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ABSTRACT: We report the fabrication and performance evaluation of hybrid surface-enhanced Raman scattering (SERS)
substrates involving laser ablation and chemical routes for the trace-level detection of various analyte molecules. Initially, picosecond
laser ablation experiments under ambient conditions were performed on pure silver (Ag) and gold (Au) substrates to achieve distinct
nanosized features on the surface. The properties of the generated surface features on laser-processed portions of Ag/Au targets were
systematically analyzed using UV—visible reflection and field emission scanning electron microscopy studies. Later, hybrid-SERS
substrates were achieved by grafting the chemically synthesized Au nanostars on the plain and laser-processed plasmonic targets.
Subsequently, we employed these as SERS platforms for the detection of a pesticide (thiram), a molecule used in explosive
compositions [ammonium nitrate (AN)], and a dye molecule [Nile blue (NB)]. A comparative SERS study between the Au
nanostar-decorated bare glass, silicon, Ag, Au, and laser-processed Ag and Au targets has been established. Our studies and the
obtained data have unambiguously determined that laser-processed Ag structures have demonstrated reasonably good enhancements
in the Raman signal intensities for distinct analytes among other substrates. Importantly, the fabricated hybrid SERS substrate of “Au
nanostar-decorated laser-processed Ag” exhibited up to eight times enhancement in the SERS intensity compared to laser-processed
Ag (without nanostars), as well as up to three times enhancement than the Au nanostar-loaded plain Ag substrates. Additionally, the
achieved detection limits from the Au nanostar-decorated laser-processed Ag SERS substrate were ~50 pM, ~5 nM, and ~5 uM for
NB, thiram, and AN, respectively. The estimated enhancement factors accomplished from the Au nanostar-decorated laser-processed
Ag substrate were ~10°% ~10°, and ~10* for NB, thiram, and AN, respectively.

B INTRODUCTION triangular, and nanorod counterparts.*”'" In most of the

Gold (Au) nanomaterials are the maximum studied nano- previous studies, chemically synthesized nanoparticles (NPs)

technological tools in diverse fields including surface-enhanced
Raman spectroscopy (SERS), catalysis, biosensing, and

with different shapes were embedded on different substrates,
such as glass, silicon, paper(s), fabrics, and so forth, for being

bioimaging due to easy synthesis methods, chemical stability, used as SERS sensors for the detection of distinct analyte
biocompatibility, and outstanding optical properties.'”* molecules.”'' ™' Recently, a few novel strategies have been
Particularly, the localized surface plasmonic resonance (SPR)

property of Au nanomaterials can be tuned from the visible to Received: February 23, 2022

near-infrared region depending on the morphology with Accepted: April 18, 2022

respect to the size and shape.’”” In the recent years, Au Published: April 28, 2022

nanostars have stimulated enormous attention in the
fabrication of SERS substrates because of the induced high
electric fields at their sharp tips, unlike their spherical,
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demonstrated for patterned SERS substrates coated with NPs
of various shapes for the detection of diverse analytes.'>™"®
The patterned substrates along with NPs with diverse shapes
have demonstrated a significant improvement in the detection
sensitivity due to the embedded NPs, along with the patterned
areas acting as hotspot regions and increasing the SPR
strength, resulting in strong electric fields at the confined
regions.'*~*° Abundant fabrication procedures have been
established for fabricating patterned substrates on countless
materials, among which short/ultrashort laser ablation is a
simple, fast, and efficient fabrication tool for the generation of
distinct surface structures on various substrates.”'*® Since the
past 2 decades, substantial improvements have been made in
achieving diverse nanostructures (NSs) on a wide range of
materials such as metals, semiconductors, insulators, and
polymers by varying the short/ultrashort laser ablation
parameters (pulse duration, wavelength, fluence, number of
pulses, and focusing conditions) and surrounding environ-
ments (air, gas, and 1ic1uid).21’7“5’27_34 The ultrashort laser-
induced surface structures have proven to be promising
candidates in diverse areas such as sensing,’*>°™>’ surface
wettin% (hydrophobicity and hydrophilicity),”” electrochemis-
try,*>*" and plasmonics.””*' Moram et al. have detected
several explosive molecules using silicon (Si) microsquared
arrays embedded with Ag/Au NP SERS substrates achieved
using femtosecond (fs) laser ablation.>” In a few of our earlier
reports,"** we have reported the utility of Au film-coated Fe/
Ni NSs achieved by fs laser irradiation in different liquids for
the detection of explosives and pesticides. In another study, we
also demonstrated the fabrication of Au NP and nanostars
using laser ablation and wet chemical approaches and further
examined the SERS performance by integrating them with bare
Si/filter paper. In these studies, superior SERS enhancements
were observed for Au nanostar-decorated substrates as
compared to the spherical Au NP-based substrates.** Hamad
and co-workers®* have fabricated periodic surface structures on
a Si substrate using fs laser irradiation in acetone and further
demonstrated the feasibility of Si structures grafted with Ag/
Au NPs for the detection of one dye molecule (methylene
blue) and two explosive molecules [2-4 dinitro toluene and S-
amino-3-nitro-1,2,4-triazole (ANTA)]. They observed superior
SERS enhancements and better reproducibility from Ag/Au
NP-embedded Si periodic-structured substrates because of the
localization of the NPs, resulting in a higher number of
hotspots along with an increased SPR strength from the Si
periodic structure-embedded Ag/Au NPs.>* All these studies
have demonstrated that apart from improving the SERS
performance of individual plasmonic substrates, which is a
difficult proposition, another easier way is to combine two
nanomaterials (either plasmonic or both plasmonic and
nonplasmonic) to achieve higher enhancements in the
Raman signals and thereby achieve superior limits of detection.
Furthermore, a recent report by Pavlov et al. demonstrated the
broad-band SERS performance of a combination of two
plasmonic materials in biosensing application.*”

