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H I G H L I G H T S

• Periodic/ripple‐like structures on Nickel fabricated using fs ablation in DW.

• 3D-like (groove) features Ni substrates were obtained in acetone.• Ni periodic/3D-like structures were gold plated using thermal evaporation.• SERS studies performed on MG and NB using these structures.

• Detection sensitives of 500 pM for MG and 5 nM for NB achieved.
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A B S T R A C T

Over the last decade several research groups have accomplished the fabrication of 2D periodic and 3D nanocage
like structures on different materials using diverse lithographic approaches. Herein, we present the detailed
studies on the fabrication of femtosecond (fs) laser‐induced periodic/ripple‐like surface structures on nickel (Ni)
substrate in distilled water whereas 3D-like (nanocages) features on Ni substrates in acetone by tailoring the
laser processing parameters (pulse energy). The morphological studies of simultaneously obtained Ni nano-
particles (NPs)/nanostructures (NSs) in distilled water/acetone were meticulously studied using transmission
electron microscope (TEM) and field emission scanning electron microscope (FESEM). The fabricated Ni peri-
odic/3D-like structures were gold (Au) plated using thermal evaporation technique and subsequently utilized as
surface enhanced Raman scattering (SERS) active sensors for detecting the traces of various analyte molecules
such as malachite green (MG) and Nile blue (NB). The grooved Ni-Au substrates allowed us to detect extremely
low concentrations of MG (500 pM) and NB (5 nM) and, significantly, utilizing a simple, portable Raman
spectrometer. Moreover, the substrates have demonstrated superior reproducibility as well as multi-utility
nature with a relative standard deviation (RSD) of< 17%. Additionally, Au- coated Ni grooved SERS substrates
have demonstrated superior sensitivity and reproducibility in comparison to commercially available Ag-based
SERS sensors (SERSitive, Poland). The proposed method of fabricating ripple and nanocages of Ni SERS plat-
forms are highly viable to overcome the cost and one-time usage of substrates for on-site detection of several
analyte molecules using a portable/hand-held Raman spectrometer.

1. Introduction

The generation of sub-wavelength surface structures on metals/di-
electrics/polymers has been realized to be of importance to the ad-
vances in photonics and surface functionalization where the morpho-
logical features of such surfaces can effectually manipulate the
mechanical [1] and optical [2] properties which are entirely different

from those found in the bulk form. These surface structures have found
enormous potential in a wide range of fields including catalysis [3],
surface wetting (hydrophobicity and hydrophilicity) [4], sensing [5],
and plasmonics [6]. Numerous nanofabrication techniques have been
established to fabricate these subwavelength surface structures in
which most regularly implemented methods are ion beam irradiation
and electron beam lithography [7,8]. However, these techniques suffer
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from high cost, multistage procedures, low throughput, and are often
time-consuming. Compared to the above described lithographic tech-
niques, ultrafast laser processing has been accepted as an efficient and
alternative tool for designing micro and nano-structures over a large
area on various solid substrates [9]. More importantly, ultrafast laser
ablation offers two foremost advantages (over the long pulse ablation)
(a) high-quality surface structures with the desired accuracy because of
mitigated heat effected zones (b) a net reduction in the ablation
threshold at identical laser processing conditions (wavelength and fo-
cusing geometry). Nowadays, ultrafast laser processing has been widely
applied to produce diverse subwavelength structures comprising micro/
nanoscale structures [10], conical [11], 3D and 2D micro/nano spikes
[12], holes and craters, mounds [13], and laser induced periodic sur-
face structures (LIPSS) [14], which can significantly improve the che-
mical, optical and biological properties of target material surface such
as optical data storage [15], color display [2] and anticounterfeiting
[16], etc. The laser induced micro/nanoscale surface structures find
potential applications in numerous fields including perfect light ab-
sorption [17,18], antireflective surfaces [18,19], and enhanced wetting
properties [4,18]. Very few studies have demonstrated the utility of
ultrafast laser fabricated micro/nanoscale structures in surface en-
hanced Raman scattering (SERS) based detection of various analyte
molecules including explosives [20–29]. Chang et al. have recently
demonstrated the fabrication of grating-like nanostructures (NSs) and
Ag nanoparticles in the aqueous solutions simultaneously using fem-
tosecond (fs) laser processing and further studied the efficacy these
substates in SERS based identification Rhodamine 6G (Rh6G) [30]. In
another study by Eric et al. fabricated large area NSs on Si substrate by
fs laser irradiation and demonstrated the SERS activity of Si NSs after
deposition of Ag film [31].

