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Abstract 

Active manipulation of Fano resonance at visible and near-IR wavelengths in metal 
nanodevices is one of the important challenges for applications such as chemical and 
biological sensing. Here, we theoretically research an active manipulation of Fano 
resonance at visible and near-IR wavelengths in gold plasmonic nanodevices with 
graphene. The surface plasmon resonance of the gold plasmonic nanodevice with 
graphene has three resonance peaks, and this can be explained by the distribution of 
the electric field in the nanodevice. The Fano resonance wavelength of the gold 
plasmonic nanodevice with graphene has a significant blue-shift compared with the 
gold nanodevices without graphene. Moreover, the Fano resonance dependens on 
the length and position of Au nanorods and the environment refractive index. The 
figure of merit of the gold nanodevice with graphene can be as high as 41.3, which 
makes the system suitable for high sensitivity applications. Finally, we actively 
manipulate the absorption spectrum and the reflected light phase through changing 
the Fermi energy of graphene. These results suggest an original method for the 
design of an actively manipulated Fano resonance nanodevice. 
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Fano resonances have received extensive attention due to the interesting 
physics and important application such as chemical and biological sensing, optical 
waveguides, near field imaging, switching, and electro-optics [1-6]. Fano resonances 
are characterized by the asymmetric line-shape which arises from the destructive 
interaction between a nonradiative (dark) mode and a radiative (bright) mode [7]. 
Normally, in bright mode, the line-width is broad and the quality factor of the 
plasmonic resonance is low due to the radiation coupling. On the contrary, in dark 
mode, the line-width is narrow and the quality factor of plasmonic resonance is high. 
This is because that the zero net-dipole moment character prohibit the direct light 
coupling into scattering losses [8]. The dark mode and bright mode can be caused by 
two ways: (1) In some systems [8,9], they are supported by different sections of the 
structure; (2) In other systems [10,11], they are supported by the whole structure. 
Fano resonance has been extensively studied in nanoparticle and plasmonic systems 
including heterodimers [7,12,13], nanoshells [14,15], plasmonic oligomers [16,17], 
and nanocavities [18,19]. Previous studies show that the line-shape of the Fano 
resonance can be modulated by varying the structures shape, size, position, and 
dielectric environment [1,20-25]. However, most of these methods need to 
refabricate the nanodevices. An dynamic method is needed to manipulate the Fano 
resonance of the metal nanodevices. 

   Graphene, a two-dimensional monolayer of graphite in which the atoms are 
arranged in a honeycomb lattice [26,27], provides excellent possibilities to 
dynamically manipulate electromagnetic waves [28,29]. Due to its unique properties, 
which can be controlled by applying an external electric field, surface plasmon 
resonance (SPR) of  graphene and the interaction between light and graphene can 
be actively modified [30,31]. It is reported that the Fermi energy of the graphene can 
be as high as 2.3 eV by the electrical gating in experiments [32], which results in that 
the active manipulation of SPR of graphene is practicable in very short wavelength 
due to the Pauli blocking of photon absorption. Up to now, many research groups 
have studied the SPR of metal nanodevices with graphene [33-37]. In 2012, Wang et 
al. achieved efficient control of SPR at near-IR wavelength in a gold nanorod system 
with graphene [30]. In 2013, Li et al. reported that the amplitude and phase 
modulation of light at the mid-IR wavelength in gold plasmonic antennas with 
graphene can be realized by tuning the Fermi energy of graphene [33]. In 2016, Yu et 
al. shown that the SPR of ultrathin silver plasmonic antennas with graphene can be 
actively manipulated at the visible wavelenth [34]. However, the active manipulation 
of Fano resonance in metal plasmonic nanodevices has been rarely studied at visible 
and near-IR wavelengths.  

  In this article, we use the finite-difference time-domain (FDTD) method to 
theoretically study an active manipulation of Fano resonance at visible and near-IR 
wavelengths in gold plasmonic nanodevices with graphene. We design and study 
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three different plasmonic nanodevices, and find that the SPR of the gold plasmonic  
nanodevice with graphene has three resonance peaks. Then, the dependence of the 
Fano resonance on the length L and position of Au nanorods and the environment 
refractive index n is studied. Finally, we actively manipulate the absorption spectrum 
and the reflected light phase by tuning the Fermi energy of graphene . 