The present study demonstrates such improvements in the
SERS sensitivity and reproducibility by utilizing the hybrid
SERS substrates (laser-processed Ag/Au embedded with Au
nanostars) as compared to our earlier studies.”*””** The
fabrication of hybrid SERS substrates involves a two-step
process in which (i) the fabrication of roughened surface
structures on Ag/Au using picosecond (ps) laser ablation in air
is achieved initially, followed by the (ii) synthesis of Au

nanostars using the wet chemical method. Furthermore, these
laser-processed Ag and Au substrates are embedded with Au
nanostars and then utilized for SERS detection. The hybrid
SERS substrates exploited for the trace-level detection of
various analytes such as Nile blue (NB), a pesticide (thiram),
and ammonium nitrate (AN). The fabricated substrates permit
the detection of a 50 pM concentration of NB, a 5 nM
concentration of thiram, and a 5§ yM concentration of AN. The
combination of ps laser-processed structures and Au nanostars
provides a tangible way to achieve a greater number of
hotspots in the regions of laser-processed portions along with
embedded nanostars that could lead to the achievement of
higher detection limits along with superior reproducibility over
large areas.

B EXPERIMENTAL SECTION

Methods and Materials. Chloroauric acid (HAuCl,
3H,0), sodium hydroxide (NaOH), ethanol, dimethylforma-
mide (DMF), poly(N-vinyl-2-pyrrolidone) (PVP-40000 MW),
and analyte molecules such as thiram (C¢H,;,N,S,),
ammonium nitrate (NH,NO;), and Nile blue
(Cy0H,oCIN;O) were purchased from M/s Sigma-Aldrich.
All reagents used in this study were analytically pure (99.9%),
and the glassware was cleaned properly before conducting the
experiments.

Synthesis of Au Nanostars. Au nanostars were
synthesized using the colloidal chemical method by following
a simple approach reported by Kamalesh et al.” In this study,
polyvinyl pyrrolidone (PVP, MW ~ 40k) was utilized as the
reducing/capping agent. In brief, 10 mL of 5 mM PVP was
dissolved in dimethylformamide (DMF) mixed with 1.5 mM
concentration of sodium hydroxide (NaOH) and 0.27 mM
concentration of HAuCl,-3H,0 and stirred continuously using
a magnetic stirrer under ambient conditions. A color change in
the solution was observed after 30 min and then collected in
air-tight vials. Furthermore, the colloidal solution was
centrifuged four times in ethanol to remove any excess PVP
present. After centrifugation, the obtained nanostars were
dispersed in distilled water and utilized for further studies.

