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g r a p h i c a l a b s t r a c t
� SERS substrates developed by
combining nanotextured Si and Ag
eAu alloy NPs.

� Trace level detection of explosives
achieved using portable Raman
spectrometer.

� LOD of ~5 pM, ~36 nM, and ~400 nM
achieved for MB, PA, and RDX,
respectively.

� Reproducible SERS measurements of
binary, tertiary explosive mixtures.
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a b s t r a c t

The development of recyclable surface enhanced Raman scattering (SERS) based sensors has been in
huge demand for trace level explosives detection. A simple, hybrid Silicon (Si) nanotextured target-based
SERS platform is fabricated through patterning micro square arrays (MSA) on Si using femtosecond (fs)
laser ablation technique at different fluences. Using the hybrid target Si MSA substrate loaded/decorated
with AgeAu alloy NPs (obtained using femtosecond ablation in liquids) we demonstrate the trace level
detection of organic nitro-explosives [picric acid (PA), 2,4-dinitrotoluene (DNT), and 1, 3, 5-
trinitroperhydro-1, 3, 5-triazine (RDX)] and their mixtures. The microstructures/nanostructures of MSA
fabricated at an input fluence of 9.55 J/cm2, and decorated with AgeAu alloy NPs, exhibited exceptional
SERS enhancement factors (EFs) up to ~1010 for MB, ~106 for PA, and ~104 for RDX with the detection
limits obtained being ~5 pM, ~36 nM, and ~400 nM for MB, PA and RDX respectively. Furthermore, we
demonstrate these SERS substrates possess good reproducibility (RSD values < 15%) and a superior
performance compared to a commercial Ag substrate (SERSitive, Poland). Three binary mixtures, i.e. MB-
PA, MB-DNT, PA-DNT at different concentrations, were also investigated using the same SERS substrate to
test the efficacy. Further, the SERS spectra of dyes, explosives, and complex mixtures were utilized for
discrimination/classification using principal component analysis.
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1. Introduction

Raman spectroscopy is a widely used analytical technique in
various fields for material analysis such as food processing, modern
biology, medicine, and detection of explosives due to its capability
to provide fingerprint response [1e5]. Because of its weak intrinsic
Raman scattering, a derived technique of Raman spectroscopy
called surface-enhanced Raman scattering (SERS) has been pursued
over the past two decades inwhich the scattered Raman intensity is
enhanced using surface metal nanostructures [6,7]. SERS technique
has been demonstrated to be an efficient and practical way of
detecting explosive molecules. In SERS technique, the Raman signal
of an analyte is manifested due to the (i) strong electromagnetic
(EM) enhancement in the vicinity of plasmonic nanostructures
(NSs)/nanoparticles (NPs) and (ii) a weak chemical enhancement
(CM) as a consequence of charge transfer between the substrate
and the analyte molecules. Many SERS studies were performed
using noble metal nanomaterials (NSs/NPs) deposited on plain
Silicon (Si) or glass substrates as a base/support through exploita-
tion of the induced localized surface plasmon resonance (LSPR)
[8e13]. However, few metal-less 2D-materials such as graphene,
MoS2, WSe2, Si/SiOx, etc. have been shown to contribute to SERS
signal through chemical enhancement [14e16]. Consequently,
integrating semiconductor (Si/SiOx), an excellent low-cost material,
with the plasmonic NPs could possibly exploit both the EM and CM
enhancements and such studies are of huge interest towards
development or practical SERS substrates. In line with this, sub-
stantial efforts are being directed towards modifying the base/
support itself through fabricating Si nano/micropillars/pyramids
using various methods including e-beam lithography, etching, va-
por deposition to improve Raman response [17e26]. However,
most of these fabrication techniques include extended preparation
time, considerable cost, and several processing steps. Femtosecond
(fs) laser ablation is a powerful yet unpretentious technique to
fabricate rapid and robust microstructure/nanostructures on
various targets. Nevertheless, the surface morphology of the
resulting NSs is influenced by laser parameters such as pulse
duration, wavelength, and fluency and also on the properties of
surrounding medium (air/liquid/buffer gas). Only a fewworks have
discussed the process of manufacturing Si SERS substrates in a
single and two-step process using fs ablation. Lin et al. [27] fol-
lowed a one-step process: fs laser ablation of Si in AgNO3 solution
to fabricate Ag adsorbed Si substrates whereas Yang et al. [28]
demonstrated a two-step approach: laser scanning microstruc-
tures/nanostructured Si followed by deposition of a silver thin film
on the fabricated structures. Apart from surface texturing of base,
various compositions of NPs made up of two or more compositions
of plasmonic materials were synthesized to investigate the Raman
response of analyte molecules [29e34]. Bi et al. observed ~20 times
enhancement in the SERS signal using bimetallic gold-silver
nanoplate arrays than that of the gold nanoplate arrays [35]. In
particular, the fabrication of AgeAu alloy NPs has received lot of
attention due to their tunable LSPR characteristics through
combining the individual properties associated with Ag (superior
plasmonic nature comapred to Au) and Au (higher stability
comapred to Ag) for obtaining superior SERS response. Recently, we
fabricated different alloy NPs (AgeAu, AgeCu, and CueAu) fol-
lowed by detailed SERS studies found that AgeAu NPs coated plain
Si substrate have indeed exhibited superior SERS performance for
detecting MB (5 nM), PA (5 mM) and DNT (5 mM) with the EFs of
~107, ~104, and ~104, respectively [29,36].
Herein, we utilized the effect of micro square arrays (MSA)
fabricated on Si in the air at different fluences (3.18e31.84 J/cm2)
and AgeAu alloy NPs to enhance the SERS performance. The
fabricated SERS substrates were characterized by field emission
scanning electronic microscopy (FESEM) and energy dispersive
spectroscopy (EDX) mapping techniques. Significantly, the Si MSA
substrate fabricated at 9.55 J/cm2, coated with AgeAu alloy NPs has
shown the best SERS enhancement for MB molecule (10�11 M)
compared with other MSA substrates due to the generation of a
large number of hotspots, resulting in the strongly localized surface
plasmons. The above-mentioned substrate was then used to probe
the explosive molecules (PA, RDX) in pure form. Majority of the
earlier SERS studies were using (a) non-explosive molecules (b)
confined to the detection of either one or two analyte molecules.
Further, very few studies focused on detection of analytes in mix-
tures (binary or ternary). A few SERS studies though have focused
on the detection of individual explosivemolecules, but in real-time,
the samples will, generally, be present in a complex mixture form.
Therefore, we extended our work to detect explosive mixture with
various concentrations (PA-MB, DNT-MB, PA-DNT, and MB-PA-
DNT) through observing fingerprint response offered in SERS
technique. Furthermore, the principal component analysis (PCA)
technique was utilized to group/classify the explosives, explosive-
dye mixture and explosive-explosive mixture by analyzing the
SERS spectra. Our experimental results showed that these Si NSs
loaded with AgeAu alloy NPs provided good sensitivity and
reproducibility for all the molecules, even in the form of mixtures.

