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ABSTRACT

Owing to tremendous interest in new trends in photonics, silicon-based photonic structures are
of tremendous interest for ultrafast nonlinear optical devices. Specifically, non-stoichiometric
a:SiNx provide structurally tuneable optical characteristics and bandgap engineering
capabilities which is highly suited for integrated device technology. The thesis is highly
motivated for exploring varieties of aperiodic and periodic wavelength-ordered
nonstoichiometric a:SiNx multilayered photonic structures of that have been of interest to

research from past decades due to the ability to manipulate the light-matter interactions.

The thesis presents a comprehensive understanding of the structural, linear and ultrafast
nonlinear optical properties of various a:SiNx based aperiodic and periodic photonic structures
such as distributed Bragg reflectors (DBR) and optical microcavities and their respective
constituent a:SiNy thin films. The results demonstrate that the stochiometric composition in
a:SiNy plays a crucial role in tailoring both linear and nonlinear optical responses as well as
ultrafast carrier dynamics, thereby offering a route for controlled bandgap and refractive index
engineering. Exclusively, the linear and nonlinear optical features of a:SiNx based aperiodic
and periodic1D photonic structures are strongly influenced by the disparities in optical field
confinement due to the geometrical invariance. Effect of photonic minibands and cavity mode
in the third-order nonlinear responses are studied extensively using various rigorous
experimentations. Thesis emphasises the influence of photonic modes and fractal resonances
in manipulating and enhancing nonlinear optical responses of photonic architectures with
inherent N/Si related defect energy levels. All the experimental results are fully supported by
the Transfer Matrix Method (TMM) simulations, numerical estimations and theoretical fits.
The thesis also explores the potential of high-intensity pulsed lasers for large-area mass-
production 2D periodic photonic structure fabrication on silicon surfaces to demonstrate

broadband antireflective and diffraction capabilities.

The thesis establishes a unified understanding of how compositional and structural control in
a:SiNx can be leveraged to achieve tunable and ultrafast optical functionalities by developing
various photonic architectures. The findings contribute to the advancement of next-generation

silicon-compatible photonic devices for both linear and nonlinear optical applications.
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JRTA
PRI & AT TS & s g & HRUT, Afosa-3mika wreifas awaan
3TeeThREE AT AR 3Hiftedhd 3TN & AT 3rcafts IR & [ &7 3, -
FISHHAREH a:SiN, TAAcHS ¥ F TTeiadl Jiiftedha fAdwae iR S8 sohfeaaiar
ETHAY Yelel &l § St Tehidhel vl Heafiidr & fav scaftes 3uged §1 I8 Ay
gt fafdet G T 313Ma AR Al TELET-HAT AFCSHIARS a:SiN, TEERT
Ficifae RT3 T Tet & OT 37cafdes 9T §, S TeprRr-uerd ia:feamst «r Faia
F T &TAAT & FROT o gadH F Iqaa & fow saaw @ &

Tg MY oo iR a:SiN, TR 3adi 3R 3Madt Brels a3, S8 FdRd S
Waqe (DBR) 3N YR FEAIES, AR 3 H&fOd ueh a:SiN, ddel hedl &
TaaATeHS, 3w R 3fa de 3@ gerrelar it H e cardes @HS TEJT T B
o gefd § fF a:SiNx & Tafraafcs @xaer e 3k itf@e gerefm gfafwansit
& HIY-ATY A e ageh A 1 efhiad e A Acaqul A Femch & o
fafa deoia 3R vadas SSifaaRer & T e #nT 39asy gar §1 [y &7 3,
a:SiNx 3R 3madf 3R 3madt 1D weifas @xa=mst & f@s iR nf@s gty
favant safadr saRaderfiaar & #RoT gl &7 oYy 7 IJ\AEdET 8 AaE
gaTiad gie &1 - 3@ wfafkant & wreifas B 3 $fad Ais & g
& faffiee FOR TN aRT caTush e fRaT a3 {1 MY geer idfifed N/Si Hefad
Y 3oll ERT aTel Bleliseh 3Mfehcerar Sl INTEH FerriRieh fafshansit 7 g iR gefer
el A wrelfard As AR hace efaEl & yoTa 9 Fof o &1 @l yAemeAs aRomA
oY Afeerw fafer (TMM) T8I, H&arcas AT 3R deenfdes e o @ e
¥ gaAfdT g1 My yEy sisds WERwfFeg iR faada aAanEt @ G iia &« &
fafasld Tdel . 93 817 # 93 YA W IcUgsT dlell 2D Hafte BIcifas TXasr @At
8 3TT-cadT dTel T SAoRT T &FAdT T 8 I oMl &

Fol [HATR, Tg AY-YSET S ST I Teh Uehlhed TAH AT AT & T fafdeer wieifaen
JfrcFar [ARfAT & a:SiN, # TG AR GTacAs FAI30r &1 39drer Ha fhar
ST HehaT & dlfeh Tgeiad 3R 3fegrpre Jifeawd HRITCHASATS Jred 6T 5 T I fosay
W@w 3N REF el R & 3fifteard gy & v serel d & fAfoea-era
Hici e 3Tl & fahra # AT ad gl
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Introduction

In the 21 century, photonics is literally everywhere: schematic
representation showing various photonics applications.