Synthesis of Ag and Au NSs Using Laser Ablation. Ag
and Au NSs were fabricated through ps laser ablation of the
Ag/Au target in ambient air. Laser ablation experiments were
implemented using a Nd: YAG laser delivering 30 ps pulses at
a wavelength of 1064 nm with a repetition rate of 10 Hz. An
axicon lens (base angle of 10°) was used to focus the ps laser
beam normal to the Ag/Au target which was mounted on a
motorized X-Y stage (Newport), and the sample was raster-
scanned to avoid the ablation at a single position and to
achieve roughened structures on the target surface. The ps
laser ablation experiments were implemented on the bulk Ag/
Au targets with a pulse energy of ~10 mJ, and the laser-
processed area was S mm? on the Ag/Au substrates. The input
beam diameter was ~10 mm, and the estimated spot size (at
focus) on the target surface was ~20 pym. A systematic study
by Podagatlapalli et al. reported the focusing effect and
morphological evolution of NSs by ablation on the bulk Ag
substrates using an axicon lens.*® In brief, the utilization of an
axicon-employing Bessel beam offers extensive advantages over
conventional Gaussian beams in terms of higher depth of focus
and exotic distribution of the deposited pulse energies. In the
case of laser ablation, deposition of ablating energy turns out to
be a critical factor, through different beam profiles/structured
beams. Absorption of incident energy due to the generated
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plasma plume, at the critical time of ablation, significantly
changes with the engagement of Bessel profile ablation. In due
course of Bessel beam incidence, the central lobe intensity
offers the maximum fluence along with its concentric rings.
The central lobe fluence can be attributed most to the
fabrication of NSs, whereas the circular distribution of energy
generates the additional influence in the NSs under formation.
The invariance in the intensity profile of the nondiffracting
beam provides another noteworthy influence toward the
precise fabrication of plasmonic NSs. Taking into account
the aforementioned advantageous parameters offered by the
axicon ablation (in air), interesting NSs were accomplished
and further engaged as SERS-active substrates.*’

Characterization Studies. Optical absorption measure-
ments were carried out for Au nanostars in the wavelength
range of 400—1000 nm using a UV-—visible absorption
spectrometer (JASCO V-670). The obtained nanostars™ size
and shape was investigated by pipetting 2 uL of the colloidal
solution on carbon-coated copper grids and dried. Later on,
transmission electron microscopy (TEM, FE-Technai G2
system operated at an accelerating voltage of 300 kV)
measurements were conducted. Reflectivity measurements
were conducted for plain and laser-processed Ag/Au substrates
using an UV—visible—NIR spectrometer (Agilent Cary 5000)
in the 200—1200 nm wavelength regime. The surface
topography of laser-processed regions of Ag and Au substrates
was investigated by field emission scanning electron micros-
copy (FESEM, Carl ZEISS) and energy-dispersive X-ray
spectroscopy (EDX) measurements. The nanostar morphology
was also inspected by dropwise addition of 10 uL of the
colloidal solution on plain Ag/Au and laser-processed Ag/Au
substrates. After drying the samples, FESEM and EDX
measurements were performed. After drop-casting of the
nanostars, the drying process was affected by several factors
such as surface tension, contact angle, roughness, and metal
composition as well.

SERS Sample Preparation and Measurements. In this
study, we performed all the SERS measurements using a
portable Raman spectrometer (M/s B&W Tek, USA) which
had an excitation and collection fiber integrated in a single
probe. The spectrometer along with a laptop weighs ~5 kg and
can be carried easily in a small suitcase. Such instruments are
extremely helpful for on-field studies, and the results are
obtained almost immediately. The Raman probe is designed
for a working distance of 5.4 mm. We have estimated the spot
size on the sample to be ~100 ym. Analyte molecules such as
thiram, AN, and NB were prepared in stock solutions with a
concentration of 0.5 mM by diluting them in methanol.
Furthermore, the stock solution of each analyte was
successively diluted to achieve lower concentrations (from $
mM to SO pM). The SERS substrates were prepared by
dropwise addition of 10 L of the Au nanostar solution on the
glass/silicon/Ag/Au/laser-processed Ag and Au substrates
having a surface area of S mm?, followed by dropwise addition
of the analyte (S uL). SERS measurements for each analyte
were conducted using a portable Raman spectrometer which
was equipped with a continuous laser source operating at a
wavelength of 785 nm. The integration time was set to 5 s, and
the accumulation number was three times for each measure-
ment. For all the SERS measurements, an input laser power of
30 mW was employed. All recorded Raman/SERS spectra were
baseline-corrected using the Origin 8.5 software on the data
obtained immediately after the measurements.
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B RESULTS AND DISCUSSION