Recently, Bharathi et al. achieved fs laser processed groove-like si-
licon NSs combined with Ag/Au nanoparticles for successful identifi-
cation of various explosive molecules [32]. In our recent study we have
demonstrated the SERS activity of Au coated Fe based periodic surface
structures achieved by liquid assisted fs laser ablation [33]. In the
present work, we demonstrate the fabrication of ripple/periodic and
nanocage-like surface structures on the Ni substrates with fs laser pulses
by changing the ambient liquid and laser processing conditions. We
demonstrate that these laser-irradiated Ni NSs can be utilized for SERS
studies after deposition of a tiny amount of Au. Our studies also illus-
trate the practicability to prepare low-cost substrates by reducing the
noble metal (Ag, Au) quantity. We also demonstrate the efficacy of
these SERS substrates by comparing with the commercial Ag-based
substrates provided by SERSitive. We believe that this technique laser
ablation in liquids (LAL) which is capable of producing large area (3
square inches or more) SERS substrates in a single experiment followed
by simple thermal evaporation method is beneficial for preparing low-
cost and versatile SERS substrates.

2. Experimental details

Nickel (Ni, 99.9% purity, Alfa-Aeser) substrate was cleaned in
acetone and water in an ultra-sonication bath for 5 min prior to the
ablation experiments. Laser ablation experiments on nickel (Ni) sub-
strate were performed using a Ti: sapphire fs laser amplifier (LIBRA, M/
s Coherent) providing nearly transform limited pulses of ~50 fs dura-
tion at 1 kHz repetition rate and 800 nm wavelength. The Ni substrate
was submerged in 5 mL of distilled water (DW)/acetone in a glass cell
and the liquid layer thickness above the Ni surface was ~6 mm. During
the laser processing, Ni target was translated using the X-Y stages at a
scan speed of 0.5 mm/s with adjacent line pitch of ~30 µm. The em-
ployed pulse energy was 50 µJ, and the total laser processed area was
~25 mm2. The calculated laser fluence on the target surface was
~0.15 J/cm2. Ripple-like/periodic structures in DW whereas 3D-like
surface structures in case of acetone were noticed on the Ni surface with
above-described processing conditions. Subsequently, we proceeded

with the ablation experiments in acetone (only) by keeping the stage
parameters (scan speed and line interval) constant and varying the
input pulse energies [(i) 100 µJ (ii) 200 µJ and (iii) 300 µJ)]. The
prepared Ni NSs and NPs in acetone at energies of 100 µJ, 200 µJ, and
300 µJ were designated as NiNS1, NiNS2, NiNS3, and NiNP1, NiNP2,
NiNP3, respectively. The surface morphology of Ni NSs was char-
acterized by field emission scanning electron microscope (FESEM, Carl
Zeiss). The size and crystallinity of the Ni NPs were investigated by
high-resolution transmission electron microscope (HRTEM, FEI Tecnai
G2 S-Twin) by dropping the tiny drop of colloidal solution on carbon
coated copper grid then dried at room temperature. The analyte mo-
lecules of malachite green (MG) (dissolved in methanol) and Nile blue
(NB) (dissolved in methanol) were prepared in the form of a stock so-
lution (1 × 10−1 M) and then diluted successively to achieve various
lower concentrations (of 10−12 to 10−4 M). The achieved laser pat-
terned Ni surfaces were gold (Au) coated with thermal evaporation
technique with deposition rate of ~0.2 Å/sec (time of deposition was
~20 min). The substrate to sample holder distance was around 10 cm
and the chamber pressure before the start of experiment was
10−6mbar. For the SERS measurements, analyte molecule (Malachite
Green or Nile Blue) solutions (10 µL) were dropped on the Au-coated
laser patterned Ni surfaces and were allowed to dry at room tempera-
ture. This was followed by the acquisition of the Raman spectra using a
portable Raman spectrometer (i-Raman plus, B&W Tek, USA) with a
laser operating at 785 nm wavelength and using an integration time of
5 s. Typically 80–90 mW of laser power was used. The effective spot
size of the laser beam on the SERS substrate was 85 µm. However, the
samples were found to be intact and was confirmed from subsequent
SERS studies. With an increase in the integration time the input power
required was reduced and consistent SERS signals were obtained.

