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Abstract

Plasmonic effects that enhance electric fields and amplify optical signals are crucial

for improving the resolution of optical imaging systems. In this paper, a metal-based
plasmonic nanostructure (MPN) is designed to increase the resolution of an optical
imaging system by amplifying a specific signal while producing a plasmonic effect via
a dipole nanoantenna (DN) and grating nanostructure (GN), which couple the electric
field to be focused at the center of the unit cell. We confirmed that the MPN enhances
electric fields 15 times more than the DN and GN, enabling the acquisition of finely
resolved optical signals. The experiments confirmed that compared with the initial
laser intensity, the MPN, which was fabricated by nanoimprint lithography, enhanced
the optical signal of the laser by 2.24 times. Moreover, when the MPN was applied in
two optical imaging systems, an indistinguishable signal that was similar to noise in
original was distinguished by amplifying the optical signal as 106 times in functional
near-infrared spectroscopy(fNIRS), and a specific wavelength was enhanced in fluores-
cence image. Thus, the incorporation of this nanostructure increased the utility of the
collected data and could enhance optical signals in optics, bioimaging, and biology
applications.

Keywords: Plasmonic effect, Nanostructure, Nanoimprint lithography, Field
enhancement, Amplifying optical intensity, Selective deposition fabrication

Introduction

In recent decades, micro/nanostructures based on plasmonic effects that amplify optical
signals induced in plasmonic nanostructures, modulate optical signals, and enhance local-
ized electric fields have attracted considerable attention, and plasmonic nanostructures
that interact with light have been used to enhance image resolution, detect molecules, and
change optical properties. Moreover, plasmonic nanostructures have been used in vari-
ous fields, such as biology, imaging, medicine, and photonics, including surface-enhanced
Raman spectroscopy (SERS) [1-3], surface-enhanced infrared absorption [4, 5], fluores-
cence imaging [6, 7], and nonlinear optics [8—15]. Metallic nanostructures with plasmonic
resonance, in which free electrons oscillate in resonance with propagating light waves, have
various characteristics depending on the size and shape of the structure and the type of
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material [13, 14, 16]. For example, dipole antennas can transmit and receive radiofrequency
radiation. At the resonant frequency, i.e, when the frequency of the incident radiation
matches the natural vibration frequency of the material, the induced electric and magnetic
fields are enhanced. At the macroscale, such resonance occurs when the dipole antenna
structure has dimensions of 1/2, where A is the wavelength of the incident radiation. How-
ever, at the nanoscale, the dimensions of the material at which resonance with radiation of
wavelength A occurs depend on the properties of the material itself. Thus, a dipole nano-
antenna must be tuned to convert freely propagating radiation fields into localized energy
[17-19]. Additionally, bowtie nanoantennas can enhance electric fields in nanogaps fabri-
cated from two rectangular shapes using surface plasmon resonance (SPR). SPR involves
electromagnetic (EM) waves that are generated by the free electrons in metals. The most
effective phenomenon that occurs in plasmonic nanostructures is EM resonance, in which
the free electrons in the metal layers oscillate at the same frequency as the incident radia-
tion [20-22]. In this study, we designed a plasmonic nanodevice that amplifies optical sig-
nals to enhance the spatial resolution of optical imaging systems. The proposed plasmonic
nanostructure was designed based on nanoantenna and grating nanostructure theory, and
the structure can amplify specific optical signals 2.24 times based on SPR and the coupling
of the electric field in each structure. Additionally, we observed an enhanced electric field
by using atomic force microscopy (AFM). Moreover, when we applied a metal-based plas-
monic nanostructure (MPN) in the imaging system, we detected an indistinguishable signal
by amplifying the original signal 76 times, resulting in a clearer image.

