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This paper reports a narrow Fano resonance of 3D nanocrescent and its application in the label-free
detection of single molecules. The Fano resonance depends not only on the gap size but also on the
height. The Fano resonance originates from the interference between the quadrupolar mode supported
by the horizontal crescent and the dipolar mode along the nanotip. When the height of 3D nanocrescent
is 30 nm, the width of Fano resonance is as narrow as 10 nm. The narrow linewidth is caused by the
strong narrow resonant absorption coming from the dipolar mode of nanotip overlapping with the
quadrupolar mode of nanocrescent, where the absorption spectra are calculated under a horizontal
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1. Introduction

Surface plasmon polaritons (SPPs), with the compact storage of
optical energy in electron oscillations concentrated at a metal/
dielectric interface, are the key to breaking down the diffrac-
tion limit of conventional optics. They have opened up a wide
range of applications, such as negative refractive index, lasing,
nonlinear optics, especially biosensing.'” Plasmonic sensors
are most widely used based on the concept of surface plasmon
resonance (SPR), which is highly sensitive to the change of the
refractive index of surrounding media. For example, the reso-
nance frequency shift of a plasmonic nanocavity upon the
adsorption or trapping of a single nanoparticle was reported by
Zhang et al.® In addition, Chen et al. studied surface-enhanced
Raman scattering via a plasmonic nanogap between two Ag
nanoparticles, which worked at the single-molecule level.’

The interaction between the nanoparticle and the resonant
optical modes within the cavity leads to a shift in the resonance
frequencies, providing a mechanism for particle sensing. It
provides rich and critical molecular information in physical,
chemical, and biological sciences.’*"” Recently, surface-
enhanced Raman scattering,'® optical microcavities,' optical
trapping in nanoholes,'” etc. were studied for the label-free
detection of single molecules (e.g., virus, protein), which
allows the object to be detected in the native state in real
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nanocrescent, the shift is as large as 4.03 nm.

time.'*"” Working at the single-molecule level represents the
ultimate practical sensitivity limit. The detection limit of the
resonance wavelength shift is of 10> nm by using a plasmonic-
photonic hybrid microcavity to detect single thyroid cancer
marker and bovine serum albumin proteins.' Trichet et al.
presented a new kind of nanotweezers based on open micro-
cavities, which opened the way to the realization of a real-time
monitoring system for reducing potential damage to biolog-
ical samples with a low intracavity power."®

Plasmonic Fano resonances arise from the coherent inter-
ference of a narrow dark mode and a much broader bright one
or a continuum, or from the hybridization between spectrally-
overlapped bright modes of nanoparticle clusters, leading to
a characteristic asymmetric line shape.”** Fano resonances are
drawing intense interest due to their promising applications in
the optical imaging, switching, nonlinear and biochemical
sensors.”** Especially, they have been shown to be much more
sensitive to the changes in geometry or local dielectric envi-
ronment than the primitive modes of the nanostructure
because of their microscopic origin as an interference
phenomenon, which highly enhances the sensitivity of localized
surface plasmon resonance sensors. For example, Cheng et al.
experimentally demonstrated ultrasensitive detection and
characterization of molecules with an asymmetric infrared
plasmonic metamaterial on account of a sharp Fano reso-
nance.” In addition, Fano-resonant response of plasmonic
metamaterials can be tuned to the vibrational modes of the
target biomolecules for ultrasensitive spectroscopy. Wu et al.
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demonstrated the identification of molecular monolayers at the
single-molecule level.** However, the significant role of
absorption is neglected.” Strong radiative and nonradiative
losses of plasmonic nanostructures will result in a broad line
width, which can restrict the sensing performance. However,
the radiation damping at Fano dip is very low, which gives rise
to a very narrow resonance linewidth and is crucial for
biosensing.”**

Nanocrescents have attracted a lot of attention because of
plasmon coupling and sharp features. Sharp-tip nanostructures
have an optical property of lightning rod effect, and can focus
the optical energy into nanoscale probe volumes, which makes
the optical processes and photochemistry at molecule level.>***
Liu et al presented a systematic theoretical study of tip-
enhanced Raman spectroscopy imaging of single molecules to
resolve intricate molecule vibrations with atomic resolution.*
The potential application in ultrasensitive biomolecular detec-
tion is due to the optical properties of polarization intensitive,
highly efficient, and tunable light harvesting.**-¢

Fano resonance is sensitive to the change of dielectric envi-
ronment and nano-tip is widely used in single molecular Raman
scattering. Based on the above two aspects, we designed a 3D
nanocrescent for the application in label-free detection of single
nanoparticles.’” The Fano resonance was attributed to the
interference between the quadrupolar mode supported by the
horizontal crescent and the quadrupolar mode supported by the
nanotip oscillating along the height direction. However, the
linewidth of Fano dip was larger than 30 nm, which restricted
the sensitivity for single molecular detection.

In this paper, we reports a narrow Fano resonance of 3D
nanocrescent and its application in the label-free detection of
single molecular. The dependences of the Fano resonance on
the height and the size of the gap of nanocrescent are studied,
and the Fano resonance is proposed to be originated from the
interference between the quadrupolar mode supported by the
horizontal crescent and the dipolar mode along the nanotip.
When the height of 3D nanocrescent is 30 nm, the width of
Fano dip is as narrow as 10 nm. The narrow linewidth is caused
by the strong narrow resonant absorption coming from the
dipolar mode of nanotip overlapping with the quadrupolar
mode of nanocrescent. The sensor based on the Fano resonance
of 3D nanocrescent is highly sensitive to a nanoparticle trapped
in the nanogap. The influences of the refractive index, size and
position of the trapped nanoparticle on the sensitivity are
studied, which are much higher than the results of ref. 37
because of the narrower Fano dip.