Figure 1 shows the absorption spectra of the prepared Au
nanostars. The SPR peaks of the obtained Au nanostars were
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Figure 1. UV—visible absorption spectra of the synthesized Au
nanostars.

observed at 570 and 759 nm. The plasmon peak noticed at 570
nm corresponds to the core of Au nanostars and the broadened
peak observed at 759 nm attributed to the branches/tips of
nanostars.” The reflectivity measurements were conducted for
plain and laser-processed Ag and Au substrates, as depicted in
Figure 2. Curves (i) and (ii) in Figure 2 indicate the reflectivity
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Figure 2. (a) Reflectivity of (i) plain Ag, (ii) plain Au (dotted line),
(iii) laser-processed Au, and (iv) laser-processed Ag substrates, and
the (b) inset shows the plain Ag reflectivity spectrum.

spectrum of plain Ag and Au substrates in which plain Ag
depicted a maximum value than Au due to the higher
reflectivity nature. We believe that this behavior (plain Ag/Au)
is due to the fact that silver and gold were purchased locally,
leaving scope for the presence of a small amount of impurities.
Furthermore, the surface was not optically polished to
demonstrate a sharp increase near 400 nm and close to 95%
reflectivity beyond that (as is the case with optically polished
silver mirrors used in the research lab). The FESEM images
(data not presented here) of our surface clearly suggested the
presence of roughness in our plain Ag/Au surfaces. This
roughness could have reduced the reflectivity to a good extent.
Due to the interband transitions in bulk Ag and Au substrates,
the reflectivity fell down slowly (from 600 nm) and we
observed a dip near ~321 nm for Ag and ~495 nm for Au.***’
However, in the case of the laser-processed surface of Ag
[spectra (iii)] and Au [spectra (iv)], the reflectivity

https://doi.org/10.1021/acsomega.2c01095
ACS Omega 2022, 7, 15969—-15981


https://pubs.acs.org/doi/10.1021/acsomega.2c01095?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01095?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01095?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01095?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01095?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01095?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01095?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01095?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

#
%

*
)
i

Frequency

50

1 (b)

100
Core size (nm)

150

Figure 3. (a) TEM images of Au nanostars and (b) histogram plot for the core size of Au nanostars.
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Figure 4. FESEM micrographs and the corresponding EDX spectra of Au nanostars decorated on (a,)b) plain Ag and (c,d) plain Au substrates,

respectively.

significantly reduced to <10%, which could be attributed to the
light absorption from the nanostructured surfaces, which is
well documented in the literature. Li et al.*® demonstrated the
fabrication of titanium NSs using fs laser ablation and carried
out the reflectivity measurements in the range of 250—2300
nm and UV, and they found that the reflectivity was less than
2% compared to the periodic light-absorbing structures.
Iyengar et al.*’ studied the optical reflection and scattering
of textured titanium which was fabricated by fs laser ablation
by varying laser parameters such as fluence, wavelength,
incident angle, and number of pulses. They textured titanium
surfaces exhibited the reflection combined with a scattering of
3% over the broad range. In our study, there could possibly be
a scattering effect during the measurements, but we believe
that it will be minimum in the present case.’’ However,
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extensive studies are imperative to confirm the role of
scattering in the reduction of reflectivity.

Figure 3a depicts the TEM image of Au nanostars having
more than five tips. There is a size difference in the Au
nanostars and the tips, which could be ascribed to the
anisotropic nucleation growth at various sites in the fabrication
procedure.” Figure 3b shows the histogram plot for the core
size of Au nanostars, which was measured using Image]
software (S/W) by considering more than 150 nanostars, and
the estimated core size was ~150 nm. Figure 4a,c depicts the
FESEM micrographs of Au nanostars decorated on plain Ag
and Au substrates, revealing the random distribution of
nanostars throughout the substrates. Figure 4b,d illustrates
the EDX spectra of the corresponding Au nanostar-decorated
plain Ag and Au targets, confirming the presence of Ag and Au
elements (weight percentages), as presented in the inset.
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Figure S. (a—c) FESEM micrographs of laser-processed regions of Ag obtained at different magnifications (5 KX, 20 KX, and 50 KX, respectively).
Yellow square highlighted with arrow symbols in (a) is where the higher-magnification image (b) was collected. (d) Gray value (arb. units) vs
horizontal position corresponding to (c) was achieved using Gwyddion S/W. Few nanoholes and nanoprotrusions are highlighted with yellow

arrows in (c).