 

2. Model and Methods 

  

The schematic view of the gold plasmonic nanodevice with graphene is shown in 
Figure 1. As we can see in Fig. 1, on the top of the nanodevice are two Au nanorods 
with different lengths L1 and L2. The thickness and width of the Au nanorods are all 
assumed as 30 nm. The parameter g expresses the gap of the two Au nanorod. The 
substrate is a SiO2 layer. The refractive index and thickness of the substrate are 1.5 
and 300 nm, respectively. There is a monolayer graphene between Au nanorods and 
substrate. px (500nm) and py (200nm) express the period in the x direction and y 
direction, respectively. The parameters of Au are taken from Palik [38]. The character 
of the monolayer graphene is expressed by a surface conductivity in paper [39]: 
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   is the Fermi-Dirac distribution. we 

assume the parameters of the graphene is same with that in the Ref.[39]. In the FDTD 
simulations, we use the periodic boundary conditions (PBC) in the x direction and y 
direction, and we use the perfect matching layer (PML) in z direction. The optical 
response is expressed by the absorption (A), reflectivity (R) and transmission (T) of 
the nanodevice and they satisfy the formula A=1-R-T [37].  

 

3. Results and discussion 

3.1. Absorption spectrum comparison between three different plasmonic 
nanodevices. 

In order to understand the mechanism of the Fano resonance in metal 
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plasmonic nanodevices with graphene, we designed three different plasmonic 
nanostructures. Nanostructure 1: the nanostructure has no graphene and has only 
one Au nanorod (L1=100 nm). Nanostructure 2: the nanostructure has no graphene 
and has two Au nanorods with different lengths (L1=100 nm, L2=250 nm). 
Nanostructure 3: the nanostructure has a monolayer graphene (EF=1.3 eV) and has 
two Au nanorods with different lengths (L1=100 nm, L2=250 nm) as shown in Fig. 1(a). 
Fig. 2 shows the absorption spectrum of the three different plasmonic 
nanostructures. As we can see in Fig. 2, the absorption spectrum (black line) of the 
nanostrcture 1 has only one resonance peak at 731.6 nm, and the full width at half 
maximum (FWHM) is about 41.9 nm. This is a dipolar SPR, which is known as a bright 
plasmon mode [7]. The absorption spectrum (red line) of the nanostructure 2 has 
two absorption peaks. The absorption peak wavelength of mode 1 is about 723.1 nm, 
and the FWHM of the mode 1 is about 21.4 nm. The absorption peak wavelength and 
the FWHM of mode 2 is about 778.4 nm and 24.6 nm, respectively. This 
phenomenon happened in the nanostructure 2 is known as Fano resonance, which is 
as a result of the destructive interferences of the bright plasmon mode and dark 
plasmon modes [7]. Here, the dipolar SPR of the short nanorod provides the bright 
plasmon mode, and the quadrupolar SPR of the long nanorod provides the dark 
plasmon mode. We can see clearly that the FWHM of the Fano resonance modes of 
the nanostructure 2 is much narrower than the FWHM of resonance mode in the 
nanosturcture 1. The absorption spectrum (blue line) of the nanostructure 3 has 
three absorption peaks. Compared with the nanostructure 2, the absorption peak 
wavelength of the mode 1 (711.9 nm) and mode 2 (760.1 nm) in the nanostrcture 3 
has an obvious blue shift. This can be explained by a circuit model [36]. When 
graphene is loaded in the metal plasmonic nanodevices, the positive reactance 
makes the SPR wavelength blueshift [36], which is consist with our results. 
Additionally, the FWHM of mode 1 and mode 2 in the nanostrcture 3 is about 18.0 
nm and 19.1 nm, which is much narrower than that in the nanostructure 2. This is 
very vital for improving the figure of merit of the nanostructure. The absorption peak 
wavelength of mode 3 is about 786.6 nm, and the FWHM is about 3.3 nm which is 
much narrower than that of mode 1 and mode 2. We ascribe the emergence of mode 
3 to the resonance coupling of the graphene and  Au nanorods37, which will be 
discussed in the next. 

