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Abstract: Great progress in nanophotonics has been
demonstrated in tailoring the impinging beams. The
physics behind those intriguing effects is to a large extent
governed by the parameter of the optical phase. While,
simple nanostructures usually suffer from fundamental
limitations on their efficiency in wave transformation,
especially in the transmission system, associatedwith their
inadequate phase accumulation, challenge their imple-
mentation in practical application. Here, we describe a
transparent nanostructure built from a pair of partially
overlapped gold and aluminum semi-nanoshells that show
almost π phase accumulation through material-dependent
plasmon resonances. Combined with an optical slab
waveguide, the bimetallic metagratings exhibit prominent
directional color routing properties in transmission light,
which result from switchable Fano resonances between
plasmon resonances of bimetallic nanostructures and ±1
order waveguide diffractionmodes at two opposite oblique
incidences due to sufficient phase shift provided by the
asymmetric and bimetallic plasmon resonators. Both
theoretical and experimental results show that the Fano-
resonance-assisted color routing exhibits a relatively
broadband tuning range (∼150 nm with an efficiency of up
to 50%) and a color routing efficiency of up to 70% at the
central wavelength of λ = 600 nm.

Keywords: bimetallic metagrating; directional color rout-
ing; optical phase; optical waveguide; plasmon resonance.

1 Introduction

Localized surface plasmon resonances (LSPR) as a result of
collective oscillation of free electrons in noble metals has
drawn significant interest in the past years, owing to their
capability ofmanipulating light at thenanoscale andowning
extremely strong near-field enhancement [1, 2]. Those prop-
erties enable the applications of plasmonicnanostructures in
improved photovoltaic [3], chemical/biological sensors
[4, 5], and surface-enhanced molecular spectroscopies
including surface-enhanced Raman scattering [6] and
enhanced fluorescence [7]. Meanwhile, plasmonic nano-
structures have been also used to control the wavefront
[8–10], polarization [11–13] and propagation direction
[14–23] of impinging wave to generate strong optical non-
linearities [24], complex vector vortex beam [25], and
anomalous refraction and reflection [14, 15]. The latter plas-
monic nanostructures including Fano resonance structures
typically require coherent oscillations of several plasmonic
oscillatorswith specific phase retardations [17]. For example,
the artificial nanoresonators used to produce anomalous
refraction or reflection need to support certain phase gradi-
ents along thehorizontal direction in a super unit cell [14, 15].
Thus, theyusually need to be carefully designedandpossess
relatively complex distributions. Functional nanodevices
with ultrathin and simple designs can provide more possi-
bilities for the mass production with simple preparation
processes and at a low cost. While, their inadequate phase
accumulation by just tuning the size or geometry of the
nanodevices [15, 26, 27], makes them usually suffer from
fundamental limitations on their efficiency in wave trans-
formation. This challenges their implementation in practical
application, especially in the transmission system.

Bimetallic nanoantennas with simple design and large
area are proposed in [16], which provide another degree of
freedom to manipulate the optical phase in the transparent
optical system. In our paper, we investigate such degree of
freedom for manipulating the optical phase in metallic
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photonic crystal slabs in the transmission direction. As a
proof of principle,we experimentally realize thewaveguide-
bimetallic metagrating, which consists of pairs of partially
overlapped gold (Au) and aluminum (Al) semi-nanoshells
on a thin optical slab. The calculated and experimental re-
sults show that thematerial-dependent plasmon resonances
can produce almost π phase accumulation, which provides
conditions for switchable Fano coupling between the plas-
mon resonances of bimetallic nanostructures and ±1 order
waveguide diffraction modes at two opposite oblique in-
cidences. As a result of such an exotic phenomenon, the
waveguide-bimetallic metagrating exhibits prominent color
routing properties in a direct transmission direction. That is,
it is able to directionally sort light of different colors to a
direct transmission direction by changing the incident an-
gles from θ to −θ (see Figure 1). The underlying physics
behind this photophysical phenomena is the controllable
interference process between direct transmission light (T )
and indirect transmission lights corresponding to wave-
guide diffraction modes modulated by plasmon resonances
(W–P) of bimetallic metagrating (see the insets in Figure 1).
Moreover, we show that the bimetallic photon-sorting de-
vices can be fabricated over large areas using the low-cost
interference lithography and deposition technology. That
may facilitate theapplications in, for example, tunablepass-
band optical filters, optical sensors, and color holography.

