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Spectral-based methods are often used for label-free biosensing. However, practical implementations with plasmon®

nanostructures suffer from the broad line width caused by strong radiative and nonradiative losses, and the sensir
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performance characterized by figure of merit is poor for these spectral-based methods. This study provides a polarizatio~

state-based method using plasmonic nanostructures to improve the sensing performance. Instead of the intensi ¢

spectrum, the polarization state of transmitted field is monitored to analyze variations of surrounding medium. ™=~

polarization state of incidence is strongly modified due to the excitation of surface plasmons, and the ellipticity o

transmitted field changes dramatically around plasmon resonances. Sharp resonances with line widths down to -

nanometer are achieved by plotting the spectra of the reciprocal of ellipticity. Therefore, the sensing performance can be

significantly improved, and a theoretical value of figure of merit exceeding 1700 is achieved by using the polarization st=*-

based sensing approach.

Introduction

The remarkable optical responses of metallic nanoparticles are
governed by the excitation of localized surface plasmon
resonances (LSPRs), where the resonance energy depends on
the particle shape, size, composition, interparticle spacing, and
dielectric environment."® These properties open a route
toward label-free biosensing in which small concentrations of
target molecules can be detected.”” The bulk refractive index
sensitivity 6A.spr/6n is often considered to quantify the sensing
performance of a sensor by using plasmonic nanostructures,
where 6n is the variation of the environment refractive index,
and S8Aspr is the corresponding spectral shift. Since the line
width will strongly affect the final accuracy of the peak
tracking, the most crucial sensing performance is characterized
by the figure of merit (FoM), obtained by dividing the spectral
shift 6A,pr/6n by the line width of the resonance.® ° The
sensing performances with various plasmonic nanoparticles
have been investigated, such as nanocubes,8 nanostars,10
nanorods,n‘13 nanopillars,14 nanoprisms,15 nanodisk dimers,16
core/shell nanoparticles,”” nanorings,*® split-rings,"> *° and
asymmetric double split—rings.21 The spectral shift sensitivity
can be as large as 880 nm per refractive index unit (nm/RIU),18
and FoM exceeding 10 is realized by using single
nanoparticles.10 With the excitation of gap plasmon modes, a
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sensing performance with spectral shift sensitivity exceedir ;
1000 nm/RIU and FoM exceeding 20 is achieved with double
nanopillars.22 However, due to the strong radiative and nor -
radiative losses, LSPRs often possess broad line widths, and
is hard to further enlarge the FoM value with thes_
nanostructures.

Fortunately, the line width of LSPRs can be effectivel,
reduced by suppressing radiative losses, and dark plasmo .
modes with overall dipole moment approaching to zero arc
promising candidates to improve the sensing performancr .
Dark plasmon modes can be excited through near-fiel.
coupling with bright modes, and destructive interferences
often lead to the formation of Fano resonances.”®> In ..
case, radiative damping is suppressed, and the incidence
energy can be confined around plasmonic nanostructures
effectively, leading to strong near-field enhancements ar |
sharp resonances.* Many plasmonic nanostructures with Fano
resonances have been used to demonstrate the improved
sensing performance, such as ring/disk cavities,33’ 34 rod/cro: s
dimers,* nanohole quadrumers,36 and nanoparticles coupling
with substrate.’” The FoM value is enlarged to 27 by usir *
Fano-like interference in nanorice and nanobelt,38 and the
theoretical FoM value exceeding 40 can be possibly achieve {
with double ring/disk cavities.®® It is also reported that
molecular monolayers can be identified by using plasmon :
Fano resonance,40 and biomolecules can even be detectea
with the naked eye.41 Nevertheless, the line width of Far »
resonances is still governed by non-radiative
Tremendous efforts aimed at further reducing the line widt .
and improving the sensing performance have bee..
42730 such as the sensing method with pha.c
sensitive measurements,‘m’45 the intensity-based method w’ .

