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ABSTRACT

This thesis explores the one-dimensional (1D) porous silicon (PSi) photonic structures which
have been fabricated via a cost-effective, top-down electrochemical approach. This thesis
includes linear, nonlinear, and ultrafast optical studies, and some of the photonic structures
have been used in sensing and photonic applications. A systematic study is presented by
combining the transfer matrix method (TMM) and finite element method (FEM) based
COMSOL Multiphysics simulations to simulate the photonic structures, visualize the field
propagation, and support various experimental results in the thesis.

Free-standing porous silicon (FS-PSi) microcavities are fabricated so that they can be used to
do measurements which are based on transmission-mode. Using a femtosecond laser, their
third-order nonlinear optical (NLO) properties and the transient absorption spectroscopy
(TAS) measurements have been done, and interesting results have been found. A FS-PSi
microcavity has been utilized to record the reflection and transmission kinetics simultaneously
for real-time sensing applications of small-chain alcohols. This highlights the advantages of
FS-PSi microcavities for low-dielectric analytes over electrical sensors.

Complementary studies on organic porphyrin have been done to explore the nonlinear optical
studies by focusing on the multi-photon absorption in Q bands over a broad range of 400-
1600 nm, which has not been previously explored. Later, this porphyrin solution has been
utilized to impregnate the PSi optical microcavity to study the interaction between them as a
hybrid system. These kind of systems can be used for tunable light sources and optoelectronic
applications. To utilize the PSi microcavity for this hybrid application, a systematic cavity
mode tuning has been done from near UV-Vis to the NIR region. At the end of the thesis,
aperiodic 1D photonic structures like Fibonacci structures have also been fabricated and
compared with the periodic DBR and microcavity.

All these comprehensive studies of the 1D porous silicon photonic structures can open new
avenues to explore fundamental aspects as well as the novel and advanced photonic and
optoelectronic applications.
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degrees from a microscope using white light, (iii) Two dimensional (2D) delay
time vs wavelength map of AA showing the time evolution of various photonic
states.

The transient absorption temporal decay dynamics under 400 nm excitation
extracted at various wavelengths for the FS-PSi microcavities with the cavity
mode (Acav) (@) 516 nm, (b) 540 nm, and (d) 570 nm. PIB refers to photo-induced
bleaching, and PIA refers to photo-induced absorption. Laser parameters (pump:
400 nm, 4.12 x 10> W m, spot size ~59 um, and probe: 430-780 nm, ~70 fs, 1
kHz) with a Gaussian beam profile have been used.

Results of Z-scan intensity-dependent open aperture (a-c) for FS-PSi
microcavities with cavity mode at 516, 540, 570 nm, respectively. Open circles
illustrate experimental data, and solid lines represent the theoretical fittings.
(Laser parameters: 800 nm, ~70 fs, 1 kHz, spot size ~51 um)
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Figure 3.12:

Figure 3.13:

Figure 3.14:

Figure 3.15:

Figure 3.16:

Chapter 4

Figure 4.1:

Figure 4.2:

Variation of two-photon absorption () extracted from OA mode plotted with
increasing laser intensity for the FS-PSi microcavities with cavity modes at (a)
516, (b) 540, and (c) 570 nm, respectively. Open circles illustrate experimental
data, and solid lines represent the theoretical fittings. (Laser parameters: 800 nm,
~70 fs, 1 kHz, spot size ~51 pm)

(a-c) represents the closed aperture Z-scans for FS-PSi microcavities with cavity
modes at 516, 540, 570 nm. Open circles illustrate experimental data, and solid
lines represent the theoretical fittings. (Laser parameters: 800 nm, ~70 fs, 1 kHz,
spot size ~51 pm)

Experimental setup (a) schematic diagram, (b) custom-built for R and T kinetics
associated with the alcohol sensing of FS-PSi microcavities. (Minimum incidence
angle: 15 degrees to accommodate the optics)

