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1. Introduction

Fano resonances, typically manifested themselves as asym-
metric lineshapes, are a universal phenomenon observed in 
different branches of physics.[1] Ugo Fano, who provided the 
first general interpretation for such peculiar profiles, intro-
duced the shape parameter q to account for the ratio of the 
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transition probability to the discrete state 
and that to the continuum in an atomic 
system.[2] Since Fano resonances with 
different spectral features can be fitted 
by using Fano’s formula, the asymmetry 
parameter q is an important quantity that 
links the observable far-field signal to 
the local light–matter interaction taking 
place at the nanoscale.[1,3–7] As a result, 
the variation of Fano lineshape has been 
widely exploited to realize biochemical 
sensing at the subwavelength scale.[8–14] 
Benefiting from the rapid development of 
nanofabrication technology, the manipula-
tion of the Fano resonances in nanoscale 
structures has become a flourishing field 
in nanophotonics.[3,4] In particular, plas-
monic oligomers are found to be a versa-
tile platform for generating, investigating, 
and manipulating Fano resonances that 
provide significant enhancement in both 
electric and magnetic fields.[15–17] However, 
plasmonic nanostructures suffer from 
severe dissipative losses in the visible 

light spectrum, leading to the Fano resonances with low-quality 
factors.

In recent years, optically resonant dielectric nanostructures 
have been demonstrated to be a more promising platform to 
engineer low-loss Fano resonances.[18–22] More importantly, the 
coexistence of electric dipole (ED) and magnetic dipole (MD) 
resonances in a single dielectric nanoparticle offers the oppor-
tunity to manipulate the coherent interplay between them that 
has already inspired all-dielectric-based solutions to directional 
scattering[23–25] and metasurfaces for efficient wavefront con-
trol and beam shaping.[26] Such a dielectric nanocavity can also 
be integrated with a plasmonic substrate that offers additional 
degrees of freedom to manipulate the optical response of a 
hybrid system,[27–33] similar to their plasmonic counterparts.[34] 
So far, the methods used to modify the spectral features of 
the Fano resonances in both plasmonic and dielectric sys-
tems rely mainly on the geometrical deformation during the 
fabrication process[18,19,35] and the modification of dielectric 
environment.[11,36–38] A few strategies for manipulating the 
lineshapes of Fano resonances have been reported, such as 
applying uniaxial mechanical stress,[39] femtosecond-laser-
induced reshaping of oligomers,[40] and the employment of the 
Mueller matrix formalism.[41]

The spectral lineshape of an optical Fano resonance is deter-
mined by the asymmetry parameter q that encodes the phase 
shift between the involved subradiant (dark) and superradiant 
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(bright) modes. In nanophotonics, it is very difficult to change 
the resonant frequency of the nanocavity (subradiant mode) 
without modifying the geometric parameters to acquire such a 
phase shift.[42] As an alternative, shifting the superradiant mode 
while fixing the subradiant mode could be an effective way to 
modify the lineshape of the Fano resonance.

In this article, we show both numerically and experimen-
tally the modification in the lineshape of a Fano resonance in 
the visible light spectrum realized by exploiting the sensitivity 
of the surface plasmon polaritons (SPPs) to the angle of the 
incident light or the refractive index of the environment. We 
reveal that the Fano resonance arises from the destructive inter-
ference between the subradiant and superradiant modes, which 
originate from the substrate-induced interaction of the ED and 
MD excited in a high-index dielectric nanoparticle. In particular, 
we experimentally demonstrate that effective manipulation of 
Fano lineshape[43] can be realized within 2° change of the inci-
dence angle or with 0.2% change of the environment refrac-
tive index, leading to a noticeable color change of the scat-
tering light. We find that the field enhancement factors depend 
strongly on the lineshape of the Fano resonance, and the largest 
one is achieved at the symmetric lineshape. The modification 
of Fano lineshapes opens new horizons for engineering the 
optical responses of hybrid dielectric-metal systems and for 
controlling light–matter interaction at the nanoscale, implying 
potential applications in channel-drop flitters, nanosensors, 
nanodisplayers, and other novel photonic devices.

