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Coupling effects of surface plasmon resonance (SPR) induce changes in the wavelength, intensity, and linewidth
of plasmonic modes. Here, inspired by coupling effects, we reveal an abrupt linewidth-shrinking effect in 2D gold
nanohole arrays at the azimuthal angle of 45° arising from the interference of two degenerate SPR modes.
We further demonstrate the biosensing capability under various excitation conditions for detecting the
critical molecular biomarker of prostatic carcinoma, and achieve the maximum sensitivity at this angle. Our
study not only enhances the understanding toward plasmonic resonance-linewidth shrinking, but also
provides a promising strategy to greatly improve biosensing performance by light manipulation on plasmonic

nanostructures. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.390343

1. INTRODUCTION

Surface plasmon resonance (SPR) [1,2] with tunable resonance
wavelength, linewidth, and intensity has proven instrumental
in wide applications, such as physics [3—6], chemistry [7,8],
biology [9,10], medicine [11], and renewable energy [12,13].
Particularly, extremely narrow plasmon-resonance linewidths
lay solid foundations for refractive index sensing or practical
biosensing [14,15]. However, along with SPR excitation in
plasmonic nanostructures, electromagnetic decay occurs either
radiatively or non-radiatively, suppressing the lifetimes of SPR
modes [16,17]. Owing to such decay, the experimental SPR
modes generally manifest broad resonance linewidths, leading
to small figure of merit (FOM) values and naturally limiting the
sensing performances [15,18].

In order to improve SPR sensing performances, substantial
efforts have been devoted to increasing the FOM of plasmonic
sensors [18-30]. Alternative methods by (i) using all-dielectric
nanostructures [22], hyperbolic materials [14,23], and plas-
monic metasurfaces [24,25], (ii) developing polarization conver-
sion and chiral-based circular dichroism approaches [26-28],
and (iii) exploiting the control of the phase of light in magneto-
plasmonic nanostructures [29,30] are widely used to achieve
high sensing performances. Additionally, through elaborately
designing specific plasmonic nanostructures, the active sensing
regions that feature larger mode volumes and higher enhance-
ments of electric fields are achieved. Such active regions are
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accessible to more molecular species, thus optimizing the sen-
sitivity of SPR sensors [20,21]. Actually, except for increasing
the sensitivity, more efforts have been made to decrease the res-
onance linewidth (full width at half maximum, FWHM, I)
of SPR modes and hence increase the FOM that is widely
used to evaluate the sensing performance [15,18]. The
FWHM is inversely proportional to the lifetime (7) of the
SPR mode expressed as I = 271/7 [17]. Based on this expres-
sion, therefore, one can prolong 7 to reduce I'. Generally, the 7
is determined by the non-radiative decay originating from the
intrinsic absorption loss or by the radiative decay through re-
emitted photons [16].

On the one hand, reduction of non-radiative losses can ef-
ficiently prolong 7, generally focusing on improving the crys-
tallinity of metallic nanomaterials and seeking alternatives with
low losses [20,31], such as dielectric materials. On the other
hand, reduction of radiative losses can be achieved through
the coupling of plasmonic modes associated with localized
surface plasmon (LSP) and surface plasmon polaritons (SPPs)
[15,18,32-34]. For instance, couplings of LSP-LSP [34], LSP-
SPP [32], and LSP/SPP with other resonance modes such as
Wood’s anomaly [15], optical waveguide modes [3], and pho-
tonic microcavities [33], respectively, are capable of reducing
channels of losses and therefore decreasing the FWHM for en-
hanced sensing performance. In addition, another scheme
for reducing FWHM lies in the formation of surface lattice
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resonances with extremely narrow linewidths below 10 nm
and highly enhanced electric fields, due to diffractive coupling
among metallic nanoparticles arranged periodically [35,36].