Results and discussion

Design of a plasmonic nanostructure coupled with dipole and grating nanostructures

To enhance the image resolution, the optical signal must be amplified, and the noise must
be removed. As shown in Fig. 1, we designed and synthesized a metal plasmonic nano-
structure (MPN) using dipole nanoantenna (DN), bowtie nanostructure (BN), and grating
nanostructure (GN) theories to determine the suitability of these nanostructures for ampli-
fying optical signals in the near-infrared (NIR) range to enhance the image resolution. The
nanostructure proposed in this paper was first simulated to confirm the enhancement and
coupling of the electric field to amplify the optical signal of the image. The designed MPN
has three components: a plasmonic part (PP), horizontal part (HP), and vertical part (VP).
The PP enhances the electric field in the nanostructure. As previously mentioned, the plas-
monic effect, which involves the free electrons in the metal oscillating in resonance with
the incident light, enhances the electric field by resonance matching the vibration of the
electrons and the incident light wave vector (k). Momentum matching can be achieved by
various methods, such as prism-coupled SPR with a Kretschmann geometry via a subwave-
length grating (which reduces the size and complexity of the Kretschmann geometry) [12,
17, 23-26]. In this method, the surface plasmon polariton (SPP) wave vectors must satisfy
the plasmonic equation to ensure the coupling of the incident light photons and SPP wave

vectors:

w . 2
kspp = —sinfy + n—
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Fig. 1 a Schematic of a metal-based plasmonic nanostructure (MPN) for amplifying a specific optical signal.
The MPN has three resonance parts to enhance the optical signal. b SEM image of the MPN, on which silver
was deposited to obtain plasmonic effects. ¢ Dimensions of the MPN for enhancing the electric field

where o is the wave frequency of the incident light, c is the speed of light, 6, is the inci-
dent light angle, n is an integer, and a is the grating period. Thus, the grating pitch is also
a crucial parameter for achieving SPR, which results in the concentration of the electric
field at the center of the nanostructure.

The VP was designed based on a DN to receive a specific wavelength. A DN enhances
EM waves due to resonance in the structure for signal processing and radiation trans-
mission. In contrast to antenna theory [18, 19, 27, 28], the shape and length of the DN
need to be designed according to the wavelength because the refractive index differs
depending on the structure (called the effective refractive index), similar to BNs and rec-
tangular nanoantennas [13, 24, 25, 29-31].

The HP concentrates the electric field at the center of the nanostructure unit cell. In
addition, the HP has a plasmonic effect on the surface. The HP was also designed based
on the DN but with different lengths for each nanostructure to concentrate the electric
field at the center of the unit cell, similar to the BN structure.

The finite element method (FEM) simulation tool was used to maximize the optical
characteristics, such as the electric field enhancement, far-field gain of the MPN struc-
ture, and resonance of each structure. The key parameters for amplifying optical signals
using the MPN are its dimensions (which determine the wavelength required to trig-
ger the required resonance), the period of the structure, and the incident light angle
required to generate a plasmonic surface.

Figure 1 shows that based on the DN characteristics, we optimized the length of the
VP to 1177.25nm, and its period was fixed at 196 nm, which is equal to A/4, where X is
the excitation wavelength. The dimensions of the HP were fixed at 392.5nm, 588.75nm,
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and 785 nm (corresponding to A/2, 3\/4, and A, respectively, based on nanoantenna the-
ory; in Fig. 1c, these dimensions are denoted as L,, L,, and L,), and its period was fixed at
196 nm (\/4; denoted as P in Fig. 1c).

As shown in Fig. 2, each nanostructure has a dipole momentum that occurs due to
the oscillation of free electrons of silver atoms on the surface. However, the HP in the
nanostructure has a small plasmonic effect, through which the electric field transmits
the forward incident light, which concentrates the electric field according to grating the-
ory [32], as shown in Fig. 2a, b. The VP receives a specific wavelength depending on its
length and period, as shown in Fig. 2c. When both structures were combined, the elec-
tric field of the MPN was concentrated in the middle of the structure, confirming that
such a dipole can be created on the surface of an Ag-based plasmonic nanostructure.
Additionally, the electric field at the center of the structure was enhanced due to the
plasmonic effects of each grating, as shown in Fig. 2.

