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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:SiNx thin films. The results demonstrate that the stochiometric composition in 

a:SiNx 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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साराांश  

फोटोनिक्स के िए रुझािों में अत्यधिक रुधि के कारण, सससिकॉि-आिाररत फोटोनिक संरििाएँ 
अल्ट्राफास्ट िॉििाइनियर ऑप्टटकि उपकरणों के सिए अत्यधिक रुधिकर हैं। विशेष रूप से, िॉि-
स्टोइकोमेट्ररक a:SiNx संरििात्मक रूप से ट्यूिेबि ऑप्टटकि विशेषताएँ और बैंडगैप इंजीनियररगं 
क्षमताएँ प्रदाि करता है जो एकीकृत उपकरण प्रौद्योधगकी के सिए अत्यधिक उपयुक्त हैं। यह शोि 
प्रबंि विसिन्ि प्रकार की अआिती और आिती तरंगदैर्धयय-क्रसमत िॉिस्टोइकोमेट्ररक a:SiNx बहुस्तरीय 
फोटोनिक संरििाओं की खोज के सिए अत्यधिक प्रेररत है, जो प्रकाश-पदार्य अंतःक्रक्रयाओं को नियंत्रित 
करिे की क्षमता के कारण वपछिे दशकों से अिुसंिाि के सिए रुधिकर रही हैं। 

यह शोि प्रबंि विसिन्ि a:SiNx आिाररत आिती और आिती फोटोनिक संरििाओं, जैसे वितररत ब्रैग 
पराितयक (DBR) और प्रकासशक सूक्ष्मगुहाओं, और उिके संबंधित घटक a:SiNx पतिी क्रफल्ट्मों के 
संरििात्मक, रैखखक और अनत तीव्र अरैखखक प्रकाशीय गुणों की एक व्यापक समझ प्रस्तुत करता है। 
पररणाम दशायते हैं क्रक a:SiNx में स्टोक्रकयोमेट्ररक संरििा रैखखक और अरैखखक प्रकाशीय प्रनतक्रक्रयाओं 
के सार्-सार् अनत तीव्र िाहक गनतकी को अिुकूसित करिे में महत्िपूणय िूसमका नििाती है, प्जससे 
नियंत्रित बैंडगैप और अपितयिांक इंजीनियररगं के सिए एक मागय उपिब्ि होता है। विशेष रूप से, 
a:SiNx आिाररत आिती और आिती 1D फोटोनिक संरििाओं की रैखखक और अरैखखक प्रकाशीय 
विशेषताएँ ज्यासमतीय अपररितयिशीिता के कारण प्रकाशीय क्षेि परररोि में असमािताओं से अत्यधिक 
प्रिावित होती हैं। ततृीय-क्रम अरैखखक प्रनतक्रक्रयाओं में फोटोनिक समिीबैंड और कैविटी मोड के प्रिाि 
का विसिन्ि कठोर प्रयोगों द्िारा व्यापक अर्धययि क्रकया गया है। शोि प्रबंि अंतनियट्रहत N/Si संबंधित 
दोष ऊजाय स्तरों िािे फोटोनिक आक्रकय टेक्िर की अरैखखक प्रकासशक प्रनतक्रक्रयाओं में हेरफेर और िदृ्धि 
करिे में फोटोनिक मोड और फै्रक्टि अिुिादों के प्रिाि पर बि देता है। सिी प्रयोगात्मक पररणाम 
रांसफर मटै्ररक्स विधि (TMM) ससमुिेशि, संख्यात्मक अिुमािों और सैद्िांनतक क्रफट द्िारा पूरी तरह 
से समधर्यत हैं। शोि प्रबंि ब्रॉडबैंड एंटीररफ्िेप्क्टि और विितयि क्षमताओं को प्रदसशयत करिे के सिए 
सससिकॉि सतहों पर बडे क्षिे में बडे पैमािे पर उत्पादि िािी 2D आिधिक फोटोनिक संरििा निमायण 
हेतु उच्ि-तीव्रता िािे स्पटं्रदत िेज़रों की क्षमता का िी पता िगाता है। 

कुि समिाकर, यह शोि-प्रबंि इस बात की एक एकीकृत समझ स्र्ावपत करता है क्रक विसिन्ि फोटोनिक 
आक्रकय टेक्िर विकससत करके a:SiNx में संरििागत और संरििात्मक नियंिण का उपयोग कैसे क्रकया 
जा सकता है ताक्रक ट्यूिेबि और अल्ट्राफास्ट ऑप्टटकि कायायत्मकताएँ प्राटत की जा सकें । ये निष्कषय 
रैखखक और अरैखखक दोिों प्रकार के ऑप्टटकि अिुप्रयोगों के सिए अगिी पीढी के सससिकॉि-संगत 
फोटोनिक उपकरणों के विकास में योगदाि करत ेहैं। 
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Figure 1.11. Light propagation in an absorbing media and typical excitation process 

from ground state to excited state through bandgap.  

