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Sensitivity and versatility are characteristics that make a sensor device attractive for wide-spread applications in
everyday life. Surface-enhanced Raman spectroscopy (SERS) is capable of providing the highest sensitivity, that
of single-molecule detection, and excellent specificity due to its fingerprinting capability. However, conventional
SERS substrates must be optimized to operate for a particular excitation wavelength. Here in this work, we
achieve for the first time multiwavelength amplification with a hybrid plasmonic/photonic heterostructure in-

tegrating a gradient photonic crystal and an Ag nanotriangle array. We demonstrate the detection of ultrathin
molecular layers showing a signal amplification for the typical laser wavelengths used in Raman spectroscopy
detection. By combining photonics and plasmonics in a single silicon chip, we expand multiwavelength- and
spatially-selective ultra-sensitive detection to a wide range of applications from biomedicine to safety.

1. Introduction

Raman spectroscopy is a valuable tool used for the chemical and
structural analysis in different fields ranging from biomedicine to high-
speed analysis in material sciences [1-3]. With minimum sample pre-
paration, it is possible to determine a material’s composition, obtain
structural information, and concentration [4]. Raman spectroscopy has
even made its way to the operating room, assisting doctors during brain
surgery [5]. However, Raman signal is very low due to the poor effi-
ciency of this inelastic light scattering process. For substances in which
the analyte of interest appears at extremely low concentrations, it is
close to impossible to obtain a reasonable signal that allows analyte
detection. Here comes surface-enhanced Raman spectroscopy (SERS)
that with the use of plasmonic nanoparticles, usually gold or silver, the
Raman signal can be enhanced by a factor of up to 10'° [6]. To enhance
the Raman signal, the metal nanoparticles have to be exposed to laser
excitation. The best conditions for enhancement occur when the ex-
citation wavelength matches the resonance excitation frequency of the
localized surface plasmon resonance (LSPR) of the metal nanostructures
[7]. An additional level of enhancement can be accessed when the
Raman laser excitation matches the optical transition energy of the
analyte under investigation [8]. Fulfilling this latter condition gives rise
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to surface-enhanced resonant Raman spectroscopy (SERRS) as elegantly
demonstrated for carbon nanotubes by Dresselhaus and Kneipp in early
2000 [7,9]. The LSPR depends on the metal composition, size, shape,
and arrangement of the plasmonic nanostructures [10]. Conventional
plasmonic SERS substrates are in resonance within a relatively narrow
wavelength range. Therefore, to produce a significant Raman signal
enhancement for materials with different optical absorption we must
use optimized SERS substrates for a particular sample and laser ex-
citation. In this work, we aim to demonstrate an alternative method to
obtain broadband enhancement of the Raman signal by integrating
SERS with a gradient photonic crystal (GPC). The integration of dif-
ferent materials for SERS applications is an evolving topic. This includes
recent developments in hybrid SERS platforms with the combination of
plasmonic nanoparticles with reduced graphene oxide and cicada
wings, or 3D plasmonic nanostructures separated by WS, bilayers
[11,12].