2. Results and Discussion

The hybrid dielectric-metal system proposed in this work to 
demonstrate the modification of Fano lineshape is composed of 
a spherical silicon (Si) nanoparticle or nanosphere (NS) placed 
on a thin gold (Au) film, which is the analogue of the channel-
drop filter based on photonic bandgap structure.[42] The Si 
nanoparticles used in this work were fabricated by femtosecond 
laser ablation (see Experimental Section; Figure S1, Supporting 
Information) and they were randomly distributed on an Au/
SiO2 substrate with a 50 nm-thick Au film. Figure 1 schemati-
cally shows the excitation of a Si NS by using the SPPs gener-
ated on the surface of the Au film, the ED (px) and MD (my) 
excited in the Si NS, and their mirror images (pxm and mym) 
induced by the Au film.

Based on the mirror image theory,[27] px and pxm are anti-
parallel while my and mym are parallel. As a result, the coherent 
interaction of px and pxm leads to the formation of a narrow 
mode that is subradiant. In contrast, a broad and superra-
diant mode is obtained owing to the coherent interaction of 
my and mym.[28,31] Gap modes are also expected to exist in the 
gap region between the Si NS and the Au film. However, their 
contributions to the total scattering are negligible. It is because 
that the increase of the gap width, which leads to the weak-
ening and eventually the disappearance of the gap modes, does 
not change so much the total scattering intensity (Figure S2, 
Supporting Information).

In our case, the SPPs generated on the surface of the Au 
film act as the excitation source for the Si NS. Although it is a 
localized wave, it can be scattered into far field by the ED and 

MD excited in the Si NS. As schematically shown in Figure 1, 
the scattering spectrum of the Si NS is eventually determined 
by the interference of the resulting subradiant and superradiant 
modes that generates a Fano resonance. While the subradiant 
mode arises from the coherent interaction of px and pxm, the 
superradiant mode originates from the coherent interaction 
of my and mym, which can be readily modified by the excita-
tion source (i.e., the SPPs). It should be emphasized that the 
simultaneous excitation of ED and MD modes in the Si NS and 
the introduction of their mirror images via the Au film make it 
possible to create a Fano resonance in the scattering spectrum. 
For metallic nanoparticles that support ED modes only, no Fano 
resonances were observed in their scattering spectra under the 
excitation of SPPs.[34,44] In Figure 1, we present the phase rela-
tionship between the subradiant and superradiant modes in 
different spectral regions when the subradiant mode is located 
on the left and right sides of the superradiant one. The Fano 
resonances formed by the interference between the two modes 
are also shown. It is apparent that the Fano lineshape can be 
modified when the subradiant mode is shifted from the left 

Figure 1.  Formation of Fano resonance in the scattering spectrum of a 
Si NS excited by SPPs. The upper panel illustrates the relative locations 
of the broad/superradiant and narrow/subradiant modes and the phase 
relationships between them in different spectral regions. The middle 
panel presents the Fano lineshapes resulting from the interference of the 
broad and narrow modes with different relative locations. The lower panel 
shows schematically the SPPs generated on the surface of an Au film in 
a total internal reflection configuration, the ED (px) and MD (my) excited 
the Si NS, and their mirror images (pxm and mym) induced by the Au film.
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side across the superradiant mode to the right side, similar to 
that demonstrated in the photonic bandgap structure.[42]

