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Abstract

Metal nano—particles (MNPs) are synthesized using various techniques on diverse
substrates that significantly impact their properties. However, among the substrate materials
investigated, the major challenge is the stability of MNPs due to their poor adhesion to the
substrate. Herein, we demonstrate how a newly developed H—glass can concurrently stabilize
plasmonic gold nano—islands (GNIs) and offers multifunctional applications. The GNIs on the
H—glass were synthesized by using a simple yet, robust thermal dewetting process. The H-
glass embedded with GNIs demonstrates versatility in its applications, such as (i) acting as a
room temperature chemiresistive gas sensor (70% response for NO. gas); (ii) serving as
substrates for surface—enhanced Raman spectroscopy (SERS) for the identifications of Nile
blue (dye) and picric acid (explosive) analytes down to nanomolar concentrations with
enhancement factors of 4.8x10° and 6.1x10°, respectively; and (iii) functioning as a non-linear
optical (NLO) saturable absorber with a saturation intensity of 18.36x10%°> W/m? at 600 nm,
and the performance characteristics are on par with those of materials reported in the existing
literature. This work establishes a facile strategy to develop advanced materials by depositing

metal nano—islands on glass for various functional applications.

Keywords: Glasses; Gold nano-islands; Stability of gold nano—islands; Saturable absorber;

SERS substrate; NO2 gas sensor.

1. Introduction

Gold (Au) nanostructures are extremely fascinating owing to biocompatibility, stability
against oxidization, non-toxicity, etc. The localized surface plasmon resonance (LSPR) of the
nanostructure is highly dependent on size, shape, inter—particle separation and dielectric

environment.'31 At LSPR, intense hot-spots are localized at the nanostructure surfaces due to
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coherent oscillations of the electrons.[*-%! Au nanostructures have drawn tremendous interest in
a wide range of technological applications involving bio—chemical sensors,["*% catalysis,
141 electrocatalysis,[**4 photocatalysis, nonlinear optics (NLO)I®I1  solar cells,*” and
surface—enhanced Raman scattering (SERS).!82% |t has been widely reported that the
extensive applications of Au nanomaterials are size dependent.[*®21 Therefore, substantial
research has been dedicated to the growth of spherical and non—spherical Au nanostructures,
which includes nanoclusters, nanostars, nanotriangles, nanorods, and many more, using
numerous chemical synthesis methods.[??l However, the majority of the chemical synthesis
methods used so far involve costly raw materials, which makes them economically inefficient.
Moreover, these processes typically require reactions to be controlled kinetically, adding to
their complexity. Therefore, to expedite the utility of Au nanomaterials in various technological
applications, there is a need for a straightforward, cost—effective, and reliable method for their
synthesis and growth.

Glass materials, known for their environmental friendliness, have been incorporated
into a wide range of applications across the biological, optical, photonic, and energy sectors.[?>-
271 This versatility stems from their flexible thermal, optical, mechanical, and electrical
properties, which can be precisely adjusted by altering their chemical composition. Glass
substrates offer a number of benefits, including a smooth, transparent surface, simple handling,
robustness, cost—effective, and chemical inertness.[?6-3% Due to the widespread applications of
glass, huge attempts have been made to grow the embedded gold nanoparticles (GNPS) in
nano—islands form on the surface of amorphous glass substrates, with the aim of studying their
properties.

In most cases, GNP or islands were thermally embedded on glass substrates using the
solid-state dewetting procedure.®¥-33 The driving force behind the dewetting process is the

reduction in the surface area, which successively minimizes the total energy of the film
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structure.343 The advantage of the thermal dewetting process is that it forms similar size
spherical GNPs.*”] On the contrary, a significant hurdle to using glass substrates is their poor
adhesion to noble metals. As a result, the stability of nano—islands on a glass substrate is notably
weak under different solvents and environmental conditions, including in water.®3-42 To
enhance the stability and functionality of GNPs and films on the glass substrates, numerous
methods have been proposed and successfully implemented 131, For example, the deposition of
organic-based adhesion layers,[*4+%] the encapsulation of metal nanostructures with ultrathin
inert overlayers,[“®l the coating of ultra—thin sol-gel silica layers,/ electrostatic binding of
citrate—stabilized NPs on aminosilane—terminated glass substrates,[?3#4 depositing adhesion
layers of Ti or Cr,*”l among others. Each of these methods carries its own set of advantages
and disadvantages. There is always a demand for glass substrates that enable simple, efficient,
single—step processes for generating stable nano—islands in high yield. This ongoing search for
innovative glass materials is significant. The introduction of glass embedded with nano—islands
will undoubtedly unveil latent functional uses of glass materials.[3:4°]

The stability of gold nano—islands (GNIs) is highly influenced by their ability to interact
with the chemical constituents of glass. It has been noted that the interface between the SiO>
layer and Au is more active owing to the electronegativity of Si** cations in SiO2 which activate
the O at the interface.[*®! Therefore, it is plausible to anticipate Au oxidation at the interface
between glass and GNIs. Consequently, an interaction can occur between the oxidized Au and
the components, especially Si**, of silicate glass materials. This interaction between Au and
glass components changes the spectroscopic properties of GNIs, thereby opening up a broad
array of potential applications.®°521 Nevertheless, to the best of our knowledge, the studies
reported in the literature have not observed any interaction between GNIs and the glass
components. It is to be noted that commercial glass materials are widely used as substrates for

the growth of GNP, for example, silica/silicate and borosilicate glasses.[18:28:35:40:43.44.53-56] Thyjs
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limitation hinders the selection of the most suitable and stable glass substrate for the growth of
highly stable nano—islands, subsequently constraining the applications of glass embedded with
nano—islands.

In the present work, we established the proof of concept that the newly developed H—
glass system,’l composed of Na,O, Al,O3, SiO; and P2Os is a superior material for the growth
of highly stable embedded GNIs on its surface using simple dewetting synthesis procedure.
Thus, the formation of GNIs on the H—glass substrate was thoroughly characterized using X—
ray diffraction (XRD), Ultra—violet—visible (UV-VIS) absorption, X-ray photoelectron
spectroscopy (XPS), Field emission—scanning electron microscope (FE-SEM), and atomic
force microscope (AFM) techniques. The stability of GNIs was evaluated using tape test and
water cleaning experiments. Additionally, we verified the application of newly developed H—
glass with nanostructured gold islands as NLO saturable absorber, and SERS substrates for the
identifications of Nile blue (NB) and Picric acid (PA) analytes. To the best of our knowledge,
for the first time, we have shown chemiresistive NO> sensing at room temperature by H—glass

with nanostructured gold—islands.

2. Results and Discussion

2.1 Characterization of gold nano—islands

Film deposition Dewetting at 823 K in alrl

JE— — _,_.,_,_.,.,_,<
R
.

Scheme 1: Schematic presentation for the formation of Au nano—island formation on H—glass
substrate.
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The following method has been implemented for the development of GNIs on the
surface of H—glass: (i) coating of 25 and 50 nm thick Au film on the surface of H—glass using
the sputtering technique and (ii) heat treatment at 550 °C for 15 min and 60 min. Scheme 1
shows the schematic method for forming GNIs on the H—glass substrate. Au—coated samples
are labelled as Au—x-y, where ‘X’ indicates the thickness of Au film coated on the H—glass
using the sputtering technique and ‘y’ indicates the heat treatment duration performed at 550
°C. For comparison purposes, the commercially available DEWS silicate (SiO2) glass (M/s
Cosmo Scientific, India) was coated with 50 nm Au film and heat treated at 550 °C for 15 mins

(labelled as SiO>-50-15). The observations on SiO,—50-15 are shown in Figure S1.

2.1.1. Field Emission Scanning Electron Microscopy (FE-SEM)

o ,.07 po , e
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Figure 1: FE-SEM images of GNIs loaded (a) Au-25-15, (b) Au-25-60, (¢) Au-50-15, and
(d) Au-50-60 H-glass substrates, and (e-h) corresponding histograms revealing the size
distribution and median size of GNIs.

