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Fano resonance can be achieved by the destructive interference between a superradiant bright mode and

a subradiant dark mode. A variety of artificial plasmonic oligomers have been fabricated to generate Fano

resonance for its extensive applications. However, the Fano resonance in plasmonic oligomer systems

comes from the interaction of all metal particles, which greatly limits the tunability of the Fano resonance.

Besides, only a single Fano resonance is supported by many existing plasmonic oligomers, while multiple

Fano resonances mostly occur in complex and multilayer structures, whose fabrication is greatly challen-

ging. Here, a simple asymmetric plasmonic molecule consisting of a central metal disk and two side-

coupled parallel metal rods is demonstrated. The simulation and experimental results clearly show that

double Fano resonances appear in the transmission spectrum. In addition, the two Fano peaks can be

independently tuned and single/double Fano peak switching can be achieved by changing one rod length

or the gap distances between the rods and the disk. The modulation method is simple and effective,

which greatly increases the tunability of the structure. The proposed asymmetric artificial plasmonic

molecule can have applications in multi-channel optical switches, filters and biosensors. Moreover, the

controllable plasmonic field intensity in the gap between the disk and rods also provides a new control

means for plasmon-induced photocatalytic reactions and biosynthesis.

1. Introduction

Artificial plasmonic molecules are small assemblies of metallic
nanoparticles. Such well-defined assemblies of particles are
attracting more and more interest for sustaining localized
surface plasmon resonance (LSPR) and the plasmon coupling
between metallic nanoparticles. The LSPR is associated with

the collective oscillation of the conductive electrons in the
metal nanoparticles, which are irradiated with light at a
certain wavelength.1 The plasmon resonance mode of individ-
ual nanoparticles couples with that of the adjacent nano-
particles, forming new normal modes of the cluster. The
strong interactions of resonances in plasmon molecules can
be widely used for surface-enhanced spectroscopy,2,3

nanoantennas,4,5 biochemical sensors,6–9 and so on. The most
prominent feature of artificial plasmon molecules is the
freedom to be able to design metal nanoparticles at will to
achieve well-controlled optical properties which are often
difficult to obtain directly from natural materials, such as
Fano resonance10–13 and analog electromagnetically induced
transparency (EIT).14–17

There have already been many kinds of artificial plasmonic
molecules based on Fano resonance, ranging from single
nanodisks to dimers and multiparticle oligomers. In single
nanodisk structures, Fano resonances are often generated by
introducing regularly arranged defects, such as cut-out
wedge,18 narrow split gap,19 and so on. In these structures, the
nanodisk contributes to a broad superradiant dipole plasmon
resonance mode (bright mode), whereas the cut-out wedge or
split gap contributes to a narrow subradiant quadrupole
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plasmon resonance mode (dark mode). As a result, the
destructive interference between the narrow subradiant mode
and the broad superradiant mode produces a pronounced
Fano resonance. In dimers, two closely adjacent metallic nano-
particles differing in size or shape can give rise to a remark-
able Fano resonance.20–22 Moreover, some other dual-particle
structures have also been demonstrated for supporting Fano
resonance, such as nanoprism pairs,23 nanocross-bars,24 asym-
metric double bars,25–27 ring-disks,28,29 and concentric rings.30

In multiparticle oligomers,31–39 three or more particles are
assembled to produce Fano resonance, which comes from the
destructive interference between the bonding mode and the
antibonding mode.35,36,38,40 For a bonding mode, known as a
superradiant bright mode, the dipolar plasmons of all nano-
particles oscillate in phase and in the same direction. For an
antibonding mode, the dipolar moment of the center particle
opposes the dipole moment of the surrounding ring, which is
named a subradiant dark mode. Since multiparticle oligomers
are composed of several sub-unit nanoparticles, their sym-
metry can be broken by changing the size and position of a
single particle, which provides more degrees of freedom to
manipulate the Fano resonance.41,42 However, in plasmonic
multiparticle oligomers, the bonding mode (in-phase mode)
and anti-bonding mode (anti-phase mode) often come from
the collective resonances of multiple particles. Therefore, the
tuning effect on Fano resonance by modulating a single par-
ticle in multiparticle oligomers is often not obvious, and the
modulation intensity and range of resonance modes are
limited.33,37,38,43–45 In addition, many multiparticle oligomers
can only support a single Fano resonance, while multiple Fano
resonances mostly occur in complex and multilayer
structures,46–48 which bring difficulties to fabrication and prac-
tical application. Therefore, designing a simpler multi-Fano
resonance system to effectively tune the resonance modes is of
great significance in the application of artificial plasmonic
molecules.