As mentioned above, one way of modifying the Fano line-
shape is to shift the subradiant mode relative to the super-
radiant one. Since the subradiant mode originates from the 
coherent interaction of px and pxm, its resonant wavelength is 
determined mainly by the separation between px and pxm, which 
is equal to the diameter of the Si NS. For this reason, the shift of 
the subradiant mode can only be realized by changing the dia
meter of the Si NS. In Figure 2, we show the scattering spectra 
measured for Si NSs with different diameters ranging from 
150 to 200 nm. The light incidence angle, which governs the 
resonant wavelength of the superradiant mode (for the reason 
explained below), was fixed at 46°. It can be seen clearly that 
the Fano lineshape is modified gradually when the diameter of 
the Si NS is increased, quite similar to the modification of the 
Fano lineshape realized in the channel drop filter.[42] In order to 
characterize more quantitatively the modification of the Fano 
lineshape, we have fitted the scattering spectra by using the 
Fano formula and extracted the asymmetric parameters for all 
the lineshapes, as shown in Figure 2. In this case, the q value 
varies from –0.30 to 0.47. From the images of the scattered light 
recorded by using a charge-coupled device (CCD), it is clear 
that the color of the scattered light remains nearly unchanged 
because it is mostly determined by the superradiant mode, 

which was not shifted in this case. Although the tuning of the 
q value can be achieved by varying the size of the Si NS, similar 
modifications have been demonstrated in many dielectric and 
metallic nanostructures.[19,40]

In order to realize an active modification of the Fano line-
shape useful for practical applications, the best way is to change 
only the excitation conditions for a specified Si NS. It implies 
that the resonant wavelength of the subradiant mode is fixed 
because it depends only on the size of the Si NS. Therefore, 
the only way to change the Fano lineshape is to shift the super-
radiant mode.

Physically, the subradiant mode produces negligible far-field 
radiation. So, it is not affected by the spectrum of the excitation 
source, which is the SPPs excited on the surface of the Au film. 
In sharp contrast, the superradiant mode is a bright one and 
its radiation can be strongly modified by the excitation source. 
This unique feature offers us an opportunity for shifting the 
superradiant mode through the change of the excitation source 
that is the SPPs generated on the surface of the Au film.

It is well-known that the SPPs on the surface of the Au film 
can only be excited by using a p-polarized light. Since the SPPs 
are strongly localized on the surface of the Au film (Figure S3,  
Supporting Information), they can only be characterized by 
measuring the spectrum of either the reflected light or the scat-
tered light. In Figure  3a,b, we present the spectra simulated 
and measured for the reflected light in the total internal reflec-
tion configuration, which are related to the spectra of the SPPs  
generated at different incidence angles. It indicates that the 
resonant wavelength of the SPPs can be readily tuned by simply 
varying the incidence angle above the critical one.

Alternatively, the spectrum of the SPPs can be extracted by 
measuring the scattering spectrum of a nanoparticle located 
on the Au film. Here, a polystyrene (PS) NS with a diameter 
of 200  nm, which exhibits no resonances in the visible to 
near-infrared spectral range, was used in the experiment  
(Figure S4, Supporting Information). The normalized scat-
tering spectra simulated and measured for a PS NS with d 
≈200  nm are shown in Figure  3c,d, respectively. It can be 
seen that the resonant wavelength and linewidth of the SPPs 
obtained in the scattering spectra match well with the reflection 
spectra, verifying the feasibility of this method. In Figure 3, the 
most remarkable feature is the wide tunability and large sensi-
tivity of the SPPs on the incidence angle. It is noticed that the 
resonant wavelength of the SPPs can be continuously tuned for 
nearly 200 nm (from 720 to 550 nm) when the incidence angle 
is varied only 6° (from 45° to 51°). The change of the SPP wave-
length is clearly manifested in the variation of the scattering 
light color, as shown in the inset of Figure  3d. This simple 
experiment indicates that the radiation of the superradiant 
mode of a nanoparticle (e.g., the Si NS studied in this work), 
which exhibits a broad linewidth (i.e., without obvious reso-
nance), can be modified by the SPPs used to excite the nano
particle. In other words, the superradiant mode of the Si NS 
can be shifted by modifying the SPP wavelength through the 
change of the incidence angle.

