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Surface sensitivity is an important factor that determines the minimum amount of biomolecules
detected by surface plasmon resonance (SPR) sensors. We propose the use of oblique-angle-induced
Fano resonances caused by two-mode coupling or three-mode coupling between the localized SPR
mode and long-range surface plasmon polariton modes to increase the surface sensitivities of silver
capped nanoslits. The results indicate that the coupled resonance between the split SPR (—kgpg)
and cavity modes (two-mode coupling) has a high wavelength sensitivity for small-angle incidence
(2°) due to its short decay length. Additionally, three-mode coupling between the split SPR (—kgpg),
substrate (+ks,,) and cavity modes has a high intensity sensitivity for large-angle incidence due to

. its short decay length, large resonance slope and enhanced transmission intensity. Compared to the

: wavelength measurement, the intensity measurement has a lower detectable (surface) concentration

. below 1ng/ml (0.14 pg/mm?) and is reduced by at least 3 orders of magnitude. In addition, based on the
calibration curve and current system noise, a theoretical detection limit of 2.73 pg/ml (0.38 fg/mm?) can
be achieved. Such a surface concentration is close to that of prism-based SPR with phase measurement
(0.1-0.2 fg/mm? under a phase shift of 5 mdeg).

Surface plasmon resonance (SPR) sensing is a real-time and label-free detection technique that has been
employed in many applications, including medical diagnostics, environmental monitoring and food safety’™.
. Commercial sensing platforms utilize an optical prism to induce the propagation of surface plasmon polaritons in
: thin noble films and to enable real-time and label-free measurements of biomolecular binding affinity. In addition
* to the prism coupling method, periodic metal nanostructures offer a simpler method for SPR excitation. Metallic
. nanostructures such as nanohole and nanoslit arrays have been used for biosensing applications®~'*. Compared
. to prism-based SPR sensors, periodic metallic nanostructures have a number of benefits, including their small
: detection volume, simple measurement and ease of multiple detections. They provide a feasible way to achieve
chip-based, high-throughput and label-free detection for modern DNA and protein microarrays. To evaluate the
quality of the biosensor, figure of merit (FOM) values are utilized. One of the FOM values, in wavelength units,
is defined as S, (nm/RIU)/fwhm (nm), where S, is the linear regression slope for the refractive index dependence
. (bulk sensitivity), and fwhm is the resonance width of the plasmon resonance. The redshift of the resonance wave-
. length, caused by a small index change, An, also induces a relative intensity change, AI/I, at a fixed wavelength
near the resonance condition. An alternative FOM* value is proposed and defined as'¢!”

FOM- — [AI/An] _ [SA(AI/A/\)

=S
I ]m ! (1)

The FOM* value or intensity sensitivity (S,) is proportional to the bulk sensitivity and slope of the spectrum.
However, both FOM values only consider bulk refractive index changes throughout the entire optical field and do
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not relate to a high surface sensitivity. High surface sensitivity is achieved when a greater proportion of the plas-
monic field is occupied by an adsorbate layer'®. When an analyte is attached to the surface of plasmonic sensors,
the effective refractive index (n,5) observed on the surface plasmon can be expressed as follows:

Moy = ng exp(—2d/1;) + na[l - exp(de/ld)] Q)

where 7, is the bulk solution refractive index, n, is the adsorbate monolayer refractive index, /, is the electromag-
netic field decay length and d is the thickness of the adsorbate monolayer. For the surface plasmon wave propa-
gating on a flat metal surface, the decay length I, (where the amplitude drops to 1/e) is determined primarily by
the resonance wavelength X and can be express as follows':
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where ¢,, and ¢, are the relative permittivities of the metal and the adjacent dielectric material. The shorter the
resonance wavelength is, the shorter the decay length becomes. The wavelength shift (AX) caused by the mon-
olayer can be expressed as

AX = S\ (ny — ng) = S,(n, — n)[1 — exp(—2d/1,)] (4)

The spectral shift is related to the bulk wavelength sensitivity, the thickness of the adsorbate monolayer and the
decay length. For biomolecular detection, #, is similar, and the biomolecular thickness is the concern. Therefore,
we defined the surface thickness sensitivity (S,) as AN/Ad, i.e., S,= 2S,(n, — ny)/l;. The quantity FoM, is used
instead of FoM* for the thickness measurement. FOM, is defined as

S\(n, — ns)][(dl/d)\)]
I max

FOM, = [
(5)

