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Abstract: Fano resonance, one of the interesting reso-
nance phenomena in physics, provides versatile appli-
cations when combined with a concept of metasurface 
in nanophotonics. Fano-resonant metasurface (FRM) is 
attracting a lot of attention due to its superior narrow-
band characteristics as well as design freedom of metasur-
faces in nanoscale. However, only the control of apparent 
asymmetric spectral nature of Fano resonance has been 
focused at applications such as optical sensors, as the 
amplitude feature of Fano resonances is relatively easy to 
control and can be measured by an experimental setup. 
Here, a method for modulating the phase information of 
FRM by both simulation and experiment is demonstrated. 
As a proof of concept, an optical demultiplexer, which 
can divide four target wavelengths in different direc-
tions of free space, is verified experimentally. It covers 
a broadband wavelength range of more than 350  nm in 
the near-infrared region with extremely small full-width 
at half-maximum. This approach can offer the complete 
control of FRM for a wide range of applications, including 
optical multiplexers, routers, filters, and switches, beyond 
conventional applications that have been limited to the 
amplitude control of Fano resonance.

Keywords: Fano resonance; metasurface; optical demulti-
plexer; wavelength selective; beam deflection.

1  �Introduction
Fano resonance is a resonant phenomenon originating 
from the destructive interference between superradiant 
and subradiant modes in quantum physics, which was 
first proposed by Ugo Fano in 1935 [1]. The unique feature 
of Fano resonance, a distinctly asymmetric line shape in 
far-field spectrum, is the large number of potential appli-
cations in the development of nanophotonics as well as 
atomic systems [2–5]. In recent decades, metasurfaces that 
are composed of arbitrarily designed sub-wavelength-
scale antennas have been widely researched due to their 
outstanding characteristics for light modulation within 
a small footprint [6–13]. They have also been spotlighted 
as a platform for inducing and manipulating Fano reso-
nance [8–13]. The excitation of Fano resonance has been 
demonstrated by various types of nanostructures such 
as split-ring resonators [9], asymmetric double bars [10, 
11], hybrid nanoparticles [12], and dolmen structure [13]. 
Especially, thanks to its characteristic that exhibits the 
high-quality factor within narrowband spectrum, Fano-
resonant metasurfaces (FRMs) have been applied to 
various optical devices, including ultrasensitive spectro-
scopy [14], chemical sensing or biosensing [15–17], and 
optical logic operation [18].

To further improve the prominent advantages of Fano 
resonance, such as high-quality factor and asymmetric line 
shape in the amplitude spectrum, numerous studies have 
focused on using and modulating these factors. FRMs have 
been proposed that enhance the quality factor [19–22], 
tune the resonance frequencies [23, 24], control the modu-
lation depth [25, 26], and excite multiple resonances [16, 
27, 28] by changing geometric parameters. Very recently, 
the active mechanism is implemented to extend the func-
tionality of FRMs [29–32]. This research flow has only 
established limited applications using the amplitude and 
intensity characteristics of Fano resonance. In addition to 
this intuitive approach, Fano resonances can be applied 
in a wider range using phase or polarization nature with 
narrow bandwidth. However, despite many other possibili-
ties for optical elements, studies using other optical char-
acteristics of Fano resonance have been elusive.
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In the condition of Fano resonance excitation, a 
unique phase jump is a notable phenomenon, which 
appears near Fano resonance wavelength depending on 
the relative quantitative conditions of the radiative loss and 
coupling coefficient [2]. In terms of wavelength-selective 
applications, such as optical routing and optical demul-
tiplexing, FRM can be a superior candidate using phase 
modulation property. Recently, a color routing based on 
FRM is demonstrated as one of the few examples using 
phase modulation of Fano resonance [33]. However, there 
has been no demonstration about optical demultiplexers 
through FRM, although it has a great potential to improve 
the functionality dramatically. Until now, optical demul-
tiplexers implemented in nanophotonics have limited 
platforms such as waveguide, cavity, and in-plane propa-
gating structures [34–36]. They also have limitations, such 
as fewer target wavelengths, narrow operating range, high 
crosstalk, and large full-width at half-maximum (FWHM) 
of the target wavelength. These problems can be improved 
using the narrowband characteristics of Fano resonance.

