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ABSTRACT: Noble metal nanoparticle-based plasmonic
sensors, fabricated by top-down and colloidal routes, are
widely used for high sensitivity detection of diverse analyte
molecules using surface enhanced Raman spectroscopy
(SERS). However, most of these sensors do not show stability
under harsh environments, which limits their use as versatile
SERS substrates. In this work, we report the first use of
plasmonic nanocermets, grown on microengineered Si
surfaces, as potential candidates for a highly robust SERS
sensor. The robustness of the sensor is attributed to the
anchoring of the nanoparticles in the nanocermet, which is an
important factor for exploiting its reusability. The fairly uniform distribution of nanoparticles in the sensor led to high
enhancement factors (106−107) and enabled the detection of low concentrations of a wide range of analytes, including differently
charged biomolecules, which is extremely difficult for other SERS sensors. With more precise control over the particle geometry
and distribution, plasmonic nanocermets may play an important role in ultrasensitive SERS measurements in adverse conditions
such as high temperature.

KEYWORDS: plasmonic nanocermets, surface enhanced Raman spectroscopy, Ag nanoparticles, high thermal stability,
biomolecule detection

■ INTRODUCTION

A nanocermet is a nanoscale composite of a ceramic (“cer”)
material, which is present in the matrix phase, and a metal
(“met”), which is present in the form of nanoparticles (NPs).
Plasmonic nanocermets use noble metal NPs (Au, Ag, Cu) as
they show strong absorption of the electromagnetic radiation
(typically in the UV−vis−NIR spectral ranges) due to the
phenomenon of localized surface plasmon resonance
(LSPR).1,2 The resonance behavior of plasmonic nanocermets
is greatly affected by the geometry (size and shape) and the
distribution of the NPs (interparticle spacing) and the dielectric
properties of the ceramic material. In past and recent literature,
many instances of nanophotonic devices have employed the use
of plasmonic nanocermet thin films in relation to photothermal
conversion, optical waveguiding, and photochromic and
photoelectrochemical applications, among others.3,4

An important application of the LSPR phenomenon is used
in surface enhanced Raman spectroscopy (SERS), to provide
very high electric field intensities in the vicinity of NPs (high
near-field intensities) for the detection of various analytes.5−10

The plasmonic properties of noble metal NPs, in the form of

solid sensors, where NPs are assembled or deposited on plane
or micro-/nanoengineered surfaces, or as liquid sensors using
colloidal suspensions of NPs, have been widely studied for high
enhancement of SERS signal.11−25 However, for the case of
solid sensors, highly ordered arrangement of metal NPs is
essential to ensure strong plasmonic coupling. This is often
achieved through the use of advanced fabrication techniques (e-
beam lithography, focused ion beam, etc.) which requires a high
level of sophistication and has low time-and-cost effectiveness
and limited spatial resolution due to the electron/ion-beam
size.9,26

For the case of liquid SERS sensors, colloidal suspensions of
NPs have a tendency to nonuniformly agglomerate in the
presence of salts and some analytes, thereby giving non-
reproducible enhancements.23,25 Therefore, capping agents are
added to colloidal suspensions for the stabilization of NPs,
which greatly affect their SERS performance for two main
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reasons.6,27−29 First, the capping agent acts as an impediment
for the analyte molecule to directly interact with the NP. As
most of the capping agents are ionically charged, they repel
similarly charged analyte molecules, thus limiting their range of
use.6 Second, the nonreplaceable nature of the capping agent
makes liquid SERS sensor difficult to regenerate and, hence, are
nonreusable.6 In addition to the above-mentioned drawbacks of
the solid and liquid SERS sensors, they are also unstable at high
temperatures due to oxidation of NPs and are susceptible to
degradation when exposed to harsh chemical environments.
Considering these shortcomings, we present a simple