In this paper, we propose a simple plasmonic molecule con-
sisting of a gold disk and two side-coupled parallel gold rods.
Double Fano resonances are numerically and experimentally
studied, which are derived from the destructive interference
between the superradiant dipole mode of the disk and the sub-
radiant quadrupole modes of the two asymmetric rods. In
addition, the structure asymmetry and the distances between
the disk and rods are varied to investigate the evolution trend
of the double Fano resonances. Since the two subradiant quad-
rupole modes are excited by the two rods respectively, single/
double Fano peak(s) can be switched only by changing the
length of one rod. The modulation method is simple and
effective, and the modulation band is wide, which can make
the two Fano peaks completely independent. Moreover, the
single/double Fano peak(s) can also be switched by changing
the coupling distances between the rods and the disk. The
transmission modulation intensity of the Fano peaks is large,
which greatly increases the tunability of the system. Lastly, we
introduce a multimode coupled radiating oscillator theory
(MCROT) to explain the formation mechanism of double Fano

resonances. The analytical results are well verified by the
finite-difference time-domain (FDTD) simulation results. The
proposed asymmetric artificial plasmonic molecules can pre-
cisely tailor the transmission spectrum and make full use of it
in multi-channel optical switches, filters and biosensors. In
addition, by monitoring the Fano peaks and choosing an
appropriate coupling distance, the plasmonic field with con-
trollable intensity can be generated in the gap between the
disk and rods, which can provide a new control method for
plasmon-induced photocatalytic reactions and biosynthesis.

2. Results and discussion

Fig. 1(a) is the schematic of an individual asymmetric artificial
molecule on the quartz substrate. The molecule consists of a
gold disk which is side-coupled with two parallel gold rods.
The specific structural parameters of the molecule are shown
in Fig. 1(b). The radius (R) of the gold disk is fixed at 250 nm.
The lengths of rod 1 and rod 2 are L1 and L2, while the widths
(w) of the two rods are fixed at 50 nm. The gap distances
between the disk and two rods are defined as g1 and g2,
respectively, and the thicknesses (t ) of the disk and two rods
are fixed at 30 nm. Fig. 1(c) demonstrates the fabrication pro-
cesses of the structure. First, a polymethyl methacrylate
(PMMA) resist layer is spin coated on a quartz substrate, and
then the structure is exposed to focused electron beam and
developed in a developer solution. After that, chromium and
gold films with thicknesses of 0.5 nm and 30 nm are deposited
on the samples in turn. Finally, the gold structures are
obtained by employing the liftoff process. The fabricated
samples are shown in Fig. 1(d) and (e), which present an array
of asymmetric artificial molecules and an enlarged randomly
selective structure, respectively. The regularity and precision of
the structures demonstrate that the samples can be fabricated
over a large area uniformly by this method.

The transmission characteristics of the asymmetric artifi-
cial molecules are shown in Fig. 2. As a reference, the trans-
mission characteristics of the disk independently coupled with
each rod are also provided. The experimental spectra of the
structures and their corresponding SEM images are shown in
Fig. 2(a) and (b), respectively. The polarization direction of the
light source is perpendicular to the rods, which is indicated by
a black arrow in Fig. 2(b). The gap distances between the disk
and rods are 30 nm (g1 = g2 = 30 nm), and the lengths of rod 1
and rod 2 are 700 nm and 900 nm (L1 = 700 nm and L2 =
900 nm), respectively. When the disk is only coupled with rod
1, an obvious Fano resonance peak is observed at 1530 nm
(labeled FR1′), and another Fano resonance peak is found
around 1730 nm (labeled FR2′) since the disk is only coupled
with rod 2. Two Fano peaks (labeled as FR1 and FR2, respect-
ively) simultaneously appear in the transmission spectrum
when the disk is coupled with the two rods. Fig. 2(c) presents
the simulated transmission spectra for the corresponding
structures. It is apparent that the experimental results show a
good qualitative agreement with the numerical predictions.
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When the polarization direction of the light source is parallel
to the rods, there is no Fano resonance peak in the trans-
mission spectra, which is confirmed in the ESI (see ESI, S1,†
for the transmission spectra of the structures when the polariz-
ation direction of the light source is parallel to the rods).