In this paper, a phase modulation mechanism of 
Fano resonance is introduced. Distinct from conventional 
approaches that control a spectral line shape of Fano 
resonance, a new scheme of Fano-based optical device 
is proposed by adjusting a phase jump characteristic 
through ultra-thin metasurface. The proposed metasur-
face, composed of gold nanorods on a gold backplane film 

with dielectric spacer between them, supports multiple 
Fano resonances as well as dipolar resonance, which can 
deflect only the specific wavelength corresponding to the 
condition of Fano resonance without distortion between 
the other target wavelengths. Hence, a function of optical 
demultiplexer is implemented by multiplexing the gra-
dient metasurface in a wide near-infrared (IR) spectral 
range.

2  �Results and Discussion

2.1  �Operating principle of phase modulation 
in FRM

A schematic of the proposed metasurface consists of three 
layers: a ground gold plane, a dielectric spacer, and a top 
layer of triple gold nanorods (Figure 1A). Each layer has a 
thickness of 100, 80, and 50 nm from the bottom, respec-
tively. The unit cell consists of triple gold nanorods with 
different lengths to support multiple Fano resonances, 
and the unit structure is arranged in a period of 650 nm 
in both x and y directions (Px = Py). The lengths of gold 
nanorods are denoted as L1, L2, and L3, respectively. L1 is 
fixed as 420  nm and the others would be controlled to 
induce Fano resonance independently. All nanorods have 

Figure 1: Proposed metasurface and its numerical analysis.
(A) Schematic illustration of FRM in reflection form composed of triple gold nanorods with dielectric spacer above the gold film. Incident 
light has a y-polarized electric field. Amplitude (B) and phase (C) of the reflected light for the proposed metasurface. DR, FR1, and 
FR2 indicate the dipole, first Fano, and second Fano resonances in sequence. Gray shaded areas represent phase modulation at Fano 
resonances. Dashed color lines indicate the wavelengths to be used for analysis in (E). (D) Magnetic field distribution in z direction for each 
resonance condition with black arrows of induced current density. (E) Modulation characteristics for each wavelength near the DR, FR1, and 
FR2 regions in the complex plane when the nanorod length changes.
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width (w) of 80 nm and gap (g) of 80 nm between each rod. 
For numerical verification, a commercial simulation tool 
(COMSOL Multiphysics 5.3) is employed.

To make plasmonic resonances on metallic nanorods, 
a y-polarized electric field is normally incident from the 
upper side of the metasurface. When the proper condition 
of lengths (L2 = 370  nm and L3 = 280  nm) is established, 
the amplitude and phase spectra of the reflected light are 
shown in Figure 1B and C. Among the observed three reso-
nance modes, a dipole resonance (DR) in which the current 
densities are induced in the same directions for all three 
nanorods appears at the longest wavelength. The first Fano 
resonance (FR1) and the second Fano resonance (FR2) are 
distinct spectral features manifested by different Fano res-
onance modes. The out-of-phase current density excitation 
in two longer pairs of the three nanorods is referred to as 
FR1 and that in the shorter pairs is FR2. The magnetic field 
distributions in z direction for each mode are shown in 
Figure 1D with the induced current density of black arrows. 
These amplitude characteristics are due to the coupling of 
the circulating currents induced between the ground gold 
film and nanorods, as reported previously [19].

Herein, the focus is on the phase shift phenomenon 
at each resonance wavelength as shown in Figure 1C. 
When the designed metasurface is composed of a reflec-
tion scheme, the total reflected light can be expressed as 
follows:
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where r12 and t12 are the reflection and transmission coef-
ficients from layer 1 to layer 2 and r21 and t21 are those from 
layer 2 to layer 1, respectively. The parameter λ is the wave-
length of light in free space, n is the refractive index of the 
dielectric spacer, and d is the thickness of the dielectric 
spacer causing the Fabry-Pérot cavity effect. The reflection 
and transmission coefficients can be substituted by nor-
malizing the eigenvectors when modeled with a coupled 
harmonic oscillator system. When the phase information 
of the total reflected light is examined by appropriately 
sweeping the coupling parameter, it is found that a dra-
matic phase change of about 2π appears near the wave-
length where Fano resonance occurs. It can be inferred 
that full phase modulation is possible in the reflective 
structure, unlike a π phase jump in a single-layer FRM. To 
intuitively represent only the phase modulation caused by 
the resonant structure, Figure 1C shows the phase informa-
tion subtracting the phase occurred by light propagation. 
Although a full phase modulation occurs even in a simple 
perfect absorber-like structure with a bottom metal film 
[37], there is a difference that the full phase modulation 

based on FRM has exceptional wavelength-selective char-
acteristics. The detailed conditions are described in the 
Supplementary Information.