FE-SEM images for Au-25-15, Au-25-60, Au-50-15 and Au-50-60 samples
exemplified in Figure 1(a)-1(d) respectively, confirm the presence of isolated GNIs in different

shapes including isotropic, anisotropic and elongated. The FE-SEM images indicate that the

coated thin film converts into discontinuous film consisting of well-separated Au metallic
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islands on the application of heat treatment. The histograms represent the size distribution and
median size of GNIs calculated using ImageJ software are displayed in Figure 1(e)-1(h) for
Au-25-15, Au-25-60, Au-50-15 and Au-50-60 GNIs embedded H—glasses respectively. The
outcome of the ImageJ analysis, such as the size distribution, the median size, and the number
(per 100 pm?) of the GNIs formed on the H—glass depending on the thickness of the gold film
and heat treatment time, are mentioned in Table S1. It is evident that as the thickness of the Au
film coating and the duration of thermal treatment increase, the average size of the GNIs
increases, and the number of islands decreases. Therefore, it is concluded that the growth of
Au islands on the H—glass surface with an increasing Au film thickness occurs due to the LaMer
process.®8 Further growth of GNIs, associated with a migration followed by the coalescence
mechanism, has been observed in line with the thermal treatment schedule.®® These findings
confirm the significant impact of Au layer thickness and heat treatment duration on the

morphologies of Au island structures that are embedded on the surface of H—glass.

2.1.2. Ultraviolet—Visible Spectroscopy (UV-Vis)

UV-Visible absorption spectra recorded for all the glasses are shown in Figure 2(a).
The strong coupling interaction between the electron cloud of the nano—islands and the incident
light that excites the LSPR. H—glass shows no absorption in the spectral range, on the contrary,
H—glass with GNIs exhibits distinct broadband absorptivities in the range of 490 nm to 1000
nm with peak maxima at ~ 590 nm.[®l This indicates that the coated percolated thin film
converted into discontinuous film consisting of well-separated Au nano—islands due to heat—
treatment.[® The shape of the absorption peak shown in Figure 2(a) is similar to that observed
for Au nanomaterials embedded in silicate and borosilicate glasses.*%444 Numerous studies

on LSPR bands for GNPs reveal that the position and intensity of the band depend on the size
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of nanomaterials.l3*61621 |n general, GNIs with a more anisotropic shape and elongated nature,
are observed from Figure 1(a)-1(d), exhibit a broad absorption peak.

As shown in Figure 2(a), Au—-25-15 and Au-50-15 glasses exhibit the absorption peak at 575
nm and 590 nm, respectively. With an increase in the heat treatment time from 15 min to 60
min, the absorption peak shifts from 575 to 590 nm for H—glass coated gold with 25 nm.
Nevertheless, the heat treatment time confirms a negligible influence on the shift of absorption
peak for H—glass coated gold with 50 nm.

In order to investigate the plasmonic response of the GNIs, the reflection spectra of H-
glass with GNIs are measured and compared with the calculated spectra (Figure S2). The
measured spectrum for the Au-50-15 H—glass configuration reveals a broadband reflectivity,
with a significant reflectivity of 28% in the near—infrared (NIR) region, which gradually tapers
off towards the visible spectrum. To determine the optical response of the Au—50-15 nano—
island structure, CST simulations were conducted to explore the far—field and near—field
distributions. The calculated reflection spectrum aligns well with the measured spectrum,
demonstrating a reflection minimum of around 650 nm wavelength. Despite this, the weak
interaction between the nano—islands precluded this characteristic from being resolved in the
experimental spectrum. Interestingly, a strong coupling between the nanostructures and
incidence light created a high Q resonator, which possessed a narrowband mode, while a weak
interaction between the nanostructures provided a broadband mode.®3-¢%1 Considering the wide
size distribution of the H—glass embedded with GNIs, we can expect broadband reflectivity

across the spectral range in Au-50-15 glass.
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Figure 2: (a) UV—Visible absorption, (b) XRD, (c) XRD Refinement, (d) XPS survey spectra of H- and Au-50-60 glasses, () XPS spectra for
Au in H-and Au-50-60 glasses, and (f) XPS spectra for P in H—, and Au-50-60 glasses. a.u. stands for arbitrary units in all the panels.
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Figures S2(b)-2(d) illustrate the electric field distributions in the x-y plane for
excitation wavelengths of 600, 650, and 700 nm, with E and Eo representing the actual and
initial electric fields, respectively. At an excitation source of 650 nm, the top—left particle [as
depicted in Figure S2(c)], exhibits dipolar behaviour with pronounced electric fields
concentrating along the edges of the nano—island. This is an indicative of in—line resonance of
LSPR with the excitation source. The remaining structures reveal irregular charge distributions
because of off-resonance excitation and, moreover, the weak interaction between adjacent
GNiIs. At other off—excitation sources of 600 and 700 nm, no dipolar behaviour is observed in
the structures, however the coupling between the nano-islands provide uneven charge
distributions in the nano—islands. Therefore, H—glass with GNIs provides broadband spectral
response due to the LSPRs of different—sized nano—islands that are randomly distributed and
strongly coupled to the incidence light at various wavelengths. Similarly for other
configurations (Au-25-15, Au—25-60 and Au-50-60), a wide distribution of nano—island size
leads to the observation of broadband reflectivity, which are well aligned with the calculated

reflection spectra [Figure S2(a)].

2.1.3. X—Ray Diffraction (XRD)

Figure 2(b) shows the XRD patterns of H—glass and H—glass after Au coating followed
by programmed heat treatment. XRD spectrum of the H—glass confirms the amorphous nature
of glass. The XRD spectra of the H—glass containing Au film after scheduled heat treatment
exhibit an intense sharp peak at 38.1° (26) and three less intense peaks at 44.3°, 64.6° and 77.4°
which, respectively, correspond to (111), (200), (220) and (311) hkl planes of the face—centred
cubic (FCC) lattice of gold. To identify the purity of the crystalline phase, Least Squares
refinement for Au-25-15, Au-25-60, Au-50-15 and Au-50-60 samples were attempted using

gold nanostructure (JCPDS 66-0091) phase. Lattice parameters and the background were

10
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refined, followed by the profile parameters (sample parameters and instrument parameters),
including sample displacement, sample transparency, U, V, W, and X, Y for Gaussian and
Lorentzian contributions. The atomic coordinates and site occupation factors (SOF) were
almost constant since Au occupied special position 4a. However, the thermal parameters did
vary slightly. Refined atomic position parameters of Au are provided in Table S2. Fit
indicators, R—values given in Table 1, were used to assess the quality of the refinement. The
resultant fit was satisfactory with a featureless difference profile [Figure 2(c) and Figure S3].
Refinement results confirm the absence of impurity peaks, indicating the formation of gold
with FCC structure. The intensity of the XRD peaks increases with the Au film thickness and
heat treatment time. High intense diffraction peak from (111) hkl plane highlights that the gold
nanostructures on the H—glass contain many (111) facets. It is known that the GNPs self—

organize to orient with the (111) hkl plane parallel to the surface of the glass substrates.[33¢°]

Table 1: Result of the Rietveld refinements of GNIs comprising H—glass samples.