Over the years, photonic crystals (PC) drew interest due to the easy
and controllable fabrication process in which layers of defined optical
properties (with an effective refractive index) and thickness can be
achieved. Moreover, the PC large surface-area and compatibility with
other materials and molecules make it popular among chemical sensors
[13,14], biosensors [15,16], in optoelectronics [17], and other
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applications. Even a single layer of porous silicon (on silicon) behaves
like a Fabry-Pérot interferometer which in the reflectivity spectrum
appears as constructive and destructive interference by light traveling
(and reflecting) from air to the porous silicon layer, and from porous to
crystalline silicon [17,18]. One-dimensional photonic crystals can be
readily fabricated by electrochemically etching layers of porous silicon
and at the same time alternating the layers porosity and thickness by
switching current density and etching time [19]. This is possible be-
cause of complicated etching mechanism where electrochemical reac-
tion is concentrated at the porous silicon - crystalline silicon interface
and obtained uniform pores are passivated with Si-H, Si-H,, and Si-Hj
groups. Therefore, reaction keeps moving deeper into silicon substrate
without affecting already formed pores [20]. Porous silicon (one-di-
mensional photonic crystal) exhibits a photonic bandgap (stopband) at
which a specific range of wavelengths are highly reflected. Due to that,
PC can be used as optical bandwidth filters [21]. It was shown that the
unique properties of the PC can be utilized to enhance Stokes emission
[21-23] including the dual amplification by integrating with plas-
monics [19,24]. The explanation of enhanced Raman scattering in the
PC can be understood by considering two mechanisms. First, the PC
substrate porosity leads to high optical intensities and increase in
Raman scattering. This occurs because pores with size below excitation
wavelength A can spatially confine and amplify the electromagnetic
field due to photon-trapping inside and among pores [25]. Secondly,
and the most widely-accepted explanation, the periodicity of Si layers
makes PC a distributed Bragg reflector (DBR). In the reflectivity spec-
trum, the photonic bandgap that corresponds to slow light offers the
possibility to increase light-matter interaction. In the end, such pho-
tonic crystal increases the chances of Raman scattering [22]. A PC
based on porous silicon is prepared by electrochemical etching using a
Si wafer and Pt mesh as the electrodes to create a homogeneous electric
field. The concept of gradient PC (GPC) can be realized by using an
asymmetric electrode configuration where the counter electrode is a
platinum wire instead of a mesh [20] as shown in Fig. 1a. This con-
figuration induces a current density gradient throughout the electrolyte
and the silicon wafer (Fig. 1b). Obtained gradient is directly responsible
for pore diameter, porosity, and layer thickness variations. The spatial
changes of these structural properties result in a gradient photonic
crystal [20] with a spatially-dependent optical bandgap. Our hypothesis
is that this gradient structure may allow having one substrate that has
resonances with different lasers and molecules for SERS applications.
Having such a “multiwavelength” substrate helps with higher re-
producibility [26]. Increased reproducibility is expected since the same
sample and substrate can be used under different excitation conditions.
This versatility should minimize uncertainties due to multiple sample
preparation required for different substrates individually-optimized for
a particular wavelength.

The SERS enhancement is achieved with the integration of a
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hexagonal array of plasmonic nanotriangles fabricated on the GPC
surface by nanosphere lithography (NSL) as shown previously [19].
This method has increasingly attracted interest due to its easy and
simple use, low-cost, and potential to manufacture homogeneous na-
nostructures [19,27,28]. Our approach combines top-down and bottom-
up fabrication through a two-step process. The first is monolayer for-
mation from the colloidal solution at the water-air interface and its
deposition as a mask on the substrate of choice. Usually, polystyrene
(PS) nanospheres are used for this step. This step has the advantages of
affordable materials and simple process. The second step is the de-
position of a metal on the PS mask layer and then the mask removal that
leaves a layer of ordered nanoclusters (mask interstices) on the GPC
surface. By using the NSL method, triangular shaped nanoparticles are
usually formed. By doubling or tripling the mask layer more compli-
cated structures can also be achieved [29,30].

In this work, we show a gradient photonic crystal with a silver
nanotriangles array as a multipurpose SERS substrate that incorporates
an additional interference enhancement due to GPC.

2. Materials and methods
2.1. Materials

Cobalt phthalocyanine (CoPc) and hydrogen fluoride 48 % (HF)
were purchased from Sigma-Aldrich. A polished silicon wafer ((100)
orientation, p-type), which was used as a substrate, was purchased from
LG Siltron Inc. The HF etching solution was prepared by mixing 50 %
aqueous HF solution with 15 % ethanol HF solution ratio 1:1, later
called HF etching solution. The substrates were cleaned in an ultrasonic
bath first in isopropanol, followed by acetone, ethanol, and finally with
deionized ultrapure water (Milli-Q) for 5 min each. For nanosphere li-
thography, water suspensions with polystyrene spheres of 450 nm
diameter with carboxyl functional groups on their surface were ob-
tained from Postnova Analytics GmbH (Germany). Before deposition,
the polystyrene aqueous suspension was diluted 1:1vol ratio with
ethanol and placed in an ultrasonic bath for 2min to disperse the
spheres in the solution homogeneously. Metal deposition was carried
out using 99.9 % silver (Ag) metal which was purchased from MaTecK
GmbH (Germany).