(a) Camera picture of a FS-PSi microcavity with cavity mode 590 nm (0 degrees),
(b) Reflection spectrum (0 degrees), (c) portrays the reflection (red), and (d)
illustrates the transmission (blue), sensing dynamics after and before the exposure
of ethanol (refractive index n=1.36) at 15 degrees angle of incidence, (e, f)
represent the respective cavity mode shifting spectra in R and T mode. Layer with
low refractive index np=1.6 (porosity: pL=70%), and high refractive index np=2.4
(pu=45%) have thickness di=92.2 nm, and du=61.4 nm, respectively where the
spacer layer has refractive index nr, and thickness 2dy.

(a) Reflection, and (b) transmission spectra illustrating the cavity mode shifting
spectra after the exposure of 2-propanol (n=1.38) at a 15-degree angle of
incidence.

: Fabrication and Optical Studies of Cavity Peak-Tuned Porous

Silicon-Based Microcavities

(a) Camera images of PSi optical microcavities with Acay ranging 477-871 nm.
(The images taken from a phone camera are just for reference; however, the actual
color may differ from the photograph due to angle and available ambient light
intensity), (b) A general schematic representation of 1D PSi optical microcavity
having low (n.=1.6, porosity: p.= 70%) ) and high (ny=2.4, pu=45%) refractive
indices.

FESEM image of PSi optical microcavity with cavity mode at 675 nm.
Parameters: low refractive index (n.=1.6, d.=105.5 nm, porosity: pL= 70%), high
refractive index (np=2.4, du=70 nm, pu=45%) , and a spacer layer with low
refractive index (ns=1.6, ds=2d.=211 nm, ps=prL= 70%).
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Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Experimental reflection spectra PSi microcavities (Acav, 477-871 nm) at 0 degrees
(Inset: Camera pictures of the samples as a reference, however the color is
subjective to the angle, light condition and camera sensor). The fabrication
parameters are given in Table 4.1.

(a) Reflection intensity spatial map of porous silicon microcavity (Acay =675 nm)
on Si substrate as a reference (inset: camera image) at selective wavelength 675
nm (6=0°) along with its scan in (b) X-direction, as well as (c¢) Y-direction, (d)
Reflection spectra near the center of the PSi microcavity with cavity mode at 675
nm (0 degrees). The microcavity has low refractive index (n.=1.6, d.=105.5 nm,
porosity: p.= 70%) and high refractive index (ng=2.4, du=70 nm, pp=45%), and
spacer layer with low refractive index (ns=1.6, ds=2dr=211 nm, ps=prL= 70%)

(a) A schematic representation of PSi microcavities in COMSOL simulation with
low (n.=1.6 £ 0.01, extinction coefficient: k=0, di=105.5 nm) and high (np=2.4
+ 0.01, k=0, dg=70 nm) refractive indices with air layer on top of the microcavity
structure, and Si as substrate, (b) COMSOL simulated and experimental reflection
spectra of the microcavity with cavity mode at 675 nm at 0 degrees degrees.

(a, b) Represents a COMSOL simulation of the spatial distribution of TE field
intensity at a selective wavelength of 675 nm inside the PSi microcavity having
low refractive index (n.=1.6, di=105.5 nm, porosity: p.= 70%) and high
refractive index (np=2.4, du=70 nm, pp=45%) , and spacer layer with low
refractive index(ns=1.6, ds=2di=211 nm, ps=pr= 70%), (c) represents the
experimental angle-resolved reflection data (black open circle with black error
bars) along with the simulated angle-resolved reflection intensity map, and blue
spectrum represents the reflection (0 degrees), and a white dashed line shows the
theoretical fitting (eq. 4.1).

(a) Angle-resolved energy variation of photonic cavity modes for the selected
microcavities (Acav, 570-871 nm) with fitting parameters given in Table 4.2, (b)
represents the graph plotted with the parameter (nefr) along with the cavity mode
positions extracted from the fitting of angle-resolved reflection. The fabrication
parameters (refractive indices, thicknesses, and porosities) are given in Table 4.1.