Figure Sa—c depicts the morphological features of the laser-
processed portions of Ag obtained at different magnifications
using the FESEM instrument. As shown in Figure Sa—c, quasi-
periodic surface structures along with nanoprotrusion kind of
surface features are apparent on the laser-processed regions of
the Ag substrate. The quasi-periodicity varied from 240 to 490
nm (Figure Sb), estimated using Gwyddion software (S/W)
and utilizing the FESEM pictures of the laser-processed Ag
substrate. The accomplished periodicities on the Ag substrate
were observed to be smaller than the incident laser wavelength,
which can be ascribed to high-spatial-frequency laser-induced
periodic surface structures (LIPSSs) or subwavelength ripples.
It is already well established that two kinds of surface ripples
will be observed on diverse materials when irradiated with
different ultrashort laser pulses (typically few ps or fs), which
are generally denoted as low-spatial frequency (LSFL) and
high-spatial frequency (HSFL) LIPSSs.””*' The possible
mechanism involved in the generation of LSFL is described
based on the surface plasmon theory, where the interaction of
incident laser pulses with surface plasmon polaritons
occurs.””*! However, the origin of HSFL formation on distinct
materials is still contentious and unclear, even though
numerous theoretical models®" have been proposed/docu-
mented, including self-organization,52 molecular dynamics,53
and thin-film theory.”* Figure 5d illustrates the periodicity with
distance accomplished by drawing the line profile on the laser-
patterned area of Ag [obtained from Figure Sc using Gwyddion
software (S/W)].
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Figure 6a—c illustrates the FESEM pictures of laser-
processed regions of Au recorded at 5 KX, 20 KX, and 50
KX magnifications, respectively. It is evident that the laser-
processed regions of Au encompassed a greater number of
randomly distributed nanoprotrusions fenced with nanoholes
(Figure 6¢c). The surface profile for the laser-processed Au
substrate is illustrated in Figure 6d. Furthermore, the FESEM
images of the Au nanostars decorated on laser-processed
regions of Ag and Au substrates are presented in Figure 7a,b,
respectively. It is apparent that a higher number of nanostars
were embedded in the gaps of quasi-periodic ripples and on
top of the nanoprotrusions in the case of laser-processed Ag.
While in case of Au, a higher number of nanostars were
accommodated on top of the nanoprotrusions, and we
observed that they were also occupied in gaps of nanoholes.
A few nanostars are highlighted with yellow circles in Figure
7a,b for clarity.

Opting an efficient base substrate is one of the most
important aspects in the SERS measurements due to the
fluorescence background and/or interference of modes
attained from the base substrate, which usually hinders the
Raman signals of a particular analyte of interest. To investigate
the effect of the base substrate in the Raman measurements,
SERS data was collected for the thiram (5 M) molecule on
Au nanostar-decorated solid substrates such as (i) glass, (ii)
silicon (Si), (iii) Au, and (iv) Ag substrates (shown in Figure
S2). The prominent Raman modes of thiram were clearly
observed from each substrate with variation in the Raman
intensities. The intense Raman modes observed at 1138 and
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Figure 7. FESEM micrographs of Au nanostar-decorated laser-processed portions of (a) Ag and (b) Au substrates. Portions with yellow circles

show a few of the highlighted nanostars.

1375 cm™" were assigned to the CN stretching and symmetric
deformation of CHj, respectively. The other modes located at
560 and 940 cm™ correspond to the CH bending and ring
breathing, respectively, and all perceived modes well matched
with earlier reported studies.””>> The SERS signals were
observed to be higher for the Au nanostar-decorated Ag
substrate among the others, and this could be attributed to the
closely distributed nanostars (see the FESEM image in Figure
4a), which led to generation of a greater number of hotspots
along with superior plasmonic nature of Ag, resulting in
prominent SERS enhancement.

Subsequently, we continued our SERS measurements with
Au nanostar-decorated plain Ag and Au substrates for the
detection of various concentrations of thiram. Figure 8a
illustrates the enhanced Raman signals of thiram with the
concentrations ranging from S mM to 5 nM from the Au
nanostar-decorated plain Au substrate. All prominent modes of
thiram are clearly distinguishable even at the lowest
concentration inspected (i.e, S nM). The logarithmic plot of
the SERS intensity of thiram at the 1375 cm™' peak with
various concentrations (from S mM to 5 nM) established a
linear relationship with a correlation coefficient (R*) of ~0.93
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(Figure 8b). The SERS substrate homogeneity was verified by
collecting the thiram SERS signals at more than 20 random
spots over a large area (5 mm?®) of plain Au decorated with Au
nanostars, and the data is shown in Figure 8c as a 3D waterfall
plot. The distribution of Au nanostars on the substrate is
important for SERS enhancement.