2. Materials and methods

2.1. Chemicals and reagents

A Si wafer [p-type crystalline Si (100)], silver target of 1 mm
thickness (>99% pure, Sigma Aldrich), tetrachloroauric (III) acid
(HAuCl4 4H2O) �99.9% trace metals basis, methanol (reagent
grade), acetonitrile (reagent grade), acetone (reagent grade), and
the methylene blue dye molecule [MB; C16H18ClN3S], Malachite
green [MG: C23H25N2] were purchased from Sigma Aldrich. The
explosive molecules of 2,4,6-trinitrophenol (Picric Acid; PA;
C6H3N3O7), 2,4-dinitrotoluene (DNT; C7H6N2O4) and 1, 3, 5-
trinitroperhydro-1, 3, 5-triazine (RDX; C3H6N6O6) were provided
by HEMRL (Pune, India) for detection.

2.2. Fabrication of silicon microstructures/nanostructures

Fig. 1(a) depicts the schematic of MSA fabrication on Si by fs
laser ablation in air. The ablation experiments were performed
using Ti: sapphire laser system (LIBRA, 4W, M/s Coherent, USA)
delivering pulses of ~50 fs duration, at a central wavelength of
800 nm and 1 kHz repetition rate. Before ablation, the Si targets
were cleaned in an ultrasonic bath with acetone and ethanol to
remove any surface impurities. A combination of half-wave plate
and Brewster polarizer was used to control the incident pulse en-
ergy. Five different pulse energies, i.e., 10 mJ, 20 mJ, 30 mJ, 50 mJ, and
100 mJ (higher than the ablation threshold of Si �1.5 J/cm2 [37]),
were utilized to fabricate the Si microstructure/nanostructures. The
laser beam (with an input diameter of ~10 mm) was focused onto
the sample using a convex lens of 10 cm focal length. The estimated
fluences were 3.18 J/cm2, 6.36 J/cm2, 9.55 J/cm2, 15.92 J/cm2 and
31.84 J/cm2 for five different energies of 10 mJ, 20 mJ, 30 mJ, 50 mJ and
100 mJ, respectively. The Si samples were mounted on a high



Fig. 1. Schematic of experiment details (a) fs laser ablation of Si in air (b) synthesis of AgeAu alloy NPs. [Inset shows the micro square array (MSA) fabricated on Si].
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precision computer-controlled two-axis translation stage. It was
utilized to draw lines with scanning speeds of 0.1 and 0.1 mm/s in
both X- and Y-directions through a raster scanning procedure
starting at two different positions resulting in MSA over 5 � 5 mm2

area. The inset in Fig. 1 illustrates the scanning path/interaction of
the laser beam on the Si substrate; in this image ‘a’ is the length of
the scanning lines (5 mm), and ‘b’ is the spacing between two
adjacent scanning lines (50 mm). Every laser scanning line turns
into a single groove. Hence, line-by-line scanning procedure pro-
vides an array of grooves. Following the laser interaction, all the
patterned surfaces or MSA were rinsed in deionized water and
acetone to remove the dust particles and organic contaminants and
were preserved at room temperature.

2.3. Fabrication of AgeAu alloy NPs

Fig. 1(b) [right] depicts the schematic of AgeAu alloy NPs
fabrication by fs laser ablation of Ag target in HAuCl4 solution at
300 mJ pulse energy. The detailed fabrication procedure of AgeAu
NPs was reported in our earlier study [36], and the formation
mechanism is briefly discussed as follows: The interaction of
intense fs laser pulses with the precursor (HAuCl4) results in the
formation of AuCl4� ions owing to their higher reduction potentials
[HAuCl4 þH2O þ n hn /AuCl4� þ Hþ þ OH�, AuCl4� þ 3e� /

Au0 þ 4Cl�]. The ablation of Ag target results in the formation of
plasma owing to the instantaneous heating and vaporization of Ag
target in the focal region. As the time progresses, plasma plume
cools down, and transmission of energy to the surrounding me-
dium triggers the formation of the cavitation bubble [containing
both the ablated matter (Ag) and the liquid-vapor (Au)], which
expands and finally collapses due to the extreme conditions of high
pressure and high temperature gradient. This condition leads to a
replacement reaction between ablated Ag and Au ions [Ag* þ Au*
/AgAu*], resulting in the formation of AgeAu alloy NPs [36,38].