In our case, the SPPs on the surface of the Au film can be 
excited when the incidence angle exceeds a critical value of 43°. 
For smaller incidence angles, no SPPs are generated and the 
Si NS is excited directly by the transmitted wave on the surface 

Figure 2.  Static manipulation of the Fano lineshape. a−e) Scattering 
spectra of Si NSs with different diameters (d  = 198, 192, 180, 160, and 
152 nm) excited by using the SPPs generated on the surface of the Au 
film. The fitting of the scattering spectra and the extracted q parameters 
are also presented. The CCD images of the scattering light are shown in 
the insets.
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of the Au film (Figure S5, Supporting Information). In this 
case, the scattering of the Si nanoparticle is quite similar to 
that described in the previous study where the mirror image 
theory was first employed to interpret the backward scattering 
of a Si nanoparticle placed on a metal film.[27] In Figure 4a, we 
show the scattering spectra measured for the Si NS with d  ≈ 
180  nm at three different incidence angles smaller than the 
critical angle. In this case, only a sharp resonant mode, which 
arises from the interference of px and pxm, is observed in the 
scattering spectrum.[32] The variation of the incidence angle has 
little influence on the spectral shape. As shown in Figure 4b, a 
dramatic change in the scattering spectrum is observed when 
the incidence angle becomes larger than the critical one. A 
Fano dip was created at ≈600  nm in the scattering spectrum, 
and it did not change with the incidence angle.

Here, we employed the SPPs generated on the surface of 
the Au film to excite the Si nanoparticle. Since the resonant 
wavelength of the SPPs can be easily adjusted by the incidence 
angle, the resonant wavelength of the superradiant mode, 
which originates from the coherent interaction of the MD and 
its mirror image, can be readily manipulated because the SPPs 
are scattered into far field mainly by the superradiant mode. 
The amplitude and phase of the superradiant mode are modi-
fied accordingly with its resonant wavelength so that a strong 
interaction between the subradiant and superradiant modes can 
be realized.[28] As a result, a pronounced Fano resonance can 
be created in the scattering spectrum of the Si nanoparticle. In 
addition, the Fano lineshape, which is sensitive to the incidence 
angle and the environment refractive index, can be easily modi-
fied. More interestingly, the enhancements in electric and mag-
netic fields are strongly correlated with the Fano lineshape that 

can be easily manipulated, as demonstrated later. In Figure 4c, 
we present the scattering spectra of hundreds of Si NSs with 
different diameters measured by using conventional dark-field 
microscopy with an incidence angle of 33° at which no SPPs 
are excited.[32] It can be seen that the sharp resonant mode is 
red-shifted to longer wavelengths with increase in the diameter 
of the Si NS. Accordingly, the scattered light color varies from 
green to red, as shown in the inset. In comparison, the scat-
tering spectra of hundreds of Si NSs with different diameters 
excited directly by the SPPs are presented in Figure 4d. In each 
case, the incidence angle was intentionally chosen so that the 
symmetric Fano lineshape is obtained. Therefore, the incidence 
angles for measuring the scattering spectra are different for dif-
ferent Si NSs. Similarly, the scattering light color varies from 
green to red with increase in the diameter of the Si NS.

In Figure  4b, it is interesting to notice that the Fano line-
shape of a Si NS with d ≈ 180 nm can be modified by simply 
changing the incidence angle, as predicted in the above 
analysis. It can be seen that the relative intensities of the two 
scattering peaks can be manipulated and the apparent color 
can be changed from green to red by simply varying the inci-
dence angle (Figures S6 and S7, Supporting Information). It is 
remarkable, that the location of the subradiant mode (indicated 
by the Fano dip) remains unchanged, in good agreement with 
our theoretical predictions. We also compared the scattering 
spectra and electric field distributions for two incidence angles, 
which are smaller and larger than the critical one (Figure S8, 
Supporting Information). In the former case, the mirror image 
theory can nicely be employed to reproduce the scattering spec-
trum and electric field distribution. In the latter case, the for-
mation of a mirror-image-induced MD is clearly manifested in 

Figure 3.  Manipulating of the SPPs. Reflection spectra a) calculated and b) measured for different angles of the incident light used to excite the SPPs 
on the surface of the Au film. Scattering spectra c) calculated and d) measured for a PS NS with d = 200 nm used to scatter the SPPs generated on the 
surface of the Au film. The CCD images of the scattering light observed at different incidence angles are shown in the insets.