Figure 1.12. 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:SiNx 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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Figure 2.12. (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.  

Figure 2.13. (a) Schematic diagram of the cavity of a self-mode locked Ti: sapphire laser 

and (b) Schematic energy level diagram of Ti3+ in sapphire along with 

absorption and emission spectra of Ti: Sapphire crystal exhibiting broad 

absorption and emission band region. 

Figure 2.14. Principle of chirped pulse amplification (CPA) technique for the generation 

of an ultrashort high-intensity laser pulse. 

Figure 2.15. (a, b) Various nonlinear optical processes in Optical Parametric 

Amplification (OPA) and (c) representation of supercontinuum generation. 

Figure 2.16. Electronic parts of ultrafast femtosecond laser: (a) Empower controller or 

power supply, (b) output pulse traced by the oscilloscope confirming the 

regenerative amplification process, (c)  temperature controller unit (TCU) 

and time delay generator (TDG), (d and e) a power meter showing the power 

level of 800 nm, 1 kHz, 120 fs pulses from amplifier, (f) oscillator (MaiTai) 

controller and chiller, (g) Amplifier chiller and (h) the temperature sensor 

used to maintain lab temperature around 21°C. 

Figure 2.17. (a) Schematic diagram of the autocorrelation technique for measuring pulse 

duration, and (b, c) photograph of autocorrelator (M/s Spectra-Physics, 

USA). 

Figure 2.18. (a) Schematic diagram and (b) photograph of the Z-scan experimental setup 

(components from Thorlabs and Newport). 

Figure 2.19. Schematic representation of various Open Aperture (OA) and Closed 

aperture (CA) Z-scan traces for different nonlinear processes. Saturation of 

absorption (SA), reverse saturation of absorption (RSA) and mixed 

behaviour consisting of saturation and reverse saturation of absorptions (SA 

+ RSA) and self-focusing (+n2) and self-defocusing (-n2) nonlinear 

refraction are shown. 

Figure 2.20. Schematic diagram of the femtosecond pump-probe spectroscopy technique 

to obtain the ultrafast carrier absorption dynamics. 

Figure 2.21. (a) Camera image of the transient absorption spectroscopy (TAS) setup at 

UFO Lab, IIT Delhi (Model: CDP ExciPro). (b) Different contributing 

processes in TAS differential spectrum is shown for a qualitative 

understanding. 

Figure 2.22. Schematic of Transfer Matrix Method (TMM) formalism for multilayer 

structures. 

Chapter 3:   Optical Nonlinearities and Ultrafast Absorption Dynamics in 

Structurally Tunable a:SiNx Thin Films 
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Figure 3.1. (a) Reflection and (b) transmission spectra along with (c) bandgap and (d) 

refractive index variation with the stoichiometry of as deposited a:SiNx thin 

films. 

Figure 3.2. Tauc plots of different stoichiometric a:SiNx thin films, from which the 

bandgap is estimated.   

Figure 3.3. (a)  XPS survey spectra and Deconvoluted (b) Si 2p and (c) N 1s XPS 

spectra for various stoichiometric (R =0.22 to R =1.16) as deposited a:SiNx 

thin films. 

Figure 3.4. AFM images of the as-deposited a:SiNx thin films of various stoichiometric 

values (a) R=0.22, (b) R=0.36, (c) R=0.63, and (d) R=1.16. 

Figure 3.5. (a) Transient absorption (ΔA) delay time map with energy, and (b) ΔA 

spectra at zero delay for various stoichiometric a:SiNx thin films. 

Figure 3.6. (a) Difference absorption (ΔA) decay dynamics for below bandgap and in-

bandgap energies plotted with respect to stoichiometry of a:SiNx, and (b) 

average life-time spectra with energy for various stoichiometric a:SiNx thin 

films. 

Figure 3. 7. Intensity-dependent Open Aperture (OA) Z-scans curves with theoretical 

fits at different incident laser intensities for different stoichiometric (R 

=N/Si; 0.22 to 1.16) a:SiNx thin films.  (Laser: 800nm, 120fs, 84MHz). 

