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ABSTRACT

Photonic structures are tailor-engineered materials that comprise light wavelength ordered
periodicity of the modulated refractive index with great potential in optoelectronic devices
technology. Recently, porous silicon (PSi)-based photonic structures provide scientific and
technological distinctive possibilities due to the unique property of PSi to combine with foreign
materials to form functional systems. Further, the optical, electrical, and multi-dynamic PSi
properties demonstrate their advantages and advances in the development of next-generation
photonic, electronics, and optoelectronic devices. In this increasing study age, PSi has shown its
worth in various technical applications, including semiconductor optics, materials science,
photovoltaics, sensors, biomedical, and biotechnology.

This thesis elaborates on the fundamental features of semiconductors, Si, and Si-based nanoporous
photonic architectures such as distributed Bragg reflectors (DBRs) and microcavities and their
practical implications. The broad goal is to investigate the irradiation/implantation effects on the
optical properties and bring out the merit of PSi-based structures (DBRs, MCs, etc.). The present
study is primarily based on a comprehensive investigation of PSi-based optical microcavities after
exposure to different ions (Ar*, N, O, H*, and He") beam irradiation/implantation of various
energies (10 keV—1 MeV) and with a range of ion fluences (1x10%3-1x10® jons/cm?). The
microcavities are realized by an active A/2 spacer layer sandwiched between two DBRs fabricated
by galvanostatic electrochemical etching of heavily doped p*-type Si. Understanding the physical
and chemical mechanisms of ion irradiation/implantation composite formation and their effects
on PSi properties is the key objective of the thesis. Therefore, the current work focuses on
explaining the inexpensive electrochemical methodology and subsequent modifications in
structural, surface morphology, and optical properties of new PSi systems after the various ion-

matter interactions.



The dominant resonant cavity peak of the microcavities shows a notable redshift of ~10-60 nm
towards the higher wavelength region, and significant color contrast is evident in the reflection
images after irradiations. These experimental results compare well with the ion propagation and
are in good agreement with transfer matrix method (TMM) simulations. A substantial
modification of PSi microcavity surface states is visualized through the Raman and X-ray
photoelectron spectroscopies (XPS). The tunability of the optical characteristics arises due to
surface modification in the Si—Si and Si—O structural bonds and thereby change in the refractive
index of individual PSi layers of the microcavity induced by ions. These experimental results,
along with analytical simulations and cavity modelling, conclusively support the realization of
cavity tunability and substantial modification in the optical field intensity and photon confinement
within the microcavity. The results suggest that ion irradiation could be an effective and practical
method to produce highly stable, broadly optically tunable, and designer-suitable photonic
structures. These comprehensive studies of these unique ion-matter frameworks bring up new
possibilities to explore fundamental features as well as advanced and novel optoelectronic

applications.
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current densities (a) J=77 mA/cm? and (b) J=15 mA/cm? for various time
durations (1.2 sec to 10 sec) on an area of 0.65 cm? of the p+-type Si wafer. The
typical color pictures of these PSi samples are also shown alongside spectra.

Figure 3.11: Curve fitting plots of thickness and time for samples prepared at different
optimum anodization current densities (J=15 mA/cm?and 77 mA/cm?) for various
time durations on an area of 0.65 cm? of the p+-type Si wafer.

Figure 3.12: shows a plane wave strikes at a periodic arrangement of layers with various
refractive indexes. E and H represent the electric and magnetic fields between two
neighboring layers at the interfaces.

Figure 3.13: The experimental reflection plots of prepared samples at anodization current
density (J=77 mA/cm?) for various time duration (a) t=1.2 s, (b) 3 s, (c) t=5 s, and
(d) 10 s fitted with their best fittings.

Figure 3.14: The experimental reflection plots of prepared samples at anodization current
density (J=15 mA/cm?) for various time duration (a) t=1.2 s, (b) 3 s, (c) t=5's, and
(d) 10 s fitted with their best fittings.

Figure 3.15: Schematic representation of 10 layered DBR structures.

Figure 3.16: The reflection plots for ten layered DBR prepared from electrochemical etching
in which the wavelength is centered at (a) A=885 nm (b) and A=740 nm.