2 Results and discussions

2.1 Realization of the waveguide-bimetallic
metagrating

Figure 2(a)–(c) show the fabrication process of the
waveguide-bimetallic metagrating. One-dimensional
photoresist grating was firstly fabricated as a mask using
interference lithography on a glass substrate coated with
200-nm-thick indium-tin-oxide (ITO), as shown in
Figure 2(a), where a UV laser at 343 nm and photoresist
S1805 (PR) were adopted, the ITO film was acted as an
optical waveguide in the investigation of switchable Fano
resonances between LSPR of bimetallic metagrating and
waveguide modes. The refractive index of the PR film with
a thickness of 500 nm and the ITO film was measured by
ellipsometry (Horiba UVISEI-2), which was shown as a
function of wavelength in Figure S1 in the Supplementary
Material. The refractive index of ITO and PR are 1.89 and
1.64, respectively, at the wavelength of 600 nm, which
applies well to our simulations. Furthermore, we also
measure the transmittance spectrum of the ITO glass as
shown in Figure S1. The ITO glass has a very high trans-
mittance in visible light. Then, two metals of Au and Al
were deposited sequentially on the surface of the PR mask
using two different evaporation angles on opposite sides of

Figure 1: Physical origin and schematic diagrams of the Fano-resonance-assisted directional color routing in waveguide-bimetallic
metagrating.
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the substrate normal so that the two partially overlapped
metallic nanoshells were produced. Refer to the study by F
F Liu and X P Zhang [28] for a detailed preparation method
of the asymmetric metallic metagrating. In this work,
metallic materials of Au and Al are chosen for their
different frequency of bulk longitudinal electron excita-
tions and their relatively stable characteristics in the air
[29], which enable the bimetallic devices to have a broad-
band LSPR response with long working life.

The structural parameters of the nanocavities are
defined in Figure 2(c): the period of the nanocavity array,Λ;
the center-to-center separation between Au and Al semi-
nanoshell, L; the modulation depth of the PR grating, H;
the height of Al and Au nanoshells, h1 and h2, respectively;
the thickness of Au and Al nanoshells, d. Asymmetric
geometric distribution of Au and Al nanoshells in bime-
tallic metagrating form an inclined diffraction plane with
an angle, i, which provided similar optical properties with
that of blazed grating.

Figure 2(d) shows the scanning electron microscopy
(SEM) images of the resulting bimetallic metagrating,
where the metals of Au and Al can be distinguished by
different colors and contrast of the metagrating. The mea-
surement results of the electronic spectrum as shown in
Figure S2 confirm further the bimetallic structural design.
This method allows for fabrication of metagrating over
large areas (centimeter scale) while preserving the struc-
ture orientation, size, and composition. The inset in
Figure 2(d) shows the cross-section profile of the meta-
grating, where the period of the metagrating is about
Λ= 370nm, themodulation depth of the PRgrating is about
H = 450 nm, the height of the Au and Al nanoshells are 335
and 455 nm, respectively, the center-to-center separation

between Au and Al nanoshells L is about 155 nm, and the
thickness of theAu andAl nanoshells is about 70 nm. Thus,
the angle of the inclined diffraction plane formed by
asymmetric Au and Al nanoshells i is about 37°.

2.2 Switchable Fano resonances in
waveguide-bimetallic metagrating

Figure 3 shows the comparison results of transmission
optical extinction spectra of waveguide-bimetallic meta-
grating in Figure 2(d) between two opposite incidences,
where the incident lights are tuned from −10 to 10° with
transverse-magnetic (TM) polarization (perpendicular to
the extending direction of grating lines). The transmission
optical extinction spectrum is the result of the negative
logarithm operation of transmittance spectrum (see the
equation in Optical spectroscopy in Section 4), which en-
ables the comparison spectral results of the switchable
Fano resonance at two opposite incidences more clearly.
The broadband extinction peaks ranged from 400 to
900 nm correspond to LSPR of bimetallic nanostructures,
which can be confirmed by the simulations in below. The
angular-tuning extinction features with narrow bandwidth
are the Fano resonance between LSPR of bimetallic meta-
grating and ±1 order waveguide diffraction modes. The
central wavelengths of those modes can be roughly esti-
mated by the grating diffraction formulas [30–33]. There
are no doubt that two times measurements are the same as
the incident angles θ is 0°. Figure 3(a) shows the corre-
sponding spectral responses of the bimetallic metagrating,
where the central wavelength of Fano resonances are
located at about λ = 600 nm. The little differences in

Figure 2: Fabrication procedure of Au–Al
bimetallic metagrating.
(a)–(c) Schematic illustration of the
fabrication procedure through two-steps
oblique thermal evaporation. (d) Scanning
electron microscopy images of the Au–Al
bimetallic metagrating, inset shows the
cross-section profile.
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Figure 3(a) may come from test errors. As increasing the
incident angles gradually, we observe pairs of almost
complementary extinction features between the spectra at
two opposite oblique incident angles of θi and−θiboth in+1
and −1 order modes, which are highlighted by the pink and
blue lines, respectively.