Silicon, being covalently bonded with indirect bandgap, provide
tremendous applications in the fields both electronics and photonics.

(a) Schematic representation of typical crystal structure along with Si and
N related defect energies in crystalline Si3N4 [31]. (b) Representation of
bandgap variation with stoichiometric composition of various a:SiNx thin
films (data from chapter3).

Amorphous silicon nitride (a:SiNx) show tremendous advantage of
properties over other Si based materials.

Amorphous silicon nitride (a:SiNx) demonstrate numerous device
applications in wide range of fields

Natural photonic crystals: (a) Camera image and SEM images of natural
opal gemstone, (b) peacock tail feather, (c) jewel beetle, and (d) butterfly.

The schematic diagram representing the one-dimensional (1D), two-
dimensional (2D) and three-dimensional (3D) photonic crystals.

(a) The construction of a Distributed Bragg Reflector (DBR) having N-
bilayers along with (b) TMM simulated reflection spectra for various N-
bilayers (A =600 nm) and with the variation the refractive index contrast
(An) in the (c) spectral mapping and (d) respective spectra to demonstrate
the photonic bandgap (PBG) opening. Representative Reflection and
transmission spectra for An = 1.7 is shown in (d). These DBRs can be
realised from a:Si/SiOx based deposition.

Effect of refractive index gradient (An= nu - nL) on a optical microcavity
(17-layer) constructed from two DBR mirrors. (a) Reflection spectral image
mapping along with Quality factor and FWHM variation with the refractive
index contrast. (b) Typical reflection and transmission spectra, where An =
1.7 contrast provide quality factor more than 900 with extreme narrow
FWHM of about 0.6nm. This can be realised from a:Si/SiOx based
deposition.

Schematic representation various aperiodic structures.

Light propagation in an absorbing media and typical excitation process
from ground state to excited state through bandgap.

Light-matter interactions of various events are strongly dependent on laser
parameters such as wavelength, peak intensity, pulse duration and repetition
rate.
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Figure 1.13.  Schematic representation of third-order nonlinear processes during high
intense light-matter interaction.

Figure 1.14.  Schematic representation of light-matter interaction in photonic crystals

Chapter 2: Experimental Techniques: Fabrication and Characterization of
Photonic Structures

Figure 2.1. Flow diagram showing various experimental techniques used for sample
preparation and characterization throughout the thesis.

Figure 2.2. Schematic diagram and photograph of the PECVD system used for
depositing a:SiNy thin films and multilayer photonic structures.

Figure 2.3. (a) Schematic diagram and (b) photograph of the commercial nanosecond
laser based experimental setup for laser engraving on Si or Si3N4 coated
substrates.

Figure 2.4. (a) Schematic of the photoelectric effect, along with the (b) schematic
diagram and (c) photograph of the of the X-ray Photoelectron Spectroscopy
(XPS) instrument.

Figure 2.5. (a) Schematic illustration of the principle of X-ray diffraction (XRD), (b) a
schematic diagram of and (c) photograph of the of PANalytical X Pert Pro
XRD setup.

Figure 2.6. (a) Schematic diagram and (b) photograph of the of the Field emission
scanning electron microscope (FESEM).

Figure 2.7. (a) Schematic visualisation and (b) photograph of the of the atomic force
microscope (AFM).

Figure 2.8. (a) Schematic diagram and (b) photograph of the of the single wavelength
null-ellipsometry instrument.

Figure 2.9. (a) Schematic ray diagram and (b) camera photograph of the of the
commercial UV-Vis-NIR spectrophotometer (Shimadzu UV-3600)
instrument.

Figure 2.10. (a) Schematic cross-sectional diagram and (b) camera photograph of the of
the commercial Ocean Optics RSS-VA angle-tuning reflection setup and
(c)customizable home-built angle tuning transmission/reflection spectral
setup with side view photograph showing the rotating sample holder, (d)
and (e) depicts the top view for angle dependent reflection and transmission
measurements.