2.4. Instrumentation and characterization

The Si MSA fabricated through laser ablation in the air was
characterized using FESEM [Carl ZEISS instrument] technique. The
energy-dispersive X-ray analysis (EDAX) was utilized to check the
constituent elements on Si MSA. Furthermore, the Si MSAwas again
characterized by FESEM for the mapping of Si, Ag, and Au after
drop-casting the AgeAu alloy NPs (~20 mL). The effect of surface
morphology on Si MSA in the presence of AgeAu NPs was
examined by model LabRAM (Horiba Jobin Yvon-632 nm) spec-
trometer by probing MB. Except for this, all other Raman mea-
surements were performed using a portable Raman spectrometer
(lexcitation ¼ 785 nm, M/s B&W Tek, I-Raman plus, USA). A laser
power of 30mWwas used to record SERS spectra of various analyte
molecules, and each SERS spectrum is a result of 3 accumulations
with an acquisition time of 5 s.

2.5. SERS substrates preparation

The stock solution of MB (0.1 M), PA (0.1 M), and RDX (0.1 M)
were prepared in ethanol, methanol, and acetonitrile. Subse-
quently, these solutions were diluted to achieve various concen-
trations (ranging from 1 mM to 10 pM). While making the complex
mixture solutions, samples with equal volumes but same/different
concentrations were mixed in an ultrasonic bath for 10 min. The
SERS substrates were prepared by drop-casting 20 mL of AgeAu
alloy NPs solution on cleaned Si MSA substrates. Later 20 mL of
the analyte molecule of interest was dropped on these SERS sub-
strates for performing SERS measurements.

3. Results and DISCUSSIONS

3.1. Characterization of the Si MSA (FESEM and EDX)

Fig. 2(a)-(e) and 2(f)-2(j) illustrate the lower and higher
magnification FESEMmicrographs of Si MSA fabricated at 3.18, 6.36,
9.55, 15.92 and 31.84 J/cm2. A typical sequence of magnified images
depicting the edge morphology of Si MSA obtained at a fluence of
3.18 J/cm2 is shown in Fig. S1 of the supporting information (SI).
From Figs. 2(f)-2(j) it is evident that semi-spherical shaped Si/SiOX
NPs with fewer voids were obtained at the first two fluences 3.18
and 6.36 J/cm2 while semi-spherical and rod-shaped Si/SiOX NPs
with more nanocavities, gaps, etc. were observed at 9.55 J/cm2

[Fig. 2(h)]. At higher fluences, large-sized spherical shaped Si/SiOX

NPs with distracted microstructures on Si MSA were observed. The
sizes and shapes of the NPs produced in laser ablationwith fs pulses
depend on the origination of thermo-elastic waves below the sur-
face layer, where the phase explosion (or) coulomb explosion [39]
occurs depending on the metallic or dielectric nature of the sub-
stance. However, the complete mechanism of phase explosion (or)
coulomb explosion associated with thermo-elastic wave succeeded
by NPs generation is not entirely understood [40,41]. We believe
and understand from the existing literature that low laser fluences



Fig. 2. FESEM images of fs laser fabricated MSA on Si substrates at different fluences (a) 3.18 (b) 6.36 (c) 9.55 (d) 15.92 and (e) 31.84 J/cm2 with the scale bar of 20 mm and (f, g, h, i
and j) present their corresponding high resolution images; (k, l, m, n and o) present the corresponding EDX images and insets show atomic weight% of the elements.
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cause negative stress, which ultimately supports and strengthens
the repelling force between the atoms, leading to the formation of
small-sized Si/SiOX NPs. However, in the case of higher laser flu-
ences the repelling force will be stronger than the negative stress
and bonds will be broken instantaneously, which may perhaps
generate bigger sized Si/SiOX NPs as well as increased nano-
structure deformation/destruction due to the Coulomb explosion
[40,41]. The laser ablation of Si in the ambient air leads to change in
the chemical properties of its surface along with its physical
properties due to the oxidation effect. During the laser ablation of Si
target in air, the Si particles in plasma interact with the oxygen from
the surrounding air and form SiO/SiOX on the Si MSA. The Si sub-
strates fabricated at different fluences were studied using EDX
spectroscopy to measure the extent of oxidation on Si MSA. Fig. 2
(k)-2(o) depict the EDX spectra, and the inset of each depicts the
Si and Oweight percentages. The degree of oxidation on SiMSAwas
observed to increase as the fluence increased from 3.18 to 31.84 J/
cm2, which could probably be attributed to the increased atomi-
zation of oxygen from the surrounding air.