The surface sensing ability can be improved by increasing the bulk sensitivity, decreasing the decay length,
increasing the refractive index difference between the adsorbate monolayer and surrounding environment or
narrowing the bandwidth. For periodic metallic nanostructures, the bulk sensitivity can be increased with a
longer period'***. On the other hand, to reduce the bandwidth, a thermal-annealing method is used to produce
high-quality metallic nanostructures. The annealed nanostructures have smoother metal surfaces and larger gold
grains'®%, which reduce surface plasmon propagation loss and result in a sharp linewidth. Another approach
to achieve a sharp spectral response is based on Fano resonances?*-. The Fano resonance exhibits a distinctly
asymmetric shape, which arises from the spectral overlap between a broad resonance and a narrow discrete reso-
nance®. The Fano resonances have been extensively studied in nanoparticles®, plasmonic nanostructures®*?” and
metamaterials®®. Additionally, the bandwidth of periodic nanostructures can be narrowed using angle-dependent
transmitted spectra?”?. A narrower resonance can be obtained at a larger oblique angle. In addition, by tuning the
incident angle, the angular momentum of the SPR mode at the metal/medium interface and the substrate mode
at the substrate/metal interface can be matched. The coupling between both modes produces a sharp resonance
peak, causes increased transmission intensity and enhances the FOM value®. Another study indicates that the
SPR mode produces the highest intensity sensitivity at an angle smaller than the resonance angle®!.

In this paper, we studied the optical properties of silver capped nanoslits with oblique-angle-induced Fano res-
onances for two-mode and three-mode coupling conditions. The sensing capabilities of multiple-Fano-coupling
modes for wavelength and intensity interrogation were compared by measuring interactions between bovine
serum albumin (BSA) and anti-BSA. We found that the wavelength shift caused by the anti-BSA adsorption for
the coupled mode between the split SPR and cavity modes was improved by a factor of 1.9 when the incident
angle is small. We verified that the improved surface sensitivity for the coupled mode was related to the decrease
of the decay length. Additionally, large-angle incidence can induce three-mode coupling (BW-SPPs at air/metal,
substrate/metal and gap plasmon), which has a more enhanced intensity. The limit of detection (LOD) for the
intensity measurement was improved by a factor of 16. The improved LOD was attributed to the reduced decay
length and enhanced transmission, which increased the spectral shift and resonance slope and simultaneously
decreased the noise level. Two-mode coupling and three-mode coupling were suitable for wavelength and inten-
sity measurements, respectively. The LOD, which was limited by the wavelength resolution (0.4 nm) of a miniature
spectrometer, was 1 pg/ml for the wavelength interrogation. The intensity measurement had a much lower LOD,
below 1 ng/ml (0.14 pg/mm?) and was reduced by at least 3 orders of magnitude. Such a surface concentration was
better than that of the localized plasmon resonance in simple plasmonic nanostructures (1000 pg/mm?), bulky
ATR sensors using an angular detection method (1 pg/mm?, with a resolution of 0.1 mdeg), and the quartz crystal
microbalance (QCM) detection technique (20 pg/mm?, with a resolution of 0.1 Hz). In addition, based on the cali-
bration curve and current system noise, a theoretical detection limit of 2.73 pg/ml (0.38 fg/mm?) can be achieved.
Such a surface concentration is close to that of prism-based SPR with phase measurement (0.1-0.2 fg/mm?
under a phase shift of 5 mdeg).

La

Results

Optical properties of the silver capped nanoslits with oblique-angle incidence. Figure 1a showsa
schematic configuration depicting the geometrical parameters of the capped sliver nanoslits and the direction of
the transverse magnetic (TM)-polarized incident light. Figure 1b shows a schematic illustration that demonstrates
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Figure 1. Optical properties of the silver capped nanoslits with oblique-angle incidence. (a) A schematic
configuration depicts the geometrical parameters of the capped sliver nanoslits. (b) A schematic illustration
demonstrates the Fano resonances (two- and three-mode coupling) in capped nanoslits under oblique-angle
incidence. (c) The measured angular transmission diagram of 520-nm-period capped nanoslit arrays with

an 80-nm-thick silver film in air for TM-polarized incident light. The green and blue dashed lines show the
calculated resonance wavelengths (using equation (6)) for the SPR (the metal/air interface) and substrate modes
(the metal/substrate interface), respectively. The white solid circle shows the calculated resonance wavelengths
(using equation (7)) for first-order Wood’s anomaly at the metal/air interface. (d) The measured transmission
spectra of 520-nm-period capped nanoslit arrays in air for different incident angles from 0° to 30°. The inset
shows the bandwidth was 3.9 nm for normally incident TM-polarized light.