Au-25-15 Au-25-60 Au-50-15 Au-50-60
Chemical formula Au Au Au Au
Temperature 298 K 298 K 298 K 298 K
Wavelength 1.5458 A 1.5458 A 1.5458 A 1.5458 A
Crystal system Cubic Cubic Cubic Cubic
Space group Fm3m Fm3m Fm3m Fm3m
Unit cell a=b=c= a=b=c= a=b=c= a=b=c=
dimensions 4.2382(1) A 4.0783(6) A 4.1471(3) A  4.1623(3) A
a=p=vy=90° a=B=y=90° a=B=7=90° a=p=vy=90°
Volume 76.118(2) A3 67.833(1) A3 71.325(4H)A%  72.114(2)A%
GOF 1.41
WR 5.97 8.08 6.95 11.41
RF2 7.30 9.43 7.29 9.76
RF 5.49 6.67 8.56 7.98

R = X||Fo| — |Fel[/Z|Fo|, WR = (Z[w(|Fof* — [Fc|)? VZ[w(|Fo[)])"% and w = 1/(c? (1) +
0.00041%)

2.1.4. X—Ray Photoelectron Spectroscopy (XPS)

11
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To identify the surface chemical state of Au and its interaction with the constituents of
elements present on the surface of the H—glass, XPS survey spectra for the base glass and Au—
50-60 glass were collected and are shown in Figure 2(d). XPS spectra confirm the presence of
O 1s, Si 2p, P 2p, Na 2s and Al 2p elements on the surface of H—glass and O 1s, Si 2p, P 2p,
Na 2s and Al 2p, Au 4f elements on the surface of the Au-50-60 glass. Figures 2(e) and 2(f)
illustrate high—resolution XPS peaks of Au 4f and P 2p core electron levels, respectively. The
spectrum of Au 4f for Au—50-60 glass is composed of well-resolved two peaks located at 83.3
eV and 87 eV, corresponding to the two spin—orbit components of Au 4f, i.e., 4f7> and 4fs)y,
respectively. The observed XPS Au 4f peaks are well consistent with the binding energies of
bulk metallic Au.5”-%°1 The Si 2p spectra of H—glass and Au-50-60 glass [Figure S4(c)] exhibit
peaks at 102.5 eV and 102.3 eV, respectively, whilst the P 2p spectra [Figure 2(f)] of both H-
glass and Au-50-60 glass exhibits peaks at 133.6 eV. The peaks at 102.5 eV and 133.6 eV
represent the presence of oxidized silicon and phosphorus in 4+ and 5+ oxidation states,
respectively. The XPS spectra of O1s, Si 2p, Na 2s, and Al 2p peaks for H—glass, Au-50-15
and Au-50-60 samples are shown in Figure S4. Peak profiles corroborate that the formation
of nano—islands has not altered either the oxidation state or the coordination of other elements

present in the structure of H—glass.

2.1.5. Stability of the GNIs: Scratch Resistance and Scotch tape test

We first conducted a cleaning test followed by scratch resistance measurements to
assess the stability of as—formed GNIs on both the H—glass and SiO- glass. The photographs
and optical images (Figure S5) of Au-25-15, Au-25-60, Au-50-15, Au-50-60, and SiO>—
50-15 glasses captured before and after water cleaning revealed that the GNIs formed on the
commercial SiO2 glass can be easily removed, while the GNIs on the engineered H—glass

system remained intact. With optical microscopy posing limitations in viewing the scratch track

12
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due to its restricted depth—of—field, a scanning electron microscope (SEM) was employed post—
scratch to understand the critical failure events associated with the scratch track. The scratch
experimental results of Au—25-y and Au-50-y substrates are provided in Figure 3(a)-3(f).
Figures 3(a) and 3(d) represent Au—coated H—glass substrates without prior heat treatment.
Extensive failure events, including cracking and abrasive damage, can be noted on the H—glass
substrate apart from the delamination of the coating. This confirms the poor bonding between
the glass substrate and Au—film without thermal treatment. Also, extensive damages can be
noticed in Au—25-0 as compared to Au—50-0. This gives the insight that the thickness of Au—
coating significantly influences the scratch abrasive damage of Au—coated H—glass. On the
other hand, in the glasses with Au—coating subjected to thermal treatment [Figures 3(b), 3(c),
3(e), 3(f)], a significant difference in morphology coupled with scratch damage can be
observed. For instance, Figure 3(b), corresponds to Au—25-15, reveals that the scratch damage
has been reduced extensively, which is marked by the absence of any micro—cracking and
abrasive damage events. Moreover, the delamination of the coating has also been controlled
significantly. New scratch damage events like peeling off Au layer from H—glass substrate
occurred almost in all the thermally treated Au—coated glasses. Overall, it can be confirmed
that the mechanical stability and scratch damage resistance of Au coating on H—glass substrate
had improved after the thermal treatment. The inference of scratch experimental results
divulged that the mechanical stability and scratch damage resistance of Au coating on the H-
glass substrate had been enhanced after the thermal treatment. The water cleaning and scratch
resistance results clearly endorse that the GNIs formed near—surface of H—glass are highly
stable. It is to be highlighted that the stability of nano-islands is a major issue with
commercially available glass substrates. [30:40:43:53.70]

We extended our evaluation of GNIs stability on H-glass by performing an adhesive

Scotch tape test. In this procedure, a piece of transparent clear Scotch tape (3M) was carefully

13
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applied to the surface of the GNIs and subsequently removed. To gauge the impact on stability,
we assessed the optical response by comparing UV-vis spectra before and after subjecting the
GNiIs to the Scotch tape test, followed by immersion in water for a duration of 5 min. The
optical absorption spectral results, depicted in Figure S6 and collected following each set of
five tape tests, clearly reveal the sustained presence of the distinctive signature associated with
GNiIs. This unequivocally signifies that the GNIs situated near the surface of the H—glass

substrate exhibits a remarkably high level of stability.

il -:?eéied oi\}' lay

Re -

u-50-15

Au-25-60

Figure 3: SEM images of scratch damage features in all the Au—coated H glass.

2.1.6. Atomic Force Microscopy (AFM)

14
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Figure 4: AFM micrographs of the GNIs embedded H-glass substrates before and after the
thermal treatment.

The analysis of topography of the Au—embedded H—glass substrates was carried out
over a 10 x 10 um? area using contact mode imaging. Figure 4(a) shows the 3D topographic
images of the glass surfaces where the elevated topography corresponding to the GNIs are
apparent. In all the cases, the islands were uniformly distributed throughout the surface. On
implementing the heat treatment, the deposited Au film coarsens into isolated discontinuous
islands. The 1D statistical analysis of the height distribution in the scanned region is shown in
Figures S7(a) and S7(b) for Au—25-y and Au-50-y glass substrates. The evolution of heights
of GNIs with heat treatment was more prominent for thicker 50 nm film where the mean
position of the peaks is well separated with a narrow distribution profile. However, for 25 nm
film thickness, the heat treatment primarily causes the broadening of the peaks with a minute
increase in the mean height, validating a dominant lateral growth of the GNIs compared to their
height. The AFM results provided conclusive evidence of controlled growth of GNIs with

thermal treatment.

2.2 Applications of GNIs embedded H—glass substrates
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2.2.1. Nonlinear optical properties

NLO materials can introduce coherent photons at new frequencies due to the photon—photon
conversion, and they are used in a wide range of photonic applications containing optical
switches, optical modulators, pulsed lasers, and nonlinear imaging.["*! Therefore, to understand
the photon—photon conversion ability of the H—glass containing the GNIs, NLO properties were
evaluated using the Z—scan technique. The NLO absorption profiles of all glasses collected via
open aperture (OA) Z—scan are depicted in Figure 4(a)-4(d) for the spectral pumping of 400
nm, 600 nm, 1000 nm, and 1200 nm, respectively. The OA Z—scan signatures profiles recorded
at 800 nm are displayed in Figure S8(a). Irrespective of the pump wavelength, the OA Z-scan
profiles show the minimum transmittance at the focal point of the scan for H—glass. This

indicates that the H—glass exhibits reverse saturable absorption (RSA) NLO property.
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The quantification of number of photons absorbed by the H—glass to cause the RSA,
the OA Z-scan experimental data of H—glass were fitted using the following multi photon

absorption (MPA) equation,[’?