Further, the Si MSA (9.55 J/cm2) was coated with AgeAu alloy
NPs and the distribution of these alloy NPs were inspected using
FESEM- EDX mapping. Fig. 3 shows the EDX map of Si MSA deco-
rated by AgeAu alloy NPs and the elemental distribution of each
constituent. Fig. 3(b) illustrates the overall mapping in a selected
portion of the target. Fig. 3(c)e(e) represent the corresponding
elemental mapping images of elemental Si (red colour), Ag (yellow
colour), and Au (green colour) on the Si MSA. Fig. 3(f) depicts the
EDX spectra while the inset shows the table representing the
weight percentage of each individual element. The deposited
AgeAu NPs on Si NSs will be able to create multiple hot spots,
leading to the excitation of strongly localized surface plasmons
resulting in huge enhancements of the SERS signal.
4. SERS studies

4.1. Detection of a dye molecule

To establish the combined effect of Si MSA as well as AgeAu
alloy NPs towards SERS enhancement, the target was studied
region-wise using a micro-Raman spectrometer (LabRAM, Horiba
Jobin Yvon) at 632 nm excitation wavelength. Later SERS studies
(on explosive molecules) presented in this work have been per-
formed using a portable Raman spectrometer, which is easier and
practical to transport to the point of interest (field). The micro-
Raman spectrometer, however, helped us in understanding the
surface morphology and identifying the interesting portions of
substrates where the enhancement is higher. MB was chosen as a
probe molecule to study the effect of microstructure/nanostructure
in the SERS signal. The maximum SERS signal was observed from
the edges of MSA because of the micro-protrusions and/or nano-
cavities originating from the redistribution of ablated mass in
comparison to the regions inside the groove and non-irradiated
portions of Si. The detailed SERS measurements performed in the
various areas are illustrated in Fig. S2 of the SI.
4.2. Detection of MB from different Si MSA substrates

We have also recorded the SERS spectra of MB (5 nM) using a
portable Raman spectrometer with an excitation source at
785 nm from the AgeAu alloy NPs deposited on plain Si
[Fig. 4(a)(i)] and Si MSA. The normal Raman spectra of MB (0.1 M)
on the plain Si (without NPs) was shown in Fig. 4(a) [pink
colour]. The SERS optimization measurements were performed
on Si MSA fabricated at five different laser fluences to investigate
and understand the effect of their morphology/roughness in SERS



Fig. 3. (a) FESEM image of edges of Si MSA fabricated at 9.55 J/cm2 and (b-e) EDX elemental mapping of AgeAu alloy NPs deposited on Si MSA fabricated at 9.55 J/cm2 (c) Si (d) Ag
(e) Au (f) EDX spectra inset shown the atomic weight % of elements.

Fig. 4. (a) SERS spectra of MB (5 nM) adsorbed on AgeAu alloy NPs decorated on (i) bare Si and Si MSA fabricated at different fluences (ii) 3.18, (iii) 6.36, (iv) 9.55, (v) 15.92 and (vi)
31.84 J/cm2 and, (b) The histogram of EF from all the substrates. The Raman spectra MB (0.1 M) is shown in pink colour (bottom spectra). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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activity. The obtained SERS spectra from all the substrates with
AgeAu alloy NPs and are shown in Fig. 4(a) (ii) - (vi). From the
figure, it is evident that the Raman intensity increased as the
fluence increased from 3.18 to 9.55 J/cm2, and then it decreased
for a further increase in the fluence from 15.92 to 31.84 J/cm2.
The enhancement factor (EF) using the following relation EF ¼
(ISERS � CR)/(IR � CSERS), where ISERS and IR are the Raman signal
intensity of the SERS substrate and bare silicon and, CSERS and CR

are the concentration of the analyte molecule on the SERS sub-
strate and bare silicon. The EF calculation process can be found in
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the previous reports [42,43]. The EFs of three modes of MB i.e.,
447, 1393 and 1622 cm�1 from all the substrates were calculated
and are illustrated in Fig. 4(b). The EFs obtained for 1622 cm�1

peak were 3.64 � 107, 5.46 � 107, 1.43 � 108, 1.75 � 108,
3.58 � 107 and 9.53 � 106 for plain Si with NPs and Si MSA at
fluence 3.18, 6.36, 9.55, 15.92 and 31.84 J/cm2 with NPs respec-
tively. With the increased fluence from 3.18 to 6.36 J/cm2, EF
increased by 2.7 times and 3.2 times for 9.55 J/cm2. Later it was
observed that the EF decreased to 0.65 and 0.18 times for flu-
ences of 15.92 and 31.84 J/cm2 when compared to that of the EF
obtained at a fluence of 3.18 J/cm2. A similar trend was also
observed in the EFs of two other modes. Si MSA obtained at
9.55 J/cm2 exhibited the optimum SERS signals in comparison to
the other Si MSA substrates. This could be ascribed to (i) the
presence of semi-spherical and rod-shaped Si/SiOX NPs with
larger quantity of nano-voids/gaps etc., which could possibly
have accommodated a higher number of AgeAu alloy/bimetallic
NPs (ii) aggregation of NPs over the edge of MSA leading to the
formation of again a higher number of hot spots and (iii) modi-
fications of local fields under the influence of shape and size of
the nanostructure which enhance the scattering efficiency. Sub-
sequently, the Si MSA fabricated at 9.55 J/cm2 was utilized to
perform SERS studies because of its superior SERS activity.
Fig. 5. SERS spectra of (a) MB [ (i) 5 mM (ii) 500 nM (iii) 50 nM (iv) 5 nM (v) 500 pM (vi) 100
50 nM] (e) RDX [(i) 100 mM (ii) 50 mM (iii) 10 mM (iv) 5 mM (v) 1 mM]. (b, d, and f) linear depe
PA, and RDX, respectively.
4.3. Sensitivity and reproducibility studies of the optimized
substrate