2.2. Instrumentation

A gradient photonic crystal (GPC) was etched in a two-electrode cell
where the silicon (p-type, (100)) wafer was used as a working electrode
and a platinum wire as a counter electrode. Etching process was con-
trolled using a power supply KORAD KA3005p. The surface of the
photonic crystal and photonic crystal with metal nanotriangles were
imaged using atomic force microscopy (AFM). An OmegaScope SPM

=
©

=
@

8

£
w
-
=
2
=
w

=)
3
] Emax

E fiel

0
Position / cm

o

Fig. 1. a) Sketch illustrating the different components of the electrochemical cell for silicon wafer etching. b) Simulation of the normalized electric field distribution
made by the tip of a Pt electrode in the electrochemical cell. Inset shows a cross-section profile of the electric field on the plane of the silicon surface showing the

spatial changes in the electric field.
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(AIST-NT) was used in tapping mode with conventional silicon canti-
levers. A FEI Nova NanoSEM 200 SEM was used to obtain images of the
prepared substrates on silicon with accelerating voltages in the range of
5kV-15kV. Reflectance measurements were performed with a
Woollam VASE ellipsometer under ambient conditions. The spot size of
the light was approximately 3 mm. If not stated otherwise, the in-
cidence angle of s-polarized light was 19°. For reflectance mapping,
Woollam M2000-Solar was used in the spectral range from 0.73 eV to
5.0eV. The spot size of this ellipsometer at 75° illumination has an
elliptical shape with a major axis size of 560 um.

Raman spectroscopy experiments were performed with a micro-
Raman spectrometer LabRam HR800 (HORIBA). Two excitation laser
lines were used: 514.7 nm solid-state laser (Coherent) and 632.8 nm
HeNe laser (Siemens). The laser intensity measured at the sample was
set to 3mW and 20 mW for the 514.7 nm and 632.8 nm, respectively.
The laser light filtered by a plasma filter was focused onto the sample
and had a laser spot size of about 3 um with a 10x objective (numerical
aperture, N.A. = 0.25). The laser excitation and signal collection were
in the back-scattering configuration.

3. Results and discussion
3.1. Preparation of SERS substrates

3.1.1. Gradient photonic crystal

We used a two-electrode cell sketched in Fig. 1a to fabricate gra-
dient photonic crystals. Silicon wafers were etched in a HF solution
with a Pt electrode wire with 1 mm diameter centered on top with 3 mm
distance from the wafer. Finite element method (COMSOL Multiphysics
v4.4.) simulation results of the normalized electric field for this con-
figuration are shown in Fig. 1b. For the simulation, a voltage was ap-
plied between the silicon sheet (+) and platinum wire (—) immersed in
a solution with an effective relative permittivity of 58. The simulation
shows an electric field gradient marked by arrows. The cross-section of
the electric field along the silicon surface shows a gaussian profile
which corresponds with the etching rate on the silicon surface. Ex-
perimentally, the GPCs were made as a function of time and current
while the potential bias remained constant. In Fig. 2a, we show the
current variation vs. time (etching graph) where two different current
densities of 50 mA/cm? and 13mA/cm? were set for 5.9s and 9.5s
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respectively with breaks in-between of 5s for 10 cycles. This periodic
etching allowed us to obtain the sample shown in Fig. 2b.