For the 1177.25nm VD, the generated electric field was confirmed to be 31.826 V/m,
which was 15 times higher than that of the DN and GN structures, as shown in Fig. 3a.
The magnitude of the electric field is also affected by the incident light angle due to the
plasmonic effects mentioned above. When the plasmonic nanostructure resonates with
the incident light, the extinction, scattering, and absorption cross-sections change.

Figure 3¢, d, e confirm that the resonance of the MPN depends on the angle of inci-
dent light. As confirmed in Fig. 3c, when the angle of incident light to the MPN was 30°,
the extinction cross-section was 1.33 x 107! 2 whereas the extinction cross-sections
of the GN, BN, and DN structures were 3.97 x107'® m?, 4.716 x10™'* m? and 7.873
x 10716 m?, respectively. Thus, for an incident light angle of 30° (Fig. 3a, b), the electric

Fig.2 DN, BN, GN, and MPN simulation data. a shows the DN results. b shows the BN results. ¢ shows the

GN results. d shows the MPN results. The proposed plasmonic nanoantenna enhances the electric field in the
middle of the structure, and the electric field enhancement is 15 times greater than that of the DN and GN
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Fig. 3 MPN simulation data. a Simulation of the electric field in the output domain depending on the
vertical lengths of the MPN, GN, and DN. b Simulation of the far-field gain depending on the vertical lengths
of the MPN, GN, and DN. ¢, d, e Simulation of the extinction, scattering, and absorption cross-sections of the
MPN, GN, and DN depending on the angle of incident light. f Graph of enhancement achieved with the MPN,
GN, and DN

field and far-field gains were determined to be 31.826 V/m and 1137.8 V/m, indicating
that the generated electric fields were 600 and 1100 times greater than those of the DN
and GN, respectively.

The simulation data confirm that the proposed plasmonic nanoantenna can enhance
the electric field concentrated in the middle of the nanostructure due to the coupling
of the grating structure and dipole antenna, which both have plasmonic characteristics.
Figure 3f shows the improvement in the optical intensity (I/1,), which indicates that the
plasmonic nanostructure enhances the optical signal by more than 226 times at a dis-
tance of 3 um.

Page 5 of 13
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Selective deposition and fabrication

The MPN was fabricated by combining tape lithography and nanoimprint lithog-
raphy (NIL). A schematic of each process step is shown in Supplementary 2. The Si
material was fabricated using electron beam (e-beam) lithography. An e-beam resist
(AR-P 6200, Allresist GmbH, Germany) was coated onto the Si wafer; subsequently,
arrays of square nanopatterns were patterned using e-beam lithography (JBX-9300FS,
JEOL Ltd., USA). The pattern width W was 392.5 nm; the period P was 196 nm; and
the lengths L,, L,, Ls, and L, were 392.5nm, 588.75nm, 785nm, and 1177.25nm. The
height was 230nm, and the patterns were square arrays. Figure 4a, b show a scan-
ning electron microscopy (SEM, SNE-3200M, SEC, Korea) image of the fabricated
Si stamp. Before the hybrid nanoimprinting process, the surface of the Si master was
treated by dipping the Si master into a fluoric release agent solution (OPTOOL DSX,
Daikin Industries Ltd., Japan, 147 uL and FC-3283, 3M, USA, 50g) for 10 min. This
treatment decreased the surface energy of the Si mold, facilitating demolding dur-
ing the nanoimprinting process to enable stronger van der Waals force-based bond
formation between the Si mold and Ag atoms. After the surface treatment, the con-
tact angle of the Si master was measured using a contact angle meter (Phoenix, SEO,
Korea). The increase in the contact angle from 55.10° to 115.14° confirmed that the
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Fig. 4 a, b SEM image of the Si mold. ¢ SEM image of adhesive tape. As shown in (¢, d), Ag was peeled off
the mold because it was required for selective deposition on the nanostructure. e, f SEM image of the final
MPN. e shows Ag selectively deposited on the polymeric nanostructure
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release agent was bonded to the surface of the Si master and that the surface treat-
ment had been performed properly, as shown in Supplementary 3.