approach to design a SERS sensor, which combines the
outstanding properties of nanocermets with light trapping
property of microengineered Si surface.1,2,30 This was achieved
by uniformly dispersing silver NPs (AgNPs) in an amorphous
silicon nitride (a-Si3N4) matrix, which protects the AgNPs from
degradation.31 Si (100) wafers were anisotropically etched to
obtain the micropyramidal structure,30,32 which contribute to
the enhanced nucleation and growth of AgNPs in addition to
the light trapping effect.33 Hence, the resulting nanocermet-on-
etched-Si-based-SERS sensor (hereafter called NCES-SERS
sensor), exhibited multifunctional characteristics such as
reusability, high temperature stability, chemical stability, and
detection of various analytes at very low concentrations. The
uniformity in the microstructure, as well as, in the distribution
of the AgNPs resulted in high enhancement factors (106−107).
The presence of a-Si3N4 matrix stabilizes the distribution of
NPs by anchoring them to the surface of the micropyramids.
In comparison, a roughened Ag substrate, which has been

conventionally used for SERS applications, has scarce and
nonhomogeneous distribution of hot-spots.34 This makes their
SERS signals nonreproducible. In some cases of mechanically
roughened Ag surfaces,35 the enhancement factor has been
shown to be as low as 103, which is much lower than what we
found for our NCES-SERS sensor. Moreover, due to the flat
morphology of the roughened Ag substrate, there would be an
absence of interesting optical effects like multiple reflections,
which can help in further enhancement, as observed due to the
pyramidal morphology of our sensors. Therefore, we believe
that gaining control over the NP localization on the substrate,
and the substrate morphology is critical for higher enhance-
ment factors, and also for obtaining reproducible SERS signals.
The potential of our NCES-SERS sensor for multidiscipli-

nary applications will be substantiated with experimental
results. We believe that our sensor can be employed in the
fields of biomedicine, pharmacology, microbiology, forensics,
chemistry, environmental sciences, etc. Given the fact that both
the etching of Si, as well as the sputter deposition of
nanocermets, are well-established techniques in the semi-
conductor industry, the proof-of-concept of the present work
can be easily upscaled. Additionally, there is a demand for new
techniques which use nonlabeled methods (such as SERS) to
avoid the use of radio labeling or fluorescence tagging.36 Our
NCES-SERS sensor provides a cost-effective and viable
alternative to these methods.

■ EXPERIMENTAL SECTION
Anisotropic Etching of Silicon. A solution of 10% potassium

hydroxide (KOH) and 20% ethylene glycol (HO−CH2−CH2−OH)
was used to etch Si (100) wafers at a bath temperature of 85 °C;32 the
details of which are provided in Supporting Figure S1.
Growth of the Ag:a-Si3N4 Nanocermet Thin Film on

Anisotropically Etched Si. Ag:a-Si3N4 nanocermet thin films were

grown on anisotropically etched Si substrates using a reactive direct
current unbalanced magnetron sputtering system. High purity targets
of Ag (99.99%) and Si3N4 (99.99%) with diameter 0.075 m were used
for deposition of the nanocermet. Before the deposition process, the
vacuum chamber was pumped down to a base pressure of 5.5 × 10−4

Pa. During deposition, the substrate temperature was maintained at
150 °C, the Ar gas flow rate at 30 SCCM and the operating pressure at
3.4 Pa. An asymmetric bipolar pulsed DC generator ( f = 100 kHz,
pulse width = 2976 ns, positive pulsed bias = +37 V) was used to
sputter the Ag target while an RF power supply ( f = 13.56 MHz) was
used to sputter the Si3N4 target. In the beginning of the deposition
process, sputtering was carried out at PAg of 20 W to deposit ∼10 nm
thick Ag metal interlayer. Afterward, Ag:a-Si3N4 nanocermet layer was
deposited by cosputtering of Ag and Si3N4 targets. The power of Si3N4
target was kept constant at 325 W, whereas PAg was varied from 12 to
18 W to obtain different Ag contents in the nanocermet thin films.
During the deposition the sample holder was rotated uniformly to
achieve highly uniform thin films. After deposition the samples were
annealed in air for 1 h at 500 °C. The samples were allowed to cool
down under ambient conditions.