Figure 2.11.  (a) Schematic diagram and (b) camera image of the multipurpose optical
microscope for capturing images of samples and reflection, transmission,
and photoluminescence measurements.
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(a) Schematic block diagram and (b) camera image of the High intensity Ti:
Sapphire femtosecond laser system in our lab. The three laser beam outputs
are shown with beam parameters.

(a) Schematic diagram of the cavity of a self-mode locked Ti: sapphire laser
and (b) Schematic energy level diagram of Ti*" in sapphire along with
absorption and emission spectra of Ti: Sapphire crystal exhibiting broad
absorption and emission band region.

Principle of chirped pulse amplification (CPA) technique for the generation
of an ultrashort high-intensity laser pulse.

(a, b) Various nonlinear optical processes in Optical Parametric
Amplification (OPA) and (c) representation of supercontinuum generation.

Electronic parts of ultrafast femtosecond laser: (a) Empower controller or
power supply, (b) output pulse traced by the oscilloscope confirming the
regenerative amplification process, (¢) temperature controller unit (TCU)
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pulse spectra, represented in two photon energy scale (2hw) scale. Shaded
region represents the band edges and above bandgap region of a:SiNx films.
(b) Open (OA) and (c) Closed Aperture (CA) Z-scan data of different
stoichiometric (R =N/Si) a:SiNx thin films at different laser wavelengths.
(Laser: 740 nm to 900 nm, 120fs, 84MHz). Solid lines are theoretical fits to
the experimental data. The scans are shifted along y-axis for clarity.
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Figure 3. 13. Extracted spectral-dependent (a) Nonlinear absorption () (b) nonlinear
refractive index (n2) and (c) total ¥ value of various stoichiometric a:SiNx
thin films from Open Aperture (OA) and Closed Aperture (CA) Z-scans at
different laser-wavelengths.

Figure 3. 14. The (a) nonlinear absorption coefficient p, and (b) nonlinear refractive
index (n2) obtained from different wavelengths plotted with stoichiometric
ratio (R value). (Laser: 740 nm to 900nm, 120fs, SOMHz).

Figure 3. 15. (a) Intensity depended Open Aperture Z scan data and extracted (b)
nonlinear absorption coefficients of various stoichiometric a:SiNy thin
films. (Laser: 800 nm, 1 kHz, 50 fs). Zero should also be included on the
axis.

Figure 3. 16. (a) Closed Aperture data for various stoichiometric thin films, (b) nonlinear
refractive index, (¢) nonlinear absorption and (d) nonlinear third-order
susceptibility () for different stoichiometry. (Laser: 800 nm, 1 kHz, 50fs).

Figure 3. 17. Relative comparison of variation in intensity-dependent (a) two-photon
absorption, and (b) nonlinear refractive index (n2) coefficients at various
intensity scales of MHz (10'3-10'* W.m?) and kHz (10'® W.m™) lasers for
various stoichiometric R values of a:SiNy films.

Figure 3. 18. Plots of (a) ¥® value trend with respect to linear refractive index function
(n¢? -1)* for different stoichiometric values at 800nm (Si rich to low, R=0.22
to 1.16) and (b) ¥ value dispersion with respect to optical bandgap, as a
function (ho/(ng Eg*)). In figure b, ¥ for different wavelengths (at a fixed
intensity) are shown in the same colour symbols for respective
stoichiometric. Dotted lines are guide to the eye.

Figure 3. 19. (a) Schematic diagram of the double layer a:SiNx structure for XRR analysis
consisting of five-layer model, (b) X-Ray Reflectivity (XRR) profile along
with theoretical fits and (c) extracted electron density profile profiles.

Chapter 4: Fabrication, Linear and Nonlinear optical Studies of Aperiodic Cantor-
like Self-Similar a:SiNx Based Photonic Structures

Figure 4.1. Schematic representation of evolution of aperiodic photonic structure from
Cantor mathematical set and schematic of cantor set based photonic
structures, where L and H are low and high refractive index layers of A/4
optical thickness.

Figure 4.2. Transfer matrix method (TMM) simulations of aperiodic Cantor sequence
photonic quasicrystal (ACPQ) for various orders, N = 0 to 4. (a-b) reflection
and transmission spectra of ACPQs of orders N = 0 to 4. (c) Transverse
electric (IEl) and magnetic field (IHI) depth profiles at fractal resonance (Ef)
(marked as * in (a)).

Figure 4.3.  Experimental demonstration of aperiodic Cantor sequence photonic
quasicrystal (ACPQ) for various orders, N=1 to 5. (a-c) Cross-sectional
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FESEM images order N = 3,4 and 5 (with close view of N = 3 at (d)). The
(e) experimental and (f) simulated reflection spectra for N = 1 to 5. Here
porous silicon layers of L (n.= 1.6) and H (nu = 2.4) of A/4 layers are used.