The physics behind such fantastic optical phenome-
non is the controllable optical interference processes be-
tween direct transmission light and ±1 order waveguide
diffraction modes modulated by plasmon resonances of
bimetallic metagrating, which allow either constructive
interference or destructive interference at two opposite
oblique incidences, owing to sufficient phase shift between
the asymmetric plasmon resonances of Au and Al nano-
structures. Meanwhile, the phase accumulation also pro-
vides the conditions for different optical interference
processes in +1 and −1 order modes in the waveguide-
bimetallic metagrating, which can be distinguished easily
from the spectral responses in Figure 3(b)–(f). In aword,we
attribute those optical properties above as the switchable
Fano resonances in waveguide-bimetallic metagrating.
More detailed theoretical analysis of the exotic Fano
resonance will be presented in Section 2.3.

2.3 Physical mechanisms for switchable
Fano resonances in bimetallic
metagrating

2.3.1 Fano resonance in waveguide-monometallic
nanostructures

Phase modulation on the initial phase of waveguide
diffraction lights by plasmon resonance overturns the
interference process between optical waveguide and direct
transmission lights to constructive interference in ametallic
photonic crystal slab, which is the physical origin of Fano
resonance in waveguide-plasmon photonic crystal struc-
tures [30, 31, 34]. The Fano resonance in waveguide-
plasmon photonic crystal structures opens a narrowband
and transmission-enhanced window in direct transmission
light [35, 36]. Here, we simplify the waveguide diffraction
modes modulated by plasmon resonance to waveguide-
plasmon modes. Figure 4 shows the optical diffraction
channels of direct transmission or reflective lights, and ±1
order waveguide-plasmon modes in a monometallic pho-
tonic crystal slab at an incident angle of θi [30, 31], where the
high-order diffraction modes are neglected, as they do not

Figure 3: Experimental comparison results of optical extinction spectra of waveguide-bimetallic metagrating between two opposite
incidences.
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show up in our measurement results in Figure 3. The letters
of n1, n2, and n3 in Figure 4 separately denote the refractive
index of dielectric layers of air, waveguide slab, and SiO2

substrate, respectively. The diffraction channels ① and ②

colored by black lines with arrows are the direct trans-
mission and reflective lights, respectively, the diffraction
channels of③,④ and⑤,⑥ colored by red and blue lines
with arrows denote the +1 and −1 order waveguide-plasmon
diffraction modes, respectively, which include the lights in
waveguide propagated further and then scattered by Au
nanolines. The suspension points denote the lights in
waveguide propagated further. The overlap in space be-
tween the diffraction beams①,③, and⑤, or the beams of
②, ④, and⑥ result in optical interference in transmission
or reflective directions, respectively. Here, we focus on the
optical interference in the transmission direction. The
optical intensity of interference terms between direct
transmission light and ±1 order waveguide-plasmon
diffraction modes in transmission light are proportional
to cos(k+1  n12 ΔL+1 + Δφ+1) and cos(k−1  n12 ΔL−1 + Δϕ−1),
respectively, where k is the free space wave vector, n12 ΔL
and Δφ denote the optical path difference and the initial
phase shift between direct transmission light and
waveguide-plasmonmodes, respectively, n12 is the effective
refractive index of waveguide and air layers. The ±1 order
interference termsmentioned above are usually different for
their different resonance wavelengths and the initial phases
of waveguide-plasmonmodes.While, it is easy to be proved
that the total phase shifts between the interference terms at
two opposite oblique incidences are the same for both +1
and −1 order diffraction modes (cos(−k+1  n12 ΔL+1 − Δφ+1)
and cos(−k−1  n12 ΔL−1 − Δϕ−1) for −θi). Figure S3 shows the
comparison results of optical extinction spectra of Au-
coated grating with optical waveguide between two oppo-
site oblique incidences, where the Fano resonances are
exactly the same due to almost identical phase shifts at two
opposite oblique incidences. Compared with the results as
shown in Figure 3, the spectral responses of monometallic
grating exhibit relatively low interference efficiency due to
the relatively high ohmic loss for the metallic material of
gold. Except for that, we also measured the comparison
spectral results of monometallic grating with different
symmetry, as shown in Figures S4–S7. The asymmetric
monometallic gratings in Figures S4 and S6 are decorated
with one side of metal like that as shown in Figure 2(b). The
asymmetric gratings in Figures S5 and S7 are that similar
with bimetallic metagrating. Due to asymmetric diffractions
and scattering of the asymmetric metallic grating [37–40],
different spectral responses at two opposite incident angles
can be distinguished. Such an effect is similar with that in