1
1+(M—1)ay Lesr(Ioo/(1+(Z/Zy)2))n—1]1/n-1 (1)

TOA(nPA) = [

where, an is the multiphoton absorption coefficient, loo is the input intensity of the laser beam,
Lefr is the effective path length, Z is the position of the sample, Zo the Rayleigh Range, wo is
the beam waist at Z = 0 (focal point), A is the excitation wavelength of the laser radiation. At
all pumping wavelengths, the OA Z—scan experimental data of H—glass was well fitted using
MPA equation with n =2 as shown in Figures 5(a)-5(d), confirming the two—photon absorption
(2PA) is responsible for the observed RSA!® in H—glass. According to anionic group theory,
the strong RSA realized in H—glass is attributed to the presence of PO4 and SiOg structural
groupst™ in the structure of H—glass. The two—photon absorption coefficient (a2) values
obtained to post the fitting are provided in Table S3. Interestingly, the OA Z—scan profiles for
the H—glass containing GNIs show the maximum transmittance at the focal point of the scan.
This illustrates the RSA witnessed in bare H—glass switches to saturable absorption (SA)
nonlinearity owing to the formation of nanostructured Au—islands near the surface of H—glass.
An interesting observation from the OA Z-scan measurements is that the Au—25-15 glass
shows the presence of ‘M’ type signature. This represents that the SA competes with the RSA.
Nevertheless, at 600 nm excitation Au—25-15 glass shows a pure SA nonlinearity. The OA Z—
scan profiles for Au—25-15 glass at all the excitations with enlarged view are displayed in
Figure S8(b)-S8(f). As depicted in OA Z-scan profiles, with increase in the film thickness and
annealing schedule, the SA become entirely dominant at all the excitation wavelengths.
Therefore, it can be interpreted that the presence of GNIs on the surface of H—glass resulted in

SA due to their LSPR.
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The saturable absorber is a crucial component of pulsed laser generation in Q- switching
and mode-locking.["¥ To address the competitiveness of the GNIs embedded H—glass as NLO
saturable absorber materials, we computed the saturation intensity (Is), a parameter generally
used to characterise the saturable absorption property of the material. The Is and coefficient of
RSA (Brsa or a2) were evaluated for GNIs loaded H—glass by fitting the OA experimental Z—

scan data with the following equation, 6]

a(l) = ———+ Brsal 2)

1+(lgo/Is)
where oo is the linear absorption coefficient, ‘I’ is the input peak intensity. It is to be
noted that the Brsa Will be zero if only SA optical nonlinearity is present in the samples. The
obtained Is values for all the GNIs bearing glass samples at different excitation wavelengths
are shown in Figure 5(e) and also furnished in Table S3. It is evident from Figure 5(e) that the
Is value improves with Au coating thickness from 25 to 50 nm and also with the increase of
heat treatment duration from 15 to 60 min. Nevertheless, the magnitudes were found to

decrease for Au-50-60 glass substrate at all the excitations.

It has been proven that the SA nonlinearity of materials is majorly sensitive to the
excitation wavelength and its intensity. For exploring the materials towards optical Q-
switching applications, it is customary to assess the effect of input intensity on NLO absorption
properties. In view of this, the Z-scan measurements with variable intensities were performed
for Au-50-15 sample (believed to be optimized one). The OA Z-scan profiles recorded at
different intensities of the pump wavelengths ranging from 400 to 1200 nm are provided in
Figure S9. From the OA Z-scan profiles, except at 600 nm excitation, it is also evident that the
SA process enhances with the intensity of the laser beam and at high intensity, the SA process
switches to RSA nonlinearity. It is to be noted that the Is will be zero if pure RSA optical
nonlinearity is present in the samples. Fitting the experimental data with equation (1), it is

evident that the observed RSA at higher input intensities is purely due to 2PA.
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A typical electronic energy level diagram of the metallic GNIs is shown in Figure 5(f).
In general, when GNIs are subjected to electromagnetic radiation, three types of transitions can
occur: intra—band (sp—sp) transition, inter—band transition (d—sp), and mixed inter—band—
intraband transitions.[”® Therefore, depending on the pump wavelength and intensity, a laser
pulse can cause an inter—band, intra—band, or mixed inter—band-intra—band electronic
transitions in the NPs system. Therefore, the observed SA can be explained by considering the
decay process of SPR. In the case of plasmonic GNIs, the activated SPR decays via either
radiative or non—radiative transitions.!*® The exciting efficiency of GNIs is significantly low
thereby the SPR decay will occur most probably through a non—radiative process.[”®! This non—
radiative decay process occurs through intra—band and / or inter—band transitions, generating
charge carriers, i.e., electron—hole pairs.’”-"® The intra—band excitation takes place between
the filled ground state (sp—band) below the fermi level and the excited state conduction band
(sp—band), while the inter—band excitation occurs between the d—band, which exists below the
fermi level, and the excited conduction band (sp—band) [Figure 5(f)]. Figure 2(a) shows that
the SPR peak in the visible region ranges from 490 nm to 1000 nm, with a peak maximum
located around 580 nm. Because of this, during the NLO measurements, the electromagnetic
radiation excites the SPR, leading to the inter/intra—band excitation of electrons near the fermi
surface. The excitation of electrons near the fermi surface causes the depletion of electrons
through the equalization of electrons population in both the occupied ground and unoccupied
excited states below and above the fermi level, respectively, and thus results in SA.[%
Therefore, due to the strong non-radiative decay process of SPR, the electronic population in
the ground state decreases and thus assists in the SA phenomenon.[®!

It is believed that, at high radiation intensities, two—photon absorption processes can
take place due to the d-sp interband transition and sp—sp intraband transition, as shown in

Figure 5(f).1*57 This two—photon absorption process decreases the samples transmittance and
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causes the RSA nonlinearity, as observed for Au-50-15 H—glass at high irradiation intensity
(811 The variation in lsand oz values for Au-50—15 H—glass as the function of input intensity at
various pump wavelengths are provided in Figures 6(a)-6(e.) From the intensity-dependent
NLO assessments, it is observed that the threshold intensity [Figure 6(f)] that causes the SA to
RSA transition decreases with increasing excitation wavelength. However, at 600 nm
irradiation, the switching occurred at a lower intensity than the intensity that was provoked at
800 nm irradiation.

The NLO switching from SA to RSA at high intensities is not trivial. The RSA (2PA)
realized at higher intensities is attributed to excited state absorption (ESA) and requires a higher
absorption cross—section of the excited state than that of the ground state.’?l At the low
intensity of spectral irradiations, the electrons present in the filled ground state excite to the
conduction band and result in their equalization in lower and upper energy states, which leads
to SA. However, with an increase in the intensity of laser radiation, the absorption cross—
section of the excited state accompanied by the growth of photo—excited carriers in the
conduction band is enhanced, which results in RSA.[8384 Generally, the contribution of ESA
becomes significant at the resonant and near—resonant irradiation. The fs laser pulses generally
exhibit relatively broad frequency/wavelength distribution. For example, the energy of fs laser
pulses at 600 nm extends/spreads from 580 nm to 620 nm (FWHM being ~25 nm). Analysis
of optical absorption measurements reveals that the LSPR peak of GNIs is situated within the
range of 575 to 590 nm. Given the proximity between the energy spread of fs laser pulses at
600 nm and the SPR peak of GNIs, a pronounced resonance effect emerges during excitation
around 600 nm, unlike at other wavelengths. Consequently, the probability of the photon
excitation from the d-band to the conduction band becomes preeminent at 600 nm spectral
excitation. This resonance-induced phenomenon results in significant NLO switching from SA

to RSA at a lower—intensity threshold when subjected to 600 nm irradiation, as compared to
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the switching induced by 800 nm excitation [Figure 6(f)]. A few recent reports on diverse NLO
nanomaterials demonstrate the transition of SA to RSA behaviour when excited using intense

laser radiation.[85-87]
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Further, for exploring the materials for all-optical switching applications, in addition
to SA, the assessment of nonlinear refraction is also important. The nonlinear refraction
features of bare H—glass and GNIs buried H—glasses were ascertained by the closed aperture
(CA) Z—scan technique. The CA Z-scan results collected for the studied samples are displayed
in Figure S10(a)-S10(e) for the excitations from 400-1200 nm. The positive nonlinear
refractive index (n2) attenuation concerning the pump wavelengths is depicted in Figure S10(f).
It can be identified that the n magnitude increases with the Au film coating thickness and heat
treatment schedule. Also, the n2 decreases as the excitation wavelength shifts towards the red
region. The decoration of metal nano—islands on H-glass makes new scattering centres,
enhancing n,.®Y Therefore, the enhancement of n, of GNIs embedded H—glasses is accredited
to the strong local field generated by the LSPR of GNIs® and a further increase in n2 with
annealing schedule and Au film coating thickness is ascribed to the intensification of local field
owing to the growth of nano—islands. Relatively large n> of glasses indicates the utility in
ultrafast all-optical switching applications. (888101

Table 2: Is and n2 values of some advanced materials and commercially available ones, the
values obtained for Au-50-15 glass substrate also furnished in the table.