The current density decreases outwards from the platinum wire tip
following the electric field as it is reflected in Fig. 1b; which in turn
makes the concentric gradient photonic crystal with a varying photonic
bandgap in Fig. 2b. In Fig. 2c we show a cross-sectional view of the
sample around the crack marked in Fig. 2b. Fig. 2¢, obtained by scan-
ning electron microscopy (SEM), evidences the layer structure of the
sample. The thicker layer of ~131nm was obtained by setting the
current density to 50 mA/cm? for 5.9s. The thinner layer of ~94nm
resulted from a current density of 13 mA/cm? applied during 9.5s. In
Fig. 2c, it is also visible that in the thicker layer the pores are denser
than in the thinner layers. Moreover, a porosity gradient between layers
was avoided by establishing a delay time between current changes as
visible from the etching graph in Fig. 2a. In addition, the layer porosity
changes as the distance from the counter electrode increases. All these
factors determine the photonic bandgap. The PCs photonic bandgap
was optimized by controlling the fabrication process, in particular, the
current density and etching time (Fig. S1), and using formula:
m-d; = ny-d, = 1/4, where n is the refractive index, d — porous silicon
layer thickness and 4 - wavelength. This tunability of the PCs bandgap
allows us to be in resonance with different lasers and molecules for
SERS enhancement in one single-substrate.

Fig. 3 depicts the reflectivity changes from blue (455 nm) to green
(532 nm) and then to red (635 nm) when going from the area where the
platinum electrode was set to outwards. We observed that by increasing
the current, the layer porosity as well as pore size increased. We also
found that increasing the etching time resulted in a layer thickness
increase.

These results summarized in Fig. S1 are in agreement with previous
reports [20,31]. Notice that the cross-sectional SEM image in Fig. 2c is
only representative of that marked location of the GPC. The layers’
porosity and thickness change radially as does the color of the sample in
Fig. 2b. Therefore, the refractive index also changes as a function of
position from the Pt tip electrode. A detailed cross-sectional SEM in-
vestigation of the GPC at different locations should be pursued in
follow-up work. In particular, the dependence of GPC radial periodicity
(and refractive index) on the electrochemical etching conditions (cur-
rent pulse time, amplitude, and Pt-Si distance) could allow producing
plasmonic-photonic samples optimized for more sophisticated

Fig. 2. (a) Current variation vs. time (etching graph). (b) Photography picture showing the color gradient of a GPC sample. (c) SEM cross-sectional image of the GPC
fragment at the marked area in b), with the inset figure illustrating the cross-section view used in SEM.
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Fig. 3. (a) Sketch of the GPC sample with the fragment region of interest (ROI) marked by a rectangle. (b) Fragment of the gradient photonic crystal (optical
photograph). (c) Reflectivity mapping of the same fragment at 455 nm, 532 nm, and 635 nm wavelengths.

applications like in odor compasses [32].

3.1.2. Nanotriangle arrays by nanosphere lithography

Deposition of metal nanotriangles was performed by nanosphere
lithography (NSL). For this, the Vogel method was used where a 450 nm
polystyrene nanosphere monolayer is formed due to the capillary forces
at the water-air interface (Fig. S2a). This monolayer is then transferred
onto the final substrate support where it adheres by van der Waals
forces [33,34]. The monolayer was then allowed to dry and 0.1 g of
silver was deposited on all the substrates simultaneously in a thermal
evaporation chamber with a base pressure of ca. 810~ ® mbar (Fig. $2b)
covering all the substrates with 64 nm silver film as shown by AFM
results in Fig. S3. Removal of polystyrene spheres, using adhesive-tape,
resulted in 55nm thick and 120 nm wide nanotriangles as shown by
AFM results below. During this step, the nanospheres work as a shadow
mask where metal atoms can reach the substrate only through inter-
stices between three neighboring spheres forming triangle-shape pyr-
amids. These triangular pyramids stay on the substrate even after re-
moving the nanosphere monolayer. After the deposition of
nanotriangles no visible change of color was observed. In Fig. 4a, b, the
Ag nanotriangles (AgNT) arranged in hexagonal arrays are visible by
SEM. We notice in the zoomed-out image (Fig. 4a) that some defects
become visible. These minor defects appear due to the monolayer for-
mation. Nevertheless, this method is still adequate for many applica-
tions, unless it requires extremely high accuracy [35]. AFM was per-
formed on the silver nanostructures to evaluate their 3D shape (Fig. 4c).
We also determined the GPC surface roughness and found that it
changes radially from the middle with 1.8 nm up to 25 nm at the outer
periphery. From the AFM image (Fig. 4c) and the cross-section (Fig. 4d)
on the two triangles the shape of the nanoparticles can be described as a
truncated tetrahedron. The description of this shape would be a regular
tetrahedron with a top “sliced off” parallel to the base of the structure
[36]. The height of each pyramid is (55 * 1) nm and width of
(120 * 1) nm. These numbers depend on the diameter of the poly-
styrene nanospheres used as a mask during metal deposition [29].