Figure 3.17: The experimental reflection plots of 10 layered DBRs are simulated with the best
TMM fittings of center wavelength at (a) A=885 nm (b) and A=740 nm. Transverse
Electric (TE) field intensity distribution of DBR in which band gap is centered at
the wavelengths (c) 885 nm and (d) 740 nm.

Figure 3.18: The typical color pictures of the DBRs at the various fabrication parameters are
mentioned in Table 3.2.
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Figure 3.19: Schematic representation of microcavity structure that contains a centre layer
between two DBRs.

Figure 3.20: (a) The experimental reflection plots of 17 layered microcavities have cavity
wavelengths at A=725 nm (MC1) and A=615 nm (MC2). The typical real images
of the same microcavities are shown alongside displays of the respective
reflection color of the cavity mode.

Figure 3.21: (a) The reflectance spectra of 17 layered microcavities have cavity wavelength at
A=663 nm. (b) The reflection spectra of the same microcavity are finest fitted with
simulated reflection spectra. Same as Fig. 3.21 (a), the experimental reflectance
spectra for the different cavity wavelengths at (c) A=624 nm and (e) A=708 nm
and their respective reflection spectra of these same microcavities are finest fitted
with simulated reflection spectra in (d) and (f) respectively.

Figure 3.22: (a) The experimental reflection plots of 17 layered microcavities have different
cavity wavelengths at (a) A=517 nm, (b) A=605 nm, (¢) A=672 nm, (d) A=713 nm,
and (e) A=740 nm prepared at various parameters.

Figure 3.22: The PSi optical microcavity samples demonstrated charming colors that were
prepared with different optimized etching parameters are listed in Table 3.3.

Chapter 4: Cavity Resonance Tunability of Porous Silicon Microcavities by Argon (Ar™)
lon Irradiation

Figure 4.1: Schematic diagram of the PSi-based microcavity, consisted of two DBRs divided
by a high porous spacer layer (ns) having A/2 optical thickness, where nt, di, and
nH, du are refractive index and thickness of high and low porous layers,
respectively.

Figure 4.2: Experimental reflection spectra of both PSi microcavities samples (MC2 and
MC3) before and after Ar* ion irradiation. Dotted lines are the reflection spectra
of the respective unirradiated microcavities. Conventional reflection images of
both (MC2 and MC3) samples show the respective color change in the irradiated
region before and after Ar* ion irradiation.

Figure 4.3: Experimental reflection spectra of two PSi microcavities samples before and after
Ar*ions irradiation with higher ion fluences (5E15 and 1E16 ions/cm?). Note that
there is considerable redshift in their cavity peaks. The dotted lines are the
reflection spectra of the respective unirradiated microcavities. Conventional
reflection images of both irradiated microcavities (5E15 and 1E16 ions/cm?)
show respective color changes from yellow to dark red before and after Ar* ion
irradiation.

Figure 4.4: Shows the cross-sectional high resolution FESEM image of the (a) fabricated
unirradiated (b) Ar* irradiated (1E14 ions/cm?) and (c) Ar* irradiated (1E15
ions/cm?) PSi microcavities respectively with the schematic representation of
layers.
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Figure 4.5: Experimental angle-resolved reflection spectra of the (a) unirradiated microcavity
(MC1) (b) Ar* irradiated microcavity of fluence 1E14 ions/cm? (MC2) and (c)
Ar* irradiated microcavity of fluence 1E15 ions/cm? (MC3) at distinct angles.

Figure 4.6: Experimental angle-resolved reflection spectra plot of the (a) resonant cavity peaks
(Pcav) of both Ar* irradiated microcavities (MC2 and MC3) and unirradiated
microcavity (MC1) (b) same as Figure 4.6 (a), but in cavity resonant peaks in
energy scale. The dotted lines represent the fitting using equation 4.1.

Figure 4.7: (a) Reflection intensity map of MC3 at A=576 nm where the dark red region
represents the Ar* irradiated portion and (b) the conventional image of the same
microcavity. (c) Line scan of reflection spectral map. A shift of the photonic
cavity mode (region 560-580 nm) for the unirradiated and Ar" irradiated region
is marked with blue color square lines.