the Fano resonances in capped nanoslits under oblique-angle incidence. There are three resonance modes in the
capped nanoslit arrays. One is the gap plasmon resonance (cavity mode) in the slit gaps, and the others are Bloch
wave surface plasmon polaritons (BW-SPPs) on both sides of the periodic sliver surface (the silver/medium and
silver/substrate interfaces). The cavity mode is coupled to the BW-SPP waves from the edges of the top and bot-
tom interfaces. The light transmits through the nanoslits and capping layer, leading to a broadband transmission
within the cavity spectrum. The resonance condition is estimated using a Fabry-Perot cavity*2. The resonance
wavelength is determined by the gap width and cavity length. The BW-SPP occurs on the periodic metallic sur-
face when the Bragg condition is satisfied. The BW-SPP wave is scattered by the periodic grooves, resulting in
narrowband transmission within the SPR spectrum. Under oblique-angle incidence, the Bragg condition for
one-dimensional arrays can be described by ref. 1

2 1/2
€, .
—m =+ sind

P
Aopr(h, i, 0) = —1Re|
SPR i En + n*

(6)

where i is the resonance order, P is the period of the nanostructure, 6 is the incident angle, and ,, and n are the
dielectric constant of the metal and the environmental refractive index, respectively. The BW-SPP is split into the
forward (+) and backward (—) propagating SPR modes. The resonance wavelength is controlled by the period
and incident angle. In the case of capped nanoslit arrays with a 520-nm-period, 80-nm-gap and 80-nm-thick
silver film, the cavity mode occurs at ~600 nm. The BW-SPP is at 530 nm when 6 is zero. There is no spectral
overlapping. For small-angle incidence (6,), the backward-propagating SPR mode (a narrow discrete resonance)
overlaps with the cavity mode (a broad resonance). This two-mode coupling generates an asymmetric Fano
resonance?>**34, By increasing the incident angle (6,), the backward BW-SPP mode at the metal/air interface
interacts with the cavity mode and the forward BW-SPP at the metal/substrate interface (the substrate mode).
This three-mode coupling produces Fano resonance with enhanced transmission. Figure 1¢ shows the measured
angular transmission diagram of 520-nm-period capped nanoslit arrays with an 80-nm-thick silver film in air
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for TM-polarized incident light. The green and blue dashed lines show the theoretical resonance wavelengths
(calculated using equation (6)) for the SPR and substrate modes, respectively. The wavelength dependence per-
mittivity of silver is obtained from Palik®. The experimental results were close to the calculated values. However,
there is a larger deviation for very small angles. In this region, the slope is flat and angle-independent. We attrib-
ute the flat band to the domination of the cavity mode. Figure 1d shows the measured transmission spectra of
520-nm-period capped nanoslit arrays in air for different incident angles from 0° to 30°. For an incident angle
of 0°, the resonance wavelengths of the cavity and SPR modes were approximately 600 and 534 nm, respectively.
The inset shows that the bandwidth was 3.9 nm for normally incident TM-polarized light. As the incident angle
increased from 0° to 15°, the backward-propagating SPR mode coupled to the cavity mode and an asymmetric
Fano resonance was generated in the transmission spectra. When the incident angle increased to 21°, a sharp
Fano resonance caused by three resonance modes was observed. Compared to the resonance mode at an incident
angle of 0°, the coupled mode enhanced the transmission.

Surface sensitivity tests for different incident angles with wavelength interrogation by meas-
uring the interactions between BSA and anti-BSA. We further studied the surface sensitivities of
silver capped nanoslits under different incident angles from 0° to 55° by measuring the interactions between BSA
and anti-BSA. Figure 2a—c show the measured transmission diagram of silver capped nanoslits in air, 1 mg/mL
BSA and 25pg/mL anti-BSA for different incident angles from 0° to 55°. Figure 2d-h show the measured trans-
mission spectra in air, 1 mg/mL BSA and 25 pg/mL anti-BSA for incident angles of 0°, 2°, 3°, 14° and 19°. For an
incident angle of 0°, the monolayer BSA and 150-kDa-sized anti-BSA resulted in red shifts of 1.49 and 3.82 nm,
respectively. For an incident angle of 2°, the wavelength shifts for BSA and anti-BSA were increased to 2.94 and
7.42 nm, respectively. When the angle was increased to 19°, the BSA and anti-BSA wavelength shifts were reduced
to 1.26 and 3.25 nm, respectively. The shifts were further decreased as the incident angle increased, as shown in
Fig. 2i. The results indicate that the wavelength shift of the coupled resonance mode was improved by a factor of
1.94 for small-angle incidence (2°). For a spectral resolution of 0.4 nm, the detectable concentration of anti-BSA
is 1.0 pg/mL for incident angles of 2°. Equation (4) demonstrates that once the analyte is chosen, the spectral shift
is determined by the bulk sensitivity and decay length. For a surface plasmon wave propagating on a flat metal
surface, the decay length is determined primarily by the resonance wavelength . The longer the resonance wave-
length is, the shorter the decay length becomes. As 6 increases, the resonance peak moves to a longer wavelength
and the decay length increases, as indicated in Fig. 2h. This process results in a smaller wavelength shift because
the overlap between the analyte and the SPR field decreases. Therefore, it was suggested that the wavelength shift
will decrease as the incident angle increases. However, Fig. 2i shows that the wavelength shift first dramatically
increased and then decreased as 0 increased. The dramatic redshift occurred when the backward-propagating SPR
mode coupled to the broadband cavity mode.

