enables the
engineering of various complicated 1D PhC devices for different applications [7, 8].

Consider a stratified structure that consists of a stack of 1, 2, 3,...,...N parallel
layers (strata) placed in (0) media (Figure 2-1). Let all media be linear homogeneous
and isotropic, and let the complex index of refraction of the j-th layer be »; and its

thickness d;. The complex index of refraction of (0) media is ny.

S

718 |
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i |
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Figure 2-1: Reflection, R, and transmission, T, of a plane wave by a multi-layer

structure with high and low refractive indexes of layers. © is the angle of incidence.

An incident monochromatic plane wave in medium (0) generates a resultant
reflected plane wave, R, and a resultant transmitted plane wave, 7. The total field inside
the j-th layer, which is excited by the incident plane wave, consists of two plane waves:
a forward-travelling plane wave denoted by (+), and a backward travelling plane wave

denoted by (-).
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The wave-vectors of all plane waves lie in the same plane (the plane of
incidence), and the wave-vectors of the two plane waves in the j-th layer make equal
angles with the z-axis which is perpendicular to the plane boundaries. When the incident
wave in the ambient is linearly polarized with its electric vector vibrating parallel (TE
or E) or perpendicular (TM or H) to the plane of incidence, all plane waves excited by
that incident wave in the various layers of the stratified structure will be similarly
polarized, parallel or perpendicular to the plane of incidence, respectively. In the
following, it will be assumed that all waves are either TE(E)- polarized or TM(H)-
polarized.

Let E'(z) and E(z) denote the complex amplitudes of the forward- and
backward-travelling plane waves at an arbitrary plane z. The total field at z can be

described by a 2x1-column vector.

E( )—_ +(Z) 2
4 ).
E—(Z) ( )

If we consider the fields at two different planes z' and z" parallel to the layer boundaries
then, by virtue of system linearity, £ (z"”) and E (z') must be related by a 2x2 matrix

transformation

E*(z' Sy 8 I BT (2"
[ _( /)}[ ! '2}{ _( )} (2.2).
E(z)] [Sa SulE(2")

More concisely, Eq. (2) can be written as

E(z') =SE(Z'") (2.3),

where

S, 8
S=[ ! ‘2] (2.4).
S21 S22

Note that S must characterize that part of the stratified structure confined between the
two parallel planes at z” and z". By choosing z’ and z" to be immediately adjacent to the

0-1 and N-0, interfaces respectively, Eq. (2.3) will read

E(z,—0)=SE(z,+0)  (2.5),
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where z; and zj are adjacent media to the 01 interface.

Equation (2.5) defines a scattering matrix, S, which represents the overall
reflection and transmission properties of the stratified structure. S can be expressed as a
product of the interface and layer matrices, / and M, that describe the effect of the
individual interfaces and layers of the entire stratified structure, taken in proper order, as
follows:

S=1,MI,M,..1, M, M, (2.6).

J-1Jj

The matrix J; of an interface between two adjacent layers j-/ and j (7), and the matrix M
of the layerj (2.8):

( 1 J,:l rj}
I =|— 2.7
7 1\ 1

e’ 0

where 7; and f; are the interface Fresnel coefficients of reflection and transmission,

respectively, and the phase shift (phase thickness of the layer), g, is given by (2.9):
dl
B, =2n - cos @ (2:9);

where A - wavelength; n; — refractive index of j-th layer , d;— thickness of j-layer and 6-
angle of incidence.
From the matrices of interface, /, and layer, M, the overall scattering matrix S

of the stratified structure can be found by straightforward matrix multiplication:

E; By Sl
g :[ 3 ‘2} "1 @10,
E, S21 S22 0
where, for simplicity, the subscripts 0 and Os refer to the semi-infinite air input and

output media, respectively, and E; =0. Further expansion yields the total reflection,

R, and transmission, 7, coefficients of the stratified structures as

EO_ SZl
=—=— (2.11),

EO Sll

o 1
T=—2=— (2.12),

EO Sll

respectively.
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2.2.2 Modelling of grooved Si structures

In this work, a One-Dimensional Photonic Crystal structure was investigated by
modeling it as a free-space microstructured grooved Silicon structure with linear
grooves, as shown in Figure 2-2. The refractive index of Si for the high-refractive index
layer, H, ny=ns=3.42, in the mid- and near-IR range, is considered in accordance with
Reference [9]. Since the modelling was performed for normalized frequency
(wavelength) range, which allows to design of PhC structure for operation in a wide IR
range, the dispersion of Si was not taken into account. The structure is operating in the
free space; therefore the refractive index of the incoming and outgoing medium is 1. A
considerable advantage of these 1D PhCs is that the air grooves (the low-refractive
index layer, L) with refractive index n;=n,;,=1, can be easily infiltrated with filler whose
refractive index is different from air. In the case of the original “Si-air” structure, the
optical contrast is ny/n;= ns/n.,=3.42/1 and the structure can be considered as a high-
contrast PhC. Therefore, only a small number of periods is needed in order to obtain a
PBG with a reflectance, R, of over 99% and a substantial edge sharpness. The optical

spectra of this structure can be calculated using the TMM.

(a) Siwalls (b) Siwalls

Ny :!’SI Ny=Ng;

Air grooves Liquid crystal filler

ny = ny;, n=mc

Figure 2-2: Schematic fragment of grooved-Si structure with (a) air grooves and (b)
grooves infiltrated with LC.

As all thicknesses of periods are the same for this type of grooved Silicon

structure, the equation (2.6) can be written in more compact form:

S=[d-M),-(-M),, 1" -(I- M), (2.13),

air
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where (I'M)s; and (I'M),;» are the optical matrixes of the Si and air layers, N is the
number of periods in the structure, / is the matrix of the interface between the layers and
M is the matrix of the layer transmission.

The value 7 depends on the refractive indexes of the components of the periodic
structure, while the value of M depends on their thickness, d, and on the wavelength, 4.
In accordance to the Eq. (2.11-12), the reflection coefficient, R(7), and the transmission
coefficient, 7(4), can be calculated from the following equations

S(A)a;

2
S, J (2.14),

R(A) =[

T(A) = {—S(A)”] 2.15),

respectively.

2.2.3 Design of the Photonic Band Gap characteristics

The design of grooved Si structure with desired photonic band gap
characteristics normally starts with the selection of the wavelength A of its operation.
Then, the materials with corresponding refractive indexes, n; and ny=ng;, for suitable
periodic structure fabrication are chosen. Based on the above selection, the geometrical
thickness of both components, d; and ds;, are determined in accordance with the Bragg

condition
A
- = Nsidgitny - dg 2.15),

where n-d is the optical thickness of the corresponding high-(H) and low (L)-refractive
index components. For equal optical thicknesses of each component nd=A/4, the
maximum width of the PBG (or stop-band (SB)) is achieved for the required
wavelength A.

The PBG properties of the grooved Silicon structure are strongly dependent

from the following design parameters:
e Optical contrast of layers, (ns/ nr);
e Lattice constant, a=ds;+dj, (Figure 2-2)

e Filling fraction of Si, fs= dsi/a
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e Number of periods, N.

A precise control of these parameters over the design and fabrication process is
obviously necessary for the proper operation of the PhC device. The value of lattice
constant, a, is normally very well controlled during the fabrication process and, so, by
varying only thickness of Si, fs=ds/a and/or the refractive index of the L-layer, n; the

following general PBG parameters can be altered:
e order of PBGs;
e wavelength of operation of PBGs;
e width of the PBGs;

e vanishing and splitting of the PBGs.

2.2.4 Gap Map Approach

The design procedure requires the investigation of the influence of all nominal
parameters listed above on optical characteristics of PhC devies, this makes the design
part very complex involving calculation and analyses of the vast number of spectra.
Several approaches can be used in order to determine the optical properties of a 1D
PhC. One of these is to calculate the band diagrams (BD) [10] for the selected filling
fractions fs;=ds/a. The second design approach is based on the Gap Map (GM)
presentation, which was first suggested by John D. Joannopoulos et al. in Ref. [2]. For
drawing the GM, in principle, both the BD [11] and the reflection spectra calculation
method [1] can be used. The calculation of the reflection spectra of 1D PhC with the
certain number of lattice periods is normally performed using the TMM [12]. The GM
approach is one of the most attractive design tools for the band-gap structures [11, 13]
as well as tunable [12] and composite [14] photonic structures, since it allows quick and
easy analysis of structures for a large set of spectra (normally over 100) to be done
practically on one plot.

Using the transfer matrix method, the set of reflection spectra, R, for sequential
values of filling factor, f5;, in the range from 0 and 1 is calculated. For each of the
calculated spectra, the values of A (or wavenumber, v) for which R>99% (PBG
regions), are plotted against f5; as shown in Figure 2-3(a). For the structures with
smaller number of periods, e.g. elementary Fabry-Perot unit with N=1.5, this level was

lowered to R>85% for more clear representation, as in this case the map represents the
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regions of high reflectivity (SBs). The PBG GM allows an effective comparison of PhC
structures with various number of periods, N, lattice constant, a, refractive index
contrast, An=ng;/n;, angle of incidence, 6, and polarization of the incident light.

An example of the reflection spectrum which constitutes the Gap Map is shown
in Figure 2-3 (b). As lattice constant, q, is kept constant, prediction of the wavelength
range in which a PhC with a particular ds; will operate is possible. Alternatively, the ds;
which is necessary to obtain a PhC over a certain wavelength range can be determined.
For example, it can be determined from Figure 2-3(a) that the wavelength range of the
main PBG of a PhC with the parameters f5=0.226 and a=4 um is between /=10 pm and
/=15.5 um. Alternatively, if required criteria is to design a PhC with a PBG with a
maximum width between 4 = 14 pm and A = 20 um, the optimal design parameter would

be fsi = 0.6 for the main PBG.

5 0.8

§ f,=0.6

g

2] f,=0.226
E

I 1

. x ———
16 18 20 22

Reflectance spectum

Reflectance, R

Wavelength (um)
Figure 2-3: (a) Calculations of the main PBG (1) and secondary PBGs (2, 3 etc.) for a

1D PhC based on the grooved Si with number of periods N=50, a=4um at normal
incidence of light. (b) Calculated reflectance spectrum of the structure with fs,=0.226.

Using Figure 2-3(a) it is also possible to determine the maximum fabrication

tolerances of the designed structure. The range of filling fraction Afs; for which the main
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PBG characteristics, such as bandwidth, operational wavelength and flat-top 100%
reflection, remain the same, can represent the maximum lithography error for the
fabrication of the grooved Si structure. Obviously, as it can be seen in Figure 2-3, the
high order PBGs demonstrate the highest lithography tolerances (the PBG regions are
located almost parallel the filling fraction axis) comparing to the lowest PBGs. For
example, the PhC mirror with f5; =0.6 and operating at the 3 PBG and reflecting light
from 5.00pum to 5.75um has the fabrication tolerance Afs;=0.05, which is 200 nm for the
considered example with a=4 pm.

By using the normalized ranges of frequencies, NF=a/A, or normalized
wavelengths NW=Aa, the Gap Map becomes universal and therefore can be applied to a

wide range of structure sizes including micro- and nano-structures.

2.3 Fabrication methods

Modern micromachining of semiconductors allows the construction of PhCs
with high optical contrast and high dimensional tolerances. A preliminary templating of
a Si wafer with subsequent electrochemical or chemical etching through the template is
used for the initial patterning. A template is usually produced by means of lithography.
The classical optical lithography offers the possibility of fabrication of patterns with the
minimum size of ~1 um.

In general, there are two classes of etching processes:

1. Wet etching, where the material is dissolved when immersed in a chemical
solution

2. Dry etching where the material is sputtered or dissolved using reactive ions
or a vapour phase etchant

In the following Sections, we will briefly discuss Wet Anisotropic Etching and

Deep Reactive lon Etching techniques that were used in this work.

2.3.1 Cirystallographic Orientation of Silicon

A crystal is a solid in which the constituent atoms, molecules, or ions are packed
in a regularly ordered repeating pattern extending in all three spatial dimensions.
Atoms in a crystal arrange themselves at specific points in a structure known as a unit

cell. The unit cell structure is repeated everywhere in the crystal [15]. In single crystal
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materials the unit cells are all neatly and regularly arranged to each other while in
polycrystalline crystals they are not. Silicon wafers are single crystalline materials.

Crystalline materials have two main features which affect most of their
properties, namely anisotropy and symmetry. Crystal anisotropy arises from the fact
that interatomic distances and forces vary in different directions and are regular at the
same time. Hence, the properties of the crystal vary in different directions but are the
same in parallel directions. The symmetry of crystals is due to the symmetry of the
crystal lattice. The symmetry of a single crystal arises from the repeating symmetry of
its lattice.

Crystal planes in single crystal are identified by a series of three numbers known
as the Miller indexes. This theory can be conceptualised as slicing a single crystalline
block at different angle to expose different planes with different properties. The (100),
(110) and (111) planes defined by the Miller indexes are shown in Figure 2-4. Miller
indexes characterise all planes parallel to the plane concerned. The two most common

orientations used for Silicon wafers are (100) and (111) planes [15].

Figure 2-4: Planes defined by the Miller indexes.

2.3.2 The Wet Anisotropic Etching Technique of (110) Si

This wet etching is the simplest etching technology. There are actually two
types of wet etching: isotropic and anisotropic etching (Figure 2-5). Wet isotropic
etching is a uniform etching process that decays in the Si material at the same rate in
both vertical and horizontal directions while anisotropic etching decays in the material

in a more selective direction (Figure 2-5). For wet anisotropic etching of Silicon the
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aqueous solution of KOH with addition of alcohols and a number of other anisotropic
etchant is typically used [16]. In 1979, Kendall reported the fabrication of extremely
narrow grooves in Silicon due to this technique and forecast that this would probably
spawn a number of technological revolutions [17]. However, the technique is not widely
used in the fabrication of optical elements, despite the possibility of fabricating periodic
structures with high refractive index contrast and smooth mirror-like side-walls in

Silicon transparency range [18].

“ c
Figure 2-5: Difference between (a, b) anisotropic and (c) isotropic wet etching [19].

Fabrication of grooved Si by the wet anisotropic etching of (110) Silicon in
KOH is based on the difference in the etching rate for the (110) and (111)
crystallographic planes [20]. The main etching rules of mono-crystalline Si of different
crystallographic orientations were established in seventies of the last century [21] and
can be summarized as:

i) The ratio of the etching rates is highly dependent on the crystallographic
orientation. The ratios of the etch rate for the (111), (110) and (100) planes in 44%
KOH at 70°C are related as V111:V110:V100=1:600:300 [17]. Therefore, this technique is
only compatible with (110) Silicon.

ii) The etch rates of SiO; or Si3zN4 in KOH solution are hundreds of times
smaller than the etch rate of Silicon. This enables their use as a protective mask for
forming patterns using relevant methods of lithography and to etch through these

patterns the air holes of different shape.
27



For this work, (110)-oriented Si is of a principal interest. If long, narrow
windows, precisely oriented along the (111) plane trace, are patterned in the masking
film via lithography, the trench walls obtained in the Silicon after anisotropic etch are
oriented perpendicular to the substrate plane. The method permits the fabrication of
deep trenches of various widths with smooth side-walls of optical quality without
under-etch of the sidewalls (Figure 2-6). As it was demonstrated in the past [20], this
technology could be used for the fabrication of 1D PhCs for in-plane infrared light

propagation.

Figure 2-6: (a) SEM image of Si walls for periodic photonic structure, obtained by deep
anisotropic etching of (110) Si. (b) The optical microscopy image of 1D PhC, fabricated
by WAE method: the top view of structure with lattice period a=7um.

The WAE method is also suitable for fabrication of defects in the periodic
structure, which can be used as micro-cavities. Using the WAE method allows PBG
structures to be fabricated on an SOI substrate. This offers advantages in receiving the
total internal reflection in planar waveguides and provides electrical isolation from the
substrate. The latter is crucial in the fabrication of electro-tunable PBG devices, as will
be shown in Chapter 4. However, WAE methods have also some disadvantages. (110)-
oriented Si substrates are expensive and not in use in mass-production. In addition, it is
imperative to precisely align the lithographic mask with the Silicon crystallographic
axes, increasing the difficulty of the technique. Cross cut walls of the trenches are tilted
and this results in an ineffective use of the substrate area. The long side of the grooves
can be only oriented along two directions in the (110) plane which form the angle of

70.50°. This places substantial restrictions on the structure design, and may result in
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undercutting where elements cross. DRIE etching of Si does not suffer from these

disadvantages.

2.3.3 The Deep Reactive Ion Etching Technique of (100) Si

Dry etching is a generic term that refers to the etching techniques in which gases
are the primary etch medium, and the wafers are etched without wet chemicals and
rinsing. The wafers enter and exit the system in a dry state. The dry etching technology
can split in three separate classes called reactive ion etching (RIE), plasma, and ion
beam milling (etching) [15].

In RIE, the Silicon wafer is placed inside a reactor in which several gases are
introduced. Plasma is struck in the gas mixture using a radiofrequency (RF) power
source, breaking the gas molecules into ions. The ions are accelerated towards, and
react at, the surface of the Si material being etched, forming another gaseous material.
This is known as the chemical part of reactive ion etching. There is also a physical part
which is similar in nature to the sputtering deposition process. If the ions have high
enough energy, they can knock atoms out of the material to be etched without a
chemical reaction. It is a very complex task to develop dry etch processes that balance
chemical and physical etching, since there are many parameters to adjust. By changing
the balance it is possible to influence the anisotropy of the etching, since the chemical
part is isotropic and the physical part highly anisotropic the combination can form
sidewalls that have shapes from rounded to vertical. A schematic of a typical reactive
ion etching system is shown in Figure 2-7.

A special subclass of RIE which was used for fabrication of the PhC structures
in this work is deep RIE (DRIE). DRIE systems combine plasma etching and ion
etching principles [22]. DRIE is a combination of three primary processes, etching,
passivation and ion bombardment. A highly reactive gas is used to perform an isotropic
etch of the substrate. After a brief period the etching is stopped and a passivation layer
is deposited over the whole surface of the substrate. This protects the substrate from
chemical attack and prevents further etching. The process then returns to etching and a
collimated stream of directional ions bombard the substrate. These ions remove the
passivation layer from the bottom of the previous etch step, but not from the sides, in a
process called sputtering. The etchant chemicals can then erode only the bottom of the

channels. The process is repeated many times over resulting in a large number of very
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small isotropic etch steps taking place only at the bottom of the etched pits. It is this
selectivity that leads to the overall anisotropy of the process and the creation of high
aspect ratio channels with vertical sidewalls. As a result, etching aspect ratios of 50 to 1
can be achieved. The process can easily be used to etch completely through a Silicon

substrate, and etch rates are 3-4 times higher than wet etching.
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Figure 2-7: Typical parallel-plate reactive ion etching system.

In Silicon micromachining a profile control of high-aspect ratio trenches
(HARTS) is increasingly important. The aspect ratio is defined as the maximum depth
divided by the maximum width. The HARTs give rise to the following specific
problems:

e The aspect ratio dependent etching (ARDE) effects (Figure 2-8(a)):

» RIE lag is associated to the effect that smaller trenches are etched at a
different speed than wider trenches. It is explained in considering the
depletion of reactive particles during their trajectory in the trench.

* Bowing is the observation of a parabolic curvature of etched sidewalls as
found for the wider opening.

* Trench area dependent tapering of profiles is the effect that wider
trenches have different sloes/tapering with respect to the smaller

trenches.
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e Bottling shows up as bottle-shaped trenches and is caused by ion shadowing and
sharpening of the collimated ion beam incoming from the glow zone. Generally
it is pronounced only at a high pressure (Figure 2-8(b)).

e Micrograss is the existence of long-tailed spikes at the trench bottom.
Generally, the appearance of such rough surface is grey or even black (Figure 2-
8(c)).

o Tilting is observed near geometrical obstacles and is due to boundary distortion
or local differences in radical density. In the demonstrated Figure 2-8(d), the

wafer edge is responsible for the tilting [23].

o d

Figure 2-8: SEM images of the grooved-Si structures fabricated by DRIE: (a) The
ARDE effect, (b) Bottling of the grooves, (c) Micrograss in the grooves, (d) Tilting of

grooves [21].

Another disadvantage of DRIE method is the high interface roughness of the
structures etched on the great depth (>10-15 pm), which results in the scattering losses
of the light during the optical operation. In order to overcome these problems the DRIE
etching technological process should be carefully controlled during the etching process.
The DRIE process settings, the equipment parameters, the plasma characteristics, and
the trench-forming mechanisms are responsible for the final HART profile and,

therefore, should be carefully monitored during the etching process. Dry etching is one
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of the most enabling technologies, which comes at a sometimes high cost. However, it
remains the most preferable etching technique for fabrication of deep patterns with
vertical side-walls, since it can be performed on all crystallographic orientations of
wafer. Therefore, it is highly compatible with current CMOS processing.

Grooved Si samples were fabricated by this technique in Tyndall Institute
Ireland, Cork, thanks to NAP94 (Prof. Tatiana Perova) and NAP368 (Anna Baldycheva,

Prof. Tatiana Perova).
2.4 Methods of characterization

2.4.1 FTIR Microspectroscopy Technique

Fourier Transform Infrared Spectroscopy is a workhorse of the industrial
materials testing division. The combination of a microscope with an infrared
spectrometer results in a powerful instrument that allows analysis of very small
photonic samples in a wide IR range. Indeed, infrared microspectroscopy has become
the technique of choice for samples smaller than 100 um, or where spectra of small
areas within a large sample, like layers in a laminate or defects in a matrix, are required.
Also, information about the chemical makeup, heterogeneity, and layers within the
sample can be derived with infrared microspectroscopy.

The basic process in FTIR spectroscopy is light wave interference. The main
component of a Fourier Transform Infrared spectrometer is the Michelson
interferometer. The Michelson interferometer contains a fixed mirror, a movable mirror
and a beamsplitter. The beamsplitter transmits half of the incident radiation to the
moving mirror and reflects the other half to the fixed mirror. The two beams are
reflected by these mirrors back to the beamsplitter, where they recombine. When the
fixed mirror and the moving mirror are equidistant from the beamsplitter, the
amplitudes of all frequencies are in phase and interfere constructively. As the moving
mirror is moved away from the beamsplitter, an optical path difference is generated. A
pattern of constructive and destructive interferences (interferogram) is generated
depending on the position of the moving mirror and on the frequency of the radiation.
This beam is then directed through the sample compartment to the broadband detector
and a digital signal processor sorts out the signal corresponding to each frequency using

a fast Fourier Transform (Figure 2-9) [24].
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The Bio-Rad Digilab FTS 6000 spectrometer was used to measure reflection and
transmission spectra in the wide range of 700-7000 cm™ of photonic crystals structures.
It consists of a step scan interferometer bench (FTS 6000) coupled to a MCT (HgCdTe)
detector equipped with a microscope, UMA-500, for delivering a focused incident beam
on the sample. One of the advantages of this particular system for reflection and
transmission measurements on grooved Silicon is the possibility to form a rectangular
shape of the incident beam on the sample using microscope aperture for increasing the
signal-to-noise ratio. This setup allows the measurement of Si structure with a minimal

incident beam aperture 10x10 pum?.

Figure 2-9: Layout of a simple FTIR spectrometer.

IR measurements of grooved Si are very critical to the direction of the light
propagation through the whole structure. The IR beam should be exactly perpendicular
to the Si walls along the entire path. For this reason a special sample holder, shown in
Figure 2-10, has been used for the measurements. This allows adjusting the sample in
the X-Y-Z direction.
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Figure 2-10: (a, b) Schematic of the experimental set-up with IR beam focused by
microscope on the grooved Si (position 1) and on bare Silicon (position 2). (c)
Reflection characterization setup using a Fourier-transform infrared spectrometer

coupled to an achromatic infrared microscope [25].

Certain difficulties arose during the measurements due to complicated structure
of the samples. In particular, the part of the unetched Si walls at the bottom of the
grooves masked both the incident and reflected IR beams, which reduced the intensity
of the signal reaching the microscope objective. In order to avoid this “shading effect”
from the Si substrate, which interfere with the cone of incident light, the photonic
crystal structures were fabricated close to the edge of the substrate (Figure 2-10(b)). An
infrared spectrum is generally displayed as a plot of the energy of the infrared radiation
(expressed either in microns or wavenumbers) versus the percent of light
reflected/transmitted by the sample. The reflection/transmission coefficients are

obtained by dividing the spectra obtained with the PhC structure by the background
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spectra. The Single Beam reflection signal from the gold-coated glass (R=0.99) has
been used as a reflection background, while Single Beam transmission signal without
sample (7=0.99) has been used as a transmission background. Reflection of the bare
crystalline Si was used for the comparison. For polarized FTIR measurements, the

polarizer was placed before the microscope detector (Figure 2-10(c)).

2.4.2 End-fire Technique

For analysis of the structures in the near-infrared range (1200-1700 nm) an
optical fibre-coupling set-up based on Optical Spectrum Analyser has been used. The
free-space end-fire setup was mainly developed for the purpose of polarized
transmission measurements of LC PhC resonators around the telecommunication
wavelength range.

The coupling of light into guided modes by transverse excitation is known as the
end-fire coupling method. End-coupling experiments involve the coupling of light into
waveguide samples or free-space photonic samples that are end-polished with an
optically smooth finish. End-fire coupling can be achieved by means of microscope
objective lens focused on the sample or butt-coupling an optical fiber to the sample
ends. In this work the free-space coupling was used to couple the light source into PhC

structures. The schematic of the experimental setup is shown in Figure 2-11.

Microscope with
Video Camera
Pomrzer E 5
me 1 Launch Fibre AR - mnn‘ OSA
Source

S

XYZ Stage with High Prechion Adjusters

Figure 2-11: Schematic of the setup for end-fire light coupling using microscope

objectives (also known as free-space coupling).
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Figure 2-12: A free-space fiber coupling set-up. The insets demonstrate the light
coupling using microscope objectives and in-plane alignment of the PhC sample during

the optical measurements.

A broadband light source Oriel® Arc 75W Xenon Lamp that provides light with
a broad wavelength range in the near infrared region from 1200 to 1700 nm was used. A
light beam from a source was transmitted from the end of a single-mode fiber, through
the polarizer and then focused on the sample using the microscope objective. The
experimental setup typically comprises of trio of optical stages. The input and output
components (i.e. microscope objectives) and the sample are separately mounted on high
precision micro-positioners and micro-manipulators to achieve accurate and stable
alignment. Transmitted light is then collected by the microscope objective and coupled
to the single mode fiber which is connected to the optical spectrum analyzer Agilent
861408B, allowing the monitoring of the PBGs and resonance peaks. The measured

transmittance is normalized by the light intensity measured without sample. Finally, the
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results of these measurements are compared with theoretical calculations and FTIR
measurements.

The TMM calculation method described in Section 2.2 considered for the
parallel incident light beam for simulations of the optical spectra of photonic crystals.
However, in both experimental techniques the incident light beam was focused with the
maximal angle of the light cone up to 30°. The cone-shape of the light beam causes the
degradation of the main PBG characteristics, e.g. smoothing of “II”-shape, narrowing,

shift and even disappearance of high-order PBGs [26].