Figure 4.8: (a) The scanning reflection spectral map images of Ar* irradiated microcavity
(1E15 ions/cm?) in two different directions (say X and Y directions) with respect
to the irradiated region of the sample showing the red-shift of photonic cavity
mode in the Ar* irradiated region of MC3. Note that dark blue arrows indicate the
narrow yellow line, which represents the photonic cavity mode of MC3.

Figure 4.9: Reflection spectral line scan profile images of MC3, which represents (a) highly
Ar" irradiated region of the MC3 at A=584 nm and (b) unirradiated area of the
same sample at A=570 nm, which confirms the actual conventional image.

Figure 4.10: Raman spectra of (a) pristine silicon (b) unirradiated microcavity (MC1) (c) Ar*
irradiated microcavity (MC2) of fluence 1E14 ions/cm? and (d) Ar* irradiated
microcavity (MC3) having fluence 1E15 ions/cm? with excitation 532 nm laser.

Figure 4.11: Raman spectra of pristine silicon (Sip), unirradiated microcavity (MC1) and Ar*
irradiated microcavities (MC2 and MC3) at different spectral ranges as (a) from
200 cm™* to 450 cmt, and (b) from 450 cm™ to 650 cm™ with 785 nm laser.

Figure 4.12: FTIR absorbance spectra of pristine silicon (Sip), unirradiated microcavity (MC1)
and Ar* irradiated microcavities (MC2 and MC3) at various spectral ranges as (a)
from 450 cm™ to 800 cm?, (b) from 800 cm™ to 1200 cmand (c) from 2600 cm-
1t0 3100 cm™.

Figure 4.13: (a) Experimental and TMM simulated reflection spectra of MC1 at angle 15°
almost overlap each other and offer fitting parameters. (b) TMM simulated optical
field (TE) intensity localized in the unirradiated microcavity (MC1) at 15° (c)
spatial map of optical intensity (reflectivity) vs. wavelength at angle 15° (d)
spatial map of optical intensity (reflectivity) vs. angle at A=562 nm (e)
experimental angle-dependent reflection images of MC1.

Figure 4.14: (a) Shows the experimental and TMM simulated reflection spectra of MC2 at
angle 15° (b) TMM simulations of optical (reflectivity) field (TE) intensity
localized in the Ar* irradiated microcavity (1E14 ions/cm?) (MC2) at angle 15°
for A= 570 nm having energy 2.17 eV (c) spatial map of optical (reflectivity)
intensity vs. wavelength at angle 15° and (d) spatial map of optical (reflectivity)
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intensity vs. angle at A=570 nm and (e) experimental angle-dependent reflection
images of MC2. The open white circles represent the experimental resonance
energy cavity peak positions of reflection spectra dips, and the solid line is from
the corresponding simulated resonance cavity mode of the same sample.

Figure 4.15: (a) Shows the experimental and TMM simulated reflection spectra of MC3 at
angle 15° (b) TMM simulations of optical (reflectivity) field (TE) intensity
localized in the Ar* irradiated microcavity (1E15 ions/cm?) (MC3) at angle 15°
for A=576 nm having energy 2.15 eV (c) spatial map of optical (reflectivity)
intensity vs. wavelength at angle 15° and (d) spatial map of optical (reflectivity)
intensity vs. angle at A=576 nm (e) experimental angle-dependent reflection
images of MC3. The open white circles represent the experimental resonance
energy cavity peak positions of reflection spectra dips, and the solid line is from
the corresponding simulated resonance cavity mode of the same sample.

Figure 4.16: Shows the TRIM simulated penetration depth profile ranges of Ar* ions (a) in
pristine Si at 15 keV energy and proceeds up to the first two layers of PSi DBR
having eight layers at energies (b) 5 keV (c) 10 keV and (d) 15 keV respectively
with a schematic representation of DBR with eight layers.

Figure 4.17: The cross-sectional high-resolution FESEM image of the (a) fabricated
unirradiated (MC1) PSi microcavity with the schematic representation, (b) and
(c) shows the TRIM simulations considering 10000 Ar* ions of 10 keV, in the top
first two PSi layers.