2. Structure model and numerical
simulation methods

The nanocrescent structure is shown in Fig. 1, where height is H
= 30 nm, outer radius is R; = 60 nm, inner radius is R, = 40 nm,
and the center distance is 0;-0, = 19 nm. The tip-to-tip gap is G
= 6 nm and the wall width of the tip is 1 nm. The nanocrescent
is made of silver with the permeability u = 1 and the complex
permittivity coming from ref. 38. The 3D nanocrescent is placed

3382 | RSC Adv., 2018, 8, 3381-3391

View Article Online

Paper

Fig. 1 Schematic diagram of the nanocrescent with the vertical inci-
dent light. The green sphere indicates the nanoparticle under
detection.

on a glass substrate with a refractive index of 1.5, and immersed
in an aqueous environment (n,, = 1.33). The electric field E of
avertical incident light (wave vector k//z axis) irradiated down to
the nanocrescent is parallel to the y axis (E//y), as shown in
Fig. 1.

The optical properties of the nanocrescent are studied by
finite element method (COMSOL) adopting adaptive mesh. A
spherical perfectly matched layer is used to absorb all outgoing
radiation and to eliminate the reflections at the domain
boundaries. During the numerical simulation, the maximum
element size of local adaptive mesh refinement is 20 nm and the
minimum is 0.2 nm.**

3. Results and discussion
3.1 Fano resonance

3.1.1 Narrow Fano resonance. The scattering and absorp-
tion spectra of nanocrescent are shown in Fig. 2. The scattering
spectrum shows a deep and narrow Fano resonance at the
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Fig. 2 The scattering and absorption spectra of nanocrescent for H =
30 nm.
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wavelength of 1050 nm with a characteristic asymmetric line
shape. The parameters of the geometric structure of the 3D
nanocrescent are same as those shown in Fig. 1. Fano resonance
was proposed to be induced by the interference between bright
superradiant and dark subradiant modes.*"**> Radiative losses at
the Fano dip were effectively suppressed due to excitation of the
dark subradiant modes, which was evaluated by the electric far
field.”® The far field of the radiation originated from the nano-
gap at the blue peak (1038 nm), Fano dip (1050 nm) and red
peak (1060 nm) are calculated. The results show that the radi-
ation at the Fano dip is only of 80% compared with the two
peaks, which is decreased by 48% if Fano resonance is absent.

What is to our surprise is that the full width at half
maximum (FWHM) of the Fano dip is very narrow, only 10 nm.
Many references reported Fano resonances with a width of
several tens of nanometers, which depends mainly on dark
mode or radiative loss and the coupling effects.>*>>%293%

3.1.2 Size dependence of Fano resonance. In order to study
the size-dependence of geometrical structures on the Fano
resonance, the gap width G is varied. At the meantime, the
separation 0;-O, changes accordingly to make sure the wall
width of tip unchanged, while other parameters keep constant.
The normalized scattering spectra for G = 5 nm, 6 nm, 7 nm,
and 8 nm are shown in Fig. 3. It is seen that for G = 5 nm the
spectrum has an asymmetric broad shape with the Fano dip of
1077 nm. When the gap increases to 6 nm, it leads to a narrow
line shape with a Fano dip at the wavelength of 1050 nm. As the
gap further increases to 8 nm, the Fano dip blue shifts to
1013 nm. This can be explained that the gap capacitance of
a spilt ring is inversely proportional to the gap size G (C = ¢S/G, ¢
is the dielectric constant of the medium filling the gap and S is
the area of the two plates), and the resonance frequency is
inversely proportional to the square root of the gap capaci-
tance.***® Therefore, as increasing the gap size G, the Fano
resonance is blue tuned correspondingly. Meanwhile, the wall
thickness of crescent increases with larger G, which also
decreases the coupling of nanotip.***** These two factors make
the Fano dips blue shift. Both the Fano spectra shape and
resonance wavelength change greatly with the gap between two
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Fig. 3 The scattering spectra as a function of the gap size G with

height H = 30 nm.
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nanotips. Similar Fano spectra were observed at the scattering
spectra of nanocrescent and cut-disk.**™** The scattering spec-
trum with a double-peak Fano shape was supported by a cut-
disk particle due to the interference between two horizontal
modes, the bright dipolar mode of the slit disk and the dark
quadrupolar modes of the narrow split gap.*

In addition, Wu et al. found that two distinct peaks in the
plasmon band began to emerge with a proper thickness of the
crescent-shaped nanohole antenna, which stressed that the
resonance was not purely a two-dimensional effect.** Therefore,
it is necessary to study the influence of height on the Fano
resonance.

The scattering spectra and charge distributions are studied
by changing the height of nanocrescent from 25 to 35 nm, as
shown in Fig. 4. For height H = 25 nm, the scattering spectrum
exhibits a nearly uncoupled plasmonic modes, shown in
Fig. 4(a). The main peak appears at 1084 nm, and a very weak
peak at 991 nm with little spectral overlap. The charge distri-
bution shows a quadrupolar mode except for a little hybrid-
ization shown in Fig. 4(b-d). When the height increases to H =
28 nm, the Fano dip shifts to 1030 nm and FWHM is 33 nm. The
charge distribution shows a vertical dipolar mode along the
nanotip shown in Fig. 4(f). When the height increases to H =
30 nm, the Fano resonance is perfectly excited. The charge
distributions are shown in Fig. 4(i). Similar to the height H =
25 nm, the plasmonic modes nearly uncoupled each other for
height H = 35 nm. With the height increasing, the Fano dip red
shifts and the charge distribution shows a clearly vertical
dipolar mode along the nanotip shown in Fig. 4(f, i, | and o). In
a word, the peak of the quadrupolar mode is blue-shifted with
the height increasing because of the dispersion relation of the
nanostructure plasmon, and the gradual red shift of Fano dip is
mainly caused by the increase in the capacitance of the spilt
gap.39,40

In addition, there is only a quadrupolar mode supported by
nanocrescent when the height H = 20 nm and no Fano inter-
ference is present. The 2D nanocrescent was calculated. The
quadrupolar mode was a single peak without any spilt because
of no vertical charge oscillation along the nanotip.*

These results indicate that Fano resonance is observed for
appropriate height. The charge distributions and the spectra
demonstrate that the greater the thickness is, the longer the
resonance wavelength is. The origin of the Fano resonance is
due to the interference between a horizontal quadrupolar mode
supported by the crescent and the vertical dipolar mode along
the nanotip.