For the real-time/practical applications, a stable and reproduc-
ible response is mandated from the SERS active substrates. It is
expected that AgeAu alloy NPs coated on a plain surface might be
one of the conceivable substrates for SERS reproducibility studies.
Here, SERS sensitivity and reproducibility have been investigated
for the AueAg NPs dispersed on the Si MSA over a large area,
fabricated at a fluence of 9.55 J/cm2, as it exhibited the highest EFs
in the present study. Fig. 5(a) shows the SERS spectra of MB at
various concentrations (from 10�11 M to 10�6 M). It is evident from
the data that 1622 cm�1 mode was decreased with decrease in
concentration and is feebly observed at 10�11 M concentration.
Thus, a sensitivity of picomolar (pM) concentration was achieved
for MB dyemolecule, corroborating the great sensitivity of the SERS
active substrate. A linear dependence of SERS intensity with analyte
concentration was verified by fitting log I versus log C plot by
considering three major peaks of MB. Fig. 5(b) shows the linear
plots of 447, 1393, and 1622 cm�1 modes with considerable R2

values of ~0.99, ~0.98, and ~0.96, respectively, demonstrating a
good linear variation of intensity versus concentration. To quanti-
tatively characterize the SERS ability, we estimated the EFs of three
pM (vii) 50 pM and (viii) 10 pM] (c) PA [(i) 500 mM (ii) 50 m M (iii) 5 mM (iv) 500 nM (v)
ndence log plots of Raman mode intensity vs. concentration for the major modes of MB,



Table 1
Summary of the EF’s for different analyte molecules obtained in the present study.

S. No. Analyte (Concentration) Peak (cm�1) EF

1 MB (1 � 10�11 M) 447 0.85 � 1010

1393 1.2 � 1010

1620 1.2 � 1010

2 PA (5 � 10�8 M) 820 2.2 � 106

1338 0.8 � 106

3 RDX (1 � 10�6 M) 883 9.3 � 104

1214 7.5 � 104

SERS based Detection of Complex mixtures [PA-MB, PA-DNT].
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major peaks of MB for 10�11M, and the estimated EFs were
0.85 � 1010, 1.2 � 1010, and 1.2 � 1010 for 447, 1393 and 1622 cm�1

modes, respectively. The EFs reported in previous studies for the
rigid SERS substrates and the EFs achieved in the present work are
summarized in Table S1. The EFs accomplished in our case with
AgeAu alloy NPs decorated on Si MSA substrate indicates that this
substrate could be used as an effective sensor for molecular
detection at trace level. Apart from the sensitivity, reproducibility
of the SERS targets is a significant concern owing to their robust
usage. The reproducibility of the SERS substrate was demonstrated
by recording the SERS signals of MB at 10 pM concentration.
Fig. S3(a) of SI shows the SERS spectra of MB (10�11M) recorded at
13 randomly selected places on the AgeAu alloy NPs coated Si MSA.
The intensity histograms for the three significant peaks observed at
447, 1393, and 1622 cm�1 with their respective RSD values of 6.52%,
13.1%, and 6.5%, shown in Fig. S3(b). The obtained results demon-
strating high sensitivity as well as good reproducibility (RSD <15%)
of Si MSA. This data suggests that the AueAg Alloy NPs coated Si
MSA substrate can be considered as a potential SERS substrate for
practical applications. Therefore, we have utilized the same sub-
strate to detect the explosives and complex mixtures by following
the simple cleaning procedure as given in SI [44].

4.4. Detection of explosive molecules

The versatility of the investigated SERS substrate was demon-
strated by detecting and analysing explosive molecules in their
pure form and in complex mixtures. Si MSA substrate fabricated at
9.55 J/cm2 with AgeAu alloy NPs was used to detect two different
explosive molecules, i.e., PA and RDX, in their pure form at mini-
mum concentrations. Fig. 5(c) shows the SERS spectra of PA with
different concentration ranging from 500 mM to 50 nM i.e. (i)
500 mM (ii) 50 m M (iii) 5 mM (iv) 500 nM (v) 50 nM. At lower
concentration of PA (50 nM), only two major peaks, positioned at
820 cm�1and 1338 cm�1, were identified, as depicted in Fig. 5(c).
Fig. 5(d) illustrates the linear variation in the SERS signal intensity
of the 820 cm�1, 1338 cm�1 modes versus analyte concentration
(log plot) with correlation coefficients of 0.94 and 0.97, respectively.
PAwas detected even at 50 nM concentrationwith twomajor peaks
at 820 cm�1 and 1338 cm�1 with their respective EFs being
2.2 � 106 and 0.8 � 106. A significant improvement (2-fold) was
achieved in the sensitivity of explosive molecules and is apparent
from comparison of the results obtained from this study (EF ~106)
with the previous studies using AgeAu alloy NPs on the plain Si as
SERS active substrate (EFs of ~104) [36]. The reproducibility test was
carried out at 14 random sites for PA, and the estimated RSD for the
characteristic peak of PA at 820 cm�1 and 1338 cm�1 is 8.7% and
13.5%, shown in Fig. S4(a) of the SI. Besides high sensitivity, the
SERS substrate also demonstrated good reproducibility.