Figure 3. 8.   Extracted nonlinear absorption coefficients (β) from OA Z-scans curves 

(from Figure 3.7) at different laser intensities for various stoichiometric 

a:SiNx thin films. 

Figure 3. 9. Intensity-dependent Closed Aperture (CA) Z-scans curves with theoretical 

fits at different incident laser intensities for different stoichiometric (R 

=N/Si; 0.22 to 1.16) a:SiNx thin films.  (Laser: 800nm, 120fs, 84MHz). 

Figure 3. 10.   Extracted nonlinear refraction phase (Δϕ) and nonlinear refractive index 

(n2) from Closed Aperture Z-scans curves at different laser intensities for 

various stoichiometric a:SiNx thin films. 

Figure 3. 11.   The extracted nonlinear coefficients β, nonlinear refractive index (n2), αeff, 

and total χ(3) value for different R (=N/Si) values at laser intensity 3.41 × 

1013 W/m2 from Close and Open Aperture Z-scan data Figure 3.7 and 3.9.  

(Laser parameters: 800nm, 120fs, 80MHz). 

Figure 3. 12.   Wavelength-dependent nonlinear optical results. (a) Femtosecond laser 

pulse spectra, represented in two photon energy scale (2ћω) 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 (β) (b) nonlinear 

refractive index (n2) and (c) total χ(3) 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 β, and (b) nonlinear refractive 

index (n2) obtained from different wavelengths plotted with stoichiometric 

ratio (R value). (Laser: 740 nm to 900nm, 120fs, 80MHz). 

Figure 3. 15. (a) Intensity depended Open Aperture Z scan data and extracted (b) 

nonlinear absorption coefficients of various stoichiometric a:SiNx 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, (c) nonlinear absorption and (d) nonlinear third-order 

susceptibility (χ(3)) 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 (1013-1014 W.m-2) and kHz (1016 W.m-2) lasers for 

various stoichiometric R values of a:SiNx films.   

Figure 3. 18. Plots of (a) χ(3) value trend with respect to linear refractive index function 

(n0
2 -1)4 for different stoichiometric values at 800nm (Si rich to low, R=0.22 

to 1.16) and (b) χ(3) value dispersion with respect to optical bandgap, as a 

function (ћω/(n0 Eg4)).  In figure b, χ(3) 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 λ/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 (ǀEǀ) and magnetic field (ǀHǀ) depth profiles at fractal resonance (Efr) 

(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 (nL = 1.6) and H (nH = 2.4) of λ/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 (ǀEǀ) and magnetic field (ǀHǀ) depth profiles at the 

respective cavity modes, along with (iv) ǀEǀ field spectral mapping at normal 

incidence, and (v) angle-resolved (ǀEǀ) 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. (c) 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 (Efr) along with band edge affected region (shaded) is 

indicated. (d) Experimental angle-resolved reflection spectral mapping 

along with the fits of fractal resonances Efr1 and Efr2 tuning. TMM 

simulations of (e) spatial spectral mapping at normal incidence, (f) angle-

resolved transverse field (ǀEǀ) mapping and (g) transverse electric (ǀEǀ) and 

magnetic field (ǀHǀ) depth profiles at one of the fractal resonances (Efr2). 

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 (ǀEǀ) mapping and (g) transverse electric (ǀEǀ) and magnetic field (ǀHǀ) 

depth profiles at Ecav ~ 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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position (Eph) with temperature, ET (Solid lines are the fittings from Eqn. 

4.4). 

Figure 4.9. 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, (e) 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). 

Figure 4.10. 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 (β), (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 1013 W/m2), 750nm (4 1013 W/m2), 800 nm 

(4 1013 W/m2) 120 fs, 84 MHz). 

Figure 4.11. 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). 

Figure 4.12. Extracted (from Figure 4.11) nonlinear two-photon absorption coefficient 

(β), (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. 

Figure 4.13. The flipping of saturation absorption (SA, -ve β) to the reverse saturation 

of absorption (RSA, +ve β) in (a) wavelength and (b) angle tuned nonlinear 

absorption (β) 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 (ii) 800 nm 

data. 

Chapter 5:    Fabrication and Tunable Optical Nonlinearities of a:SiNx Based 

Periodic Multilayer Photonic Structures 

Figure 5.1. 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.   

Figure 5.2. 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. a:SiNx 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 λ ~650nm, TE (ǀEǀ) (ii) angle-resolved and (iii) spectral -resolved 

intensity- depth mapping of DBR.  