3.2. GPC substrate with AgNTs

3.2.1. The reflectance of GPC with AgNTs

The optical properties of GPC and AgNT on GPC were analyzed to
understand the electromagnetic (EM) enhancement mechanism of SERS
[7,29,37]. As EM enhancement mechanism states that if resonance
conditions are met when the collective oscillation of conducting elec-
trons will absorb and scatter photons. It is known that due to plasmon
resonance excitation a strongly amplified local EM will be obtained at

the nanoparticle surface. Using optical spectroscopy in either trans-
mission or reflection mode the scattered and absorbed light can be
measured [38].

In Fig. 5, reflectance measurements of the GPC area reveal a pho-
tonic bandgap at ~635nm, which was observed in the presence and
absence of AgNTs. The spectroscopic analysis shows a GPC reflectance
maximum (R;,,q,) of 0.99 and a full-width half-maximum (FWHM) of the
stop band of up to 156 nm, which means that at that area the GPC
reflects in a relatively wide spectral range. This result can be based on
the influence of a large An between the layers (n; = 1.72 @13.3mA/
cm?, ny = 1.21 @50 mA/cm?, for the red GPC region) that makes this
photonic crystal an optimal Bragg reflector [39]. By moving closer to
the middle region, the R, decreases due to the decrease in An, al-
though it still stays relatively high at 455 nm with R,,,,, = 0.54 (Fig. 3).
After the deposition of AgNTs the reflectance was measured in the same
area.

We observed that the Ry,qy shifts towards longer wavelengths and a
broad dip appears in the bandgap around 750 nm. This dip appears due
to the increased scattering and absorption by the AgNTs and the loca-
lization of the electromagnetic field, which occurs at the interface be-
tween the two structures. This reflectance decrease is observed only
when the plasmonic resonance of the AgNTs matches the resonance of
the photonic bandgap [40]. The advantage of this system is that the
localized and amplified fields can interact with the materials deposited
on the surface and enhance their Raman signal in a combinational way.

3.2.2. Detection of CoPc with surface-enhanced Raman spectroscopy

To evaluate the substrates fabricated for multiwavelength SERS
application, ultrathin (2 nm) layer of CoPc was deposited on GPC with
AgNTs (GPC/AgNTs) and silicon. To perform a proper comparison of
the electric field enhancement, the CoPc layer was deposited simulta-
neously on all substrates using organic molecular beam deposition
(OMBD) ensuring the same analyte for all regions of interest which is
essential for comparison purposes [41]. After CoPc deposition, Raman
spectra were recorded using a LabRam spectrometer equipped with a
10x (0.25N.A.) objective to average the signal over micrometer size
areas. For the comparison of the multipurpose GPC/AgNT SERS sub-
strate, we used two laser excitations, namely green (514.7 nm) and red
(632.8 nm).

In Fig. 6, we show the Raman spectra of 2nm CoPc taken from si-
licon (Si), Si with silver nanotriangles (Si/AgNTs), and from three dif-
ferent areas of GPC and GPC/AgNTs: blue (B GPC and B GPC/AgNTs),
green (G GPC and G GPC/AgNTs), and red (R GPC and R GPC/AgNTs).
The CoPc molecule has high optical absorbance in the red spectral
range and comparative low in the green. This implies that resonance
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Fig. 4. (a, b) SEM image of silver metal nanotriangles on GPC surface formed with nanosphere lithography at two different magnifications, (c) AFM image of Ag

nanoclusters on the GPC and (d) cross-section of two nanotriangles.
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Fig. 5. Reflectance of GPC (blue) and GPC with AgNTs (red) showing a peak
around 635 nm, with the dashed line at 633 nm marking the wavelength of the
red laser. The black curve is the spectra of Si as reference. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article).