Chapter 5: Tunable Characteristics of Porous Silicon Optical Microcavities by Energetic
Nitrogen (N) lon Beams Interactions

Figure5.1: The 3-D schematic representation of the PSi-based microcavity with a spacer layer
(ns, ds) of high porosity, A/2 optical thickness between two DBRs (where nn, dn,
and n, do are refractive index and thickness of low and high porous layers,
respectively. A= 690 nm).

Figure 5.2: Experimental reflectance spectra of both PSi microcavities (MC2 and MC3) before
and after N ion beam interactions. A dotted line shows the reflectance spectra of
respective unirradiated microcavity (MC1). The color changes before and after N
ion beam interaction is shown in the conventional reflection images of both (MC2
and MC3) samples.

Figure 5.3: (a) Line scan of reflection spectral horizontal map of MC2 (half the portion is ion-
implanted with 200 keV, fluence 1E15 ions/cm?) to differentiate the irradiated
and unirradiated regions. The photonic cavity mode shows a redshift (region 690-
760 nm) from unimplanted to N ion-implanted regions marked with a blue arrow.
This is also confirmed by the respective (b) redshift of the reflectance spectrum
of MC2 (highlighted with colored squares lines). The conventional image of the
MC2, where the dark black region represents the N ion implanted portion.
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Figure 5.4:

Figure 5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

Reflection spectral mapping images represent the implanted (I) and unimplanted
(IT) regions of the same microcavity at corresponding wavelengths (a) Ac=750 nm
(irradiated) and (b) Ac=700 nm (unirradiated) respectively.

(a) Reflection intensity map of MC2 where red region (I) and orange region (II)

represents the N irradiated and unirradiated portion, respectively. (b) The
conventional image of the same microcavity confirms the above spatial map
image by indicating the same regions. Line scan reflection spectral map of N
irradiated microcavity (200 keV, 1E15 ions/cm?) in two different directions, say
(c) right (X) and (d) left (Y), with respect to the irradiated part of the sample. A
redshift of the photonic cavity mode (region 600-750 nm) for unirradiated and N
irradiated region are marked with blue color square lines. Note that arrows are
indicating towards the narrow yellow line, which represents the photonic cavity
mode of MC2.

Raman spectra of (a) pristine silicon (Sip); (b) unirradiated (MC1), (c) MC2 and
(d) MC3 microcavities. The excitation wavelength used is 532 nm.

The high resolution FESEM cross-sectional micrograph of the (a) fabricated
unirradiated (MC1) (b) N implanted (200 keV, fluence-1E15 ions/cm?) (MC2)
and (c) N irradiated (1 MeV, fluence-1E15 ions/cm?) (MC3) PSi microcavities
respectively along with the schematic representation of PSi layers.

(@) Si-2p core-level XPS spectra of MC1, MC2, and MC3. The deconvoluted
Gaussian peaks marked as 1,2,3,4, and 5 are attributed to Si 2p1/2, Si 2pas2, SizNa,
SiONy, and SiO2. XPS spectra of (b) N-1s and (c) O-1s core levels.

Figure 5.9. FTIR absorbance spectra of pristine Si (Sip), unirradiated (MC1), MC2 and MC3

Figure 5.10

microcavities at various spectral ranges as (a) from 800 cm™ to 1200 cm™, and
(b) from 2200 cm™* to 3600 cm™.

: (a) Experimental reflection spectra of unirradiated microcavity (MC1) simulated

with TMM spectra, cavity peaks nearly coincide and evolving fitting parameters.
(b) TMM simulated optical field (TE) intensity contained in the MC1 at 4°. The
spatial maps of optical (reflectivity) intensity (c) vs. angle at A.= 690 nm (d) and
vs. wavelength at incident angle 4° are exhibited. (¢) The TMM simulated
reflection spectral map implies an angle-dependent cavity mode variation of MC1
(highlighted in the dotted ellipse).

Figure 5.11: (a) Shows the experimental and TMM simulated reflection spectra of MC2 at

angle 4° (b) TMM simulations of optical (reflectivity) field (TE) intensity
localized in the N implanted microcavity (200 keV, 1E15 ions/cm?) (MC2) at
incident angle 4° for A= 750 nm having energy 1.65 eV (c) spatial map of optical
(reflectivity) intensity vs. angle at Ac= 750 nm and (d) spatial map of optical
(reflectivity) intensity vs. wavelength at incident angle 4° and (e) experimental
angle-dependent reflection images of MC2. The solid line is from the
corresponding simulated resonance cavity mode of the same sample.