 

3.2. Distributions of electric field in the three different nanostructures. 

The different absorption modes in the three different nanostructures can be 
explained by the distributions of electric field as shown in Fig. 3. Fig. 3(a) and (b) 
show the distributions of electric field in the nanostructure 1 at 731 nm and 680 nm, 
respectively. It is worth noting that the electric field at 731 nm is a few times 
stronger than that at 680 nm. This is because the fact that the wavelength 680 nm is 
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far away from the SPR peek wavelength of the Au nanorod. This is the reason why 
the absorbance of the nanostructure 1 at 731 nm is much larger than that at 680 nm. 
Fig. 3(c) and (d) show the distributions of electric field in the nanostructure 2 at 723 
nm and 778 nm, respectively. We can clearly see that the absorption mode 1 is 
mainly caused by the SPR of the short Au nanoparticle and the absorption mode 2 is 
mainly supported by the SPR coupling of the two Au nanoparticles. Fig. 3(e)-(g) show 
the distributions of electric field in the nanostructure 3 at 712 nm, 760 nm, and 786 
nm, respectively. Because of the presence of graphene, the distribution of electric 
field is more close to graphene. The distribution of electric field at the wavelength of 
786 nm (Fig. 3(g)) is concentrated on the vicinity of graphene surface. Therefore, we 
ascribe the emergence of mode 3 to the SPR coupling of the graphene and the Au 
nanoparticles. 

 

3.3. Dependence of absorption spectrum on structure parameters. 

In order to analyze the dependence of the absorption spectrum on the length of 
the Au nanorods, we simulate the absorption spectrum of the Au plasmonic 
nanodevice at different lengths of Au nanorods, when the graphene Fermi energy 
EF=1.3 eV. Fig. 4(a) shows the absorption spectrum of the nanodevice at different 
lengths L1 of the short Au nanorod. When the length L1 increases from 90 nm to 110 
nm, the peak wavelength of mode 1 red shifts from 695.4 nm to 725.7 nm and the 
absorbance of mode 1 does not change (about 34.1%). Meanwhile, the peak 
wavelength of mode 2 red shifts from 753.8 nm to 770.3 nm and the absorbance of 
mode 2 increases from 19.3% to 41.1%, The reason for these phenomena is that the 
SPR wavelength of the bright plasmon mode red shifts by increasing the length L1 of 
the short Au nanorod, and the SPR wavelength of the dark plasmon mode is not shift 
when the length L2 of the long Au nanorod is fixed (L2=250 nm). Fig. 4(b) shows the 
absorption spectrum of the nanodevice at different lengths L2 of the long Au nanorod.  
When the length L2 increases from 240 nm to 260 nm, the peak wavelength of mode 
1 red shifts from 706.7 nm to 715.3 nm and the absorbance of mode 1 increases 
from 33.3% to 36.4%. Meanwhile, the peak wavelength of mode 2 red shifts from 
752.4 nm to 768.3 nm and the absorbance of mode 2 decreases from 34.6% to 27.9%. 
The reason for these phenomena is that the peek wavelength of the dark mode red 
shifts by increasing the length L2 of the long Au nanoparticle, and the peek 
wavelength of the bright mode is not shift when the length L1 of the short Au 
nanoparticle is fixed (L1=100 nm). It is worth pointing out that the mode 3 shown in 
Fig. 4(a) and (b) only increases in absorbance, and the wavelength is almost not shift 
(about 786.5 nm). This is because the fact that the absorbance of the mode 3 
depends on the SPR coupling intensity of the graphene and Au nanoparticles, which 
increases with the increase of the length of nanoparticles. However, the SPR coupling 
wavelength of the graphene and Au nanoparticles does not change, when the 
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graphene Fermi energy EF is fixed (1.3 eV).  

In order to study the dependence of the absorption spectrum on the position of 
the Au nanoparticles, we simulate the absorption spectrum of the Au plasmonic 
nanodevice at different gap g between the Au nanorods as shown in Fig. 5, when 
L1=100 nm, L2=250 nm, and EF=1.3 eV. When the gap g increases from 20 nm to 40 
nm, the peak wavelength of mode 1 red shifts from 711.8 nm to 718.3 nm and the 
absorbance of mode 1 increases from 35.3% to 37.0%. However, the peak 
wavelength of mode 2 blue shifts from 760.0 nm to 745.8 nm and the absorbance of 
mode 2 decreases from 32.0% to 26.9%. This is because the fact that the SPR 
coupling strength of the Au nanoparticles decrease signally with the increase of the 
gap g. The absorbance of mode 3 decreases from 18.8% to 12.4% due to that the 
coupling strength between the graphene and Au nanoparticles will decrease with the 
increase of the gap g from 20 nm to 40 nm.  