with the red laser results in higher Raman signals than that when the
sample is excited by the green laser [40,42,43]. There are some dif-
ferences in the Raman spectra too, not just in the overall intensity but
also in the lineshape and intensity ratios. These spectral differences are
related to resonance conditions like previously reported for CuPc [44].
For all spectra, the most intense band is located at 1539 cm ~*, which
corresponds to C—N vibrations. Therefore, the enhancement factors
were calculated using the peak intensity of this band (Fig. 6d), taking
the signal from the molecule on the silicon substrate as a reference. As
seen in Fig. 6b, the Raman signal of 2nm CoPc on silicon is low even

when it fits the resonant Raman scattering conditions under red laser
excitation.

The Raman signal taken from Si/AgNTs increases 245 times using
the red laser and only 35 using the green that is related to the position
of the localized surface plasmon. Thus, depositing silver nanotriangles
on the silicon substrate already amplifies the Raman signal by at least a
factor of 35. By comparing the Raman signal of CoPc at different areas
of the GPC we found a significant signal enhancement due to optical
interference [45-47] especially in the red area, and the enhancement is
consistent with the reflectance imaging result [48]. Photonic crystals
are already known as good Raman substrates since it is possible to tune
the Raman signal by changing the wavelength of the laser and/or using
different chemical compounds [49]. We observed that the Raman signal
of CoPc increases up to 10° — 10° times when AgNTs are deposited on
the photonic crystal. In this case, nanosphere lithography allows ob-
taining particles with a triangular shape that have field enhancement at
the tips. Additionally, the influence of metal nanoparticles is supported
by the concentration of the electromagnetic field on the photonic
crystal surface leading to their synergistic enhancement effect [50].
Moreover, the 1D photonic crystal has a porous surface that increases
the Raman scattering in addition to being a Bragg reflector that in-
creases the local amplification of the laser light [22,23]. The signal
enhancement could also be optimized for other spectral regions by
changing the deposition parameters such as substrate tilt angle or na-
nosphere size [29] as well as the metal composition from silver (optimal
for visible range) to another one like Au for IR applications, and Al or In
for the UV range.

CoPc has vibrational modes that span a spectral range of over
1000 cm ™! (Fig. 7a, b). This allows us to represent the Raman signal
enhancement for different spectral regions illustrating the multi-
wavelength enhancement. The spectral comparison is shown in Fig. 7a,
b for red and green laser excitations. These spectra were obtained from
Raman hyperspectral maps. The locations where the spectra were taken
are marked by numbers in Fig. 7c, d. The Raman intensity ratio between
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Fig. 6. Raman spectra of 2 nm CoPc on silicon, silicon with AgNT and three areas of GPC and GPC/AgNT: blue area (B GPC and B GPC/AgNT), green area (G GPC and
G GPC/AgNT), red area (R GPC and R GPC/AgNT). Spectra were taken using two different laser excitations: (a) 514.7 nm and (b) 632.8 nm. Spectra were rescaled as
followed by the factor shown on top of each spectrum. The inset of Fig. 6b is an image of the sample with the regions of interest marked by arrows. (¢) Enhancement
factor (EF) was calculated for the most prominent peak of CoPc at 1539 cm ™. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article).