The spectral features associated with the charge distribu-
tions provide a clear picture regarding the origin of the Fano
resonance, which can be explained that the quadrupolar reso-
nance mode of the nanocrescent is effectively excited by normal
incident light. It further excites resonantly the vertical dark
mode. The vertical dipolar mode interferes strongly with the
horizontal quadrupolar resonance mode of the nanocrescent,
forming the narrow deep Fano resonance. Recently, Pellarin
et al. reported Fano resonance of nanocube dimers, which is
caused by the destructive interference in the strong coupling
between a highly localized modes and a highly radiating

RSC Adv., 2018, 8, 3381-3391 | 3383
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Fig. 4 The scattering spectra (a) and charge distribution for height H =
25 nm, 28 nm, 30 nm, 32 nm, and 35 nm. The charge distributions at
the blue peak (b), Fano dip (c) and red peak (d) for H = 25 nm; the blue
peak (e), Fano dip (f), and red peak (g) for H = 28 nm. The blue peak (h),
Fano dip (i), and red peak (j) for H = 30 nm. The blue peak (k), Fano dip
(1), and red peak (m) for H = 32 nm. The blue peak (n), Fano dip (0), and
red peak (p) for H = 35 nm.

longitudinal dipolar plasmon of the dimer.”® In addition, Liu
et al. studied Fano resonances of 3D plasmonic structures
formed by integrating vertical U-shape spilt-ring resonators
along a planar metallic hole array. The surface plasmon polar-
itons of the metallic hole array excited by normal incident light
can efficiently activate vertical electric currents (dark mode) in
the vertical spilt-ring resonators. The vertical spilt-ring resona-
tors interfered with the metallic hole array, and induced the
deep Fano resonance.*® Similarly, the Fano resonance of the
3D nanocrescent is originated from the strong interference
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between the horizontal quadrupolar mode of the nanocrescent
and the vertical dipolar mode along the nanotip.

3.1.3 Polarization dependence of Fano resonance. The size
dependences indicate that the Fano resonance is due to the
interference between the vertical dipolar mode along the
nanotip and a horizontal quadrupolar mode supported by the
crescent. To better support this mechanism, the dependence of
Fano resonances on the incident light polarization is per-
formed. Fig. 5 shows the scattering spectra for normal incident
light, while the polarization angle « changes from 0° to 90°.
Here o = 0° (90°) corresponds to E//x(y) direction. For e = 0°, the
scattering spectra display only a strong dipolar mode at
1152 nm and a weak peak at 878 nm. No Fano resonance is
observed. As « increases to 30°, a new Fano-shape resonance at
1049 nm emerges between the two scattering peaks, which is
due to the y-component of electric field. The Fano-shape reso-
nance becomes stronger as « increases to 45°. A deep, narrow
and strongest Fano resonance appears for a = 90°. These results
display that the Fano-shape resonance only can be excited by
the y-component of the electric field and the x-component
cannot, which is determined by the surface plasmon modes.**
These results further support the mechanism that Fano reso-
nance is due to the interference between the vertical dipolar
mode along the nanotip and a horizontal quadrupolar mode
supported by the nanocrescent.

3.2 The dark mode

3.2.1 The narrow absorption spectra. In order to explain
the mechanism of Fano resonance, the direction of incident
light is changed along with x direction and the electric field £
along with y direction, which can excite the dark mode in the
vertical direction. The absorption spectra and charge distribu-
tions for the height in the range of 25 to 32 nm are shown in
Fig. 6. For height H = 25 nm, the absorption spectrum has two
peaks at 992 and 1084 nm. The charge distribution indicates
that peak at 1084 nm is a quadrupolar mode and the other
shows hybrid mode in the vertical direction shown in
Fig. 6(a-d). The spectra are less overlap and the modes are weak
coupling. When the height increases to 28 nm, the absorption
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Fig. 5 The scattering spectra at normal incidence illumination with
different polarization angles.
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Fig. 6 The absorption spectra (a) and charge distribution for height H
=25nm, 28 nm, 30 nm, 32 nm, and 35 nm. The charge distributions at
the blue peak (b), Fano dip (c) and red peak (d) for H = 25 nm; the blue
peak (e), Fano dip (f), and red peak (g) for H = 28 nm. The Fano dip (h—})
for H=29.5nm, H= 30 nm. H = 30.5 nm, respectively. The blue peak
(k), Fano dip (), and red peak (m) for H = 32 nm.

spectrum is spilt, indicating the distinctly asymmetric Fano
resonance. The charge distribution shows that the charge
oscillates up and down to form dipolar mode in the vertical
direction at the Fano dip, and only slightly hybrid modes
happen at two peaks shown in Fig. 6(e-g), which indicates that
the Fano resonance is formed by the interference of dipolar
mode in the vertical direction and quadrupolar mode in the
horizontal direction. For height # = 30 nm, the absorption
spectrum is only a narrow asymmetric resonance peak with the
FWHM = 37 nm, which corresponds to the scattering dip at the
same wavelength, and the charge shows a clearly quadrupolar
mode in the horizontal direction and dipolar mode in the
vertical direction in Fig. 6(i). The narrow strong absorption peak
is thought to be generated by spectra superposition of two
modes, caused by resonance.