3. Results and discussions

3.1. TEM studies of Ni NPs

Fig. 1(a)–(f) illustrate the TEM and HRTEM images of Ni NPs ob-
tained by laser ablation in acetone with the pulse energies of (i) 100 µJ,
(ii) 200 µJ, and (iii) 300 µJ, respectively. Fig. 1(a), (c), and (e) show the
fabricated NPs at different pulse energies and the insets represent their
corresponding size histograms. The measured NPs mean sizes were
20.61 ± 6.98 nm, 12.04 ± 3.95 nm, and 10.14 ± 4.03 nm for
NiNP1, NiNP2 and NiNP3, respectively. With increasing the pulse en-
ergy, the NPs mean diameters were observed to decrease which could
be accredited to the fragmentation of larger NPs through their inter-
action with later laser pulses. It is obvious from the HRTEM images
[Fig. 1(b), (d), and (f)] that the obtained Ni NPs in all the cases are
found to be spherical and are surrounded with the carbon/graphite
shells (highlighted with red color rectangular boxes). The formation of
graphite shells could be elucidated briefly as follows. When the high-
intensity laser pulses are focused on the Ni plate surface in acetone it
results in the formation of high- pressure and high-temperature con-
ditions.

Due to these extreme conditions the solvent molecules could have
decomposed into carbon atoms. Subsequently, carbon atoms evaporate
and cause nucleation at the NP surface in the plasma plume. This nu-
cleation consequently leads to the formation of graphite-like nanoshells
[34–36]. However, the exact formation mechanism of graphite-like
shells is still not completely understood and needs more systematic
investigations.

3.2. FESEM studies of Ni NSs

Fig. 2(a) and (b) data illustrate the different morphological features
on the fs laser-treated Ni target using different liquids (water and
acetone). The employed laser pulse energy and stage scanning condi-
tions were the same. We observed ripple-like (periodic) surface
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structures on the Ni surface with periods (Λ) in the 99–150 nm range
when the irradiation was performed in water [shown in Fig. 2(a)]. We
also noticed randomly distributed NPs in the gaps of periodic NS and
their diameters were estimated to be in the 60–250 nm range [higher
magnification FESEM image is shown in Fig. 2(a)]. The Ni NSs peri-
odicities were found to be lower than the irradiated laser wavelength,
which can again be termed as high spatial frequency LIPSS (HSFL) or
subwavelength ripples. The formation mechanism of HSFL is still de-
bated even though several theories have been presented earlier [18].
The orientation of HSFL ripples could be either parallel or perpendi-
cular to the input laser polarization (HSFl ripples parallel to the laser
polarization are shown with double arrow symbol in Fig. 2(a)). In

earlier works, Albu et al. have demonstrated the formation of HSFL
features with both orientations (parallel and perpendicular) using the fs
laser irradiation of Ti in ethanol and water [37]. Also, they found that
the spatial period of perpendicular oriented HSFL structures was
smaller than the parallel oriented HSFL structures. A very recent report
by Jalil et al. demonstrated the fabrication of subwavelength 2D ripple
and conic structures on the Ni surface by temporally delayed fs laser
pulses in ambient air [38]. Additionally, they described the control
mechanism of the periodic/2D structures by adjusting the delays be-
tween three laser pulses and their formation mechanism was elucidated
based on surface plasmon polariton interference model. Another recent
study by Lim et al. demonstrated the manipulation of low spatial

Fig. 1. TEM and HRTEM images of fs laser fabricated Ni NPs in acetone (a, b) NiNP1 (c, d) NiNP2 (e, f) NiNP3. Insets of figures (a), (c), and (e) illustrate their
respective size histograms.
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frequency LIPSS (LSFL) features by irradiating the Ni target with fs
pulses at different fluences, pulse numbers, and laser incident angles in
the air environment [39].