Characterization of NCES-SERS Sensor. The surface morphol-
ogy and microstructure were analyzed using field emission scanning
electron microscopy (FESEM, Supra 40VP, Carl Zeiss) and 3D surface
profilometer (Nanomap). The structural and chemical characterization
of the sensor was carried out using X-ray diffraction (XRD, Bruker
D8) in thin film mode and X-ray photoelectron spectroscopy (XPS,
SPECS). The plasmonic behavior of the sensor was studied using a
UV−vis spectrophotometer (PerkinElmer, Lambda 750).

SERS Measurements. 180° backscattering geometry was used to
record Raman and SERS spectra. The excitation source was 532 nm
from a diode pumped frequency doubled Nd:YAG solid state laser
(Photop Suwtech Inc., GDLM-5015 L). The numerical aperture of the
lens was 0.45 with a working distance of 17 mm. A custom built
Raman spectrometer equipped with a SPEX TRIAX 550 mono-
chromator and a liquid nitrogen cooled CCD were used to record the
spectra. Laser power at the sensor was 8 mW without filters, and
appropriate neutral density filters were used to control the laser power
at the sensor. The typical acquisition time was 10−30 s. For obtaining
SERS spectra, 10 μL of the analyte solution was dropped on the sensor
and allowed to dry. SERS spectra were then collected from three
different locations and averaged.

In order to study the thermal stability of the sensor, after acquiring
the SERS spectra of a given analyte, it was removed by heating the
sensor at 450 °C for 15 min (with a heating rate of 10 °C/min). This
procedure was repeated 5 times to demonstrate the reusability of the
substrate. Similarly, for chemical stability, the sensor was dipped in
concentrated HCl solution for 5 min and then washed thoroughly with
ethanol. Analyte solution was then added to obtain the SERS spectra
of the next cycle.

Finite Difference Time Domain (FDTD) Simulations of NCES-
SERS Sensor Process Parameters. All the FDTD simulations were
performed using Lumerical FDTD Solutions (Trial License). All the
data generated from the simulation were plotted in MATLAB. The
micropyramids were represented by triangles with base length P, NPs
as circles with diameter d, and edge-to-edge NP spacing S. The
thickness of dielectric material was 0.7d, wherein the NPs were
embedded to a depth of 0.2d. A 10 nm interlayer of Ag was also used
in the model. The left and right boundaries of the simulation region
were assigned periodic boundary conditions (PBC) (periodicity = P),
while the top and bottom boundaries were modeled with perfectly
matched layers (PML). Mesh size for the simulation was taken as 2 nm
(in both X- and Y- directions) due to computational limitations. A p-
polarized light source was introduced at the top with λ = 532 nm.

■ RESULTS AND DISCUSSION

We begin by discussing the characterization of the NCES-SERS
sensor. The anisotropic etching of Si (100) wafer (described in
Supporting Figure S1) results in the formation of micro-
pyramids with base widths in the range of 1−10 μm.30 Figure
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1a gives the FESEM micrographs of the micropyramidal
morphology that is seen in these cases. The presence of these
micropyramids is responsible for imparting the microscale
roughness, which affects the nucleation, growth, and distribu-

tion of the AgNPs.33 The pyramidal microstructure results in
the formation of valleys which lead to several interesting
microstructural and optical properties as presented in
Supporting Figure S2−S5.30 A representative 3D surface profile

Figure 1. Characterization of NCES-SERS sensor. (a) Low (left) and high (right) magnification FESEM micrographs for the anisotropically etched
Si (100) wafer. The scale bars for the left and right images are of lengths, 10 and 1 μm, respectively. (b) 3D surface roughness profile of an etched Si
substrate. (c) Plot of etching time with RMS roughness (left) and the increase in surface area (right). (d) Low (left) and high (right) magnification
FESEM micrographs for the NCES-SERS sensor. The scale bars for the left and right images are of lengths, 0.5 and 0.15 μm, respectively. (e)
Schematic representation of the NCES-SERS sensor. (f) XRD pattern of the nanocermet thin film with the crystal planes of Ag marked. The inset
shows the XPS spectrum of Ag 3d5/2 and 3d3/2 transitions and the red shaded peaks correspond to AgO, while blue shaded peaks correspond to Ag.

