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Abstract

Silicon nitride thin films have been used in numerous fields since the beginning of the
microelectronics revolution. These films have been utilized in optical and microelectronic
devices due to their excellent optical, chemical, and mechanical properties. Applications
also include surface passivation, device encapsulation, impurity barriers, dielectric gate
material, and optical coatings. With its stability and suitability for photonics, the non-
stoichiometric amorphous SiNx:H has several benefits, including composition tunability
(from Si-rich to N-rich), which leads to a wide range of optical and electrical
characteristics, and a wide spectrum operation band from visible to infrared frequencies.
These properties are mostly determined by material composition and microstructure of the
films, which are controlled by the conditions and methods of deposition. The technique
commonly used to produce silicon nitride thin films, typically a-SiNx:H, involves plasma-
enhanced chemical vapor deposition (PECVD) due to the hydrogen introduced during the
process. The optical and electrical properties of these films are strongly influenced by their
hydrogen content. This thesis investigates the optical, microstructural, and electrical
properties of stoichiometric and non-stoichiometric a-SiNx:H thin films for photovoltaic
and plasmonic applications. Furthermore, the thesis investigates the impact of different
post-treatments, such as laser texturing, plasma treatment, and rapid heavy ion irradiation,

with a focus on utilizing optoelectrical characteristics.

The first research problem described in the thesis deals with the optical characteristics of
single- and double-layer a-SiNx:H thin films with varying stoichiometry grown using the
PECVD method that are pertinent for photovoltaic applications. Over a broad range of
wavelengths, it was found that the double layer SiNx exhibits superior anti-reflection

properties than a single layer. Furthermore, Fourier-transform infrared spectroscopy is used
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to validate that hydrogen is present in the films were formed under carefully chosen
processing conditions. The study also examines the short circuit current density (Jsc) values
and measures the minority carrier lifetime for both single- and double-layer a-SiNx:H. The
a-SiNx:H double layer can be used as an antireflection coating (ARC) for solar cells
because it can produce high absorptivity in many optoelectronic devices. This is shown by
the measured carrier lifetime, Jsc values, and higher efficiency (about 21% more than the

bare solar cell).

The second research problem explores the use of simple ultrafast laser writing as a post-
deposition treatment for the creation of hierarchical a-SiNx:H microstructures to make an
efficient anti-reflection coating. The PECVD technique is used to manufacture a broad
range of Si-rich to N-rich a-SiNx:H thin films with varying optical bandgap (2.32 to 5.94
eV) and refractive index (2.8 to 1.7) of wavelength-ordered (~A/4) thickness. Nonlinear
light-matter interactions gave rise to a variety of nano- and microstructures with systematic
breadth and depth when a high-intensity femtosecond laser (800 nm, 120 fs, 1 kHz)
interacted with a-SiNx:H films. These micro-nanostructures, which are highly disordered,
were shown experimentally over a vast area of around 1 cm?, and they show strong light
absorption and trapping capabilities throughout a broad spectral band of 200—1000 nm.
Broadband anti-reflective coatings are well suited for improving light harvesting from
prefabricated solar systems when reflection losses are significantly reduced from 30% to

2.8% from pre- to post-laser texturing.

Recent years have seen a surge in research on metallic nanostructures due to the emergence
of several important applications utilizing localized surface plasmon resonance (LSPR), a
special optical property of nanocomposite films containing embedded metallic

nanoparticles (NPs) within insulating media in the UV-Vis and NIR ranges. Surface-
Vi



enhanced Raman spectroscopy (SERS) is a highly effective analytical technique with
applications in fields like analytical chemistry, food safety, and forensic science. It
capitalizes on the LSPR phenomenon occurring at metal surfaces and interfaces. These
surfaces generate an amplified electromagnetic field, significantly boosting SERS signals.
High surface area further enhances this effect by providing more active sites for analyte
molecules to interact with metal nanoparticles, significantly increasing signal

enhancement.