A 50-nm-thick Ag film (3—-5mm granules, 99.99%, Taewon Scientific Co., Ltd.) was
deposited onto the Si master using an e-evaporator (MEP5000, SNTEK Co. Ltd., Korea).
The deposition rate determines the roughness and (more importantly) grain size of the
resulting thin metal film. As light scattering at the grain boundaries in metals has been
reported to lead to losses, the deposition rate was varied from 1 to 20 A/s. After metal
deposition, adhesive tape (3M; St. Paul, MN, USA) was used to remove the metal pro-
truding from the surface of the Si master. The adhesion of the metal varied according to
the substrate used: Ag showed poor adhesion with Si and was therefore easily transferred
to the adhesive tape. Figure 4c, d show SEM images of the Ag nanopatterns stripped off
the adhesive tape, confirming that the protruding Ag film was the only material removed
by the adhesive tape.

A thermal NIL process (NIL-6, Obducat, Germany) was used to fabricate noble-metal
plasmonic nanostructures. Prior to this process, a one-step procedure was performed to
fabricate nanostructures on a polymethyl methacrylate (PMMA) substrate, and the Ag
layer was transferred to this nanostructure. This process was conducted at 145°C and a
maximum pressure of 4 MPa over 300s, with a demolding temperature of 75°C.

Figure 4e, f show the final nanostructure fabricated using thermal imprint lithography.
Figure 4f demonstrates that the silver was selectively transferred from the mold to the
substrate according to the difference in surface energy. Fidelity analysis was conducted
on the final structure. The ideal length was 1177.25nm, where the length of the fabri-
cated Si master was 1144.9 nm and that of the fabricated plasmonic nanostructure was
1130.2nm. Accordingly, the fidelity was determined to be 2.43%, which was lower than
the simulated tolerance value of 3.8%. This result confirms that the proposed hybrid
imprint process is an effective and accurate method for fabricating MPNs.

Plasmonic effects of the nanostructures

To confirm that the MPN enhances the optical signal, a 785nm laser was used with a
laser—detector (fiber) distance of 3cm, as shown in Supplementary 1. Figure 5 dem-
onstrates that the light intensity is enhanced by using a plasmonic structure. Figure 5a
shows that the plasmonic nanostructure amplifies the optical intensity depending on the
incident light angle. In this graph, the input power passing through the collimator was
0.1791 mW. However, after the light passed through the plasmonic nanostructure, the
power increased to 0.4022mW at an incidence angle of 30°. We calculated the normal-
ized intensity by comparing the reference intensity with the intensity after amplification
by the plasmonic nanostructure. Compared with the original laser, the light inten-
sity was 2.24 times higher after the laser passed through the plasmonic nanostructure.
This increase occurred because light that would otherwise be scattered in the air and
by the surface was concentrated in the middle of the nanostructure. When the differ-
ence between the orientation of the plasmonic nanostructure and the laser direction was
0°, the detected power decreased slightly. When the plasmonic effect occurred, which
resulted in resonance with the incident light wave vector, the highest output power
intensity was observed at an incident light angle of 30°. This result indicates that the EM
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Fig. 5 Graph showing the dependence of the amplified optical signal on the distance, angle of incident
light, and application. a shows that the plasmonic nanostructure amplifies the optical intensity when

the plasmonic and incident light wave vectors are matched. When the angle of incident light is 30°, the
plasmonic and incident light wave vectors are matched. b shows the amplification depending on the
distance, demonstrating that the plasmonic nanostructure was more affected when the optical intensity
was weak. ¢ shows AFM data which without the laser(left) and with laser(right). d shows the amplitudes

of oxyhemoglobin and deoxyhemoglobin for the plasmonic nanostructure, which were used as controls.
This subfigure also shows the amplitudes of oxyhemoglobin and deoxyhemoglobin for the plasmonic
nanostructure with detectors 1 and 2. Detector 2 applied the plasmonic nanostructure at 30°. also shows the
fNIRS spectra, indicating that a higher intensity was obtained with the plasmonic nanostructure (right) than
with the original structure (left). @ shows the fluorescence image and amplification graph; the amplitude of
the optical signal is 1.6 times higher than that of the original signal

wave from the incident light was reinforced on the surface of the MPN by the EM wave
of the latter (comparing Figs. 3f and 5a).