Figure 2. Dependence of surface plasmon resonance on the NP size and distribution. FESEM micrographs (scale bar = 0.5 μm), NP size distribution
histograms and the UV−vis absorbance plots (inset) for the NCES-SERS sensors at RMS surface roughness, RRMS = 0.63 μm but different Ag target
power levels: PAg = (a) 12, (b) 14, and (c) 16 W. μ and σ represent the mean and standard deviation of the histograms, respectively.
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for the etched Si surface is shown in Figure 1b, which clearly
indicates that the average height of the micropyramids is
uniformly distributed throughout the surface. The root-mean-
square roughness (RRMS) for these samples was in the range of
0.54−3.15 μm and was controlled by changing the duration of
etching. Figure 1c shows a plot between RRMS and the duration
of the anisotropic etching along with the corresponding
increase in the surface area. Figure 1d shows the FESEM
micrograph of NCES-SERS sensor at high magnification. The
edges of the Si micropyramid beneath the nanocermet thin film
are depicted by dashed lines. The nanocermet film comprises of
the AgNPs dispersed in a-Si3N4 matrix. The average NP size
was found to change with the power that was applied to the Ag
target (PAg) during deposition as well as RRMS of the Si
substrate. The NP sizes were in the range of 10−100 nm. The
schematic in Figure 1e gives a representation of the NCES-
SERS sensor. An interlayer of Ag (10 nm) was deposited on the
etched Si surface to provide more opportunities for multiple
reflections and to reduce any absorption in the underlying Si
substrate. To verify the presence of AgNPs in the nanocermet
thin film, the XRD plot in Figure 1f shows the characteristic
crystal planes of the polycrystalline Ag. Si3N4 peaks were not
detected in the XRD data, confirming its amorphous nature.
Since the samples were heated in air at 500 °C for 1 h, surface
oxidation of AgNPs is expected, which was confirmed by
XPS.37,38 The core-level spectrum of Ag is provided as an inset
in Figure 1f. The presence of AgO and Ag was confirmed by
deconvolution of the peaks. The peaks shaded in red (367.3
and 373.2 eV) belong to AgO, while the peaks shaded in blue
(368.3 and 374.2 eV) belong to Ag. The detailed analysis of the
core level XPS O 1s spectrum is given in Supporting Figure S6.
Based upon these analyses it can be concluded that the majority
of Ag was in the metallic state as no oxide peaks were
noticeable in the XRD data.
Figures 2 and 3 show the variations in the AgNP size

distribution (as per procedure outlined in Supporting Figure
S7) with PAg (Figure 2a−c) and RRMS of the etched Si (Figure
3a−c), respectively. The corresponding UV−vis spectra are
provided as insets. There is a direct correlation between the NP

size distribution and the UV−vis spectra. The different NP sizes
give rise to different dipole plasmon modes. The dipole
plasmon mode red-shifted with an increase in PAg as the average
size of the AgNPs increased.10,39 The pyramid size has no
significant role on the size of the AgNPs as no major shift in the
dipole plasmon peak could be observed. The distribution of the
AgNPs was found to vary with different etched planes,
presumably because of the shadowing effect in the sputtering
process.40 As a consequence of this, two major size distributions
can be observed very clearly in Figure 3b. This distribution
leads to an additional dipole plasmon mode (or quadrupole
plasmon mode) at lower wavelengths in the UV−vis spectra,
marked with “*”. Larger NPs often give rise to plasmon bands
which are red-shifted due to electromagnetic retardation
effect.41,42 It is to be noted that the presence of a-Si3N4 matrix
plays a crucial role in anchoring the AgNPs to the Si
micropyramids, which do not agglomerate/aggregate or roll
down even after annealing up to 500 °C in air (as shown in
Supporting Figure S5).
The process parameters used to fabricate NCES-SERS sensor