 

3.4. Dependence of absorption spectrum on the external environment 

Fig. 6. shows the absorption spectrum of the Au plasmonic nanodevice with 
graphene at different environment refractive index n, when L1=100 nm, L2=250 nm, 
and EF=1.3 eV. The mode 1, mode 2, and mode 3 exhibit a signal red shift when the 
refractive index n increases from 1.0 to 1.3 as shown in Fig. 6. The sensitivity factor Sn 

of mode 1, mode 2 and mode 3 is 245.5 nm/RIU, 224.5 nm/RIU, and 149.0 nm/RIU, 

respectively. Here, the sensitivity factor /
n

S n   .  is the shift of the 

absorption peak wavelength and n  is the change of the environment refractive 
index. The figure of merit (FoM) is defined by the ratio between the sensitivity factor 
Sn and the FWHM of the mode, and the FoM of the mode 1, mode 2, and mode 3 is 
about 13.5, 11.5 and 41.3, respectively, which makes the system suitable for high 
sensitivity applications. It is worth pointing out that the FoM of mode 3 is several 
times larger than that of the mode 1 and mode 2. In previous studies, the FoM is 6.7 
[40], 11.3 [21], and 16.5 [41], which are much smaller than our results. These results 
show the possibility of using the metal plasmonic nanodevices with graphene for 
biological sensing and nano detectors at visible and near-infrared wavelengths. 

 

3.5. Active manipulation based on graphene 

Here, we show the possibility of actively manipulating the absorption spectrum 
and the reflected light phase of the nanodevices through changing the graphene 
Fermi energy EF. The absorption spectrum of the plasmonic nanostructure with 
graphene has a blue shift with the increase of the EF from 1.0 eV to 1.3 eV as shown 
in Fig. 7(a). Pauli blocking of photon absorption makes sure that when the energy of 
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photons is less than 2EF, they can not be absorbed [42]. When EF is 1.0 eV and 1.1 eV, 
the wavelength of mode 3 is 957.2 nm and 888.0 nm which are not shown in Fig. 7(a). 
When EF is 1.2 eV and 1.3 eV, the wavelength of mode 3 is 832.7 nm and 786.7 nm, 
respectively. There are two important parameters for measuring the quality of 
modulators: one is the sensitivity factor, The other is modulation depth. The 
sensitivity factors SEF of mode 1, mode 2 and mode 3 are 56.6 nm/eV, 60.3 nm/eV, 
and 153.3 nm/eV, respectively, where the nm/eV means the wavelength shifts of the 
mode for 1 eV change of graphene Fermi energy. Here, the sensitivity factor to the 

graphene Fermi energy is expressed as /
EF F

S E   , where   is the shift of the 

absorption peak wavelength and F
E is the change of the graphene Fermi energy.  

The modulation depth is 17.8% at about 729 nm, and 20.4% at about 779 nm. Here, 
the modulation depth is defined as the relative absorbance change of the 
nanodevice at defferent Fermi energy of graphene. Fig. 7(b) shows the reflected light 
phase of the Au plasmonic nanodevice with graphene at different Fermi energy EF of 
graphene. The reflected light phase of the proposed nanodevice is actively 
modulated through changing the EF of graphene as shown in Fig. 7(b). Unlike the 
reflected light phase of traditional metal plasmonic nanodevice with graphene (The 
nanorods are same lengths) [34], the reflected light phase of the proposed 
nanodevice has two dips and one peak. The modulation range is about 140 nm from 
700 nm to 840 nm, and the phase modulation value is over 0.5 rad at around 720 nm, 
770 nm and 810 nm. These results suggest an original method to realize 
multi-wavelength actively manipulated nanodevices such as the tunable light filters, 
optical switches and phase modulators at visible and near-infrared wavelengths. 

 