Figure 5b shows the amplification of the signal intensity based on the distance between
the source and the detector. This figure demonstrates that the plasmonic nanostruc-
ture enhances the optical signal at an incident light angle of 30°. We also confirmed that
the lower the input power is, the greater the output power is enhanced. Comparing the
MPN and the bare film (PMMA), the MPN amplifies the optical signal by up to 2.61
times when the distance is 9 cm because of the coupling and enhancement of the electric
field in the unit cell. However, the amplification obtained by the bare film and the nano-
structure without silver is less than 0.92 owing to the transmittance of ~90%.

Figure 5c shows atomic force microscopy (AFM) images and power spectral density
(PSD) spectra of the MPN without and with a laser, which can provide insights into the
amplification of the optical electric field by an external electric field. The AFM topogra-
phy was characterized using cantilever tips in tapping mode. The AFM surface topog-
raphy image without the laser is consistent with the SEM image, in which the film
morphology features of the MPN and P are 230nm and 193 nm, respectively. When the



Kim et al. PhotoniX (2023) 4:8 Page 9 of 13

laser beam is incident at 30° on the MPN structure, the height of the MPN structure
increases to 280nm. Moreover, the height difference of the MPN with the laser, which
was detected using AFM cantilever tips, is comparable to the electric field difference in
the simulation. This finding indicates that the atomic force interaction between the can-
tilever tips and the MPN structure was affected by the electric field difference, which
was attributed to the incident laser. This atomic force interaction due to the electric field
was quantified through PSD calculations as a series of fast Fourier transforms. The PSD
spectra show periodic signals as peaks, which are functions of the frequency. Compared
with the PSD results of the MPN structure without a laser, we observed a new peak at
approximately 0.001 nm ™' in the PSD spectrum of the MPN structure with a laser, and
the amplitude of the peak is comparable to that of other reference peaks. The new peri-
odic signal was similar to the signal obtained with the structure, suggesting a high cor-
relation between the laser incidence angle (control variable) and the MPN structure. The
AFM data showed plasmonic effects and the coupling of the electric field in each struc-
ture, confirming that the electric field in the MPN was enhanced.

Figure 5d shows the enhanced focused NIR spectroscopy (fNIRS) spatial resolution
for brain activation imaging due to the enhanced brain signal. {NIRS is a brain activa-
tion imaging system that observes changes in oxyhemoglobin and deoxyhemoglobin
using NIR light, which can penetrate the brain like a banana shape. Because light pass-
ing through the brain is absorbed and scattered by many other cells including skull,
melanin and water, the spatial resolution of fNIRS in the vertical direction can only be
confirmed within about 1cm [33]. The deep signal cannot distinguish with noise signal
because of weak signal. Figure 5d shows the amplitudes of the signals of detectors 1 and
2 versus the frequency for a normal control experiment with brain activation (circle) and
MPN experiment (square). The amplitudes of the oxyhemoglobin and deoxyhemoglobin
signals are nearly the same at 1.19 x 1073 and 6.9 x 10~ at 0 Hz, respectively, in the nor-
mal control experiment and 1.07 x 10~% and 9.55 x 10~?, respectively, in the MPN exper-
iment. However, at frequencies greater than 0.02 Hz, the signals that change in the brain
but are not detected in the normal control experiment are higher than the control values
of 5.6 x 1071% and 3.32 x 107, Brain activation can be detected because the signals are
amplified by more than 76 and 106 times, respectively, to 4.26 x 107%and 3.52 x 1078, In
Fig. 5d, the brain images show the brain activation region and the extent of brain acti-
vation, as indicated by the changes in oxyhemoglobin and deoxyhemoglobin. This con-
firmed the activation signal at a deeper level by amplifying the signal 76 and 106 times
(red line) which could not confirm whether the signal was activated because the signal
was weak by absorbed and scattered by many cells (blue line).