losse..

conducted.
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perfect absorber,46 and the sensing method based on
plasmonic interferometry.‘w‘50 It is shown that the
performance of the latter one is comparable to commercial
prism-based surface plasmon resonance systems, and the
sensing platforms can be achieved with simple transmission
geometry, a miniaturized footprint, and a low-cost
spectrometer.‘w“r’0 Another effective way is by coupling of
LSPRs with modes that possess a smaller line width.**> For
example, the FoM value is enlarged to about 58 for a Fabry-
Pérot cavity-coupled plasmonic device.” Due to the coupling
with propagating plasmon resonance, the FoM value is
enlarged to 72 for ring/disk cavities on conducting
substrates.”® A FoM value of up to 108 arising from the
interference between Wood’s anomaly and the LSPRs has
been reported for periodic arrays of gold nano-mushrooms.*®
It is, however, worth noting that the geometries of these
plasmonic nanostructures could be substantially complex, and
the sensing performance is enhanced around a narrow and
specific spectral range where resonant coupling occurs.

Not long ago, Maccaferri et al. reported a sensing approach
based on light phase control by using magnetoplasmonic
ferromagnetic nanoparticles, where the ellipticity of incidence
is modified by magneto-optical effect, shape resonances
appear in the spectra related to the ellipticity, and FoM
approaching to 150 is realized.>” However, the modulation of
polarization relies on magneto-optical effect, and a strong
external magnetic field is required. Besides that, the chemical
stability of ferromagnetic nanoparticles is relatively poor, and
the inherent losses are also stronger than that of noble metals.
As a result, the spectral shift sensitivity is weaker than that of
plasmonic  nanostructures. Since the modulation of
polarization state is important for this sensing approach,
plasmonic nanostructures may be used for the polarization
state-based sensing. It has been shown that a linearly
polarized wave transmitted through plasmonic nanostructures
can become eIIipticaI,SS‘61 which is caused by charge transfer
effect, and no external magnetic field is required.ez'64
Therefore, the sensing platform can be effective simplified for
the polarization state-based method by using plasmonic
nanostructures. In addition, the modulation of polarization
state and the near-field enhancement highly depend on the
excitation of LSPRs, and the sensing performance is expected
to be significantly improved.

Results and Discussions

Polarization state modulation. Spectral-based methods are
often used for label-free biosensing, where the transmission or
reflection spectra are measured with a spectrometer, and
variations of surrounding medium such as adsorption of
biomolecules are analyzed by monitoring the spectral shift.
However, strong radiative and nonradiative losses of
plasmonic nanostructures result in a broad line width, and the
sensing performance characterized by FoM is poor for these
spectral-based methods. This study will show that a
polarization state-based method can be used to improve the
sensing performance. Figure 1la shows a schematic view of

2| J. Name., 2015, 00, 1-3

(a)

G
Z

:

865nm
0N 15|

1400
p
1600

1368nm|

‘Wavelength (nm)
2

Transmission

/
/
/

= |

1357.0nm 1367.6nm 1377.0nm

851.0nm
04(d)

"\

861.6nm 871.0nm

2000

- 1500

cit

I- 1000

/ Ellipticity
8 8

-

S
N
1

*********** 20000 | 500
FWHM; 0.4nm -
1000
0.4 ) .
860 861 862 868 1366 1367 1368 1369 Lo
T T
800 1000 1200 1400 1600

Wavelength (nm)

Fig. 1 (a) Schematic view of a polarization state-based sensing platform, whe  _
linearly polarized wave transmitted through the array of L-shaped nanciuus
becomes elliptical. (b) Transmission spectrum and near-field enhancement
distributions around the two resonances. (c) Elliptical polarization states of
transmitted waves with different incident wavelengths. (d) Optical polarizatic
rotation (greed solid line), ellipticity e (blue solid line), and reciprocal of elliptici.
1/e (red solid line) of transmitted field against incident wavelengths. The insets
show the magnified 1/e spectra around the antibonding and bonding resonanc s,
respectively. The L-shaped nanorods are placed on a semi-infinite glass substrat
the lengths of the two arms are 150 nm, the width is 40 nm, the thickness is 79
nm, the periodicities along both directions are 400 nm, the refractive index
surrounding medium is supposed to be 1.33, and the polarization of incidence *
along the x-axis.