blazed grating. While, the signal contrast for the switchable
Fano resonances in such four monometallic structures are
relatively weak compared with that in bimetallic metagrat-
ing. In the ideal case, we would want the argument of the
cosine function to reach to the limit of constructive inter-
ference (kn12 ΔL + Δφ = 2πm,m = 0,±1,±2⋯) for light
propagation. Those are the basic characteristics of Fano
resonance in waveguide-monometallic photonic crystal
systems.

2.3.2 Fano resonance in waveguide-bimetallic
metagratings

As to waveguide-bimetallic metagratings, more compli-
cated phase modulations on waveguide modes are
involved for increased plasmonic resonators in a structural
unit cell [16, 41]. To illuminate the physics behind switch-
able Fano resonances between waveguide-plasmon
diffraction lights and direct transmission light at two
opposite oblique incidents, we start from an analytical
simulation on two coupled plasmonic resonators of Au and
Al semi-nanoshells in bimetallic metagrating without op-
tical waveguide. The design scheme of Au–Al bimetallic
nanostructure is exhibited in Figure 5(a), which consists of
a pair of partially overlapped Au and Al semi-nanoshells
covered on the surface of PR template. Figure 5(b) and (c)
show also the sketchmaps of Au and Al semi-nanoshell for
comparison, where n4 denotes the refractive index of PR.
The location and size of the Au and Al nanoshells can be
easily and flexible tuned in experiment.

To evaluate the phase accumulation of Au and Al
nanoshells in bimetallic metagrating more accurately, the
coupling relationship between such two resonators are

Figure 4: Diffraction process of light in waveguide-monometallic
nanograting.
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investigated. Figure 5(d) shows the simulated optical
extinction spectra of bimetallic metagrating, Au-semi-
nanoshells gratings and Al-semi-nanoshells gratings, as
plotted by black solid curve (bimetallicmetagrating), green
(Au-semi-nanoshells grating, semi-Au grating), and red
(Al-semi-nanoshells grating, semi-Al grating) dotted
curves, respectively. Some common features as high-
lighted by green arrows can be observed from the broad-
band spectral responses of bimetallic and semi-Au grating,
which result from multipolar resonances of Au semi-
nanoshells (at λ = 445, 500, and 665 nm) and Rayleigh
anomalous diffraction of the metallic grating (at
λ = 585 nm) (see Figure S8 in Supplementary Material).
While, the differences between such two spectra can
almost be made up by the resonance mode of Al semi-
nanoshells at λ = 600 nm. The little deviations of the
resonance wavelengths in bimetallic and semi-Au grating
mainly result from different dielectric environments of
such two structures. In a word, the simulated spectral re-
sults in Figure 5(d) exhibit a relatively weak near-field
coupling between Au and Al semi-nanoshells in the

bimetallic grating. The fitting curve with a relatively rough
method of Efitting = Wi  EAu +Wj  EAl shows good agreement
with the simulated spectrum of bimetallic metagrating, as
plotted by grey circles, where Efitting denotes the fitting
result of bimetallic metagrating, EAu and EAl denote the
extinction spectra of semi-Au and semi-Al grating,
respectively, Wi and Wj are the weight to balance the
relationship between semi-Au and semi-Al grating. Those
to a large extent confirm a fact that the semi-Au and semi-
Al nanoshells collectively determine the broadband spec-
tral response of bimetallic nanostructures, while keeping
relatively weak coupling. Therefore, the phase accumula-
tion of Au and Al-nanoshells in bimetallic metagrating can
be roughly expressed by the phase difference between
semi-Au and semi-Al grating.