To further understand the origin of the double Fano reso-
nances in the asymmetric artificial molecule, the surface
charge distributions at Fano peak spectral positions (labeled
as FR1′, FR2′, FR1, and FR2 in Fig. 2(c)) are shown in Fig. 2(d).
At the spectral positions FR1′ and FR2′ (the disk separately
coupled with rod 1 and rod 2), the positive and negative
charges form a pair of inversely arranged dipole resonances in
the two metal rods, manifesting that there is almost no net
dipole moment and the excitations are quadrupole plasmon
resonances in the two rods. The opposite dipole moments of
the quadrupole plasmon resonance lead to a narrow subradi-
ant mode. In the disk, the distribution of surface charge at
spectral position FR1′ validates that a dipole resonance is gen-
erated in the disk, and a broad superradiant mode is formed.
It is noteworthy that at the spectral position FR2′, a partial
positive charge distributes at the corresponding coupling posi-
tion of the disk because of the Coulomb force of the negative
charge in the center of the rod 2; nevertheless, the disk is still
dominated by the dipole resonance mode, which is further ela-
borated in the ESI (see ESI, S2,† for the surface charge distri-
butions of the disk at different spectral positions.). The for-
mation of the distinct Fano peaks in the spectra is due to the
destructive interference between the narrow subradiant quad-
rupole mode in the rod and the broad superradiant dipole
mode in the disk. Fig. 2(d) also shows the charge distributions

at spectral positions FR1 and FR2 when the disk is coupled
with rod 1 and rod 2 simultaneously. At the spectral position
FR1, a dipole resonance mode parallel to the polarization
direction of the electric field is formed in rod 2. The inter-
action between the dipole resonance modes of the rod 2 and
the disk is weak, so FR1 is still generated by the coupling
effect between the resonance modes of the disk and rod 1,
which is similar to that of FR1′. Similarly, for spectral position
FR2, the Fano peak is mainly generated by the coupling effect
between the resonance modes of the disk and rod 2, which is
in accord with that of FR2′.

Quality factor (Q-factor) is an important parameter of Fano
resonance. The Q-factor is calculated as a ratio between the
resonant wavelength λ0 and the full width at half-maximum
(FWHM) Δλ of a resonant peak.49 The Q-factors of Fano reso-
nance peaks of the proposed asymmetric artificial molecule
and its decomposition structures in Fig. 2 are calculated in
detail. In the decomposition structure, the Q-factors of Fano
resonance peaks FR1′ and FR2′ are 13 and 7, respectively. For
the coupled structure, the Q-factors of the Fano resonance
peaks FR1 and FR2 are 17 and 11, respectively. Obviously, the
Q-factors of Fano resonance in the asymmetric coupled struc-
ture are larger than that in the corresponding decomposition
structures. The reason for this phenomenon can be attributed
to the change of charge distribution on the disk. Taking FR2′
and FR2 as an example, in the decomposition structure, the
disk is only coupled with rod 2 and produces Fano resonance
FR2′. In the coupled structure, the disk is coupled with rod 2
and rod 1 simultaneously. The charge on rod 1 changes the
charge distribution on the disk due to the Coulomb effect,

Fig. 1 Fabrication and characterization of asymmetric molecules. (a and b) Three-dimensional and two-dimensional schematic of a single asym-
metric molecule, respectively. The radius R of the disk is fixed at 250 nm. The widths w of the two metal rods are fixed at 50 nm, and the lengths are
L1 and L2, respectively. The length L1 of the rod 1 is fixed at 700 nm. The gap distances between the disk and rod 1 and rod 2 are g1 and g2, respect-
ively. The thicknesses t of the disk and rods in this study are fixed at 30 nm. (c) Schematic illustration of the fabrication flow of the asymmetric mole-
cule. (d and e) Low- and high-magnification SEM images of a representative array of the prepared asymmetric molecular structures: (d) a randomly
selected area of the array. (e) An individual structure. The scale bar dimensions in (d) and (e) are 1 μm and 100 nm, respectively.
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which reduces the charge density on the disk near rod 2.
Therefore, the electric field between the disk and the rod
reduces, and the coupling strength between the disk and rod 2
decreases. Finally, the FWHM of FR2 decreases, and the
quality factor of FR2 increases.