Furthermore, two SPP modes can strongly interact with each
other with the formation of hybridized bright and dark modes
in the I" - M direction (the I - M direction in reciprocal space
corresponding to the azimuthal angle of 45° in real space)
[37,38], whereas efforts have been devoted to determining
group velocity [39], polarization states [40], fluorescence en-
hancement [41], and excitation rate of quantum dots [42],
etc. Amid the immenseness of these research endeavors, the
use of the shrink effect of plasmonic FWHM in the I' - M
direction to directly improve practical biosensing performances
has yet to be realized.

In this work, we systematically investigate the plasmonic
effects on biomolecular sensing by changing excitation condi-
tions, such as the incident angle, azimuthal angle, and polari-
zation. We reveal the abrupt shrinking of resonance linewidth
in the I - M direction, which is attributed to the hybridized
mode induced by the interference of two degenerate SPP
modes. In view of the unique resonance feature, we adopt
the hybridized mode to demonstrate the practical biosensing
capability by detecting the prostate specific antigen (PSA),
which is a key biomarker for the diagnosis and prognosis of
prostatic cancer. By optimizing the excitation conditions, a
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maximum  sensitivity is achieved in the I'- A direction,
and the manipulation on light polarization and angle demon-
strates significant improvement on biosensing performance.

2. RESULTS AND DISCUSSION

A. Plasmonic Resonance-Linewidth Shrinking
Two-dimensional (2D) gold nanohole arrays are fabricated via
the nanoimprint lithography system and the gold deposition
method [43]. The detailed experimental procedure is depicted
in the Materials and Methods section. The schematic illustra-
tion of the measurement configuration is shown in Fig. 1(a).
To simplify the following discussions, we define the symbols for
the incident angle and azimuthal angle, respectively [Fig. 1(b)].
The scanning electron microscopy (SEM) image of the array
with a cross-sectional view is shown in the top inset of
Fig. 1(b). The period of the array is fixed at 470 nm throughout
this work. The photographs of the array exhibit bright and
variable colors under different visual angles, as shown in the
bottom inset of Fig. 1(b).

The gold nanohole arrays provide orthogonal reciprocal lat-
tice vectors, allowing for exciting grating-coupled SPP modes
and trapping spatial light around resonance wavelengths. In
comparison with the off-resonance modes (see Appendix A),
the simulated electric-field distributions of the on-resonance
mode manifest that the electric fields are tightly confined
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Two-dimensional gold nanohole arrays supporting SPP modes fabricated by the nanoimprint lithography method. (a) Schematic illus-

tration of the optical measurement configuration. (b) Definitions of incident angle 6, azimuthal angle ¢, and polarization (p or s), respectively.
Inset: (top) SEM images of the array with cross-sectional and top views; (bottom) photographic images of the array under different visual angles.
Scale bars denote 500 nm and 1 ¢m for SEM and photographic images, respectively. (c) Experimentally measured reflectance spectra as a function of
incident angles from 0° to 75°. The azimuthal angle is set as ¢ = 0°. (d) Dependence of FWHM on (-1, 0) SPP mode achieved at different incident

angles.
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and highly enhanced surrounding the nanoholes. We continue
to investigate the influences of incident angle on resonant wave-
lengths and linewidths of plasmonic modes, as illustrated in
Fig. 1(c). For simplification, the azimuthal angle ¢ is kept
as 0°. From 6 = 0° to § = 75°, we clearly observe the phe-
nomenon that the reflectance spectra continue to have a red-
shift and become narrower when 8 increases. To quantitatively
explore the evolution characteristics of plasmonic modes, we
perform the theoretical fitting by using the phase matching
equation [40,44,45],