Figure 5.12: (a) Shows the experimental and TMM simulated reflection spectra of MC3 at

angle 4° (b) TMM simulations of optical (reflectivity) field (TE) intensity
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Figure 5.13:

localized in the N irradiated microcavity (1 MeV, 1E15 ions/cm?) (MC3) at
incident angle 4° for A=722 nm having energy 1.72 ¢V (c) spatial map of optical
(reflectivity) intensity vs. angle at A:=722 nm (d) spatial map of optical
(reflectivity) intensity vs. wavelength at incident angle 4° and (e) experimental
angle-dependent reflection images of MC3. The solid line is from the
corresponding simulated resonance cavity mode of the same sample.

(a) The TRIM simulated ion-range distribution of N ions in pristine Si and PSi
layers of microcavity structure at energies (a) 200 keV and (b) 1 MeV layers,
respectively, with the schematic representation of optical microcavity of 17 layers
having a spacer layer embedded between two DBRs. Note that lower energy N
ions (200 keV) penetrated all PSi layers of microcavity while higher energy ions
(1 MeV) settled down in the Si substrate beyond the PSi layers. Figures (c) and
(d) show TRIM simulated ion-penetration depth profile of N ions, same as Figures
5.13 (a) and (b) but in X-Y axes scale, respectively.

Chapter 6: Tuning the Optical Properties of Porous Silicon-based Microcavities by

Energetic Oxygen lon Beams for Optoelectronic Applications

Figure 6.1: 3-D schematic diagram of PSi-based optical microcavity consisted of two DBRs

Figure 6.2:

Figure 6.3:

Figure 6.4.

divided by a high porous spacer layer (ns, ds), where n., d., and nn, dy are
refractive index and depth of high and low porous layers, respectively.

The experimental reflectance spectra of both unirradiated microcavities (UC1,
UC2) and next to 1 MeV O ion irradiated at fluences (a) 1E15 (MCM15) and (b)
1E16 (MCM16) ions/cm?. Post-ion interaction, the conventional reflection
images of both samples show substantial color change from unirradiated to
irradiated regions.

The experimental reflectance spectra of 20 keV energetic O ion irradiated
microcavities with ion-fluences (A) 1E13 (MCk13), (B) 1E15 (MCk15) and (C)
1E16 (MCk16) ions/cm? along with their respective (dotted lines) reflectance
spectra of unirradiated microcavities (UC3, UC4, UC5). The colored elliptical
orbits indicate their concerned cavity-peak shift. The conventional reflection
pictures of each sample (a-c) show substantial color change from (i) unirradiated
to (ii) irradiated portions of these images.

(@) Experimental and TMM simulated reflection spectra of MCM15 almost
coincide with each other and proposed fitting parameters. (b) TMM simulated
optical (reflectivity) field (TE) intensity localized in MCM15 at A.=674 nm, (c)
spatial maps of optical intensity (reflectivity) vs. angle at Ac=674 nm (d) and vs.
wavelength, and (e) angle-dependent reflection layout of MCM15.

Figure 6.5: (a) Shows the experimental and TMM simulated reflection spectra of unirradiated

(UC1) microcavity (b) TMM simulated optical (reflectivity) field (TE) intensity
localized in UCL1 at A.= 654 nm (c) spatial maps of optical (reflectivity) intensity
vs. angle at A.= 654 nm and (d) intensity vs. wavelength (e) experimental angle-
dependent reflection images of UC1. The solid line forms the corresponding
simulated resonance cavity mode of the same sample.
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Figure 6.6: (a) Shows the experimental and TMM simulated reflection spectra of unirradiated
(UC2) microcavity (b) TMM simulated optical (reflectivity) field (TE) intensity
localized in UC2 at .= 645 nm (c) spatial maps of optical (reflectivity) intensity
vs. angle at A= 645 nm and (d) intensity vs. wavelength (e) experimental angle-
dependent reflection images of UC2. The solid line forms the corresponding
simulated resonance cavity mode of the same sample.