This journal is © The Royal Society of Chemistry 2018
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When the height is 30.5 nm, the spectrum with the FWHM =
39 nm is hybridization because of strong coupling. When the
height increases to 32 nm, the absorption spectrum shows
a Fano-shape again. Especially, it is only quadrupolar mode at
short or long wavelength when it is far away from Fano reso-
nance for every height, which indicates again the Fano-shape is
generated by the coupling. When the height is 60 nm, it is two
quadrupolar modes that interfere with each other to generate
Fano resonance, but the height supports high-order mode and
complex hybridization, causing a wide linewidth.*” As a result,
the Fano resonance is highly depended on the height. The
greater the height is, the longer the resonance wavelength is. In
the end, Fano resonance is observed for appropriate height
when other parameters constant, which indicates that the
origin of the Fano resonance is due to the interference between
the vertical dipolar mode along the nanotip and the horizontal
quadrupolar mode supported by the crescent.

The peak of the absorption spectra for H = 30 nm is gener-
ated by the superposition of the two modes, which generates
a narrow linewidth by strong resonance. In addition, the
intensity of the absorption spectrum for height # = 30 nm is the
most strong normalized by the incident light, which indicates
that the optical absorption efficiency is at a high level.

3.2.2 The origin of narrow linewidth. To better understand
the strong narrow linewidth, we introduce a simple mathe-
matical mode to fit the Fano lineshape as following.**?**

3.2.2.(i) A mathematical mode for Fano resonance. The reso-
nance in the entire system is given by the product of asymmetric
and symmetric resonances.

Ftolal = Fan [1)

The Fano-like resonance with an asymmetric shape is func-
tioned as:

_ (‘I’Yl +A—11)2
F.(%) _d+7@_}1)2+712 (2)

The symmetric Lorentzian lineshape is function as:

FS(A) = l e
T (h=2) 4+ (1)

where A; and v, (i = 1, 2) are the central wavelength and a half of
the linewidth of the resonance, respectively. q is Fano parameter
describing the degree of asymmetry, and d and f are constant
factors describing the background and the overall peak height,
respectively. The 3D nanocrescent is used as like-atom system
for simplifying calculation. The coupling between asymmetric
shape and symmetric shape gives rise to the absorption
spectra.

The spectra coming from numerical simulation and fit with
mathematical formula for height H = 28 nm are shown in Fig. 7.
The fit result makes an agreement with the numerical simula-
tion, which indicates the reasonability of the mode. A; =
1026.75 nm is the position of an asymmetric, narrow line and 14,
= 1061.64 nm is the position of a symmetric, broad one. A dip

(3)
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Fig. 7 The spectra for height H = 28 nm. (Black solid) numerical
simulations; (red dot) fit with eqn (1) Fiotar.

emerges in the spectrum at wavelength of 1037.83 nm, resulting
in a Fano lineshape. The Fano profile is a consequence of the
interaction between a narrow mode and a wide mode from the
detailed fit with eqn (1). ¢ = 3.85 describes the degree of
asymmetry.

The function fitting to the Fano profile with different heights
is shown in Fig. 8. The Fano profile takes the form of a pseudo-
Lorentzian when the height is 30 nm with ¢ = —0.95 shown in
Fig. 8(b). The value of A, is 1050.85 nm and A, is 1046.41 nm.
When the height is H = 32 nm, the value of 4, is 1070.81 nm and
Ay is 1035.92 nm. The lineshape for ¢ = —4.1 distinctly shows
strong asymmetry shown in Fig. 8(c). Compared with the
spectra for height H = 30 nm, the absorption spectrum becomes
wider because of complicate hybridization for height H =

357 3.5
——simulation -9 ["'—— simulation
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Fig. 8 The spectra for height H =29.5 nm (a), H =30 nm (b), and H =
32 nm (c). (d) g as a function of height. (a—c) (Black solid) numerical
simulations; (red dot) fit with egn (1) Fiota.
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29.5 nm. The value of 4; is 1042.46 nm and 4, is 1053.08 nm,
and g is 1.55 shown in Fig. 8(a). As the height is 30 nm, the value
of A; is in close proximity to 4,, which indicates the strong
resonance occurring when the asymmetric narrow mode nearly
overlaps with the symmetric broad one.

The sign of g determines the fast rise of the line shape is on
the low or high-energy side of the central wavelength of bright
mode. g varies in the range of —4.1 to 6.3 with height increasing
shown in Fig. 8(d). The absolute value of g decreases first and
then increases, i.e. the asymmetry of resonance becomes weak
and strong again, as shown in Fig. 8(a-c). When the height is H
= 32 nm, absolute value of q is larger than 4.0, the lineshape
shows distinctly asymmetry. For small absolute values of g (g =
—0.95), the Fano profile takes nearly the form of a symmetric
lineshape when the height is 30 nm. However, the value of g is
not equal to 0, which indicates the lineshape is somewhat
asymmetric being the result of coupling.

As a result, a simple mathematical mode indicates the Fano
resonance arises from the interference of an asymmetric narrow
resonance and a symmetric broad resonance. The line width of
the resonance is mainly decided by the modes coupling.
Importantly, the narrow linewidth of the absorption spectra is
caused by strong resonance because of the two modes nearly
overlapping when the height is H = 30 nm.