Samples Experimenta Is n2 Reference
| details
Borofloat glass 34 fs, 800 nm 20x10* J/m? - [91]
BK-7 glass 34 fs, 800 nm 17x10* J/m? - [91]
BK-7 glass 33 fs, 1 kHz, — 3.625%1020 [92]
810 nm m23/W
Fused Silica 1064 nm - 2.7x10°20 [93]
m%W
BK-10 glass 1064 nm 2.8x10°2° [93]
m%W
Nd3*—glass 13%x10%* J/m? _ [94]
amplifier
Nd**  phosphate 10 ps, 1064 3.15x10°%° [95]
laser glass nm m%wW
Silver NPs buriedin 400 fs, 200 124.6x1072 Jm? - [96]
BK-7 glass kHz, 1035 nm
24
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Au NPs on Quartz 40 ps, 10 Hz,  36.7x10'° W/m? [o7]

Film 1064 nm

WS, nanosheets / 2000 nm 150%102 J/m? [98]

film on SiO,

substrate

Ceramic 500 fs, 88  0.87x10'° W/m? - [99]

Nd:yttrium MHz, 1040

aluminum  garnet nm

with graphene

CNT-based 550 fs, 100 80x1072 J/m? - [100]

saturable absorbers MHz, 1560

for Thulium—doped nm

fiber lasers

Chromium—doped 20 ps, 1080 0.08x10* J/m? - [201]

forsterite solid- nm

state saturable

absorber

Au-50-15 50 fs, 1 kHz,  18.36x10'° W/m? 4.25x10®  Current
600 nm m%/W study

Among the glasses considered in the present study, the Au-50-15 glass exhibits high
Is and n2 values. The highest Is and n2 characteristics attained for Au—50-15 glass are compared
with many advanced materials along with commercially available ones by tabulating the values
in Table 2. The obtained Is values for the Au-50-15 glass are significantly greater than GNPs
dispersed in sodium carboxy methylcellulose®® and higher than currently utilizing NLO
materials such as organic dyes (first materials to be used as SAs),[*%? color—filter glasses*®?!
and dye—doped solids.l*%! Further, the maximum n, obtained for Au-50-15 glass is one and
two orders greater than tellurite®® and fused silica glasses, % respectively. The n, values are
higher than the commercially using potassium dihydrogen phosphate crystals and lithium
niobate crystals.’%! Nonetheless, the n, is far less than metal-organic framework NLO
materials.['®! This suggests that the Au-50-15 glass is well competing with the commercially
available saturable absorber and Q—switching NLO materials and, therefore, can be utilized in
the design of Q—switches, mode—locking devices, and in the generation of ultrashort laser

pulses. However, poor Is values for commercially available materials®! are the major
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challenge in designing visible saturable absorbers. Interestingly, the Au-50-15 glass exhibits
a high Is value at all the pumping wavelengths in the visible to NIR region. This further depicts
the applicability of GNIs embedded H—glass as the saturable absorber for ultrafast photonics

in the visible range, in addition to the NIR spectral region.

2.2.2. Substrates for Surface Enhanced Raman Scattering (SERS)

Plasmonic materials possessing weak linear and nonlinear losses, and high optical
nonlinear coefficients are highly suitable for efficient SERS functionalities.® SERS is a
highly efficient vibrational spectroscopy technique for identifying the analytes with high
selectivity and sensitivity.['%! Nevertheless, the critical issue with the SERS technique is
identifying highly stable, strongly selective and ultra—sensitive plasmonic substrate materials
with nano-scale features.[!%1%] Herein, we examined the suitability and applicability of H—
glass containing GNIs for the detection of NB and PA analytes using the SERS technique. PA
is a well-known highly explosive, highly unstable, toxic and cancerous analyte,[2 whereas
the NB is commonly applied dye in the silk, leather, and in many biological applications.[*11:112]
The carcinogenic and genotoxic properties of NB pose a severe threat to human health!***] as a
consequence identifying robust, sensitive and selective methods for detection of PA and NB is
of great importance to avert unavoidable issues as well as for monitoring environmental

pollution and human health issues.
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Figure 7: SERS spectral results of diverse concentrations of NB adsorbed on (a) Au—-25-15 and (b) Au-50-15 H—glass substrates, (c) log plot of
592 cm! peak v/s NB concentration. SERS spectral outcomes PA adsorbed on (d) Au-25-15 and (e) Au-50-15 H—glass substrates, (f) log plot

of 1343 cm™ peak v/s PA concentration.
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The SERS spectra for NB at different concentrations ranging from 50 nM to 500 uM
adsorbed on the surface of Au—25-15 and Au-50-15 glass substrates are illustrated in Figure
7(a) and 7(b), respectively. The SERS spectral outcomes for NB adsorbed on Au-25-60 and
Au-50-60 glass substrates are provided in Figures S11(a) and S11(b), respectively. SERS
spectra reveals the presence of Raman vibrational peaks at ~ 592 and ~ 662 cm™, which are
ascribed to C—C—C and C—N—C deformations and in—plane C—C—C deformation, respectively,
of NB analyte.'?l The SERS spectra for different concentrations of PA adsorbed on Au—25-
15 and Au-50-15 substrates are provided in Figures 7(d) and 7(e), respectively. The SERS
spectra recorded for Au-25-60 and Au-50-60 substrates adsorbed with different
concentrations of PA are given in Figure S11(c) and S11(d), respectively. The prominent SERS
peaks related PA molecule are observed at 828 cm™ and 1343 cm™2, which are ascribed to the
bending motion of C—H bonds and symmetric stretching vibration of NO groups in PA.114
The other minor peaks observed in the spectra are related to characteristic vibrations of PA

molecule.[114

From SERS data recorded for different concentrations, it was noted that the intensity
of the prominent Raman peaks for NB (~ 592 cm™) and PA (~1343 cm™?) molecules were
significantly enhanced with an increase of NB and PA concentrations. Interestingly, it was
realized that the prominent peaks of NB and PA molecules were slightly shifted towards the
lower wavenumber side with the augment of their concentrations, which could be attributed to
variation in the orientation of adsorbed molecule resulting due to increased interaction of
analyte molecules with the substrate on account of their augmented concentrations.[**>216 |n
fact, the NB and PA analytes at their lowest concentration 10° M (nM) can be identified using
Au-50-15 glass substrate. A linear dependence of SERS intensity with the analyte
concentration was verified by plotting the log (intensity, 1) vs log (concentration, C) by

considering the SERS intensity at ~592 cm™* peak for NB and ~1343 cm™ peak for PA
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analytes. Figures 7(c) and 7(f) represent the log | vs log C plots for NB and PA analytes,
respectively. The data in Figures 71 and 7(f) establishes a linear relationship of SERS intensity
with the increase in the NB and PA molecules concentration adsorbed on the tested substrates.
Further, we computed the limit of detection (LOD) for the GNIs embedded H—glass substrate
in the SERS technique using the formula '*1 LOD = 30/b, where the ‘o’ is the standard
deviation of the GNIs free surface and ‘b’ is the slope obtained from the Log I vs Log C plots.
For NB analyte, the LOD values calculated were 54 nM, 66 nM, 46 nM and 55 nM, for Au—
25-15, Au-25-60, Au-15-15 and Au-50-60 glass substrates respectively. Identically, for PA
analyte, the LOD magnitudes were calculated to be 52 nM, 66 nM, 37 nM and 44 nM for Au-
25-15, Au-25-60, Au-15-15 and Au-50-60 glass substrates, respectively. Among glass
substrates considered in the present study, the Au—50-15 glass shows the lowest LOD for both
the NB and PA analytes. This validates that the Au—50-15 H—glass substrate is highly sensitive

for the NB and PA detection.
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Figure 8: SERS reproducibility data for GNIs routed H—glass substrates adsorbed with 500
uM of (a) NB and (b) PA recorded at seven randomly selected sites, (c) variation of EFs with
respect to gold coating thickness and heat treatment duration.