Figure 4.4. TMM simulations of various photonic structures (a) aperiodic optical
microcavity, (b) hybrid (periodic-aperiodic) microcavity, and (c) typical
periodic microcavity structure. (i-ii) Respective reflection spectra along
with enlarged cavity photonic mode of each photonic structure. (iii)
Transverse electric (IEl) and magnetic field (IHI) depth profiles at the
respective cavity modes, along with (iv) |El field spectral mapping at normal
incidence, and (v) angle-resolved (IEl) field depth mappings.

Figure 4.5. (a) The Cavity peak sharpness of the aperiodic, hybrid and periodic
microcavity structures which clearly shows the high Q-value of the
proposed aperiodic structure along with (b) The integrated spatial optical
field profiles at the central defect layer with respect to left and right side
spatial (DBR) regions. (¢) A comparison of integrated spatial optical field
confinement within the central defect layer of these three configurations.

Figure 4.6.  Experimental demonstration of a:SiNx based aperiodic cantor sequence
photonic quasicrystal (ACPQ) (DBR-like) for order N = 2. (a) Cross-
sectional FESEM image of fabricated structure along with its schematic
diagram, (b) reflection spectral mapping image at the photonic bandgap
region along with the camera image of sample, (c¢) experimental reflection
and transmission spectra along with TMM simulations (dotted lines).
Fractal resonances (Ef) along with band edge affected region (shaded) is
indicated. (d) Experimental angle-resolved reflection spectral mapping
along with the fits of fractal resonances Ef1 and Ef2 tuning. TMM
simulations of (e) spatial spectral mapping at normal incidence, (f) angle-
resolved transverse field (IEl) mapping and (g) transverse electric (IEl) and
magnetic field (IHI) depth profiles at one of the fractal resonances (Ex2).

Figure 4.7.  Experimental demonstration of a:SiNx based aperiodic cantor (N=2)
sequence photonic quasicrystal (ACPQ) based optical microcavity
structure. (a) Cross-sectional FESEM image of fabricated structure along
with its schematic diagram, (b) reflection spectral mapping image at the
photonic bandgap region along with the camera image of sample, (c)
experimental reflection and transmission spectra along with TMM
simulations (dotted lines). Cavity mode (Ecav) along with band edge affected
region (shaded) is indicated. (d) Experimental angle-resolved reflection
mappings of ACPQ-microcavity (the white circles are the experimental
results, and the solid line is the theoretical fit). TMM simulations of (e)
spatial spectral mapping at normal incidence, (f) angle-resolved transverse
field (IEl) mapping and (g) transverse electric (IEl) and magnetic field (IHI)
depth profiles at Ecay ~ 590 nm.

Figure 4.8.  Experimental demonstration of temperature dependent study of aperiodic
Cantor sequence photonic quasicrystal (ACPQ) based microcavity.
Variation of the reflection spectra of the ACPQ-based microcavity recorded
for increasing temperatures (from 30°C to 300°C) for (a) increasing and (b)
decreasing temperatures. (c) The variation of extracted photonic cavity peak
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Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.

Figure 4.13.

Chapter 5:

Figure 5.1.

Figure 5.2.

List of Figures

position (Epn) with temperature, Et (Solid lines are the fittings from Eqn.
4.4).

Wavelength-dependent Z-scan results of aperiodic optical microcavity: (a)
Transmission spectra with appended various laser wavelength spectra along
with (b) Open Aperture (OA) and (c) Closed Aperture (CA) Z-scan curves.
The extracted (d) nonlinear two photon absorption coefficient, (¢) 1PA-
induced saturation intensity (Is), and (f) nonlinear refractive index, of
aperiodic microcavity structure. (Laser parameters: 740 nm to 900 nm, 120
fs, 84 MHz).

Angle-dependent Z-scan results of aperiodic optical microcavity: (a) Open
Aperture (OA) and Closed Aperture (CA) Z-scan curves and (b) extracted
nonlinear two-photon absorption coefficient (), (1PA)-induced saturation
intensity (Is) and nonlinear refractive index (n2) of aperiodic microcavity at
740 nm, (c), (d) at 750 nm, and (e), (f) at 800 nm laser wavelengths. (Laser
parameters: 740 nm (7 x10'® W/m?), 750nm (4 x10'* W/m?), 800 nm
(4 x10" W/m?) 120 fs, 84 MHz).

Laser intensity-dependent Z-scan results of aperiodic optical microcavity:
The Open Aperture (OA) and Closed Aperture (CA) Z-scan curves at (a)
740 nm, (b) 750 nm and (c), 800 nm laser wavelengths. (Laser parameters:
120 fs, 84 MHz).