influenced the SERS signal of thiophenol (C6H6S or PhSH),
which was used as a model analyte for SERS enhancement
factor (G) calculations,43 the details of which are provided in
the Supporting Information. The variations in the SERS signal
intensity of PhSH can be observed in Figure 4. Inhomogeneous
broadening of Raman peaks (or the differences in their relative
scaling) was observed due to the “many molecule” SERS
effect.44 The enhancement of a particular mode depends on the
orientation of the polarizability component with respect to the
NP surface (maximum when perpendicular).45 It must be noted
that the surface of our NCES-SERS sensor was fairly
homogeneous, in terms of its AgNP distribution, and displayed
similar SERS spectra at randomly selected locations (Support-
ing Figure S8).
The enhancement factor for our NCES-SERS sensor was in

the range of 106−107 for PhSH (Figure 4). It has been reported
that G > 108 could be achieved using Ag based nanostructures,
which are highly aggregated systems with nonuniform hot
spots.23,25 Our NCES-SERS sensor on the other hand consists

Figure 3. FESEM micrographs, NP size distribution histograms, and the UV−vis absorbance plots (inset) for the NCES-SERS sensors at Ag target
power, PAg = 18 W but different RMS surface roughness: RRMS = (a) 0.54, (b) 1.28, and (c) 3.15 μm. μ and σ represent the mean and standard
deviation of the histograms, respectively.
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of fairly uniform distribution of AgNPs, that are anchored in a-
Si3N4 matrix, without undergoing aggregation, which are
important factors for chemical and thermal stability. The
variations in the size and distribution of AgNPs, as shown in
Figures 2 and 3, lead to changes in SERS enhancement factors.
As the size of AgNPs increases with PAg and the film thickness
(tfilm), an increase in G is observed as depicted in Figure 4a and
b. Since, there was no major change in the size and distribution
of the AgNPs due to the changes in the pyramid size (in other

words, RRMS), illustrated in Figure 3a−c, G is almost same after
a critical RRMS (Figure 4c). As also can be seen in Figure 4b, the
presence of the second-order Raman signal of Si (marked with
“*”) decreases with an increase in tfilm. From the above
observations, PAg of 18 W, RRMS of 1.33 μm, and tfilm of 100 nm
were found to be optimum conditions for maximum SERS
signal enhancement in the present work. The variation in the
SERS enhancement factors have also been plotted separately in
Figure 4d to illuminate its dependence on the process
parameters.
Since nanocermets are known to be stable at high

temperature, it is possible to utilize them for high temperature
SERS studies.46 In the Supporting Figure S9, we have provided
the temperature dependent SERS of PhSH up to 450 °C in air.
Since the SERS at 450 °C has no observable peaks, resulting
from the complete disintegration and evaporation of PhSH
without affecting the sensor, we exploited it for the reusability
of our NCES-SERS sensor as given in Figure 5a. It can be seen
from the figure that after cyclic heating, the SERS intensity for
PhSH remains almost constant. The NCES-SERS sensor
subjected up to 5 cycles of annealing was further examined
under FESEM and the corresponding micrograph is shown in
Figure 5a (bottom), highlighting the anchoring effect of a-Si3N4
matrix. We also investigated the reusability of the NCES-SERS
sensor through chemical treatment (HCl immersion), as given
in Figure 5b. The Rhodamine 6G (R6G) dye molecule was
used instead of PhSH, as it does not form a direct covalent
bond with Ag, which can be removed easily by chemical wash.
Interestingly, after the first cycle, an increase in the SERS signal
was observed for R6G analyte, which might be due to the
removal of native oxide layer on the AgNPs (Figure 1f).38,37

However, the FESEM micrograph (Figure 5b, bottom) taken
after three cycles indicate slight leaching and displacement of
the AgNPs, which is expected to deteriorate after subsequent
cycles, thus limiting its reusability through chemical route.
Contrary to this, the reusability through heat treatment does
not lead to any significant changes in the size and distribution
of AgNPs. Therefore, the reusability through heat treatment is
better than commonly used chemical treatment.47