Figure 8d depicts the estimated RSD values for the 560,
1138, and 1375 cm™! Raman band intensities recorded at 20
randomly selected places, and the values were found to be
~11.32, 8.92, and 9.41%, respectively. We believe that these
values can be improved further, and the improved substrates
can be utilized for practical applications. The presented SERS
data obtained from the Au nanostar-decorated Au substrate
demonstrated the superior and satisfactory reproducibility
confirming the potential of the fabricated substrate for the
detection of pesticides at low concentrations. Similarly, the
SERS capability of Au nanostar-decorated plain Ag was also
examined with the same probe molecule (thiram).

Figure 9a depicts the concentration-dependent Raman
spectra of thiram ranging from 500 yM to 5 nM obtained
from the Au nanostar-decorated plain Ag substrate. It is
evident that the SERS intensity of the thiram Raman bands
gradually decreased with a decrease of concentration. The
SERS intensity of the 1375 cm™' peak with varying
concentration is plotted as a logarithm plot (Figure 9b),
which reveals a linear dependence of the logarithm of thiram
concentration on the intensity of the prominent Raman peak
(1375 cm™), and the obtained correlation coefficient (R?) was
~0.90 (Figure 9b). Furthermore, the SERS signal consistency
over the large area was yet again demonstrated by plotting the

15975

3D waterfall and intensity histogram at 1375 cm™" of thiram (5
mM) recorded from 20 randomly opted positions, and the data
is shown in Figure 9¢,d. The RSD values were estimated by
measuring the Raman intensities at 560, 1138, and 1375 cm™!
modes, and the achieved values were ~16.09, 15.77, and
14.73%, respectively (the data is presented in Figure 9d).
Furthermore, a comparative study was conducted to
perceive the effect of the substrate NS morphology along
with decorated Au nanostars on the SERS signal enhancement.
The SERS measurements conducted for the thiram molecule
on laser-processed Ag and Au (without nanostars) targets
along with plain surfaces (with nanostars) and laser-processed
surfaces (with nanostars). The acquired SERS spectra of
thiram (5 gM) on (i) and (ii) laser-processed Au/Ag, (iii)
plain Au with Au nanostars, (iv) plain Ag with Au nanostars,
(v) and (vi) nanostar-decorated laser-processed Au and Ag
substrates are illustrated as a stack plot in Figure 10a. The
calculated SERS intensities from each substrate are shown as a
histogram plot, which is depicted in Figure 10b. From the
presented results in Figure 10Db, it is apparent that the SERS
signal intensity was superior for the Au nanostar-decorated
laser-processed Ag substrate among the other substrates. The
estimated error bars were based on the standard deviation of
the average SERS intensity at the 1375 cm™! peak, obtained
from repetitive SERS measurements (at least four times)
(Figure 10b). The enhancement factors (EFs) were
determined for each of the substrates by using the method-
ology reported in our earlier works”****® and were found to be
1.26 X 10% 1.83 X 10% 3.55 X 10%, 4.9 X 10%, 8.72 X 10°, and
1.3 X 10* for laser-processed Au, laser-processed Ag, plain Au
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(with Au nanostars), plain Ag (with Au nanostars), laser-
processed Au (with Au nanostars), and laser-processed Ag
substrates (with Au nanostars), respectively. Details of the EF
calculations are presented in the Supporting Information. To
summarize the improvements observed in the present SERS
studies, nanostar-loaded ps laser-processed Ag/Au substrates
showed ~3 times higher signal enhancement than plain Ag/Au
substrates decorated with Au nanostars and ~8 times higher
signal enhancement than only ps laser-processed Ag/Au
substrates.

Kalachyova et al. have recently demonstrated the ultra-
sensitive detection of R6G (107! M) using multibranched Au
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NPs grafted on the Ag grating structure as a SERS substrate.””
They have proposed that the achieved superior detection limit
could be attributed to the plasmonic coupling and interplay
between the surface plasmon polaritons of Ag grating and
localized surface plasmons of Au NPs. In the present case, the
Ag structure has quasi-periodic surface features surrounded
with few nanoholes, which can possibly graft a greater number
of nanostars, leading to the possible formation of a large
number of hotspots and thereby resulting in prominent SERS
enhancements. Additionally, there could be a slight variation in
the surface roughness after deposition of the nanostars on the
laser-processed regions of Ag, which could also contribute the
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AN concentration.