The results of TRS of PSi microcavities with Acay ranging from 570-871 nm are
depicted in (a-f). (i) The spectrum indicated in black curves are the reflection
spectra of the respective microcavities at the 0-degree angle of incidence, (ii) the
red curves illustrate the differential reflectivity (AR/R) of the respective, (ii1)
portrays the wavelength versus delay-time AR/R map. Laser parameters: pump:
350 nm (1 kHz, 120 fs, Intensity: 3.54 x 10'> Wm™, spot size ~52 pum), probe:
450-1000 nm (1 kHz, 120 fs)
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Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

Transient reflection decay dynamics in various states for the microcavity with
cavity resonant mode at (a) 570 nm and (b) 655 nm. Laser parameters: pump: 350
nm (1 kHz, 120 fs, Intensity: 3.54 x 10'> Wm™, and spot size ~52 um), probe:450-
1000 nm (1kHz, 120 fs)

Transient reflection decay dynamics in various states for the microcavity with
cavity resonant mode at (a) 723 nm and (b) 766 nm. Laser parameters: pump: 350
nm (1 kHz, 120 fs, Intensity: 3.54 x 10'> Wm™, and spot size ~52 um), probe:450-
1000 nm (1kHz, 120 fs)(1kHz, 120 fs)

Transient reflection decay dynamics in various states for the microcavity with
cavity resonant mode at (a) 826 nm and (b) 871 nm. Laser parameters: pump: 350
nm (1 kHz, 120 fs, Intensity: 3.54 x 10'> Wm™, and spot size ~52 um), probe:450-
1000 nm (1kHz, 120 fs)

Spectral-TRS decay time (t) of photonic bands of the PSi microcavities with Acay
ranging from 570-871 nm (a-f), extracted from Figure 4.8. The spectral variation
of the lifetime is shown in orange. The gray curves represent the reflection
spectra. Laser parameters: pump: 350 nm (1 kHz, 120 fs, Intensity: 3.54 x 10'°
Wm™, and spot size ~52 um), probe:450-1000 nm (1kHz, 120 fs).

Chapter 5: Optical Nonlinearities and Multi-Photon Absorptions in the

Figure 5.1:

Figure 5.2:

Figure 5.3:

Discrete Bands of Porphyrin Molecules

(a) Schematic of the structure of typical porphyrin molecules, (b) transitions
illustrating the origin of B-band and Q-bands to their corresponding energy levels,
and (c) UV-Vis. absorption spectra of porphyrin portraying the discrete levels in
the B-band and Q-bands.

Open Aperture (OA) Z-scan of porphyrin across the 400-1600 nm wavelength
range shows resonant and non-resonant excitations. The traces correspond to (a)
resonant excitation at 400 nm (B band), (b) resonant excitation at 600, 650, and
750 nm (Q bands: Qx (0-1), Qx (0-0), and Qx (0-0) band edge), (c) excitation at
800 nm in the 2PA/3PA region of the B band, (d) excitation at 1100-1450 nm in
the 2PA/3PA region of Q and B bands, and (e) excitation at 1500-1600 nm in the
3PA/APA region of Q and B bands. The absorption spectra on the left represents
the B and Q bands. (Laser: 400-1600 nm (spot size of ~25-102 pm), 120 fs, 1
kHz, Iy=4.1x10'* W.m?)

Example of OA Z-scan data fitted with progressively added multi-photon

absorption (2PA+3PA) terms for 800 wavelengths. Solid lines show the best fit,
while dotted lines represent the misfits from individual components.
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Figure 5.4:

Figure 5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

Figure 5.9:

OA Z-scan data fitted with 2PA+3PA corresponding to 1500 nm excitation
wavelength. Solid lines show the best fit, while dotted lines represent the misfits
from individual components.