Figure 6.7: (a) Shows the experimental and TMM simulated reflection spectra of 1 MeV O
irradiated (MCM16) microcavity of fluence 1E16 ions/cm? (b) TMM simulated
optical (reflectivity) field (TE) intensity localized in MCM16 at A.= 665 nm (c)
spatial maps of optical (reflectivity) intensity vs. angle at A.= 665 nm and (d)
intensity vs. wavelength (e) experimental angle-dependent reflection images of
MCM16. The solid line forms the corresponding simulated resonance cavity
mode of the same sample.

Figure 6.8: (a) Experimental and TMM simulated reflection spectra of 20 keV O irradiated at
a fluence of 1E13 ions/cm? (MCk13) almost coincide with each other and fitting
resolved optical parameters. (b) TMM simulated optical (reflectivity) field (TE)
intensity localized in MCKk13 at A.=545 nm, (c) spatial maps of optical intensity
(reflectivity) vs. angle at A.=545 nm (d) and vs. wavelength, and (e) angle-
dependent reflection layout of MCk13.

Figure 6.9: (a) Shows the experimental and TMM simulated reflection spectra of 20 keVV O
irradiated (MCk15) microcavity of fluence 1E15 ions/cm? (b) TMM simulated
optical (reflectivity) field (TE) intensity localized in MCk15 at A.=540 nm (c)
spatial maps of optical (reflectivity) intensity vs. angle at A.=540 nm and (d)
intensity vs. wavelength (e) angle-dependent layout of MCk15. The solid line
forms the corresponding simulated resonance cavity mode of the same sample.

Figure 6.10: The TRIM simulated pictures considering 10000 O ions of 1 MeV, (a) and (b)
show the projected range and ion propagations in PSi layers of microcavity and
compared with bare Si.

Figure 6.11: The TRIM simulated photographs of 10000 O ions having 20 keV, (a) and (b)
show projected depth and ion configurations in PSi layers of microcavity and
assimilated with bare Si.

Chapter 7: Photonic Cavity Mode Tuning in Porous Silicon-Based Microcavities by He*
and H* lon Irradiation

Figure 7.1: (a) The experimental reflectance spectra of 35keV He" ion irradiated microcavities
at ion-doses 1x10% (MCHel), 5x10% (MCHe2), and 1x10*® (MCHe3) ions/cm?.
The dotted lines represent their unirradiated microcavities (UC1, UC2, UC3)
reflectance spectra. Note that after the post-ion treatment, there is a shift in cavity
peaks. (b) The typical reflection images of samples indicate substantial color
change after ion interaction (indicated by arrows).

Figure 7.2: (a) The experimental reflectance spectra of H" irradiated microcavities of 35 keV
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energy with ion-doses1x10*® (MCH1), 5x10* (MCH2), and 1x10'® (MCH3)
ions/cm? inclusive of their dotted lines reflectance spectra of unirradiated
microcavities (UC4, UC5, UC6). The colored dotted ellipses pointed out their
concerned cavity peaks. (b) The typical reflection pictures of each sample feature
considerable color change due to ion interaction.

Figure 7.3: Show the experimental reflection spectra of unirradiated PSi microcavities (a)

Figure 7.4:

Figure 7.5:

(UC1-UC3) and (b) (UC4-UCB6). These spectra are compared with corresponding
TMM simulated reflection spectra. Details are listed in Tables 7.1 and 7.2.

Show the experimental reflection spectra of He* ion irradiated microcavities (a)
(MCHel-MCHe3) and (b) H* ion irradiated microcavities (MCH1-MCH3) are
compared with their corresponding TMM simulated spectra. Details are listed in
Tables 7.1 and 7.2.

(@ TMM simulated optical (reflectivity) field (TE) intensity localized in
unirradiated microcavity (UC4) at A.= 556 nm (b) spatial maps of optical
(reflectivity) intensity vs. angle at A= 556 nm and (c) intensity vs. wavelength.
Similar simulated maps (d-f) and (g-i) are shown for the other two unirradiated
microcavities (UC5 and UC6) with their cavity peak wavelengths at A.= 548 nm
and A.= 550 nm, respectively.