SERS enhancement further. We have estimated the surface
roughness (using Image] software from the FESEM pictures)
of laser-processed Ag and Au substrates, as well as Au
nanostar-decorated laser-processed Ag and Au substrates, and
the data is presented in Figure S1 of the Supporting
Information. We have observed a higher surface roughness
(~129 nm) for Au nanostar-decorated laser-processed Ag
among the other substrates. Lee et al. have experimentally
demonstrated the role of silver (Ag) film thickness and
substrate roughness of polydimethylsiloxane (PDMS)/glass in
the enhancement of the SERS signals.”® Similarly, they found
prominent enhancements for the silver-coated PDMS substrate
compared to the glass substrate due to the thickness, as well as
the roughness of PDMS. Furthermore, they have explained
that the thickness of the Ag film played a significant role in the
observed SERS enhancements compared to the substrate
roughness. In this study, we have not performed any SERS
measurements by varying the surface roughness of the
substrate, but we have observed surface roughness variation
before and after the deposition of nanostars on the laser-
processed substrates. There is also a possibility of increasing
the surface roughness by simply drop-casting a higher number
of nanostars on the laser-processed substrates and plain
substrates, which will most probably influence the SERS
performance. In addition, the nanostar density could also affect
the SERS performance and can be achieved by performing the
drop-casting procedure multiple times on the same area of the
base substrate. However, in our case, we have drop-cast only
10 uL of the nanostar solution on each substrate, and we
believe that the density may not be the same in all cases due to
diverse morphologies, surface tensions, and so forth. By drop-
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casting additional quantities, we can possibly make it more
uniform in each case, and thereby, we can achieve better
Raman signals. Wei et al. studied the influence of NS density
on SERS signal enhancement.’” They found that the SERS
enhancements increased with increasing density up to a certain
level and then reduced. To get a better understanding on the
effect of surface roughness/nanostar density, more detailed
investigations are needed and will be considered in future. In
addition, the concentration-dependent SERS spectra and linear
plot are presented in the Supporting Information (Figure
S3a,b). The signal reproducibility spectra of thiram and
variation of SERS intensity for major bands at different
positions obtained from the Au nanostar-decorated laser-
processed Ag substrate are shown in Figure S3c,d. The
estimated RSD values were found to be 7.96, 5.43, and 5.13%
for the prominent Raman mode intensities of 560, 1138 and
1375 cm™, respectively (Figure S3d).

Due to the higher SERS sensitivity and better signal
reproducibility, the Au nanostar-loaded laser-processed Ag
substrate was opted further for the detection of other analytes
such as NB and AN. The SERS spectra of NB at different
concentrations ranging from S uM to 50 pM recorded from the
Au nanostar-decorated laser-processed Ag substrate are
illustrated in Figure 11a. The NB Raman bands were located
at 590 and 661 cm™" and are associated with the C—C—C and
C—N-C deformations and in-plane C—C—C deformation.*’
The NB major peak intensities were significantly enhanced
while increasing the concentration, and the detected lower
concentration was ~5 X 107'' M. Even at the SO pM
concentration, major Raman modes of NB were clearly
distinguishable, revealing the higher sensitivity of the Au
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nanostar-loaded laser-processed Ag substrate. A logarithmic
plot between the SERS signal intensity for the prominent
mode of NB located at 590 cm™" with varying concentration is
shown in Figure 11b. The correlation coefficient (R?) was
found to be 0.98, illustrating the detection sensitivity of the Au
nanostar-decorated patterned Ag substrate. SERS signal
reproducibility was also evaluated for the Au nanostar-loaded
laser-processed Ag target by collecting the Raman data of NB
(5 uM) at 25 randomly chosen spots, and the data was plotted
as 3D waterfall spectra, as shown in Figure S4a. The measured
RSD values were 13.84 and 14.14% for the Raman peaks at
590 and 661 cm™', respectively (the data is shown in Figure
S4b). The spot size of our portable Raman spectrometer is
typically 100 ym (unlike in the micro-Raman systems whose
typical spot sizes are 1—2 ym), and the signal we collected was
from such a large area. We have demonstrated the
reproducibility of the SERS/Raman data by performing
measurements at randomly selected 20—2S locations over a
large area of the substrate, which was ~S§ mm?. These
measurements demonstrate that such an exercise can be
carried out by a novice also in the field.