Figure 5e shows a fluorescence image indicating the enhancement of a specific wave-
length. Compared with the fluorescence image at 660 nm, the laser signals at 785nm
were amplified by up to 1.6 times, whereas the amplitude of the fluorescence signal at
660nm was decreased by 0.87. Thus, the MPN can enhance specific wavelength signals
due to the dipole nanoantenna and plasmonic effect. To confirm resolution with opti-
cal signal, we measure the optical signal and fluorescence image from the IR card with
symbol as shown Supplementary 4 and 5. Compared with bare film, MPN without silver
and original signal, MPN amplified optical signal 1.6 times than original signal from the
IR card and can detect distance of image accurately as 1.94mm than bare film, MPN
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without silver and original signal as 1.695mm, 1.739 mm and 1.808 mm that exact length
of image which we detect is 2mm. And Supplementary 5 shows using MPN can detect
weak signal which similar to noise. Due to plasmonic effect, the intensity of original sig-
nal as 68.75 which is similar with noise intensity amplified 1.6 time as 110 can distin-
guish with noise.

Conclusion

In summary, we demonstrated a new plasmonic nanostructure to amplify specific opti-
cal signals to enhance the resolution of optical imaging systems. This nanostructure
was designed based on a grating nanostructure and a dipole nanoantenna. Moreo-
ver, the proposed nanostructure causes plasmonic effects and amplifies optical signals
through resonance and electric field coupling between each structure while concentrat-
ing the electric fields. Our results show that the MPN can enhance signals at selected
wavelengths by using a dipole antenna, and we observed a twofold increase in power
compared with that predicted in simulations. The proposed structure was designed to
receive a specific laser wavelength of 785nm (typically used in optical imaging) and
to not amplify light in the near field but integrate light in the far field. We first exam-
ined the effectiveness of the proposed plasmonic nanostructure using FEM simulations
(COMSOL Multiphysics 5.6a) to determine the possible electric field, far-field gain, and
current density generated using this nanostructure.

According to the simulations, the optimal vertical length for the structure was
1177 nm, with transverse lengths of 393nm and 588 nm, which were applicable for a
laser wavelength of 785nm. For a structure with a height of 180nm, an Ag layer with
a height of 50nm, and an incident laser angle of 30°, the electric field was observed to
be concentrated in the center and reached a value of 31.826 V/m, which was more than
15 times greater than that obtained with the DN and GN. Moreover, a far-field gain of
1137.8 was obtained.

Based on these design data, we fabricated a structure using thermal imprint lithogra-
phy, followed by Ag deposition onto a specific nanostructure. Consequently, we observed
that the intensity in the MPN was approximately three times higher than that in a bare
film. Moreover, the intensity in the MPN was 2.24 times higher than the original laser
intensity because the laser photons were concentrated in the middle of the structure and
had a high directivity toward the detector. A device with these characteristics is superior
to existing fNIRS systems. Our device identifies optical brain signals that cannot be dis-
tinguished by existing systems by increasing the signal-to-noise ratio and amplifying the
optical signal by 106 times compared with the original system. Furthermore, amplify-
ing the specific optical signal enhances the spatial resolution of the fluorescence optical
imaging system. Therefore, our device can be used to enhance the diagnosis, staging,
and investigation of treatments for neurological ailments, such as Alzheimer’s disease,
dementia, and stroke, for which there are currently few therapeutic options.