However, in the present study, ripple and nanocages-like features
were obtained by changing the ambient liquid. Interestingly, in the case

of ablation in acetone nanocages (3D-like) surface features surrounded
with nanoholes with diameters in the 250 nm–560 nm range were
noticed. The discrepancy in the morphological features of the Ni surface
is attributed to the effect of the surrounding liquid, which is evident
from the FESEM images. Here, the liquid properties play a vital role in

Fig. 2. FESEM images of fs laser fabricated Ni NSs in different liquids at pulse energy of 50 µJ (a) DW (b) acetone. Higher magnification images are illustrated in the
insets of respective images. Double-headed arrow in figure (a) indicates the laser polarization direction.

Fig. 3. Lower and higher magnification FESEM images of fs laser fabricated Ni NSs in acetone (a, b) NiNS1 (c, d) NiNS2 and (e, f) NiNS3.
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the observation of ripple/nanocages-like structures. Since the proper-
ties of DW and acetone are entirely different, they alter the cavitation
bubble dynamics due to concurrent effects of the recoil pressure of the
liquid media and induced surface tension forces [12,40,41]. Thus, na-
nostructures with different morphological features were obtained. We
believe that these nanocages like features are more beneficial for SERS
based detection than the ripple-like structures (described later in this
section). Based on the observed results we further continued the fs laser
irradiation experiments in acetone by varying the pulse energy.
Fig. 3(a)-(f) depict the observed nanocages-like morphology under the
pulse energy ranging from 100 µJ to 300 µJ at a scanning speed of
0.5 mm/s with a line to line spacing of 30 µm. From the magnified
FESEM images in Fig. 3(b), (d) and (f), it can be understood that na-
nocages structure size, length and the diameter of surrounded nano-
holes depends on the pulse energy. As the pulse energy increases, the
height of nanocages increased from 0.3 µm to 1 µm, and the structures
become uniform. At the pulse energy of 100 µJ, smaller size nanocages
with irregular morphology were evident from the Fig. 3(a). With the
rise of laser pulse energy, the laser-generated plasma could be further
expanded and produces higher temperature, higher pressure and a
shock wave at the nickel surface in the vicinity of confined liquid,
consequently, the larger size and uniform nanocages are produced at
higher pulse energy (300 µJ) [40].

3.3. SERS activity of Ni NSs prepared in DW and acetone

Before conducting the SERS measurements, thin Au film was coated
on to the fs fabricated periodic Ni NSs using a thermal evaporation
technique. The thickness of coated gold film on nickel substrate, mea-
sured using surface profilometer, was found to be ~20 nm. The SERS
performance of both ripple-like (NiNS-DW) and nanocages (NiNS-Ace)
structures of Ni substrate were evaluated with a probe analyte of MG
(5 nM). In Fig. 4(a), curve (i) represents the SERS signals obtained from
the ripple- like Ni structure, while curve (ii) indicates the spectra re-
corded from the nanocages structure of Ni substrate. In case of ripple
structures, the large number of NPs observed over the laser patterned
area may also contribute to the enhancement. However, this needs
further detailed and separate investigations [33,42,43]. It is evident
that the SERS signal intensity was superior for nanocages (NiNS-Ace)
compared to the ripple-like (NiNS-DW) structure, and the data was il-
lustrated in Fig. 4(b). The resulting high signal enhancement from the
nanocages-like structures might be due to the generated high electro-
magnetic fields because of their sharp 3D-like (nanocages) features in
comparison with the ripple-like features.

3.4. SERS activity of Ni NSs prepared in acetone at different pulse energies

The designed Ni NSs obtained using pulse energies of (i) 100 µJ (ii)
200 µJ and (iii) 300 µJ in acetone were labeled as NiNS1, NiNS2, and
NiNS3, respectively. The SERS performance of Ni NSs was evaluated
after Au plating (thickness ~20 nm) with a probe molecule of MG.
Aliquot of MG (500 pM) solution was pipetted on to the fabricated Ni
SERS substrates and allowed to dry. Subsequently, the SERS signals of
MG were recorded from the as-fabricated Ni substrates. Fig. 5 presents
the SERS signals of MG (500 pM) and were recorded from the Au coated
NiNS1, NiNS2, and NiNS3 substrates. The characteristic Raman bands
of MG were located at 418 cm−1, 1171 cm−1, 1378 cm−1, and
1618 cm−1 and their peak assignments matched well with our earlier
studies [25,33]. The following procedure was utilized to calculate the
SERS enhancement factor (EF) [26,27,32].