3.2.2.(ii) The reason of narrow linewidth of absorption spectra.
In order to better comprehend the narrow linewidth of
absorption spectra, the wavelength 4; is changed with other
parameters constant as mentioned above for height H = 28 nm.
The wavelength A; of the asymmetric narrow line changes is
changed from 1240.0 nm to 1016.39 nm, while A, keeps at
1061.64 nm. The spectra are shown in Fig. 9. When 4, is at
1240.0 nm, the main peak appears at 1061.0 nm and a very weak
peak at 1237.23 nm, which indicates the two modes are less
coupling. As A; decreases to 1117.12 nm, a shallow dip appears.
Surprisingly, it is only a peak when A; is in the range of
1078.26 nm to 1050.83 nm. The spectra are clearly hybridized at
the wavelength of 1050.83 nm and 1078.26 nm with the FWHM
being 32 nm and 20 nm, respectively. As A; moves to
1059.83 nm, very close to A, = 1061.64 nm, the absorption peak
is the most strong, and the FWHM is the most narrow, only

8
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——1117.12nm
6l ~+=:-1097.35 nm
ji ----1078.26 nm
2 ' ——1059.83 nm
® ' — — 1050.83 nm
s 4r ' ----1033.33 nm
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Fig. 9 The spectra as a function of A;.
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17 nm. These results indicate the two modes overlap well and
strong resonant absorption happens.

By fitting the analytical formula to the numerical simula-
tions, the line shape of Fano resonance matches well with the
spectra shown in Fig. 6(a). However, the intensity of the reso-
nance absorption spectrum is much higher and the FWHM is
far narrower than those of numerical simulation results. The
reason is that only the interference is taken into consideration
in eqn (1)-(3), while other factors, such as the hybridization
caused by the height, the asymmetry parameter, and so on are
neglected. In consequence, the reason of the narrow linewidth
for the absorption spectra at the height H = 30 nm can be
concluded that the spectra between the dipolar mode in the
vertical direction and quadrupolar mode in the horizontal
direction overlap and the strong resonance occurs.

4. The application of nanocrescent in
plasmonic sensing
4.1 The detection of nanoparticle

Nanocrescent is a typical plasmonics, which is widely used in
ultrasensitive biomolecular detection, especially for single-
molecule detection.**® Fano resonance structure becomes
more and more interesting for detecting single molecule.”*?®
Furthermore, narrow Fano dip is demanded to achieve low limit
of detection in the biochemical sensing platforms. In the
following, we will study the detection of single nanoparticles
trapped in the nanogap by using the Fano resonance.

The detection of protein molecules or virus based on the
coupling of surface plasmon polaritons in metallic nano-
structure offers significant opportunity in the field of medical
research and clinical diagnostics.’®>'*"” In our model, the
green sphere indicates the protein under detection as shown in
Fig. 1. The refractive index of protein nanoparticle is set as 1.5
for different types of proteins changing slightly in the range of
1.45-1.5 and the radius is set as 2.5 nm to fit the 3-8 nm thick
monolayer of protein.'?*** In order to avoid computation
errors due to re-meshing the geometry, we simply set the
refraction index of the nanoparticle domain to be that of water
in the case of no nanoparticle.

The narrow Fano dip has a great influence on the sensitivity.
When a protein is trapped in the gap, Fig. 10 shows that there is
a resonance shift of 4.03 nm that is 5 orders of magnitude
higher than the detection limit.** The resonance shift is calcu-
lated at the long wavelength side of the Fano dip. The spectral
shifts can be more easily distinguished due to the sharper
resonance. The parameters of the geometric structure of the 3D
nanocrescent are same as those shown in Fig. 1. For the
nanocrescent with height H = 60 nm, the dark mode is the
quadrupolar mode supported by the nanotip oscillating along
the height direction.?” The wavelength shift is 1.86 nm when the
nanoparticle (r = 2.5 nm) is trapped in the nanogap, which is
less than a half of the nanocrescent with H = 30 nm. Compared
with the spilt ring with the same size except for the sharp tip,
the sensitivity of the 3D nanocrescent is improved by several
times of magnitude due to the narrow linewidth at the Fano dip,
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Fig. 10 The scattering spectra with nanoparticle (r = 2.5 nm) trapped
by the nanocrescent for H = 30 nm (a) and H = 20 nm (b).

which indicates that the Fano resonance is very sensitive to
a trapped nanoparticle and holds promise for the ultrahigh
sensitivity.

In addition, in order to interpret the sensitivity dependence
on the Fano resonance, the phenomenon of no Fano resonance
is also studied. When the height is 20 nm, the Fano resonance
disappears because the height cannot support vertical dipolar
mode, as shown in Fig. 10(b). The wavelength shift is only
1.08 nm when the nanoparticle is trapped by the nanocrescent,
and it is only a quarter by using Fano resonance of 3D
nanocrescent.

Label-free single-molecule detection based on optical trap-
ping has great potential in microbiology applications because of
its ability to trap tiny bioparticles without inducing damage.***
Trichet et al. presented a new kind of nanotweezers based on
open-access microcavities with the abilities of situ detection,
trapping, and measurement of the polarizability along with the
trap strength, which opens the way to the realization of a real-
time monitoring system for single nanoparticle properties.*®
In our model, the 3D nanocrescent is also an open microcavity.
The quality factor (Q) is defined as Q = A/AA, where 4 is the
central wavelength of the Fano resonance and A2 is the differ-
ence between the scattering peak and dip.*® For H = 30 nm and
G = 6 nm, Q is as high as 105 because of the suppressed radi-
ative loss of the Fano resonance, as shown in Fig. 11. The spilt of
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Fig. 11 The wavelength shift and Q as a function of the gap width G.

nanocrescent provides a confined optical mode and nano-
particles can directly diffuse to the region with the highest
electromagnetic field, which can determine the optical response
to an electromagnetic field. In one word, the sensor by using
a Fano resonance of 3D nanocrescent is high sensitivity caused
by a narrow linewidth and can provide a real-time detection
system for single nanoparticles in the future.