2r
Aspp \/ €au T €

<27r i Osin o+ 27[)2+<27r 0 +2,[>2
—Sinosin §0 m— — SIn U Cos §0 n— 5
/ISPP P lSPP P
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where Agpp denotes the SPP resonance wavelength, and €4, and
€ represent the permittivity of gold and dielectric, respectively.
(m, n) are the orders of SPP modes. 0, ¢, and P are the inci-
dence angle, azimuthal angle, and array periodicity, respectively.
The fitting results indicate that the plasmonic mode observed
in Fig. 1(c) can be attributed to the (-1, 0) SPP mode (see
Appendix B). To find out the relation between linewidths
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(i.e., FWHM) and incident angles, we have therefore fitted
incident angle-dependent reflectance spectra measured in
Fig. 1(c) using a Lorentzian line shape function, which man-
ifests behaviors similar to those of the Fano line shape [17,18].
As shown in Fig. 1(d), a gradual decreasing behavior of FWHM
when 6 increases from 0° to 75° can be seen. We can explain
this behavior by means of a Rayleigh scattering model [17,46].
Based on the Rayleigh description, the FWHM is inversely pro-
portional to the wavelength for a given 2D periodic nanohole
array. As expected, we can see the redshift of SPP modes and
therefore the narrowing of linewidths shown in Fig. 1(d).

In order to find out how the azimuthal angle influences res-
onance wavelengths and linewidths of plasmonic modes, we
study the reflectance spectra depending on the change of azi-
muthal angle. As illustrated in Fig. 2(a), we can readily identify
two symmetrical branches at = 15°, which can be attributed
to two different SPP modes. As 0 increases to 75°, those SPP
modes exhibit familiar symmetrical characteristics and become
easier to be identified [Fig. 2(b)]. For a comprehensive under-
standing, additional azimuthal angle-dependent reflectance
spectra with other incident angles are also investigated (see
Appendix C). Quantitatively, we have compared the corre-
sponding spectral positions of SPP modes and the theoretical
fitting by using Eq. (1). As a result, satisfactory qualitative
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Fig. 2. Tuning the linewidths of plasmonic modes by varying azimuthal angles. (a), (b) Azimuthal angle-dependent reflectance spectra at the
incident angles of 15° and 75°, respectively. (c) Theoretical resonance wavelength of (-1, 0) mode (black curve) and (0, -1) (red curve) mode as a
function of the azimuthal angle. Measured (-1, 0) mode (black spheres) and (0, -1) mode (red spheres) nearly overlaid on theoretical modes. The
pink dash arrows denote the cases used later. (d) Dependence of FWHM on (-1, 0) mode (blue spheres) and (0, -1) mode (red spheres) achieved at
different azimuthal angles. The short dash line and dot correspond to the left and right coordinate values, respectively, as shown by black arrows. Th

incident angle is set as @ = 75° in both (c) and (d).
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agreements between measurements and fittings can be obtained
[Fig. 2(c)]. As validated by Eq. (1), those plasmonic modes can
be attributed to the (0, -1) and (-1, 0) SPP modes, respectively.
Although these two SPP modes behave as critical symmetries at
@ = 45°, the mechanism that governs these mode evolutions
differs. Indeed, those two SPP modes monotonically shift with
increasing ¢. From ¢ = 0°to ¢ = 90°, for instance, the (0, -1)
SPP mode retains the redshift, while the (-1, 0) SPP mode con-
tinues to have the blueshift. It should be pointed out that the
discrepancies between the simplification of the theory and
the complexity of the experimental inner nanostructure of
the array can possibly result in differences between theoretical
fittings and experiments. Additionally, we have fitted azimuthal
angle-dependent reflectance spectra measured in Fig. 2(c).
As a result, from @ = 0° to @ = 45°, the FWHM of the
(0, -1) SPP mode decreases with increasing ¢ [Fig. 2(d)],
which agrees with the Rayleigh scattering theory [17,46].
According to the abovementioned Rayleigh description, we
know that a larger wavelength is capable of leading to a dras-
tically decreased SPP linewidth. However, we can observe a
conspicuous drop of FWHM for the (-1, 0) SPP mode
when ¢ increases to 45°. This abrupt change of the FWHM
probably originates from the strong interference effect of
two (0, -1) and (-1, 0) SPP modes at ¢ = 45°, forming
the hybridization of these two SPP modes. We note that, fur-
thermore, an intriguing plasmonic bandgap of ~68 nm occurs

at @ = 45° [37,43,44).
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B. Efficient Biomolecular Sensing