The efficacy of the Au nanostar-loaded laser-processed Ag
SERS substrate was again tested by detecting the AN. The
enhanced Raman intensities for various concentrations of AN
(from 5 mM to S uM) observed from the Au nanostar-
decorated laser-processed Ag substrate are illustrated in Figure
11c. The strongest Raman band of AN appeared at 1041 cm™!
and is associated with the NO; symmetric stretch, and the
observed peaks matched well with the earlier literature.®*
The detected concentration of AN (5 pM) was moderate
among the other molecules, which could be ascribed to the
utilized polymer (PVP) in the synthesis that might have
passivated the surface of Au nanostars and decreased the
interaction between AN and nanostars, resulting in lower SERS
enhancement. The SERS sensitivity of Au nanostars for
explosive molecules can be further improved by reducing the
thickness of the PVP layer (shell) or completely eliminating it,
which needs additional and detailed investigations.

Detailed calculations of the EFs are provided in the
Supporting Information (Table S1), and the EFs obtained
for the Au nanostar-decorated laser-processed Ag substrates
were 0.5 X 10% 1.98 x 10% and 0.2 X 10* for thiram, NB, and
AN, respectively. The normal Raman spectra of each analyte
were recorded using a plain Ag substrate, and the data is
provided in Figure S5 of the Supporting Information. Figure
11d depicts a linear plot between the AN SERS signal intensity
at 1041 cm™" peak versus the concentration, and the obtained
correlation coefficient (R?) was ~0.87. Furthermore, the
detected concentration levels were different for different
analyte molecules, which mainly depend on numerous factors
such as (a) binding affinity of a specific analyte molecule with
the SERS substrate and also the disparity in their Raman cross-
sections at a particular excitation wavelength,él_éf (b) distance
between the nanostars and the analyte molecule,®® (c) number
of produced hotspots,”® (d) number of molecules under the
laser-probed area,” and (e) orientation of the analyte molecule
with respect to the NSs.””*° Additionally, the details of SERS
detection limits and estimated EFs for thiram, NB, and AN of a
few earlier reported studies are compared with our substrates
(obtained in this study), and the results are summarized in
Table S2 of the supporting information.

Ag as a plasmonic metal has superior electric near-field
enhancements and, consequently, better SERS performance

than Au but suffers from oxidation, and the difference for Ag/
Au substrates observed in this study is in line with what is
expected from the literature.” Although these substrates can
detect diverse analyte molecules, it is imperative to optimize
them for detecting the molecules of interest. There are several
avenues for the improvement of these substrates. For example,
drop-casting a greater number of nanostars will increase the
hotspots. Our future studies will also focus on (a) optimizing
the nanostars with a higher number and sharper tips and (b)
improving the SERS performance of laser-processed Ag and Au
substrates.

B CONCLUSIONS

In summary, we have successfully achieved hybrid SERS
platforms by embedding chemically prepared Au nanostars on
ps laser-processed plasmonic targets (Ag and Au). These
hybrid SERS substrates were efficiently utilized in the
detection of diverse analyte molecules such as thiram, NB,
and AN at miniscule concentrations of 5 nM, 50 pM, and §
UM, respectively. Additionally, comparative SERS studies were
performed in detail for Au nanostar-embedded (a) non-
plasmonic, (b) plasmonic, and (c) laser-processed plasmonic
substrates. The obtained SERS data demonstrated that the Au
nanostar-loaded laser-processed Ag substrates exhibited better
enhancements with an improved sensitivity and reproducibility
for the detection of all analytes investigated in the present
study. The possible explanation for this observation could be
that the nanostructured surface had plenty of sharp tips and
edges that promoted the lightning rod effect along with quasi-
periodic NSs. The achieved EFs from the Au nanostar-
decorated laser-processed Ag substrate were 0.5 X 10°, 1.98 X
10% and 0.2 X 10* for thiram, NB, and AN, respectively, with a
reasonable reproducibility (RSD < 20%) for three different
analytes. Finally, we believe that mixing different plasmon-
active materials can be used to achieve broadband enhance-
ments at various SERS pump wavelengths.*
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