Refractive index sensing capabilities of the silver capped nanoslits with oblique-angle incidence.
The spectral shift is dominated by the bulk sensitivity (S,) and decay length (1), as indicated in equation (4). To
calculate the decay length, we first measured the bulk sensitivity by covering the capped nanoslit array with differ-
ent refractive index media. Figure 3a shows the measured transmission diagram from 0° to 35°. Figure 3b shows
the measured transmission spectra in air for different incident angles from 0° to 20°. As 0 increases, the resonance
peak splits into two resonances. Figure 3¢c,d show the measured transmission spectra in different refractive index
mixtures for incident angles of 0° and 10°, respectively. The resonances were redshifted as the refractive index
of the environment increased. There were linear correlations between the resonance wavelength and the refrac-
tive index of the environment for incident angles of 0° and 10° (see Fig. 3¢ inset and 3d inset). Figure 3e shows
the bulk sensitivity versus the incident angle for different incident angles from 0° to 20°. The results show that
when the incident angle changed from 0° to 20°, the bulk sensitivity decreased and increased within 10% for the
forward- and backward-propagating coupled modes, respectively. According to equation (4), the decay lengths
for different incident angles can be calculated with the measured bulk sensitivities, wavelength shifts and thick-
nesses of the biomolecules. Using the parameters d =2.4nm, n,=1.57 and n,= 1, the normalized decay lengths
of the capped nanoslits for different incident angles are shown in Fig. 3f. Compared to the normal incidence, the
decay length first substantially decreased and then gradually increased as 0 increased. Compared to the theoret-
ical decay length for SPR on a flat sliver surface, the Fano resonance in the capped nanoslit had a much shorter
decay length (see Fig. 3f). The decay lengths reduced by factors of 2.5 and 1.5 for incident angles of 2° and 20°,
respectively.

Calculated transmission spectra and resonance field distributions of the capped nanoslits using
finite-difference time-domain (FDTD) calculations. We further utilized finite-difference time-domain
(FDTD) calculations (Full WAVE 4.0, RSoft) to verify the decreased decay length for oblique incidence. Figure 4a
shows the calculated transmission spectra of the capped nanoslits for incident angles from 0° to 14°. There were
two distinct resonances in the spectrum for normal incidence. One was a sharp SPR resonance at a wavelength
of 531 nm (the SPR mode). The other was a broadband resonance at 650 nm (the cavity mode). At an incident
angle of 2°, the split SPR mode redshifted to the wavelength of 606 nm and coupled to the cavity mode. When
the incident angle increased to 14°, the split SPR (—kgpy), substrate (+k,,) and cavity modes were coupled. An
enhanced resonance peak at a wavelength of 727 nm was observed. Figure 4b-d show the resonance field (Ez)
distributions for incident angles of 0°, 2° and 14°, respectively. The BW-SPP on the surface has a long evanes-
cent tail for normal incidence. With a small increase of incident angle, the backward BW-SPP interacts with the
cavity mode, and a Fano coupling mode occurs. The surface plasmon field is re-distributed. The cavity mode
exhibits localized surface plasmon resonance in the nanoslits with a short decay length. It affects the field distri-
bution of the Fano mode and results in a shorter decay length for the coupled resonance. Therefore, the improved
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Figure 2. Surface sensitivity tests for different incident angles with wavelength interrogation by measuring
the interactions between BSA and anti-BSA. The measured transmission diagram of the 520-nm-period silver
capped nanoslits in (a), air, (b), 1 mg/mL BSA and (¢), 25 ug/mL anti-BSA for different incident angles from 0°
to 50°. The measured transmission spectra in air, 1 mg/mL BSA and 25 pg/mL anti-BSA for incident angles of
(d), 0° (e), 2° (f), 3° (g), 14° and (h), 19°. (i) Calculated decay length for a flat sliver surface and wavelength
shift as a function of incident angle for BSA and anti-BSA adsorption.