The third research problem addresses the tuning of the LSPR of gold nanoparticles (Au
NPs) by varying incident ion fluences during Swift Heavy lon (SHI) irradiation. Increasing
incident ion fluence initially caused a blue shift in LSPR, but beyond a certain dose, it
diminished. The annealed Au NPs (diameter ~12 nm), embedded in a thin SisN4 matrix
deposited by PECVD, were exposed to various 120 MeV Au*® fluences to engineer shape
and interparticle distance. The main objectives were to explore how SHI-induced
morphological changes tune optical characteristics. Optical reflection spectra for pre- and
post-irradiated samples were measured using UV-Vis spectroscopy. The characterizations
using high-resolution cross-sectional Transmission Electron Microscopy (TEM) and
synchrotron radiation-based Grazing-Incidence Small-Angle X-ray Scattering (GI-SAXS)
confirmed the influence of mean inter-particle distance and anisotropic shape deformation
on the optical response. Finite Domain Time Difference (FDTD) simulations validated our
understanding, while Grazing-Incidence X-ray Diffraction (GI-XRD) and GI-Wide-Angle
X-ray Scattering (GI-WAXS) confirmed the crystalline nature of NPs. The dependence of
shape deformation on initial NP dimensions and ion fluence was analyzed through GI-
XRD/GI-WAXS, supported by X-TEM data. Correlation with a thermal spike model-based
analysis elucidated the process of shape deformation and discussed the impact of irradiation
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on structural and optical characteristics, emphasizing LSPR tuning. An important
application demonstrated was the SERS of LSPR in a metal-dielectric (Au-SisNa)

nanocomposite in the visible wavelength region.

Having employed SisN4 in various configurations and subjected it to diverse post-treatment
methods, the final research problem of the present thesis addresses the use of SisNs as a
substrate in hybrid structures combined with 2D semiconducting materials. The aim is to
create heterostructures, assessing the capability of this combination and its potential
application in optoelectronic devices. Among 2D semiconducting materials, two-
dimensional transition metal oxide materials, particularly a-MoOs, have garnered
significant attention due to their excellent structural, chemical, electrical, catalytic, and
optical properties. A semiconductor with an indirect wide band gap is intrinsic a-Mo0O:s.
They possess a perovskite-like structure, which makes them a suitable candidate for
optoelectronic and photocatalytic applications. Several studies in past literature were
carried out to know more about the superior optoelectrical, structural, and morphological
properties of MoOs depending on post-treatment methods such as annealing,
hydrogenation, oxygen plasma, etc. Although there have been few reports addressing
defect-induced luminescence processes for these flakes, there has been a lack of studies
addressing the impact of the plasma treatment on the a-M0QO3’s microstructure and optical
properties, which greatly affect their use in device applications. As an alternative post-
treatment method, the final chapter aimed to show that by adjusting the exposure duration
of plasma treatment, one can controllably tune the structural and optical properties of as-
deposited a-MoOs flakes via defect engineering of oxygen vacancies (Vo), a technology
that can even be further adopted for several other TMOs such as VOx and WOx.

Layered MoOs flakes were deposited on a SisN4/Si substrate through Chemical Vapor
viii



Deposition (CVD), which were subjected to varying durations of Ar plasma treatment. The
cold plasma treatment proves effective in modifying the optical and structural attributes of
MoOs. This chapter examines how different durations of ex-situ plasma treatment, ranging
from 15 to 45 minutes, impact the structural, luminescent, and optical properties, as well
as the surface morphology of both pristine and treated samples. Utilizing XRD, Raman,
FTIR, EPMA, and UV-Visible-NIR spectroscopy measurements, we assess the influence
of plasma exposure duration on the optical, morphological, and structural characteristics of
MoOs. Surface morphology displays diverse appearances depending on the duration of
plasma exposure after treatment, as evidenced by optical and structural analyses, which are
further verified through SEM measurements. The room-temperature photoluminescence
(PL) investigation reveals that plasma-induced oxygen vacancies contribute to the observed
effects. These findings, elucidating the opto-luminescent characteristics of MoOs flakes,
represent a significant advancement with implications for various applications in
optoelectronics, energy storage, and sensing devices. This dissertation emphasizes the
importance of applying post-treatment methods to a-SiNx:H films and nanocomposites,
specifically in diverse setups, including dielectric matrices, ARCs, and substrates in hybrid
structures. The proposed approach suggests that post-treatment can significantly enhance
the characteristics of SisN4 films, rendering them more suitable for applications in