the sensing platform. The overall configuration is similar ¢
that of spectral-based methods, and there is no need to make
a large change to currently used sensing platform .
Nevertheless, several specific criteria should be fulfilled for this
sensing approach: (1) a linearly polarized incidence, (2) tt »
polarization state of incidence can be modified by the sensing
platform, and (3) the polarization state of modified field "
monitored to analyze variations of surrounding medium.
L-shaped gold nanorods will be utilized to demonstrate the
sensing performance with the polarization state-based metho~'
(Figure 1a), where the lengths of the two arms are 150 nm, th
width is 40 nm, the thickness is 30 nm, the periodicities al
both directions are 400 nm, and the polarization of incidenc-
is along the x-axis. Due to the excitation of surface plasmon.
two resonances around 865 and 1368 nm appear in th
transmission spectrum (left panel, Figure 1b). Th
corresponding near-field enhancement distributions ar-
shown on the right panel of Figure 1b. Plasmons oscillate alor: -
the arms and over the whole length of the L-shape for thr
resonances around 865 and 1368 nm, respectively. Accordin -
to the plasmon hybridization theory,65 optical responses of the
L-shaped nanorod can be seen as plasmon hybridizatior.:
between the two arms, and the two resonances are the
corresponding antibonding and bonding dipole modes. Tk 2
overall dipole moments of the two resonances are relativelv
strong, resulting in broad line widths. The measured line
widths of the antibonding and bonding modes are about
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and 199 nm, respectively, with a corresponding quality factor
of 12 and 7.

In addition to the intensity, the polarization state of
transmitted field is modified by the L-shaped nanorods. As
shown in Figure 1a and 1b, free electrons are driving by the x-
polarized incidence, leading to the formation of an effective
electric dipole oscillating parallel to the incident polarization
(px). Besides that, an effective electric dipole oscillating
perpendicular to the incident polarization is generated due to
the charge transfer effect (p,). As a result, a linearly polarized
wave transmitted through the L-shaped nanorods can become
elliptical. The optical polarization rotation is denoted as @, and
the ellipticity e = a/b, where a and b are the short and long
semiaxes of the polarization ellipse (Figure 1a). Then, the
electric field of the transmitted wave can be written as,
E,(r,t)=E, +E, =F, cos(kz—wt+¢, )X +E, cos(thkz—awt+¢,)y

(D
and one can get the corresponding polarization state by using,
2 2
X y2 _, cosd xy=sin’ 8 2)
Er: Ery szEzy

where the amplitudes E, and E, depend on the dipole
moments of p, and p,, and & = @, -¢y, is the phase difference.
Physically, the transmitted polarization state at any
wavelength is determined by the dipole moments and the
phase difference 6 of the two scattering electric dipoles (py
and p,). Since the two dipoles are governed by LSPRs, a null
condition with ellipticity e = 0 can be realized by manipulating
the incident wavelength, where the transmitted field is linearly
polarized in this case (6 = 0, m, 2m ...). As a result, measuring
this null condition provides an alternative way to detect any
shift of LSPRs induced by variations of the surrounding
medium.