2.5 Summary

The basic concepts of theoretical and experimental background have been
introduced. A one-dimensional photonic crystal structure was investigated by modeling
it as a free-space microstructured grooved Silicon structure with linear grooves. The
utilization of the transfer matrix and forbidden gap map methods allows easier
modelling of the optical properties of the grooved Silicon photonic crystals with
additional components for realization of multicomponent photonic crystals (Chapter 3)
cavities/defects for realization of the micro-cavity photonic crystals (Chapter 4) and
disorder in geometrical parameters (Chapter 5). The introduction to the methods of
Silicon microstructuring used for the fabrication of the grooved Silicon structures in this
work has been discussed. The optical experimental techniques applied to the
investigation of the fabricated multi-component photonic crystal and microcavity

photonic crystal structures in a wide infrared range have been described.
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Chapter 3.
Multi-Component Photonic Crystals

3.1 Introduction

The precise and technologically controllable engineering of the photonic crystal
structures with optimal parameters is still remaining an art, requiring intuition as well as
analytical knowledge to create a structure with unique properties. Indeed, these
structures operate by the Photonic Band Gap effect and, therefore, possess high
sensitivity to the refractive index, », (or optical thickness) of their components. The
PhCs are normally composed of two-components, with high (n;) and low (n;) refractive
indexes. By changing the value of ny or n;, tuning of the PBG position can be achieved.
As discussed in Chapter 1, the precise control of the PBGs width and wavelength
positions can be achieved by thermal, electrical or mechanical approaches. Although
these techniques are technologically well developed, there is an alternative approach to
engineering the PBG. This approach requires the introduction of an additional
component to the PhC, forming a multi-component PhC.

Multi-component PhCs have already been investigated in a number of
recent papers, among which it is worthwhile to refer to the investigation of multi-
component 1D PhC [1, 2]. The authors of paper [1] have theoretically analyzed the
variations of the PBG’s width and position with an increase of the number of
components with variouse refractive indexes. However the same geometrical thickness
was used for all the components in a multi-component structure despite the fact that it is
well known that the thickness of each component significantly influences the optical
properties of PhC. The authors of Ref. [2] have investigated theoretically and

experimentally how the additional layer, introduced between H- and L-component, can

40



influence the reflectance spectrum position and leads to the narrowing of high-order
PBG. As a result the analysis, performed in Refs. [1, 2], is related to specific structural
types only and does not reflect the general behavior of multi-component PhCs.

In paper [3] more detailed investigations of 2D PhCs, containing intermediate
layers on the surface of cylindrical pores, have been carried out. The authors have
obtained the dependences of the PBG width and position from the additional interlayer
thickness and its dielectric constant. They have considered a possibility to vary the
lowest PBG position and width in 2D PhCs. It was shown that an interlayer with a
thickness of only 1% of the lattice constant influences the band gap position quite
significantly. In addition the insertion of the third component into the photonic structure
decreases the PhC’s contrast and, consequently, the PBG width.

The authors of paper [4] succeeded in studying multi-component 3D PhC and
have shown how to selectively manipulate with PBGs in multi-component PhC based
on opal structure. For the description of optical characteristics with respect to the
structural features more complicated model approaches, than that for 1D and 2D
structures, were used. They have shown the possibility to control the stop-bands
appearance, their width, and shift and ON/OFF switching by variation of additional
layer’s thickness, permittivity and other factors in multi-component PhC.

In this Chapter, a three-component 1D PhC based on grooved Silicon was
selected as the simplest example for calculations, as well as for demonstrating PBG
modifications in both position and width, due to the introduction of an additional
regular t-layer (Figure 3-1(d,e)). The optical properties of a three-component PhC
structures have been analyzed using the GM approach and the TMM method. The
introduction of a third component to a 1D PhC allows manipulation of the optical
contrast to a high degree of precision by varying the thickness and refractive index of
the additional layer. The approach can also be useful for finding the solution of the
inverse problem, that is, for the interpretation of experimental reflection/transmission
spectra for the photonic structures discussed here. Using the approach to decrease
optical contrast in “Si-air”” PhCs, omni-directional PBGs (ODBs) can be obtained. For
some wavelengths, the limited number of PBGs vanish and are replaced by ultra-wide
transmission bands (TBs) in the entire range of filling fraction. The fabrication of both
band-pass and band-stop filters on a single PhC device enables optical manipulation at a

variety of wavelengths. The suggested multi-component PhC model can be applied to
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the design of any micro- and nano- structured semiconductor or dielectric materials for

application across wide electromagnetic spectrum.

Figure 3-1: Schematic fragments of (a, b, c, e) two-component 1D PhC and (d) three-
component 1D PhC with fixed value of lattice constant, a, and an additional t-layer.

The thicknesses of H, L and t-layers are dy, dy, dt, accordingly.
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3.2 Fabrication methods

The possible multi-component Si-based photonic crystal structures suitable for
practical applications can be realized by, for example:
1. Fabrication of additional layers on the Si based structures using different
deposition techniques
or
2. Alteration of the existing layers formed on the Si side-walls, by either wet

etching or reactive ion etching.
Several illustrative examples are discussed below.

Example 1a. Using a 1D PhC based on a “Si-air” structure, that is, grooved Si
[5], and following the introduction of an additional SiO, layer, tuning of the PBG edge,
either the main one or the high order PBGs [2], can be performed with a high degree of
precision. This is because manipulation of the SiO, thickness for either 1D or 2D PhCs
[3] can be performed very accurately by either thermal oxidation or by partial removal
by wet etching using chemical reagents (Figure 3-2(a)).

In addition, SiO; is a solid material which is strongly attached to Si walls
without an associated transition layer at the Si-SiO, interface. Lowering the optical
contrast in a high contrast “Si-air” PhC enables the formation of a new PhC with a
quasi-complete PBG. For this case, the sequence of layers can be ng/nsio)/na,=
3.42/1.5/1.

Example 1b. Using a 1D PhC based on a multilayered “Si-Si0,” structure, and
introducing an additional layer of Si3N4, one can obtain a similar tuning of optical
contrast, since in modern, thin-film technology, deposition of layers with tight
thickness control ranging from nanometer (monolayer) to several micrometers and the
optical characteristics required is possible to a high degree of precision. The sequence
of layers in this case can be nsi/nsisng/nsio» =3.42/2.2/1.5.

Example Ic. Using stain-etching for the fabrication of an additional porous layer
on the Si side-walls, one can obtain a new photonic system with the desired optical
properties and/or use the micro-porous layer as a matrix for sensing [6] (Figure 3-2(b)).
Since the micro-porosity can be controlled, this ultimately can be used for tuning of the
original 1D or 2D PhC. The sequence of layers in this case can be nsi/#porsifair

=3.42/1.2-3/1.
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Figure 3-2: Fabrication examples of the multi-component PhCs based on Si. Additional
component obtained by a) thermal oxidation, b) stain etching, (c) infiltration with LC,
and d) fabrication imperfection (here the corrugation of Si surface) as an additional t-

layer.

Example 1d. Fabrication of an additional component in 1D and 2D PhCs,
based on a “Si-LC” structure. In this case, the additional layer can be formed at certain
orientations of nematic LC (e.g. commercially available LC E7 by Merck [7]) at the Si-
LC interface [8], which is different from the orientation of the LC in the bulk. For
example, at the interface, the orientation of the LC could be planar with an
extraordinary refractive index n,~=1.7, while in the buik, the LC could be in a
homeotropic orientation with respect to the Si walls, which exhibits the ordinary
refractive index n,=1.5 (Figure 3-2(c)). For this case, the sequence of layers can be
nsi/n./m,=3.42/1.7/1.5.

Example 2. The additional #-layers can be formed by residual roughness with
characteristic traces of the ribs left by the incompletely merged pores during
electrochemical etching of Si [9] or the rough layer left after reactive ion etching. As

the height of these residual ribs are comparable with the wavelength, they can be
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considered as anisotropic layers with the direction of the ribs along the etch depth. This
rib system can be considered as an effective medium formed by a stack of
parallel Si planes with air gaps between them with refractive indexes ng; and ng
correspondingly (Figure 3-2(d)). The effective refractive indexes, n, and n,, of the
anisotropic layer can be described by formula for anisotropy of form [10]:

p(l_p)(ng‘i—néir)z (3 l)
(-pIng;+png; ° '

n:—n?=

where p is the rib system filling fraction. The values of n, vary from 2.8 to 3.0, while
those of », vary from 1.3 to 1.5 [11]. The following layer sequence can be considered in

this case ngy/nyip/nguir =3.42/1.3-3/1.

3.3 Model of Multi-Component Photonic Crystal Structure

3.3.1 Modelling of the additional regular layers

A micro-structured Si structure with linear grooves [12] is considered here as a
model for a basic 1D PhC structure, (see Figure 3-1(a, b)). The refractive index of Si for
the high-refractive index, H, component in the mid-IR range is chosen as ng=ny=3.42.
For the groove area, the refractive index of the low-refractive index, L, component, is
considered to be n,,=n;=1. In this case, the refractive index contrast is ny/n;=3.42/1 and
the structure can be considered a high-contrast PhC. As a result, only a small number of
periods N are needed to obtain a PBG with a reflectance of greater than 0.99. For
comparison, the PhCs with other different contrasts, namely 3.42/1.5, 3.42/2.21, 2.21/1
and 1.5/1 are also considered here. We are looking for the common tendencies in PBGs
caused by insertion of an additional regular #-layer with different refractive indexes, »,
and thickness, d, (Figure 3-1(d)). During selection of #, values a particular attention is
paid to two very common cases in practical applications i.e. when #, is varied between
3.42 and 1. In particular, in the case of n, = 1.5 we are dealing with an interlayer such
as, for example, SiO, which can be deposited on Si walls with tunable thickness, while
value n, =2.21 we can use to take into account the roughness of Si walls (see Section
3.2).

In the latter case the optical characteristics of the roughness layer, n,;, are
equivalent to the effective homogeneous layer constructed from the combined parts of
ns; and ng;,. This assumption holds if the parameters of roughness (rout-mean-square

height and autocorrelation length) are much smaller than the wavelength of the incident
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light. The value of n=2.21 for the porosity p=0.4 [9] is taken as the average value of the
refractive indexes of Si, ng; and air, n,,. The refractive index of the incoming and
outgoing medium is 1.

Calculation of the reflection spectra of 1D PhCs with N periods and a filling
fraction of Si, fs;=dp/a, where a is the lattice constant, can be performed using the TMM
[13]. An attractive feature of the method is the ease of introducing any number of
additional layers at any point in the TMM’s equation (see Chapter 2).

The Transfer Matrix S, used in calculations for a two-component 1D PhC

structure, is given schematically by:
So=((EM)sr (M) 1) ™ (I M)y (3.2)
for a three-component PhC matrix S3, as shown in Figure 3-1(b), is:
Ss=((I M), (I M)z (I M), (I M) 1) V(I M), (I M)z (M), (3.3)
where (I' M)y , (I'M), and (I-M), are the matrices of the H, L and ¢-layers respectively.

3.3.2 Gap Map presentation

For each reflection  spectrum  calculated, the region of Normalized
Frequency (NF=a/i) where the reflection is greater than 0.99 was recorded on the plot.
The PBG ranges obtained were then plotted, over a range of filling fractions, to give a
plot known as a Gap Map (see Chapter 2 for more details). The result is displayed in
Figure 3-3. For both GM and spectral calculations, the optical characteristics are
presented in unitless dimensions of NF and, therefore, can be applied to a wide range of
structure sizes, including micro- and nano-structures.

The lattice constant, a, and the #-layer thickness, d,, do not change, since #-layers
with refractive index », were introduced on both sides of the H-layer in the PhC
structure, as shown in Figure 3-1(b). When generating fs;, the value of dy for both the
two-component and the three-component PhCs was kept the same. Thus, we can
compare the two different PhC structures using the same fs; scale. As shown in Figure 3-
1(c, e), d; decreases by 2:d;. When plotting the GM for this structure, not all filling
fraction values fs; from 0.01 to 0.99 can be realized. The larger the value of d,, the lower
the maximum value of the filling fraction fs; that can be realized in the three-component

PhC.
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Figure 3-3: a) The lowest stop-band regions for GMs of three-component 1D PhCs,
obtained from a two-component PhC with optical contrast 3.42/1 (curve 1) with an
additional regular t-layer with various thicknesses d, shown, in units of a, by numbers
beside the PBG areas. The value of n=1.5, number of periods N=10 and a normal
incidence of light. For comparison, a two-component PhC with contrast 3.42/1.5,
marked as 1.5, is also shown. The cutoff lines of the PBG regions correspond to
maxfsi=0.74 for d,/=0.13a, maxfs;=0.6 for d,=0.2a, maxfs=0.46 for d=0.27a,
maxfsi=0.34 for d, = 0.33a and maxfsi=0.2 for d,/=0.4a; b) Comparison of the lowest
PBG areas for three-component and two-component PhCs with different optical
contrasts (3.42/1, 3.42/1.1, 3.42/1.3 and 3.42/1.5), shown by numbers beside the
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In order to clarify this, consider an illustrative example with =3 pm. This
modifies the Si wall thickness dy=afs; from 0.03 to 2.97 um. A t-layer thickness was
taken, in this example, as d=0.4 pm, corresponding to the parameter d, =0.13a. From
Table 3-1, the GM for the three-component PhC can be calculated only up to the
maximum value of the filling fraction, maxfs;, depending on d,. In units of a, this covers

the range from 0.03a to 0.47a.

Table 3-1: The maximum value of the filling fraction, maxfs, for various values of t-
layer thicknesses, d, required for GM calculations of a three-component PhC with a

lattice constant a=3 um.

dy, pm 0.1 0.2 0.3 0.4 0.6 0.8 1.0 1.2 14

d,la 0.03 goy - 0q0. 013 0200 027 033 040 047

maxfs; 094 086 080 074 0.60 046 034 020 0.06

3.4 Engineering of the optical contrast

3.4.1 Normal Incidence of Light

i) Influence of t-layer thickness on Gap Map formation

It is assumed that light is incident normal to the PhC structure and the angle
6=0° (Figure 3-1(a)). We select an n, value between 3.42 and 1, for example, n, =1.5.
Note we are dealing with an interlayer such as SiO,, which can be deposited on Si walls
with tunable thickness.

Let us calculate the GM of the lowest PBG for the PhC (N=10) with d=0.13a
(Figure 3-3(a), curve 0.13a) and compare that with the GM for the original two-
component PhC with d=0 (Figure 3-3(a), curve 1). As can be seen in Figure 3-3(a),
maxfs; restricts the formation of the PBG according to the data presented in Table 3-1.
Hence, the GM was drawn for PBGs calculated over a range of filling fractions, fs;,
from 0 to 0.74. For other d, values, different GMs with corresponding cutoff lines at
maxfs;, as shown in Figure 3-3(a), will be obtained. In Figure 3-3(a), the first PBG was
considered for PhC structures with different t-layer thicknesses. A red shift of the
PBG’s blue edge as d, increases is apparent from this figure. In the limiting case, as the

t-layer thickness d, increases to the maximum value, the L component tends to disappear
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and is totally replaced by the t-layer (Figure 3-2(e)). In this case, we obtain a two-
component PhC again but with a different optical contrast of 3.42/1.5. Indeed, the cutoff
line at f5=0.74 intersects two SB areas for the first three-component PhC (d=0.13a) and
for the second two-component PhC, but with a different contrast #=3.42/1.5. Similar
trends are observed for other d, values as shown more clearly in Figure 3-3(b)
(d/a=0.33 and 0.4a).

i) Influence of t-layer refractive index on Gap Map formation

Figure 3-3(b) enables the determination of the thickness of the additional layer
with n~=1.5 (at a value of f5=0.2) which forms a similar PBG to that in a two-
component PhC with a specific value of ;. It can be seen that the PBG edges for n;=1.1
and 1.3 for the two-component PhC intersect the PBG edges for the three-component
PhC at /=0.2 with d=0.13a and 0.27a. As a result, we observe an impact on the PBG
areas of the three-component PhC, demonstrating the possibility of manipulating the
optical contrast by changing the thickness of the additional regular layer in the PhC
structure. In other words, the d, value provides an equivalent value of n;?" for a two-
component PhC with the same ny value. However, in our case, the range of possible f;
values for PhC fabrication decreases significantly. This in turn leads to a reduction of
the regions of PBGs on the GM. For example at d=0.33a, the values of fs range from 0
to only 0.34 (Figure 3-3(a)). It is worth mentioning that the remaining portion of the
PBG’s on the GM is still comparable to that for the original two-component PhC and,
indeed, they remain the widest PBGs inside this range of fs;.

In order to prove the equivalency concept demonstrated in Figure 3-3(b), the
three-component “Si-SiO,-air” PhC structure was fabricated using optical lithography
and Deep Reactive lon etching of (100)Si (see Chapter 2 for details) followed by
thermal oxidation at 1000°C in order to grow a smooth oxide layer of thickness
ds=580nm on top of Si side walls. The reflection spectrum of the obtained structure was
measured in mid-infrared range from 2000 to 7000 cm™ using FTS 6000 FTIR
spectrometer in conjunction with a UMA IR microscope. Note, the reduction of the
maximum R intensity as well as a smoothinig of the “II”-shape of PBGs in the
experimental spectra (Figure 3-4) is due to the “shading” effect from the substrate of the
structure and cone-like shape of the light beam (see Section 2.4). The simulations of
the obtained experimental spectrum have demonstrated that the positions and width of

the PBGs of the fabricated three-component structures are the same as for the same
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structure without the third component but instead infiltrated with some unknown filler
with refractive index »;=1.185 (Figure 3-4). Obviously, manipulation of the PBG
parameters by changing the thickness of the additional layer is the preferred route.
Apart from the thickness, one can also vary the », value of the additional layer and, by
doing so, obtain the dependence of n;” = f(n,). An example of this for values of n, =
2.2 and 3 is shown in Figure 3-5, along with results obtained earlier for n, =1.5. As can

be seen from this figure, for the parameters of n, selected, the range of n;?"can be varied

from 1.1 to 2.2.
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Figure 3-4: Equivalency of the experimental PBGs of three-component PhCs with N=4,
a=4um and f5;=0.157 with additional layer thicknesses of the SiQ, dsi>=580nm and
simulated PBGs of the same PhC without SiO; component, but infiltrated with some

unknown filler with refractive index ny=1.185.

The examples illustrate the influence of », and d, on PBG formation, since both
of these parameters can be altered technologically. For example, the refractive index of
the additional layer can be changed keeping the thickness constant, or the additional
layer with a constant value of », can be fabricated with different thicknesses using
various deposition techniques from the gas or liquid phase, or by thermal oxidation. We

conclude that using a multi-component PhC is a viable alternative technique for the
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alteration of the optical contrast of PhCs and, therefore, for tuning the position and
width of PBGs in the reflection/transmission spectra of these structures.

Let us analyse what happens to PBGs of high order following the introduction of
an additional layer using the GM of PBGs in the range of NF = 0-2.5. As can be seen
from Figure 3-6, the introduction of the r-layer with different d, =0.13a and n, =1.5
results in:

e adecrease in the area of every PBG region,

e ared shift of the PBG regions with respect to the original two-component PhC.
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Figure 3-5: The dependence of n;™ (which is equivalent value for a two-component
PhC) versus dya for three-component PhC with a t-layer of thickness, d, and refractive

index, n,, (the numbers beside the lines) and fs=0.2.

A decrease of the PBG width with an increase in the t-layer thickness can also
be seen in Figure 3-3(a) for the lowest PBG in more detail. Similar behavior was
observed earlier in the GM of PBGs in a two-component PhC as n;, increased [12, 14].
Thus, the introduction of the #-layer has a similar effect to the substitution of »;, i.e. it
serves to decrease the optical contrast or, in accordance with Ref. [3], to decrease the
effective dielectric constant. As can be seen from Figure 3-6, the size of the high-order
SBs regions for three-component PhCs differs from that in ordinary PhCs. In the range

of NF values from 1 to 1.5, a suppression of high order PBGs takes place. The
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suppression of stop-bands and their replacement with transparent regions was
investigated earlier for multi-layer films in Refs. [15-17]. A similar narrowing effect
was also observed in our case for the high-order PBG realized for Si-based PhC, as
shown in Figure 3-6. One possible explanation of this effect is that the third component
is acting as an antireflection coating, suppressing the high order PBGs. This interesting

effect will be a subject for investigation in the next Section 3.5.

1.0 1

0.5 -

0.0

Figure 3-6. Influence of the t-layer (d/a=0.13a) on the shift and decrease of PBG
regions of high order in the region NF=0-2.5.

Furthermore, we have developed a series of maps with the lowest PBGs for the
consequent two-component PhC by changing the optical contrast of the original two-
component PhC from 3.42/1 to 3.42/1.5 and letting n, =2.2 (see Figure 3-7(a)). As
shown earlier, we obtain tuning of the optical contrast by introduction of the additional
t-layer. Using a smaller value of n, =1.7, we have obtained a much smaller shift of the
blue edge of the PBG as seen in Figure 3-7(b). In summary, we demonstrate, once
again, the possibility of tuning the optical contrast of a three-component PhC by varying
either the thickness or the refractive index of the #-layer.
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Figure 3-7 :a) Gap maps of a two-component 1D PhC with contrast n=3.42/1.5 (curve
1.5) with added t-layers of different thicknesses d,, shown beside the curves in units of
a, and with refractive index n=2.2. The GM with contrast n=3.42/2.2, the SB region
marked as 2.2, is also presented for comparison. (b) Gap maps of a two-component 1D
PhC with contrast n=3.42/1.5 (curve 1.5) with added t-layers of different thicknesses
with a refractive index n/=1.7. The GM with contrast n=3.42/1.7, marked as 1.7, is
presented for comparison. The calculation is performed at a normal incidence of light
with the number of periods N=10. The cutoff lines are the same as in Figure 3-3. Note

that only the lowest stop-band areas are shown for simplicity.
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It is worth noting that the additional layer, with a definite optical thickness, n,d,,
introduces a contribution to the overall interference of the reflected wave, but it does not
have a damaging effect on the R value in the PBGs. As can be seen from Figure 3-3 and
Figure 3-7, the reflection coefficient is still equal to 0.99, since this value is still the
criterion for PBG formation. However, this is a rough estimate. We will consider further
how under these conditions the quality of the reflection bands is changed within the
PBGs, because different perturbation factors often result in a decrease in the absolute
value of the reflection coefficient in the PBG to R=0.9 or even less. In addition,
changing the shape of the PBG can increase the noise level and other types of band
degradation can also occur. Typically, these effects are better seen in transmission mode
of the lowest PBG. The spectrum for a contrast of 3.42/1 and a filling fraction of
fs=0.23, corresponding to the quarter wavelength thickness of the layers, is shown in

Figure 3-8 with the smallest transmission value of 7=10""". The introduction of a t-layer
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Figure 3-8: Transmission spectra shown for the lowest SB areas for a two-component
PhC with an optical contrast of 3.42/1 (curve 1) and 3.42/1.5 (curve 1.5) and for three-
component PhCs with an additional t-layer of n,=1.5 and thicknesses of d,=0.13a and
0.27a. Calculations were performed at a normal incidence of light with f5;=0.23 and

N=10.

with d, =0.13a increases 7 to 10']0, while this increases to 7=10" at a lower PhC optical

contrast of 3.42/1.5. Therefore, the introduction of the t-layer affects the properties of
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the lowest PBG, not as a degradation factor, but as a characteristic tendency to decrease

the optical contrast of the PhC.

3.4.2 Oblique incidence of light: Omni-directional properties

It is known [18] that the omni-directional band in the gap map is determined by
the overlapping regions of the stop-bands obtained for different angles of incidence and
various polarizations of light. Using the TMM, reflection spectra can be obtained for
different deviation angles, 6, of the wave-vector from the normal (see Figure 3-1(a)),
over a range of 6 from 0° to 90° for TM- and TE-polarizations, where TM and TE are

the Transverse Magnetic and Transverse Electric polarizations, respectively.
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Figure 3-9: Gap maps, demonstrating the formation of an ODB region (the striped
area), as a common area formed by the overlapping of PBG regions at different angles
of incidence. Angles of incidence are indicated by the number beside the curves. The
contrast was 3.42/1 and the additional layer had n,=1.5 and a) d,=0.2a, b) d,=0.27a, c)
d;=0.33a and d) di=0.4a. ODB regions for a two-component PhC with contrast of
3.42/1.5 (grey region) and for three-component PhC (striped region) are shown for

comparison in (d).

55



The width of the PBGs for TE-polarization increases with an increase in 8, while
for TM-polarization it decreases. As a rule, it is necessary first to be sure that the PBGs
for TM-polarization have a common area for different € and then to identify this area as
the ODB. Let us perform the GM calculation for an optical contrast of 3.42/1 and
number of periods N=10. The ODB region does not form for this optical contrast [19].
The additional introduced layer is of thickness d~=0.2a and refractive index », =1.5 with
angle of incidence change from 8= 0° to a maximum value of 85° with a step size of 5°.
Figure 3-9(a) shows that the photonic band gaps obtained for TM-polarization overlap
at different angles 6. Note that, for clarity, only a few angles viz. 6 =0°, 70°, 75°, 85° are

shown on Figure 3-9(a). They form a common ODB area, shown by the striped area.
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Figure 3-10: The width of ODBs versus filling fraction (calculation from Figure 3-9).

This region is formed in the three-component PhC under consideration over a
range of filling fractions, fs;, from 0.25 to 0.6, causing the position of the ODB region to
vary from 0.22 to 0.39 in units of NF. Note that the cutoff line of the PBG is located at
higher values of f5; than are necessary for formation of the ODB (see Figure 3-9(a)),
therefore the parameter maxfs;=0.6 does not limit the fs; values for a PhC with an ODB.
Figure 3-10 demonstrates the dependence of the ODB width (ANFopg) on fs;, from
which the region of formation of the ODB can be deduced for f5; values from 0.22 to 0.6
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with a maximum ANFpp=0.024 at f5=0.31. As pointed out in Ref. [20], this value does
not correspond to A/4 layers, corresponding to fs; = 0.23 for the PhC with contrast
3.42/1, and shifts to higher values of f5; due to the necessity of taking into account

overlapping of the PBG at different angles of incidence and different light polarizations.

Figure 3-11: Transmission spectra T and ODB width (filled rectangles) shown for the
first PBG at incident angles of 0° and 85° for: a) three-component PhC (denoted as
3comp) with an additional layer n,=1.5 and d,=0.2a and two-component PhC (denoted
as 2comp) with optical contrast 3.42/1 without ODB region (filling fraction f5;=0.3); b)
three-component PhC with an additional layer n~=1.5 and d=0.27a and two-
component PhC with contrast 3.42/1.2 (f;=0.3).; c¢) three-component PhC with n,=1.5
and d,=0.33a, f5=0.3 and two-component PhC with contrast 3.42/1.4 (f5=0.3); d)
three-component PhC with additional layer n=1.5 and d/=0.4a and two-component
PhC with contrast 3.42/1.5 (fs;=0.2).The dashed line corresponds to the level of
Tpbg=0.001(or Rpbg=0.999).
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As mentioned above, introduction of the #-layer with d=0.2a is in fact equivalent
to an increase of the n; value to ~1.2. This is higher than the minimum value of n;=1.1,
which allows the appearance of ODBs in high optical contrast PhCs [18]. However, in
practice it is problematic to find a suitable filler with a refractive index n;=1.1-1.2 for
impregnation into a PhC. Therefore, introduction of a #-layer is the preferred approach
in this case.