Adv. Optical Mater. 2020, 2000489



www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000489  (5 of 8)

www.advopticalmat.de

the magnetic field distribution on the XY plane (on the surface 
of the Au film).

In order to quantitatively characterize the modification of the 
Fano resonance, we systematically investigated the evolution 
of the scattering spectrum with decreasing incidence angle by 
using another Si NS with d ≈ 188 nm, as shown in Figure 5a. 

It can be seen that each scattering spectrum can be fitted 
quite well by the modified Fano formula[45] with appropriate 
parameters (see Experimental Section; Tables I and II, Sup-
porting Information). As the incidence angle is reduced from 
50° to 47.2°, the q parameter is reduced from a negative value 
to zero. A further reduction in the incidence angle leads to a 

Figure 4.  Fano resonances formed in the scattering spectra of Si NSs. Forward scattering spectra measured for a Si NS with d ≈ 180 nm at three dif-
ferent incidence angles a) smaller and b) larger than the critical angle for total internal reflection. The SEM image of the Si NS and the CCD images of 
the scattering light are shown in the insets. Evolution of the scattering spectrum and scattering light with increasing diameter of the Si NS measured 
at incidence angles of c) θ = 33° and d) θ > 43°. In each case, a typical scattering spectrum is shown in the inset.

Figure 5.  Sensing based on the modification of Fano lineshape. a) Five typical Fano resonances observed in the scattering spectra of a Si NS with 
d ≈ 188 nm excited by the SPPs at different incidence angles. The fittings of the scattering spectra and the extracted q parameters are presented. The 
CCD images of the scattering light are also shown in the insets. b) Dependence of the q value on the incidence angle. c) Evolution of the scattering 
spectrum with increasing environment refractive index simulated for a Si NS with d = 188 nm at an incidence angle of 47°. The fittings of the scattering 
spectra and the extracted q parameters are presented. The scattering light colors calculated based on the scattering spectra are shown in the insets. 
d) Dependence of the polar coordinate of the LCHab space (i.e., hue) measured in degrees (modulo 360) on the environment refractive index.
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positive value for the q parameter. For clarity, the dependence of  
the q value on the incidence is presented in Figure  5b. From 
the fitting results, the resonant wavelength of the subradiant 
mode is nearly unchanged while the superradiant one is shifted 
accordingly within 4° variation of the incidence angle, indi-
cating the effectiveness of utilizing the sensitivity of the SPPs 
on the incidence angle (Figure S9, Supporting Information).

Apart from the incidence angle, it is interesting to find that 
the Fano lineshape is extremely sensitive to the refractive index 
of the environment in which the Si NS is embedded, because 
the SPP wavelength is quite sensitive to the small change of 
the environment refractive index when the incidence angle is 
fixed, especially for incidence angles close to the critical one 
(Figure S10, Supporting Information). Even for a large incidence 
angle of 47° far from the critical one (43°), a small variation of 
the environment refractive index from 1.00 to 1.02 can lead to 
an obvious change in the Fano lineshape, which is also mani-
fested in the extracted q value (see Figure 5c). A further increase 
of the environment refractive index to 1.04 results in the change 
of q from 0.55 to –0.5. More interestingly, such a modification 
in the q parameter originating from a tiny variation of the envi-
ronment refractive index is clearly reflected in the change of the 
scattering light (see the inset of Figure 5c), making it attractive 
for the practical applications in nanoscale sensors. In Figure 5d, 