Figure 1c shows several elliptical polarization states of
transmitted waves around the two resonances. With the
formation of the electric dipole perpendicular to the incident
polarization, the optical polarization rotation is strongly
modified by incident wavelength, and the rotation angles
around the two resonances can be as large as -0.38 and 0.42
radians, respectively (green solid line, Figure 1d). Besides that,
the ellipticity of transmitted field changes dramatically around
the same spectral ranges (blue solid line, Figure 1d). The
wavelength of null conditions can be determined when the
ellipticity e approaches to zero, and the transmitted waves are
almost linearly polarized around 861.6 and 1367.6 nm. It is

worth mention that similar null conditions have been
investigated for plasmonic interferometry and perfect
46, 47

absorption, which are hard to achieve in real experiments
due to the fabrication and measurement errors. Nevertheless,
the null condition for the polarization-state based sensing
could be determined when the polarization rotation state is
considered in a realistic system. One can find that the
polarization rotation state of transmitted filed changes from
left-hand to right-hand, and vice versa, across the null
conditions (Figure 1c). This observation indicates that a sign
(+/-) can be attached to the ellipticity e to represent the
polarization rotation state. Therefore, the fabrication and

This journal is © The Royal Society of Chemistry 20xx
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measurement errors may enlarge the uncertainty, but the null
condition can be determined with a curve-fitting method in a
realistic system. The corresponding wavelengths can be mu
precisely visualized by plotting the reciprocal of ellipticity 1/
(red solid line, Figure 1d), and we will show that the sensir:
performance are dramatically improved by plotting the dat~ i~
this manner. There are two sharp resonances in the spectrui i
of 1/e. In order to better illustrate the two resonances, and to
determine the line widths, the spectra around the tw)
resonances are magnified as shown in the inset of Figure 1d.
The null condition is governed by the phase difference 6, tt :
peak positions of the 1/e spectra and transmission spectra are
not bound to be identical, and there is a small wavelengtn
detuning. Since the ellipticity is approaching to 0 around thc
null condition for an ideal system, the value of 1/e should k.
infinite at the resonance wavelength. However, in th
calculations, the value of 1/e is limited by the wavelengt’
resolution (0.05 nm), and the maximum value of 1/e is oni,
about several thousand. In real experiments, the value of 1/
also limited by experimental errors such as the resolution ot
polarization analyzer. Therefore, we assume the maximum
value of 2000 in the determination of line widths by
accounting for experimental errors. This value correspond. .
a resolution of ellipticity angle of about 500 micro-radian.
which is easily achievable for a realistic system (resolutior
down to submicro-radians). Then, we obtain line widths ¢*
about 0.2 and 0.4 nm for the antibonding and bondir r
resonances, respectively. The quality factors of the twe
resonances are as large as 4308 and 3419, respectivel
Therefore, one can expect that the value of FOM can be
significantly enlarged by using the polarization state-base 1
sensing approach.

Bulk refractive index sensitivity. Furthermore, bulk refractiv 2
index sensitivity is investigated to characterize the sensing
performance. By manipulating the refractive index ¢f
surrounding medium, variations of the 1/e spectrum for the
antibonding and bonding resonances are shown in Figure ~ .
and 2b, respectively. As a comparison, the dependence of the
transmission spectra on the refractive index of surrounding
medium is represented in Figure 2c. The resonances shift t~
lower energies with the increasing of refractive index for bot.
1/e and transmission spectra. However, the spectral shifts

be more easily distinguished using the 1/e spectra due to th
sharper resonances. The relative spectral shifts against th
refractive index are extracted as shown in Figure 2d. Th
spectral shifts are bound to be identical for both 1/e an.
transmission spectra. A linearly fit for the two sets of dat-
indicates that the spectral shift sensitivities of the antibondir -
and bonding resonances are, respectively, about 347 and 58°
nm/RIU. When the line widths of the two resonances are take
into account, remarkable improvements for FoM
performances are achieved by using the polarization state-
based method. Due to the broad line widths of the
transmission spectra, the calculated FoM is only about 5 and 3
for the antibonding and bonding resonances, respectively. The
corresponding FoM are enlarged to about 1735 and 1473
when the 1/e spectra are used. Such large spectral shift