dielectrics, multilayer structures, hybrid materials, and optical coatings.
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Figure 4- 6. Raman spectra of all SiNx: H films (R= 1.77 to 0.28) showing vibration modes such
as LA, TO, 2TA along with the presence of f-phase from N-rich to Si rich including near

stoichiometric COmMPOSIION FIlMS. .......oiiiiiiii s 95

Figure 4- 7. Close view of the representative Raman spectra of SiNx (R = 0.44), representing the

characteristic softening and broadening of the silicon transverse optical phonon mode. The non-
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symmetric Raman mode at 521 cm™ resolved into two Gaussian envelope contributions:

amorphous/nano Si phase (485+ 5 cm™) and crystalline silicon (5215 cm™). ......ccoevvevivevnnene. 96

Figure 4- 8. (a) Specular reflectance spectra: comparison of reflection losses of SiNx: H thin films
of different stoichiometry with and without laser pattern texturing over a broad spectral region, 200-
1000 nm. (b) The close view of reflection losses compared for all laser patterned thin films from
N-rich to Si-rich SiNx (c) Specular reflection spectra of bare silicon before and after laser
patterning, in which the laser textured silicon reflection losses are about ~30 to 65% with respect
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Figure 4- 9. (a) Figure illustrating the optical microscope photograph of femtosecond laser
patterned SiNx has a refractive index of 1.9 on Si substrate. (b-c) The inset figure shows
Nano/microstructures fabricated along with their particle size distribution histogram fitted with
gaussian distributions indicating 300-400 nm diameter after laser texturing. (d)-(d-1) Top-view
scanning electron microscope (SEM) photographs of the hierarchical nano/microstructures in
various magnifications (e)—(e-1) Cross-sectional field emission scanning electron microscopy (X-

FESEM) images of the hierarchical structure show debris fall at the surface of SiNx................ 100

Figure 4- 10. The schematic diagram of the experimental process has been followed during the
fabrication of periodic structures associated with nano-micro structuring which clearly manifested
that reflectance has been decreased for both Si and SiNx after laser writing as compared to bare Si
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Figure 4- 11. The Raman spectra of SiNx_30min near stoichiometric composition film showing

vibration modes such as LA, TO along with the presence of B-phase with and without patterning.

Figure 4- 12. Super hydrophobicity of the SiNx film before patterning (shown in the top image)
and after patterning the broadband anti-reflective pattern surface demonstrate the absence of
wetness. A photo image of one water droplet on the surface of an anti-reflective structure exhibiting

a contact angle of 132° as compared to a non-patterned indicating a contact angle of 81°.......... 103
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Figure 4- 13. Schematic fabrication processes of all samples associated with SERS spectra of R6G

over SiNx film of different refractive index with laser patterning. ..........cccocovevvevieiiiniv i, 105

Figure 4- 14. SEM image of (a) SiNx with patterning (b) particle size distribution in the pattern
shown in the inset; (c) SERS spectra of R6G over SiNx film of different refractive indices without
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Chapter 5