Further, the SERS performance of the substrate (AgeAu NPs
coated Si MSA substrate at 9.55 J/cm2) was verified by choosing RDX
as the target analyte molecule [45]. There were no Raman spectra
observed for 1 mM RDX molecule, which was adsorbed on AgeAu
alloy NPs with plain Si substrate (data not presented here). How-
ever, the AgeAu alloy NPs coated Si MSA substrate has helped us to
detect Raman signals even from 1 mM RDX analyte. The
concentration-dependent SERS spectra of RDX from 100 to 1 mM [(i)
100 (ii) 50 (iii) 10 (iv) 5 (v) 1 mM] are shown in Fig. 5(e). The
observed Raman modes of RDX are in good agreement with those
reported previously [46]. The modes observed at 883 cm�1 and
1214 cm�1 in the SERS spectra of RDX were ascribed to CeN
stretching and NeC stretching, respectively. It can be observed
that the SERS signal intensity (883 and 1214 cm�1) increased with
the increase of the concentration of RDX. Fig. 5(f) illustrates the
linear dependence of log plot intensity versus analyte
concentration with a R2 value of 0.98. The reproducibility of SERS
spectra of RDX (50 mM) is depicted in Fig. S4(b) and corresponding
histogram plots of 883 cm�1 and 1214 cm�1 peaks from 14 different
spots with reasonable RSD values of 7.7% and 14.7%, respectively.
Furthermore, the SERS spectra of malachite green (MG, a common
dye molecule) were recorded on two optimized Si MSA substrates
fabricated at 9.55 J/cm2 to inspect the batch-to-batch reproduc-
ibility. The RSD in the SERS intensity of the 1614 cm�1 peak was
utilized to investigate the batch-to-batch reproducibility and it was
found to be <10% [data is presented in Figs. S5 (a-d) of the SI] [47].

The EFs estimated for the lowest detected concentrations of MB,
PA, and RDX are listed in Table 1. These EFS are on-par/superior to
the results obtained by our group [29,36,44,48e51]. To estimate the
limit of detection (LOD) for all the three molecules investigated, the
most prominent peaks of MB at 1622 cm�1, PA at 822 cm�1 and RDX
at 883 cm�1 were opted for analysis. Here, the LOD value was
calculated using the formula LOD ¼ 3s/b, where ‘s’ is the standard
deviation of the blank and ‘b’ is the gradient of the linear equation.
The slope “b” is obtained from the intensity versus concentration
plots (illustrated in Fig. S6 of the SI). The estimated LOD values for
the MB, PA, and RDX were ~5 pM, ~36 nM, and ~400 nM, respec-
tively. The variations in EFs and LOD from sample to sample on the
same substrate could possibly be attributed to the strong affinity
and orientation of these molecules on the SERS substrate.

Apart from the sensitivity, selectivity (i.e., the ability of the
technique to provide individual/specific response to various ma-
terials of interest) is also an important aspect in the explosive
analysis. However, in real-time scenarios, the explosive samples
inevitably coexist in mixed form with the multiple interferants.
Thus, rendering the quantitative and qualitative detection of each
molecule from the mixed form has been one of the most important
and challenging applications of SERS. Here, we have utilized the
same substrate, i.e. AgeAg NPs dispersed on Si MSA fabricated at
9.55 J/cm2 to detect the explosive mixtures. Three binary mixtures/
solutions were prepared with MB, PA, and DNT, i.e. PA-MB, DNT-
MB, and PA-DNT at different concentrations by mixing the analyte
solutions in equal volumes. Fig. 6(a) illustrates the SERS spectrum
of PA (5 mM) þ MB (5 nM) binary mixture in comparison with pure
SERS spectra of PA (5 mM) and MB (5 nM). The SERS spectrum of
PA þ MB mixture consisted of vibrational modes of PA and MB.
Similarly, the SERS spectra of second binary mixture comprising of
a dye and an explosive molecule, i.e. MB-DNT (0.5 nM þ 0.5 mM)
were also recorded and as shown in Fig. 6(b). In the SERS spectra of
mixture, the peaks were observed with small shift and with the
decreased intensity. Further, the SERS spectra of PA-MB mixture
were recorded by varying the MB concentration from 5 nM to 50
pM [(i) 5 nM (ii) 500 pM and (iii) 50 pM] at a fixed concentration of
PA molecule (5 mM), as shown in Fig. 6(c). With the decreasing in
the concentration of MB the intensity of characteristic peaks of MB
(447, 1620 cm�1) decreased as well, but the PA peak intensity
(820 cm�1) remains unchanged. Similarly, the concentration of PA
was changed from 50 mM to 50 nM at a fixed concentration of MB



Fig. 6. SERS spectra of (a) PA þ MBmixture [(i) PA 5 mM (ii) PA (5 mM)þMB (5 nM) (iii) MB (5 nM)] (b) DNT þ MB mixture [(i) DNT (0.5 mM) (ii) DNT (0.5 mM) þ MB (0.5 nM) (iii) MB
(0.5 nM)] (c) SERS spectra of PA (5 mM) constant and different MB concentrations (i) 5 nM (ii) 500 pM (iii) 50 pM, (d) with MB (500 pM) constant and different PA concentration (i)
50 mM (ii) 5 mM (iii) 500 nM, adsorbed on the AgeAu NPs coated Si MSA substrate, fabricated at 9.55 J/cm2.