Let us now use another value of d, =0.27a for calculating the GM (see Figure 3-
9(b)) and plot two stop-bands only, which determine the ODB areas for TM-
polarization and incident angles in the range 0° to 85°. As shown in Figure 3-9(b), and
in accordance with Table 3-1, the cutoff line is drawn at a value of £;=0.46 and actually
truncates the ODB. At the same time, the maximum ANFypp increases to 0.043. The
increase of d, to a value of 0.33a leads to a lowering of the cutoff line (see Figure 3-
9(c)), as expected, and to a simultaneous increase in ANFopp (Figure 3-10, line 0.33a).
A further increase of d, to 0.4a significantly decreases ANFppgp (Figure 3-10, line 0.4a).
Since the introduction of layer d, is equivalent to a reduction in the optical contrast of
the PhC, at the limit of this case we should obtain a PhC with contrast 3.42/1.5. Indeed,
as can be seen in Figure 3-9(d), the ODB area for the three-component PhC, shown by
the striped area, practically overlaps the ODB area for the two-component PhC, the grey
area, within the limit of the permitted range of fs;.

In order to demonstrate the qualities of PBGs in transmission 7 spectra, 7-
spectra were calculated using a filling fraction f5; = 0.3 from Figure 3-10, for which
maximum ODB width can be achieved. Calculated transmission spectra are presented in
Figure 3-11. For a sample with d; =0.4a, we can select a value of f5; =0.19 due to the
cutoff line. The spectra obtained demonstrate overlapped regions of stop-bands for TM-
polarization and two incident angles of 0° and 85°. In producing this plot, transmission
spectra were calculated over the total range of possible angles of incidence with a step
size of 5°, but these were omitted from the plot for clarity.

Figure 3-11(a) shows spectra for comparison from a two-component PhC with a
contrast of 3.42/1. The structure does not form an ODB, since there is no overlapping of
the PBGs for angles of incidence of 0 and 85°, see the curves corresponding to 0° and
85° for the two-component case on the plot. At the same time, introduction of a #-layer
with d, =0.2a results in overlapping of the PBGs and leads to the formation of an ODB

area. A similar effect is observed for other ODB areas with different #-layers (see Figure
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3-11(b-d)). As can be seen from all the plots presented in Figure 3-11, the introduction
of the -layer into ordinary two-component PhC does not decrease the width of the ODB

arca.

3.5 Formation of Infrared Regions of Transparency

An analysis of the GMs of the PBGs for the three-component PhC revealed a
red shift, as well as a decrease of the PBG area, with respect to the original ordinary
two-component PhC, with an increase of the t-layer thickness, d; (see Figure 3-6).
Further investigation has revealed that for the small number of period N<10 the high
order PBGs are not only suppressed but can be vanished in a wide frequency and entire

filling fraction range.

3.5.1 Suppression of Photonic Band Gaps

In Figure 3-12 we compare the GMs over a wide range of NF for an ordinary
two-component “Si-air” PhC (grooved Si) with the number of periods N=5 and for
multi-component PhC based on the same “Si-air” structure after introduction of the
regular t-layer with thickness of d, = 0.10a. It is apparent that the lower PBGs are least
affected by the addition of the t-layer, retaining a similar area and experiencing a
negligible red shift in frequency. At the same time, inspection of the high-order PBGs
over the entire range of NF, reveals regions of frequency, or equivalently wavelength,
for which PBGs are suppressed, with R<0.99. Note that the SBs determined for the
original “Si-air” PhC structure are not suppressed over the entire NF range (Figure 3-
12). A detailed examination of the suppressed high-order PBGs in these frequency
regions reveals that PBGs are not only significantly suppressed, but can actually
disappear, with R=0. It is obvious that the regions of transmission could appear in these
regions of frequency instead. Let us calculate a set of transmission spectra for a multi-
component 1D PhC with a t-layer thickness of d; =0.1a over a range of fs; values from
0.08 to 0.1 with a step size of Jf5=0.001 (Figure 3-13(a)). Indeed, the transmission
bands are formed between the suppressed PBGs, with R less than 0.99. It is clear from
Figure 3-13(a) that the TB’s range is constant for filling factors, f;, in the range 0.083 to
0.093, that is, with a change in the filling factor of Af =0.093-0.083=0.01. Additional
detail can be seen in Figure 3-13(b), where the transmission range is expanded across
the range of transmissions from 0.97 to 1 in order to increase the clarity of the diagram.

As shown in Figure 3-13(b), the width of the TBs is also dependent on the selection of
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the cutoff transmission value. For example, if a cutoff transmission was chosen as
0.995, then the TBs within a narrow range of NF will appear narrower and less uniform
than those for a cutoff level of 0.99. The choice of an appropriate cutoff level is an
important design criterion when engineering practical device structures. Let us consider
an example of the design of a real band-pass filter based on the three-component PhC
model from Figure 3-13. Suppose the lattice period, a, is 3000 nm and the Si-wall
thickness, di= fs;:a, is 260 nm, corresponding to a filling factor f5=0.087. According to
Figure 3-13(b), such an optical filter has a wide pass-band with bandwidth of 0.36 NF
(350 nm) centered at NF=1.7 or a wavelength A=a/NF=1760 nm for a cutoff level
7=0.99. From Figure 3-13(a) the filling factor deviation Afs; is up to 0.03, which
corresponds to the possible Si wall thickness deviation Ady=30 nm for this particular

example filter.
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Figure 3-12: GMs for a two-component “Si-air” PhC (light regions) and for a multi-
component PhC with n=1.5 and d,=0.10a (dark regions) over a wide range of NF;
maxfs;=0.80. The calculations are performed at normal incidence of light with number

of periods N=5.
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Figure 3-13: The transmission spectra T for multi-component PhC with t-layer
refractive index n,=1.5 and thickness d,=0.10a for (a) f;=0.08...0.1. (b) The same as in
figure (a) shown for clarity in expanded transmission scale for f,;=0.087. The

calculations are performed at normal incidence of light with number of periods N=5.

3.5.2 Influence of the additional component thickness

Now that we have established the general criteria for TB formation, we can plot
a map of the regions of transparency (RTs) for the multi-component PhC by analogy
with the GM for PBGs [14, 19]. In order to avoid plotting very narrow peaks with high
transmission, 7>0.99, from the spectrum in Figure 3-13(b) (see, for example, peaks at
NF=1, 2.2, 2.4) we need to define a minimum range of ANF>0.01, which provides
transmission values 7>0.99. Removal of the narrow regions, by defining ANF<0.01
greatly improves the clarity of the TBs. In Figure 3-14(a) the map of TBs is
demonstrated with the GM, simulated for the “Si-air” PhC structure with additional
component with refractive index »n~=1.5 and thickness d; =0.13a. It is apparent, that the
TB regions are located between the SBs areas of the corresponding PhC structure. Note
the total suppression of high order SBs over a range of NF from ~1.1 to ~1.5. This NF/

range also contains the widest TBs. This is also confirmed by the transmission
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spectrum, shown below in Figure 3-14(b). Therefore, we conclude that the third layer in
1D PhC structure can be treated as an antireflection layer by analogy with multilayer

dielectric coatings.
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Figure 3-14: a) The GM of stop-bands (R>0.99), denoted as SBs, and map of
transmission bands (T>0.99), denoted as TBs, for the multi-component PhC with
n,=1.5and d,/=0.13a. b) The transmission spectrum T for the same multi-component PhC
for fi=0.117. The calculation is performed at normal incidence of light with number of

periods N=5.

It should be noted that the PBGs, also referred here as SBs, determined for the
ordinary PhC structure, shown in Figure 3-12, are not suppressed over the whole NF

range and, therefore, originally have no wide TBs in this range.
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Figure 3-15: a) The GMs of PBGs (denoted as SBs) and maps of TBs (denoted as TBs)
for the multi-component PhC with additional t-layer of refractive index of n,=1.5 and
thicknesses (a) d,/=0.20a and (b) d,=0.33a. The calculation is performed at normal
incidence of light with number of periods N=35.

Let us now analyze the changes that occur in these wide TBs, when the
thickness of the additional #-layer is varied, using maps of the transparency regions. For
this purpose, maps of TBs for the three-component PhC with #-layer thicknesses d;

=0.20a and d, =0.33a were calculated (Figure 3-15). The calculation procedure, used to
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determine the TBs and the form of their graphical representation are the same as that
described earlier.

It is worth noting that, for the PhC with d,=0.20a, the TBs exhibit a different
behaviour than for the case of d=0.13a. The widest TBs disappear between 1.1 and 1.4,
reappearing again in two NF regions, viz. from 0.5 to 1.1 and from 2.3 to 2.6. As shown
before, these features were not observed for the ordinary two-component PhC with
optical contrast 3.42/1 (see Figure 3-12(a), light grey curves). Moreover, as expected,
for an additional layer thickness of d=0.33a, we can already see the formation of three
regions with wide TBs over the same NF range. Thus, an increase in the #-layer
thickness results in an increase in the number of TBs. Therefore, by changing the
thickness values of 7-layer we can manipulate with width and number of TBs in Si PhC

device.

3.5.3 Influence of the oblique incidence of light

Based on the preliminary calculations performed in Section 3.5.2, we have
successfully demonstrated how the thickness of the r-layer is affecting the formation of
the regions of transparency in multi-component Si photonic crystal. The next important
issue, which needs further investigation, is the impact of oblique incidence of light on
TBs. As it was demonstrated earlier, the PBGs cannot be obtained at certain angles of
incidence of light for 1D “Si-air” PhC structures, regardless of the filling factor fs;. In
Section 3.4 we have shown, that by lowering the effective optical contrast (e.g. from
high to medium) due to introduction of the additional components, one can obtain the
omni-directional PBGs in initially high-contrast structures. The calculated omni-
directional PBGs for multi-component PhC structure have even larger width, than those
for the equivalent two-component structures with medium optical contrasts, for both
TM- and TE-polarizations of light.

Let us consider now the multi-component “Si-air” PhC system with the
additional t-layer of the thickness d/=0.2a. A detailed analysis have shown that an
increase of the angle of incidence of light, 6, does not affect significantly the formation
of TBs, which are experiencing only a blue shift in an entire range of f5;. At the same
time, a large increase of the angle of incidence (6 >50°) leads to the widening of TBs for
TM-polarization and their narrowing for TE-polarization. On the contrary, as was

demonstrated in the past, the width of the SBs for TE-polarization increases with an
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increase in @, while for TM-polarization it decreases [19]. Therefore, we can expect that

at certain conditions the wide SBs for TE-polarization may overlap with the wide TBs

for TM-polarization. The overlapping regions determine the regions of frequency for
a

B TM-polarizationT>0.99 W TE-polarization R>0.99
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Figure 3-16: The GM of SBs (R>0.99) for TE-polarization (light regions) and map of
TBs (T>0.99) for TM-polarization (dark regions) for the multi-component PhC with d,

=0.2a in a wide fs; range (a) and in limited fs; range (b). The calculation is performed at

angle of incidence 6= 60°.
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which a multi-component PhC structure is totally transmitting the TM-polarized light
and totally reflecting the TE-polarized light, and, therefore, this structure is acting as a
highly efficient polarizer. In Figure 3-16(a), we demonstrate the GM, calculated for
6=60° for TE-polarization, which is compared to the map of TBs, calculated for the
same angle 6 but for TM-polarization of the incident light. It is apparent from Figure 3-
16(a) that the TBs have partially overlapped with SBs in a whole range of fs;. For
clarity, the same maps are demonstrated in the limiting range of f5; and NF in Figure 3-
16(b). It is clearly seen, that the overlapped regions can reach the width up to 0.05 NF
for certain values of fs;. For the example considered here, =3 pum, this width value is
equivalent to approximately 60 nm. In order to demonstrate the overlapped regions in
details, as well as to show the qualities of the obtained TBs in transmission spectra, the
T-spectra for both polarizations were calculated using a filling factor f5=0.18 (Figure 3-
17). The overlapped regions for both polarizations correspond to the maximum value of
T for TM-polarization and the minimum value of 7" for TE-polarization. It is also
apparent, that the overlapped regions (with 7>99%) demonstrate a negligible number of

ripples on the top.
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Figure 3-17: The T spectra for fs;=0.18 calculated for the multi-component PhC with d,
=0.2a at angle of incidence 6= 60°. The formation of TB for TM-polarization and SB
for TE-polarization at NF=1.62 demonstrates the transformation of the PhC into TM-

polarizer in transmission mode and TE-polarizer in reflection mode.

We conclude that the introduction of the additional, regular layer into a high

optical contrast 1D PhC, like for example grooved Si, results in the appearance of wide

66



regions of transparency for TM-polarization for an oblique incidence of light. Using an
appropriate design a photonic crystal polarizer, based on grooved Si, can be fabricated
for efficient operation with 7>99% for TM-polarization and R>99% for TE-polarization
in a specific wavelength regions.

The proposed model of in-plane Si-based multi-component PhC allows
realization of the highly compact integratable broadband polarizer on Si chip.
Comparing to the other typical commercial non-integratable polarizer solutions the
multi-component PhC polarizer demonstrate an outstanding wide angular field of 30°
and high extinction ratio of about 30dB. However, further theoretical and experimental
investigation required in order to understand how the dispersion of Si and insertion

losses may influence the polarizing characteristics.

3.6 Photonic Crystal ultra-wide pass-band filter

Let us use the suggested in the previous Section GMs of TBs for the fabrication of
the real band-pass optical filter with wide bandwidth operating in a mid-infrared (MIR)
wavelength range. In order to introduce the third component into original two-
component structure, we exploited thermal oxidation of the grooved Si structures. While
other complex and more expensive deposition techniques, such as chemical vapour
deposition or sputtering, can be used to deposit dielectric layers, thermal oxidation of Si
has the advantage of having a better growth isotropy, especially for narrow, deep
trenches and precise control of the grown thickness. Also the fundamental limitations of
fabricated Si based devices, such as high roughness and corrugation of the etched Si
surfaces, can be overcome by oxidation smoothing (see Section 3.2). In the course of
the model calculations we have to pay attention to the following important issues.
Firstly, owing to the strong absorption band of Si0, around 9 um in MIR range of
spectra, the imaginary part of Si0; refractive index, nsio, has been taken into account
[21]. It was found that this absorption band does not coincide with total transmission
regions in multi-component PhC with lattice constant, a, less than 5 um. Secondly,
during thermal oxidation the 44% of oxide thickness is formed at the expense of Si wall
while the remaining 56% of the oxide grows outside in the air [2]. Therefore, the
maximum fs; of resulting three-component device will be reduced by the value Afs;=
(2:0.44- dsi0;)/a. For fabrication convenience let us use the original grooved Si structure

with a lattice period a= 4 pm and the thickness of the additional component
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d=dsi0;=0.18a. Only three “Si-air” paired layers with N=3 are needed in order to
demonstrate the SBs formation and their further replacement with TBs, making the
device extremely compact and potentially low loss. An in-plane design, in which the
SBs structure is etched into the Si substrate, allowing the incorporation of optical fibre
in-plane, eases the integration process and facilitates the construction of a high-quality
filter. The reflection, R, spectra for the original (two-component) structure in the range
of filling fractions from 0.25 to 0.33 are demonstrated in Figure 3-18(a). The device

calculated can operate as a reflecting filter, with a wide SB centred at Ac= 0.85 NF.
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Figure 3-18: 3D representation of (a) flat-top SB centred at 0.8NF in the range of
filling fractions f5=0.25-0.33 before oxidation and (b) flat-top pass-band centred at the
same frequency calculated for the same device after oxidation in the range f5;=0.10-

0.17. The thickness of SiO; is dsio;= 0.18a.
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In Figure 3-18(b), the transmission spectra, 7, are demonstrated for the structure after
thermal oxidation over the new range of filling fractions f*s= fo-Afs;, varying from
0.10 to 0.17. It is apparent from the 7 spectra that the regions of high transmission
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(7>99%) have widened and totally replaced the SB. The obtained structure can now
operate as a band-pass filter centred on the wavelength, Ac

Figure 3-19(a) shows the maps for the discussed structure calculated in a wide
range of f*¢= fsi-Afs; from near-infrared to mid-IR spectral ranges. As can be seen for
this figure, the introduction of the regular SiO, layers in the device has affected the
formation of SBs significantly. The limited number of high-order SBs have vanished in
a full range of f*s; over two wavelength regions (around 4 pm and 1.5 pm). At the same
time the regions of high transparency with 7>99 % (black regions) have become
significantly wider in the same wavelength regions. It is also clear that the widest TBs
are observed for the filling factor values less than 0.5, which actually corresponds to
more realistic structures. According to TB’s map the final device should have a filling
factor f*5=0.145 and, therefore, the final Si-wall thickness, dy= f*sra=0.58 pm. In the
Figure 3-19(b) the same map is presented in the limited range of f*s; from 0.075 to 0.2
in order to study the TBs and SBs for the proposed structure in details. It is obvious that
the filling factor deviation, which corresponds to the pass-bands of the same bandwidth
and centered at the same wavelength Ac, is up to 0.03. Thus, the fabrication tolerance
(photolithography error) can be easily estimated from the proposed TB’s map, which
constitutes 120 nm for the particular demonstrated example filter.

For the fabrication of the original grooved structure we used a fabrication
process that was described in details in Chapter 2. The anisotropic chemical etching of
(110)Si by KOH was used for the initial step. The depth of etching was 15 um.
Following this, grooved structure was thermally oxidized at the temperature 7=900 °C
for 120 min in order to grow an oxide layer of the thickness ds;0,= 0.18a=720 nm on the
top of Si side-walls (Figure 3-20). The spectroscopic ellipsometer Ellipse 1891
developed in the Institute of Semiconductor Physics of the Siberian branch of the
Russian Academy of Sciences was used for thickness control of the SiO, layers on
witness samples. Measurements were performed at an angle of light incidence ¢y=70°
over the photon energy range 1.5-5.0 eV. The thickness of thermally grown oxide layer
and information about the refractive index were obtained by fitting the measured data to
multi-layer model calculations. The R and T spectra measurements have been performed
using an FTS 6000 FTIR spectrometer in conjunction with a UMA IR microscope (see
Chapter 2 for details). The aperture of the focused IR beam was 15x15 pum? and the

spectral resolution was 8 cm™'. A golden mirror was used as a 100% reference for
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measurements of reflection spectra. All measurements have been performed for normal

incidence of light.
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Figure 3-19: (a) The GM of SBs with R>0.99 (light regions) and map of TBs with
17>0.99 (dark regions) calculated for fabricated filter based on PhC structure (air-SiO;-
Si-SiOs-air)" with N=3 for mid-IR. (b) The same maps, demonstrated in the limited
range of A and f*s; for clarity. The dispersion of SiO, in MIR range and normal

incidence of light 6=0° are taken into account during calculations.
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Figure 3-20: SEM image of photonic crystal filter based on grooved Si with thermally
grown SiO; of thickness dsio>=0.72um. The lattice period a=4um.
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Figure 3-21: Experimental (dashed line) and calculated (solid line) (a) R and (b) T
spectra of the band-pass filter based on PhC structure (air-SiO»-Si-SiOx-air)" with

N=3 demonstrate the transformation of the SBs at 3.5 um and at 4.8um into the TB at
the wavelength A= 4.2 um.
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Figure 3-21 shows the experimental R and 7 spectra in comparison with the
simulated ones. Apart from some excess losses, which may be due to optical scattering,
there is good agreement between experiment and calculation. We note that the original
grooved Si structure has the SBs centred at 3.5 um and 4.8 um. Thus, the original
device is acting as a stop-band filter (Figure 3-21(a)), while after thermal oxidation
these SBs have been replaced with ultra-wide TB with bandwidth of 1400 nm in the
range of wavelength from 3.4 um to 4.8 pm. The obtained device can now operate as
band-pass filter (Figure 3-21(b)). To our knowledge this is the first report of the
broadband band-pass filter with flat-top characteristics which can be integrated on Si
chip. The utilization of the thermally grown SiO, for the fabrication of the multi-
component PhC device has resulted in the appearance of the negligible number of
ripples (with depth up to 4-5%) on the otherwise flat-top transmission. Therefore, the
fabricated band-pass filter can provide an ultra-wide transmission of 95-96% centred at

4.2 um.

3.7 Summary

Utilisation of a three-component photonic crystal by the introduction of an
additional layer to a two component structure, while leaving the lattice constant
unchanged, provides a suitable model for designing a new type of photonic crystal. Use
of a GM allows visualization of the transformation of the PBG areas caused by
converting a two-component PhC to a three-component PhC by the addition of the new
layer. The introduction of the third component to the 1D PhC allows variation of the
PBGs areas of the three-component PhC and, therefore, engineering of the optical
contrast of the original two-component PhC. This is achieved, not by filling its air
channels, but by selecting either the thickness or refractive index of the third layer.
However, in this case, we sacrifice the range of possible fs; values for the formation of
stop-bands and SB’s area. The widest SBs are observed for this restricted range of
possible fs; values. Using the approach suggested for decreasing the optical contrast in
photonic crystals, omni-directional bands can be obtained in a high-contrast Si-air
periodic structure. A number of simulated models of three-component 1D photonic

crystals are described, some of which may have practical applications.
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The principle of suppression of the PBGs and replacing them with TBs is
demonstrated for a high contrast 1D PhC with the introduction of an additional #-layer.
By varying the thickness of the #-layer, the width and the number of the TBs can be
altered. The TBs obtained numerically show a high transmission value (>99%) and a
substantial band width in the infrared spectral range. The GM approach was used to
generate the map of transmission bands in order to observe the effect in the entire range
of Si filling factor and in a wide wavelength range. The generated maps of TBs have
demonstrated the formation of the ultra-wide transmission bands over the suppressed
PBGs in a whole range of possible filling factors. The TBs obtained demonstrate a
substantial bandwidth (> 200 nm) and a negligible number of ripples within the bands.

In order to fine tune the wavelength position, number and width of the output
transmitting or reflecting bands, thermal oxidation of the grooved Si structures was
exploited. Based on the generated map of TBs the PhC filter with ultra-wide TB
characteristics have been successfully fabricated and characterized. The TB obtained
exhibit a high transmission of 92-96% and a substantional bandwidth 1800nm with
negligible number of ripples on the top.

The effects demonstrated have practical applications in integrated Silicon
microphotonics. It suggests that fabricating interference filters with almost 100%
transmission over a selected wide range of the infrared spectrum is practical. Also, we
note that the approach suggested can be applied to the design of any micro- and
nanostructured semiconductor or dielectric material for application across the entire

electromagnetic range.
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Chapter 4.
Micro-cavity Photonic Crystals

4.1 Introduction

Modern Si fabrication technology has advanced remarkably over the last decade
demonstrating an unprecedented level of photonics integration [1]. The development of
the integrated compact multi-channel filters for different applications, such as,
communication systems [2-4], multifunctional sensing [5, 6] and microwave antennas
[7] has been important and active area of research in this field. The required
characteristics are the high quality factor (Q), high selectivity (the ability to separate
two adjacent channels), high out-of-band rejection in order to guarantee a low cross
talk between channels, low power and possibly low insertion. Moreover, the filter
capability of low-power and low-loss tuning of channel properties significantly
advances device functionalities for the applications where the reconfiguration is
required. In this regard, resonance based devices, such as microring resonators [8, 9],
travelling-wave resonators [10] and photonic crystal micro-cavity resonators [11], are
the most promising solutions. In this Chapter, we will focus on micro-cavity PhC
systems due to their significant advantages over other types of resonators, in terms of
device simplicity, ease of integration on Si chip, and power consumption. The main
objective of this project was the technological realization and experimental
demonstration of an integratable solution for the Si-based band-pass filters with ultra-
wide continuous tuning capability. The design of a fine-tunable passband filter proposed
in this Chapter is based on a one-dimensional Si photonic crystal technology. It requires
realization and tuning of the optical defects within the periodical structure by infiltrating
it with liquid crystal, thus transforming PhC mirror into a high efficiency passband

filter. An LC is one of the most attractive tuning materials for Si based integrated
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devices; enabling tuning of the resonance modes using low applied voltages (from 1.5
V) with negligible absorption during device operation (see Chapter 2).

Section 4.3 presents theoretical and experimental demonstration of integrated
optical narrow-band filters based on single-cavity 1D Silicon PhC. Using an example of
the nematic LC E7, with An=0.2, a significant shift of the resonance peak up to 10% at
high modulation of reflection/transmission coefficient (AR (or (A7))=95%) was
demonstrated. The precise tuning of the obtained resonance bands was experimentally
achieved by either varying the temperature from 10° to 65°C or by application of
electric field from 0 V to 15 V. Using the gap map approach as a core engineering tool
allows prediction of the formation of transmission bands within the Stop Bands, i.e.
photonic band gaps, and, thus, effectively determine the exact optimal design
parameters of the filter device.

In Section 4.4 the continuous fine-tuning capability of a LC single micro-cavity
is extended to a system of individually tunable, coupled multi-cavities. Application of
an electric field to each cavity individually, and its continuous selective variation across
all cavities allows problems due to the strong coupling between channels to be
overcome. Using an example of a coupled, triple-cavity, PhC filter, operated using the
first SBs, we have developed a simple model for easier manipulation of the LC within
individual cavities, enabling independent fine tuning of each channel in the overall
system. We note that the model suggested can be extended to a higher number of
coupled cavities (defects) and, therefore, to a higher number of resonances, with an
improved O value. To the best of our knowledge, there have been no reports in the
literature on addressing this problem using electro-tuning for the individual channels in
a multi-channel system that is compatible with CMOS (Complementary Metal Oxide

Semiconductor) technology.

4.2 Basic Concept: Modelling of 1D micro-cavity Photonic
Crystals

A free-space, microstructured grooved Si structure, with quarter-wavelength “Si-

air” layers of optical thicknesses

A
dsi " Ns; = dgi *Ngjyr =M " fl‘ (4.1)
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is considered here as a model for an ordinary 1D PhC mirror, where ds;, ns; and dgir, By
are the geometrical thickness and refractive index of Si and air layers, accordingly and
m is the order of the SBs. The refractive indexes of Si and air in NIR and MIR are taken
from Ref.[12]. As the optical contrast of the PhC, ng/n,;,, is sufficiently high, only a
small number of periods is required to obtain a SB with a reflection, R, of greater than
0.99. Let us consider an example of 1D PhC with the number of periods N=7.5 and the
lattice period a=ds;+d,; (Figure 4-1(a)). The optical spectra of this simple structure can
be calculated using the Transfer Matrix Method [13]. For all spectral simulations in this
Chapter, the optical characteristics are presented in unitless dimensions of normalized
frequency (NF=a/A) and/or normalized wavelength (NW=A/a) and, therefore, can be
applied to a wide range of filter sizes and range of operation. For the considered
example structure with filling fraction value fs=ds/a=0.243, the 6 order, m=6, SB is
centred at the normalized wavelength NW=0.29 or normalized frequency NF=3.45
(Figure 4-1(b)).

The single/coupled resonators induced transparency around the operational
wavelength 4,, occurs when optical or geometrical defects (micro-cavities) are
introduced into a perfect periodical structure [14, 15] (Figure 4-1(c, e)). Formation of a
microcavity resonator requires a doubling of the optical thickness of certain periods in
1D PhC
) 4O . m

ncav cayiia 2 °?