J. Name., 2015, 00, 1-3 | 3



Nanoscale

2000 2000

(a) (b)
—1.33) —1.33
1500 1as] 16001 135
Z —1a7] 2 — 1.37]
S —139] S —— 1.39|
B1000 l—1.41] £'000 l—141
u w
= -
500 500
[ 0 T T T T
860 870 880 890 200 1360 1380 1400 1420
Wavelength (nm) Wavelength (nm)
1.0
c) (d)
0.9 Y
5 =
- ]
2 08 s %0
£ (7]
E
2 o7 §
'g g 15
06 @ W Antibonding
- g o @ Bonding
800 1400 1600 134 1.36 1.38 140

900 1200 E
Wavelength (nm) Refractive Index

Fig. 2 (a) Plot of the transmitted field 1/e spectra with different surrounding
media for the antibonding, and (b) bonding resonances. (c) The relationship
between the transmission spectrum and the refractive index of surrounding
medium. (d) Relative resonance wavelength shifts with the variations of
surrounding medium for the two resonances of L-shaped nanorods.

FoM make it possible to detect and distinguish a tiny change of
surrounding medium for the polarization state-based sensing
approach, while it would be hard to distinguish for spectral-
based methods.

Surface sensitivity. For biosensing in a realistic system, target
molecules are often adsorbed on the surface of plasmonic
nanostructures, which results in local variations of the
refractive index. Therefore, the performance of surface
sensitivity is important for a sensing platform.“’68 The surface
sensitivity can be characterized by the variations of spectra
against the localized refractive index,* or against the thickness
of molecular |ayers.57’ % In this study, the later one will be used
to characterize the surface sensitivity, and the performance
can be quantified by defining S, = AA/At, where AA is the
spectral shift due to the changing of the thickness of molecular
layer (At). In order to have a comparison with previous
studies®, a polyamide 6.6 (PA-6.6) molecular layer is supposed
to be coated on the L-shaped nanorods (Figure 3a). The
polymer molecules can be attached on samples through
molecular layer deposition, and the layer thickness is finely
controlled by manipulating deposition cycles. For theoretical
studies, the deposited molecules can be seen as a thin
dielectric layer, and the corresponding refractive index of PA-
6.6 is 1.51.7° Figure 3b and 3c show the evolutions of 1/e
spectra against the thickness of the dielectric layer, and the
corresponding transmission spectra are shown in Figure 3d.
Similar to the bulk refractive index sensing, the two
resonances red shift significantly with the increasing of the
thickness of dielectric layer, and the spectral shifts also can be
more easily distinguished by using the 1/e spectra. The
extracted data of resonance shifts versus the thickness are
represented in Figure 3e, and the linearly fit results indicate
that the surface sensitivity for the antibonding and bonding
resonances can be as large as 5.1 and 8.9, respectively. The
thickness of a monolayer of PA-6.6 is about 8.5 A, and spectral
shifts of about 4.3 and 7.6 nm are expected to be observed for
the two resonances when there is a change of a
monomolecular layer. Considering the line widths of the 1/e

4| J. Name., 2015, 00, 1-3
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Fig. 3 (a) Schematic view of surface sensing with L-shaped nanorods, where a PA-
6.6 molecular layer is supposed to be coated on the L-shaped nanorods (n =
1.51), and the surrounding medium is supposed to be air. (b) Plot of twr .
transmitted field 1/e spectra against the thickness of the molecular layer for tt
antibonding, and (c) bonding resonances. (d) The transmission spectra versus the
thickness of the molecular layer. (e) Relative resonance wavelength shifts wi’ «
the variations of the thickness of the molecular layer.

spectra (0.2 and 0.4 nm for the two resonances), these
spectral shifts can be easily distinguished for a realistic sensin.*
platform.