=EF I
I

C
C

SERS

RAMAN

HC

LC

where ISERS is the integrated intensity of highly elevated Raman mode
of probe molecule under consideration from the Au coated Ni nanos-
tructured surface, and IRAMAN is the integrated intensity of the same
band obtained on plain Ni substrate. CHC is the high concentration of
probe molecule generating the normal Raman intensity from the Ni,
and CLC is the low concentration of probe molecule generating the
Raman intensity from the Au coated Ni substrate. The obtained EFs for
the prominent Raman bands of 1171 cm−1, and 1618 cm−1 were
1.6 × 107, 1.5 × 107, 2.2 × 107, and 2.5 × 107, 2.4 × 107, and
3.25 × 107 for NiNS1, NiNS2 and NiNS3 substrates, respectively [as
depicted in Fig. 5(b)]. Further, the SERS signals reproducibility was
examined by collecting the Raman spectra at randomly selected fifteen
(15) sites over the large area (5 × 5 mm2) on each substrate and the
data is shown with contour plot in Fig. 6(a)-(c). The relative slandered
deviation (RSD) values were found to be ~11.7%, ~16.4%, and
~10.1% for the SERS intensity of MG (500 pM) at 1171 cm−1 peak and
the spectra were obtained from the NiNS1, NiNS2 and NiNS3 sub-
strates, respectively [depicted in Fig. 6(d)]. From obtained results it is
evident that superior EFs and a good reproducibility was obtained for
NiNS3 substrate. Furthermore, the detection sensitivity of NiNS3 sub-
strate was further investigated by collecting the Raman signal of MG.

Fig. 7(a) and (b) illustrate the concentration dependent SERS
spectra of MG (ranging from 50 nM to 50 pM) and the observed Raman
modes were labelled in the inset. It is evident that the SERS intensity of
the MG Raman bands gradually decreased with decreasing the MG
concentration. The logarithm plot of the SERS intensity at 1171 cm−1

Raman mode depicted a linear dependence on the logarithm of the MG
concentration [varied from 50 nM to 50 pM] and the obtained

Fig. 4. (a) Recorded SERS signals from the Ni NSs
for MG (5 nM) in (i) DW (black colored spectra,
bottom) (ii) acetone (red colored spectra, top) (b)
SERS signal intensity for the prominent MG peaks
(at 1171 cm−1 and 1618 cm−1) from the NiNS-DW
and NiNS-Ace substrates. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

B. Chandu, et al. Optics and Laser Technology 131 (2020) 106454

5



correlation coefficient (R2) was ~0.91 [Fig. 7(b)]. Several characteristic
modes of MG are well-distinguishable even at the concentration of
50 pM, demonstrating the high sensitivity of NiNS3 substrate. Subse-
quently, the Ni substrates were re-used for the second time [after im-
plementing appropriate cleaning procedures [20]] to detect another
dye molecule Nile blue (NB). The normal Raman spectra of NB (5 mM)
was obtained on plain Ni surface, as can be seen from the curve (i) in

Fig. 8. The SERS spectra of NB (5 nM) recorded from the substrates of
NiNS1, NiNS2, and NiNS3 was shown in Fig. 8. The NB prominent mode
was located at 589 cm−1 is attributed to the CeCeC and CeNeC de-
formations [44]. The estimated EFs from the NiNS1, NiNS2, and NiNS3
were 5.9 × 105, 5.8 × 105, and 8.9 × 105, respectively. The Raman
bands of NB observed from the SERS spectra (at higher concertation of
NB) and their band assignments are presented Table 1.

Fig. 5. SERS signals of MG (500 pM) recorded from the Au coated Ni NSs (i) NiNS1 (ii) NiNS2 and (iii) NiNS3. (b) Estimated enhancement factors by considering the
major modes of MG dye (1618 cm−1 and 1171 cm−1) from the NiNS1, NiNS2, and NiNS3 substrates.