Fig. 7. SERS spectra (a) explosive mixture PA þ DNT (i) DNT (50 mM) (ii) PA
(50 mM) þDNT (50 mM) (iii) PA (5 mM) þDNT (5 mM) (iv) PA (50 mM) þDNT (5 mM) (v) PA
(5 mM) þDNT (50 mM) and (vi) PA (50 mM), adsorbed on the AgeAu NPs coated Si MSA
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(500 pM), data of which is illustrated in Fig. 6(d). The intensity of
MB peak at 1620 cm�1 was observed to be constant, but the in-
tensity of the PA peak at 820 cm�1 changed (decreased) with the
concentration. It was evident that Raman modes of both com-
pounds were identified in the mixture. Additionally, we also veri-
fied the substrates homogeneity by collecting the SERS signal of
PAþMBmixture at 12 random sites, and data is shown in Fig. S7(a)
of the SI. The results obtained from this investigation establish that
AueAg alloy NPs dispersed Si MSA achieve effective SERS sensi-
tivity, high reproducibility, and constancy to detect the explosive
molecules in the binary mixture form. The intensities of Raman
modes corresponding to explosive molecules in mixtures are less
albeit their concentration (mm) is higher in comparison to dyes
(nM). This could be attributed to the (i) high Raman cross-sections
of dye molecules compared to that of explosive molecules and (ii)
the differences in binding affinity of molecules/analytes with the
Alloy NPs with Si MSA. Few approaches have been reported for
specific molecule detection in the form of mixtures [52e57]. Tian
et al. [16] explored the quantitative detection of multiple analytes
using graphene-based SERS (G-SERS) and showed that the con-
centrations, the adsorption constants, and the competing species
Raman scattering cross-sections are the key factors in quantitating
detection.

To evaluate the efficacy of our SERS substrate (AgeAu alloy NPs
on Si MSA), we have pushed our studies to detect the binary
mixture containing two explosive molecules. The identification of
explosive molecules mixed with another explosive molecule can be
more challenging due to the interference and spectral overlap of
different analytes. Therefore, in this study, a binary mixture of two
explosive molecules, i.e., PA and DNT, were detected at various
concentrations using the same SERS active substrate. The SERS
spectra of pure PA, DNT and PA-DNT mixture (4 combinations) are
shown in Fig. 7. The prominent peak of PA at 820 cm�1 and DNT at
851 cm�1 are highlighted with yellow and green colour rectangles.
Even though both the analytes (PA, DNT) are of the same concen-
tration (5 mM), a small variation in SERS intensities and shifts were
observed. This could be attributed to the combined effect of the
orientation of the analytes and interaction between the analyte
molecules as well as adsorption position of analyte molecules on
the generated plasmonic hotspots. The observation of prominent
Raman band intensities of both molecules even at various con-
centrations in the binary mixture demonstrating the efficacy of Si
MSA coated AgeAu NPs substrate.

Subsequently, the Si MSA coated AgeAu alloy NPs substrate
again was employed for detecting the SERS spectra of a mixture of
three molecules. A single tertiary mixture composed of two
substrate, fabricated at 9.55 J/cm .



Fig. 8. SERS spectra complex mixture PA (5 mM) þDNT (5 mM) þMB (5 nM), adsorbed
on the AgeAu NPs coated Si MSA substrate, fabricated at 9.55 J/cm2 the major char-
acteristic peaks of PA, DNT and MB are labelled with the yellow, green and pink,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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explosives and a dye molecule was studied as a proof of concept for
the simultaneous detection of multiple analytes using the SERS
technique. Fig. 8 represents a typical SERS spectrum of the tertiary
mixture containing PA (5 mM), DNT (5 mM), and MB (5 nM) as
analytes. The prominent characteristic peaks of these three mole-
cules were distinguished clearly even when the mixture was in mM
concentration for explosives and nM concentration for dye mole-
cules. The peaks are labelled with different box colours (pink for
MB, yellow for PA, and green for DNT). These characteristic peaks
can potentially be used for rapid screening of analytes in complex
matrices. Hence, Si MSA covered with AgeAu NPs substrate pos-
sesses potentiality for quick and convenient identification of trace-
level explosive (or) organic analytes in real-time applications.

5. PCA analysis of SERS spectra

We have utilized principal component analysis (PCA), a simple
statistical analysis technique for the discrimination of various
Fig. 9. (a) 3D PC plot illustrating the clustering of explosives and dye molecules in their p
ponents are contributing to the classification of explosives, dye molecules and their mixtures
with the same colour for clear identification. (For interpretation of the references to colour
explosive molecules in their pure form and mixtures with dye
molecules. PCA has also been used in conjunction with other
explosive detection techniques such as laser photoacoustic spec-
troscopy (LPAS) [58], laser-induced breakdown spectroscopy [59],
and Raman spectroscopy [60,61] to discriminate explosive mole-
cules. Li et al. utilized PCA and k nearest neighbors (KNN) for
analyzing Raman spectra for the detection of colon cancer [62].
Though Raman technique (SERS) has a specific advantage of
providing fingerprint spectra of various analytes, the usage of
multivariate data techniques in tandem with Raman spectroscopy
are conducive to robust classification and identification [63e65]. As
discussed in the experimental section, the SERS response of MB, PA,
RDX in pure form and MB-PA, MB-DNT, DNT-PA was recorded on Si
NS (at 30 mJ) with AgeAu NPs decorated on it. SERS spectra of the
mixtures possessed the Raman modes corresponding to each ana-
lyte. The SERS spectra are baseline corrected and then analyzed for
distinguishing these analytes in their pure and mixed form using a
self-written, PCA code in MATLAB. The SERS spectra of six combi-
nations, i.e., MB, PA, RDX, PA-MB, DNT-MB, PA-DNT in the 550-
1750 cm�1 spectral range, which includes the major vibrational
modes.