wavelength sensitivity for the Fano-coupled mode is attributed to the decreased decay length. In addition to the
BW-SPPs, Wood’s anomaly also occurs in periodic nanostructures. The resonance wavelength of Wood’s anomaly
for one-dimensional arrays can be expressed as
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Figure 3. Refractive index sensing capabilities of the silver capped nanoslits with oblique-angle incidence.
(a) A measured transmission diagram of the 520-nm-period silver capped nanoslits in different refractive index
mixtures for different incident angles from 0° to 35°. (b) The measured transmission spectra in air for different
incident angles from 0° to 20°. The measured transmission spectra in different refractive index mixtures for
incident angles of (c), 0° and (d), 10°. The insets show the resonance wavelength against the refractive index for
incident angles of 0° to 10°. (e) The bulk sensitivity versus the incident angle for different incident angles from
0° to 20°. (f) The normalized decay lengths for a flat sliver surface and the capped nanoslits. The normalized
decay lengths for the flat sliver surface were calculated using equation (3). The decay lengths for the capped
nanoslits were calculated using equation (4). The measured bulk sensitivities and wavelength shifts caused by
the adsorbate of BSA in Fig. 2i and the parameters d =2.4nm, n,=1.57 and n,= 1 were utilized.

: P .
Awood(1s B> 8) = —(n % sin0)
i (7)
where i is the resonance order, P is the period of the nanostructure and # is the external refractive index. For
metallic nanoparticle arrays, the particles are isolated. No BW-SPP features can be observed, and Wood’s anomaly
(diffraction coupling) dominates the contribution®-*. In our case, very narrow slits were covered with a metallic
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Figure 4. Calculated transmission spectra and resonance field distributions of the capped nanoslits using
finite-difference time-domain (FDTD) calculations. (a) The calculated transmission spectra of the capped
nanoslits for incident angles from 0° to 14° using the FDTD calculation method. There was an SPR resonance at
a wavelength of 531 nm for normal incidence. It split, coupled to the cavity mode and redshifted to a wavelength
of 606 nm when the incident angle increased to 2°. When the incident angle increased to 14°, the split SPR mode
(—kgpg) is coupled to the cavity mode and close to the split substrate mode (+k,;,). The resonance wavelength
was at 727 nm. (b-d) The resonance field (E,) distributions for incident angles of 0° (b), 2° (c), and 14° (d).

film. The BW-SPP, Wood’s anomaly, and localized surface plasmon resonances may contribute to the spectrum.
It has been reported that Wood’s anomalies are very narrow spectrally, and BW-SPPs, when present, tend to have
a greater impact®. To verify the dominance of BW-SPPs, we added the theoretical curve of Wood’s anomaly to
Fig. 1c. The measured dispersion curve for first-order resonances at the air/metal interface is close to the theo-
retically predicted BW-SPP mode using equation (6). In addition, the FDTD simulation results (Fig. 4b-d) also
indicate that the near-field distributions are bound to the metal/dielectric interface and do not extend far from
the metal surface, which indicates that the resonances are related to BW-SPPs. Therefore, in our case, BW-SPP
features dominate the contribution and the observed resonances are caused by BW-SPPs.

Surface sensitivity tests for different incident angles with intensity interrogation by measuring
the interactions between BSA and anti-BSA. We further compared the surface sensitivities for differ-
ent incident angles using intensity interrogation. Figure 5a shows spectra for BSA and BSA-Anti-BSA at three

different angles: 0°, 13° and 19°. Figure 5b shows the absolute spectral intensity changes %
0

%) caused by

anti-BSA adsorption for different incident angles from 0° to 50°. Figure 5¢ shows the maximum intensity changes
as a function of the incident angle. The intensity changes were 56, 103 and 260% for incident angles of 0°, 13° and
19°, respectively. The maximum intensity change was at an angle of 19°, close to the three-mode coupling angle
(21°). Compared to the normal incidence, the incident angle of 19° has enhanced the intensity change by a factor
of 5. In addition, the measured intensity noises were 1.65%, 0.81% and 0.48% for incident angles of 0°, 13° and
19°, respectively, and the signal-to-noise ratios were 33, 127 and 542, respectively (see Fig. 5d). Obviously, the
normal incident has a lower surface sensitivity. The signal-to-noise ratios were improved by factors of 3.8 and 16.4
for incident angles of 13° and 19°, respectively. From equation (5), the surface sensing ability is determined by the
bulk sensitivity, the decay length and the resonance slope. For an incident angle of 19°, the backward BW-SPP at
the metal/air interface interacted with the cavity mode and was close to the forward BW-SPP at the metal/sub-
strate interface (see Fig. 1¢). The split SPR mode (—kgpy) coupled to the cavity mode, which had a decreased decay
length. In addition, the coupling between the split SPR (—kgpg) and substrate modes (+ks,;,) enhanced peak
transmission, which resulted in a larger resonance slope and reduced the noise. Therefore, the larger resonance
slope, decreased decay length and lower noise enhanced the intensity detection for the incident angle of 19°. It
was noted that although the wavelength sensitivity was high for the incident angle of 2°, the intensity sensitivity
was low at this angle because of the small resonance slope. The above results indicate that the coupled resonance
between the split SPR (—kgpy) and cavity modes (two-mode coupling) had a higher wavelength sensitivity for