For the practical application of glass—based SERS substrate, reproducibility in the
response from the SERS active substrate is critical. In the current study, the SERS
reproducibility has been investigated by recording the SERS intensity of NB (500 x 105 M)
and PA (500 x 105 M) molecules adsorbed over a 100 mm? area of the glass substrates at seven

randomly selected points. The reproducibility results for NB (variation in Raman intensity of
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~ 592 cm ™) and PA (variation in Raman intensity of ~1343 cm™) analytes adsorbed on GNIs
embedded glass substrates are exhibited in Figure 8(a) and 8(b), respectively. It is evident that
the intensity of prominent peaks for NB and PA is almost identical at all the randomly selected
sites. The relative standard deviation (RSD) for both the NB and PA were estimated from the
intensity values using the formula, RSD = S X 100/x , where ‘s’ is the standard deviation in
the SERS intensity of the prominent peak of the analyte, ‘x’ is the mean of SERS intensity of
the prominent peak of the analyte recorded at seven randomly selected sites. The RSD values
for Au-25-15, Au-25-60, Au-50-15 and Au-50-60 SERS active glass substrates for NB
analytes found to be 17.8 %, 16.4 %, 15.3 % and 16.7 %, respectively. Along similar lines, for
PA molecules the RSD magnitude found to be 18.2 %, 17.9 %, 16.2 % and 17.8 %, respectively
in Au-25-15, Au-25-60, Au-50-15 and Au-50-60 SERS active glass substrates. Overall, the
lowest RSD magnitude is observed for Au-50-15 in the detection of NB and PA molecules.
The RSD values of < 15 % for NB and < 16 % for PA depicts that Au-50-15 glass substrate is
more efficient to be utilized for practical applications.

The efficiency of SERS active GNIs embedded glass substrates was explored using
enhancement factor (EF) in Raman signal obtained from analyte molecules adsorbed on the
surface of the Au islands containing H—glasses. The EF magnitudes of all GNIs containing

samples have been computed using the equation (3),[118119

E, = (Isgrs) (Nraman) / (Inaman) (Nsgrs) ¥

where Isgrs IS the intensity of prominent Raman mode of analyte from the Au Island embedded
surface, Iraman is the intensity of same mode obtained on Au nano—islands free surface, Nsers
and Nraman are the number of molecules contributing towards the SERS and Raman signals.
The estimated EF values for Au—25-15, Au-25-60, Au-50-15 and Au-50-60 glass substrates
in the detection of NB and PA are depicted in Figure 8(c). It is evident that the EF magnitude

of GNIs bearing H—glass substrate in the detection of NB and PA analytes increases with the
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thickness of Au film and annealing time. The rise in EF is due to the formation of a more
significant number and/or larger size GNIs, as is clear from FE-SEM images [Figure 1(a)—
1(d)] [Table S1]. Furthermore, decreasing the distance between the GNIs can enhance the local
electromagnetic field to make SERS more effective.l?”l However, the decrease in the EF
magnitudes for Au-50-60 is attributed due to the diffusion of GNIs in the deep region of the
H-glass surface on account of prolonged thermal treatment. However, further research is
necessary to address the decrease in the EF of Au 50-60 SERS active H—glass substrate. The
EFs and detection limits of different nanostructured materials are critically compared in Table
3. The comparison instantiates the H—glass embedded with GNIs exhibits superior EFs
compared to commercially available SERS substrates for the lower—level trace detection of PA

and NB with good uniformity of hot spots and high sensitivity.

EF, RSD, and LOD results suggest that the H—glass with embedded GNIs, in particular,
Au-50-15 SERS active glass substrate, has excellent potential for generating low—cost and
effective SERS active substrates which can be used for quantitative measurements for the
detection of NB dye and PA. Furthermore, the SERS measurements on the NB and PA analytes
were performed on the same substrates after the subsequent cleaning with acetone. This
indicates that the GNIs loaded H-glass substrate could be used as a highly sensitive,
reproducible, and reliable SERS substrate for practical trace detection applications to identify
multiple analytes one after the other. It should be highlighted that the EF results achieved for
Au-50-15 glass substrate in detecting the NB and PA is one order of magnitude greater in
contrast to many potential organic liquids explored until now, including commercially
available ones.!*'" Besides, the EF achieved in Au-50-15 substrate (108 for NB and 10° for
PA) with superior reproducibility in SERS signals (£ 15 % for NB and + 16 % for PA)
demonstrate the SERS performance of Au-50-15 substrate is on par with the metallic plasmon

based commercial sensor (EFs of ~10* —10°, RSD < 17 %). Therefore, the GNIs embedded,
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particularly the Au-50-15 glass substrate can be applied in the trace detection of various
analyte molecules using the SERS technique (however, we are able to detect only 10° M
concentration analytes). Additionally, it is worth mentioning that the SERS data showcased in
this study was acquired using a simple, robust, portable Raman spectrometer (~ 4 Kg weight),
making it convenient for on-the—go field measurements. Moreover, the dimension (or area) of
active SERS substrates used in the current work is larger than that of commercially available
Ag and Ag-Au substrates (3.5x3.5 mm?), and it can further be scaled up to a few cm?. The
larger area of SERS active substrate can detect more than two probe molecules at a time on a

single surface which is a prerequisite for its practical applications.

In order to achieve a high SERS EF, the ideal excitation wavelength should closely
align with the LSPR wavelength of MNPs.[*2! Further, we have measured Raman spectra of
NB and PA using a 532 nm excitation source (using a micro-Raman instrument, ~2 um spot
size) for a typical Au-50-15 substrate. The characteristic bands of NB and PA are clearly seen
in Figure S12. The SERS EFs furnished in Table S4 for NB and PA (592 cm and 1343 cm™,
respectively) analytes retirved at 532 and 785 nm excitations clearly shows two—order of higher
SERS EF for the 532 nm case owing to improved electric field enhancement (hot—spot
formation) of the nano—islands. Therefore, using an excitation laser wavelength close to the

LSPR of GNIs significantly improves the EF for NB and PA.
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Table 3: EFs and detection limits of different nanostructured materials achieved in the detection NB and PA as molecular probes; the table also

contain the EF values retrieved for Au-50-15 glass substrate.