Based on above investigations of SPR linewidths and inten-
sities, we have demonstrated that the FWHM decreases with
increasing 0 and that an abrupt change of the FWHM occurs
at @ = 45°. The plasmonic modes with narrow FWHM are
highly advantageous for ultrasensitive SPR sensing, and are
particularly beneficial for biomolecular detection [9,10,47].
Therefore, we have exemplified the sensing of PSA by the
immunologic specificity of anti-PSA binding. For reference,
the whole detailed experimental procedures of functionaliza-
tion, detection, and recycling have been depicted in our pre-
vious work [9], as briefly illustrated in Appendix D. Under
normal incidence, the Eq. (1) can be simplified to

Jer — P Epu - € @)
PP = s T2\ e 16

For the biosensing system, € can be regarded as a local effective
permittivity in combination with the immobilized molecules
and the air. With the adsorption or the binding, & (or the
refractive index) becomes larger (as the effective permittivity
behaves proportionally to the refractive index). Hence, accord-
ing to Eq. (2), the resonance wavelength Agpp redshifts when &
increases (see Appendix D). Similarly, in Eq. (1), & can be
assumed as the effective permittivity in combination with
the finite dielectric bounding layer and the air, and the use of
bounding layer leads to the redshift of plasmonic modes.
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Fig. 3. Comparisons of the sensitivity between normal and oblique incidence with the unpolarized light. (a), (b) Experimentally measured re-
flectance spectra with different PSA concentrations ranging from 10 to 30 ng/mL after normalization. The excitation configurations are set as normal
(0 = 0°) and oblique (@ = 75°, ¢ = 0°) incidence with the unpolarized light in (a) and (b), respectively. Inset: Schematic drawings of excitation
configurations. (c), (d) Plots of resonance wavelength positions of plasmonic modes extracted from (a) and (b) against PSA concentrations. The § and
R? denote the sensitivity and the correlation coefficient of the linear fitting, respectively. Note that the FWHM values are about 44 nm and 11 nm in

(a) and (b), respectively.
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To systematically validate and demonstrate the influences
of excitation conditions on the biosensing performance, we
have measured the detection sensitivity and FOM of the
array under different excitation configurations. As illustrated
in Fig. 3(a), we first measure the reflectance spectra under nor-
mal incidence without polarization by using different concen-
trations of PSA from 10 to 30 ng/mL. For the sake of ensuring
the measurement precision, the incubation time and the liquid
volume have been maintained as the same for various concen-
trations. From the concentration-dependent reflectance spec-
tra, we can observe that the resonance wavelength behaves
with slight redshifts with larger concentrations [Fig. 3(a)].
To quantitatively analyze the detection sensitivity, we have lin-
early fitted spectral dip positions extracted from Fig. 3(a), as
shown in Fig. 3(c). As a resul, the fitted sensitivity merely
equals 0.0534 nm/(ng/mL), and the widely used evaluation
metric of the sensing performance, FOM, can be calculated
to be 0.0014 (ng/mL)"'. Additionally, the linear fitting man-
ifests a low correlation coefficient & of 0.85, indicating a poor
linear relationship. Once the excitation configuration turns into
oblique incidence at @ = 75°, an obvious wavelength shift can
be seen immediately [Fig. 3(b)]. Moreover, the fitted detection
sensitivity and the calculated FOM reach 0.112 nm/(ng/mL)
and 0.0101(ng/mL)"", respectively, and a very good correla-
tion coefficient R* of 0.99 is obtained [Fig. 3(d)], indicating
that increasing the incident angle will help improve the detec-
tion sensitivity and FOM.