SCIENTIFICREPORTS | 6:33126 | DOI: 10.1038/srep33126 7



www.nature.com/scientificreports/

a b 4007 aimsa
—0° (BSA) Py~ EN S —CO—— —
1 —wen i e e oo R
—19°(BSA) = 3004 w5 ——
= — (° (Anti-BSA) £ — 29— — 31— 3 37 — 3 — 35’
8 6 — LA g 20| TR TETE RN e
=— : g -
% 8 2004
2 4 o
5 5
Foop £
500 600 700 800 500 B0 700 80 900
Wavelength (nm) Wavelength (nm)
C d 25— : . , ;
2501 . —m— Noise= 3 standard deviations of the [ 600
—8— 25 yg/mL anti-BSA 20 response o
= | —e— Signal-to-noise ratio 500
& 2004 = @
e & 150 ™ L4003
8 150. 3" :
S s 300 3
2 100 2 101 g
2 2 L L2005
£ 501 £ 05 o . &
/ 100
04 [ ]
T T T T T T 0.0 T T T T T 0
0 10 20 30 40 50 0 5 10 15 20
Angle (deg) Angle (deg)

Figure 5. Surface sensitivity tests for different incident angles with intensity interrogation by measuring
the interactions between BSA and anti-BSA. (a) The measured transmission spectra of 520-nm-period capped
nanoslit arrays in air, BSA and anti-BSA adsorption conditions for incident angles of 0°, 13° and 19°. (b) The
absolute spectral intensity changes caused by anti-BSA adsorption for different incident angles from 0° to 50°.
(c) The maximum intensity changes as a function of incident angle for anti-BSA adsorption. (d) The intensity
noise and signal-to-noise ratio (SNR) for incident angles of 0°, 13° and 19°. The intensity noise is defined as 3
standard deviations of the response.

small-angle incidence (2°) due to its shorter decay length. However, three-mode coupling between the split SPR
(—kgpg), substrate (+ks,,) and cavity modes at large-angle incidence had a higher intensity sensitivity due to the
reduced decay length, larger resonance slope and enhanced transmission intensity. It was noted that for the
three-mode coupling, the transmission is primarily enhanced by the resonance coupling between the substrate
BW-SPP and surface BW-SPP modes. An oblique angle will split the surface BW-SPP (—kgpp) and substrate
BW-SPP (+kg,,). At a certain angle (~21° in our case), the SP propagation constants on both sides of the nanoslits
are matched and result in enhanced transmission. Such transmission enhancement has also been observed in
nanohole arrays when the SP resonance energies on both sides of the metal film are matched*~*2. For three-mode
coupling, the resonance coupling of both BW-SPP modes is further coupled with the cavity mode and forms the
Fano coupling mode. The surface plasmon field is re-distributed. The cavity mode exhibits localized surface plas-
mon resonance in the nanoslits with a short decay length, which affects the field distribution of the plasmon mode
and results in a shorter decay length for the coupled resonance, as shown in Fig. 4d. Therefore, the transmission
intensity and surface sensitivity are greatly enhanced by using three-mode coupling.