we present the dependence of the polar coordinate of the LCHab 
space (i.e., hue) measured in degrees (modulo 360) on the envi-
ronment refractive index.[17] Apparently, a linear relationship 
between the two quantities is observed. The slope of the linear 
relationship, which is estimated to be |Δhue/Δn| = 2175°, is the 
figure of merit (FoM) commonly used to characterize the sensi-
tivity of sensing performance. Surprisingly, it is found that the 
FoM is one order of magnitude larger than the plasmonic sen-
sors that utilize the Fano resonances generated in oligomers of 
metallic nanoparticles.[17] In fact, the sensitivity of the q value 
on the environment refractive index can be one order of the 
magnitude higher at a smaller incidence angle of 45.5° because 
the SPP wavelength becomes more sensitive to the incidence 
angle when it approaches the critical one. In this case, the 
change in Fano lineshape can be resolved for an environ-
ment refractive index change as small as 0.002 and the change  
of q from 0.25 to –0.22 is observed when the environment 
refractive index is varied from 1.000 to 1.006 (Figure S10b, Sup-
porting Information).

In general, it is expected that significantly enhanced elec-
tromagnetic field can be achieved at the Fano resonance. In 
Figure  6a,b, we present the enhancement factor spectra for 
the electric (Ex/Ex0) and magnetic (Hy/Hy0) fields calculated 
for the Si NS with d  = 180  nm. In each case, the maximum 

Figure 6.  Enhancement of the electric and magnetic fields at the Fano resonance. Enhancement factors for a) electric and b) magnetic fields calculated 
for the Si NS with d = 180 nm at different incidence angles. The electric and magnetic field distributions (Ex/Ex0 and Hy/Hy0) on the XZ plane are shown 
in (c) and (d), respectively.
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enhancement factor is indeed observed around the Fano dip. 
More interestingly, it is remarkable that the maximum enhance-
ment factor as large as ≈120 for the electric field (≈65 for the 
magnetic field) is achieved for the symmetric lineshape (i.e., 
q  = 0), which is obtained at an incidence angle of 46°. These 
values are much larger than those reported previously[31,46] and 
are quite important for realizing novel photonic devices such as 
nanosensors and nanolasers. It can be seen that the enhance-
ment factor begins to decrease when the absolute value of  
the q parameter is increased (i.e., the lineshape becomes more 
asymmetric). As shown in Figure 6c,d, the in-plane component 
of the electric field (Ex and Hy) can be controlled by simply 
varying the incidence angle. This unique feature offers us the 
opportunity to control the coupling strength between the exci-
tons in a 2D material and the SPPs, making it possible to mani
pulate the Rabi splitting observed in the scattering spectrum. It 
is remarkable that the q ≈ 0 appearing in the Fano lineshape is 
accompanied by an obvious phase change in Ex and Hy when 
the superradiant mode is shifted across the subradiant one, 
shown in Figure 6c,d. As the Fano resonance observed in such 
hybrid system relies on the excitation of SPPs, it implies that we 
can switch off the Fano resonance by changing the polarization 
of the incident light from p- to s-polarization (Figure S11, Sup-
porting Information), providing another degree of freedom for 
controlling the scattering of SPPs by using Si NSs.

It is expected that the interaction between the Si nanoparticle 
and the metal film can be further enhanced by replacing the Au 
film used in this study with a silver (Ag) film, which possesses 
a smaller Ohmic loss in the visible light spectrum. We calcu-
lated the scattering spectra of a Si nanoparticle (d  = 200  nm) 
placed on an Ag film and excited by the SPPs. It can be seen 
that the reversal of the asymmetric parameter q can be realized 
by slightly varying the incidence angle from 45.2° to 45.3°. As 
compared with the Si nanoparticle placed on the Au film (see 
Figure 5a), the sensitivity of the Fano lineshape to the incidence 
angle is further improved. In addition, a larger electric field 
enhancement factor of ≈170 is achieved at the contacting point 
between the Si nanoparticle and the Ag film, which is more 
useful for realizing strong light–matter interaction. Moreover, 
the Fano lineshape becomes more sensitive to the change in the 
environment refractive index, making it possible for sensing 
some vapors with large refractive indices or vapors with high 
pressures (see Figure S12, Support Information).