(a) Wavelength-dependent nonlinear optical coefficients derived from OA Z-
scans (Figure 5.2), including one-photon absorption (1PA) saturation intensity
(Is1), two-photon absorption (2PA) saturation intensity (Is2), and multi-photon
absorption coefficients: 2PA (B), 3PA (y), and 4PA (3). Dotted lines indicate
trends, while color shading highlights nonlinearities associated with the B or Q-
band regions. (b) Schematic illustration of energy levels and possible nonlinear
absorption processes. (Laser: 400-1600 nm (spot size of ~25-102 um), 120 fs, 1
kHz, at constant Iy=4.1x10'* W.m™)

Closed Aperture (CA) Z-scan of porphyrin across wavelengths ranging from 400
to 1550 nm (spot size of ~25-98.7 um) at a constant intensity of Ip=4.1x10'* W.m"
2, Orange circles represent experimental data, and dark red solid lines indicate the
fitted results. (Laser parameters: 120 fs, 1 kHz).

The plot of the nonlinear refractive index (n2) extracted from CA)Z-scan
measurements as a function of laser excitation wavelengths ranging from 400 to
1550 nm (spot size of ~25-98.7 um), performed at a constant intensity
of I=4.1x10"* W.m™.

(a) Intensity-dependent Open Aperture (OA) Z-scans of porphyrin under resonant
excitation at 400 nm (solid lines represent experimental fits), (b) Intensity-
dependent nonlinear coefticient plots for one-photon absorption (1PA) saturation
intensity (Is1). Dotted lines serve as a guide to the eye. (Laser parameters: 400 nm,
~120 fs, 1 kHz, spot size of ~25 pm).

(a) Intensity-dependent Open Aperture (OA) Z-scans of porphyrin under non-
resonant excitation at 800 nm (solid lines represent experimental fits), (b)
Intensity-dependent plots of extracted nonlinear optical coefficients, including
two-photon absorption (2PA) coefficient (B), saturation intensity (Is2), and three-
photon absorption (3PA) coefficient (y). Dotted lines serve as a guide to the eye.
(Laser parameters: 800 nm, spot size of ~50 um, 120 fs, 1 kHz).

Figure 5.10: Intensity-dependent Closed Aperture (CA) Z-scan of porphyrin at (a) resonant

excitation (400 nm) and (b) non-resonant excitation (800 nm) within the B band.
Solid green lines represent the experimental fits. (Laser parameters: 400 nm (spot
size of ~25 pum) and 800 nm (spot size of ~50 um), 120 fs, 1 kHz).

Figure 5.11: Laser intensity-dependent nonlinear refractive index (n2) extracted from CA Z-

scan measurements of porphyrin at (a) resonant wavelength (400 nm) and (b) non-
resonant wavelength (800 nm). Dotted lines serve as a guide to the eye. (Laser
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parameters: 400 nm (spot size of ~25 um), and 800 nm (spot size of ~50 um), 120
fs, 1 kHz).

Figure 5.12: Ultrafast transient absorption at 400 nm pump excitation (a) The 2D AA map

represents the pump-induced changes in absorption spectra as a function of probe
wavelength (1) and pump-probe delay time(t), (b) representative AA spectra at
various (0-500 ps) time delays, (c-j) illustrates the dynamics at various
wavelengths 350-697 nm fitted to a double exponential model (Equation 5.1).
Laser parameters (pump: 400 nm,120 fs, 1 kHz, Intensity: 62.4 x 10'> Wm™, spot
size ~59 um, and probe: 300-1000 nm, 120 fs, 1 kHz)

Figure 5.13: Ultrafast transient absorption at 800 nm excitation to the porphyrin B/Soret

band. (a) The 2D AA maps the pump-induced change in absorbance as a function
of probe wavelength and pump-probe delay, AA (A, t), (b) representative AA
spectra at various (0-500 ps) time delays, (c) illustrates the kinetics at 420 nm
(within the B band) fitted to a single exponential model. Laser parameters (pump:
800 nm,120 fs, 1 kHz, Intensity: 6.9 x 10'> Wm™, spot size ~119 um, and probe:
300-1000 nm, 120 fs, 1 kHz)

Figure 5.14: Intensity-dependent photoluminescence (PL) of porphyrin molecule from CW

(405 nm) excitation. Various emission peaks are numbered as a reference.