Comparison of surface sensitivities with wavelength and intensity interrogation using 500-nm-
period silver capped nanoslits. We further studied the LOD of 500-nm-period capped nanoslits by
detecting different concentrations of anti-BSA solutions with wavelength and intensity interrogation. Figure 6a,b
show the measured transmission spectra in 1 mg/mL BSA and different concentrations of anti-BSA solutions
from 1ng/mL to 25 ug/mL for incident angles of 2° and 17°, respectively. The resonance peaks were redshifted
as the concentrations increased and the transmitted intensities changed. We analyzed the spectra and set the
transmission spectra of the BSA solutions as references. Figure 6¢ shows the peak wavelength shifts caused by
different concentrations of anti-BSA solutions for the incident angle of 2°. The peak wavelength shifts were 0,
0,0, 0.64, 14.1 and 24.2 nm for concentrations of 0.001, 0.01, 0.1, 1, 10 and 25 pg/ml, respectively. Obviously,
concentrations of less than 0.1 pg/ml produced no response. The detectable concentration, which was limited by
the wavelength resolution (0.4 nm) of the spectrometer, was 1 pg/ml with wavelength interrogation. Figure 6d
shows the absolute spectral intensity changes caused by different concentrations of anti-BSA solutions for the
incident angle of 17°. Obviously, even for a concentration of 1 ng/ml, the intensities had small changes at a wave-
length of 691 nm. Figure 6e shows the intensity change as a function of the logarithm of the concentrations
at a wavelength of 691 nm. The intensity change increased and then gradually saturated as the concentration
increased. The responses were 6.3, 8.6, 10.5, 18.8, 54.7, 67.9% for 0.001, 0.01, 0.1, 1, 10, 25 pg/ml, respectively.
There was a linear correlation between the response and the concentration when the concentration was less than
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Figure 6. Comparison of surface sensitivities with wavelength and intensity interrogation using
500-nm-period silver capped nanoslits. The measured transmission spectra in 1 mg/mL BSA and different
concentrations of anti-BSA solutions from 1 ng/mL to 25 mg/mL for incident angles of (a), 2° and (b), 17° using
500-nm-period capped nanoslits. (c) The peak wavelength shift caused by different concentrations of anti-BSA
solutions for the incident angle of 2°. The peak wavelength of the BSA solution was set as a reference. (d) The
absolute spectral intensity changes caused by different concentrations of anti-BSA solutions for the incident
angle of 17°. The transmission spectrum of the BSA solution was set as a reference. (e) The intensity change as
a function of the logarithm of the concentration of the anti-BSA solution at a wavelength of 691 nm. The inset
shows the intensity change at a wavelength of 691 nm as a function of time. (f) The signal-to-noise ratios (SNR)
as a function of the concentrations of the anti-BSA solution with wavelength and intensity interrogation at
incident angles of 2° and 17°, respectively.

0.1 pg/ml. The calibration curve was described by y =2.11795(In(x)) + 12.7720, R = 0.99604. In addition, the
measured intensity noise, extracted from the inset in Fig. 6¢, was 0.33% (one standard deviation of the response).
Therefore, the signal-to-noise ratios ranged from 21 to 226 for different concentrations. They were higher than
that with the wavelength measurement, as shown in Fig. 6f. Compared to the wavelength measurement, the
intensity measurement had a lower LOD (below 1 ng/ml). It decreased by at least 3 orders of magnitude. It has
been reported that the surface concentration can be determined by the thickness, i.e., the surface concentration
(pg/cm?)~20.12 x t (nm)*. For 10 pg/ml anti-BSA adsorption, the estimated surface concentration is 0.14 pg/cm?
for 1.2nm thickness*. When the measured concentration was 1 ng/ml and the detectable surface concentration
was below 0.14 pg/mm?. Such a surface concentration was better than that of the localized plasmon resonance
in simple plasmonic nanostructures (1000 pg/mm?)°, the bulky ATR sensors using an angular detection method
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(1 pg/mm? with a resolution of 0.1 mdeg)*-*’, and the QCM detection technique (20 pg/mm? with a resolution
of 0.1 Hz). In addition, based on the calibration curve and current system noise (0.99%, 3 standard deviations of
the response), the LOD of the surface concentration (detectable concentration) of anti-BSA can be obtained by
a linear regression equation. This yields a theoretical detection limit of 2.73 pg/ml (0.38 fg/mm?). This detection
limit was similar to that of plasmonic metamaterials with topological darkness (0.1 fg/mm? with a phase noise of
5 mdeg)*® and graphene-protected copper plasmonics (0.2 fg/mm? with a phase shift of 5 mdeg)®.

Discussion

We studied the optical properties of the silver capped nanoslits with oblique incident angles and compared the
sensing capabilities of the structures by detecting different concentrations of anti-BSA solutions via wavelength
and intensity analysis. For normal light incidence, there was a sharp resonance peak in the transmission spec-
trum. The resonance bandwidth was 3.9 nm. Under oblique-angle incidence, the coupling of the cavity mode to
the split Bloch wave surface plasmon polariton mode generated an asymmetric Fano resonance. The wavelength
shift caused by the anti-BSA adsorption for the coupled mode was improved by a factor of 1.9 when the incident
angle was increased to 2°. We verified that the improved surface sensitivity for the coupled mode (two-mode
coupling) was related to the decreased decay length. For larger-angle incidence, the mode coupling (three-mode
coupling) between the split SPR (—kgpp), substrate (+kg,,) and cavity modes enhanced the transmission of the
asymmetric Fano resonance. Compared to the SPR mode, the larger-angle induced resonance mode had a higher
signal-to-noise ratio using the intensity measurement. It was improved by a factor of 16. The improved surface
sensitivity was attributed to the enhanced transmission, which increased the resonance slope and decreased the
noise level at the same time. In the capped nanoslit arrays, two-mode and three-mode couplings were suitable
for the wavelength and intensity measurements, respectively. However, the detectable concentration was 1 pug/ml
for the wavelength interrogation for a common spectrometer, while the intensity measurement for three-mode
coupling had a lower detectable (surface) concentration below 1 ng/ml (0.14 pg/mm?). It was reduced by at least 3
orders of magnitude compared to two-mode coupling using wavelength interrogation. In addition, based on the
calibration curve and current system noise, it yielded a theoretical detection limit of 2.73 pg/ml (0.38 fg/mm?). For
prism-based SPR, the structure was simple (a gold film on a prism) and the fabrication cost was low. An optical
setup was necessary to precisely control the angle or phase resolution. By measuring the phase change, the limit
of detection can be further improved. However, the proposed method utilized nanostructures and measured
the intensity change at a fixed angle. The optical setup was simple, and a precise angle control system was not
needed. Three-mode coupling can improve the surface sensitivity, which is close to that of prism-based SPR
with phase measurement. However, advanced nanotechnology is required to fabricate these structures, and the
fabrication cost is higher. In this study, we show the improved surface sensitivity of the capped nanoslit array.
The idea of using split long-range surface plasmon polariton (SPP) modes (angle-dependent) coupled with local-
ized SPR mode (angle-independent) to enhance surface sensitivity can also be applied to other periodic metallic
nanostructures.