Methods/experimental

The MPN simulations were performed using the FEM method (COMSOL Mul-
tiphysics 5.6a), which is standard in the literature [17, 21, 28, 34-36]. To confirm the
enhancement of the electric field in the unit cell, we set the computing size as a 5.795
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by 5.795 um surface that contains the plasmonic nanostructure, and the height was set
at 3um in air. To set a nanostructure array condition for the metal-based material and
confirm only the plasmonic effect of the nanostructure, each side of the nanostructure
had a perfectly matched layer (PML) with a thickness of 150 nm to minimize reflec-
tions at the boundaries, and all the sides of the unit cell were treated with a periodic
condition in front of the PML. The accuracy of the calculation was increased using
a mesh set equal to the A1/6, namely, 130 nm, and the parameters of the COMSOL
simulation were set as follows: number of elements: 290221, minimum element mesh
size of the plasmonic nanostructures: 1.89 x 10~8 nm and maximum element mesh
size: 140 nm. The incident light was transmitted through the bottom of the structure.
The power of the incident light (I,) was set to 10 mW/m?, and a detector was placed
on the upper side of the structure. The structure used in the simulation consisted of
air, the substrate, the nanostructure, and silver layers. Air layers were placed at the
bottom and top of the structure in the matching experiment. The nanostructure and
substrate were composed of PMMA, and the refractive index varied depending on the
wavelength. Different refractive indices were set for the silver layer depending on the
wavelength based on the Lorentz—Drude model.

Optical characterization of the as-prepared MPN array was performed using an
optical spectrum analyzer (OSA, Anritsu Co., MS9710C, Japan). Light from a 785 nm
laser was irradiated through a fiber (@ 0.22 NA) onto the sample. To match the ref-
erence, the 785nm laser source was divided by 1-by-2 multimode couplers, which
divide the power according to the ratio 1:9, with a core size of 105 pm and a numerical
aperture (NA) of 0.22 (TM105R2F1A, Thorlabs, USA). As shown in Supplementary
Fig. 1, a fiber conveying 10% of the light was connected to the OSA and used to verify
the power and wavelength of the reference. Subsequently, a fiber conveying 90% of
the light was connected to a collimator (F240FC-780, Thorlabs, USA) to increase the
spot size. Then, a laser was connected to the collimator, which directed the laser to
the plasmonic nanostructure. All the experimental setups, including the composite
sample holder, laser holder, and detector, could be moved to enable the correct align-
ment of all sections. The alignment between the detector and the laser was confirmed
using a multifunction optical meter (Newport Co., 1936-R) and an OSA. The MPN
array was placed between the laser and the detector, which were separated by a dis-
tance of 3cm (Supplementary 1). The OSA can detect wavelengths in the range of
600-1750 nm with a bandwidth of 0.05nm at intensities ranging from — 85 to 10dB.
As described above, the plasmonic effect enhances the electric field when the incident
light and plasmonic wave vectors are matched. To enable this matching, the noble-
metal plasmonic nanostructure was placed on a 360° rotation stage; the laser power
was modulated in the range of 0-450 mW; and the power meter detection range was
7-20k]. The proposed plasmonic nanostructure was studied by tilting the nanostruc-
ture film and changing the laser intensity. Brain activation was confirmed using a
static phantom similar to the brain refractive index, absorption, and scattering using
fNIRS (NIRScout X, NIRx, CANADA) to determine the amplification of the brain
signals. Brain activation was confirmed using eight sources and four detectors that
could diagnose the cortex. To confirm the plasmonic effect of the nanostructure in
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enhancing the brain signal, the plasmonic nanostructure was placed in detector 1 at
0° or detector 2 at 30°, and the other detector was used as a control.

Abbreviations

SERS Surface enhanced Raman spectroscopy
SPR Surface plasmon resonance

EM Electromagnetic

DN Dipole nanoantenna

BN Bowtie nanostructure

GN Grating nanostructure

MPN Metal-based plasmonic nanostructure
PP Plasmonic part

HP Horizontal part

VP Vertical part

FEM Finite element method

SEM Scanning electron microscopy

NIL Nanoimprint lithography

PMMA Polymethyl methacrylate

AFM Atomic force microscopy

PSD Power spectral density

fNIRS Functional near-infrared spectroscopy
PML Perfectly matched layer

OSA Optical spectrum analyzer
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