a low and a high wavenumber mode provide us information on the
spatial distribution with different spectral enhancement by the GPC-
AgNTs. The low wavenumber mode is located at 682cm™?,
ie.atca.552nm and 667 nm for 532nm and 638 nm excitation, re-
spectively. The high wavenumber mode is located at 1539 cm ™, i.e.
ca.580 nm and 708 nm (for green and red excitation, respectively).
We show the Raman imaging results in Fig. 7c, d for the two laser
excitations we studied. The Raman peaks used for the intensity ratio
images are marked by arrows and rectangles in Fig. 7a, b. The images
have two parts - in the upper right side, the PS spheres were removed
leaving behind a hexagonal Ag nanocluster pattern on top of the GPC.
In the lower-left side the metallic layer remained intact making a metal
film on nanospheres (MFON) that gives SERS enhancement only. The
inset in Fig. 7c shows a SEM image of this interface. The first ob-
servation from the Raman intensity ratio maps is the radial periodicity,
starting from the top-left towards bottom-right. This periodicity is not
visible for the lower-left side of the Raman maps since that region re-
mained covered with the metal-coated nanosphere layer masking the
GPC below. The ultrathin 2 nm thick CoPc layer was deposited by or-
ganic molecular beam deposition and thus it is expected to uniformly
cover the whole substrate. Therefore, we attribute the spatial dis-
tribution of intensity ratios to the different optical response modulated
by the photonic crystal. The other interesting observation from Fig. 7c,
d and further confirmation of the multiwavelength-enhancement in a
single-chip is the difference between the spatial distribution on the
same sample obtained under two different laser excitations. This com-
bination between plasmonic and photonic enhancement can result in
ultra-high sensitivity at the zeptogram detection level [51], and now

showed another degree of freedom with the multiwavelength radial
distribution. Signal enhancement reproducibility is a very important
issue in SERS. In this work, reproducibility was verified with several
substrates prepared following the same procedure and found similar
results. An additional advantage of our method is that we combine two
well-established and reproducible technologies into one. On the one
hand, the nanosphere lithography approach is accepted to be one of the
easiest methods that offers the best large-scale batch-to-batch re-
producibility for SERS. On the other hand, the Raman enhancement
approach based on a 1D photonic crystal is well-established and it even
lacks the uncertainty issues related to SERS substrates as shown by
different sensing applications (see Refs. 13-24). The spatially-selective
spectral enhancement can be exploited in the analysis of complex
multicomponent systems such as biological materials. Consider tissue
analysis that usually requires pre-processing with the separation into
different components. By using our GPC/AgNT sensor we could identify
cytochrome C [52] and cancer-related exosomes [53]. Such investiga-
tion can explain the mechanism of cell apoptosis resistance in tumor
cells, metastasis, and cancer diagnostics while avoiding major chal-
lenges with sample preparation and purification [54].

4. Conclusions

We developed a gradient photonic crystal with silver nanotriangles
as a multipurpose SERS substrate that integrates interference and
plasmonic enhancement. We used a 2nm of cobalt phthalocyanine
(CoPc) layer as a Raman active analyte deposited simultaneously on all
substrates. Raman spectroscopy, atomic force microscopy, and
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Fig. 7. Raman spectra under (a) red and (b)

green laser excitations obtained from different

\ MFON
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—4

0.1 kcts 8™ pw’

locations of the GPC/AgNTs sample. These lo-
cations are indicated by numbers and arrows in
the Raman maps. The maps in (c) and (d) were
constructed from the Raman intensity ratio
between low (682cm™') and  high
(1539 cm™!) wavenumber Raman modes of
CoPc. Each map was obtained under the laser
excitation indicated on each figure. The left-
bottom side in the maps was a part of the
sample with metal-coated nanospheres
(MFON) left on the substrate, as indicated by

l 0.5 kets ' mW-* the SEM image placed on (c). The asterisk-
marked peak in (b) comes from the Si sub-

GPC/

A=6328 nm i o strate. The inset in Fig. 7b is a sketch (non-

NAA " == _‘_.M scaled) of the sample structure and region of

interest scanned in Raman imaging. (For in-

(C) 600 900 1200 1500 ( d) 600 900 1200 1500 1t:;:rpretlatlondof 11';he regereflcesfto czlour hln thlli
Raman shift/ cm™’ Raman shift/ cm™ gure legend, the reader is referred to the we

reflectivity spot measurements, as well as imaging, were used to char-
acterize the structural and optical properties of our hybrid photonic
crystal-plasmonic substrates. Our results show that in a single silicon
chip, robustly and inexpensively, multiwavelength optimization can be
achieved for sensing applications allowing ultrasensitive detection and
high specificity.
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