Methods

Fabrication of metallic nanostructures. Figure 7a shows a process flowchart for the fabrication of the
sliver capped nanoslits. The nanostructures were produced on a cyclic olefin polymer (COP) substrate using hot
embossing nanoimprint lithography and metal sputtering. First, periodic nanogrooves of 80 nm in width, 80 nm
in depth and 520 nm (or 500 nm) in period were fabricated on a silicon substrate using electron beam lithography
and a reactive ion etching method. A 300-nm-thick ZEP-520 resistor (ZEP-520, Zeon Corp, Tokyo, Japan) was
spin-coated on a 525-pm-thick silicon substrate. An electron-beam writing system (ELS 7000, Elionix, Japan)
was used to write groove arrays with various groove periods. The patterns were then transferred to the silicon
substrate using a reactive ion etching machine (Oxford Instrument, plasmalab 80plus). Figure 7b shows the scan-
ning electron microscope (SEM) and optical images (inset) of the fabricated silicon template. The nanostructures
on the silicon were then imprinted onto a 178-pum-thick COP film using hot embossing nanoimprint equipment
(EHN-3250, Engineering System Co. Ltd.) After sputtering an 80-nm-thick silver film on the imprinted plastic
substrate, the silver capped nanoslit arrays were produced. Figure 7c shows the SEM and optical images (inset)
of the silver capped nanoslits. There were 4 arrays on the chip. The area of each periodic nanostructure was
2 x 2mm?.

Optical setup for angular transmission spectrum measurement. Figure 7d shows a simple optical
setup for measuring angular transmission spectra. A 150 W white light was coupled to a fiber cable and a fiber
lens for light collimation. Its incident polarization was controlled by a linear polarizer. The white light was focused
on a capped nanoslit array. To control the incident angle, the sample was put on a rotational stage controlled with
a stepper motor. The transmission light was collected by another fiber lens and focused on a fiber cable. The angu-
lar transmission spectra were taken using a fiber-coupled linear charge-coupled device (CCD) array spectrometer
(BWTEK, BTC112E).

Refractive index sensitivity tests and biosensing experiments. The bulk refractive index sensitiv-
ities were measured by pouring purified water mixed with various fractions of glycerin over the sample surface.
The refractive indexes of the mixtures (from 0 to 20% glycerin) ranged from 1.3330 to 1.3575. The biosensing
experiments were conducted using bovine serum albumin (BSA, Sigma-Aldrich) and anti-BSA (Sigma-Aldrich)
assay in a deionized water buffer. First, 100 pL of 1 mg/mL BSA solution was dropped onto the structure surface
for 1 hour. The sample was then washed with ultrapure water to remove the unbound BSA proteins and purged
dry by nitrogen gas. Finally, 100 pL of 1 ng/mL anti-BSA solution was dropped onto the structure surface for
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Figure 7. Fabrication of capped nanoslits and optical setup for angular transmission spectrum
measurement. (a) A process flowchart for the fabrication of silver capped nanoslits. (b) The SEM and optical
images (inset) of the fabricated silicon template. The groove width is 80 nm and the area of each slit array is
2mm x 2mm. (c) The SEM and optical images (inset) of the silver capped nanoslits. (d) The optical setup for
measuring transmission spectra at different angles.

1 hour. The sample was then washed with ultrapure water and purged dry by nitrogen gas. The dropping, washing
and nitrogen-purged drying processes were subsequently repeated for different concentrations of anti-BSA solu-
tions from 1 ng/mL to 25 pg/mL. The angular transmission spectrum measurements were conducted before and
after BSA and anti-BSA adsorption.
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