Conclusions 

 We theoretically demonstrate that the dynamic control of the Fano resonance 
can be realized in metal plasmonic nanodevices with graphene. By using FDTD 
method, we obtain the Fano resonance peaks and the corresponding field 
distributions in three different nanostructures. The results show that the surface 
plasmon resonance of the Au nanodevices with graphene has three resonance peaks. 
Compared with the traditional plasmonic nanostructure without graphene, the 
absorption spectrum of the plasmonic nanostructure with graphene has an obvious 
blue shift, and the FWHM of the resonance modes narrows signally. Then, the 
dependence of the Fano resonance on the length and gap of Au nanorods, and the 
environment refractive index is studied. The wavelength of mode 1 and mode 2 is 
shift when changing the length of Au nanorods or their gap. However, the 
wavelength of mode 3 is not shift when changing the length Au nanorods or their gap. 
When we change environment refractive index, the absorption spectrum has an 
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obvious shift, and the sensitivity factor Sn of mode 1, 2 and 3 is about 245.5 nm/RIU, 
224.5 nm/RIU, and 149.0 nm/RIU, respectively. The corresponding figure of merit is 
as high as 13.5, 11.5 and 41.3, respectively, which makes the system suitable for 
sensing applications. Finally, we actively manipulate the absorption spectrum and the 
reflected light phase through changing the Fermi energy of graphene. The sensitivity 
factor SEF of the mode 1, 2 and 3 is 56.6 nm/eV, 60.3 nm/eV, and 153.3 nm/eV, 
respectively. The modulation depth can be as high as 17.8% at about 729 nm, and 
20.4% at about 779 nm. The wavelength range of phase modulation is about 140 nm, 
and the phase modulation value is over 0.5 rad at 720 nm, 770 nm and 810 nm. This 
study suggest an original method for applications in highly sensitive biological 
sensing, switching, tunable optical modulators, and other graphene-based photonic 
nanodevices. 
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Figure captions  

Figure 1. (a) The schematic diagram of the graphene-metal plasmonic hybrid 
nanostructure unit. 
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Figure 2. The absorption spectrum of different plasmonic nanostructures. 

 

 

Figure 3. Field distributions in the three different nanostructures at the view at y=0. 
(a,b) The field distributions in the nanostructure 1 at the wavelength of 731 nm and 
680 nm. (c, d) The field distributions in the nanostructure 2 at the wavelength of 723 
nm and 778 nm. (e-g) The field distributions in the nanostructure 3 at the 
wavelength of 712 nm, 760 nm, and 786 nm. The dotted lines express the interface 
of different materials. The red dotted line expresses the layer of graphene at z=0 nm. 

 

 

Figure 4. The absorption spectrum of the Au plasmonic nanodevices with graphene 
as a function of the length of the nanorods, when the graphene energy EF=1.3 eV. (a) 
The length L1 of short nanorod, when L2=250 nm. (b) The length L2 of the long 
nanorod, when L1=100 nm. 

 

 

Figure 5. The absorption spectrum of the Au plasmonic nanodevices with graphene 
at different gap g of the Au nanorods, when L1=100 nm, L2=250 nm, and EF=1.3 eV. 

 

 

Figure 6. The absorption spectrum as a function of the environment refractive index 
n, when L1=100 nm, L2=250 nm, and EF=1.3 eV. 

 

 

Figure 7. (a) The absorption spectrum as a function of the graphene Fermi energy EF. 
(b) The phase of the reflected light as a function of the graphene Fermi energy EF. 
When L1=100 nm, L2=250 nm. 
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Figures

Figure 1

(a) The schematic diagram of the graphene-metal plasmonic hybrid nanostructure unit.



Figure 2

The absorption spectrum of different plasmonic nanostructures.

Figure 3



Field distributions in the three different nanostructures at the view at y=0. (a,b) The �eld distributions in
the nanostructure 1 at the wavelength of 731 nm and 680 nm. (c, d) The �eld distributions in the
nanostructure 2 at the wavelength of 723 nm and 778 nm. (e-g) The �eld distributions in the
nanostructure 3 at the wavelength of 712 nm, 760 nm, and 786 nm. The dotted lines express the interface
of different materials. The red dotted line expresses the layer of graphene at z=0 nm.

Figure 4

The absorption spectrum of the Au plasmonic nanodevices with graphene as a function of the length of
the nanorods, when the graphene energy EF=1.3 eV. (a) The length L1 of short nanorod, when L2=250
nm. (b) The length L2 of the long nanorod, when L1=100 nm.



Figure 5

The absorption spectrum of the Au plasmonic nanodevices with graphene at different gap g of the Au
nanorods, when L1=100 nm, L2=250 nm, and EF=1.3 eV.



Figure 6

The absorption spectrum as a function of the environment refractive index n, when L1=100 nm, L2=250
nm, and EF=1.3 eV.



Figure 7

(a) The absorption spectrum as a function of the graphene Fermi energy EF. (b) The phase of the
re�ected light as a function of the graphene Fermi energy EF. When L1=100 nm, L2=250 nm.