Extracted (from Figure 4.11) nonlinear two-photon absorption coefficient
(B), (1PA)-induced saturation intensity (Is) and nonlinear refractive index
(n2) from the intensity dependent Z-scan curves at (a) 740 nm, (b) 750 nm
and (c), 800 nm laser wavelengths.

The flipping of saturation absorption (SA, -ve ) to the reverse saturation
of absorption (RSA, +ve B) in (a) wavelength and (b) angle tuned nonlinear
absorption (B) is explained from transfer matrix method (TMM) simulations
in aperiodic microcavity. The field confinement in the (a) transverse
electric field (|E|) spectral-depth image of photonic miniband area mapping
shows prominent SA to RSA flipping at the photonic miniband edge. (b)
The same is confirmed in the angle-dependent transverse electric field (|E|)
angle-depth image mapping (i) of specific 740 nm compared to (i1) 800 nm
data.

Fabrication and Tunable Optical Nonlinearities of a:SiNx Based
Periodic Multilayer Photonic Structures

Different varieties of periodic optical microcavities: Transmission spectra
of the fabricated a:SiNx based optical microcavities with shaded region of
interests having cavity peaks, (a) 650 nm, (b) 590 nm, and (c) 800 nm. The
spectral region of interest for nonlinear studies are shown in shaded regions.

a:SiNx based Distributed Bragg Reflector (DBR) structure: (a) Schematic
diagram and cross-sectional FESEM images, and (b) Reflection and
Transmission spectra (experimental and simulation).
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Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.
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Figure 5.8.

Figure 5.9.
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a:SiNy based Distributed Bragg Reflector (DBR) structure: (a) TMM
simulated angle-resolved spectral mapping (along with experimental points
in white dots), (b) Experimental angle-resolved reflection and (c)
transmission spectra, (d) (i) TE (|[E|) and TM (|H|) field intensity-depth
profiles at A ~650nm, TE (IEl) (ii) angle-resolved and (iii) spectral -resolved
intensity- depth mapping of DBR.

a:SiNy based optical microcavity Acay = 650 nm: (a) Schematic diagram and
Cross-sectional FESEM images, and (b) Reflection and Transmission
spectra (experimental and simulation).

a:SiNx based optical microcavity Acay = 650 nm: (a) TMM simulated angle-
resolved spectral mapping (along with experimental points in white dots),
(b) Experimental angle-resolved reflection and (c) transmission spectra, (d)
(1) TE (|[E|) and TM (|H]) field intensity-depth profiles at Acay = 650nm, TE
(IEl) (i1) angle-resolved and (iii) spectral -resolved intensity- depth mapping
of DBR.

Transient absorption spectral (TAS) studies of a:SiNx based Distributed
Bragg Reflector (DBR) structure: (a) Pump energy- dependent Transient
absorption (AA) delay time-wavelength maps, (b) differential absorption
decay dynamics of air side photonic miniband (~ 520 nm), (¢) AA decay
time variation of the miniband, and (d) AA amplitudes at different pump
pulse energies. (femtosecond laser (120 fs, 1 kHz) using a delayed
broadband white light probe and pump - 350 nm).

Transient absorption spectral (TAS) studies of a:SiNx based optical
microcavity: (a) Pump energy- dependent Transient absorption (AA) delay
time-wavelength maps, (b) and (c¢) differential absorption decay dynamics
of air side photonic miniband (~ 560 nm) and cavity peak (660 nm), (d) AA
decay time variation and (d) AA amplitudes at different pump pulse energies
at 560 nm and 660 nm. (e) wavelength-resolved average decay times plotted
over transmission spectra backdrop. (femtosecond laser (120 fs, 1 kHz)
using a delayed broadband white light probe and pump - 350 nm).

Nonlinear optical studies of a:SiNx based Distributed Bragg Reflector
(DBR) structure: (a) Wavelength-dependent (740-900 nm) (a) open aperture
(OA) and closed aperture (CA) Z scans along with the theoretical fits. The
plot of extracted (b) nonlinear absorption coefficient () and nonlinear
refractive index (n2) for wavelength region 740-900 nm at a fixed intensity
0.97 x 10*13 W/m?. (c) Intensity-dependent OA and CA Z scans along with
the theoretical fits. (d) The plot of extracted nonlinear absorption
coefficients (B) and nonlinear refractive index (n2) at 800 nm laser
excitation (0.97 to 2.9 x 10" W/m?). (Femtosecond laser, 120 fs and 84
MHz).

Nonlinear optical studies of a:SiNx based optical microcavity structure: (a)
Angle-resolved transmission at around 800nm. (b) Angle-dependent open
aperture (OA) and (c) closed aperture (CA) Z-scan curves (solid lines are
fits) and the (d) extracted nonlinear absorption coefficients () and (e)
nonlinear refractive index (n2) for various incident angles (dotted lines are
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from Eq.5.6) overlayed on the transmission spectral part. (Laser parameters:
800 nm, 120 fs, and 84 MHz).