Fig. 9(a) depicts the PC score plot, which illustrates the obtained
from PCA analysis of SERS spectra, illustrating the clustering/
grouping of explosives and dye molecules in pure and mixture
form. Fig. 9(b) represents the first three PCs of processed Raman
spectra (SERS) explosives, dye molecules and their mixtures ob-
tained from PCA. PCA results in principal components (PCs), which
are the important spectral features that contribute demonstrate
distinguishing the spectra. The first three PCs together account 89%
i.e. PC1 (60%), PC2 (27%), PC3 (2%) of the variance present in the
data. PC1 contains the vibrational modes from PA and MB; PC2
contains vibrational modes from MB, PA, and RDX, and PC3 con-
tains peaks from MB, RDX, and DNT with decreasing contribution.
The variance accounted can be improved by discarding the regions
which do not contain major spectral peaks. Further feature selec-
tion algorithms are being developed to increase the information
accounted in themultidimensional data set. Such (PCA) studies will
be helpful in the cases where the signal to noise ratio is poor, and
there are large number of peaks in the Raman (SERS) spectra.
ure and mixed forms obtained from PCA analysis on SERS spectra. (b). Principal com-
obtained from PCA. The vibrational modes corresponding to the molecule are indicated
in this figure legend, the reader is referred to the Web version of this article.)



Fig. 10. SERS spectra of (a) MB (5 nM) (b) PA (50 mM) (c) the corresponding reproducibility of the SERS intensities for significant modes of MB (1620 cm-1) and PA (820 cm-1),
respectively, using Ag-based commercial substrate from SERSitive [66].
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6. Comparison with a commercial SERS substrate

In an exercise to prove the usefulness and versatility of our SERS
substrate, we compared our substrate performance with a readily
available commercial Ag-based SERS substrate (SERSitive) [66].
Two probe molecules (i) MB (ii) PA was considered to verify the
SERS performance of these substrates. Fig. 10 (a) and (b) present the
SERS spectra of MB (5 nM) and PA (50 mM). The obtained EFs were
~2.6 � 107 and ~1.2 � 104 for MB (1620 cm�1) and PA (820 cm�1),
respectively. The observed Raman enhancement from our substrate
was three orders of magnitude higher than that from a commer-
cially available substrate. The intensity histogram representing the
reproducibility of the substrate with RSD ~9.6% for MB and ~12.5%
for PA, as shown in Fig. 10 (c). Our substrate has demonstrated
superior performance compared to the commercially available
substrate by demonstrating EFs of two order magnitude higher
than the latter towards explosive detection. However, the
commercially obtained SERS substrates were in transit for 3e4
weeks, and this possibly could have affected their performance.
Thus, we firmly believe that the performance of hybrid SERS active
substrates fabricated using femtosecond laser pulses is superior
than the commercially available substrates. Further, there is scope
for improvement in the enhancement factors and LOD achieved by
simply tuning the morphology of the microstructures and the sizes
of the alloy nanoparticles deployed in this study.

We also envisage a variety of applications for our SERS sub-
strates. Though our main goal is towards identification of trace
explosives in pure andmixed form, these can be used effectively for
detection of (a) pesticides in foods (b) adulteration in oils and milk
(c) forensic analysis (d) narcotics identification.

� If the analyte is a trace solid sample then one could simply use
the optimized alloy nanoparticles (Si þ trace analyte þ drop-
casted alloy nanoparticles) for detection/identification. In case
the analyte cannot be transferred to the SERS substrate then
simply drop-cast the alloy nanoparticles on the trace and record
the SERS spectra.

� If the analyte is in liquid form then one could use nano-
structured Si þ drop-casted alloy nanoparticles þ drop-casted
analyte for superior enhancements in the SERS signals.
7. Conclusions

In summary, we demonstrate highly active SERS substrates that
comprise of fs laser-generated Si MSA covered with AgeAu alloy
NPs with superior sensitivity, selectivity, and reproducibility for
nitro-based explosives detection using a simple, portable spec-
trometer. The edges of the Si MSA facilitated the accommodation of
a large number of AgeAu NPs in the nanogaps and micro/nano-
cavities, which could produce a large number of hot spots and
resulting in considerable enhancements in the Raman signals. The
fabrication of Si MSAwas performed in air at different laser fluences
of 3.18e31.84 J/cm2. The Si MSA (fabricated at 9.55 J/cm2), which
exhibited the highest enhancement for MB was utilized to probe
other explosives and their mixtures. A sensitivity of 10 pM for MB
(~1010; typically, acceptable value for the detection of single
molecule), 50 nM for PA (~106), and 1 mM for RDX (~104) was
observed in their pure form. Moreover, the robustness of the sub-
strate for multi-analyte detection was demonstrated through
detection of complex mixtures of explosives and dye molecules
(PA þMB, DNT þMB, and PA þ DNT). The RSD values of prominent
mode intensities for all the molecules being less than 15%
throughout the substrate establish the reproducibility of Si MSA.
Furthermore, the detection of a tertiary complex mixture
(MB þ PA þ DNT) confirmed the potential of these substrates for
real-time sensing applications. Additionally, the SERS spectra of
dyes, explosives, and the complex mixtures were utilized to
discriminate using principal component analysis (PCA). In future, Si
NSs will be optimized by tuning the scanning speeds at constant
energy and further used for the detection of explosive mixtures
with more than two compounds with anisotropic metal NPs. The
highly sensitive, stable, and reproducible SERS response in associ-
ation with good enhancement factors articulates the tremendous
potential of the Si MSA decorated with AgeAu alloy NPs for real-
time field applications. Further, large scale production of these
substrates is possible thereby addressing the cost issues also.
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