(4.2)

where n§2,, and dgl)v are the refractive index and the geometrical thickness of the
introduced defect (cavity), accordingly, and i is the number of the cavity, thus
transforming the broadband mirror into the narrow passband filter. This type of micro-
cavity 1D Photonic Crystals feature Fabry-Perot-style resonators (an optical resonator in
which feedback is accomplished using two mirrors, e.g. “Si-cavity-Si”’) with ultra-high
reflectance mirror technology [16]. This can be achieved, for example, by infiltration of
the groove with a filler of a suitable refractive index. TMM calculations, performed for
the single-cavity PhC structure with 7.5 period, after infiltration of its central groove
with an example fillers of refractive indexes n.q,=2 and n.4,= 1.5 are shown in Figure
4-1(d). The realized resonance peak is centered at NW= 0.289 (NF=3.46) for the n 4, =2
(black line) and blue shifted to NW=0.286 (NF=3.50) for n.,,= 1.5 (green line). The

reflection spectra of “Si-cavity-Si” Fabry-Perot resonators (FPRs) are plotted in Figure
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4-1(d) for n value of cavity being 1.5 (dashed green line) and 2 (dashed black line)
along with R spectra for single-cavity PhC with 7.5 periods. The Q of a single-cavity
PhC of 7.5 periods is significantly higher, 9=15000, in comparison to the elementary
single 1.5- period (N=1.5) FPR for which Q is only 334.
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Figure 4-1: Schematic fragments of (a) defect-free 1D PhC and 1D PhCs with (c)
single and (e) triple optical defects. (b, d, f) The TMM simulated reflection spectra for

the sixth order SB are demonstrated in normalized wavelength units NW=/a ((b) lower
scale) and normalized frequency NF=a/ A ((b) upper scale). The value of filling fraction
is 0.243 and the refractive index of defect is nca,, =1.5 (light green line) or ngaz,f =2

(black line). R spectra of the single 1.5 periods FPRs are also shown for comparison
(dashed lines).
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Similar technique is used for the realization of the multiple-coupled defects
(cavities) within the defect-free PhC. From an optical point of view, increasing of the
number of coupled cavities results in a mode-splitting effect, i.e. in increase of the
number of resonance peaks realized within the SBs and the proportional increase of the
QO comparing to the single FPR. In Figure 4-1(e) we demonstrate an example of the
triple-optical defect structure with refractive indexes nE}I{,:nEfl{,:ng{,, realized in a
defect-free PhC. The resonance peaks of PhCs with a single cavity have split into three-
coupled resonances. The central resonance has retained its wavelength of operation,
while the other resonances are separated from the central peak by a fixed resonance-

spacing, A, or by a free spectral range (FSR). For the considered example of a triple-

cavity the Q was increased in 3 times, comparing to the Q of a single 1.5-period FPR.

4.3 Single cavity Photonic Crystal: a Fabry-Perot resonator
4.3.1 Gap Map design of Fabry-Perot resonators

4.3.1.1 “Si-air-Si” Fabry-Perot Resonator

In order to draw the map of SBs for 1.5-period PhC (FPR), a set of R spectra (~
100 in total) are calculated for filling fraction, fs;, varied from 0 to 1 with step of 0.01,
assuming that the parameter a=d,;,+ds; is constant. The obtained values of the reflection
coefficient, R, are cutt off using the criterion [17, 18] R.uqp>0.85, while the rest of the
values are plotted on the graph versus normalized frequency, NF, as shown in Figure 4-
2. The lower than usual value of cut off criterion for SBs (R.up =0.85) for selection of
data for gap map formation is chosen for clearer presentation (see Chapter 2 for details).

As shown in Figure 4-2(a), the obtained SBs are relatively wide, that is due to
the high optical contrast and the low value of R...g Then the set of calculated T (or R)
spectra is filtered using another cut off criterion, namely 7.,,,5>0.99. From the obtained
data the map of transmission bands (or pass-bands) is plotted on the obtained above
map of SBs (see Chapter 3). This is used for more clear demonstration of the location
of transmission bands with respect to the SBs depending on f5;. Figure 4-2(a) shows
the SBs surrounded by the transmission bands. In TB regions the resonance modes with
large signal modulation (4R=0.95) as well as low signal modulation are included. The
second y-axis, from the right side of the plot shown in Figure 4-2(a), presents the filling

fraction for air, f;;, as a part occupied by air relatively to a value, i.e. fui, =d,i/(daitdsi).
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Figure 4-2 : (a) Map of stop-bands (shown by red contour with symbolic numeration)
with R>0.85 and regions of transparency (black contour) with T>0.99 for 1.5-period
PhC or FPR (shown in insertion). The incoming and outgoing media are air, ns;=3.42,
and the incidence of light is normal. (b) The R spectrum for fs;=0.11 with few largely-
modulated resonance peaks between SBs la-1b, 2c-2d and 2d-2e. (c) Spectrum R for

[fsi=0.4 demonstrated the absence of narrow resonance peak between SBs 1a-2a, 3b-4b.

Since the resonance peaks in 1D PhC are characterised by a sharp change in
transmission (from ~0 to ~1) in vicinity of the resonance peak, as a consequence the TB
region must be surrounded by two SBs on the GM. Let us consider the structure with
the filling fraction f5; = 0.11, for example. For this value we draw the horizontal line,

which intersects the SB regions as well as TBs. For convenience we numerate the SBs
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in order as shown in Figure 4-2(a). It is seen in Figure 4-2(a), that in the region of
NF=0.6 there is a TB region, which is surrounded by SBs 1a and 1b, while in spectrum
R, depicted in Figure 4-2(b), the resonance peak is observed at NF=0.6. We can also
see the presence of resonance peaks with large modulation in the regions NF =1.7 and
NF =2.2, which are predicted from the map between SBs 1b-1¢, 2¢-2d and 2d-2e for the
corresponding values of fs;.

Let us now concentrate more precisely on what is observed between SBs 1a and
2a, for example, for f5=0.4 (Figure 4-2(c)). We can see that the transmission peaks
observed between these stop-bands are considerably wide. Similar result is obtained for
the other values of filling fractions, fs;, for transmission bands located between SBs 2a -
3a, 1a-2b, 2b-3c and others. Therefore, for considered type of FPR the formation of
resonance peaks with large signal modulation can occur in the region of f5; ~ 0.2 and
below. This rule is related to the fact that for obtaining the total constructive
interference for transmission a substantial part of low-refractive index component in a

structure is necessary.

4.3.1.2 “Si-LC-Si” Fabry-Perot Resonator

Taking into account the analysis and conclusions made in the previous Section,
let us now investigate a 1.5-period FPR, in which the compound with refractive index
birefringence (that can be changed by the external forces) will replace the air in the
cavity (Figure 4-1(b)). For this purpose we can use the nematic LC E7 with extreme
values of the refractive indexes, n; c=n., equal to 1.49 and 1.69 (see Chapter 2 for
details). We calculate the set of R and 7 spectra and draw the GMs of SBs and TBs for
two values of n;¢ in the resonator cavity (Figure 4-3(a)).

Two types of SBs with defect cavity modes corresponding to n;,c=1.49 and 1.69
can be seen in Figure 4-3. These SBs are narrower than SBs demonstrated above in
Figure 4-2(a) due to the lower optical contrast (in ~1.4 times). From Figure 4-3(a) in the
region of f5,=0.06 one can observe the intersection of SBs with transmission bands, in
vicinity of values NF=1, 1.2 and 1.6, for example. More clearly this can be seen on

spectra shown in Figure 4-3(b).
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Figure 4-3 : (a) The map of stop-bands(oval-like figures) and transmission bands(lines)
for 1.5-period PhC (FPR) based on 3-layers model “Si-LC-Si” with two values of
nic=n;=1.49 (red contours for SBs and pink lines for TBs) and nic=n,=1.69 (black
contours for SBs and grey lines for TBs). Reuof =0.85, Touwoy = 0.99. (b) Spectrum R
calculated for fs; =0.06 and demonstrating the cut off line of R values, used for drawing
of SBs map. (c) Fine tuning of peak positions and stop-bands with variation of nic

from 1.49 to 1.69. Relative peak shift ANF/NF=0.14/1.33=10.5%.

The presented spectra demonstrate that the variation of » by 0.2 in resonator
cavity leads to the shift of the resonance peak from 1.40 to 1.26 NF resulting in a
relative shift value, ANF/NF = 0.14/1.33 = 10.5%. The width of the SB in this diapason
is ~ 0.2NF, as well as SB shifts by approximately the half of its width during the tuning.
The LC molecules can be oriented in such way, that their refractive index possesses not
only the extreme values (», and n,), but also some intermediate values. Figure 4-3(c) is
depicted the spectra for these intermediate values of »;¢ that demonstrate the possibility

of fine tuning of resonance peaks and stop-bands position.
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Thus, using TMM, the reflection spectra of FPR (or 1.5-period PhC) based on
structures “Si-air” and “Si-LC” can be calculated. The filtering of these spectra using
two criteria for maximum and minimum values of the reflection coefficient provides the
set of data for drawing the maps of stop-bands and transmission bands. The resonance
bands with large modulation of R values (AR = 0.95) are located between the certain
stop-bands regions. By means of this approach, the range of optimal filing fractions of
FPR can be established in the range of f values from 0.05 to 0.4 for achieving a
significant shift of SBs and the resonance peaks up to 10% using LC birefringence of

An=0.2 with R modulation up to 0.95.

4.3.1.3  Photonic Crystal with “optical” defect

To obtain a well pronounced resonance peak, it is necessary to increase at least
twice the optical thickness of one of the component in the centre of PhC structure
(Figure 4-1(a)). This can be achieved by increasing the geometrical width of the
structure (Figure 4-1(c)) or by replacing the air gap (»=1) in the centre of structure by a
compound with refractive index n = 2 (Figure 4-1(d)). If it is not possible to use a
compound with » = 2, but with smaller refractive index, for example with » = 1.49, the
resonance peak still appears, but not in the centre of SB. Although, the peak width
(quality factor) and the amplitude of signal modulation for this resonance peak are
nearly the same as the calculated values for an ideal resonator (at » = 2). For the
formation of the corresponding defect typically the first stop-band is used. In this
Section the investigation of the possibility of using the resonance peaks, formed in SBs
of high order, is performed with GM approach.

Let us consider the FPR based on 3-period PhC with “optical” defect. We
calculate the gap map for PhC with three periods and draw the map for PhC with central
air gap infiltrated by LC, i.e. with refractive index of defect n.,=1.49 (Figure 4-4). The
gap map demonstrates, as expected [18], that the infiltration of LC into one central
groove changes » value from 1 to 1.49, increasing the optical width of this groove and,
therefore, results in the formation of the defect mode region by splitting of SBs of any
order. For example, the horizontal line on the map, corresponding to f5=0.15, intersects
the SBs and defect bands in the regions of NF=0.41, 0.72 and 1.54. For these NF
values, very pronounced resonance peaks are observed in spectrum R shown in Figure

4-5(a). Similar appearance of the defect modes is also depicted for f5,=0.4 and 0.6, for
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example, as demonstrated in Figure 4-5(b) and Figure 4-5(c) for f5=0.4 and 0.6 as an

example.

Figure 4-4: (a) The map of SBs for 3-period PhC “Si-air”(black contour) and 3-period
PhC “Si-air” with LC “optical” defect (red contour) with nyc=1.49

These examples demonstrate a possibility to cover with resonance peaks the
entire range of NF values for PhC resonator of the above mentioned type with using the
first stop-band as well as the SBs of high order. During the fabrication of such FPR (or
PhCs with optical defect), there can be certain advantage in retaining the same thickness
of Si walls and air gap. At the same time in case of PhC with a resonator where a
geometrical defect is used, it is necessary to control additionally the size of the
resonator cavity.

The map of the transmission bands which are located between the stop-bands is
depicted in Figure 4-6. Careful examination of the TBs for this type of resonator shows
that it is impossible to generate the resonance peaks with high signal modulation

between the stop-bands for any values of fs; (Figure 4-6).
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Figure 4-7: (a) The map of stop-bands (Rcup=0.85) for 3-period PhC “Si-LC" (see
insertion) with tunable LC optical defect at nyc=1.49 (red contours) and 1.69 (black
contours). (b) Reflection spectra, R for fs=0.05 with nic=1.49 (red line) and 1.69

(black line); (c) the extended transmission spectra, T, with relative peak shifi of
ANF/NF = 9.7% for SB Ic.
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Next, we investigate how the PBG map will look like when the refractive index
of LC defect is replaced by the value of n,c =1.69 (instead of n;c =1.49 used in the
previous case). As can be seen from Figure 4-7(a), the first stop-band as well as SBs of
high order have changed insignificantly by this replacement of n, as expected, since the
optical contrast of PhC was not significantly changed. The major changes are observed
in the regions of the defect modes, namely, the smaller the f5; values, the larger
variations are. For example, in SB obtained at f5; ~ 0.1 and NF==0.6-1.0 for the modelled
transformation at given value of An=0.2, two defect modes with a consequent band shift
may appear instead of one mode. This can be explained by an increase of the optical
width of the cavity. As the purpose of this Section is to consider how the maximal shift
of the resonance peaks can be achieved, we have to analyse the following points. What
values of f5; must be selected to obtain the resonance peaks in the limited range of SB
width? To make the solution easier, the fs; values must be in the range where SB is the
widest. In Figure 4-7(a) this region of SB corresponds to f5;<0.5. We note that this range
of fs; is larger than in case of “Si-air” structure (see Figure 4-2(a)) where f5<0.2.

The regions of defect modes must also demonstrate the maximal shift and at the
same time the resonance peak with minimal #»=1.49 located near the blue edge of SB,
since when the value of »n increases to 1.69, the resonance peak should not leave a
selected stop-band. As can be seen from Figure 4-7 (a), the width of SBs 1a, 1b, 1¢, and
1d, for example for f5=0.05, is large enough to accommodate both resonance peaks.
Based on these conditions, it is more preferable to select PhC with f5=0.05, for which
the spectrum R is depicted in Figure 4-7(b). Figure 4-7(b) shows that the maximal shift
of the resonance peak is provided by SBs 1c. Figure 4-7(c) demonstrates the extended
transmission spectra, 7, for SB 1¢. The resonance peak is shifted from 1.27 to 1.4 NF
correspondent to ANF/NF = 9.7 %.

The obtained dependencies enable us to design the tunable filters for selection of
the required transmission band. For this design it is necessary to select the operational
range of frequencies (or wavelengths), to determine the lattice constant, a, a refractive

index of a filler and the filling fraction of Si, fs;.
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4.3.2 Experimental: Fabrication and Optical Characterization

The FBRs with optimal design parameters were fabricated using optical
lithography and anisotropic chemical etching of (110)Si [19] as well as DRIE process
of (100)Si [20]. For fabrication of the passive FPRs the conventional Si wafers were
used while tunable LC-FPR devices were formed on (110) Si-on-insulator (SOI) wafers.
The thickness of the Si device layer and the Buried Oxide (BOX) layer were 20 um and
2 pm, respectively. Thermally grown Silicon dioxide was used as a mask when etching
the wafers. The choice of 20 um for the depth, in particular, was dictated by the
minimum size of the IR microscope aperture used for optical characterization, in
conjunction with an FTIR, FTS 6000 spectrometer [21] (Chapter 2). The example of
Silicon resonator, fabricated on (110)Si is depicted in Figure 4-8. The SEM
investigation has demonstrated quite smooth (practically mirror-like) Si sidewalls of the
structure fabricated by anisotropic chemical etching (Figure 4-8(b)). At the same time,
the roughness of Si sidewalls, obtained after DRIE, is quite substantial (see Section
4.3.2, Figure 4-13(f)). The cavity was infiltrated with commercial LC E7 (Merck) [22]

using a specially designed reservoir and the channels shown in Figure 4-8(a).

Figure 4-8: SEM images of air-resonator, fabricated on SOI platform, using (110)Si,
with (a) reservoir for LC infiltration and b) the cross-section of the resonator edge.

Depth of Si-walls is hsi=20pum.

Optical characterisation ~was performed with a polarized FTIR
microspectrometer in reflection, R, and transmition, 7, modes in the wavenumbers range
of v=650-6500cm™ (4=1.5-15um). For polarized infrared measurements, the electric
vector of the incident light is aligned with the Si grooves for E-polarized light, while for

H-polarized light the electric vector is aligned along the depth direction of the grooves,
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as shown in Figure 4-9. For characterization of the structure in the Near Infrared (NIR)
range A= 0.9-1.7 um the optical fiber-coupling set-up based on an OSA was used. The
setup was developed for the purpose of polarized transmission measurements in the NIR
range.The characteristic vibrational bands of the liquid crystal were also analysed,
together with the interference bands of high reflection, the Stop Bands, and the resonant
transmission peaks. Note that all the experimental spectra (R and 7) are presented in this
Section in arbitrary, or normalized, units in order to clearly compare the results.
Normalization of the data was necessary due, in particular, to a shading effect [21] of
the focused light beam onto the Si wall of the resonator, integrated onto the chip, during

infrared measurements (see Chapter 2 for details).

Figure 4-9: Schematic presentation of Fabry-Pérot resonator, consisting of two Si
walls separated by (a) a gap and infiltrated with liquid crystal molecules with
different alignment: (b) vertical planar, (c) horizontal planar, (d) isotropic, (e)

homeotropic and (f) horizontal planar with air voids.
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The obtained experimental spectra were fitted using the chosen model for the
three-layer system (“Si-air-Si” or “Si-LC-Si””), which allows us to obtain the precise
values of the thicknesses ds; and d.,, as well as n;¢, served as fitting parameters. Both
thickness values, obtained from the fitting coincide well with the results estimated from
SEM images. The used nematic LC E7 is a dispersive material demonstrating three
absorbtion bands in MIR at 1497 ecm™, 1606 cm™ and 2226 cm”. The dispersion

formula for the ordinary and extraordinary refractive indexes can be described as:
n,=1.4990 + 0.00722* + 0.00032
n, = 1.6933 + 0.00782 + 0.000282

The variations of »n;¢ values with wavelength are not significant and, hence, were not

considered in the spectra simulations.

4.3.2.1 Fabry-Perot resonator fabricated by anisotropic etching of (110)Si

The polarized reflection spectra R of the resonator, fabricated by anisotropic
etching of (110)Si, are discussed in this Section. The experimental, E-polarized
reflection spectra of the air and LC resonators are shown in Figure 4-10(a). This figure
depicts the characteristic interference bands spread uniformly throughout the entire
range of spectra from 650 to 6500 cm™ (15-1.5 um). The fitting of the registered spectra
was performed until the best fitting was achieved at certain fitting parameters ds; and
dcav. The spectrum calculated with the best fitting parameters (ds~=1.2 um and d,,,=3.4
pm) is shown in Figure 4-10(b) for n.,=1. As can be seen from Figure 4-10(b) the
calculated spectrum shows four characteristic resonance peaks, which are also observed

in the experimental spectrum with some degradation of peak quality.
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Figure 4-10: The (a) experimental and (b) calculated reflection spectra for air (dashed
line) and LC (solid line) resonators. For spectrum, shown in (b), n.aw=1 (dashed line)

and nic=1.72 (solid line) for ds=1.2 yum and d..,=3.4um. The height of Si wall is
hs,-=50,um.

The latter is demonstrated as a broadening of the resonance peaks as well as
decrease of the peak’s amplitude. This degradation could be caused by few factors such
as the focused light beam of the FTIR microscope, shading effect, unevenness of the Si
walls and others. Nevertheless, the position of all experimental SB peaks is in a good
agreement with calculated spectrum, which confirmed a good quality of the Si sidewalls
and their correspondence to the desired geometrical parameters. The infiltration of LC
into the cavity results in substantial blue-shift of nearly all of the interference bands
(IBs), which reflects the increase in the refractive index of the resonator cavity.

Moreover, the shape of the resonance peaks becomes more distinct.
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Figure 4-11: The (a) experimental and (b) calculated reflection spectra for LC-
resonator for E-(solid line) and H-polarization (dashed line). Calculated spectra with

nic=1.72 (solid line) and nyc =1.53 (dashed line), ds;=1.2um and d.q=3.4um.

As is well known a decrease in the optical contrast at the interface of two phases
diminishes the effect of light scattering, which can influence the peak quality and
thereby explains some improvement in the resonance peaks quality. The fitting of the
reflection spectra R for LC-resonator with the same parameters ds; and d.,, but at
variation of n¢,=n;c in the range from 1.3 to 1.8, leads to a reflection spectrum R for E-
polarization, shown in Figure 4-10(b) (solid line) at n;c =1.53. Quite good agreement is
observed again between calculated and experimental spectra in Figure 4-10.A similar
approach was used for fitting the R spectra of the LC-resonator for H-polarization, and
both spectra (for E- and H- polarizations) are shown in Figure 4-11. Figure 4-11 reveals
that the R spectrum for E-polarization for three lowest SBs is blue-shifted with respect
to that for H-polarization. Apart from this, the resonance peaks are observed on Figure

1

4-11 in maxima of IBs at ~3300 cm™ and at ~4200 cm™' as was predicted by GMs in

Section 4.3.1.
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Figure 4-12: The (a) experimental and (b) calculated reflection spectra in NIR range
vs. wavelengths (from Figure 4-10).

As was already shown for the E-spectrum, the fitting of H-spectrum
demonstrates a very good convergence between experimental and calculated spectra at
nrc=1.53. From the fitting we receive practically the same value of birefringence of LC
E7 which is 4n=0.19 comparing to the literature [23], but slightly different values for
the ordinary amd extraordinary refractive indexes: n,=1.53 and n, =1.72. At the same
time, the high value of 4n is also confirmed by the appearance of the characteristic
vibrational bands of LC E7 [24] at 1497, 1602 and 2222 cm', which are observed in the
E-spectrum and almost absent in the H-spectrum. Therefore, one can conclude that the
spontaneous planar orientation of the LC director along the channel has occurred, which
corresponds to the schematic, presented in Figure 4-9(c). The experimental R spectra
versus wavelengths (the same ones as presented in Figure 4-11(a) vs. wavenumbers) are
presented in Figure 4-12(a) with extension to the NIR range 1.5-3 pm. A good

correspondence between the positions of R bands and the resonance peaks is observed
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in the regions of 1.7-1.8 and 2.2-2.35 pum, which is in agreement with the calculated

data shown in Figure 4-12(b).

Thus, the resonator with d.,,=3.4 um demonstrates quite promising characteristics
as follows from simulations. If it is an LC-resonator, then, 4p=(2-1.6) d.,=11um and
ds=11/(3.42-4)=0.8um. During fabrication we have received a resonator with ds=1.2
um, which is quite close to the calculated value. We can, therefore, conclude that the
LC-resonator with a working wavelength of 11 pm (or ~910 cm™) is fabricated. The
resonance peak of this FPR is seen in experimental and in calculated reflection spectra
(Figure 4-11). In addition to that, the corresponding resonance peaks of 98 3 4% and
5™ SBs are perfectly depicted in the calculated as well as in experimental spectra of air

and LC resonators (see Figure 4-10...Figure 4-12).

4.3.2.2 Fabry-Perot resonator fabricated on (100)Si by deep reactive ion etching

Let us now investigate a non-ideal resonator with non-optimal calculated
parameters. In contrast to the previously described FPR, this resonator is fabricated on
(100)Si by DRIE process. In this case, if the depth of the etching is relatively large,
quite significant roughness of the Si sidewalls is observed (see Figure 4-13(e, f)), which
may strongly influence the quality of the experimentally registered spectra. Another
distinct feature of this resonator is the smaller depth (or height, 4) of its Si walls (hs; =
20 um). The decrease in the height of the Si walls results in a decrease of the aperture of
the incident light beam, which in turn leads to reduction of the signal-to-noise ratio

during FTIR measurements.

The experimental and calculated reflection spectra for air and LC resonators are
presented in Figure 4-13(a-d). The interference bands in spectrum R are deformed and
demonstrate the reduced amplitude modulation and so only the part of the spectral range
below 4000 cm™ is shown. The fitting of this reduced range of spectra (650 — 4000 cm’
") for the air resonator (see Figure 4-13(a)) yields the following parameters of the
resonator: ds=2.6 um and d.,=5.4 um. Therefore, if we use this resonator as a
resonator calculated for utilisation with LC, then it’s working wavelength (the position
of the first resonance peak) will correspond to 4p=2-1.6-d.sy=17.3 um and the thickness
of the Si walls to ds=17.3/(3.42:4)=1.26 pm.
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Figure 4-13: The (a, b) experimental reflection H-spectra of empty (dashed line) and
LC (solid line) resonator vs. (a, ¢) wavenumber and (b, d) wavelength. (c, d)
Calculated spectra with n=1 (dashed line) and nyc =1.53 (solid line). SEM images of
the resonator. (e) the top view and (g) a sidewall roughness, obtained after DRIE of
(100)Si, hsi= 20um.

Thus, according to the calculations, the obtained resonator does not have optimal
parameters and, as a result, the position and the quality of the resonance peaks will be
different. Nonetheless, the characteristic peaks (dashed lines in wavenumber (Figure 4-
13(a, ¢)) and in wavelength (Figure 4-13(b, d)) presentations) at ~1300 em’ (7.7 pm)

and at ~2500 cm™ (4 pm) are well identified during the fitting as resonance peaks in
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the reflection spectrum of the air resonator. After the infiltration of the air cavity with
LC, the n., changes and this leads to change in the experimental and calculated spectra
R, denoted by solid lines in Figure 4-13(a, b) and Figure 4-13(c, d), respectively.
Performing the fitting with known parameters ds; =2.6 um and d,,,=5.4 um, we find the
value of n.,,=1.53. This value of n;c provides the shift of spectral patterns in such a way
that at the frequency of ~900 cm™ (11 um) the empty resonator R has high values, while
for LC-cavity the values of R are low. A reverse situation is observed at frequency of
~2500 cm™ (4 um) where for the empty resonator the low R values are obtained, while
for the LC-cavity the R values are high. Therefore, it was shown that an LC resonator
can be designed even with non-optimal parameters and despite this it can possesses
relatively good optical characteristics close enough to the calculated values of an ideal
resonator. It was also shown that the roughness of Si sidewalls impairs the quality of

the resonator fabricated on Si using the DRIE technique.

4.3.3 Ultra-wide tuning of resonance modes

4.3.3.1 Thermo-tunable single channel devices

The tunable LC resonator was fabricated on (110)Si by anisotropic etching, in
which the tuning of optical properties was obtained due to the reorientation of LC
molecules (or LC director) as was predicted by GM in Section 4.3.1. Initially, the
reflection spectrum, R of an air resonator was measured and its parameters were
determined, using a fitting procedure as described in previous Sections. The air
resonator parameters were chosen close to the ideal ones, as described in Section 4.3.2;
the parameters obtained during the fitting of the reflection spectra are: ds; =1.2 pm and

deav=3.6 pm.
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Figure 4-14: (a, c) The experimental reflection spectra of LC resonator, demonstrated the
effect of thermo-tuning, namely the transition from LC mesophase at 20 °C (dashed line for
H- and thin line for E-polarization) to the isotropic phase at 65 °C (thick line). (b, d)
Calculated spectra with nyc=1.67 (thin line), nyc =1.54 (thick line) and nic =1.5 (dashed
line). d.qy =3.6 pm, ds;=1.2 pm and hs;=50 pm.