(a) =0 ng/ml
=10 ng/ml
—— w15 ngiml
:i = 20 ng/ml
& —— 25 ng/ml
© = 30 Ng/ml
g 35 ng/ml
©
-
3 H s polarized
—_ E oen
ua =75
14
915 820 925 930 935
Wavelength (nm)
(C) 923
Oblique incidence (B =75°, ¢ = 0°) *]
’é‘ s-polarized
£ 9224
(—
L
=1
® 9214
[=}
g @ Experiment
B —— Fittin
0O 9204 9
S = 0.13 nm/{ng/ml)
FOM = 0.0131 /(ng/ml})
R’=0.97
919 ey T v v v T
10 15 20 25 30 35

PSA Concentration (ng/ml)

We continue to investigate the influence of the azimuthal
angle on the detection sensitivity [Fig. 4(a)]. As can be seen
from Fig. 4(c), the sensitivity and FOM reach 0.13 nm/(ng/mL)
and 0.0131 (ng/ mL), respectively, under s-polarization at
@ = 0°, which indeed improves the sensing performance in
comparison with 0.112 nm/(ng/mL) and 0.0101 (ng/mL)"!
without polarization illustrated in Fig. 3(d). It is worth men-
tioning that we here exemplify the s-polarization for sensing
due to the narrower FWHM under s-polarization than that
under p-polarization (see Appendix E). Subsequently, at the
critical angle of ¢ = 45°, we explore the effect of the strong
mode interference on the sensitivity [Fig. 4(b)]. We can observe
more noticeable spectral shifts in comparison with Fig. 4(a),
and obtain a continuous improved detection sensitivity up
to 0.143 nm/(ng/mL), whereas the FOM decreases to
0.0116 (ng/mL)’1 [Fig. 4(d)].

Comparisons of biosensing performance under different ex-
citation configurations are summarized in Table 1 and are also
conveniently illustrated in Fig. 5, in which we are capable of
systematically comparing and rationally screening the optimal
one. Continuous improvements of the sensitivity can be seen
from C1 to C4 [Fig. 5(a)], whereas the FOM is first enhanced
greatly from C1 to C3 and then begins to reduce from C3 to
C4 [Fig. 5(b)]. Among those sensing performances, we achieve
~3 and ~9 times enhancements of the sensitivity and FOM
under C4 and C3 in comparison with C1, respectively, indicat-
ing that we can choose the C4 configuration when pursuing the
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Fig. 4. Comparisons of the sensitivity under different azimuthal angles with the s-polarized light. (a), (b) Experimentally measured reflectance
spectra with different PSA concentrations ranging from 10 to 35 ng/mL after normalization. Inset: Schematic drawings of excitation configurations.
(c), (d) Resonance wavelength positions of plasmonic modes extracted from (a) and (b) as a function of PSA concentration. The § and R* denote the
sensitivity and the correlation coefficient of the linear fitting, respectively. Note that the FWHM values are about 10 nm and 12 nm in (a) and (b),

respectively.



Research Article

Xl e

Table 1. Comparisons of Biosensing Performance under
Different Excitation Configurations®

Sensitivity FOM

Abbr.  Excitation Configuration  [nm/(ng/mL)] [(ng/mL)™]

Cl  Normal incidence, unpolarized, 0.0534 0.0014
0=0°

C2  Oblique incidence, unpolarized, 0.1120 0.0101
0=75,¢p=0°

C3 Oblique incidence, s-polarized, 0.1300 0.0131
0=75,¢p=0°

C4 Oblique incidence, s-polarized, 0.1430 0.0116
0 =75 ¢ =45°

“The C1, C2, C3, and C4 denote abbreviations of corresponding

configurations.

o
2

4
@

Sensitivity [nm/(ng/ml)]

c1 c2 c3 c4 ) c1 C2 c3 c4
Excitation configuration Excitation configuration

Fig.5. Comparisons of the (a) sensitivity and (b) FOM under differ-
ent excitation configurations. The C1, C2, C3, and C4 represent cor-
responding configurations explicated in Table 1.