To further demonstrate the versatility of our NCES-SERS
sensor, different analytes of biological significance were used for
SERS measurements as shown in Figure 6a. The detailed SERS
peak assignments are provided in the Supporting Information
(Tables S1−S6). Two important classes of biomolecules were
investigated, namely proteins (lysozyme and bovine serum
albumin, BSA) and nucleic acids (deoxyribonucleic acid, DNA).
The SERS spectrum of adenosine triphosphate (ATP) was also
studied, which is of common interest because of its central role
in biological energy-transfer reactions.20 We have used the
NCES-SERS sensor to sense low concentration (10−8 M) of
genomic DNA as well as molecular ATP and have obtained
unique fingerprints of these molecules which might be used for
multiplex detection.48−50 The SERS spectra of two differently
charged protein molecules, lysozyme (pI = 11.35), and BSA (pI
= 4.9) could be detected by our NCES-SERS sensor (Figure
6a). This is not possible with conventional colloidal based
SERS sensors due to the presence of charged capping
agents.6,27−29 Furthermore, the bare NP surface of our sensor
does not form complexes with biomolecules (as delicate as
proteins) due to its chemical stability, which is an important
criterion for their detection. Additionally, our sensor can easily
accommodate large sized biomolecules like proteins and DNA
in the gaps between AgNPs, which exposes more molecular

Figure 4. SERS spectra for the NCES-SERS sensors prepared by
varying different experimental parameters: (a) Ag target power, (b)
film thickness, and (c) RMS surface roughness. PhSH is used as a
model analyte. (d) The variation in the SERS enhancement factors
(written as En. Factor) for NCES-SERS sensors calculated from the
SERS plots in parts a−c.
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surface area for SERS enhancement. The possibility of
detecting fluorescence molecules like R6G, which are used
for tagging biological molecules (fluorometric detection), was
also demonstrated by our NCES-SERS sensor (Figure 6a).36,51

To test the SERS detection limit of the NCES-SERS sensor,
SERS spectra of PhSH and R6G were acquired for ultralow
concentrations (Figure 6b). Up to 10−12 M concentrations we
were able to detect both the analytes with all their characteristic
peaks.
The unique microstructure of etched Si and the AgNP

distribution of our NCES-SERS sensor provides interesting
prospects for observation of distinctive plasmonic behavior due
to the light trapping phenomenon.18,21,30 To understand the
plasmonic behavior of the NCES-SERS sensor, we have
performed 2D finite difference time domain (FDTD)
simulations. From these simulations, the near field intensity (|
E|2) obtained can be directly correlated to G (∝|E|4).11 The size
and shape of the AgNPs and size of the micropyramid as well as
spacing between the two NPs are found to vary for our NCES-
SERS sensor. Therefore, these parameters were modeled
individually to study their effects on the near field intensities
as their realistic modeling is a challenging task.52 Figure 7 gives
the model with the simulation parameters for the nanocermets
on etched and the plain Si SERS sensors designed under
identical conditions.

The FDTD near field intensity color plots in Figure 7a, b, d,
and e correspond to the parameters: NP size, d = 50 nm,
pyramid size, P = 5 μm, and spacing S = 75 nm, based upon the
average values from the FESEM data of the NCES-SERS
sensor. The hot spot distribution is more clearly visible in the
magnified regions W1 and W2 (Figure 7b and e). From these
simulation results the distribution of |E|2 was calculated based
upon their number of occurrences in the simulation area and
are given in Figure 7c and f, for etched and plain sensors,
respectively. The total number of occurrences was significantly
more for the etched Si than the plain Si because of larger
simulation area involved. Therefore, the near field intensity
distribution for higher values was magnified and the data is
shown adjacent to the corresponding distributions. The
occurrence of higher field intensities is more prominent for
the etched sensor, which leads to more enhancement in the
SERS signal than the plain sensor. The simulation parameters
were also varied individually to study their influence on the
near field intensities, the details of which are provided in
Supporting Figure S10−S13 and Supporting Videos S1−S3.
From these results, it can be inferred that the optimum NP size
should be in the range of 50−100 nm, which is also consistent
with the experimentally determined NP size (Figure 2 and 3).
Furthermore, the simulation predicts that smaller pyramids (P
= 1−5 μm) lead to more number of hot spots due to multiple