Then, the cavity was infiltrated with LC E7 and the reflection spectra were

measured at room temperature for £- and H-polarization of the incident light (see Figure
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4-14(a)). As can be seen from Figure 4-14(a), the spectra R are shifted at different
polarizations. The fitting, performed for R spectra (Figure 4-14(b)), enables the value of
nic to be determined from each of these spectra. The n;c value, obtained for E-
polarization is 1.67, while for H-polarization n c=1.5. Moreover, as can be seen from
Figure 4-14(a), the characteristic vibrational bands of LC E7 at 1497, 1603 and 2222
cm’ are also present in the spectrum R only for E-polarization, which confirmed that
LC has a pronounced spontaneous orientation of rod-like molecules along the channel.
This type of LC orientation is shown schematically in Figure 4-9(c) and is one of the
most common types of alignment, obtained in this work during LC-infiltration into 1D
PhCs air channels by capillary effect.

The resonator was heated up to 65°C using a calibrated thermocouple micro-
heater and the reflection spectrum was registered again at this temperature (Figure 4-
14(a)). The variation of ng at heating to 65°C is not larger than 0.001 and, therefore,
can be neglected in this case. Using the fitting of the registered reflection spectrum, the
value of n; ¢ was estimated to be around n;=1.54. Two spectral effects were revealed
for R spectrum at E-polarization (see the stop-band in Figure 4-14 shown by circle). In
particular, the resonance peak, observed at frequency ~ 5100 cm™ (at wavelength of
1.94 pum on Figure 4-14(c)), is situated quite close to the maximum of reflection from
the heated resonator (thick line). The value of R=0.25 a.u. is observed at this resonance
peak at room temperature, while at 65°C the maximum of reflection increases up to
R=0.4 a.u. At the same time, at frequency of ~5300 cm™' (wavelength 1.94 pm) the
reflection is R=0.41 a.u. at room temperature, while at heating of LC to 65°C and its
transition to isotropic phase (see Figure 4-9(d)) the resonance peak at A=1.9 pm with
R=0.19 a.u. is appeared. Thus, the thermo-optical effect of LC can be used at two
wavelengths. With improved fabrication technology of this type of FPRs, the much
higher ratio of the reflection values (up to 0.01/0.89) for these two cases can be
achieved (Figure 4-14(d)). Unfortunately in this type of experiment it is difficult to
return to the original LC orientation after cooling the structure down to room
temperature. However, this example demonstrates the principle of tuning the resonator
for controlling the relative intensity of the reflected light of certain polarizations. It is
also demonstrates the possibility of utilizing the observed optical effects in SB and in

resonance peaks of high order.
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4.3.3.2 Electrically tunable Fabry-Perot resonator

The electro-tunable LC-FPR was fabricated using optical lithography and
anisotropic etching of (110) SOI wafer. A view of the resonator, fabricated on (110) Si,
is depicted in Figure 4-15. Si wall-electrodes were connected to the outer pads by
attaching thin metal wires to the chip contact areas with conductive silver paste. An AC
rectangular pulse train, with various amplitudes between 0.5 V and 15 V, with a pulse

duration of 1,= 1 ms and a frequency of f, = 100 Hz was used to drive the device [25].

TR

Figure 4-15: SEM image of the top view of the FPR fabricated on an SOI wafer.

A best fit to the experimentally measured spectra was performed using using the
Transfer Matrix Method [12] was performed. For the empty resonator (n.,=1) the fit
was performed with a Si wall width of ds; =1+£0.3 um and a cavity width of d.,,~4.0+
0.3 um as fitting parameters, while for the LC FPR, #n.,, was used as a fitting parameter.

Reflection spectra in E- and H-polarization, registered from a 20x20 pm” area of
an LC FPR prior to the application of the electric field are shown in Figure 4-16(a). A
pronounced shift of the interference bands in the reflection spectra as a result of the
change in the polarization of the probe beam from E- to H-polarization is observed,
confirming the anisotropy of the LC molecules infiltrated into the resonator. In other
words, this shift is caused by the alignment of the LC director along some preferred
orientation within a Si groove and, therefore, due to the influence of the ordinary, #,,
and extraordinary, n,, refractive indexes for the appropriate polarization. Similar results
are obtained from the same spot when measuring the transmission, 7, spectra (Figure 4-

16(b)). We note that the transmission spectra are noisier than those taken in reflection,
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due to the reduction in the total intensity of the light transmitted through the resonator.
Also, the 20% reduction of the R/T signal comparing to the predicted in theory is due to
the “shading effect” from the substrate of the fabricated FPR as well as the non-parallel
light source used for the measuremtns (see Section 2.4). Nevertheless, general trends in
the behavior of reflection and transmission spectra are clearly seen from a comparison
of Figure 4-16(a) and Figure 4-16(b). For both polarizations, the position of the minima
in the transmission spectra corresponds to the maxima of the reflection spectra and vice

versda.
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Figure 4-16: FTIR (a) reflection and (b) transmission spectra of the FP resonator with
LC filler for E-(thick line) and H-(thin line) polarizations in the absence of an applied
electric field. The resonator parameters are: width of Si walls, ds;/=1 um, cavity width,

deay=4 um.

A fit to the R spectra from the LC FPR results in a value of n., =1.57 for E-
polarization, and n.,, =1.45 for H-polarization, using known values of ds;= 1 pm and
deay = 4 pm. The value of n.,, =1.45 for H-polarization obtained appears to be smaller
than the value of n, = 1.49 from the literature for LC E7 [23]. This discrepancy will be

discussed in the following Section. The presence of the LC in the cavity is confirmed by
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observation of the absorption band of LC E7 molecules at 2222 cm™ [24] in the R
(Figure 4-16(a)) as well as in the 7 (Figure 4-16(b)) spectra for E-polarization. We note
that for the H-spectrum, this band is suppressed significantly in comparison to the E-
spectrum. This behavior is typical due to the dichroism of LC molecules. The dominant
behavior of the band at 2222 cm’' for E-polarized spectra indicates a preferred
orientation of the LC director in the X-direction, along the groove, as shown in Figure 4-

9(¢c).
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Figure 4-17: Experimental (a) reflection and (c) transmission spectra in E-polarization
in the absence (0V — thin line) and presence (10V thick line) of an applied electric field.
The spectral shift observed demonstrates the reorientation of LC molecules in the FP-
cavity from planar to homeotropic alignment, b) Calculated reflection spectra, obtained
from the best fit, for two values of n.., shown beside the curves. Resonance peaks are

seen at 1800, 2320 and 3400cm™, corresponding to 5.6, 4.2 and 2.9um.

Under an applied voltage of 10V, the E-spectra are blue-shifted, as seen in

Figure 4-17(a, c), indicating that the value of n;¢ is reduced in the resonator by the
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electric field. The H-spectra are practically unchanged by the electric field (not shown).
The intensity of the vibrational band of the LC at 2222 cm™ is decreased in the E-
spectrum at 10V (Figure 4-17(a, c), indicating that a reorientation of molecules from the
initial, planar, alignment to homeotropic alignment has occurred, in accordance with the
model presented in Figure 4-9(c, e). The obtained value of n., = 1.45 (at 10V) appears
to be lower in this case than the n.,, =1.57 previously observed at 0V in the E-polarized
spectrum. In the former case, the orientation of the LC is driven by the electric field
and is strongly expected to be homeotropic. In accordance with the schematic shown in
Figure 4-9(b), for homeotropic alignment of LC molecules, #.,, must correspond to the
refractive index, n,, of LC E7, i.e. to be equal to 1.49. The value of 1.45 obtained from
the fitting routine is smaller than 1.49 by 0.04. This deviation is larger than any
inaccuracies that one would expect from determining the value of n from the fitting
routine with typical deviation of dn =+ 0.02.

As was already noted above, after infiltration of the LC into FPR, the determined
value of n., was 1.57 for the E-spectrum (significantly lower than in the previous
Section). This value is close to the expected value of refractive index for a random
orientation of the LC molecules #,,,,=1.56 [23]. However, dichroism, clearly observed
for the 2222 cm’! absorption band, indicated that the initial orientation of LC molecules
was planar. In this case, in accordance to literature, n, must be equal to 1.69 [23], while
from the fit of the spectra a significantly smaller value of n;c =1.57 was obtained.
Therefore we conclude from the spectral fitting process that both of the calculated n
values (n, and n,) are smaller than those predicted by the model.

One possible reason for the lower values of n;¢ here could be the presence of air
voids inside the groove with LC. Indeed, air voids are visible in some SEM images of
the LC infiltrated devices. In order to avoid the appearance of air voids, it is better to
perform the infiltration of the LC at higher temperatures, typically at the temperature of
the isotropic phase. However, in comparison to the previous experiment, the infiltration
of the LC was intentionally carried out at room temperature, when the LC E7 is in the
nematic phase. An infiltration under these conditions results in a spontaneous planar
orientation of the LC director, either along the depth or along the length of the grooves
[26]. In the experiment, the degree of infiltration of LC in the groove is normally

observed using an optical microscope, allowing the propagation of the LC molecules
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along the groove, the X direction in Figure 4-9(c), and the infiltration quality to be
assessed.

The results obtained using the Effective Medium Approach (EMA) [27] indicate
the possibility of the existence of a volume fraction of air voids in the cavity of V,,;, =
0.08, i.e. 8 % (Figure 4-9 (f)). This could explain the lower values of » obtained from
fitting the experimental spectra for both E- and H- polarizations.

The spectrum registered across the whole infrared range, as well as the spectrum
in the region of the vibrational mode at 2222 cm’', reverts to that originally seen at 0 V
after the electric field is switched off. Therefore, in this work, we have demonstrated,
for the first time, a spontaneous planar orientation of nematic LC molecules on an
untreated Si surface, which can be reversed by the removal of the electric field, using
voltages up to 10 V. As a result of electrotuning, the FP peaks are shifted reversibly by

128, 168 and 206 cm™', corresponding to relative shifts of AMA = 4.2, 5.2 and 4.8 %.
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Figure 4-18: Smooth tuning of the position of the resonance peak from 3330 cm™ to
3550 cm™ for E- and H-polarization (dotted line). The applied voltage is shown in

Volts beside each curve.

We also investigated the resonant peak shifts at intermediate applied voltages
between 0 V and 10 V, as demonstrated in Figure 4-18 for E-polarization in the spectral
range from 3000-3800cm™. The applied voltage of 1.5 V is not enough to cause

reorientation of the LC from one state to another. At 2.5 V, which is close to the
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threshold voltage of LC E7 (1.5 V), a pronounced shift of the bands is seen. The shift
reaches a maximal value at a voltage of 10 V. We note that the position of the
resonance peak at 10 V for E-polarization corresponds to the position of this peak at 0 V

for H-polarization, as expected from the alignment models demonstrated in Figure 4-
9(c, e).
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Figure 4-19: (a) Experimental and (b) calculated E-polarized spectra of the FP
resonator with ds;=0.6 um and d..,=7.4 um without electric field (thin line) and with an
electric field generated by an applied voltage of 15 V (thick line). Application of a
voltage of 15 V results in a shift of the resonance peaks across the spectral range. The

best fit is obtained at Anyc= 0.17 (n,c=1.51, 0V)) and (nyc=1.34, 15 V).

A similar experiment was conducted on a different sample with a higher filling
fraction of fic = 0.9 (fs; = 0.1). By fitting the experimental spectrum for the empty
sample, a value of ds; = 0.6 um was obtained, with a resonator cavity width, d.,,= 7.4
um (fs; = 0.07). The reflection spectrum, registered for this sample after LC infiltration,
demonstrate the shift of the band positions, depending on the polarization of the probe
beam, that is, the system exhibits anisotropy. For E-spectrum of R (Figure 4-19(a)), all
three characteristic vibrational bands of the LC (at 1497, 1602 and 2222 c¢m’') have a

higher intensity than those in the same spectrum taken using H-polarization (not
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shown). This indicates that certain orientation of the LC molecules along the X-axis has
occurred (Figure 4-9(c)). Reflection spectra in E- polarization, registered after electric
field application, are shown in Figure 4-19(a). The applied voltage of 15V results in a
blue-shift of the E-spectrum, and to a decrease in the intensity of the LC peaks, as
demonstrated previously, causing a homeotropic orientation of the LC molecules
(Figure 4-9(e)). The results of the best fit to the experimental spectra, using n;c as a
fitting parameter and values of ds; = 0.6 um and d_,, =7.4 um, are presented in Figure 4-
19(b). The characteristic FP peaks are seen in the calculated spectrum, which coincide
well with the corresponding experimental peaks across the spectral range investigated
from 650 to 6500 cm™ (see Figure 4-19(a)). The shifts in the experimental spectrum,
obtained after the application of an electric field, are also confirmed in the simulated
spectrum. In addition, after the application of voltage of 15 V, the intensity of all three
vibrational bands of the LC decreases significantly, confirming the transition of the LC
to a homeotropic alignment.

The electro-optical effect observed here can be considered as a reversible,
because after the electric field was switched off (0 V) the spectrum returns to its initial
state, corresponding to a planar orientation of the LC molecules. The same effect was
observed in the first sample, discussed earlier. Figure 4-20 shows intermediate spectra,
obtained using a range of applied voltages from 0 V to 15 V, in an extended spectral
region from 1480 to 2300 cm™'. These spectra demonstrate the possibility of fine tuning
of the resonance peaks. This tuning effect is clearly apparent, for example, in the
vicinity of ~ 1750 cm™ (A=5.7 pm). The reorientation of LC molecules under an applied
voltage is also clearly = demonstrated by the change in intensity of the 1602 cm’
vibrational band. As noted earlier, the values obtained for the parameter n;c, calculated
during the fitting routine, are slightly lower than the ordinary and extraordinary
refractive indexes of LC E7 from the literature. Note that the values of birefringence of
0.12 and 0.17 are close to the An;c = 0.2 obtained for LC E7 in the mid-IR range [23].
We assume that the lower n;¢ values obtained here are related to the presence of a small

number of voids in the LC, formed during the LC infiltration process.
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Figure 4-20: Smooth tuning of the resonance peak from 1700 to 1880 c¢cm™ in the

experimental reflection spectra of the FP resonator (from Figure 4-17) with a maximal
relative shift of A2/2. =10%.

An electro-tunable LC FPR, based on the principle of changing the optical
thickness of the LC resonator, using resonance peaks of high order, has been
demonstrated in this investigation. This electro-optical device is

microstructured Silicon with LC filler.

based on
The closest existing analogue to the device
suggested is a hybrid photonic crystal microcavity switch, as described in Ref. [28]. In
this device, a relative shift in the resonance mode of the order of (AV/4) = 0.5% in the
near infrared range was achieved as a result of the electro-optical effect obtained due to
the reorientation of LC E7 in the cavity of a two-dimensional PhC. We would also like
to mention Ref. [29], where a shift of the resonance peak of (AV/A) = 0.5% was reported,
due to a variation in the geometrical thickness of the FP air cavity driven by an electric
field applied to the second movable mirror. Therefore, the FPR fabricated in this work,
fabricated by microstructuring of Si, is significantly better than comparable devices,

based on the fact that the resonance peak shift is reached up to 5- 10%.

107



This can be explained by the fact that
i) the resonance peaks in the stop bands of high order were utilized,
where a significant shift of the consequent defect mode can be
obtained as a result of the change in An in the electro-optical material
used
ii) in comparison with the rough interface in a 2D microcavity, the
application of an LC with plane-parallel reflectors provides the most
effective distribution of “switchable” molecules with respect to the Si
side-walls and the applied electric field.

Investigations of the optical properties of electro-optical devices in the mid-IR
range are also technologically important. “Si-LC” composite materials, and switchable
elements based on them, are being researched aggressively, due to their transparency in
this spectral range and these devices may have application in biochemical sensing,

medicine, defense and security [1].

4.4 Coupled multi-cavity Photonic Crystals resonators

In Section 4.3 the investigation of FPRs constructed from “Si-air-Si” and “Si-
LC-Si” structures demonstrated its effectiveness as a fine tunable filter with a shift of
the resonance peak up to AAA=10%. This result has demonstrated the largest
experimental shift, achieved up to date for the microstructured resonators based on Si,
and utilized for molding of light propagated parallel to the substrate. In this Section the
continuous fine-tuning capability of the LC single microcavity was exploited to the
situation of individually tunable coupled multi-cavities. Application of the voltage to
each cavity individually and its continuous random variation in all cavities allows to
overcome the problem of strong coupling between channels. Using the example of
coupled triple-cavity PhC filter a simple model for easier manipulation of LC within
individual cavities have been elaborated, which enables independent fine tuning of each
channel in the entire system. Based on the obtained results, prototypes of integrated
triple-cavity PhC filters were designed and fabricated on SOI platform. Finally, using a
fabricated prototype device as an example, one of the applications of the proposed
method, in particular an optimization of the filter to its initially designed operational

mode after fabrication process, is demonstrated.
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For clarity of presentation of the methodology in this Section, we will focus only
on PhC structures with a triple-coupled defect. It should be noted that the suggested
model can be extended to a higher number of the coupled cavities (defects) and, thus to

a higher number of resonances with improved Q value.

4.4.1 Methodology

Although the wide and precise tuning of the resonance peaks in single cavity and
double cavity systems, using optical anisotropy of the LC, have been extensively
studied in the past years [30-33], only the simultaneous coupled resonances tuning or
coupled FSR tuning was demonstrated so far. Indeed, the optical properties of the
coupled micro-cavities are strongly dependant on each other, i.e. changing the
parameters of one of the coupled cavities directly leads to the change of the optical
properties of the others. This coupling effect makes the individual tuning of the
resonances almost impossible. Non-trivial solutions for the refractive index variations

are needed.
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Figure 4-21: (a) Schematic view on the variation of the refractive index of LC E7 in the
cavity under an applied voltage V (see Section 4.3). (b, ¢) The controlled variation of

the n't) n@ )

cavs Neavr Neap that can be realized in triple-cavity system.
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In Figure 4-21(a), using the example of nematic LC E7 (with n varied in the
range 1.49 - 1.69) [22], the fundamental idea of the electro-tuning of the cavity mode is
demonstrated schematically based on the results obtained in Section 4.3. Here, it is
assumed that the original orientation of the rod-like molecules of nematic LC E7 is
along the Si-walls, which ideally results in the refractive index n,=1.69 [23]. Under an
applied voltage, F=1.5...15 V, the LC molecules reorient in the cavity, which results in
decrease of the effective refractive index of the LC. Obviously, this process enables to
achiev a precise, continuous tuning of the cavity resonance peaks in a wide range of
wavelengths [20]. By increasing the number of the coupled cavities, similar continuous
tuning can be achieved for all multi-resonances simultaneously.

Let us consider the case when the electric field is applied to each micro-cavity
individually. Then, by increasing or decreasing the applied voltage by AV in the various
cavities, different variations of the LC refractive indexes can be realized, n§2,, =ny=An.
For the considered example of triple-cavity PhC, the most obvious relationships
between ngfg, ngi),, and ngz),,are demonstrated in Figure 4-21(b) and Figure 4-21(c). For
clarity of presentation, let us consider the initial switching position, Position 0, that can
realize the same intermediate orientation of the LC molecules in all cavities, i.e. provide
some intermediate value of the refractive index ny =1.63. We are interested mainly in
fine tuning capabilities of the multi-channel filter and, therefore, in small variations of

voltage and refractive index An~+5 % (red circle, Figure 4-21(a)).

4.4.2 Optimal design parameters: Gap Map Approach

Although we have chosen the simplest example of the triple-channel filter, the
full investigation of the resonance modes and tuning effects in a wide wavelength range
requires a long time for calculations and the data analysis can be complicated in general.
The transmission spectra, obtained for different filling fractions fs; can reveal certain
changes in the positioning, intensity, /, and Q-characteristics of the resonance peaks.
Here, as in the case for single-cavity PhC resonator, it is proposed that the most
comprehensive analysis of optical filter properties in general can only be obtained from
a combination of TMM and gap map approaches [18, 34, 35]. This combination
provides an easy way for graphical engineering of the SBs with multiple resonance
peaks in a PhC. This is mainly due to the possibility of selection of different filling

fractions, f;;, and an introduction of any number of cavities during spectra calculations
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following by drawing of all obtained dependences in one graph. Another advantage of
the GM approach is that the certain range of f5;, for which the optical properties are

relatively constant on the graph, provides information about maximum fabrication

tolerance of the device.
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Figure 4-22: (a) The GM of Si 1D PhC with a triple cavity with
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the first order SB calculated for (b) fsi=0.1, (c) f5;=0.2, (d) fs;=0.3 and a=573 nm. The

1.63 in a wide range of NW. The triple resonances within

estimated channel spacing, 15123 and FWHM of each individual resonance are also
demonstrated.

In Figure 4-22(a), the GM of the PhC with induced triple defect at the Position 0

(n£Z§'3)=l.63) is demonstrated. The three transmission channels are realized in a wide

range of NW, dividing each SB along the appropriate range of fs;. As for the single-
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cavity case, the GM demonstrates the narrowing effect of the resonance peaks with
increase of the SB’s order, m. Also, the higher order micro-cavities demonstrate higher
fabrication tolerances comparing to the lower order cavities, e.g. the 4™ and 5™ order
triple-resonance lines are almost vertical as seen from Figure 4-22(a), while the 1 order
triple resonances are more tilted.

In Section 4.3, devoted to investigation of the tuning capabilities of a single-
cavity PhC, it was demonstrated, that the higher order SBs are normally more sensitive
to the change of the cavity refractive index and demonstrate larger relative tuning shifts
of the resonances. All of these properties make the higher order SBs to be the most
suitable for the engineering of the tunable multi-resonance devices characterized by the
high Q and narrow FSR.

However, in this Section the investigations are mainly focused on the triple-
channel system operating only within the lowest SB of the PhC. This allows
establishing the minimum tunability limitations of the suggested methodology.
Utilization of the widest resonances, simplifies the presentation of the method, as well
as facilitates the monitoring of the filter parameters, e.g. channels spacing, A, intensity,
1, and bandwidth (full width at half maximum, FWHM, or Q).

Let us now focus on the first order resonances in Figure 4-22(a) (the region
shown by rectangle). The bandwidth of the resonances is very sensitive to the variations
of fsi. The most narrow resonance peaks, and, therefore, the strongest coupling between
cavities, can be achieved for the range of fs; that corresponds to the central part of the
resonance lines within one SB on the GM (shown by the dashed ellipse in Figure 4-
22(a)). In order to perform a detailed analysis, we consider an example of the triple-
channel device that operates within the telecommunication wavelength 1555 nm. In
accordance with the map, the most narrow first order resonances can be achieved, for
example, for f5;=0.2, which centred at NW=2.5=A/a. Thus, the lattice constant of the
fabricated device must be design as =573 nm, which corresponds to the width of the
air groove/cavity of 458 nm. In Figure 4-22(b) we compare the resonance peaks for the
fs=0.2 (central part of the resonance lines) and f5=0.1 and 0.3 (edges of the resonance
lines, outside the dashed ellipse on the GM). Obviously, the resonance peaks for f5=0.2
demonstrate the equal channel spacings, A,= A;;>= 4,23 the highest out-of-band reflection
(R=0.99) and the improved bandwidth characteristics (FWHM values are denoted by

numbers on each graph).
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4.4.3 Fine Tunable filtering of individual resonances

One of the main challenges of the coupled-resonator devices has remained the fixed
wavelength channel spacing or free spectral range (FSR), which cannot be easily tuned
due to the strong coupling effect between channels. In many applications, the
individual channel position (or channel spacing) are required to be trimmed after
imperfect fabrication process or to be dynamically tuned for better performance [4]. The
tuning of FSR has been demonstrated previously in fiber-based devices [36]. One of the
successful attempts was presented in [10], where authors demonstrated their solution for
an integrated platform. This approach requires the incorporation of the metallic micro-
heaters into the large 245 pum resonators, thus, requiring a precise thermo-control of the
device during operation. One of the most promising solutions could be the filter device
with low-power and low-loss capability of fine-tuning of individual channels in the

whole filtering system in an integrated platform by application of electric field.

4.4.3.1 Precise individual tuning of the central channel in a triple-channel system

It is assumed that the refractive indexes have linear dependence, n&'ﬁa):nnﬂn,

demonstrated in Figure 4-21(b). Again, for the clarity of presentation of the method, we
assume here, that all cavities are switched to the initial Position 0 (see Figure 4-21), i.e.
LC has refractive index ny=1.63 and the channel spacings between edge channels and
the central channel (or FSR) are equal, A= 45;,= 4,23=60nm for the example device with
a=573nm and an optimal value of f5=0.2. The transmission spectrum of this example

structure is demonstrated in Figure 4-23(a) (black line, central resonance denoted by 0).

Now, let us gradually increase the refractive index of the central cavity, ngi)v=no+An, by

An=0.001, while decreasing the refractive indexes of the two edge cavities,

M _, () _

ncav cav

np-An by the same value of An (Figure 4-23(b)). In this case the central
) =n(1’3)

cavity has the strongest coupling, N, =Ngqp

+2-An, and acts as a primary cavity in the

system, while the edge cavities represent the variable mirrors from both sides of the

central cavity. At the same time, the overall optical thickness of the system ngi’j’” Aair=

/1(1,2,3)

m

m is decreased, which leads to the blue-shift of its optical characteristics [30,

35]. Let us monitor the positions of triple resonances during these refractive index
variations. In Figure 4-23(a) we demonstrate the transmission spectra for the A»n=0.013

(thin blue line) and An= 0.026 (thick blue line). The central channel is blue-shifted,
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Figure 4-23: (a) The cavity refractive indexes ngl':'s)versus relative channel position

shift normalized to the original channel spacing. (b) Continues tuning of the central
channel for An=-0.026 (red dashed line), An=-0.013 (red dashed dotted line), An=0
(black line), An=0.013 (thin blue line) and An=0.026 (thick blue line). (c) The GM of
T=100%, calculated for An=-0.026 (red dashed line) and An=+0.026 (blue line).
Optimal design region is shown by ellipse.
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while the edge resonances have retained their positions. For the considered example, the
maximum refractive index difference, 2-An=0.052 (which is only 24% of the
birefringence value for the LC E7, Ang;=0.2), allows to achieve maximum relative
independent shift of the central channel, A4, up to 25 % of the channel spacing, 4.
However, further increase of the overall difference, 2-An, will break the symmetry of
the system and initiates the coupling effect between all cavities resulting in the shift of
all resonances simultaneously. As we are interested only in fine tuning capability of the
multi-cavity structures, the results obtained for the higher variations of An are not
considered here.

The inverse manipulation with the refractive indexes, i.e. reducing the n§2,=n0-

1 _ (3 _
cav” Neav™

channel (Figure 4-23(a), red dashed dotted and dashed lines).

An, while increasing n nyt+An, results in the individual red-shift of the central

In order to see the independent central resonance tuning in general, the GM is
calculated in a wide range of the fs5; (Figure 4-23(c)). For clarity of presentation we
focus only on the first order SB region and plot only regions with 7=100 %. Here, the
resonance lines are calculated only for two limiting cases, namely for An =-0.026 (blue
line) and An= +0.026 (red dashed line). Obviously, the widest individual tunability of
the central channel can be achieved for the narrowest channels, which corresponds to
the optimal central part of the f5;=0.15...0.25 (denoted by blue circle). This range of fs;
also demonstrates the maximum fabrication tolerance, which constitutes 54 nm for the
example optimal device. The edge resonances remain their original position within the
full range of fs; for the first SB. Note that the maximum intensity of 7=100 % and the
initial bandwidths are not affected for all switching positions of the triple-channel

system.