Figure 5.15: Time-resolved photoluminescence (TRPL) of porphyrin under 400 nm

excitation (120 fs, 84 MHz). (a) Wavelength-resolved lifetimes for each peak
(487-720 nm) extracted from the bi-exponential fits show components (11 and 12)
over the PL spectrum (400 nm,120 fs, 84 MHz), where the gray spectra illustrate
the PL of the porphyrin molecule, (b) represent the TRPL decays at 487, 535,
573, 660, and 720 nm with corresponding fits (dashed lines).

Chapter 6: Fabrication and Optical Studies of Hybrid and Aperiodic Porous

Figure 6.1:

Figure 6.2:

Figure 6.3:

Silicon-based 1D Photonic Structures

[lustration of the enhanced emission of an active organic material when
impregnated into the 1D PSi optical microcavity.

(a) Schematic diagram of 1D PSi microcavity, (b) experimental and simulated
(TMM) reflection spectra of PSi microcavity with cavity mode wavelength at 675
nm (inset: camera image of PSi microcavity) with low refractive index (n.=1.6
+ 0.01, di=105.5 nm, porosity: p.= 70%) and high refractive index (np=2.4 +
0.01, du=70.3 nm, pu=45%), and spacer layer with low refractive index (ns=1.6
+0.01, ds=2d =211 nm, ps=pL= 70%).

TMM simulated (a) depth-resolved transverse electric field (TE) and transverse
magnetic (TM) field profile under normal incidence (6=0°) at the cavity
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Figure 6.4:

Figure 6.5:

Figure 6.6:

Figure 6.7:

Figure 6.8:

Figure 6.9:

Figure 6.10:

resonance (Acay=675 nm, ni=1.6 £ 0.01, di=105.5 nm, ny=2.4, du=70 nm and
spacer layer with ni.=1.6 + 0.01, ds=2dr), (b) spectral optical field distribution as
a function of depth across the multilayer PSi 1D microcavity structure at 0 degrees
and 675 nm target wavelength.

Absorption spectra of the commercial organic porphyrin dye (5,10,15,20-
Tetraphenyl-21H,23H-porphine) in ethanol. The orange solid line is 10 times the
black solid line for better visibility of Q-bands.

(a) Experimental normalized PL spectra of the porphyrin in free space ( blue) and
impregnated in 1D PSi microcavity (in red), the gray spectrum represents the
reflection of the microcavity, all measured at a 14-degree angle of incidence. (b)
represents the experimental angle-dependent PL image of porphyrin impregnated
microcavity, the white circles with error bars display the experimental cavity
reflection dips, and the dotted line is a fitting based on equation (3.1, Chapter 3).

(a) The geometric construction of the golden ratio, demonstrating the
mathematical foundation of the sequence, (b) representation of the golden spiral
coming from the golden ratio via the Fibonacci sequence.

Representation of a 1D Fibonacci photonic structure (N layers) derived from the
Fibonacci series. Orange blocks indicate regions of high refractive index, while
blue blocks correspond to regions of low refractive index.

(a-1) TMM simulated reflection spectra of PSi based Fibonacci structures from Fo
to Fg along with the schematics of the corresponding structure (blue layer shows
the low (n.=1.6 = 0.01) and orange layer represents the high (ny=2.4 + 0.01)
refractive index in the schematics of the 1D Fibonacci structure). The value of the
extinction coefficient (k) has been taken as zero.