Figure 5.10. Wavelength-dependent optical nonlinearities of a:SiNx based optical
microcavity structure: (a) Wavelength-dependent open aperture (OA) and
(b) closed aperture (CA) Z-scan curves along with the theoretically fits
(different probing laser pulses from 740 nm to 900 nm, are shown in the left
side). The plots of extracted (c) nonlinear absorption coefficients () and (d)
nonlinear refractive index (n2) overlayed on the transmission spectral part.
(Laser parameters: 740 -900 nm, 120 fs, and 84 MHz, Fixed laser intensity=
3.4x10"13 Wm™).

Figure 5.11.  Intensity dependent Z- scan results of a:SiNx based optical microcavity
structure: (nonlinearity probed at the dielectric side photonic miniband (800
nm). (a) Intensity dependent open aperture (OA) and (b) closed aperture
(CA) theoretically fitted Z-scan data along with the plot of extracted (c)
nonlinear absorption coefficient () and (d) nonlinear refractive index (n2)
with intensity. (Laser parameters: 800 nm and 900 nm, 120 fs, and 84 MHz).

Figure 5.12.  a:SiNy based optical microcavity of Acay = 590 nm: (a) Schematic diagram
and cross-sectional FESEM images, and (b) Reflection and Transmission
spectra (experimental and simulation).

Figure 5.13.  a:SiNx based optical microcavity of Acav = 590 nm: Transfer matrix method
(TMM) simulations of (a) spectral-resolved and (b) angle-resolved TE (|E|)
intensity-depth mapping of microcavity. (¢) TE (|E|) and TM (|H|) field
intensity-depth profiles at Acayv = 590 nm. (d) Simulated angle-resolved
spectral mapping.

Figure 5.14. Relative study of wavelength-dependent optical nonlinearities in periodic
microcavity of Acav = 590 nm: The wavelength-dependent (a) open aperture
(OA) and closed aperture (CA) Z-scan curves within 740-900 nm (the
transmission spectra with region of interest shown at the top). (b) The
extracted nonlinear absorption () and nonlinear refraction (n2) coefficients.
Dotted lines are guide to the eye. The right-side boxed figure is the optical
nonlinear studies of aperiodic microcavity discussed in chapter 4 (Figure
4.9). (Laser parameters: 740 nm to 900 nm, 120 fs, 84 MHz).

Figure 5.15.  Periodic microcavity having Acay ~ 800 nm: (a) Schematic and FESEM
images of the fabricated microcavity, (b) reflection and transmission spectra
(experimental and TMM simulated) and (c) transverse electric field |E| and
magnetic field [H| spectral-depth mapping along with the corresponding
field profiles at cavity resonance (800 nm).

Figure 5.16. Resonantly excited nonlinear optical studies of microcavity having Acay ~
800 nm: (a) Open aperture (OA) Z-scan curves along with theoretical fit for
various incident laser intensities at resonant excitation (800 nm) (Laser
parameters: 800 nm, 120 fs, 84 MHz).

Figure 5.17. Resonantly excited nonlinear optical studies of microcavity having Acay ~

800 nm: (a) Intensity-dependent closed aperture (CA) Z-scan curves with
theoretical fits. (b) Extracted nonlinear refraction phase shift (Ad),

XViii



List of Figures

nonlinear absorption phase shift (A@) and refractive index (n2) for various
laser intensities. (Laser: 800 nm, 120 fs, 84 MHz).

Figure 5.18. Resonantly excited nonlinear optical studies of microcavity having Acav ~
800 nm: (a) Extracted intensity-dependent two-photon absorption
coefficient (), two-photon induced saturation intensity (Is), three-photon
absorption coefficient (y) and effective absorption coefficient (cefr) from
Open-aperture (OA) Z-scan data (From Figure 5.17). (Laser: 800 nm, 120
fs, 84 MHz). (b) TMM simulated angle-resolved TE |E| and TM |H| depth
profile spectral mapping image of the microcavity structure.

Chapter 6: Fabrication of Periodic 2D Silicon-Based Structures for Various
Photonic and Photovoltaic Applications

Figure 6.1. Laser average power calibration plot: The measured power for various pulse
repetition rates versus the percentage power shown in the system. Laser
parameters: 1064 nm, 50 ns.

Figure 6.2.  Example optical microscope images of the nanosecond laser texturing for
various average powers for 20 kHz repetition rates. More damage to the
silicon substrate is observed with increasing average power and a higher
pulse repetition rate (>50 kHz). Laser parameters: 1064 nm, 50 ns.