4.4.3.2 Precise tuning of the edge channels with high-stability of the central
channel

Let us now consider the variation of the refractive index of only the central

cavity ngi)fno-An. The refractive indexes of the edge cavities are considered to be fixed

to the initial Position 0, n§§L=n§§,L=no=1.63 (Figure 4-24(a)). In this case the central
cavity plays a role of the variable intermediate mirror between two strongly coupled

edge cavities. The decrease by An of the overall optical thickness of the system
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(1,2,3)
n(1'2’3)'dair: m2 m results in the blue-shift of the edge channels, while the central

cav

channel retains its wavelength position. This is clearly demonstrated in Figure 4-24(b)
for the An=0, 0.02, 0.052 and 0.11 for the considered optimized example structure. The
increase of the channel spacing, Al results in the decrease of the channel spacing
between central channel and left edge channel, 4, 3=4,-A4;, and, consequently, lowering
the out-of-band reflection between them.

Similar to the previous model, the overall increase of the refractive index, An, up
to 0.052, for the considered example, leads to the linearly proportional change of the
channel spacings up to 25%, or A2 / A23=1.5 (Figure 4-24(a, b)). Although the out-of-
band reflection between central and right edge channel is decreased, it is still constitutes
95 %. Further increase of the An up to the limiting case, An =0.11, will result in rapidly
growing difference between channel spacings, 4512 / Ap3, up to 2.7, with decrease of the
out-of-band reflection between the central and left-edge channel down to 90 % (Figure
4-24(b), red dashed dotted line).

For significantly higher values of An >>0.11, than considered in this Section, the
central cavity acts as a single cavity independent from the edge cavities. The left edge-
channel will be shifted out of the SB and the right edge channel will be merged with the
central channel, thus changing the resonator mode from triple to a single mode.

Obviously, the inverse manipulation with the refractive indexes, i.e. increasing the

n£2,=n0+An and fixed n,(:i)v=n£2,=no, results in the individual red-shift of the edge
channels on the same A/, value (Figure 4-24(c)).

In Figure 4-24(d), the GM of the total transmission, 7=100%, for the two cases
An==0.052 (blue line) and An=+0.052 (red dashed line) is presented in normalized
wavelength range. Again, as for the central tuning combination, the widest tunability
can be achieved for the narrowest resonances from the central part of the
fsi=0.15...0.25, which corresponds to the optimal design parameters and minimum
fabrication tolerances of the device. Note that the central channel remains its original

position within the full range of fs; for the first SB.
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Figure 4-24: (a) The cavity refractive indexes nf.},ﬁ'” versus the ratio of the

channel spacings, As12/2s23. (b) Continues blue shifi of the edge channels with linear

decrease of the central cavity refractive index,ng,),,, by, An=0.02 (thin black line),
An=0.052 (dashed blue line), An=0.11 (dashed dotted blue line). The triple channels,
for An=0, are also demonstrated (thick black line). (c) Continues red shift of the edge
transmission channels with linear increase of the central cavity refractive index, ng,),,
by, An=0.02 (thin black line), An=0.052 (red dashed line), An=0.11 (red dashed dotted
line). (d) The GM of T=100%, calculated for An=-0.052 (blue line) and An=+0.052

(red dashed line).
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4.4.3.3 Precise control of transmission attenuation for the edge channels in triple-

channel system

In two previously discussed models, devoted to the realization of fine tuning
capability of the triple-defect PhC, the transmission intensities of the realized channels,
1; 53, were substantially stable and close to 100%. In this Section the model for precise
engineering of the positions and intensities of the edge channels is demonstrated. This
model requires opposite linear variation of the edge channels refractive indexes with the
central channel refractive index fixed to the Position 0 (Figure 4-21(c) and Figure 4-
25(a)). The mismatch between the optical thicknesses of the edge cavities results in the
attenuation of the edge channels intensities, /; 3, which accompanied by equal increase
of the channel spacing, A;;;tAA=Ax3+AL; (Figure 4-25(a, b)). By gradual increase of
the refractive index difference, 2-An, the edge channel intensities can be precisely tuned
from 100% down to 10%. For significantly higher values of 2-An>>0.11, than
considered in this Section, the edge channels are vanished and system is operating in
single channel mode.

For the case of strongly coupled cavities, when an optimal design value is
chosen as f5; =0.2, the difference between edge channel intensities A /;, ; is negligible,
and equal to ~1-2 % for all switching modes. However, as it can be seen from the GM
in Figure 4-25(c), this difference is significantly increases up to 25 % for all non-
optimal values of fs; (i.e. values outside the range fs5; =0.15...0.25; see Section 4.4.2).
We note that the attenuation of the resonance intensity for the non- optimal fs; is also not
so strong in comparison to the optimal device. For example, in Figure 4-25(e), the
triple-channel system, calculated for f5=0.35 and An=0.06, demonstrates a decrease of
1;to 80 % and I3 to 60 %.

One of the possible applications of the controllable transmission attenuation
model can be an optimization of the edge channel intensities after fabrication process.
The random fluctuation of the geometrical parameters, after the fabrication process, is
affecting primarily the edge channels in terms of their intensities and, thus, the
bandwidth (or FWHM). The average deviation of the fabricated device parameters up to

10 % may result in the attenuation of the edge channels intensities down to 90 %. By
reducing the refractive index mismatch up to 2-An£}1’3)=0.03, the edge channel
intensities can be precisely tuned back to 100% with negligible decrease of the channel
spacing by 1 % (Figure 4-25(e)).
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Figure 4-25: (a) The cavity refractive indexes N4, versus the edge channel intensity

1) 3 normalized to the maximum original intensity I)=I, (lower scale) and versus the

relative channel spacing shift normalized to the original channel spacing (upper scale).

(b) The precise attenuation of the edge channel intensities, 1) 3 for An=0.015 (red line),
An=0.03 (green line), An=0.05 (blue line), An=0.07 (cyan line) demonstrated for the
fsi=0.2. (c) The GM of T=25-100 %, calculated for An=0.06. (d) The attenuation of the
edge channels for An=0.06 and f5;=0.35. (e) Fine attenuation from 100 % to 90 % for

An=0.005 (red line), 0.01 (green line), 0.015 (blue line) demonstrated for the f5=0.2.
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4.4.4 Design of the SOI-based device

To experimentally demonstrate the proposed idea, the triple-channel resonator
device was fabricated on <100> p-type SOI wafer with Silicon device layer thickness of
4.5 um, and a 1 pm thick buried oxide layer (Figure 4-26). The design parameters of the
1D PhC structures were selected from the GM (Figure 4-22(a)). Electron-Beam

Lithography followed by the plasma etching was used to fabricate the nano-scale

Figure 4-26: (a) The SOl-based chip design of the triple-coupled defect photonic
crystal filter filled with nematic LC (green colour) and metal contact pads (yellow
circles). (b) SEM image of the fabricated defect-free 1D PhC with three-channels
connected to 2nd, 4th and 6th grooves. (c) SEM image showing a view on the channels

from the cone-shape cavity designed for LC infiltration.

structures with a up to 1000 nm based on the first and second order SBs operating in
the telecommunication wavelength range. The electrical-isolation of the 2nd, 4th and
6th grooves of 1D PhC is achieved by dry-etching of the micro-channels across the chip
(Figure 4-26(a) (green lines) and Figure 4-26(b)). One cone-shape cavity is designed for
the easy infiltration of these grooves with LC E7 (Figure 4-26(a) (green region) and
Figure 4-26(c)). A 500 nm layer of Aluminum is deposited by sputtering. Then, by
using Optical Lithography followed by wet etch process, the contact pads are defined

(Figure 4-26(a), yellow circles). Finally, the U-grooves with the depth of 60 pm are
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etched from both sides of the nano-structure for easier integration of the optical lensed
fibers and their direct coupling to the device. By independent application of the voltage
to the Aluminum contact pads different orientations of the LC molecules can be

achieved in the individual grooves, allowing a variety of manipulations of the

transmission channels.

4.4.5 Optimization: Compensation of the fabrication tolerances

Any structural deviations and non-uniformities affect the optical properties of the
device. In particular, if the periodic structure contains coupled cavities, the thickness

deviations, dd, result in deviation of the optical thicknesses of the cavities,

n-d=n-(d+od), thus, randomly shifting and attenuating the cavity resonances.
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Figure 4-27: (a) SEM image demonstrates the structural deviations obtained for the
defect-free 1D PhC with a=900 nm, fs;=0.4. (b) Transmission spectra of the originally

designed triple-defect device (black line) and of the fabricated device with structural

deviations of +0 ds;=20 nm (red line). The refractive index of all cavities nﬁ},ﬁ'”:z 63.

(c) A precise adjustment of the edge channels by decreasing the refractive index to

n&'ﬁ’g) =1.60. (d) Final adjustment of the central channel with An=0.01.

In Figure 4-27(a), one of the fabricated sample PhCs with ¢=900 nm is
demonstrated. The original value of filling fraction, f5=0.4, was chosen in accordance
with the GM from Figure 4-22(a). After the infiltration of the 2nd, 4th and 6th grooves

with nematic LC E7, the PhC tunable filter can be realized. By switching all of the
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cavities to the Position 0, the three transmission channels with Q about 500 and centred
at NW=1.75 (see Figure 4-22(a)), which is A=NW-a=1715 nm (Figure 4-27(a), black
line), can be achieved. However, the SEM investigation of the fabricated device has
demonstrated a presence of the random deviation of the geometrical parameters of the
fabricated sample PhC (Figure 4-27(a)). Although, the average width of the grooves,
has remained the same for all periods, an estimated average deviation of the thickness of

the Si-walls is dds=20 nm, which is about +5.6% of the originally designed thickness.

Therefore, the new optical thicknesses of the cavities can be described as ngz’f’s)-(a-

dsitdds;). The obtained transmission spectrum for the fabricated device is demonstrated
in Figure 4-27(b), red line. All of the channels are unequally red-shifted which also
results in the reduction of Q-factor The maximum intensity for the edge channels is
also reduced by 3-5 %.

Now, let us optimize the fabricated non-ideal system by using the approach

demonstrated in this Section. First, we reduce refractive index of all cavities n£2’3'3)=

ng-An, in order to blue shift all three channels. The edge channels are precisely adjusted
to the ideal positions, when n’y2®=1.63-0.03=1.60 (Figure 4-27(c), red line). Now, we
perform the fine tuning of the central channel by increasing the refractive index of the
edge cavities n§§,ﬁ’= 1.61+An=1.6+0.01=1.61 and reducing by the same value the

refractive index of the central cavity n§f},,=1.59 (Figure 4-27(d)). The system is now

fully adjusted to the originally designed operational mode.

4.5 Summary

In this Chapter, the model of transformation of one-dimensional, high-contrast
Silicon photonic crystal into a tunable Fabry-Perot resonator has been investigated.
This transformation is achieved by introduction of the optical defects in the ordinary
photonic crystal while retaining a high modulation of the resonance peaks up to ~0.95.

The features of FP-resonator based on PhC with optical defects are:

i) possibility to avoid the specific procedure for the defects fabrication but

rather use the possibility of introducing the filler in the centre of PhC;

ii) tuning of the resonance peaks within the PBG by variation of refractive

index of the defect filler.
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The utilisation of common GMs of PBGs (or stop-bands) and TBs allows to predict
the resonance appearance or disappearance in the optical spectra and to determine the
optimal design parameters, e.g. wavelength position, quality factor and free spectral

range depending on the order of PBG and the value of filling fraction.
« Single-cavity resonator: Wide-tuning of the resonances

A Fabry-Pérot resonator, consisting of two Silicon walls, also acting as
electrodes, and a thick cavity, filled with the nematic liquid crystal E7, was fabricated
on a Si-On-Insulator platform. The experimental spectra obtained are in good
agreement with the results of calculations based on GM Method. In particular, a
superposition of the transmission peaks with reflection maxima, predicted from
calculations, was confirmed experimentally. Altering the liquid crystal alignment, and
consequently the refractive index value in the cavity, by the application of an electric
field using voltages from 0 V to 15 V, results in reversible continuous tuning of the

high-order resonance peaks with the ultra-wide relative shifts of up to AMA=10 %.

o Triple-cavity resonator: Individual tuning of resonances

A technique for precise position control of individual transmission
channels/resonances in a triple-cavity resonator device has been proposed. By
controllable tuning of the refractive index in all coupled cavities, a continuous
individual tuning of the central channel (or edge channels) up to 25% of the total
channel spacing has been demonstrated. Additionally, an approach for precise
controllable improvement of transmission up to 100% is demonstrated for the edge
channels with decrease of the channel spacing on~1%. Based on the proposed design, a
prototype triple-channel filter was fabricated on Silicon-On-Insulator platform and
optimized to the desired operational mode.The suggested approach has been utilized for
compensation of the fabrication tolerances in multi-channel Silicon devices in a wide

infrared range.

This project is currently going through the final fabrication process at Tyndall
Institute Ireland (NAP368 funded by SFI Ireland).
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Chapter 5.

Photonic Crystals with Structural
Fluctuations

5.1 Introduction

Although Si fabrication technology has significantly developed over the last 20
years, one of the main problems for optical, micro- and nano-scale, periodic structures,
such as photonic crystals, remains defining the maximum structural deviations precisely
in the system [1-3]. In general, structural deviations and non-uniformities, presented in
the patterned features on the wafer, occur for three principal reasons. First of all, there is
the fundamental diffraction limit of the projection optics. Secondly, the mask pattern
differs from the original design due to limitations in the mask fabrication process.
Finally, random and systematic variations inevitably occur in a multitude of
lithographic process parameters, such as focus and exposure [4]. Fabrication tolerances
for modern e-beam lithography are usually assumed to be a minimum of about 5-10%
of the nominal target dimensions. The question arises as to how imperfections in the
fabricated 1D PhC structure might influence their optical properties? Answering this
question requires the development of a mathematical model of the multilayer structure.
Once this model is validated, the response of the optical properties of the system to
fluctuations in the structural parameters is estimated. When modelling a 1D PhC, four

main structural parameters are involved. These are, the thicknesses, dy and d;, and the
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refractive indices, ny and n;, of the high and low refractive index components,
respectively (Figure 5-1). The sum of dy and d is g, the lattice constant of the PhC.
Another structural imperfection that can occur at certain level in practical 1D
PhC structure fabricated by a microstructuring process [5], is a roughness of the side-
walls of etched air channels. Depending on the aspect ratio and particular method used,
the surface roughness can be varied from 0.4% to 20% of the Si wll thickness during
reactive ion etching, from 10% to 15% during photo-electrochemical etching and <1%
during anisotropic chemical etching (see Chapter 2). Technological deficiencies
resulting in side-wall roughness in 1D PhCs were investigated in Refs. [6-10], whereas
in Refs. [6, 8, 11-12], non-uniformities in wall thickness were analysed. The
investigation of the influence of fluctuations in the geometrical parameters, or PhC
disorder, on the optical properties of PhCs is a crucial aspect of material engineering,
since this allows an estimation of the maximum level of disorder, beyond which the
optical properties of the crystal are unacceptably degraded. For example, in Ref. [13],
the threshold level of disorder below which the probability of formation of an eigenstate
at the center of a PBG is negligible was established. Introduction of disorder into a 2D
PhC as a result of the variation in the size of the air cylinders leads to increasing
transmission within the PBG and to a distortion of the PBG’s shape [13]. The PBG
width is used as a metric to describe this distortion. The width can be determined as the
distance between the boundaries of areas on dispersion curve where the Bloch wave

vector K has imaginary values [14].

Figure 5-1: Schematic diagram of a seven-period, 1D PhC with a lattice constant

a=dy+d; and an optical contrast of ng/n;. A wall thickness with fluctuation (dy); in the
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H-component appears in each lattice period, causing a variation (dp); in the L-

component of the structure.

Typically, 1D PhCs are designed as Bragg reflectors with the optical thickness
of both layers, dyny and din;, corresponding to the quarter wavelength for which this
PhC is going to be utilized. In addition to the first PBG, one-dimensional PhCs have
numerous secondary and higher orders, PBGs. These have been investigated in Refs.
[10, 15], for example. Utilisation of secondary and higher order PBGs allows number of
applications of 1D PhCs, including Fabry-Pérot optical filters with tunable resonance
peaks of high-order (Chapter 4), or the formation of wide-band windows of
transparency in Si (Chapter 3). For these structures [16, 17], a large variation of filling
fractions, fi; = dy/a or fi=d;/a, was used, unlike conventional structures based on quarter
wavelength optical thicknesses.

In this Chapter, the influence of disorder on 1D PhCs of high optical contrast for
use in Si photonics is investigated. Using a combination of calculations and gap map
analysis, the influence of random thickness fluctuations in PhC parameters on the
transmission spectra and PBGs is explored. The advantage of using PBGs map approach
is that it enables the analysis of the optical properties of the PhCs over a range of
possible filling fractions and photonic band gaps of any order, including the most

common quarter wavelength structures.

5.2 Calculations of spectra and PBG map

A two-component 1D PhC with thicknesses of dy and d; for the high (ny) and
low (n;) refractive index components, respectively, and a total of seven periods is
shown in Figure 5-1. During microstructuring processes such as lithography and wet or
dry etching, the optical constants of the constituent materials generally remain
unchanged. We use an ny value for Si in the mid-IR range of 3.42 and a value of n;, = 1
for the air component of the grooved Si structure. Figure 5-2(a) shows the reflection
spectrum R at normal incidence of light, calculated for a filling fraction fi= dy/a =0.23,
corresponding to a quarter wavelength optical thickness for both components.
Wavelength values, 4, are shown in units of normalized frequency, a/A, on the x-axis.
Reflection spectra calculated for fi =0.5 and fy =0.08, are shown in Figure 5-2(b) and
Figure 5-2(c), respectively. Wide reflection bands with a characteristic Il-shape,

corresponding to the first and higher order PBGs, are seen in all of the R spectra.
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Figure 5-2: (a), (b), (c) R and (d), (e), (f) T spectra of an ordered PhC based on a ‘“Si-
air " structure for (a),(d) fy=0.23; (b, e) fy=0.5 and (c, f) fu=0.08. The number of lattice
periods, N=7, the incoming and outgoing medium is air and a normal incidence of light
is used for these calculations. The numbers correspond to the order number of the

PBGs from Figure 5-3.

From Figure 5-2(d,e.f) it is clear that within the PBG’s frequencies, the very
pronounced dips in transmission indicate that amplitude modulation of up to ~80 dB in
the 7T spectra are possible. (Note the log scale on the y-axis). For comparison, the

amplitude modulation of 7 outside the PBG regions is around 10 dB. These dips can be
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explained by the appearance of the imaginary part of the wave vector, K, in the range of
PBGs frequencies [14]. The imaginary part of the wave vector K affects the spectrum
in a way which is equivalent to strong absorption of the light. The light is not absorbed
via the usual electronic route within the atoms of the material. Rather, it is due to a
strong interaction of the incident light with the periodic structure. Clearly, the
boundaries of the strong dips are the boundaries of PBGs. The transmission spectra and

PBG map will be further used for the evaluation of the impact of thickness fluctuations

on the optical properties of PhCs.
1.0 1

Figure 5-3: Gap Map for ordered PhC, based on “Si-air” structure, with N=7. The
lines, intersecting the PBG regions labelled with the numbers shown, are demonstrated

Jor fu =0.23 (dashed line), fy =0.08 (dotted line) and 0.5 (short dotted line).

The main (or 1*) PBG and a number of PBGs of high order, labelled 1 to 14, are
observed on the gap map in a wide range of filling fractions in Figure 5-3. It can be
seen that for the number of periods here (N=7), the 1* PBG with R>0.99 can be
obtained in the range f; = 0.04-0.7. The PBGs of higher order number occupy smaller

areas on the map. The filling factor f5; =0.23 corresponds to 4/4 optical thicknesses for
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each PhC component. Note that the maximum width of the 1* PBG is at this value of fs;,
marked with a dashed line on the map. We are also interested in the high-order PBGs,
for example, the regions numbered 2-9. The widest part of the second PBG corresponds
to fs; =0.5, the associated R spectrum is presented in Figure 5-2(b). The widest part of
the third PBG corresponds to fs5; =0.08, the associated R spectrum is presented in Figure
5-2(c).

The width of the 3™ PBG is larger than the width of the 1¥* PBG. Therefore, this
PBG can be used as a wide-band reflector, with the width of the R band being larger by
a factor of 1.3 than the R-band of the reflector with an optical thickness of the

components equal to /4.

5.3 Modelling of thickness fluctuation

‘During the fabrication of PhCs, the tolerance in the lattice period of the ordered
structure a = dy+ dj, is determined by the lithographic accuracy, which is typically high.
However, if an inaccuracy, for example, in the thickness of one of the components, dj,
occurs as a result of process variations, this will lead to an inaccuracy in the thickness of
the second PhC component, d;, (Figure 5-1). Note that technologically all layers in these
periodic structures are fabricated simultaneously and, therefore, it is impossible to make
any alterations to the final structure. This is not the case for thin film coatings, where
the periodic structure is formed by sequential deposition.

Let the number of walls in a PhC be /=8 as shown in Figure 5-1. In order to
draw the PBG map, it is necessary to first calculate the spectra R (or 7) in a range of
values of dy from 0 to a. Next, let us introduce the standard deviation, §, as a parameter
which is related to the wall thickness, dy, in the ordered PhC and leads to the
inaccuracy, or relative fluctuation, §;, induced in the i wall of the ordered structure in
accordance with the random distribution law.

We will use two approaches to account for the thickness fluctuation ddy;. The
first approach consists of the introduction of fluctuations proportional to the thickness
of the i wall. Thus, the value of the fluctuation increases with an increase in the wall
thickness. In this case, the thickness of the i wall, (dp);, in the presence of a thickness

fluctuation ddy; = d;i'dy, is determined from the following Equation (5.1):

(dH),' = dyt+dy 0; =dy (1+ 5,) (51)

132



In the second approach, the thickness fluctuation is determined by equation ddp;
= (dy)min - 0i» Where (dp)min is some minimal value of the wall thickness. In this case the

value (dp); changes in accordance with equation (5.2):

(Ar) i = dut (dp)min * Oi (5.2)
Let us select the value of (du)min, corresponding to the filling fraction f= 0.08.

Eqn. (5.2) transforms to Eqn. (5.3):

(dy)i=duy+0.08 -a - o; (5.3)

For example, using the first approach and standard deviation, 0=0.05, if the
value of the relative fluctuation 6=0.11 (for i =1 in Table 5-0-1) then the thickness
fluctuation will correspond to 0.11dy. For a=3 pum at a lower value of fy = 0.1, the
thickness dy will be equal to 0.3 um, while at a higher value of f;;=0.7, the value of dy
= 2.1 um. The calculated thickness fluctuations ddy, determined from Eqn. (5.1), are
0.3:0.11=0.033 um =33 nm and 2.1:0.11=0.231 pum =231 nm, respectively, i.e. ddy will
be proportional to the thickness of the walls. Using the second approach, if ¢ = 0.1, for
the selected lower value of (f)mi» = 0.08, the value of the thickness fluctuation 6dy = 24
nm at a=3 um, and therefore, all other walls thicknesses in the range of the filling
fraction from 0 to 1 will have fluctuations of 24 nm. Therefore, the difference between
the approaches 1 and 2 is that in the first case we are dealing with more radical changes
in thickness fluctuation (dy);, while in case 2 the thickness fluctuation is less
pronounced.

For both approaches, we use a random-number generator, which, based on a
standard deviation of d, generates for each P wall, a value of ¢, in accordance with the
normal random distribution law. Using Equations (5.1-3), we obtain the variation of
thickness in each i wall as (dy); Since actual values of J; can be either positive or
negative, the thicknesses (dp); can be either smaller or larger than dy in an ordered PhC.
As an example, histograms for 12 types of thickness fluctuation distribution for a

structure with eight walls (Figure 5-1) with 6=0.05 are presented in Figure 5-4.
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Figure 5-4: Histograms for 12 types of thickness fluctuation distribution values o; for
an eight wall PhC with standard fluctuation 6=0.05.

5.4 PhC with thickness dependent variations in the wall
thickness

Let us consider in detail the first approach using, as a model, a PhC with eight
walls (i.e. i=8) as shown in Figure 5-1. For the first type of distribution (type 1) the
dependence of the values of J; on the wall number is presented in Figure 5-4. The
thickness fluctuation ¢; and the thickness dy=0.66 um (corresponding to f; =0.23 for a
PhC with a=3 pm) are presented in Table 5-0-1 along with the altered values of wall
thickness (dp);, taking into account the relative fluctuation J; .

Now that the new values of (dy); are known, a calculation of layer thickness dj,
the distance between the walls in Figure 5-1, can be performed. Since in our model, a
has a constant value, i.e. the distance between the centres of the walls remains
unchanged, the new value of the distance between the two walls (for example walls 3

and 4) will correspond to the difference (d.);4 determined by Equation (5.4):

(d)ss=a—[(dn)s/2 + (dn)4/2] (5:4)
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Figure 5-5: Gap maps of an a) ordered (thin line) PhC (from Figure 5-3) and a
disordered (thick line) PhC with standard random thickness deviation of the walls of
0=0.05. The fluctuation distribution used is type 1 from Figure 5-4(a), (b) Gap maps
under identical conditions to those in figure (a) but with fluctuation distribution of type
8 (Figure 5-4(h)) and (c) type 6 (Figure 5-4(f)). Wall fluctuations are proportional to
wall thickness. The dashed line corresponds to fu=0.23 and the dotted lines correspond
to fu=0.08, 0.5 and 0.71.
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Table 5-0-1: Dependence of the relative fluctuations o; (for distribution of type 1) on the
wall number and wall thickness values (dy); for a standard deviation of 6=0.05. Values

are given for an eight-wall structure in a PhC with dy=0.66 um (fy =0.23, a=3 um).

i Values of fluctuation ¢; Values of thickness for i/ wall (dy)i, pm
1 0.110 0.732
2 0.040 0.687
3 0.049 0.693
4 0.043 0.688
5 0.046 0.690
6 0.023 0.682
7 -0.052 0.626
8 0.003 0.662

Next, taking into account the changes in all of the thicknesses, dy and d, we
perform a calculation of the gap map taking into account the thickness fluctuations.
Using the approach suggested earlier for an ordered PhC (Figure 5-3), we use the
criterion R>0.99 and draw the gap map for the disordered PhC with a thickness
fluctuation of type 1 and a value for 6 = 0.05. In Figure 5-5(a) we present both maps on
the same graph. From Figure 5-5(a), the position of the PBGs regions for ordered and
disordered PhCs with 6=0.05 for lower values of fj; are practically the same, while at
higher f;; values the PBGs are shifted to smaller a/A values, that is, a red shift.