The optical properties of the plasmonic molecule can be
understood by first starting with the highest symmetry con-
figuration, in which the two rods are of equal length (L1 = L2 =
700 nm), and the gap distances between the disk and rods (g1
and g2) are fixed at 30 nm. In this case, only a single Fano
peak FR1 emerges in the transmission spectrum, as shown in
the top curve in Fig. 3(a). The asymmetry degree Δs of the arti-
ficial plasmonic molecule can be defined as the difference
between the lengths of rod 2 and rod 1 (Δs = L2 − L1). As Δs
increases, a split occurs at the right shoulder of FR1, and a
narrow and shallow dip occurs at ∼1600 nm, and then, the
second Fano peak FR2 begins to appear. With the increase of
Δs, the FR2 redshifts, which makes the dip between FR1 and
FR2 broader and deeper. When Δs increases to 200 nm, the

dip becomes broader still, but its depth now extends to the
baseline, which results in two completely separated Fano
peaks in the transmission spectrum. The appearance of
double Fano peaks can be attributed to the shift of the reso-
nance wavelength of rod 2. When Δs = 0 (L1 = L2), the two Fano
resonances produced by the interaction of rod 1 and rod 2
with the disk are completely overlapped; therefore, only one
Fano peak appears in the transmission spectrum of the
system. With the increase of Δs, the resonance wavelength of
rod 2 increases, and the Fano peak produced by rod 2 and the
disk redshifts, while the spectral position of FR1 peaks pro-
duced by rod 1 and the disk does not change; hence, FR1 and
FR2 do not completely coincide, and a split occurs at the junc-
tion of the two peaks. When Δs increases to 200 nm (L2 =
900 nm), the two Fano peaks are completely separated. With
the increase of Δs, the wavelength of FR2 shifts from 1520 nm
to 1760 nm, and the modulation bandwidth reaches 240 nm.
Fig. 3(c) shows the FDTD simulation results. The splitting and
evolution trend of Fano peaks in the spectra are in perfect

Fig. 2 Transmission characteristics of the asymmetric artificial molecule and decomposed structures. The lengths of rod 1 and rod 2 are 700 nm
and 900 nm (L1 = 700 nm and L2 = 900 nm), respectively. (a, c) Measured (a) and FDTD simulated (c) transmittance spectra for the asymmetric artifi-
cial molecule and decomposed structures. (b) SEM images of the corresponding samples, and the black arrow represents the polarization direction
of the electric field. The dimension of the scale bar at the bottom is 500 nm. (d) The surface charge distributions of the structures at FR1’, FR2’, FR1,
and FR2 (λ1 = 1530 nm, λ2 = 1730 nm, λ3 = 1520 nm, and λ4 = 1760 nm).

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 9776–9785 | 9779

Pu
bl

is
he

d 
on

 2
3 

A
pr

il 
20

20
. D

ow
nl

oa
de

d 
by

 S
U

ST
ec

h 
on

 5
/1

3/
20

20
 3

:2
9:

10
 P

M
. 

View Article Online



agreement with the experimental results in Fig. 3(a). The trans-
mission spectrum can be tailored, and single or double Fano
peaks can be achieved by adjusting the asymmetry of the artifi-
cial molecule, which provides potential for application in
single and double channel filters and optical switches.

We also investigate the effect of the gap distance between
the disk and the rods on the optical characteristics of the
asymmetric plasmonic molecule. Here, the lengths of rod 1
and rod 2 are fixed at 700 nm and 900 nm, respectively. The
optical response of the asymmetric plasmonic molecule with
various gap distances g1 (g2 is fixed to 30 nm) is studied in
detail in Fig. 4. The experimental spectra of the molecules and
their corresponding SEM images are shown in Fig. 4(a) and
(b). With the increase of g1, the spectral position of FR1
remains unchanged and the transmission and bandwidth
decrease gradually; however, the spectral position and trans-
mission of FR2 remain invariable. This phenomenon can be
attributed to the weakening of near-field coupling between the
disk and rod 1. The coupling strength between the disk and
rod 1 decreases with the increase of g1, which leads to the
decrease of the transmission and bandwidth of FR1. Since the
length of rod 1 is constant, the resonance wavelength of FR1 is
not changed. For FR2, the gap distance g2 between the disk
and rod 2 is fixed; hence, its spectral position and trans-
mission remain unchanged. Turning toward the molecule with

a large gap distance (g1 = 100 nm), the coupling strength
between the disk and rod 1 became very weak, and the FR1
almost disappeared; the spectrum shows approximately the
same behavior as the disk only coupled with rod 2 (shown in
Fig. 2). Fig. 4(c) presents the simulated result for the asym-
metric molecule with different g1. It is apparent that the
experimental results show a good qualitative agreement with
the numerical simulations. The slight shape difference of
Fano peaks between experimental and simulated results is par-
tially due to the accuracy error of the experimental preparation.
Nevertheless, all the main spectral features including the evol-
ution trend of FR1 are clearly predicted.