4.2 The sensitivity of 3D nanocrescent

The metallic tip, which can resonate with the local mode of the
surface plasmon, can provide high-sensitive and high-spatial-
resolution optical analytical approach, which would help its
application for single-molecule investigations into intra-
molecular coupling, structure, and vibrational dynamics.****
The gap width has an influence on the Fano resonance. Fig. 11
shows the wavelength shift and Q as a function of the gap width
when a protein with radius of 2.5 nm is trapped. The wavelength
shift is 2.30 nm when the gap is 8 nm. With the gap decreasing,
the wavelength shift increases. The wavelength shift increases
to 5.43 nm when the gap is 5 nm. The resonance wavelength
shift becomes larger with gap decreasing. This can be explained
that the coupling of spilt reduces with the increasing of G,
causing the weak coupling between the resonance modes of the
nanocrescent and nanotips.****

With the gap increasing, Q is reduced, similar to the wave-
length shift, which is because the Fano dip becomes wider, as
shown in Fig. 3. The sensitivity is highly dependent on Q. The
larger Q is, the higher the sensitivity is. The reason is that the
radiation loss of Fano resonance is more suppressed and the
electric field is greater enhanced in the narrower gap.

To study the detection limit, the size and shape of nano-
structure have been optimized. The nanostructure with height
30 nm and gap 6 nm is chosen due to the Fano profile and stable
sensitivity. In the following, we will study the detection of
different analytes.

Fano-resonant metamaterials are highly sensitive to changes
in geometric parameters and the refractive indices of the
surrounding medium. Recently, the molecule detection based
on an asymmetric Fano profile has drawn more and more
attentions.>®?® Cheng et al. reported ultrasensitive detection and
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characterization of polymer molecules based on a sharp, non-
radiative Fano resonance caused by an asymmetric infrared
plasmonics metamaterial.*® Apart from biological molecules,
the detections of polymer or semiconductor nanoparticles with
refractive index in the range of 1.7-3 were widely studied.®*?*
Fig. 12(a) displays the scattering spectra for nanoparticle (r =
2.5 nm) with different refractive indices trapped in the gap. The
parameters of the geometric structure of the 3D nanocrescent
are same as those shown in Fig. 1. The scattering spectra are red
shift with refractive index increasing. The wavelength shift is
8.70 nm, 15.77 nm, 27.14 nm, and 37.04 nm when the refractive
index of nanoparticle is 1.7, 2.0, 2.5, and 3.0, respectively. The
wavelength shift increases linearly with the refractive index and
the relation is AA = 22.10n — 28.80.

Figure of merit (FOM) is used to evaluate the overall
performance of sensors, which is defined as S/FWHM. S = 81/dn
is the refractive index sensitivity equalled to spectral shift per
refractive index unit (RIU).® In Fig. 12(b), the sensitivity S =
22.12 nm RIU™' and FOM = 2.2 for single nanoparticle with
a radius of 2.5 nm are evaluated.

In order to further compare the ability of detection of 3D
nanocrescent, the sensor characteristics of crescent without
Fano resonance are estimated.** The sensitivity is 0.288 nm
RIU™" for a single nanoparticle with radius of 2.5 nm trapped,
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Fig. 12 (a) The scattering spectra with different refractive indices of
nanoparticles, (b) the wavelength shift as a function of refractive
index n.
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which is nearly 2 orders of magnitude less than the sensitivity of
3D nanocrescent we designed. And FOM is 0.00169, which is
more than 3 orders less. The sensor of two Ag nanoparticles
with a 2 nm gap was studied theoretically.” The sensitivity and
FOM are 2.05 nm RIU ' and 0.026, less than those of the
3D nanocrescent by 1 order and 2 orders of magnitude,
respectively.

The sensitivity dependence on the size of nanoparticle varied
from 0.3 nm to 2.5 nm provides an opportunity to investigate
the ultimate detection limit, as shown in Fig. 13. The wave-
length shift is 0.277 nm, 0.951 nm, 1.141 nm, 2.364 nm,
4.027 nm, and 6.290 nm when the radius of protein is 0.5 nm,
1.0 nm, 1.5 nm, 2.0 nm, 2.5 nm, and 3.0 nm, respectively. The
linear fitting of the logarithmic dependences shows a relation of
A) = 0.826 x r®72, It is predicted the wavelength shift is
0.018 nm when the radius is only 0.1 nm, which is still much
larger than the detection limit of biosensor platform.™ In our
model, the quantum effect in the plasmonic system is out of our
scope.

It is interesting that the wavelength shift of the nanocrescent
is highly dependent on the size of trapped nanoparticle. The
reason is that with the size increasing, the effective permittivity
between the nanotips is changed, and the effective capacitance
changes accordingly, which further results in the increasing of
nanocrescent sensitivity.’” Zijlstra et al. reported the optical
detection of single molecules using the surface plasmon reso-
nance of a gold nanorod. They found that the wavelength shift
per molecule increased with the molecular weight.*” Li et al.
studied the Fano interference-induced force owing to the phase
sensitivity of the interference between adjacent plasmon modes
in the particle.”® They found the Fano scattering force is ultra-
sensitive to the particle size, and showed the possibility of size
selection of plasmonic nanoparticles with an accuracy of 10 nm.

The resonance shift upon the changes of local environment
around the trapped nanoparticle provided guidelines for
analyzing and further developing efficient active plasmonic
devices.*>** We study the wavelength shift of Fano resonance
when the nanoparticle is trapped at different locations d as
sketched in the set in Fig. 14. When d changes from 0 to 1 nm,

Wavelength shift (nm)
O

1 2 3 4
Radius (nm)

Fig. 13 The wavelength shift as a function of the radius of
nanoparticle.
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3 nm and 5 nm, the spectra shift by 4.03 nm, 3.30 nm, 1.05 nm,
and 0.45 nm, respectively. The Fano dips become shallower
accordingly. The reason is that the field enhancement is largest
for d = 0 nm, and it decreases rapidly with larger d.%°*
Therefore, the location of the trapped nanoparticle influences
the sensitivity of the 3D nanocrescent.