Figure 5- 1. Scheme for the synthesis of SisN4 thin films using PECVD and ~5nm thin Au layer
via thermal evaporation system. The furnace annealing of Au thin film has been done to form Au
NPs [250]. The SHI irradiation method is employed to post-treat Au NPs inside the SisN4 matrix.
An illustration of the in-situ GI-SAXS/GI-WAXS configuration. The point of origin of the
coordinates for the scattering vector's gy and g, components is indicated by the direct beam position.
In this case, k7i and ks wave vectors correspond to ai and of (angles made by the incoming and
scattered waves with reference to the specimen’s surface). The 26 represents the out of plane angle.
Using the PILATUS 2M and LAMBDA 9M detection systems, accordingly, forward-directed 2D
GI-SAXS mapping and GI-WAXS patterns are obtained. The in-plane geometry of the specimen,
which is parallel to the surface, is shown by the pattern of the output in the gy dimension. However,
the g, intensity distribution shows depth-dependent patterns that are perpendicular to the specimen’s
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Figure 5- 2. (a) 3D view and (b) XZ view of embedded Au NPs between two SizN4 thin films of

thickness~ 10nm (top) and 85nm (bottom) in the FDTD simulation for the optical reflection spectra.

Figure 5- 3. Structural design of embedded Au NPs inside SizN4 matrix of thickness~ 85nm in the

FDTD simulation; where, period ~ is approximately the mean interparticle distance. ................ 120

Figure 5- 4. (a) Experimentally obtained fluence-dependent UV-visible reflection spectra for the

fabricated structure in Figure 1 and (b) FDTD simulations of the same. (c) Position of the LSPR
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dip in relation to fluences, the inset graph shows an enlarged view of the LSPR blue shift. The
shaded area in the background shows the LSPR active region for Au NPs embedded in the SisNa
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Figure 5- 5. The HRTEM image of the 1x10*2 irradiated sample depicts the formation of continuous

ion tracks along with an inset zoom photograph of overlapped NPS. ... 121

Figure 5- 6. (a-d) Two-dimensional GI-SAXS images of Au—SizN4 nanocomposites upon various
fluences depicted in the corresponding graphs. 2D GI-SAXS pictures (a-d) show the forward-
scattered signal intensity distribution. To prevent the detector's sensor from being oversaturated
with intensity, beam stops are used to block the specular beams, which are shown by the blue dots
that appear on the graphic. (e) GI-SA line profiles i.e., Intensity versus scattering vector at different
fluences from GI-SAXS analysis. (f) Mean inter-nanoparticle (IPmean) Separations in the lateral
direction at DFs estimated using 27/qm, Where gm is the position of the interparticle correlation peak
i.e. where the GI-SAXS intensity is maximum; The size of gold particles estimated using Guinier
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Figure 5- 7. GI-SAXS line profiles i.e., Intensity versus scattering vector at different fluences from

grazing incidence small angle x-ray scattering (GISAXS) analysis. .........ccccoeervviirinninenenienn. 124

Figure 5- 8. Guinier plot of log (1) versus Q,?and the fit to determine the lateral size of the Au NPs
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Figure 5- 9. The Lorentzian fitting of a 1-dimensional diffraction intensity distribution plot for
1x10™ fluence is extracted using GIWAXS data in DPDAK software which is used to calculate the
intensity peak position and FWHM. The lattice spacing of Au (111) planes is 0.24 nm at wavelength

, A =10.1048 nm, which is consistent with HRTEM 1esults. ........c.ccccocviiiiiiiiiiiiiiiie e 125

Figure 5- 10. (a) 2D GI-WAXS images for Au—SizN4 nanocomposite at various fluences, in which
each ring corresponds to one plane of Au-cubic phase. The different fluences are indicated in the

respective figures on the left side. (b) A one-dimensional diffraction intensity distribution plot for
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different fluences is extracted using GIWAXS data in DPDAK software. ........c.ccccoevererveeennnn. 126

Figure 5- 11. Deconvolution of the GIWAXS data indicates the formation of a significant amount
of an amorphous Au-Si alloy along with Au (111) at 1 x 10* fluence. By using the irradiation at

1x10* fluence, it has been possible to see the silicide formation at the interface. ....................... 127