The transmission characteristics of the asymmetric plasmo-
nic molecule with different gap distances between the disk
and rod 2 are also investigated. The transmission spectra of
structures with various g2 from 30 nm to 100 nm (g1 is fixed to
30 nm) are shown in Fig. 5. Fig. 5(a) and (c) are the experi-
mental and simulated transmission spectra of the molecules,
and Fig. 5(b) is the corresponding SEM image of the struc-
tures. The evolution trend of FR2 is the same as that of FR1 in
Fig. 4. With the increase of g2, the transmission and band-
width of FR2 decrease, which can also be attributed to the
decrease of the coupling strength between the disk and rod 2.
Strikingly, the peak 2 vanishes completely when g2 reaches
100 nm, and the transmission spectrum closely resembles that

Fig. 3 Asymmetry-dependent Fano resonances. The length L1 of rod 1 is fixed at 700 nm, and the symmetry of the structure is broken by increasing
the length L2 of rod 2. The asymmetry degree is defined as Δs = L2 − L1. (a and c) Measured and FDTD simulated transmission spectra for the asym-
metric molecules with increasing Δs from 0 to 200 nm, respectively. (b) SEM images of the molecules with different lengths of rod 2, and the black
arrow represents the polarization direction of the electric field. The dimension of the scale bar at the bottom is 500 nm.
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of the disk only coupled with rod 1 (shown in Fig. 2), indicat-
ing that the disk and rod 2 are only very weakly coupled.
Hence, by changing the gap distance between the disk and
rods, the transmission spectrum with single or double Fano
peaks can be effectively controlled, which provides the poten-
tial for application in multi-channel filters and optical
switches. In addition, recent studies have shown that the field
enhancement induced by surface plasmon can influence some
chemical catalysis and biomolecular synthesis.50,51 Therefore,
by monitoring the Fano peaks and selecting an appropriate
coupling distance (g1 and g2) to enhance the plasmon field in
the gaps, it can be used to effectively control the bonding/dis-
sociation process of chemical molecules and the synthesis/
decomposition process of biological molecules. These results
will enable new applications in the fields of plasmon-induced
photocatalysis and biosynthesis.

In order to further reveal the physical mechanism of the
double Fano effect and provide a quantitative description of
the transmission, we introduce a multimode coupled radiating
oscillator theory (MCROT)52 to analyze the optical character-
istics of the artificial molecule. In this plasmonic molecule,
there are three resonance modes, a bright mode of the disk is
excited by the incident light, and two dark modes of the two
rods are excited by the bright mode. By analogy with the classi-

cal harmonic oscillator model, the transmission of the
coupled system can be deduced as

T ¼ 2
2þ ξσse

����
����
2

; ð1Þ

where ξ is the wave impedance of the external waves and σse is
the surface conductivity of the electric current, which can be
expressed as

σse � ε0χ
ðstaticÞ
se

�iωa0ðωÞ
f ðωÞ ¼ �iωD1D2

D0D1D2 � D2κ012 � D1κ022
; ð2Þ

ε0χ
ðstaticÞ
se = 1 when in a vacuum, and DN = 1 − (ω/ωN)

2 −
iγN(ω/ωN) (N = 0, 1, and 2). ωN and γN are the resonance fre-
quency and damping factor of the bright and dark modes and
κ01 and κ02 are the coupling coefficients between the disk and
rod 1 and rod 2 respectively, which are used to characterize the
coupling strength between the disk and rods. The trans-
mission characteristics of the asymmetric artificial molecule
can be analyzed in detail by using the theoretical expressions
mentioned above. (Detailed derivation can be found in the
ESI, S3†.)