Let us analyse in detail what happens with the 7 spectra for a few values of fy
(Figure 5-6). From Figure 5-6(a), for fi; =0.08 there are no changes visible in the dips in
the 7-spectra within the same frequency range. For f4=0.23, a red shift of the PBGs
begins to become apparent, which increases when fy is increased to fy =0.5 and 0.71
(Figure 5-6 (b, c, d)). In parallel with this shift, a distortion in the shape of the high-

order PBGs also occurs.
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Figure 5-6: Transmission spectra T for ordered (black line) and disordered (grey line)
PhCs with filling fractions a) fy =0.08, b) 0.23, ¢) 0.5, d) 0.71, with corresponding
thickness fluctuations 0dy=0.004a, 0.0115a, 0.025a and 0.036a and fluctuation
distributions of type 1 from Figure 5-4(a) and Table 5-1. Numbers inside the dips
(PBGs) correspond to the number of the PBG shown on the gap map in Figure 5-5(a).

A shift in the PBG regions, and a change in the 7 spectra, typically occurs for a
small change in filling fraction, f;. Analysing the distribution of thickness fluctuations
in Figure 5-4 and Table 5-0-1, it is apparent that nearly all H-layers increase their
thickness (dy); when compared with the ideal case of dy=0.66 um. Evidently, the filling
factor has changed. The increase of (dy); here generates a red shift in the PBG on the
map and in the 7 spectra. A proportionate dependence of the increase in PBG edges
with an increase of fy is observed, which can be explained by the increase in the optical
thickness of the altered H-layers and their bands in the 7 spectra (Figure 5-6(c)) and its

increasing influence with an increase in filling fraction fy.
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Figure 5-7: T spectra for ordered (black line) and disordered (grey line) PhC with
Sfuctuation distribution of tvpe 8 for a) fu=0.23 and b) fu=0.5 with thickness
fluctuations ody =0.0115a and 0.025a, respectively.

From the fluctuation distributions, shown in Figure 5-4, the fluctuation type 8
was selected and used to calculate the 7 spectra for two values of f, a low f; =0.23 and
a high f;=0.71 (see Figure 5-7). It is apparent that the distortion of the PBG occurs
without a frequency shift outside the PBG band in ordered PhCs. If the fluctuation type
8 is used, it does not lead to a shift in the PBG as a function of filling fraction. This
conclusion is supported by calculations using fluctuation type 8, presented in Figure 5-
5(b), which demonstrates that distortion of PBGs occurs with increasing order without
an associated shift in the PBG regions.

Figure 5-4 also shows fluctuation type 6, which demonstrates an approximately
even distribution of J on 7 around the middle line (at y=0), but with a pronounced single
fluctuation within one of the internal walls, namely the 6 wall. The gap map calculated
for this distribution type, is shown in Figure 5-5(c). Analysing this gap map, it is
apparent that disorder does not result in a shift of PBGs, however characteristic narrow-

band regions within the PBG regions have appeared, either in the centre or at the edges.
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Figure 5-8: T spectra for ordered (black line) and disordered (grey line) PhCs with
filling fractions of a) fy=0.23, b) fu=0.5 with corresponding thickness fluctuations ody
=0.0115a and 0.025a. The fluctuation distribution of type 6 from Figure 5-4(f) was

used.

Let us select a PBG where the influence of thickness fluctuations is easily
observed, for example, in the case of f4=0.23 and f;=0.5. For these values of fy, the
well-modulated transmission dips in the T spectra correspond to the 1* and the 5" PBGs
in Figure 5-8(a) and the 1%, 2" and 4™ PBGs in Figure 5-8(b). The narrow peaks within
the dips in the 7-spectra are related to the defect modes. When these peaks are close to
the PBG edges, they deform the edges of PBGs and a decrease in the modulation of the
amplitude of 7 within the PBG region occurs simultaneously. The distortion of the PBG
in the 7 spectrum caused by thickness fluctuations is more pronounced for the higher
band orders.

From Figure 5-6, 7, 8 it can be seen how the interference fringes between PBGs
change. They increase in the 7 spectra with an increase in the PBG order. This is also a
result of the introduction of thickness non-uniformities into the PhC. If a simultaneous
degradation of the edges also occurs, then determining the position of the PBG
boundaries becomes problematic. As the band number increases, these effects intensify,

increasing the difficulties in determining the PBG’s width.
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Figure 5-9: Gap map of ordered (black line) and disordered (grey line) PhC with a
standard deviation in thickness 6=0.2 and fluctuation distribution of type a) 1 and b) 6.

The value of the fluctuation 6dy=0.016a is constant for different wall thicknesses.

5.5 PhC with a constant value of fluctuation for all wall
thicknesses

Let us consider a second approach for the introduction of thickness fluctuation
values, using a minimal thickness deviation for all filling fractions fy. Absolute
fluctuation values from Eqn. (5-2) will correspond to d(dy); =12, 24 and 48 nm for a =
3 um and fymin =0.08 for the corresponding three values of 6 = 0.05, 0.1 and 0.2 for
two types of fluctuation distribution, viz. type 1 and type 6. Differences in the position
of the PBG regions on the maps for ordered and disordered PhC with fluctuations of
type 1 are negligible up to 6=0.05 (6dy =0.004a). For 0=0.2 (6dy=0.016a) these become
apparent (Figure 5-9(a)) as a shift of the PBG region edge, this shift is more pronounced
for PBGs of high order. We can explore this further by analyzing the dips in the 7
spectra for various values of fy; (Figure 5-10). In this model, the same red shift will be
observed in all spectra with different values of f;. This red shift was discussed earlier in
relation to Figure 5-5(a) and Figure 5-6. These shifts are explained by the nature of the
fluctuation distribution, which increases the filling fraction at the expense of wall

thickness.
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Figure 5-10: T spectra of ordered (black line) and disordered (grey line) PhC with
Sfluctuations of type 1 for a) fi =0.08, b) fy=0.23, c) fy=0.5 and d) fy=0.71. The value of

the thickness fluctuation ody=0.016a is constant for different wall thicknesses.

For the fluctuation type 6, it can be seen from Figure 5-9(b) that changes in the
PBG regions are observed as a result of the introduced fluctuation with 6=0.2. The
boundaries of the regions are not shifted, but defect peaks have appeared within the
PBG’s frequencies. The same effect is observed in the 7 spectra (Figure 5-11). For
example, in Figure 5-11(b) for f;=0.23, the shape of the 1* PBG is partially distorted
due to the appearance of a defect peak near it’s edge. The presence of the defect peaks,
as discussed earlier, can be explained by the type of fluctuation 6, in which the
dominant thickness deviation is present near the centre of the PhC.

During our investigations of the influence of other types of thickness fluctuation
shown in Figure 5-4 (i.e. types 2-5, 7-8 and 10-12) we observed that the boundaries of
the PBG regions in the disordered structures are not shifted. Their behaviour is
generally similar to that of type 8 (see the analysis of Figure 5-5(b) and Figure 5-7),
because this type of thickness fluctuation demonstrates broadly similar positive and

negative thickness fluctuations.
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Figure 5-11: T spectra of ordered (black line) and disordered (grey line) PhC with
fluctuation distribution of type 6 for a) fy=0.08, b) fy=0.23, c¢) fu=0.5 and d) fy=0.71.
The value of the thickness fluctuation ody=0.016a is constant for different wall

thicknesses.

Analysing the shift of PBGs regions from Figure 5-9(a, b), it is clear that the
shift does not depend on filling fraction, i.e. on thickness of dy. Therefore, only the
amount of thickness fluctuation introduced into the PhC influences the bands shift. This
conclusion is confirmed by the increase in the PBG shift noted above, together with an
associated shift in the spectra, as a consequence of increasing thickness fluctuation

from 8dy =0.004a to 0.036a (Figure 5-6).

5.6 Summary

A combination of mathematical modelling and gap map analysis allows the
influence of randomly induced thickness fluctuations in photonic crystal components on
the distortion of photonic band gaps in one-dimensional PhCs to be investigated. The
investigation of band gaps in the transmission spectra provides further, detailed
information on the influence of thickness fluctuations. In this study, 1D PhCs based on
microstructured semiconductors “Si-air”, with a range of filling fractions and PBGs of
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different order was studied. Three characteristic types of fluctuation distribution and
two ratios of the fluctuation parameters to the wall thicknesses were considered. By
introducing thickness disorder into the PhC, and depending on the type of fluctuation
distribution, a shift of the PBGs, the appearance of defect modes, a decrease in the
amplitude modulation of transmission within the PBG and an increase in interference
fringe modulation between PBGs were observed.

We established that the change in the PBGs depends on the magnitude of the
fluctuations and increases with an increase in the order of the PBG. Introducing
thickness non-uniformity into the PhC of up to 0.004 from value of lattice constant a for
different types of fluctuation distribution has almost negligible effect on either the
position or the shape of the 1* and nearest PBGs. However, depending on the type of
fabrication, whether the optical or e-beam lithography is used, the effect can be larger or
smaller. For example, the e-beam lithography provides small fabrication error (Chapter
4; Section 4.4.5), while the classical optical lithography, used for the fabrication of
structures with a.>1 um, gives significantly higher fabrication errors. The approach
presented here enables the determination of the fabrication tolerances required for the
geometrical parameters of the PhC structure and allows optimisation of the design of
these structures for the utilisation of high order PBGs, including structures with PhC
components with quarter wavelength optical thicknesses. This approach is also useful
for the solution of the complementary task, the determination of the parameters of the

PhC structure from it’s reflection/transmission spectra.
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Chapter 6.

Conclusion

This thesis has been concerned with the design, fabrication and optical
investigation of novel photonic crystal structures for application in integrated Silicon
microphotonics. The studies undertaken yield information on the new unique optical
properties of the developed multi-component as well as single- and multi-cavity
photonic crystals based on grooved Silicon for in-plane light modulation.

The basic concepts underlying the photonic crystal optical properties and their
modifications have been demonstrated in Introduction Chapter. A classical transfer
matrix method and gap map approach have been elaborated and applied to
mathematically describe and design the one-dimensional photonic crystals structures
based on Silicon. The viability of the results achieved in this thesis is confirmed by
experimental results as well as by comparison with previous results reported by other
authors. For experimental technological realization of the proposed free-space photonic
crystal structures the classic optical and e-beam lithography as well as wet and dry
etchings of (100) and (110) Silicon were utilized. The optical characterization was
performed in a wide infrared spectral range using the Fourier Transform Infrared
microspectroscopy (1-15 pm) and optical fiber-coupling set-up based on optical
spectrum analyzer (1.2-1.7 um).

The effects demonstrated have practical applications in integrated Silicon
microphotonics. The suggested photonic crystal models can be applied to the design of
any micro- and nanostructured semiconductor or dielectric material for application

across the entire electromagnetic range.
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Multi-component Photonic Crystal structures

Utilisation of a multi-component photonic crystal by the introduction of an
additional regular material into a grooved Silicon structure, while leaving the lattice
constant unchanged, provides a suitable model for designing a new type of photonic
crystal. Use of a gap map allows visualization of the transformation of the photonics
band gap areas caused by converting an ordinary two-component PhC to a three-
component PhC by the addition of the new regular layer. The introduction of the third
component to the 1D PhC enables variation of the PBGs areas of the three-component
PhC and, therefore, engineering of the optical contrast of the original two-component
PhC. This is achieved, not by filling its air channels, but by selecting either the
thickness or the refractive index of the third layer. Using the approach suggested for
decreasing the optical contrast in photonic crystal, the omni-directional bands can be
obtained in a high-contrast “Si-air” periodic structure. A number of simulated models of
three-component 1D photonic crystals are described, some of which may have practical
applications.

For the first time the principle of suppression of the PBGs and replacing them
with transmission bands (TBs) is demonstrated for a high contrast 1D PhC with the
introduction of an additional layer. By varying the thickness of this layer, the width and
the number of the TBs can be altered. The TBs obtained numerically show a high
transmission value (>99 %) and a substantial band width in the infrared spectral range.
The GM approach was used to generate the map of transmission bands in order to
observe the effect in the entire range of Si filling fraction and in a wide wavelength
range. The generated maps of TBs have demonstrated the formation of the ultra-wide
transmission bands over the suppressed PBGs in a whole range of possible filling
factors. The TBs obtained demonstrate a substantial bandwidth (>200 nm) and a
negligible number of ripples within the bands. For the certain angles of incidence of
light the multi-component PhC devices demonstrate the polarization effect: the
remaining PBGs for one-polarization may overlap with the obtained wide TBs for
another polarization, therefore transforming the PhC into a broadband polarizer. In
order to fine tune the wavelength position, number and width of the output transmitting
or reflecting bands, thermal oxidation of the grooved Si structures was exploited. Based
on the generated map of TBs the PhC filter with ultra-wide TB characteristics has been
successfully fabricated and characterized. The TB obtained exhibit a high transmission
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of 92-96 % and a substantional bandwidth of 1800 nm with negligible number of ripples

on the top.
Microcavity Photonic Crystal Structures:

The model of transformation of one-dimensional, high-contrast Silicon photonic
crystal into an efficient tunable Fabry-Perot resonator in which a wide Stop Band is
used for frequency resonance separation has been proposed and investigated. This
transformation is achieved by introduction of the optical defects in the ordinary
photonic crystal by infiltration of certain periods with refractive index matching filler.

The FP-resonator based on PhC with optical defects has a number of significant
advantages from the practical point of view. These are, for example, the possibility to
avoid the specific procedure for the defects fabrication but rather use the possibility of
introducing the filler in the centre of PhC and tuning capability of the resonance peaks
within the SBs by variation of the refractive index of the defect filler.

The utilisation of common gap maps of PBGs (or stop-bands) and TBs allows to
predict the resonance appearance or disappearance in the optical spectra and to
determine the optimal design parameters, namely the wavelength position, the quality
factor and the free spectral range depending on the order of PBG and the value of filling
fraction.

By using nematic liquid crystal E7 as a filler, the precise continuous tuning of
the obtained resonances was experimentally achieved by either varying the temperature
from 10° to 65°C or by application of electric field from 0 to 15 V. The obtained result
has demonstrated the largest experimental shift, achieved up to date for the
microstructured resonators based on Si and Liquid Crystal (LC), and utilized for
molding of light propagated parallel to the substrate. It was also shown theoretically and
experimentally, that for the high optical contrast structure on Silicon the reflection from
Si wall is reached the value of ~0.95, that provide a high quality resonance peaks in a
wide range of spectra, measured from 1.5 to 15 pum. Most importantly it was established
that a significant shift of peak position is achieved by using the resonance peaks of high
order. In particular, a superposition of the transmission peaks with reflection maxima,
predicted from calculations, was confirmed experimentally.

For the first time, an electro-optical technique for precise position control of

individual transmission channels/resonances in a triple-cavity resonator device has been
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proposed. By controllable tuning of the refractive index in all coupled cavities, a
continuous individual tuning of the central channel (or edge channels) up to 25% of the
total channel spacing has been demonstrated. Additionally, an approach for precise
controllable improvement of transmission up to 100 % is demonstrated for the edge
channels with decrease of the channel spacing on ~1 %. Based on the proposed design,
a prototype triple-channel filter was fabricated on Silicon-On-Insulator platform and
optimized to the desired operational mode. The suggested approach has been utilized for
compensation of the fabrication tolerances in multi-channel Silicon devices in a wide

infrared range.
Influence of the thickness fluctuations on PBG properties:

The influence of randomly induced thickness fluctuations in photonic crystal
components on the distortion of photonic band gaps in one-dimensional PhCs has been
investigated in detail. Three characteristic types of fluctuation distribution and two
ratios of the fluctuation parameters to the wall thicknesses have been considered in this
study. By introducing thickness disorder into the PhC, and depending on the type of
fluctuation distribution, a shift of the PBGs, the appearance of defect modes, a decrease
in the amplitude modulation of transmission within the PBG and an increase in
interference fringe modulation between PBGs have been obtained. The change in the
PBGs depends on the magnitude of the fluctuations and increases with an increase in
the order of the PBG. Introducing thickness non-uniformity into the PhC of up to 0.004
from value of lattice constant for different types of fluctuation distribution has a
negligible effect on either the position or the shape of the first and nearest PBGs. The
developed mathematical approach presented here allows the determination of the
tolerances required in the geometrical parameters of the PhC structures during

fabrication. It also allows the optimization of PhC structures using high order PBGs.
The scientific novelty of the work:
. The full and systematic analyses of the optical characteristics of the in-

plane one-dimensional multi-component photonic crystal structures and micro-cavity

photonic crystals filters have been developed and proposed using the gap map approach.
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. The model of a three-component PhC was developed and the approach
for engineering of the optical contrast by variation of the additional component
thickness was suggested and experimentally demonstrated.

. For the first time, the regions of transparency in multi-component PhC
have been discovered and experimentally demonstrated for the three-component PhC
based on “Si-SiO;-air” structure with bandwidth of the flat-top pas-bands of 1800 nm.

. The utilization of common maps of stop-bands and pass-bands allows
extensive analyse of the discovered effect of total transparency in Silicon based
photonic crystals. The full suppression of the certain order stop-bands and their
replacement with wide-band pass-bands have been demonstrated.

. The reverse continuous electro-tuning of the LC director orientation from
spontaneous planar to homeotropic has been achieved and demonstrated for the defect-
free PhC FP-resonators based on SOI platform. An outstanding experimental wide shift
of 10 % of the resonance peaks has been successfully demonstrated. This is the largest
resonance shift achieved to date in Si photonic crystals.

. For the first time, the compact and integratable solution for multi-channel
photonic crystal filter with fine-tuning capability of individual channels up to 25 % is

demonstrated.

Summary of the potential applications of the methods used in this work:

. For the first time, the Gap Map approach proposed as a core engineering
tool for photonic crystal based devices, such as resonators and ultra-wide band-pass
filters. From the theoretical point of view, the determination of the optimal design
parameters using the GM approach in the entire range of wavelength and filling fraction
provides deeper understanding of the physical processes in photonic optical devices.
From the fabrication point of view the developed gap maps here allow highly accurate
determination of the fabrication tolerances of the photonic crystal structures.

. The transfer matrix method source code developed for multi-component
and micro-cavity PhC structures in MathCad and Matlab Software during the doctoral
work can be used to simulate various optical devices and investigate their basic

characteristics.
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. The experimental result obtained for multi-component PhC structures
based on grooved Silicon and thermally grown oxide proves that fabrication of
interference filters with almost 100 % transmission and flat-top characteristic over a
selected wide range of the infrared spectrum is practical.

. For tunable LC photonic crystal filters the new design of a whole system
of micro-fluidic channels and infiltration reservoirs has been developed.

. The new technique for manual infiltration of the micro-scale structures
with liquid crystal has been experimentally developed.

. The fiber-optic test set-up based on end-fire technique for NIR
characterization of planar integrated photonic devices has been designed and assembled.

. The mathematical approach based on transfer matrix method and random
number generator in MathCad Software has been developed for simulations of the
photonic band gap deviations caused by various structural deviations after fabrication
process and can be used for determination of the fabrication tolerances and their

compensation.
Future work:

From the results obtained on the relationship between TBs and angle of
incidence of light for multi-component PhC structure it has become clear that even one-
dimensional photonic crystal structure can be used as a broadband polarizing beam
splitter in a wide-angular range. However, there is still a lot to be learnt about polarized
regions of transparency:

» How the angular field of polarization splitting can be extended using the multi-
component model.

« Why only the TM(H)-polarized regions of transparency possess the omni-
directional properties, while the TE(E)-polarized regions of transparency are
almost totally suppressed at oblique incidence of light.

Demonstrated in this work model of fine-tunable individual channels in coupled-
cavity photonic crystals have resulted in the development of the design and fabrication
technology of the integrated triple channel photonic crystal filters on SOI platform. The
preliminary results obtained for the first prototype structures have been included in the
Chapter 4, demonstrating the modern technological capability of fabrication of this type
of device. The final, improved design of the filters is currently going through the final
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fabrication step at Tyndall National Institute. Similar experimental methodology to the
one developed for single-cavity photonic crystals will be wused for optical

characterization of the device during the operation.
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Appendix 1

A MathCad program code for simulation of the gap map of transmission regions

in 1D multi-component photonic crystal:

T
BT SiO2 := READPRN"SiO2nk2000.csv")

A= si02® ¢r := hrac i= 1
b, 10000
A
Nt:= sioz ¥
k= 51032
m;:=2.. length(A) — 1

Ai=4
per:=3 Noi='1
Ns:=1 NH:=3.42
NL:=1 Dt:=0

Nt:=1.5 DHO0:=0

dDH:= 0.01 maxmn= 16(
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n:=1..max

DHn) := [DHO + dDH:(n = 1)] DH2n) := [DHO + dDH{(n — 1)] + 2D

_ DHIn)

DI(n) := A - DH2n) DA(n): ry

DH2 DL

DH 1

2x2matrix method:

q0:=coq(r)

qt = [1- No)® (y —q02)
(M)’
Nk g0~ NoOt_

r e —
Otpm Nlamqo + No-thm

No-q0 - Nkt -q0t
Ots = #
m  No-q0 + th~q0tm

ZOtpm v= thm-qO + No-thm

ZOsm:= No-q0 + thm~q0tm

2-No -q0 o COt
o COt := 2-No-qC O, = Z0ts

tOtpm 1=
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1 rOtp
10tp(m) := " ;
o 1 totp
1 rOts
10ts(m) := " (;)
rOtsm 1 tOtsm

aﬁl(m) S 21:—~D1-thm-i

m
B3 0 e D GOt Nkt o
(m) := 25— Dtqot, Nkt i
m
Bpuamy
Mt(m) :=
o ¢ Pim
2
)
] e m, _ 2
qH_:= |1 —2{1 (thm):l
(NH)
NH~q0tm - thm~thm thqutm - NHthm
rtHp = rtHs :=
m  NHqOt + Nkt -qtH m Nk -q0t + NH-qtH
m m’ m m ' m m
ZtHsm = thm-thm + NH-thm Zalm = NHthm i th'thm
2-Nk1m~q0tm
e e T CtH_:=2.Nkt_-qOt
"HPm- Ztp m m
m
Cth
ttHs_ :=
m Zts
m
H
i 1 rtl P, ( | ) i 1 rtHsm{
t m):.= | tHdm) :=
ttH
rthm 1 I8 rtHsm 1
B o ek )-qtH_-NH i
Hn,m) := T (n)q = i
m
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0 e—BHn,m)
P R
4 (Nkl )2 ( m)
m

Nk qtH - NHgHt

rHtp :=
P thm -thm + NHthm

NH~thm — thm ~thm

rHts :=
m NH~thm + Nklqutm

ZHtsm = NH~thm + thqutm ZHtpm = Nklm-thm + NH-thm
2.NH-qtH
m
tHtp 1= ——m——ovr
m ZtHp
m
CHt_:=2NHqtH
m m
CHtm
tHts_ :=
m  ZtHs
m
1 rHt
i Ph 1 §iie 1 rHtsm i
d t{m) :=
tHip 1 tHep rHg 1 tHs
2
Nkt
qtL_:= |1 —(—m—)[l = (th )2:|
m 2 m
(NL)
- Nkt _-qHt - NL-qtL
s 13 NLthm thmthm s e g
i m ; :
m NLqHt +Nk -qtl Nk -qHt +NLqtL
Zﬂ‘pm = NLthm + ththm Zthm = thqutm + NthLm
2.Nkt -qHt
m*' m
thp 1= ——— CiL_:=2-Nkt_-qHt
m Ztme m m' m
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tlhs = —m——
m

1 rtLp
m 1
ItLp(m) : = (—j
m

1 rtls
ItLg(m) : i !
1 rtls 1 til.s
m m

s .
Bi(n,m):= ZT-Dun) qtl, NL:i

m
Pln,m) 0
ML(n,m) :=
0o o Bunm
2
; (NL) { 2}
qLt = |1 - ———11-(qtL
oo e

Nk qtl - NLqLt_

rLp_:=
Pm Nlquth + NLqum

NL thm - Nlclm -thm

Lt :=
m  NL thm + thm thm

ZLtpm = thmthm + NL~thm

ZLts :=NL-qtL_ + Nkt gLt
m m m ' m

2-NthLm
tLtp 1= —— CLt
" A
m  ZLts
CLt_:=2.NLqtL I
m m
1Ly i 1ol .
ILtp(m) := — ILt(m) := {—)
tL
rLtpl_n 1 {tLtpm) rLtsm 1 s
(e’ ;
thastm:= l——z{l-(thm)]
(Ns)
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rtLastp :=
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m m m
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Nklm~thm - Ns -thastm

rtLasts_:=
m Nk -qHt + Ns-qtLast
m m m

ZtLastpm = quH(m + Nklm~thastm
Ztl.asts := Nk -qHt + Ns-gtLast
m m ' m m

2Nk gHt_

tlLastp = —————
m ZtLastpm

CtlLast_:=2-NL-qLt
m m

CtL
m
ttbasts _:=
m  Zis
m
1 rtLastpm i
ItLastgm) := E i
rtLastpm 1 t astpm
1 rtLasts
m 1
ItLast{m) := { )
rtLasts 1 ttLasts
m m

sp(n,m) := (lHtp(m)-Mt(m)rltLp(m)-ML(n,m)-[Ltp(m)~Mt(m)-ltH;1m)-MH(n,m))F
ss(n,m) := (IHt{m) -Mt(m) ItLs(m) ML(n,m) 1L t(m) Mt(m) ItH{m) -MH(n,m))P¢

Sp(n,m) := [0tp(m) -Mt(m) -ItHg m) MH(n,m) sp(n, m) -IHtg(m) -Mt(m) -ItLa st m)

Ss(n,m) := [0ty m) -Mt(m) ItH{ m) - MH(n, m) -ss(n, m) THt{m) Mt(m) -ItLast{m)

2

(Ss(n,m)); o 2 (SP(ﬂ,m))LO

rs(n,m) := || ——— p(n,m) := W
(Ss(n’m))O,O p(n,m), o

Ns
tp(n,m) := m[

: ; ts(n m)'=£ S T i
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Tpbg:= 0.9

tpln,m::tp(n,m)
ts]n‘m::ts(n,m)

qpl(n,m):= 'f(tpln,m >prg,tp1n’m,0)

Sgl n1:=qp1(n,m)

gsl(n,m):= lf(tSIn,m >prg‘tS]n,m’0)

G5l m = 9S1(n,m) wmmmy=ﬂ@Mm>mmAwomwwmg

wpl :=wpl(n,m)
o, m

dgpl(n,m) := 'p]n,m if Ipln,m—?_ > Tpbg A tp]n,m—] >Tpbg A tpln,m > Tpbg

0 otherwise
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After CUTOFF Process:

daplys 10.9951
Lo
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A
m
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Appendix I1

A MathCad program code for simulation of the reflection spectra and gap maps

of 1D photonic crystal with triple-cavity.

= \/——l
d) -

dr = 0.0001
m = 1..6000
20

= 1] 2
Am:= A +dr-(m —1)

Al = 0.8
perl = 2
per2 = 2

No = 1.0
Nsi=#l1

INE:-—2 3D
INTE:=31

maxn = 10
n = 1. maxn
dDH := 0.001

DHO := 0.368

DHI(n) := DHO+ dDH:(n — 1)
DLI(n) := Al - DHI(n)

DHI(n)
Al

DAIl(n) =

10000

Am
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Ddef(n) := DLI(n)
Defect refractive index

k = 1.100
Ndefl(k) = 1.54 + (k —1)0.00

Ndef3(k) = 1.54 — (k — 1)0.002
Ndef2(k) = 1.54 — (k — 1)-0.00

2x2matrix method:

s
rad .= —

ad

¢ -rad

.ﬁ.
i

q0 := cos(¢r )

qOH = / = (No)z (1-g?)