In one word, the high sensitivity and figure of merit mainly
take advantages of the strong narrow resonant absorption of
dark mode, which further causes a very narrow Fano dip. These
are very useful for realizing high-resolution plasmonic biosen-
sors and achieving low limit of detection.>?

In our model, the wall width of the tip is at the order of 1 nm,
the nonlocal effect might come into appear, which cannot be
effectively described by the simple hybridization scheme. Ciraci
et al. studied the limits of plasmonic enhancement in a system
containing a film-coupled Au nanosphere above a gold film.
When the film thickness decreased to 1 nm, nonlocality effect
caused the reduction of field enhancement and blueshift of the
resonant wavelength compared to the local theoretical predic-
tion.>® However, for a realistic value of the nonlocal parameter
of 1.0 x 10° m s™', theoretical and experimental results indi-
cated that the field enhancement and the resonant frequency
are both change slightly, which means a slight reduction of
sensitivity.

5. Conclusions

In this paper, we study a narrow Fano resonance of 3D nano-
crescent and its application in single-molecular detection. The
Fano resonance depends not only on the gap size but also on the
height. The Fano resonance originates from the interference
between the quadrupolar mode supported by the horizontal
crescent and the dipolar mode supported by the nanotip oscil-
lating along the height direction. By introducing a mathemat-
ical model based on the physical generation mechanisms of the
Fano lineshape, we studied the physical mechanism respon-
sible for the formation of the narrow Fano lineshape of the
absorption spectra under a horizontal incident light. The
narrow linewidth is due to strong resonant absorption because
of the dipolar mode in the vertical direction overlapping
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perfectly with the quadrupolar mode in the horizontal direc-
tion, causing a narrow Fano resonance in the scattering spectra.
When the height is H = 30 nm, the linewidth is as narrow as
10 nm.

The narrow Fano resonance is highly sensitive to a single
nanoparticle trapped by the nanocrescent, which increases the
overall figure of merit. The wavelength shift is 4.03 nm as
a protein nanoparticle with radius of 2.5 nm is trapped by the
nanocrescent. The wavelength shift increases linearly with the
refractive index with the relation of AA = 22.10n — 28.80, and
increases with the size of trapped nanoparticle following
arelation of AX = 0.826 x r"®”%, These provide a real-time label-
free detection system for single nanoparticles in the future.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work is supported by the National Natural Science Foun-
dation of China (grant no. 11474097, 11374099, 11274116), and
the Open Fund of the State Key Laboratory of High Field Laser
Physics (Shanghai Institute of Optics and Fine Mechanics).

Notes and references

1 T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio and
P. A. Wolff, Nature, 1998, 391, 667-669.
2 D. R. Smith, J. B. Pendry and M. C. K. Wiltshire, Science,
2004, 305(5685), 788-792.
3 M. A. Noginov, G. Zhu, A. M. Belgrave, R. Bakker,
V. M. Shalaev, E. E. Narimanov, S. Stout, E. Herz,
T. Suteewong and U. Wiesner, Nature, 2009, 460, 1110-1112.
4 B. Wang, W. Huang and L. Wang, RSC Adv., 2017, 7, 42956-
42963.
5 B. Metzger, M. Hentschel and H. Giessen, ACS Photonics,
2016, 3, 1336-1350.
6 B. Caballero, A. Garcia-Martin and J. C. Cuevas, ACS
Photonics, 2016, 3, 203-208.
7 S. Liu, X. Qi, W. Zhai, Z. Chen, W. Wang and ]. Han,
Nanoscale, 2015, 7, 20171-20179.
8 W. Zhang and O. J. F. Martin, ACS Photonics, 2015, 2, 144—
150.
9 B. Chen, C. Zhang, J. Li, Z. Li and Y. Xia, Nanoscale, 2016, 8,
15730-15736.
10 S. Nie and S. R. Emory, Science, 1997, 275, 1102-1106.
11 F. Vollmer and S. Arnold, Nat. Methods, 2008, 5(7), 591-596.
12 Y. Pang and R. Gordon, Nano Lett., 2012, 12, 402-406.
13 J. Su, A. F. G. Goldberg and B. M Stoltz, Light: Sci. Appl., 2016,
5, €16001.
14 V. R. Dantham, S. Holler, C. Barbre, D. Keng, V. Kolchenko
and S. Arnold, Nano Lett., 2013, 13, 3347-3351.
15 I. Ament, J. Prasad, A. Henkel, S. Schmachtel and
C. Sonnichsen, Nano Lett., 2012, 12, 1092-1095.
16 J. O. Arroyo and P. Kukura, Nat. Photonics, 2016, 10, 11-17.

3390 | RSC Adv., 2018, 8, 3381-3391

View Article Online

Paper

17 M. D. Baaske, M. R. Foreman and F. Vollmer, Nat.
Nanotechnol., 2014, 9, 933-939.

18 A. A. P. Trichet, P. R. Dolan, D. James, G. M. Hughes,
C. vallance and J. M. Smith, Nano Lett., 2016, 16, 6172-6177.

19 B. Luk'yanchuk, N. I. Zheludev, S. A. Maier, N. J. Halas,
P. Nordlander, H. Giessen and C. T. Chong, Nat. Mater.,
2010, 9, 707-715.

20 M. Pellarin, J. Ramade, ]J. M. Rye, C. Bonnet, M. Broyer,
M. Lebeault, J. Lermé, S. Marguet, J. R. G. Navarro and
E. Cottancin, ACS Nano, 2016, 10, 11266-11279.