The evolution trends of the spectra from the two aspects of
asymmetry degree and coupling distance are verified by the

Fig. 4 Gap distance (g1)-dependent Fano resonances. The lengths L1 and L2 are fixed at 700 nm and 900 nm, respectively, and the gap distance g2
between the disk and rod 2 is fixed at 30 nm. (a) Measured and (c) FDTD simulated transmission spectra for the asymmetric artificial molecules with
the gap distance g1 increasing from 30 to 100 nm. (b) SEM images of the fabricated molecules with different gap distances g1, and the black arrow
represents the polarization direction of the electric field. The dimension of the scale bar at the bottom is 500 nm.
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MCROT. The FDTD numerically simulated and theoretically
calculated transmission spectra for asymmetric molecular
structures are shown in Fig. 6(a). The structural parameters
and asymmetry of the structure are in accordance with those
in Fig. 3. The solid curves are the simulation results, and the
blue circles are the theoretical fittings. The theoretical fittings
vividly show the evolution trend of transmission spectra from
a single Fano peak to double Fano peaks with the increase of
asymmetry degree Δs, and this evolution trend is in excellent
agreement with the FDTD simulations. However, there are
some deviations in the fitting near the resonance peak FR1.
This can be attributed to the detuning of the coupling between
the disk and the two rods. With the increase of the length of
rod 2, the polarization charge distribution on the disk and the
spatial electric field distribution near rod 1 are changed, so
the coupling coefficient κ01 between rod 1 and the disk is
changed, making the fitting effect near FR1 not ideal. Using
eqn (1), we further investigate the spectral evolution trend with
different gap distances. There is a corresponding relationship
between the gap distance (g1 and g2) and coupling coefficient
(κ01 and κ02). The coupling strength of the disk to the rod in
our proposed structure can be quantitatively expressed as

follows: κ0n ¼ 1
8

ððð
Δε0E*

n � E0dxdydz (n = 1 and 2 represent rod 1

and rod 2, respectively),53 where E0 and En are the electric
fields generated by the disk and rods, respectively. The electric
field distribution of the disk and rods in space is uneven, and
the electric field strength is related to the coupling distance.
Therefore, the coupling strength between the disk and the rod
is a function of the coupling distance, and its value changes
with the coupling distance. For the purpose of simplifying cal-
culation, we use the coupling strength to express the coupling
distance between the disk and the rod in MCROT fitting.
Fig. 6(b) and (c) show the theoretical evolution of transmission
spectra with coupling coefficients κ01 and κ02, respectively. In
Fig. 6(b), κ01 decreases with the increase of g1 (κ02 remains
unchanged), and FR1 gradually disappears while FR2 remains
unchanged, which is consistent with the trend in Fig. 4(a).
FR2 gradually decreases and vanishes with the decrease of κ02
(g2 increases), while FR1 does not change (g1 remains
unchanged), as depicted in Fig. 6(c). The evolution trend of
FR2 is also in accord with that in Fig. 5(a). So, it can be con-
cluded that the introduced MC-ROT can provide a clear under-
standing of double Fano resonances in the asymmetric artifi-
cial molecule. The evolution trend of transmission spectra can
be accurately predicted by quantitatively analyzing the inter-
action between the bright resonance mode of the disk and the
dark resonance modes of the rods.

Fig. 5 Gap distance (g2)-dependent Fano resonances. The lengths L1 and L2 are fixed at 700 nm and 900 nm, respectively, and the gap distance g1
between the disk and rod 1 is fixed at 30 nm. (a) Measured and (c) FDTD simulated transmission spectra for the asymmetric artificial molecules with
the gap distance g2 increasing from 30 to 100 nm. (b) SEM images of the fabricated molecules with different gap distances g2, and the black arrow
represents the polarization direction of the electric field. The dimension of the scale bar at the bottom is 500 nm.
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3. Conclusion

In summary, we systematically investigated the optical charac-
teristics of a hybrid disk/rod asymmetric artificial molecule.
The transmission spectrum can be tailored by adjusting the
asymmetry of the molecule. Two distinct Fano resonance
peaks, which can be attributed to the destructive interference
between the superradiant dipole resonance mode of the disk
and the subradiant quadrupole resonance modes of the two
rods, can be observed in the transmission spectrum. The two
Fano peaks can be tuned independently and single/double
Fano peak switching can be achieved by changing the rod
length or the gap distances between the rods and the disk. The
modulation method is simple and effective. Moreover, the
transmission modulation intensity of the Fano peak is large,
and the modulation band is wide, which greatly increases the
tunability of the system. The multimode coupled radiating
oscillator theory (MCROT) completely reveals the formation
mechanism of double Fano resonances. The proposed artifi-
cial molecule is simple in structure and can be used for multi-
channel optical switches, filters and sensors in integrated
chips. In addition, the controllable intensity generated in the
gap between the disk and rods provides a new control
approach for plasmon-induced photocatalytic reactions and
biosynthesis.