sensitivity and the C3 for the demand on FOM. Based on the
above results, we find that the manipulation of optical incident
angle and polarization on plasmonic nanostructures has more
advantages than the normal light excitation, which is exten-
sively used in plasmonic biosensing. One can manipulate
the incident light to pursue more performance improvements
for plasmonic sensing of biomolecules in the future.
Additionally, this study also features several advantages for
practical applications. First, plasmonic characteristics such as
resonance wavelength, linewidth, and intensity can be conven-
iently tuned in a broadband covering the visible and near IR
range. Assuming that the material is replaced to aluminum, the
spectral band is capable of covering the ultraviolet range [48].
Second, the working wavelength of the optimal sensitivity lies
in the visible range, which facilitates the use of low-cost
detecting devices such as a charge-coupled digital camera.
Third, the concentration of PSA detected in our biosensing ex-
periment can be as low as 10 ng/mL, beyond the threshold
concentration of 20 ng/mL in the early cancer prediction.
Furthermore, under the excitation condition of C4, highly con-
fined and enhanced electromagnetic fields can be formed
around the corner of the nanohole [40,49], indicating the po-
tential of our approach for single-molecule sensing [50,51].

3. CONCLUSION

In conclusion, we have systematically investigated the plas-
monic effects of Au nanohole arrays through changing
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excitation conditions, such as the incident angle, azimuthal an-
gle, and polarization. Importantly, an abrupt shrinking effect of
resonance linewidth originated from the interference of two de-
generate SPP modes in the I” - M direction has been revealed.
Moreover, we have demonstrated the biosensing capability for
detecting the molecular biomarker of prostatic carcinoma
under different excitation conditions, and achieved the maxi-
mum sensitivity in the I" - M direction. Our study may deepen
the understanding of plasmonic resonance-linewidth shrinking,
and offer a promising strategy for improving biosensing perfor-
mance significantly.

4. MATERIALS AND METHODS

A. Sample Fabrication

The clean silicon wafer was prepared after the standard cleaning
procedure detailed previously. Then the wafer was dried and
baked in an oven at 150°C for 2 h. After drying, the Si wafer
was spin-coated with the photoresist (Tu-170, Obducat,
Sweden) for 200 nm. Afterwards, the spin-coated wafer was
processed with the nanoimprint system. Then, the ~2 nm
chromium and ~100 nm gold layers were deposited sequen-
tially with an electron-beam evaporation system (FC2000,
Temescal). The depth of the hole is set as ~180 nm after
optimization.

B. Characterizations

Normal incidence and oblique angle-resolved reflectance
spectra were measured by a lab-built system, mainly including
a light source (AvaLight-DH-S-BAL, Avantes), a portable
UV-visible-NIR  spectrometer  (AvaSpec-NIR256/512-1,
Avantes), and a film polarizer (LPVISE2X2, Thorlabs). The
morphology of the array was characterized by scanning an
electron microscope (S-4800, Hitachi).

C. Simulation

The theoretical reflection spectrum (Appendix B) under nor-
mal incidence was computed by the 3D-FDTD method
(FDTD Solutions 8.7, Lumerical). The electric-field amplitude
was set as 1.0 V/m. To ensure the calculation convergence, the
simulation time was set to 3000 fs. For saving the computation
time without losing the precision, a nonuniform mesh method
was adopted, and the Yee cell size in regions of the hole and the
nearby air was set as 0.5 nmx 0.5 nm x 0.5 nm whereas
I nmx1nmx1 nm Yee cell size was set for other regions.
Perfectly matched layers were adopted as the upper and lower
boundary conditions. The optical constant of gold was taken
from the literature [52]. We note that, for simplicity, the resist
layer was not considered in the simulation.

APPENDIX A: REFLECTANCE SPECTRA UNDER
NORMAL INCIDENCE

Prior to varying incident angles, we measure the reflectance
spectrum under normal incidence (f = 0°). As shown in
Fig. 6, a conspicuous spectral dip around 568 nm can be ob-
served, indicating the light confinement and the excitation of
the plasmonic mode. Additionally, the simulation shows good
consistency with the measurement. Furthermore, the simulated
electric-field profile of the on-resonance mode (~568 nm)
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Fig. 6. Experimental and simulated reflectance spectra at normal
incidence (0 = 0°). Inset: Electromagnetic field profiles on and off
resonances at 568, 527, and 698 nm, respectively.

shows that the electric fields are tightly confined and highly
enhanced surrounding the nanoholes, in comparison with
the off-resonance modes (~527 nm and ~698 nm) (inset

of Fig. 6).