EF Detection EF Detection
S. No. Details of the materials limit to limitto  Reference
for NB for PA
NB PA
- . . — nM
1 Silicon decorated with Ag—Au alloy nanoparticles - 2.2 x 108 50 [122]
Commercially available Ag-based SERS substrate (M/s
2 SERSitive). The substrates were manufactured through the —~ — 1.2 x 10* 50 uM [122]
electrodeposition of Ag NPs on the ITO
3 Ag@Au NPs dispersed on Si substrate - 8.22 x 10* 5 .M [123]
4 Cu@Au NPs dispersed on Si substrate - 4.47 x 10* > 1M [123]
5 Au nanostars dispersed on laser patterned Si substrate 5.53x 10° 5nM - - [124]
6 Au nanostar—loaded laser—processed Ag substrate 0.5 x 108 50 pM - - [125]
7 Au film coated laser—processed Ni substrate ~ 107 >nM - a [126]
8 Ag nanotriangles loaded commercial filter paper substrate - - ~25x10% I'uM [127]
6 5 Current
9 Au-50-15 48x10°  4eom B1X10° gy OO
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2.2.3 NO2 Gas Sensor

Detection of gaseous pollutants such as NOx, SOx, CO, CO2 and so on is crucial to
prevent pollution. Notably, NO. causes significant health hazards by directly damaging the
human respiratory system, potentially leading to asthma and chronic lung disease.[!?8 Hence,
it is necessary to detect NO> gas to inhibit pollution. Various gas detection techniques have
been mentioned in the literature, including electrochemical, capacitive, chemiresistive,
catalytic, magnetic, photoionization, non—dispersive infrared (NDIR) techniques.!*2%132 These
methods each exhibit distinct strengths and weaknesses.31%21 Among them, chemiresistive
gas sensing method stands out due to its advantages such as cost—effectiveness, simplicity,
point—of—care usability, high sensitivity and stability.[*33134

However, chemiresistive gas sensors face significant hurdles with low selectivity and
high operating temperatures. Most of the previous chemiresistive gas and volatile organic
compounds (VOCs) sensing studies utilized semiconductor metal oxides, 31133135138 \whijch
typically operate at high temperatures. The chemiresistive sensors typically have built—in
heaters to maintain operating temperature and are often energy expensive. Another challenge,
researchers often face, is their low selectivity towards a particular gas. To mitigate these
challenges, intense ongoing research is dedicated to increasing the selectivity and reducing the
operating temperature to room temperature or sub—ambient applications.[*3*% |n recent years,
metal chalcogenides or 2D sheet-like materials have demonstrated potential in low—
temperature selective chemiresistive sensing.[*2141-14%1 On the other hand, wide energy band
gap and SERS investigations on H—glass supported metal nano—islands indicate chemiresistive
sensing properties at low temperature. Despite such indication, so far, no studies have yet
employed H—glass or similar materials as chemiresistive gas sensing materials. For the first
time, this work presents selective and improved NO- sensing by GNIs embedded H-glass

substrates.
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Figure 9 and Table 4 show the NO: gas sensing performance of Au-25-15, Au-25-60,
Au-50-15 and Au-50-60 glasses at room temperature. The response of Au-50-15 sensor has
been critically compared with that of different materials realized at room temperature (Table
5). When the sensors are exposed to air atmosphere, oxygen from air is adsorbed on the surface
of the sensing material by the dangling bonds.!*3®! These oxygens draw electrons from the bulk
due to their high electronegativity and create a depletion layer. Below 100 °C, O is usually
produced after trapping the negative charges.*44

02 (ads) + e~ — O2 (ads) 4)
NO: being an oxidizing gas, will draw those electrons from the sensing material. Gas sensing
results [Figure 9(a)-9(d)] reveal that the GNIs embedded H—glass sensors are p—type and holes
are the major carriers there. After purging NO2 on the H—glass sensors, NO. has drawn
electrons from the surface of the materials, for which the numbers of holes in the bulk has
increased.
NO2 (ads) + Oz (ads) + 2" — NO2(ads) + 20~ (ads) (5)
As a result, the resistance of the sensors has dropped significantly after purging NO.. Among
all four sensors, highest change in resistance due to purging 40 ppm NO2 [Figure 9(c)] has been
observed in case of Au-50-15; maximum 70% response has been achieved towards 40 ppm
NOz by Au-50-15. Subsequently, cross-sensitivity test results shown in Figure 9(f) reveal that
Au-50-15 is highly selective towards NO2. The presence of excess surface electrons has been
observed after quantitative analysis of XPS result of Au-50-15 (Figure S4). This observation
put the Au-50-15 material in the third quadrant of the surface charge imbalance—sensing
property correlation picture by Chakraborty and Mondal.l**! This indicates that Au-50-15
should be highly responsive towards oxidizing gas due to excess negative surface charge,
which is corroborated by the experimental findings. The results in Figure 9(e) indicate that

better NO. response has been observed in the substrate with higher gold layer thickness, which
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shows a direct correlation between film thickness and sensing response. This is probably due
to the fact that the total amount of non-embedded Au is higher in Au-50-15 sensor as it has
more exposed area of nano—islands than Au-25-15 sensor. Thus, the depletion region formed
in Au-50-15 is highest because of the highest exposed surface of GNIs. In addition, as
proposed earlier,[**! due to a strong plasmonic coupling, a local electromagnetic field
generated within the gap of the islands which is depending on the size and the gap between the
nano—islands, as described by equation (6) [5°:147:148]

n=@O+d)/d (6)
Where, 1 is the local electromagnetic field enhancement factor, D is the size of the nano—
islands, ‘d’ is the inter—island spacing. Table S1 and equation (6) substantiates that the local
field is higher in Au-50 samples with respect to Au-25 samples. As, NO> is a paramagnetic gas,
it is expected that the local field will accelerate the analyte—sensor interaction in the case of
Au-50 based sensors.[**¥ The local field enhancement factor is almost the same in Au-50-15
and Au-50-60. However, curing the Au-50-60 sensor for longer time reduces its sensitivity
in comparison to Au-50-15 as GNIs in Au-50-60 sensor get more deeply embedded into the
glass substrate due to prolonged heating. Consequently, NO2 response obtained by Au-50-60
is lower than that of Au-50-15. Au-25-60 has least response towards 40 ppm NO: (Figure 9
and Table 4) because of lowest interaction between NO2 and Au-25-60 since thickness of
depletion region and strength of local field is lowest due to least exposed surface of GNIs.
Overall, this research discovered new types of sensing materials other than conventional

semiconductor metal oxides with a low operating temperature.
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Figure 9: Dynamic resistance changes of (a) Au-25-15, (b) Au-25-60, (c) Au-50-15, and
(d) Au-50-60 samples due to purging 40 ppm NO2 (e) NO- response of GNIs embedded H—

glasses and (f) Cross response of Au—50-15 H—glass towards various gases.

Table 4: Sensing response of different sensors towards 40 ppm NO; at room temperature

Sensors

Au-25-15 Au-25-60 Au-50-15 Au-50-60

Response (%)
Response time (s)

Recovery time (s)

38 19.6
3 4
22 20

70
1
24

40

2
19

Table 5: List of few comparable materials having response towards 20-50 ppm NO- with that
of Au-50-15 H—glass substrate at room temperature

Concentration

S. No. Material Name Response (%0) (ppm) Reference

1 rGO/Ag NWs 15 50 [150]
2 Printed rGO/S + Ag 74.6 50 [151]

Silicone [152]
3 nanowire/ZnO 3.1 50

4
4 Br—doped SnSe: (1.0338 times in p-type 20 [153]
calculation)
5 TizC2Tx/CuO 56.99 50 [154]
37



©CO~NOOOTA~AWNPE

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

6 Polythiophene film 16 40 [155]

96
7 Sulfonated rGO (25 times in p-type 50 [156]
calculation)
MoS:; functionalized [157]
8 AlGaN/GaN S >0
9 Au-50-15 70 40 Present
work

3. Conclusions

In conclusion, we have successfully developed a new H-glass substrate that allows the
embedment of highly stable GNIs. NLO measurements, in visible to NIR region, demonstrate
that the bare H—glass results in RSA in OA and positive nz in CA Z-scan configurations;
whereas in the GNIs embedded H-glass substrates, the nonlinear RSA switches to SA due to
electron equalization in excited and ground states of the GNIs. The Is and n; values for Au-
50-15 glass substrate are superior compared to commercially available NLO materials,
highlighting the suitability of the Au-50-15 glass as a host for Q—switching applications.
Further, we have demonstrated the applications of GNIs embedded H-glass as a substrate for
trace detection of NB and PA molecules down the nM concentrations using the SERS
technique. Besides detecting PA and NB molecules, the GNIs loaded H—glass can be used
effectively for detection of (a) pesticides in foods (b) adulteration in oils and milk (c) forensic
analysis (d) narcotics identification. Furthermore, H—glass supported nano islands have
exhibited an outstanding chemiresistive response of up to 70% for NO2 sensing at room
temperature. Overall, this work furnishes a straightforward and adaptable method to
incorporate extremely stable metal nano—islands by initially applying a coating and then heat—
treating at appropriate temperatures. This work introduces a novel concept for utilizing metal

nanostructures embedded into glass for use in photonics and sensor technologies.
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4. Experimental