3. Conclusion

In summary, we have predicted theoretically and demonstrated 
experimentally the modification of the Fano resonance formed 
in the scattering spectrum of spherical Si nanoparticles by 
exploiting the sensitivity of the SPPs on the incidence angle 
and environment refractive index. It is revealed that the Fano 
dip originates from the destructive interference between the 
subradiant and superradiant modes that originate from the 
coherent interaction between ED and MD with their mirror 
images, respectively. We showed that the effective manipula-
tion of Fano lineshape can be realized by simply adjusting the 
incidence angle or slightly changing the environment refrac-
tive index. Such q-parameter reversal is generally accompanied 

by the change of the vivid scattering light color from green to 
red. We found that the largest enhancement factor of ≈120 for 
the electric field (≈65 for the magnetic field) is achieved for the 
symmetric lineshape and the manipulation of the Fano line-
shape opens new horizons for controlling the in-plane electric 
and magnetic fields. Our findings might facilitate the design of 
novel photonic devices, such as demultiplexers, biosensors, dis-
players, and nanolasers in the integrated optical systems.

4. Experimental Section
Sample Preparation: Si NSs with diameters ranging from 100 

to 250  nm were fabricated by using femtosecond laser ablation. A 
femtosecond laser amplifier (Legend, Coherent) with a pulse duration 
of 100 fs and a repetition rate of 1  kHz was employed to ablate a Si 
wafer that was immersed in alcohol. An objective with a focusing length 
of 25  cm was used to focus the femtosecond laser beam on the Si 
wafer with a spot diameter of ≈40.0 µm. The as-prepared Si NSs were 
randomly dispersed on an Au/SiO2 substrate. The morphology of the Si 
NSs was examined by using scanning electron microscopy (SEM).

Experimental Setup: The scattering spectra of Si NSs distributed on 
an Au/SiO2 substrate were measured by using a conventional dark-field 
microscope (Observer A1, Zeiss). The Au/SiO2 substrate was attached 
on a prism by using oil to ensure refractive index matching. Collimated 
white light was incident on the bottom surface of the Au film through the 
prism at a specified angle (see Figure  1). The polarization of the white 
light was adjusted by using a Glan prism. When the incidence angle was 
smaller than the critical angle, SPPs could not be excited on the surface 
of the Au film and the Si NS was excited only by the transmitted wave. 
For incidence angles larger than the critical one, the SPPs on the surface 
of the Au could be excited and the Si NS would be directly excited by 
the SPPs. In both cases, the scattering light of the Si NS was collected 
by using an objective with NA = 0.7 in the z-direction and directed to a 
spectrometer (SR500, Andor) for analysis. Meanwhile, the image of the 
scattering light was recorded by using a CCD (DS-Ri2, Nikon).

Fitting Model: Fano resonances originate from the interference 
between a superradiant mode and a subradiant one that spectrally and 
spatially overlap. In this work, we employed the formula developed by 
Gallinet and Martin to describe the lineshape of the Fano resonance, 
which is given as follows[38,45]
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Seven resonance parameters, which are the central frequency ωa, the 
spectral width Wa, the asymmetry parameter q, the maximum amplitude 
of the resonance a, the resonant frequency ωs, the spectral width Ws, 
and an additional parameter b that quantifies the modulation damping 
of the resonance by intrinsic losses, were used in the fitting process.

Numerical Modeling: The scattering spectra of Si NSs were calculated 
by using the FDTD technique (commercial software developed by 
Lumerical Solution, Inc. (http://www.lumerical.com)). In the FDTD 
simulation, a nonuniform mesh size with the smallest meth size of 1 nm 
as well as a perfectly matched boundary condition was employed.
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