APPENDIX B: COMPARISONS BETWEEN
THEORY AND EXPERIMENT

Based on the phase matching Eq. (1), we can fit the plasmonic
mode observed in Fig. 1(c), whose modes can be attributed to
(-1, 0) SPP mode, as shown in Fig. 7.
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Fig. 7. Experimentally measured (black spheres) and theoretical
(red curve) resonance wavelength of (-1, 0) SPP mode as a function
of sin #. The azimuthal angle is set as ¢ = 0°.

APPENDIX C: AZIMUTHAL ANGLE-DEPENDENT
REFLECTANCE SPECTRA

At incident angles of 30°, 45°, and 60°, respectively, the azimu-
thal angle-dependent reflectance spectra are shown in Fig. 8.
Mode evolution characters of these incident angles are similar
to those in Figs. 2(a) and 2(b). As the 0 increases, those SPR
modes become brighter and clearer, indicating resonance-

linewidth shrinking.
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Fig. 8. Azimuthal angle-dependent reflectance spectra at incident
angles of 30°, 45°, and 60°, respectively.

APPENDIX D: PERIODIC ARRAYS FOR
BIOSENSING

As shown in Fig. 9(a), the 11-mercaptoundecanoic acid (MUA)
is first binded on the surface of the gold nanohole array to form
a self-assembled monolayer. Afterwards, the anti-PSA is con-
nected and immobilized on the end of MUA. Subsequently,
the bovine serum albumin (BSA) is used to block the remaining
activated carboxylic groups of MUA. Then, different concen-
trations of PSA are tested by the binding of anti-PSA, respec-
tively. It is worth mentioning that the substrate can be recycled
by removing absorbed proteins with a hydrochloric acid
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Fig. 9. Periodic plasmonic nanohole arrays for biosensing.
(a) Schematic drawings of functionalization, detection, and recycling.
(b) Experimentally measured reflectance spectra under normal inci-
dence for each procedure. Dashed lines denote corresponding configu-
rations when performing the measurements.

solution. To confirm that MUA and anti-PSA are immobilized
on the surface of the gold array, we have monitored correspond-
ing reflectance spectra after each binding process, as shown

in Fig. 9(b).

APPENDIX E: POLARIZATION-DEPENDENT
REFLECTANCE SPECTRA

To further investigate the influences of light polarization on the
resonance wavelengths and linewidths of plasmonic modes, we
measure the polarization-dependent reflectance spectra. For the
sake of simplicity without losing the generality, we choose the
incident and azimuthal angles as @ = 75° and ¢ = 45°, respec-
tively. As can be seen in Fig. 10, the spectrum obtained with the
unpolarized light is the sum of two spectra obtained with p- and
s-polarized lights. Moreover, the spectral positions of the reso-
nance wavelength excited without polarization agree well with
that excited by p- and s-polarizations, indicating that we can
readily achieve and identify plasmonic modes by using different
polarized lights [53,54]. Also, we have compared the line-
widths of those modes, and found that the FWHM nearly
remains unchanged without and with polarizations (inset of
Fig. 10). Although the polarization affects linewidths slightly,
it impacts the mode intensity strongly. As shown in Fig. 10, the
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Fig. 10. Comparisons of the linewidths of plasmonic modes be-
tween unpolarized and p/s-polarized excitations. The dashed lines
are a guide for representing two hybrid modes (H; and H,). Inset:
Normalized FWHM of H; and H, modes without polarization (black
columns) and with p- (red column) and s-polarizations (blue column).
The incident angle is set as @ = 75°, and the azimuthal angle is set as

@ = 45°.

reflectance intensity excited by the p/s-polarized light is larger
than that excited by the unpolarized light. In addition, the nar-
rower FWHM of H2 mode under s-polarization than that of
H1 mode under p-polarization can be observed. And that is
why we exemplify the H2 mode located at ~725 nm for bio-
sensing measurements. It should be pointed out that a tiny re-
flectance dip can be found under p-polarized light excitation.
This dip probably originates from the contribution of an out-
of-plane component of p-polarized light [49].
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