Numerical results are analyzed to verify the theo-
retical prediction. Figure 1E shows an example of the 
modulation characteristics based on Fano resonance in 
the complex plane that occurs when the length condi-
tions of L2 and L3 change. For example, if the FR1 mode 
is targeted, the lengths of L1 and L3 are fixed as 420 and 
280 nm, respectively. The modulation pattern observed 
near the wavelength of each resonance condition is dif-
ferent as the length of L2 varies from 390 to 300 nm. First, 
when the oscillating electrons in all nanorods are in 
phase (DR condition), the wavelength condition of the 
localized surface plasmon resonance shifts slightly as the 
L2 changes, resulting in a phase modulation with a very 
weak modulation depth (Figure 1E, green line). In con-
trast, as the length of L3 is fixed, no phase modulation is 
found at a fixed wavelength near the FR2 no matter how 
L2 changes (Figure 1E, black line). In the case of FR1 to 
be targeted, the phase jump occurs in the region longer 
than Fano resonance wavelength but does not cover as 
much as 2π (Figure 1E, blue line). Thus, if the wavelength 
is selected in a range slightly smaller than the Fano reso-
nance wavelength (λ = 1650 nm in here), all four regions 
of the quadrant can be covered (Figure 1E, red line). Due 
to the high Q factor of Fano resonance, a much sharper 
modulation depth can be achieved than in the case of 
DR. If the FR2 mode is targeted, it is obvious that similar 
phenomena occur in the wavelength region near FR2. 
Therefore, selecting an appropriate target wavelength 
near Fano resonance is a design strategy that enables 
a full phase modulation in the narrow bandwidth. The 
proposed structure enables the phase control of two 
target wavelengths in one unit cell structure using mul-
tiple Fano resonances. Also, the thickness of dielectric 
spacer is optimized with 80 nm to minimize the ampli-
tude fluctuation, which can be caused by the reflection 
dip of Fano resonance almost close to zero. Using the 
phase modulation characteristic of Fano resonance, the 
metasurface as an optical device will be proposed in the 
next section.

2.2  �Gradient metasurface and optical 
demultiplexer

A gradient metasurface is demonstrated by arranging 
three unit cells of the multiple FRM discussed above. Each 
supercell targets two separate wavelengths based on the 
double Fano resonances, i.e. FR1 and FR2. If the phase step 
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is set to a different sign at each resonance, the wavevector 
of the reflected light due to one supercell is expressed as
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where λa and λb are the target wavelengths of one super-
cell. The parameter Λ is equal to 3Px in the entire period 
of the supercell. For the output wavevectors of target 
wavelengths λa and λb, the gradient values having a differ-
ent sign are added in the x direction, and all other wave-
lengths, except the target wavelengths, are reflected in 
the incident direction. Then, the deflection angle of each 
target wavelength is given by

	 θ λ Λ= ±sin( / ).� (3)

In addition, the proposed device is composed of two 
supercells of gradient metasurfaces to expand the func-
tionality of an optical demultiplexer that can separate 
multiple wavelengths into different channels as shown 
in Figure 2A. Each supercell targets two separate wave-
lengths. Figure 2B–E illustrates the phase map of the 
reflected light by the change of L2 and L3. The length 
condition shown in Figure 2A is designed based on the 

conditions marked with circles, squares, and triangles. 
Figure  2B and C represents the phase information for 
designing supercell-1 at the target wavelengths of 1344 and 
1610  nm, respectively. Figure 2D and E shows the phase 
information for designing supercell-2 at the target wave-
lengths of 1440 and 1700 nm, respectively. It can be seen 
that there is a very sharp phase flip near the areas where 
Fano resonance occurs. In particular, it is important to 
note that Figure 2B and D exhibits phase variation accord-
ing to the change of L3, as it depends on FR2 basis. In con-
trast, phase variation in Figure 2C and E only depends on 
L2 value regardless of L3, as it is based on FR1. To achieve 
high angle deflection, each marker has a phase difference 
of magnitude 2π/3 sequentially. As indicated by the arrow, 
the phase step is −2π/3 when the short wavelength is tar-
geted in each supercell (for FR2) and +2π/3 for the target 
of the long wavelength (for FR1). Thus, the targeted short 
and long wavelengths are deflected in different directions. 
The final designed geometric parameters (L1, L2, L3) are 
(420, 356, 250), (420, 328, 258), and (420, 312, 274) nm for 
supercell-1 and (420, 382, 274), (420, 348, 284), and (420, 
336, 296) nm for supercell-2. The detailed information on 
the amplitude and phase of each unit cell is given in the 
Supplementary Information.