The H—glass was prepared using the melt—quenching technique. The polished H—glass
substrates with the sizes of 10 x 10 x 1.5 mm? were thoroughly cleaned by rinsing in distilled
water and then rinsing in isopropanol three times in an ultrasonic bath. The samples were then
placed under an infrared lamp for 60 min to completely dry and to remove isopropanol. After
cleaning, the glass slides were then loaded in Agar Auto Sputter Coater (Model: 108A, UK)
for coating the Au thin film. The Au film was sputtered on the glass substrate with thicknesses
of 25 nm and 50 nm. The thickness of the film was monitored using an Agar thickness monitor
(Model: MTM-10) which was equipped with Agar Auto Sputter Coater. After the deposition
of Au, the glass samples were processed for thermal heat treatment at 550 °C for 15 min and
60 min. The samples after the heat treatment were labelled using the following notation: Metal
(Au)—gold layer thickness (25/50 nm)-heat treatment time (15/60 min). For example, Au-25—
15 glass indicates that the thickness of Au film on glass substrate is 25 nm and the applied heat
treatment at 550 °C is 15 min. The glass slides after the application of heat treatment were
tested for the stability of the Au layer. The surface of the glass was rubbed several times to
remove the Au layer using the cotton cloth towel. The glass slides were also processed for
cleaning using a similar protocol followed before initiating the Au coating on the glass
substrates. The glass slides were then processed for further characterization.

The existence, morphology, size distribution and median size GNIs buried near—surface
of H—glass was examined by FE-SEM (Sigma HV—Carl-Zeiss with Bruker Quantax 200— Z10)
attached with an energy—dispersive X-ray spectroscopy EDS detector. Linear optical
absorption results were collected in the spectral range of 400—-1000 nm using an UV-Vis
absorption spectrometer (model: JASCO V-670, Japan). The stability GNIs buried near—
surface of H—glass was checked by performing the linear optical absorption measurements after

every five indents of the tape test. The mechanical integrity of the GNIs buried near—surface of
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H-—glass substrate was systematically investigated by employing scratch test. Scratch test was
carried out using a universal nano mechanical tester (ASMEC, Germany) by employing a
cono-spherical diamond indenter tip having an opening angle of 60° with tip radius 5 pm. A
progressively varying normal load up to 300 mN was applied along a scratch length of 150 um
with a scratch speed of 5 um/s having an additional scan length of 10 um at ends. For each
scratch, pre—scan and post—scan over the defined scratch track was made at 1 mN which aids
in the estimation of final residual depth (hf). XRD patterns for Rietveld refinements, the data
were collected in the 20 range of 10—100° with a step size of 0.05 °per step and a dwell time
of 10 s per increment. The phase analysis was attempted using Rietveld method implemented
in the program GSAS-II. A suite of parameters background using a Chebyschev—1 function
with 6 coefficients, scale factor, zero shift, lattice parameter, profile function and phase
parameters were systematically and iteratively refined. The valence of the constituents exists
in the glass structure and the driving force behind the formation of stable GNIs on the surface
of the H-glass has been revealed by recording XPS outcomes using PHI 5000
spectrophotometer, Versa Probe 1l. The topography of the GNIs loaded on H—glasses were
analyzed via an AFM (AFM FlexAxiom, Nanosurf, Switzerland) with a normal force of 10 nN
using a contact-mode cantilever (Cont25DLC, BudgetSensors, Bulgaria). Subsequently, the
micrographs were processed and analyzed with the open-source Gwyddion software.

NLO features were ascertained by Z—scan technique in the broad spectral range from
400 to 1200 nm. In the NLO measurements, an optical parametric amplifier (OPA) gives 50
femtosecond (fs) laser pulses at 1 kHz rate in 400 to 1200 nm spectral range was utilized as
spectral source for irradiation. The OPA was pumped by a Ti:Sapphire laser amplified system
(CPA 2001, Clark MXR®) at 800 nm with 50—fs pulses at 1 kHz repetition rate. The NLO
absorption and refraction features were evaluated by operating the Z—scan technique in OA and

CA configurations, respectively.
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The SERS measurements were performed using a portable Raman spectrometer (M/s
B&W Tek, USA) equipped with a continuous laser light source operating at a wavelength of
785 nm. For all the SERS measurements, an input laser power of 90 mW was employed. The
Raman probe is adjusted for a working distance of 5.5 mm. The spot size on the sample
estimated to be ~ 100 um. The integration time was set for 5 seconds, and the accumulation
number was four times (N=4) for each measurement. Further, the SERS measurements were
also carried out at the excitation of 532 nm (close to LSPR of GNIs) using micro Raman system
(M/s Horiba LabRam HR evolution) equipped with 532 nm laser delivering 15-20 mW of
power. In the 532 nm excitation, the acquinted time was set for 3 seconds and the accumulation
number was four times (N=5) for each measurement. The Raman probe is aligned for a working
distance of 3 mm and the spot size on the substerate found to be ~2 pm. Analyte molecules
such NB and PA were prepared in stock solutions with a concentration of 5 mM by diluting
them in methanol. Furthermore, each analyte's stock solution was successfully diluted to
achieve lower concentrations (from 5 mM to 50 nM). The analytes of 5 uLL were dispersed on
glass substrates having a surface area of 100 mm?. All recorded SERS spectra were baseline
corrected on the data obtained immediately after the measurements. The average SERS spectral
results displayed in the figures result from the average of five Raman spectra obtained at
different regions of the glass surface over an area of 100 mm?.

Screen printing % has been adopted to fabricate chemiresistive gas sensors.
Interdigitated Electrodes (IDEs) were screen printed on square—shaped glass substrates with
Au nanoislands through the partially permeable polyester sheet. Silver—Palladium (Ag—Pd)
paste has been used to design the electrodes in this work. Once the Ag—Pd electrodes were
printed on the Au nano island embedded H—glass substrates, the materials were cured at 570
°C for 1 hour. After curing the H—glass substrate, two platinum wires were attached on each

electrode using the same Ag—Pd paste on the both side of each substrate and the substrates have
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been cured for more 1 hour at 570 °C. After the fabrication, sensing properties of the samples
were studied inside a fume hood by applying pulses of different low—ppm gases and VOCs at

room temperature. Gases were directly purchased and VOCs were prepared by evaporation

Vxmxx

ml,*38] where V1 = volume of liquid to be taken to
24.04xd

method following the formula: V1 =

prepare VOC of required concentration, V = volume of the container where the VOC was
prepared, m = molar mass of the liquid form of VOC, x = concentration of VOC in ppm, d =
density of liquid from which VOC was made. Dynamic resistance changes due to purging gases
have been recorded using the Keysight U1272A multimeter interfaced with the Agilent GUI
data logger software. Sensing responses (R) of each sensor have been calculated using equation
(4)1[159]

R = [(Ra— Rg)/ Ra] x 100% )
where, Ra and Ry are the resistances of the sensors in the absence and presence of gas,
respectively. Chemiresistive gas sensors were made of H— glass substrates with GNIs on it.
The dimension of each glass substrate was 10 x 10 mm?. The fingers of IDEs were designed in
such way that contact pads of anode and cathode are of dimension 2.5 x 2.5 mm? each, lie on
two opposite sides of the glass substrates. In this design, two sets of four fingers, each of 0.3
mm width, are separated by a 0.4 mm gap, ensuring stable base resistance, enhanced sensitivity

and reduced system electrical impedance.
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H-glass material is developed to enhance adherence and thereby amplifying the stability of
plasmonic gold nano—islands. Various functional properties highlight the competence of H-
glass with gold nano—islands to be used as NO chemiresistive sensor (70% response) at room
temperature, as a saturable absorber to generate the laser pulses, and as a substrate for surface—
enhanced Raman scattering to identify the molecular analytes.
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