(NH)

_ NHq0-NogOH Noq0-NHqOH

== S ==
¥ NH-q0 + No-qOH No-q0 + NH-qOH
0
tOlp := 2-No- 2l t0ls := 2-No- d
NH-q0 + No-qOH No-q0 + NH-qOH

1 10ls ( 1 )
101s == : Roeeiny
t0ls: 1 t01s
1 101 1
[01p = ( # (—)
0lp 1 t0lp
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BHI (n,m) = 2-— DH1(n)-qOH-NH-i
A

m
(BHI (n,m) 0
LHI(n,m) =
0 T BHI (n,m)
(NH)” 2
= [1- S| qony’
(NL)
.qOH — NH- NH-qOH — NL-qH
HLp = NL-qOH — NH-qHL SHpLes qHL
NL-qOH + NH-gHL NH-qOH + NL-qHL
tHLp:= 2-NH- 9o tHLs:= 2.NH- gt
NL-qOH + NH-qHL NH-qOH + NL-qHL

1 rHLp 1 1 rHLs 1
IHLp = | — IHLs = ==
rHLp 1 tHLp rHLs 1 tHLs

BL1 (n,m) := 2-— -DL1(n)-qHL-NL-i
Am
eBL] (n,m)

LL1(n,m) =

0
0 o~ BLI (n,m)

2
qLH = jl 3 @5 [1 = (qury?]

(NH)
QR = N NL-qHL — NH-
LHp = NH-qHL — NL-qLH T DOHL -~ NH-gLH
NH-gHL + NL-gLH NL-qgHL + NH-qLH
qHL
tLHp:= 2-NL- qHL
: , tLHs:= 2-NL.
NL-gHL + NH-gLH NL-qHL + NHqLH
1 rLHp 1 1 rLHs
ILHp := ( )(—) ILHs:= fc 2o
rLHp 1 tLHp rLHs 1 tLHs
BH (n,m) = Z-XR—-DHI(n)-qLH-NH-i SH(,m) :
L LH(n,m) =
0 e_ BH(n’m)
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2
qdoDefl(k) == |1 - ﬂ—{l = (qLH)zj
(Ndefl(k))*

NH-qLH — ,
k) = Sd - Ndeiio)sade el

Ndefl(k)-qLH — NH-qdoDefl(k)

rHdoDefp I(k) =
Ndefl(k)-qLH + NH-qdoDefl(k)
tHdoDefs (k) := 2-NH- g
NH-qLH + Ndefl(k)-qdoDefl(k)

LH
tHdoDefp (k) = 2-NH- d
Ndefl(k)-qLH + NH-qdoDefl1(k)

1 rHdoDefp l(k)) ( 1 )

[HdoDefp (k) = (
rHdoDefp I(k) 1 tHdoDefp 1k)

gdefl (n,m,k) = 2'-)\n—4Ddef(n)-qdoDeﬂ(k ) -Ndefl(k)-i

m
1 rHdoDefs1(k) 1
IHdoDefs1l(k) := | —
rHdoDefs1(k) 1 tHdoDefs (k)
eBdeﬂ (n,m,k) 0
Ldefl(n,m,k) =
0 e—Bdeﬂ (n,m,k)

2

2
gposleDef k) := jl - M-El - (qdoDeﬂ(k))2:|
(NH)

NH-qdoDefl(k) — Ndefl(k)-gqposleDef k)
NH-qdoDefl(k) + Ndefl(k)-qposleDef (k)

rDefHp I(k) :=
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qdoDefl1(k)
Ndefl(k)-qdoDefl(k) + NH-gposleDefk)

T 1 rDefHp 1(k) ( 1 )
FePE rDefHp 1(k) 1 . tDefHp 1k)

tDefHp (k) := 2-Ndefl(k)-

Ndefl(k)-qdoDefl(k) — NH-gposleDef (k)

rDefHs1(k) =
Ndefl(k)-qdoDefl(k) + NH-gposleDef (k)

qdoDefl1(k)
Ndefl(k)-qdoDefl(k ) + NH-gposleDefk)

( 1 rDestl(k)) ( 1 )
IDefHs (k) = § [ -
rDefHs 1(k) 1 tDefHs (k)

tDefHs k) := 2-Ndefl(k)-

(NH)?

L [1 - qun?]

qdoDef2(k) = jl -

_ Ndef2(k)-qLH — NH-qdoDef2(k )
Ndef2(k)-gLH + NH-qdoDef2(k)

rHdoDefp2k) :

NH-qLH — Ndef2(k ) -qdoDef2(k )
NH-qLH + Ndef2(k )-qdoDef2(k )

rHdoDefs2(k) =

gLH
NH-qLH + Ndef2(k)-qdoDef2(k)

tHdoDefs2k) = 2-NH-

qLH
Ndef2(k )-qLH + NH-qdoDef2(k)

[HdoDefpak) := ( : erODeprk)).(___l_)

tHdoDefp2k) := 2-NH

rHdoDefp2k) 1 tHdoDefp2k)
1 rHdoDefs2(k) 1
[HdoDefs2k) := J—_—
rHdoDefs2(k) 1 tHdoDefs2k)
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gdef2 (n,m,k) = 2-— -Ddef(n)-qdoDef2(k ) -Ndef2(k )i
A

m
eBde’Q (n,m,k) 0
Ldef2(n,m k) :=
0 e—ﬁdef2 (n,m,k)

) (Ndef2(k))? -Ll

|1~ (adoet2()’

gposleDef2k) := jl

NH-qdoDef2(k) — Ndef2(k )-qposleDefZk)

rDefHp2k) :=
NH-qdoDef2(k ) + Ndef2(k ) -qposleDef2k)
DefHs2Ak) = Ndef2(k )-qdoDef2(k ) — NH-gposleDefZk)
Ndef2(k)-qdoDef2(k ) + NH-gposleDef2k )
tDefHp k) = 2-Ndef2(k)- geDetak)
Ndef2(k)-qdoDef2(k ) + NH-gposleDef2k)
1 rDefHp Ak
[DefHp2k) = ( i )j(—l——)
rDefHp2k) 1 tDefHp2Zk)
qdoDef2(k)

tDefHs2k) = 2-Ndef2(k)-
Ndef2(k)-qdoDef2(k ) + NH-qposleDef2k)

( 1 rDeﬂ—lsZ(k))( | j
[DefHs2k) = | S £ RO
rDefHs2(k ) 1 tDefHs2k)

(NH)®

e [1- qu?]

qdoDef3(k) = /1 -

NH-qLH — Ndef3(k)-qdoDef3(k)
NH-qLH + Ndef3(k)-qdoDef3(k)

rHdoDefs3(k) =
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Ndef3(k)-qLH — NH-qdoDef3(k)
Ndef3(k)-qLH + NH-qdoDef3(k)

rHdoDefp3k) =

qLH
NH-qLH + Ndef3(k)-qdoDef3(k)

tHdoDefs3k) := 2-NH-

pdef3 (n,m,k) := 2:— -Ddef(n)-qdoDef3(k ) -Ndef3(k )i
A

m

1 HdoDefs3(k
[HdoDefs3k) := ( L ))(——l——)

rHdoDefs3(k) 1 tHdoDefs3k)
tHdoDefp3k) = 2-NH- i
Ndef3(k)-qLH + NH-qdoDef3(k )
1 rHdoDefp Ik
[HdoDefp k) = ( fpX ))(é)
rHdoDefp k) 1 tHdoDefp k)
GBdeB (n,m, k) .
Ldef3(n,m,k) =
0 e—BdeB (n,m,k)

_ (Ndef3(k))° |

— (qdoDef3(k))2
(NH)

gposleDef3k) = ]l

_ NH-qdoDef3(k) — Ndef3(k)-qposleDef1k )

rDefHp k) :=
NH-qdoDef3(k) + Ndef3(k ) -qposleDefik)

_ Ndef3(k)-qdoDef3(k) — NH-gposleDef3k)

rDefHs3(k) =
Ndef3(k)-qdoDef3(k) + NH-qposleDef3k)

qdoDef3(k)
Ndef3(k)-qdoDef3(k ) + NH-qposleDef3k)

S __[ 1 rDeﬂ{pXk))( 1 )
etHpk) = rDefHp xk) 1 \ tDefHp 3k)

tDefHp 3k) := 2-Ndef3(k)-
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qdoDef3(k)
Ndef3(k)-qdoDef3(k) + NH-qposleDef3k)

tDefHs3k) = 2-Ndef3(k)-

& peii ( 1 rDest3(k)j( | )
Fhadls rDefHsXk) I  tDefHs k)

2

N

qLast := j - H)2 |1 - @qu?]
(Ns)

~ NH-qLH — Ns-qLast Ns-qLH — NH-qLast
rLasts := rLastp =
NH-qLH + Ns-qLast Ns-qLH + NH-qLast

qLH
NH-qLH + Ns-qlLast

tLasts:= 2-NH-

qLH
Ns-qLH + NH-qLast

" 1 rLastp ( 1 )
astp == dl ===
rLastp 1 tLastp

1 rLasts 1
ILasts := .
rLasts 1 tLasts

Inp(n,m,k) = [01p-LHI(n,m)-(IHLp-LL1(n,m)-ILHpLH(n ,m))1

tLastp:= 2-NH-

Ins(n,m,k) := 101s-LH1(n,m)-(IHLs-LL1(n,m)-ILHs LH(n ,m))1
deflp(n,m,k) := (IHdoDefp (k)-Ldefl(n,m,k)-IDefHp Kk )-LH(n ,m))1

Deflp(n,m,k) := deflp(n,m,k)-(IHLpLL1(n,m)-ILHpLH(n,m)) !
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defls(n,m,k) := (IHdoDefsI(k)-Ldefl(n,m,k)-IDefHs1(k)-LH(n ,m))l
Defls(n,m,k) := defls(n,m,k)-(IHLp-LL1(n,m)-ILHpLH(n, m))l
def2p(n,m,k) := (IHdoDefp2Zk)-Ldef2(n,m,k)-IDefHp2k)-LH(n ,m))]

def2s(n,m,k) := (IHdoDefsQk)-Ldef2(n,m,k) - IDefHs2k)-LH(n ,m))l

Def2p(n,m,k) = def2p(n,m,k)-(IHLpLL1(n,m)-ILHp-LH(n ,m))l

Def2s(n,m,k) := def2s(n,m,k)-(IHLp-LL1(n,m)-ILHpLH(n ,m))]
def3p(n,m,k) := (IHdoDefp3k)-Ldef3(n,m,k)-IDefHp3k)-LH(n ,m))l

def3s(n,m,k) := (IHdoDefsik)-Ldef3(n,m,k)-IDefHs3k)-LH(n ,m))l

Def3p(n,m,k) := def3p(n,m,k)-(IHLpLL1(n,m)-ILHp-LH(n, m))l

Def3s(n,m,k) := def3s(n,m,k)-(IHLpLL1(n,m)-ILHpLH(n, m))1

sp(n,m,k) = Inp(n,m,k)-Deflp(n,m,k)-Def2p(n,m,k)-Def3p(n,m, k) -ILasty
ss(n,m,k) = Ins(n,m,k)-Defls(n,m,k)-Def2s(n,m,k)-Def3s(n,,m,k)-ILasts

(sp(n,m,k)); o | L5 1 2
i ’ tp(n;m k) s il st
rp(n,m,k) {(Sp(n,m,k))o J P No{{(sp(n,m,k))o,o}}
rs(n’m’k) A (Ss(n9mak))],0 e 1 10000
(ss(n,m,k))g Am

Ns
ts(n,m,k) = —-
( ) NO[

Al

1
|:(ss(n ,m,k))0’0:|
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Appendix 111

A MathCad program code for simulation of the reflection spectra and gap maps of 1D

photonic crystal with structural deviations.

A0 =1
Nsi:==#1
No = 1 period := 8
Am =2 +dr-(m-1)
NH = 3.42
NL = LatCon:= 2
Ndef .=
maxn = 100 n ;= 1.. maxn

dDH = LatCon

maxn
DHO:= 0

DH(n) := DHO+ dDH:(n — 1)

DLI(n) := LatCon — DH(n)

o~ 220
sl=8
ul = 0.1

ol = 0.1

bin := 50
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N := rnorm(sl ,“1 ,ol)

upper:= ceil(max(N))
lower := floor(min(N))

j = 0..bin

h =

upper — lower

bin

intj := lower+ hj

int =

int+ 0.5-h

f := hist(int,N)

F(x) := s-h-dnorm(x, ul ,c1)

Normal fitting function:

h=0.8-1

N W BN

-0.2 0

O Histogram
Normal fit
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oH
LatCon

DisOrd :=

DisOrd100 = 1.667
ddHp n == DH(n)-dDHj

Llelolafelol-Io] 7

DHI(n) := DH(n) + ddHg p
DH2(n) := DH(n) + ddH]
DH3(n) := DH(n) + ddH,
DH4(n) := DH(n) + ddH3 ,
DH5(n) := DH(n) + ddHg p
DH6(n) := DH(n) + ddHs

DH7(n) := DH(n) + ddHg _n
DHB8(n) := DH(n) + ddH7 p

0.1 T
O=
dDHp,
i —0.1F
S .
0 2

175



DHI1(n) + DH2(n)

DL12(n) := LatCon — 5

DH3(n) + DH4(n)
2

DL34(n) := LatCon —

DHS5(n) + DH6(n)

DL56(n) := LatCon — 5

DH7(n) + DH8(n)
2

DL78(n) := LatCon —

DH2(n) + DH3(n)
2

DL23(n) := LatCon —

DH4(n) + DH5(n)

DLA45(n) := LatCon — 5

DH6(n) + DH7(n)

DL67(n) := LatCon — 5
1 r0l 1
[O18:= | —
0l 1 t01
NH - No 1
0l = —— e PN
MR t01 := 2-No Ll

BHI (n,m) := 2-— DHI(n)-NH-i
A

m
eBH] (n, m) 0
LH1(n,m) = :
0 e_ BH (n,m)
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1
tHL = 2-NH~—1— [HL :=
NL + NH rHL

BL12 (n,m) := 2-— -DL12(n)-NL-i
A

m
eﬁLIZ(n,m) 0
L12(n,m) :=
0 & BL12 (n, m)
(NH —NL)
tLHi= —————
(NH + NL)
1
tLH:= 2-NL.——
NH+ NL

1 rLH 1
ILH = 1 —
LH 1 tLH

BH2 (n,m) := 2-%-DH2(n)-NH-i

m

BL23 (n,m) = 2-{—-DL23(n)-NL-i

m

BH3 (n,m) := 2.—— .DH3(n)-NH:i

Am
BL34 (n,m) := 2.— -DL34(n) -NL-i
Am

eBH2 (n,m)
LH2(n,m) =

0

0 e_ [3HZ(n,m)
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1
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eBL23 (n,m) 0

o~ BL23 (n,m)

L23(n;,m) =

0

SBOm

LH3(n,m) = i
Al (n,m)

0

eﬁL34(n,m) 0
L34(n,m) =

\ 0 P BL34 (n,m)

gH4 (n,m) = 2-%-DH4(n)-NH-i

m

BLAS (n,m) = 2-%-DL45(n)-NL~i

m

BHS5 (n,m) = 2-— -DH5(n)-NH-i
A

m

BL56 (n,m) = Z-AL-DL56(n)~NL~i

m

eBH4(n,m)

0
LH4(n,m) =
O e_ Bm(nxm)
eBL45 (n,m) 0
[45(n,m) = 3t
0 e_B (nam)
SO
LHS5(n,m) = HS
0 e_B (n,m)
eBL56(n,m) 0
L56(n,m) =
0 o BL56 (n, m)
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BH6 (n,m) := 2-%-DH6(n)-NH-i

m

BL67 (n,m) := 2:— DL67(n)-NL-i
A

m

BH7 (n,m) = 2-— DH7(n) -NHi
A

m

BL78 (n,m) := 2-— -DL78(n)-NL-i
A

m

BHS (n,m) = 2.— -DH8(n)-NH:i
A

m
eBH6(n,m) 0
LH6(n,m) =
0 e BH6 (n, m)
e[3L67 (n, m) 0
L67(n,m) :=
0 's BL67 (n, m)
S (m)
LH7(n,m) :=
0 e_ BH7 (nam)
eBL78 (n, m) 0
L78(n,m) :=
0 Py BL78 (n,m)
¢PH8 (n,m) 0
LH8(n,m) :=
0 = BH8 (n, m)
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1 rlast 1
[last .= | —
rlast 1 tlast

Pl(n,m) := LHI(n,m)-IHL-LL12(n,m)-ILH
P2(n,m) = LH2(n,m)-IHL-1.23(n,m)-ILH
P3(n,m) = LH3(n,m)-IHL-L34(n,m)-ILH
P4(n,m) := LH4(n,m) - IHL-L45(n,m)-ILF
P5(n,m) = LH5(n,m) - IHL-I.56(n,m)-IL
P6(n,m) := LH6(n,m) - IHL-1.67(n,m)-ILH

P7(n,m) := LH7(n,m)-IHL-L78(n,m)-ILH

P123(n,m) := P1(n,m)-P2(n,m)-P3(n,m)

P45(n,m) := P4(n,m)-P5(n,m)

sFluct(n,m) := [101-P123(n,m)-P45(n,m)-P6(n,m)-P7(n,m)-LH8(n,m)-Ilast

(sFluct(n ,m))l OT

rFluct(n,m) :=
I:(sFluct(n ,m))o,o

rElucty m = rFluct(n,m)

rFluct23, mg 5

. ————
-
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TWETTRT e

rFluct)3 m 5 2

1 ]

0 | |
Y T 8 10° flg

10000

hm

cutoff level - Rpbg

qp(n,m) := if(rFlucty, m > 0.999,1m,0)

if (rF lucty, m > 0.999,%m,0)

gs(n,m) :
9Pp, m = qp(n,m)

9Sp,m = gs(n,m)

bp(n,m) = |qpn,m if 9pn,m > 0 A Qpn,m-1 =
dPn,m-1 if gpn,m-1> 0 A qpn,m
0 if gpn,m-1=0AQgPn,m=0

0 if gpn,m-1> 0AQgpn,m> 0

bs(n,m) := |qsn, m if qsn,m > 0 A Qsp,m-1 ="'
qsn,m-1 if gsn,m-1> 0 A Qsp m:
0 if gsp,m-1=0AQsp,m=10

0 if gsn,m-1>0AQgsh,m>0
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bpa.m = bp(n,m)  bsy m = bs(n,m)

gs2,2 = 1.01
bpi,1 =0
bs; 1 =0
1_.
0.8t
| \
0.61 )
rFluctz3 m ;i
0.4t |
i
|
0.2r i \
)
0r2 0.4 6.6 6.8
LatCon
A'm
1
0.999
rFlucty3 m jess
0.999
0.999
0.99 + +
0.2 0.4 0.6 0.8
LatCon
Am
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Appendix IV

The parameters of the photonic crystal structure used in the simulations

Chapter 3 Multicomponent Photonic Crystals

Section 3.4.1 Engineering of the optical contrast: Normal incidence of light.

Number of 10
periods,
N
Lattice constant, 3
a (um)
Refractive index 342
of Si,
NH=Ng;
Refractive index 1
of air, ng;,
Thicknessof - | 0.1 | 02 |03 |104 |06 (08| 10|12 ]| 14
layer,
d; (um)
Refractive index 15
of t-layer,n, 2.21
Angle of Normal incidence,
incident light, 6=0°
0
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Section 3.4.2 Oblique incidence of light: Omni-directional properties

Number of 10
periods,

N
Lattice constant, 3
a (um)
Filling fraction 0.3 0.3
of Si, fs

Thickness of Si 0.9
wall,
ds; (um)
Refractive index 342
of Si, ny=ng;
Refractive index 1
of air, ng;,
Thickness of - | 0.1 |02 | 03|04 |06 |08 (10| 12| 14
layer, d, (um)
Refractive index 155
of t-layer,n, 2.21
Angle of 025 52:1102: 115°:1208: 252 30°: 352:40°:145°: 50°:
incident light, 555:060°:65°; 7025 75%::802:"85°
(7]

Section 3.5.1 Suppression of Photonic Band Gaps

Number of 5
periods,

N
Lattice constant, 3
a (pm)
Filling fraction 0.08...0.1
of Si, fs

Thickness of Si 0.24...0.3
wall,
dsi (um)
Refractive index 3.42
of Si, Ny—As;
Refractive index 1
of air, ng;,
Thickness of t- 0.3
layer, d; (um)
Refractive index 1.5
of t-layer,n,
Angle of 0°
incident light,
7
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Section 3.5.2 Influence of the additional component thickness

Number of
periods,
N

3

Lattice constant,
a (pm)

Filling fraction
of Si, fs

0.117

Thickness of Si
wall, ds; (pm)

0.351

Refractive index
of Si, ny=ng;

3.42

Refractive index
of air, ng;,

Thickness of #-
layer, d; (um)

0.4

0.6

0.8

Refractive index
of t-layer,n,

1.5

Angle of
incident light,
7

OO

Section 3.5.3 Influence of the oblique incidence of light

Number of
periods,
N

5

Lattice constant,
a (pm)

Filling fraction
of Sl, f:gi

0.18

Thickness of Si
wall, ds; (um)

0.54

Refractive index
of Si, ny=ng;

3.42

Refractive index
of air, ng;,

Thickness of #-
layer, d; (um)

0.6

Refractive index
of t-layer,n,

1.5

Angle of
incident light,
0

60°
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Section 3.6 Photonic Crystal ultra-wide pass-band filter

Number of 3
periods, N

Lattice constant, 4
a (um)

Filling fraction 0:25...0.33
of Si, fs 0:10...0.17

Refractive index 342

of Si,
Ny=Ng;

Refractive index 1
of air, ng,

Thickness of - 0.72
layer, d, (um)

Refractive index | Refractive index of SiO2 in MIR from 1 to 8 um.
of t-layer,n,

Angle of 0°
incident light,
0

Chapter 4 Microcavity Photonic Crystals
Section 4.2 Basic Concept: Modelling of 1D micro-cavity PhC

Number of 7h5)
periods,
N

Lattice constant, 3
a (pm)

Filling fraction 0.243
of Si, fsi

Refractive index 342

of Si,
NH=Ng;

Refractive index 1
of air, ng,

Refractive index 1.5

: 1,2;
of cavity, k2>

Angle of 0°
incident light,
(%
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Section 4.3.1.1 “Si-air-Si” Fabry-Perot resonator

Number of
periods,
N

1.5

Lattice constant,
a (pm)

Filling fraction
of Si, fsi

Refractive index
of Si,
Ny=Ng;

3.42

Refractive index
of air, ng;,

Refractive index

. 1,2,
of cavity, nx2>

Angle of
incident light,
0

00

Section 4.3.1.2 “Si-LC-Si” Fabry-Perot resonator

Number of
periods,
N

;5

Lattice constant,
a (um)

Filling fraction
of Si, fs

Refractive index
of Si,
NH=ANSs;

3.42

Refractive index
of air, ng;,

Refractive index

. 123
of cavity, nq,,

1.49
1.69

Angle of
incident light,
0

00

188



Section 4.3.1.3 Photonic Crystal with “optical defect”

Number of 3
periods,

N
Lattice constant, 3
a (um)

Filling fraction 0...1
of Sl, f:?i

Refractive index 3.42
of Si,
ny=ns;
Refractive index 1
of air, ngj,

Refractive index 1.49...1.69

. 13,
of cavity, s

Angle of 0°
incident light,
6

Section 4.3.2.1 Fabry-Perot resonator fabricated by anisotropic etching
of (110) Si

Number of 15
periods,
N

Lattice constant, 4.6
a (um)

Thickness of Si "2
wall,
dsi (Wm)
Thickness of 34
cavity,
dp (um)
Refractive index 3.42
of Si, ny=ns;
Refractive index 1
of air, ng,
Refractive index 1
of cavity, n;,2> 1.72
1.53
Angle of 0°
incident light,
6
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Section 4.3.2.2 Fabry-Perot resonator fabricated on (100) Si by Deep

Reactive lon Etching

Number of
periods,
N

LS

Lattice constant,
a (um)

Thickness of Si
wall,
dsi (um)

2.6

Thickness of
cavity, d;, (um)

5.4

Refractive index
of Si, ny=ng;

3.42

Refractive index
of air, nigi

Refractive index

. 12,
of cavity, ny2>

1.53

Angle of
incident light,
6

OO

Section 4.3.3.1 Thermo-tunable single channel devices

Number of
periods,
N

1.5

Lattice constant,
a (pm)

4.8

Thickness of Si
wall, ds; (um)

Il

Thickness of
cavity, d; (um)

3.6

Refractive index
of Sl, Ny—Ngs;

3.42

Refractive index
of air, ng;

Refractive index

of cavity, ni2?

1.54
1.67

Angle of
incident light,
0

00
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Section 4.3.3.2 Electrically tunable Fabry-Perot resonator

Number of 1.5
periods, N

Lattice constant, 5 8
a (pm)

Thickness of Si 1 0.6
wall, ds; (um)

Thickness of 4 74
cavity, d; (um)

Refractive index 3.42
of Si, ny=ng;

Refractive index 1
of air, ng,

Refractive index 1 1251

of cavity, ni;ff 1.45 1.34
1.67

Angle of 0°
incident light,
0

Section 4.4 Coupled multi-cavity Photonic Crystal resonators

Number of 7.5
periods,
N

Lattice constant, 0.573
a (um)

Thickness of Si 0..:0.573
wall, ds; (um)

Thickness of 0.573...0
cavity, d; (um)

Refractive index 342
of Si, ny=ns;

Refractive index 1
of air, ng;,

Refractive index 1.74...1.52 1.643...1.617 1.63
of cavity, nl,,

Refractive index 1.63 1.617...1.643 1.678...1.682
of cavity, n?,,

Refractive index 1.52...1.74 1.643...1.617 1.63
of cavity, n,,

Angle of 0°
incident light,
0
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Section 4.4.5 Optimization. Compensation of the fabrication tolerances

Number of 7.5
periods,
N

Lattice constant, 0.9
a (pm)

Filling fraction 0.4
of Si

Jsi
Refractive index 3.42

of Si,
Ny=ns;
Refractive index 1
of air, n,
Refractive index 1.63 1.60 1.61
of cavity, nl,,
Refractive index 1.63 1.60 1.59
of cavity, n?,,
Refractive index 1.63 1.60 1.61
of cavity, n>,
Angle of 0°
incident light,

(%
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Chapter 5 Photonic Crystals with structural deviations

Section 5.3 Modelling of thickness fluctuation

Number of 7.5
periods,
N
Lattice constant, 3
a (um)
Filling fraction 0...1
of Si,fg,‘
Refractive index 3.42
of Si, Ny=Ns;
Refractive index 1
of air, ng,
Standard 0.004a
deviation 0.0115a
0.025a
0.036a
Angle of 0°
incident light,
7

Section 5.5 Photonic crystals with a constant value of fluctuation of all

wall thickneses

Number of 7.5
periods,
N
Lattice constant, 3
a (um)
Filling fraction 0.08
of Si 0.23
fsi 0.5
0.71
Refractive index 3.42
of Si,
Np=HNsi
Refractive index 1
of air, ng,
Standard 0.004a
deviation 0.0115a
0.025a
0.036a
Angle of 0
incident light,d
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