Figure 5- 12. (a) Grazing Incidence X-ray Diffraction (GI-XRD) graphs depicting the occurrence
of all planes for the Au-fcc phase at the wavelength A = 0.1540 nm in all post-irradiated samples
including unirradiated samples with increasing fluences. (b) It indicates the predicted results of WH
plots for crystallite size and strain were determined for the unirradiated and irradiated Au NPs (c)
HRTEM images of Au-SisNs NCs at 1x10% fluence (c-1) Enlarge portion of the HRTEM image
indicating the spacing between two fringes (d) A line scan profile taken over the marked area to

calculate the 1attiCe SPACING. ......civeiviiiieiee e 128

Figure 5- 13. HRTEM photographs of Au nano sized particles trapped within SisN4 insulating
media upon (a) unirradiated (b) 1x10*, (c) 1x10%, and (d) 1x10" ions/cm? irradiation along with
their corresponding (a-1), (b-1), (c-1), and (d-1) inset graph of 2D Fast Fourier transform (FFT);
(a-2), (b-2), (c-2), and (d-2) SAED patterns respectively; (b-c) show ion tracks~1.78 nm and 2.16
nm widths that are discontinuous and amorphous are visibly formed upon irradiation can be
attributed to the thermal spike formation after the passage of an ion, respectively; (¢) HRTEM
pictures of 1x10 irradiated films (red circle denotes the existence of a tiny NPs pushed inside
Si3N4 matrix with the ion beam's irradiation direction), while (a-3), (b-3), (c-3), and (d-3) histogram

graphs display the average NP size and its distribution across a range of fluences. .................... 131

Figure 5- 14. (a) Using HAADF-STEM imaging involving Au nano-size particles within a SisNa
medium for 1x10* fluence. EDAX (Energy-dispersive X-ray spectroscopy) utilizing scanning
TEM is employed to map the distribution of (b) Si K-edge (c) O K-edge, (d) Ag L-edge, and (e) N
K-edge in the composite film. It means that while gold exists in an arrangement of mainly sphere
sized particles, oxygen and silicon are dispersed evenly across the composite's film (f)

Developments of the electronic and (g) lattice temperatures (0 in K) distribution of Au- SisNa4
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nanocomposite in accordance with time(s) at different distances ‘r’ (nm) to 120 MeV Au ion way.
Assuming, an ambient temperature of 6, = 16 K, and an electron-phonon interaction (coupling)

factor of Au of g =2.30x10"° W cm™ K™ at 300 K. ......ovivreiiieiciece e 137

Figure 5- 15. (a) Diagram illustrating the cross-section of a SERS sample; (b) Raman spectra of
10° M rhodamine 6G molecules on pre-and post-irradiated nanocomposite substrates with different
fluences at an excitation wavelength of 785 nm. Two-dimensional Raman mapping pictures for the
(c) 1364 cm™ and (d) 1514 cm™ Raman modes of the 10° M R6G-coated substrate, respectively.
(e) It displays Raman spectra obtained from every pixel in the image, illustrating the substrate's
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Figure 5- 16. (a-d) The binary segments of Au nanoparticles irradiated with different ion fluences
from the cross-sectional TEM images (left) and (al-d1) the electric field intensity distributions
when excited with a 785 nm laser, was numerically calculated by using a finite-difference time-

domain (FDTD) Method (FIGNL). ....cooiiiiiiieeis e 142

Figure 5- 17. (a-d) The AFM micrographs measured to reveal the surface condition of top SisN4

layer before and after SHI irradiation. ............ccoiiiiiiiiiiic e 143
Figure 5- 18. Raman spectrum of R6G molecules (10 M) deposited on Si substrate. .............. 144
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Figure 6- 1. The schematic diagram of fabrication of molybdenum oxide flakes on SizN./Si
substrate using CVD method and their plasma treatment at different exposure durations in argon

environment resulting in the variation of optical properties due to creation of vacancies and defects.

Figure 6- 2. The optical microscope image of pristine a-Mo0O3 flakes on SisN4/Si substrate.(b) The
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