The scattered electric fields for each targeted wave-
length are shown in Figure 3A. As designed above, it 
is confirmed that two short wavelengths (1344 and 

Figure 2: Design of gradient metasurface for optical demultiplexer.
(A) Schematic illustration of a gradient metasurface for the function of optical demultiplexer. (B–E) Numerically calculated phase values 
to design gradient metasurface according to the change of L2 and L3. Phase maps of target wavelengths (B) 1344 nm and (C) 1610 nm for 
supercell-1 and (D) 1440 nm and (E) 1700 nm for supercell-2. Each marker (circles, squares, and triangles) and an arrow indicate the selected 
geometric parameters of the length and gradient phase steps.
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1440 nm) are deflected in the +x direction and two long 
wavelengths (1610 and 1700 nm) are deflected in the –x 
direction, respectively. The efficiency for each diffrac-
tion order and signal-to-noise ratio (SNR) for target order 
number are represented in Figure 3B and C. The efficien-
cies at target wavelength 1344, 1440, 1610, and 1700 nm 
are 32.55%, 19.36%, 32.82%, and 19.29% and the calcu-
lated FWHM are 38, 41, 61, and 37 nm, respectively. Each 
wavelength exhibits outstanding narrowband character-
istics without crosstalk with each other, which is a supe-
rior advantage as an optical demultiplexer compared to 
the conventional studies based on the waveguide and 
cavity system [34–36]. The SNR is defined as the inten-
sity ratio of the target order to the orthogonal one in dB 
scale, i.e. SNR = 10 log(I

σ
/I

σ´) [dB], where (σ, σ´) = ( + 1, −1). 
The absolute values of SNR for each wavelength are 30.59, 
27.03, 13.05, and 12.59 dB, respectively. As inferred from 
Figure 1B, the FR2-based modulation target wavelength 
has a weaker antisymmetric mode coupling than FR1, 
resulting in higher and broader amplitude characteristics 
than FR1. That is why the efficiency and SNR in the short 
wavelengths 1344 and 1440 nm are higher than those of 
long wavelengths.

Figure 4 shows the experimental results for the dem-
onstration of the proposed optical demultiplexer. The 
fabrication is carried out using conventional e-beam 
lithography process (see Materials and methods). 
The sample is fabricated with an overall area of 
500 × 500 μm2. The length of each nanorod on the fab-
ricated sample is almost similar to the designed value. 
Although it has an error of less than 20 nm, it maintains 
the length disparity between each nanorod well (see 
Supplementary Information). Figure 4B and C shows 
the captured Fourier plane images and intensities of the 
reflected light, measured at a specific deflection angle 
position. The angles shown in Figure 4B are measured 
through the rotation stage on the measurement setup 
(see Supplementary Information). The average value 
of the measured deflection angles (45.3°, 50.5°, −57.8°, 
and −62.0°) is found to be in good agreement with 
the value designed by the simulation (43.57°, 47.60°, 
−55.65°, and −60.67°), which is confirmed in Figure 5A. 
The calculated angle deviation has an error up to 7.58° 
as shown in Figure 5B. The reason that the measured 
angle tends to be slightly larger than the designed 
value is related to a little longer fabricated rod length 

Figure 3: Numerical results for the performance of the proposed metasurface.
(A) Scattered electric field distributions (Ey) of reflected light for four target wavelengths 1344, 1440, 1610, and 1700 nm. Each arrow and 
dotted line indicate deflection direction and wavefront with angle information, respectively. (B) Diffraction efficiency for the + and - first-
order directions in the case of broadband source illumination. (C) SNR at each target wavelength.

S.-E. Mun et al.: Broadband wavelength demultiplexer using Fano-resonant metasurface 1019



conditions and the spacer thickness optimization (see 
Supplementary Information). The dielectric thickness 
deposited by sputter equipment is slightly smaller than 
the target 80 nm, which leads to red shift in wavelength. 

The efficiency of each deflected light is calculated from 
Figure  4C with reference data, which is 5.75%, 4.46%, 
7.49%, and 1.44%. Although the absolute value of effi-
ciency has been considerably reduced overall, the 

Figure 4: Fabricated metasurface and its experimental results.
(A) Field emission-scanning electron microscopy images of the fabricated metasurface samples at different magnifications. The total size of 
sample is 500 × 500 μm2. (B) Captured CCD images on the Fourier plane for each target wavelength and the measured deflection angles at 
that time. (C) Intensity corresponding to the above CCD images, which is plotted on an arbitrary unit for efficiency comparison.