Figure 6.3.  Optical microscope images (10X, 20X, and 50X magnification) of laser
patterns on Silicon for various scan speeds: 1 mm/s to 100 mm/s. The fixed
laser parameters are 1064 nm wavelength, 50 ns pulse width, beam spot size
of 30 pm, and repetition rate of 10 kHz. Laser parameters: 1064 nm, 50 ns.
(Given the fixed repetition rate, the number of pulses per mm experienced
by the Si substrate is 10%, 10°, 200, 100, 20, and 10 for scan speeds of 1, 10,
50, 100, 500, and 1000 mm/s respectively).

Figure 6.4. SEM and optical microscope images (in false colour) of laser-patterned Si
substrates at three different pattering pitches of 40, 30, and 20 pum, as well
as for laser pulse repetition rates (a-c) 10 kHz, (d-f) 20 kHz, and (g-i) 40
kHz. Laser parameters: 1064 nm, 50 ns.

Figure 6.5.  AFM images of the patterned silicon for a 10 kHz repetition rate with
periodicities (a) 40 um, (b) 30 um, and (c) 20 um. (d) A close view of a
single laser-patterned line. The average depth at the trench is about ~ 300
nm, and the debris/molten silicon roughness at both sides of the trench is
about ~ 250 nm in height.

Figure 6.6. Large-scale rapid fabricated periodic structures on silicon wafer (10 kHz,
30 um gap) camera and the optical microscope close-up images of (a)
textured and (b) a bare silicon wafer.

Figure 6.7. FESEM images of different magnifications of laser-induced surface
nano/microstructures on Si substrate for samples at laser pulse repetition
rates (a) 10 kHz, (b) 20 kHz, and (c) 40 kHz, along with their respective
gaussian profile particle size distribution histograms.
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Figure 6.8.  XRD patterns of the micro/nanocrystal area of laser-textured silicon along
with standard c-Si powder and bare Si wafer.

Figure 6.9.  Large area laser-encrypted patterns captured by (a) SEM, (b) optical
microscope (p-scope) images, and (c) reflection spatial spectral mapping
along with the line profiles across the textured area for a 10 kHz repetition
rate (pitch: 40 um).

Figure 6.10. A close view of an individual laser encryption of a single line pattern of (a)
FESEM, (b) AFM, (c) optical microscope images, and (d) reflection
intensity spatial mapping along with X and Y line scans of the textured area
for a 10 kHz repetition rate (pitch: 40 pm).

Figure 6.11.  Laser-written surface grating properties on Silicon. Diffraction intensity
plots with varied pitches of (a) 40 um, (b) 30 um, and (c) 20 um using 10
kHz repetition laser pulses (1064 nm, 50 ns). (d-f) are the respective 2D
laser diffraction beam profiler images with 405 nm laser irradiation and (g-
1) are the camera images of the laser diffraction.

Figure 6.12. A phenomenological model of nanosecond laser interactions and temporal
heat dissipation. A schematic view of the temperature/heat dissipated during
the laser pulses at different laser pulse rates (a) 10 kHz, (b) 20 kHz, and (c)
40 kHz falls within the material. Corresponding SEM images of patterned
silicon at different laser pulse rates.

Figure 6.13. Reflection spectra of patterned silicon substrates for three pulse repetition
rates of (a)10 kHz, (b) 20 kHz, and (c) 40 kHz.

Figure 6.14. Reflection spectra of the Si3N4 coated patterned Si substrates for three pulse
repetition rates of (a)10 kHz, (b) 20 kHz, and (c) 40 kHz.

Appendix:

(a) The extracted refractive index and extinction coefficient data from the

Figure A1.  (b) spectroscopic ellipsometry data of the low (~ 1.8) and high (~ 2.7)
refractive index a:SiNx thin films. The ellipsometry data (y and A) are fitted
with B-spline modelling to obtain » and k.
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Appendix

Extracted nonlinear coefficients of intensity dependent Z-scan
measurements for various a:SiNx thin films. (Mai tai 800 nm, 120 fs, 84
MHz).

Extracted nonlinear coefficients from Wavelength tuning Z- scan (740-900
nm, 120 fs, 84 MHz) experiment of a:SiNx samples.

Extracted density, roughness and thicknesses of the double layer structures
from the XRR analysis.

Extracted nonlinear coefficients of wavelength-dependent Z- scan
measurements for aperiodic (ACPQ) microcavity. (Mai tai 740-900 nm,
120 fs, 84 MHz).

Extracted nonlinear coefficients of angle-dependent Z-scan measurements
for aperiodic (ACPQ) microcavity at 740 nm. (Mai tai 740nm, 120 fs, 84
MHz).