21 Z. Yang, J. Phys. Chem. C, 2016, 120, 21843-21849.

22 S. Zhang, D. A. Genov, Y. Wang, M. Liu and X. Zhang, Phys.
Rev. Lett., 2008, 101, 047401.

23 M. Hentschel, D. Dregely, R. Vogelgesang, H. Giessen and
N. Liu, ACS Nano, 2011, 5(3), 2042-2050.

24 S. Zhang, K. Bao, N. J. Halas, H. Xu and P. Nordlander, Nano
Lett., 2011, 11, 1657-1663.

25 F. Cheng, X. Yang and J. Gao, Sci. Rep., 2015, 5, 14327.

26 C. Wu, A. B. Khanikaev, R. Adato, N. Arju, A. A. Yanik,
H. Altug and G. Shvets, Nat. Mater., 2012, 11, 69-75.

27 X. Liu, Y. Huo, M. Wang, S. Gao, C. Zhang, T. Ning, S. Jiang,
P. Xiong and B. Man, RSC Adv., 2016, 6, 81757-81762.

28 D. Yang, S. Im, G. Pan, S. Ding, Z. Yang, Z. Hao, L. Zhou and
Q. Wang, Nanoscale, 2017, 9, 6068-6075.

29 Y. Zhan, D. Lei, X. Li and S. A. Maier, Nanoscale, 2014, 6,
4705-4715.

30 P. Liu, D. V. Chulhai and L. Jensen, ACS Nano, 2017, 11,
5094-5102.

31 K. D. Park, E. A. Muller, V. Kravtsov, P. M. Sass, J. Dreyer,
J. M. Atkin and M. B. Raschke, Nano Lett., 2016, 16, 479-487.

32 Y. Zhang, T. Jia, D. Feng and Z. Xu, Appl. Phys. Lett., 2011, 98,
163110.

33 J. Kim, G. Liu, Y. Lu and L. P. Lee, Opt. Express, 2005, 13(21),
8332-8338.

34 Y. Lu, G. Liu, J. Kim, Y. X. Mejia and L. P. Lee, Nano Lett.,
2005, 5(1), 119-124.

35 T. Wu, S. Yang and X. Li, J. Phys. Chem. C, 2013, 117, 8397-
8403.

36 Y. Wang, W. Zhou, A. Liu, W. Chen, F. Fu, X. Yan, B. Jiang,
Q. Xue and W. Zheng, Opt. Express, 2011, 19(9), 8303-8311.

37 C. Zheng, T. Jia, H. Zhao, Y. Xia, S. Zhang, D. Feng and
Z. Sun, Plasmonics, 2017, DOI: 10.1007s11468-017-0611-4.

38 P. B. Johnson and R. W. Christy, Phys. Rev. B: Solid State,
1972, 6(12), 4370-4379.

39 Q. Zhang, X. Wen, G. Li, Q. Ruan, J. Wang and Q. Xiong, ACS
Nano, 2013, 7(12), 11071-11078.

40 S. M. Kandil, I. A. Eshrah, 1. S. Elbabli, A. Ashraf and
H. Badawi, Opt. Express, 2016, 24(26), 30201-30214.

41 L. Y. Wu, B. M. Ross and L. P. Lee, Nano Lett., 2009, 9(5),
1956-1961.

42 G. Sartorello, N. Olivier, J. Zhang, W. Yue, D. J. Gosztola,
G. P. Wiederrecht, G. Wurtz and A. V. Zayats, ACS
Photonics, 2016, 3, 1517-1522.

43 Z.Liu, Z. Liu, J. Li, W. Li, J. Li, C. Gu and Z. Li, Sci. Rep., 2016,
6, 27817.

44 Z. Li, T. Shegai, G. Haran and H. Xu, ACS Nano, 2009, 3(3),
637-642.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra12666b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 19 January 2018. Downloaded on 7/14/2025 1:19:44 PM.

(cc)

Paper

45 G. Raschke, S. Kowarik, T. Franzl, C. Sonnichsen, T. A. Klar
and J. Feldmann, Nano Lett., 2003, 3, 935-938.

46 R. C. Stan, A. Kros, J. Appel and N. J. M. Sanghamitra, J. Phys.
Chem. C, 2016, 120, 7639-7645.

47 P. Zijlstra, P. M. R. Paulo and M. Orrit, Nat. Nanotechnol.,
2012, 7, 379-382.

48 G. Sun, L. Yuan, Y. Zhang, X. Zhang and Y. Zhu, Sci. Rep.,
2017, 7, 8128.

49 A. Unger and M. Kreiter, J. Phys. Chem. C, 2009, 113, 12243-
12251.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

50 Z. Li, S. Zhang, L. Tong, P. Wang, B. Dong and H. Xu, ACS
Nano, 2014, 8(1), 701-708.

51 W. Zhang, L. Huang, C. Santschi and O. J. F. Martin, Nano
Lett., 2010, 10, 1006-1011.

52 M. Rahmani, D. Lei, V. Giannini, B. Lukiyanchuk,
M. Ranjbar, T. Y. F. Liew, M. Hong and S. A. Maier, Nano
Lett., 2012, 12, 2101-2106.

53 C. Ciraci, R. T. Hill, J. J. Mock, Y. Urzhumov, A. I. Fernandez-
Dominguez, S. A. Maier, J. B. Pemdry, A. Chilkoti and
D. R. Smith, Science, 2012, 337(6098), 1072-1074.

RSC Aadv., 2018, 8, 3381-3391 | 3391


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra12666b

	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles

	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles

	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles
	Theoretical study on narrow Fano resonance of nanocrescent for the label-free detection of single molecules and single nanoparticles