Sensing with nanorod dimers. Since the modulation «f
polarization state by using plasmonic nanostructures are
governed by the structural symmetry, a large group «f
nanostructures can be used to implement the polarization
state-based label-free biosensing. In addition to the L-shape 1
nanorods (where the structural symmetry belongs to C,, point
group), planar plasmonic nanostructures are suitable for '
sensing approach when the structural symmetry belongs to C,,
Cooy, Con, Dyp, and D..,, point groups. It is also well known that
hot-spots caused by plasmon interactions are useful t-
improve the sensing performance. As an example, we wi.’
show in the following studies that nanorod dimers can be u

to implement the polarization state-based sensing, where th

structural symmetry belongs to D..,, point group (transvers

dimensions are neglected), and the sensing performance '

further improved due to the formation of strong hot-spot.

The center panel of Figure 4a represents a unit cell of th
sensing surface with nanorod dimers, where the dimers ar
placed on a semi-infinite glass substrate, the dimer orientatior
is along the x-axis, the length of individual nanorods is 140 nn
the width is 40 nm, the thickness is 30 nm, and the gap lengt-
is 20 nm. When the incident polarization is along the x-ax:"
(polarization angle ¥ = 0), only one effective electric dipole
along the same direction is generated, and no polarizatic
rotation and phase modulation can be observed. Noted that
the direction of incident polarization is identical with that of »
symmetry axis of the dimer, the polarization state cannot __

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) Schematic view of a polarization state-based sensing platform by using
nanorod dimers, where the center panel represents a unit cell of the array, the
orientation of the dimers is along the x-axis, the length of individual nanorods is
140 nm, the width is 40 nm, the thickness is 30 nm, and the gap length is 20 nm.
(b) Transmission spectrum with incident polarization 9 = 45°, and the inset
shows the near-field enhancement distributions around the resonance. (c)
Optical polarization rotation spectrum, the insets represent several elliptical
polarization states of transmitted waves. (d) ellipticity e (blue solid line) and
reciprocal of ellipticity 1/e (red solid line) of transmitted field against incident
wavelengths, and the inset shows the magnified 1/e spectrum around the
resonance. (e) Plot of the transmitted field 1/e spectra, and (f) transmission
spectra with different surrounding media. (g) Relative resonance wavelength
shifts with the variations of surrounding medium.

modified in this case. Therefore, the incident polarization
should be away from structural symmetry axes for the
polarization state-based method.

When ¥ # 0, the incident electric field can be divided into
two non-zero components (E, and E;). The amplitude and
phase of E;, will be strongly modified by the rod dimers around
longitudinal LSPRs, while there are minor changes for E;,. As a
result, the electric field and the polarization state of
transmitted wave also can be described by, respectively, Equ.
(1) and Equ. (2), and the polarization state is modified by
manipulating the incident wavelength. Figure 4b shows the
transmission spectrum with ¢ = 45°, where there is only one
resonance around 1032 nm. The inset shows the near-field
enhancement distributions and the bonding dipole resonance
is excited in this situation. Due to the strong coupling, radiative
damping is strong for the bonding dipole mode. The line width
is about 179 nm, and the quality factor is only about 6.

The same as the L-shaped nanorods, the polarization
rotation is governed by plasmon resonances, and the
maximum rotation angle is about 0.55 radians using the
nanorod dimers (Figure 4c). The inset of Figure 4c represents
several elliptical polarization states of transmitted field around

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) Schematic view of surface sensing with nanorod dimers, where a PA-6 -~
molecular layer is supposed to be coated on the dimers (n = 1.51), and the
surrounding medium is supposed to be air. (b) Plot of the transmitted field 1 .
spectra, and (c) transmission spectra against the thickness of the molecular lay. .
(d) Relative resonance wavelength shifts with the variations of the thickness of
the molecular layer.