(a) Reflection spectrum of a periodic PSi DBR with 38 layers. (b) Reflection
spectrum of an aperiodic Fibonacci-based PSi structure (F8). Blue curves
represent TMM simulations, while the red curves show the experimental results.
Schematic representations of the corresponding structures. (Inset: Camera images
of samples)

(a) Reflection spectrum of a periodic PSi microcavity consisting of 43 layers
(structure: 8-layer DBR: A/2 cavity layer: 34-layer DBR). (b) Reflection spectrum
of an aperiodic Fibonacci-based PSi microcavity, incorporating an Fg structure in
place of the second DBR (8-layer DBR: A/2 cavity layer: Fg structure). In both
figures, blue curves correspond to TMM simulations, while red curves depict
experimental reflection. Schematic diagrams of the respective microcavity
structures are shown to the left of each spectrum. (Inset: Camera images of
samples)
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Figure 6.11:

Figure 6.12:

Figure 6.13:

Cross-sectional FE-SEM images of fabricated PSi photonic structures (a) Periodic
PSi distributed Bragg reflector (DBR) comprising 38 alternating layers, (b)
Aperiodic Fibonacci-based PSi structure corresponding to the Fg sequence, (c)
Periodic PSi microcavity consisting of an 8-layer DBR, a central A/2 cavity layer,
and a 34-layer DBR (total 43 layers), (d) Aperiodic PSi microcavity structure
composed of an 8-layer DBR, a central A/2 cavity layer, and an Fg Fibonacci
sequence in place of the second DBR.

(a) Reflection spectral map of the PSi based Fibonacci Fg structure along with the
reflection X scan (horizontal) and Y-scan (vertical) direction to map the photonic
bands, (d) represents the reflection spectra at the center (0, 0) of the sample.
(Inset: camera picture of PSi based Fg structure)

Angle-resolved reflection spectra of the PSi based Fibonacci Fs structure with 34
total layers of low and high refractive index in a Fibonacci sequence of 8™ order.
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Abbreviations

1D, 2D, and 3D One-dimension, Two-dimension, and Three-dimension
LASER Light Amplification by Stimulated Emission of Radiation
PC Photonic Crystal

Si Silicon

PSi Porous Silicon

FS-PSi Free-Standing Porous Silicon

DBR Distributed Bragg Reflector

™M Transfer Matrix Method

EM Electromagnetic

TE Transverse Electric

™ Transverse Magnetic

n Refractive Index

nr/ng Low/High Refractive Index

ns Refractive Index of Spacer/Defect Layer
eV/keV Electron Volt/ Kilo Electron Volt
nm/pm/cm Nanometers/Micrometers/Centimeters
a.u./arb.units Arbitrary Units

fs/ps/ns Femtosecond/Picosecond/Nanosecond
CwW Continuous Wave

FWHM Full Width at Half Maximum

UV, Vis Ultraviolet, Visible

NIR Near Infrared

IR Infrared

SEM Scanning Electron Microscopy

FE-SEM Field Emission Scanning Electron Microscopy
GSB Ground State Bleaching

PIA Photo-Induced Absorption

PIB Photo-Induced Bleaching

ESA Excited State Absorption

SA Saturation of Absorption

RSA Reverse Saturation of Absorption

NLO Nonlinear Optics

1PA One-Photon Absorption

2PA Two-Photon Absorption

3PA Three-Photon Absorption

4PA Four-Photon Absorption

MPA Multi-Photon Absorption

TAS Transient Absorption Spectroscopy

TRS Transient Reflection Spectroscopy
TCSPC Time Correlated Single Photon Counting
OPA Optical Parametric Amplifier

SCG Supercontinuum Generation
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Symbols

Speed of light

Planck’s Constant

Wave vector

Effective sample length

Linear absorption coefficient
Two-photon absorption coefficient
Three-photon absorption coefficient
Four-photon absorption coefficient
Wavelength of light

Linear dielectric susceptibility
Second-order dielectric susceptibility
Third-order dielectric susceptibility
Angular frequency

Nonlinear phase shift

Linear refractive index

Nonlinear refractive index
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