4. Experimental section
Fabrication method

All samples were fabricated by using an electron-beam litho-
graphy (EBL) system (Raith 150two) using PMMA resist on a
quartz substrate. The substrates were rinsed in acetone and
IPA for 10 min before spin coating. PMMA with a concen-
tration of 3% was used to make the PMMA layer thinner and
fabricate the structures accurately. The PMMA resist was spin
coated on the quartz substrate at a speed of 3500 rpm, and the
thickness of the PMMA layer is ∼85 nm. To reduce the char-
ging effect, a conductive polymer layer was spin-coated on the
PMMA layer at a spin speed of 4000 rpm. After spin coating,
the sample was loaded into the EBL system for exposure with
30 kV accelerating voltage. After exposure, the samples were
first rinsed in deionized water to remove the conductive
polymer layer and then developed in a developer (MIBK : IPA =
1 : 3) for 1 min and transferred into IPA stopper for 0.5 min.
Finally, the samples were dried by N2 flow. 30 nm gold and
0.5 nm Cr adhesion layers were deposited onto the sample
with an evaporation rate of 1 Å s−1 with a thermal evaporator
(JSD300). Liftoff was conducted in acetone and then rinsed in
IPA. Finally, the gold structures were obtained after being
dried by N2 flow. There were manufacture errors in the process
of EBL and metal thermal evaporation, which affect the actual

Fig. 6 Theoretical analysis of optical properties for asymmetric molecules. (a) The FDTD numerically simulated and MCROT calculated transmission
spectra for structures with different degrees of asymmetry. (b) Evolution of the transmission spectra versus different gap distances g1 (represented
by coupling strength κ01 between the disk and rod 1) and wavelength (λ). (c) Evolution of the transmission spectra versus different gap distances g2
(represented by coupling strength κ02 between the disk and rod 2) and wavelength (λ). The fitting parameters in (a) are set as follows: (L2 = 700 nm)
[κ01, κ02] = [0.10, 0.10], [γ0, γ1, γ2] = [0.04, 0.06, 0.06]; (L2 = 750 nm) [κ01, κ02] = [0.10, 0.11], [γ0, γ1, γ2] = [0.04, 0.05, 0.07]; (L2 = 800 nm) [κ01, κ02] =
[0.10, 0.13], [γ0, γ1, γ2] = [0.06, 0.06, 0.06]; (L2 = 850 nm) [κ01, κ02] = [0.10, 0.15], [γ0, γ1, γ2] = [0.06, 0.055, 0.06]; (L2 = 900 nm) [κ01, κ02] = [0.10, 0.17],
[γ0, γ1, γ2] = [0.06, 0.055, 0.07].
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size and surface homogeneity of the samples. The simulation
results show that when the manufacture errors are about
10 nm, the influence of the uneven surface and perturbation
of the structure size on the optical characteristics of the artifi-
cial plasmonic molecule is very small (see ESI, S4,† for the
influence of manufacture errors on optical characteristics).

FDTD simulation

The simulation of transmission spectra and charge distri-
butions is performed by using a commercial software (FDTD
solution 8.0 version, Lumerical Solution Inc.). The parameters
of the samples are determined by FDTD simulation results.
Corresponding to the measured spectrum from the structure
array, the periodic boundary conditions are set in X and Y axes
and a perfect-matched layer is used in the Z axis. The spatial
step of the discrete mesh in the simulation is set to be 5 nm in
the XY plane and 2 nm in the Z direction. The complex dielec-
tric constants for Au and SiO2 were selected from the Palik
database.

Optical measurement

To investigate the optical characteristics of the artificial plas-
monic molecules, the transmission spectrum measurement is
performed in the transmittance mode using a 20/30PV UV-
visible-NIR range micro-spectrometer (CRAIC Technology Inc.).
In measurement, the light from a Xeon bubble through a
stand Kohler lens was incident on the sample with normal
incident. The transmitted signal is first collected by using an
objective (17×, N.A. = 0.25), screened using an aperture to
exclude the angular transmitted light and detected using a
CCD camera. A polarizer is inserted in the incident path for
linear excitation in the spectral range of interest. The polariz-
ation direction of the incident light is perpendicular to the
long axis of the gold rods. The integration time is set to
140 ms.
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