the bonding resonance, and the ellipticity highly depends on
incident wavelength. The blue solid line in Figure 4d shows the
evolution of ellipticity of transmitted field versus 1wn:
wavelength. It is found that the ellipticity e approaches to zerc
around 1032.3 nm, and the transmitted field is almost linear!
polarized. A sharp resonance appears by plotting the 1/c
spectrum (red solid line, Figure 4d). The magnified spectr.
around the resonance reveals that the line width is less tha:
0.3 nm, which leads to a quality factor of about 3441. B
manipulating the refractive index of the surrounding medium
the resonances of 1/e and the transmission spectra red shi *
simultaneously (Figure 4e and 4f). The data of relative spectra’
shift against the refractive index are shown in Figure 4g, an '
the calculated spectral shift sensitivity is about 487 nm/RIU
Considering the line width of the spectra, FoM is only about
for the spectral-based method, while FoM is enlarged to about
1623 by using the polarization state-based method.

The performances of surface sensitivity with the nanorod
dimers are shown in Figure 5, where the incident polarization
angle @ = 45°, and the coated dielectric layer is the same ¢,
that of the L-shaped nanorods. Because of the formation o.
the strong hot-spot, the performance is expected to wc
improved. Figure 5b represents the variations of 1/e spectra k,
manipulating the thickness of dielectric layer, and the
corresponding transmission spectra are shown in Figure 5 .
The relative resonance shift exceeds 100 nm when the
thickness is enlarged to 8 nm, and the surface sensitivity S, ¢
can be as large as 13.3, which is about 2.5 times the surfacc
sensitivity for ferromagnetic nanoparticles (Figure 5d).57
Comparisons with ferromagnetic nanoparticles. In the abovc
studies, the transmitted field is used for the polarization state
based sensing. Nevertheless, one can get similar results bk
using the reflected field. Since the spectral shift sensitivit-
using the polarization state-based method is identical wit
that of spectral-based method, one can expect that spec '
shifts can be further enlarged by careful engineering th

J. Name., 2015, 00, 1-3 | 5
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geometry of plasmonic nanostructures, and sensitivities
exceeding 1000 nm/RIU can be possibly achieved.” ** The
resolution of ellipticity angle used to determine the line widths
is 500 micro-radians, which is two-order larger than that of
Maccaferri et al. used in the experiments.”” Although
theoretical line widths can be further reduced by enhancing
the resolution of ellipticity angle, it should be noted that in
addition to the resolution of the measurement system, the
value of 1/e depends on the fabrication-induced errors in a
realistic system, which could enlarge the line width of 1/e
spectra. Besides that, the resolution of 500 micro-radians of
the detection system is used to determine the line width of 1/e
spectra in the calculations. However, a detection system with
such a resolution may sustain high noise level, which could
deteriorate the sensing performance. Therefore, the above
mentioned issues must be considered in real experiments to
achieve a large FoOM. The polarization state of the incidence
can be modified by ferromagnetic nanoparticles,57 but
plasmonic nanostructures could be more suitable for the
polarization state-based sensing approach:

1) The sensing platform is simplified. The modulation of
polarization state is achieved through magneto-optical effects
for ferromagnetic nanoparticles, thereby a strong external
magnetic field is required to implement the polarization state-
based sensing. For plasmonic nanostructures, the polarization
rotation and phase modulations are realized through charge
transfer effect, and no external magnetic field is required in
this case.

2) The sensing performance can be improved. The
magneto-optical response of ferromagnetic nanoparticles is
governed by the spin-orbit interactions and LSPRs, and the
moment of transversally induced electric dipole is much
weaker than that of the directly induced dipole, which means
that the difference between the two components of electric
field in Equ. (1) can be several orders of magnitude, and the
sensing performance would be restricted for this reason. On
the contrary, the moments of the generated orthogonal
dipoles are comparable with each other for plasmonic
nanostructures, and the polarization rotation and ellipticity are
more sensitive to the incident wavelength around LSPRs,
thereby the line width of 1/e spectrum can be reduced
compared with that of ferromagnetic nanoparticles. Besides
that, non-radiative losses of noble metals are weaker than that
of ferromagnetic materials. It can help to generate strong
near-field enhancement, leading to a large spectral shift with
variations of surrounding medium. One can get improved
sensing performance with plasmonic nanostructures.