Figure 7.6: (a) TMM simulated optical (reflectivity) field (TE) intensity localized in of 35keV

Figure 7.7:

H* irradiated at fluence of 1x10% ions/cm? (MCH1) at A.= 573 nm (b) spatial
maps of optical (reflectivity) intensity vs. angle at A= 573 nm and (c) intensity
vs. wavelength. Similar simulated maps (d-f) and (g-i) are shown for the other
two 35 keV H" irradiated microcavities of ion fluences 5x10% and 1x10%
ions/cm? ions/cm? (MCH2 and MCH3) with their cavity peak wavelengths at
Ac=574 nm, and A.= 575 nm respectively.

: (@) TMM simulated optical (reflectivity) field (TE) intensity localized in
unirradiated microcavity (UC1) at A.= 546 nm (b) spatial maps of optical
(reflectivity) intensity vs. angle at A= 546 nm and (c) intensity vs. wavelength.
Similar simulated maps (d-f) and (g-i) are shown for the other two unirradiated
microcavities (UC2 and UC3) with their cavity peak wavelengths at A.= 564 nm
and A.= 562 nm, respectively.

Figure 7.8: (a) TMM simulated optical (reflectivity) field (TE) intensity localized in of 35keV

He* irradiated at fluence of 1x10% jons/cm? (MCHel) at A.= 574 nm (b) spatial
maps of optical (reflectivity) intensity vs. angle at Ac= 574 nm and (c) intensity
vs. wavelength. Similar simulated maps (d-f) and (g-i) are shown for the other
two 35 keV He" irradiated microcavities of ion fluences 5x10° and 1x10%
ions/cm? ions/cm? (MCH2 and MCH3) with their cavity peak wavelengths at
Ac=597 nm, and A.= 610 nm respectively.

Figure 7.9: The TRIM simulated pictures of ion propagations and distributions inside PSi

layers of the microcavity. (a) for He™ ions of 35 keV, and (b) for H* ions of the
same energy. Figures (c) and (d) exhibit the same as Figure 7.9 (a) and (b) but on
another scale (X-Y axes), respectively. Here, 10000 ions are considered.
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List of Tables

Chapter 2: Experimental Techniques

Table 2.1: List of elements with an available energy range for exposure in 30kV Tabletop
accelerator [185].

Table 2.2: List of elements with an available energy range for exposure of light mass elements
in 60 kV Tabletop accelerator [185].

Table 2.3: The following are some examples of commonly available positive ion beams, along
with their charge states, energies, and beam currents [185]:

Chapter 3: Fabrication and Characterization of Photonic Structures

Table 3.1: The Table represents the porosity, thickness, and refractive index for all samples,
which are etched with various anodization current densities and different etching
times of the same etching area. The reflection spectra and their corresponding
fittings are shown in Figures 3.13 and 3.14.

Table 3.2: The Table shows the fabrication specifications for different prepared DBRs with a
range of beautiful colors, as seen in Figure 3.18 above.

Table 3.3: As shown in Figure 3.23 above, the Table displays the fabrication specifications for

various prepared microcavities in a variety of lovely hues.

Chapter 4: Cavity Resonance Tunability of Porous Silicon Microcavities by Argon (Ar)
lon Irradiation

Table 4.1: Microcavity resonant cavity fitting parameters derived from equation (4.1) are listed
here.

Table 4.2: The fitting parameters of unirradiated and Ar ™ ion irradiated PSi microcavities at
15° determined from TMM simulations.

Table 4.3: The ion beam parameters considering 5, 10, and 15 keV Ar" irradiations as
determined from SRIM simulations.
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Chapter 5: Tunable Characteristics of Porous Silicon Optical Microcavities by Energetic
Nitrogen (N) lon Beams Interactions

Table 5.1: The effective change in the resulting optical parameters of the PSi microcavities
after their exposure to N ions of different energies.

Table 5.2: The various Si-phases and structure identification in the observed Raman bands of
pristine Si, MC1, MC2, and MC3 are determined from the best curve-fitting.

Table 5.3: The resulting parameters of unirradiated and N irradiated PSi microcavities at
incident angle 4° determined from TMM simulations fitting.