Figure 5: Measurement results.
(A) Measured deflection angles (blue circle marker) with error bar for four target wavelengths. Target wavelength numbers 1–4 represent the 
case of designed wavelengths 1344, 1400, 1610, and 1700 nm, respectively. Red cross markers indicate the deflection angles at each of the 
designed wavelengths. (B) Deviation of the measured angles for each target wavelength.
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efficiency magnitude ratio at each wavelength is similar 
to the simulation results. By applying this measured 
angle to equation λ = 3Px sin(θ), wavelength information 
of the deflected light measured on each Fourier plane 
can be derived. The broadband source is used without 
a filter, which cannot properly filter out very narrow-
band target wavelengths, so measurements are made 
using this inverse calculation method. The wavelengths 
of the deflected light calculated from this equation are 
inferred as 1386, 1505, 1650, and 1722 nm, respectively, 
which can be considered to closely match the targeted 
values. Consequently, the ability of the optical demulti-
plexer is demonstrated to isolate the target wavelengths 
as designed, which makes sense by taking advantages 
of the extreme narrowband nature of Fano resonance.

3  �Conclusion
In summary, a novel concept of phase modulation based 
on FRM was introduced and experimentally demonstrated. 
A broadband optical demultiplexer using FRM was pro-
posed as one of the application examples in the near-IR 
spectral region. The reflective structure was numerically 
investigated to overcome the limitation of single-layer FRM 
that can provide only an abrupt π phase change and verify 
the possibility of full phase modulation. The reflection-
type metasurface enabled the phase modulation from 0 to 
2π in a very narrowband region near the wavelength where 
Fano resonance occurs. In addition, by inducing multiple 
Fano resonances using triple nanorod structure and spatial 
multiplexing technique, the proposed metasurface was 
capable of steering light to large deflection angles only for 
four target wavelengths without crosstalk. The proposed 
structure separated four target wavelengths by 45.3°, 50.5°, 
−57.8°, and −62.0°, respectively, and had a maximum SNR 
of 61.17  dB at 1344  nm wavelength. The proposed device 
displayed wide bandwidths (>350 nm) and extremely small 
FWHM (especially 37 nm at 1700 nm) with 500 × 500 μm2 
small feature size. The proposed structure gives insight 
into multiple Fano resonances, so that the number of 
demultiplexing channels can be extended to four or more 
using more multiple Fano resonances. In addition, the per-
spective of a transmissive structure is expected based on 
the proposed theoretical analysis. The proposed scheme 
will explore the application of FRM, which is limited to 
conventional amplitude control thus far, and will be a new 
platform for various optical applications in narrowband as 
well as broadband operation ranges.

See Supplementary Information for the supporting 
content.

4  �Materials and methods
The fabrication of FRM was performed using conventional 
e-beam lithography technique. First, chromium as an adhe-
sion layer and gold mirror films with a thickness of 2 and 
100 nm, respectively, were deposited via a thermal evapora-
tor (MHS-1800) on a glass substrate. Then, aluminum oxide 
with 80 nm thickness was deposited by sputtering (SNTEK 
sputter, PSP5004). Bilayer e-beam resists (PMMA 495K A4 
and 950K A2) were sequentially spin-coated on top of the 
sample after sputtering. The periodic array composed of 
triple gold nanorods was patterned with a high-resolution 
e-beam lithography technique (JBX-6300FS) operating at 
100 kV condition. After development, a gold layer of 50 nm 
was deposited by a thermal evaporator. Finally, the pat-
terned FRM was completed through a lift-off process.

To characterize the optical resonance of the sample, 
a broadband measurement setup was used with a CCD 
camera system. Broadband source (ANDO, AQ-4303B) 
covering the whole near-IR region (from 400 to 1800 nm) 
was used, and linear polarizer and lens for collimating 
the divergence of broadband light were used in front of 
the source. To avoid high k incident components, incident 
light was focused on the sample using a long focal length 
lens. The rotation stage was used to center the sample, 
and the Fourier plane was captured by an IR CCD camera 
(PAMINA) after passing the 4f system on the rotation stage 
rail. The light spot appearing on the Fourier plane was 
scanned with a CCD camera and the deflection angle was 
measured simultaneously.
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