Figure 5.4. a:SiNx based optical microcavity λcav = 650 nm: (a) Schematic diagram and 

Cross-sectional FESEM images, and (b) Reflection and Transmission 

spectra (experimental and simulation). 

Figure 5.5. a:SiNx based optical microcavity λcav = 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) 

(i) TE (|E|) and TM (|H|) field intensity-depth profiles at λcav = 650nm, TE 

(ǀEǀ) (ii) angle-resolved and (iii) spectral -resolved intensity- depth mapping 

of DBR.  

Figure 5.6. Transient absorption spectral (TAS) studies of a:SiNx based Distributed 

Bragg Reflector (DBR) structure: (a) Pump energy- dependent Transient 

absorption (ΔA) delay time-wavelength maps, (b) differential absorption 

decay dynamics of air side photonic miniband (~ 520 nm), (c) ΔA decay 

time variation of the miniband, and (d) ΔA amplitudes at different pump 

pulse energies. (femtosecond laser (120 fs, 1 kHz) using a delayed 

broadband white light probe and pump - 350 nm). 

Figure 5.7. Transient absorption spectral (TAS) studies of a:SiNx based optical 

microcavity: (a) Pump energy- dependent Transient absorption (ΔA) delay 

time-wavelength maps, (b) and (c) differential absorption decay dynamics 

of air side photonic miniband (~ 560 nm) and cavity peak (660 nm), (d) ΔA 

decay time variation and (d) ΔA 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). 

Figure 5.8. 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 (β) and nonlinear 

refractive index (n2) for wavelength region 740-900 nm at a fixed intensity 

0.97 × 10+13 W/m2. (c) Intensity-dependent OA and CA Z scans along with 

the theoretical fits. (d) The plot of extracted nonlinear absorption 

coefficients (β) and nonlinear refractive index (n2) at 800 nm laser 

excitation (0.97 to 2.9 × 10+13 W/m2).   (Femtosecond laser, 120 fs and 84 

MHz). 

Figure 5.9. 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 (β) 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 (β) 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= 

3.4×10+13 Wm-2). 

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 (β) and (d) nonlinear refractive index (n2) 

with intensity. (Laser parameters: 800 nm and 900 nm, 120 fs, and 84 MHz). 

Figure 5.12. a:SiNx based optical microcavity of λcav = 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 λcav = 590 nm: Transfer matrix method 

(TMM) simulations of (a) spectral-resolved and (b) angle-resolved TE (|E|) 

intensity-depth mapping of microcavity. (c) TE (|E|) and TM (|H|) field 

intensity-depth profiles at λcav = 590 nm. (d) Simulated angle-resolved 

spectral mapping. 

Figure 5.14. Relative study of wavelength-dependent optical nonlinearities in periodic 

microcavity of λcav = 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 (β) 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 λcav ~ 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 λcav ~ 

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 λcav ~ 

800 nm: (a) Intensity-dependent closed aperture (CA) Z-scan curves with 

theoretical fits. (b) Extracted nonlinear refraction phase shift (), 
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nonlinear absorption phase shift () 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 λcav ~ 

800 nm: (a) Extracted intensity-dependent two-photon absorption 

coefficient (β), two-photon induced saturation intensity (Is), three-photon 

absorption coefficient (γ) and effective absorption coefficient (αeff) 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 μm, 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 104, 103, 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 μm, 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 µm, (b) 30 µm, and (c) 20 µm. (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 µm 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 (μ-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 μm). 

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 μm). 

Figure 6.11. Laser-written surface grating properties on Silicon. Diffraction intensity 

plots with varied pitches of (a) 40 μm, (b) 30 μm, and (c) 20 μm 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-

i) 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:  

Figure A1. 
(a) The extracted refractive index and extinction coefficient data from the 

(b) spectroscopic ellipsometry data of the low (~ 1.8) and high (~ 2.7) 

refractive index a:SiNx thin films. The ellipsometry data ( and ) are fitted 

with B-spline modelling to obtain n and k.  
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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 

TMM  : 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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Symbols 

 
h : Planck’s Constant 

ν : Frequency 

k : Wave vector 

λ : Wavelength 

Leff  : Effective sample length 

α0  : Linear absorption coefficient 

β  : Two-photon nonlinear absorption coefficient 

γ  : Three-photon nonlinear absorption coefficient 

χ(1)  : Linear dielectric susceptibility 

χ(2)  : Second-order dielectric susceptibility 

χ(3)  : Third-order dielectric susceptibility 

  : Nonlinear refraction phase shift 

 : Nonlinear absorption phase shift 

n0  : Linear refractive index 

n2  : Nonlinear refractive index 