Table 5.4: The ion beam parameters considering different energies of N treatments as
determined from SRIM simulations.
Chapter 6: Tuning the Optical Properties of Porous Silicon-based Microcavities by

Energetic Oxygen lon Beams for Optoelectronic Applications

Table 6.1: The experimentally obtained optical parameters from TMM simulations fittings
demonstrate pronounced alteration due to 1 MeV O ions treatment.

Table 6.2: The experimental optical parameters obtained for microcavities after 20 keV O ion
beam interactions from the TMM simulations display changes due to irradiation.

Table 6.3. The energy-dependent parameters considering 1 MeV and 20 keV O ion beams
treatments as determined from SRIM simulations.
Chapter 7: Photonic Cavity Mode Tuning in Porous Silicon-Based Microcavities by He*

and H* lon Irradiation

Table 7.1: The experimental optical parameters obtained for microcavities after 35 keV He*
ion beam interactions from the TMM simulations.

Table 7.2: The experimental optical parameters obtained for microcavities after 35 keV H* ion
beam interactions from the TMM simulations.

Table 7.3: The energy-dependent parameters of He™ and H* ion beams with 35 keV energy
treatments as determined from SRIM simulations.

Table 7.4: The list of previous experimental optical results obtained from the TMM

simulations that compared the pristine microcavities after Ar, N, and O ion beam
interactions of these microcavities (Ref. 18-20).
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Abbreviations and Symbols

PSi Porous Silicon
eV/keV/IMeV Electron volt/ Kilo electron volt/Mega electron volt
nm/um/cm Nanometers/micrometers/centimeters
a.u./arb.units Arbitrary units
n Refractive index
t/d Thickness/optical thickness
k Extinction coefficient
Neff Effective refractive index
E Energy
EM Electromagnetic
TE Transverse electric
DBRs Distributed Bragg Reflectors
MCs Microcavities
UCs Unirradiated microcavities
T™MM Transfer matrix model
TRIM Transfer of ions in matter
SRIM Stopping and ranges of ions in matter
EMA Effective medium approximation
DI Deionized water
1-D One-Dimensional
2-D Two-Dimensional
3-D Three-Dimensional
SEM Scanning Electron Microscope
FE-SEM Field Emission Scanning Electron Microscope
FTIR Fourier Transform Infra-Red Spectroscopy
XPS X-ray Photoelectron Spectroscopy
EDX Energy Dispersive X-ray Spectroscopy
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DPXPS
ARXPS
UPS
RSS-VA
SMA
NIR
PL
FWHM
Q-factor

Pcav

Ec
SelSn
BF/ DF
SED
BSED
ND
Cw
Sip
c-Si
n-Si
a-Si
TO/LO
TA/LA

UV, Vis

LEIBF
PIBF

NIIBF

Depth profiling X-ray photoemission spectroscopy
Angle-resolved X-ray photoemission spectroscopy
Ultraviolet photoemission spectroscopy
Variable-angle Reflection Sampling System
Sub Miniature version A
Near Infrared region
Photoluminescence
Full width at half maxima
Quality factor
Cavity peaks
Cavity photon energy at angle 0
Cavity photon energy at normal incidence (or 6=0°)

Electronic/Nuclear energy loss
Bright Field/ Dark Field
Secondary Electron Detector
Back Scattered Electron Detector
Neutral density
Continuous Wave
Pristine silicon
Crystalline Silicon
Nanocrystalline Silicon
Amorphous Silicon
Transverse optical/Longitudinal optical
Transverse acoustical/Longitudinal acoustical
Ultraviolet, Visible
Infrared
Low Energy lon Beam Facility
Positive lon Beam Facility

Negative lon Implanter Beam Facility
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PIG Penning lon Generator

ATR Attenuated Total Reflectance
ATA Attenuated Total Absorption
NPs Nanoparticles

NAP Near ambient pressure
ECR Electron Cyclotron Resonance
UHV Ultra-high vacuum

BE Binding energy

WE Working Electrode

CE Counter Electrode

RE Reference Electrode
SCE Saturated calomel electrode
AgCl Silver chloride electrode
CRT Cathode ray tube

CCD Charge coupled device
RIE Reactive ion etching
VLS Vapor-liquid-solid

LED Light emitting diode

MIVOC Metal lons from Volatile Organic Compounds
GBSH Gentle Beam Super High

Ref. References
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