Extracted nonlinear coefficients of angle-dependent Z-scan measurements
for aperiodic (ACPQ) microcavity at 750 nm. (Mai tai 750nm, 120 fs, 84
MHz).

Extracted nonlinear coefficients of angle-dependent Z-scan measurements
for aperiodic (ACPQ) microcavity at 800 nm. (Mai tai 800nm, 120 fs, 84
MHz).

Extracted nonlinear coefficients of intensity-dependent Z-scan
measurements for aperiodic (ACPQ) microcavity at 740 nm. (Mai tai 740
nm, 120 fs, 84 MHz).

Extracted nonlinear coefficients of intensity-dependent Z-scan
measurements for aperiodic (ACPQ) microcavity at 750 nm. (Mai tai 750
nm, 120 fs, 84 MHz).

Extracted nonlinear coefficients of intensity-dependent Z-scan
measurements for aperiodic (ACPQ) microcavity at 800 nm. (Mai tai 800
nm, 120 fs, 84 MHz).

Thicknesses of the individual layers of photonic structures estimated from
TMM simulation and cross-sectional FESEM images.

Extracted nonlinear coefficients of wavelength-dependent Z-scan

measurements for DBR. (Mai tai 740-900 nm, 120 fs, 84 MHz).
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Table A5.3.  Extracted nonlinear coefficients of intensity-dependent Z-scan
measurements for DBR at 800 nm. (Mai tai 800 nm, 120 fs, 84 MHz).

Table A5.4.  Extracted nonlinear coefficients of angle-dependent Z-scan measurements
for periodic microcavity (Acay = 650nm) at 800 nm. (Mai tai 800 nm, 120
fs, 84 MHz).

Table AS.S.  Extracted nonlinear coefficients of wavelength-dependent Z- scan
measurements for periodic optical microcavity (Acay = 650 nm). (Mai tai
740-900 nm, 120 fs, 84 MHz).

Table A5.6.  Extracted nonlinear coefficients of intensity-dependent Z-scan
measurements for periodic microcavity (Acay = 650 nm) at 800 nm. (Mai tai
800 nm, 120 fs, 84 MHz).

Table A5.7.  Extracted nonlinear coefficients of intensity-dependent Z-scan
measurements for periodic microcavity (Acay = 650 nm) at 900 nm. (Mai tai
900 nm, 120 fs, 84 MHz).

Table A5.8.  Extracted nonlinear coefficients of wavelength-dependent Z- scan
measurements for periodic optical microcavity (Acay = 590 nm). (Mai tai
740-900 nm, 120 fs, 84 MHz).

Table A5.9.  Extracted nonlinear coefficients of intensity-dependent Z- scan
measurements for periodic optical microcavity (Acayv = 800 nm) at resonant
excitation. (Mai tai 740-900 nm, 120 fs, 84 MHz).

Table A6.1.  Expected and experimentally obtained pitch (A) of the periodic laser
patterns for various samples. Laser parameters (1064 nm, 50 ns, 30 um spot
size, scan speed 10 mm/s)
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Abbreviations

LED : Light Emitting Diode

QD : Quantum Dot

PSi : Porous Silicon

PECVD : Plasma Enhanced Chemical Vapor Deposition
RF : Radio Frequency

1D, 2D, and 3D : One-dimension, Two-dimension, and Three-dimension
DBR : Distributed Bragg Reflector

™M : Transfer Matrix Method

PBG : Photonic Bandgap

ns : Nanosecond

ps : Picosecond

fs : Femtosecond

SA : Saturation of Absorption

RSA : Reverse Saturation of Absorption

XPS : X-ray Photoelectron Spectroscopy

XRD : X-ray Diffraction

XRR : X-ray Reflectivity

FESEM : Field Emission Scanning Electron Microscopy
AFM : Atomic Force Microscopy

FWHM : Full Width at Half Maximum

UV, Vis : Ultraviolet, Visible

NIR : Near Infrared

OPA : Optical Parametric Amplifier

CPA : Chirped pulse amplification

OA : Open Aperture

CA : Closed Aperture

TAS : Transient Absorption Spectroscopy
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Lefy

ao

Ao
no

n2

Symbols

: Planck’s Constant

: Frequency

: Wave vector

: Wavelength

: Effective sample length

: Linear absorption coefficient

: Two-photon nonlinear absorption coefficient
: Three-photon nonlinear absorption coefficient
: Linear dielectric susceptibility

: Second-order dielectric susceptibility

: Third-order dielectric susceptibility

: Nonlinear refraction phase shift

: Nonlinear absorption phase shift

: Linear refractive index

: Nonlinear refractive index
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