Fig. 6. Contour plot obtained from the 15 SERS spectra of MG (500 pM) recorded on (a) NiNS1 (b) NiNS2 and (c) NiNS3 substrates. (d) Histogram plot of SERS
intensities for the prominent MG Raman band (1171 cm−1) obtained from 15 spectra at different sites on NiNS1, NiNS2, and NiNS3 substrates.
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3.5. SERS performance comparison with Ag-based commercial substrates

The performance of Au–plated Ni based SERS substrates are com-
pared with a readily available commercial SERS (Ag-based) substrates,
which are provided by SERSitive company [45]. These substrates were
manufactured through the electrodeposition of Ag NPs on the ITO
substrate with a dimension of 5 × 4 mm2. Fig. 9(a) and (b) present the
FESEM images of Ag-based commercial substrate acquired at lower and
higher magnifications. The SERS performance of these substrates was

verified by considering three probe molecules (i) picric acid (PA) (ii)
MG and (iii) MB. Fig. 10(a) presents the SERS spectra of (i) PA (5 μM),
(ii) MG (50 nM), and (iii) MB (5 nM). The obtained EF was ~6.3 × 106

for the main characteristic peak of MB 1620 cm−1, for MG 1614 cm−1

peak ~4.5 × 105, and PA 820 cm−1 peak ~3.8 × 104. The intensity
histogram demonstrating the reproducibility of the substrate with RSD
~14% for MB, ~26.17% for MG, and ~13.38% for PA, as shown in
Fig. 10(b), (c) and (d). In the present study, the SERS performance of
commercial substrates were also evaluated by detecting PA to compare
with results obtained from our previous studies [26,32,33]. The de-
tection sensitivity of Ag-based substrates is found to be comparable to
our SERS substrates reported earlier [25,26,32]. Interestingly, the
commercially obtained SERS substrates were in transit for a period of
3–4 weeks and this possibly could have affected their performance.
Additionally, the commercial substrates had Ag while ours were Au-
coated. With 785 nm excitation Au is expected to display stronger
performance when compared to Ag. This could be one of the possible
reasons for observing superior enhancement factors in our case. De-
tailed SERS studies with similar plasmonic metal will clearly identify
the best among both. Furthermore, it is pertinent to note that that the
presented results are obtained on only a few commercially available
substrates and that our intention is not their rating or evaluation, but
rather the presentation of the initial results.

The obtained EFs by our substrates (Au plated Ni) were in the range
of 105-107 with superior reproducibility in the SERS signals
(RSD < 17%). The presented results demonstrate the SERS perfor-
mance of Ni based substrates are at least on par with the Ag-based
commercial substrates (EFs of ~105–107, RSD < 17%). We believe
there is a huge scope for optimizing and functionalizing these LIPSS
[18,46] through the thorough understanding of their formation and
apply them for the detection of various hazardous analyte molecules
using the SERS technique.

Fig. 7. (a) SERS signals of MG recorded at different concentrations [(i) 50 pM (ii) 500 pM (iii) 5 nM and (iv) 50 nM] recorded on NiNS3. (b) Log plot of MG SERS
intensities at 1171 cm−1 mode against the different concentrations.

Fig. 8. Recorded Raman spectra of NB (5 mM) on (i) plain Ni surface. SERS
spectra of NB (5 nM) recorded from (ii) NiNS1 (iii) NiNS2 and (iv) NiNS3
substrates.

Table 1
Nile Blue (NB) Raman modes (cm−1) and their assignments [40].

S. No. Reported Peaks (cm−1) Observed peaks for NB (0.1 M) Observed peaks in the SERS data Peak Assignments

1 591 589 589 CeCeC and CeNeC deformations
2 664 662 662 In plane CCC deformation
3 1185 1172 1172 CeH bending
5 1491 1496 1496 CeC stretching
6 1643 1641 1641 Ring stretching
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4. Conclusions

Femtosecond laser texturing on Ni in DW and acetone was per-
formed and detailed investigations were conducted to explore the
morphological changes and their applications in SERS studies. In the
case of DW, periodic surface structures were observed whereas 3D-like
nanocages were observed on Ni surface in the presence of acetone.
Hybrid Ni SERS substrates were achieved by simply depositing a thin
layer of gold and subsequently these substrates were utilized for de-
tecting very low concentrations of two analyte molecules, MG (500 pM)
and NB (5 nM). The gold coated 3D-like nano features of Ni has de-
monstrated an increased detection sensitivity when compared to the
periodic surface structures with EFs of ~107. Additionally, Au-coated
Ni based SERS substrates have exhibited superior sensitivity (up to pM
concentration detection) with good reproducibility in comparison to

the commercial Ag-based SERS substrates (wherein we could detect
only nM concentration analytes). These structures are cost-effective and
scalable thereby presenting an opportunity to fabricate large-area SERS
substrates.
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