Figure 5. (a) Reusability of the sensor through heat treatment for five cycles, where red and blue represent SERS spectra after drop coating and
heating up to 450 °C in air, respectively. FESEM micrograph of heat treated (five cycles) sample depicting its effect on the distribution of AgNPs
(secondary growth). (b) Reusability of the sensor through chemical treatment for three cycles, where red and blue represent SERS spectra after drop
coating and HCl wash for 5 min, respectively. FESEM micrograph of chemically treated (three cycles) sensor with leaching of AgNPs.
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reflection of the electromagnetic radiation. Also, if NPs are very
closely spaced, the near field intensities are very strong, which
leads to stronger plasmonic coupling.53 Additionally, the

simulations indicate that among the materials used in the
model, Si3N4 and Al2O3 yielded relatively higher near-field
intensities than SiO2, presumably because of their higher

Figure 6. (a) SERS spectra of different biomolecules. Main peak assignments are given for each analyte used. Detailed assignments are provided in
the Supporting Information. (b) Demonstration of high sensitivity by low (10−8 M) and ultralow (10−12 M) concentration of PhSH and R6G.

Figure 7. (a) Schematic representation of the 2D FDTD simulation model used to simulate the conditions for the etched Si sensor and the
corresponding FDTD field intensity plot. (b) Magnified view of the simulation model (shown as W1 in part a) and the corresponding view of the
FDTD field intensity for the etched Si sensor model. (c) Near-field intensity distribution for the etched Si sensor model and a magnified view for the
higher intensities (hot spots). For a comparison, parts d−f give the corresponding results for plain Si sensors as parts a−c, respectively. The color bar
at the bottom gives the near-field intensity values. For a detailed description of simulation parameters, refer to the Supporting Information.
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refractive indices at 532 nm. Therefore, from the simulation
results the distribution of the near-field intensities and the
locations of the hot spots, can be linked to the characteristics of
the real NCES-SERS sensor in understanding its plasmonic
behavior.
An overview of the multifunctionality of our NCES-SERS

sensor is provided in the form of a process flow diagram in
Supporting Figure S14. Since, the fabrication processes (viz,
anisotropic etching of Si and sputtering) involve nonlitho-
graphic steps and have a good degree of reproducibility, they
can be scaled up easily, and at low-cost for the mass production
of the sensor. The presence of a-Si3N4 helps in anchoring and
stabilization of AgNPs,31,54,55 which leads to robustness of the
sensor, in terms of chemical and thermal stability. This enables
us to use the sensor numerous times for multiple analytes,
without any significant degradation in its plasmonic behavior.
The unique micro-/nanostructure of the sensor facilitates the
detection of various chemical and biological species at very low
concentration levels.

■ CONCLUSION
We have successfully demonstrated the unmatched capability of
our NCES-SERS sensor to provide high enhancement in the
SERS signal of various analytes with a very high degree of
robustness and reusability, which arises because of the unique
micro-/nanostructure of the sensor. It was possible to correlate
the plasmonic behavior of the sensor with fairly uniform
distribution of the AgNPs on Si micropyramids, which also led
to the high enhancement factors (e.g., 106−107 for PhSH) as
also substantiated by the 2D FDTD simulations. We have
shown that our sensor can work up to 500 °C in air, which can
be used to detect very low concentration of analytes that are
obtained at high process temperatures. Due to the bare and
neutral nature of the AgNPs (no capping agents), the charged
analyte molecules (e.g., lysozyme and BSA) do not face any
repulsion and are directly accessible to the NP surface, thus
facilitating the detection of complex biomolecules such as DNA
and proteins. Based upon the FDTD simulation results, we
believe that the process parameters for the fabrication of
NCES-SERS sensor can be further fine-tuned to obtain very
high sensitivity capable of detecting ≤10−15 M concentration
levels.
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