3) The chemical stability is improved. Interactions between
target molecules and sensing surface are important for label-
free biosensing. Therefore, the chemical stability of the used
material affect the sensing performance. For
ferromagnetic nanoparticles, the growth of an oxide layer
could be an obstacle for the interactions with molecules. On
the other hand, plasmonic materials such as gold possess a
good chemical stability, and it can help to have better
interactions with target molecules.

will
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In order to implement the proposed polarization state-
based sensing, two optical setups may be utilized: (1) the
monochromatic light obtained with an acousto-optic tuna’
filter (AO filter) in the operation spectral range is passin:
through a polarizer to get linearly polarized beam, then th-
polarization state is modified by illuminating the sample vtk
the light beam, after that the polarization state of transmitte i
field is analyzed with a polarization modulation technique,
where the transmitted field is passing through a photoelast :
modulator (PEM) and a polarizer before the intensity is
measured with a photodetector, and the ellipticity s
determined by filtering out the photoelastic signal with a lock-
in amplifier;** > 7" (2) the sample is excited with a linearly
polarized broadband continuum light source, then thc
transmitted field is passing through a Wollaston prism t .
separate the incidence into two orthogonal linearly polarize
outgoing beams, after that the intensities of the two beamnr
are measured with a spectrometer, and the whole ellipticit,
spectrum can be determined by rotating the Wollaston pri
In addition to the home-built setups, there are manv
commercially available polarization analyzers, such as
SOPRALAB GESP 5, the Adaptif Photonics A1000 and the
Agilent 8509 series polarization analyzer, where .
measurement rate of the latter one can be as high as 30C "
polarization states per second. Even higher speed polarizatior
analyzers can be realized by careful engineering the optic.'
setups.72’ 3 These high-speed polarization analyzers may k
used to achieve real-time sensing by monitoring the
polarization states.

Conclusions

In conclusion, polarization state-based refractive index sensir. -
with plasmonic nanostructures have been studied in this pape~.
Instead of the intensity-based spectra, variations of th
surrounding medium are analyzed by monitoring the
polarization state of transmitted field, and the sen: g
performance characterized by FoM is significantly improved. It
is shown that a linearly polarized wave transmitted through
plasmonic nanostructures can become elliptical due to th.
charge transfer effect, which is governed by plasmo.
resonances. Therefore, a null condition with elliptic..,
approaching to zero is realized by manipulating the incider .
wavelength, and the ellipticity changes dramatically arounc
the same spectral range. By plotting the spectra of th:
reciprocal of ellipticity, sharp resonances with line widths
down to sub-nanometer are achieved, and the quality factor .
can be as large as several thousand. By manipulating thc
refractive index of surrounding medium, FoM exceeding 170

is achieved, and the performance of label-free biosensing ca.

be dramatically improved.

Methods

The optical responses of the designed sensing platforms
calculated using the finite-difference time-domain meth~ .

This journal is © The Royal Society of Chemistry 20xx
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(FDTD). The plasmonic nanostructures are placed on a semi-
infinite glass substrate with the refractive index n = 1.45, and
the complex dielectric constants of gold are taken from
measured data.”* Periodic boundary conditions around a unit
cell are used to simulate the array of the plasmonic
nanostructures, and perfectly matched layers are used on the
other two sides to simulate the open space. During the FDTD
calculations, a broadband plane wave pulse (700 — 1700 nm)
with normal incidence is launched into the box containing the
target structures to simulate a propagating plane wave
interacting with the nanostructures. In order to precisely
determine the spectral line widths using the polarization state-
based method, the spectra are recalculated around the LSPRs
with a wavelength resolution of 0.05 nm.
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