The reasons for the weak coupling between Au and Al
semi-nanoshells in the bimetallic metagrating lie in the
following aspects: (1) different wavelengths of the LSPRs of
Au andAl semi-nanoshells (Au semi-nanoshells: at λ= 445,
500, and 665 nm, Al semi-nanoshells: at λ = 600 nm); (2)
the relatively narrowband properties of the high-order

Figure 5: Analytical simulation on Au–Al
bimetallic metagrating, semi-Au and semi-
Al nanograting, respectively.
(a)–(c) Structural designs of Au–Al
bimetallic metagrating, semi-Au and semi-
Al nanograting, respectively. (d)
Transmission optical extinction spectra of
different nanogratings in (a)–(c). (e) Phase
distributions of semi-Au and semi-Al
grating, and the relative phase shift
between semi-Au and semi-Al grating.
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LSPR of Al semi-nanoshells, which has little overlap in
optical spectra with LSPRs of Au semi-nanoshells.

On this basis, we directly simulate the optical phase
distributions of semi-Au, semi-Al gratings, and then
calculate the phase difference between such two nano-
structures. Figure 5(e) shows the corresponding results,
which are plotted by black, red, and blue curves with cir-
cles, respectively. Multiple phase jumps in different
wavelength in the curves plotted by black and red circles
are result from phase accumulation of multiple resonances
of Au and Al semi-nanoshells, which are wrapped in the
range of [−π, π]. Owing mainly to asymmetric material
distribution of Au and Al nanoshells, a positive and
negative phase shift crossing almost 2π range can be
observed at about λ = 570 nm in the phase-different curve
as plotted by blue circles, which provide different initial
phase for the waveguide-plasmon modes in different
wavelengths, and thus can induce more interesting optical
interference processes between waveguide-plasmon
modes and direct transmission light.

In waveguide-bimetallic system, the optical interfer-
ence terms between direct transmission light and ±1 order
waveguide-plasmon diffraction lights are determined by
both different plasmon resonances of semi-Au and semi-Al
nanoshells and their asymmetric geometric distributions.
For example, according to the schematic illumination of
diffraction channels in Figure 4 and the structural design of
bimetallic metagrating in Figure 5(a), the optical intensity
of +1 order interference term at incident angles of θi can be
expressed as:

I+1(θi)∝ cos (k+1(n12  ΔL+1 + n14  L+1) + ΔφAu+1)
+ cos (k+1  n12ΔL+1 + ΔφAl+1) (1)

Where, I+1(θi) denotes the optical intensity of +1 order
interference term, two cosine functions on the right of the
formula correspond to the interference termsmodulated by
Au and Al nanostructures, respectively. n12  ΔL+1 and ΔφAl+1
are the optical path difference and initial phase shift be-
tween direct transmission light and waveguide-plasmon
modesmodulated by Al nanoshells, respectively. n12  ΔL+1 +
n14  L+1 and ΔφAu+1 are that modulated by Au nanoshells, in
which the optical path difference of n14  L+1 is derived from
center-to-center separation between Au and Al semi-
nanoshells and their asymmetric geometric distribution
(see Figure S9(a) in Supplementary Material), n14 is effec-
tive refractive index of dielectric layers related to the PR
and air. In ideal case, the limit of constructive interference
for light propagation for +1 order mode happened in the
conditions of k+1(n12ΔL+1 + n14L+1) + ΔφAu+1 = 2πm and

k+1n12ΔL+1 + ΔφAl+1 = 2πm,  m = ±1,±2⋯, where Δφ =
ΔφAu+1 − ΔφAl+1 is a negative value according to the spectral
result in Figure 4(e). Clearly, this requires that the phase
shifts of n14L+1 is different from zero. Such an ideal case can
be satisfied in the bimetallic metagrating through con-
trolling the size, location of the Au and Al nanoshells, and
their asymmetric plasmon resonances.

For opposite incident angle of −θi, the optical intensity
of +1 order interference term can be expressed as:

I+1(−θi)∝ cos(k+1  n12ΔL′+1 + ΔφAu+1)
+cos(k+1(n12  ΔL′+1 + n14  L′+1) + ΔφAl+1) (2)

It is different from that in Equation (1), implying
different interference characteristics at twoopposite oblique
incidences. n14 L′+1 is that derived from center-to-center
separation between Au and Al semi-nanoshells and their
asymmetric geometric distribution at the incident angle
of −θi (see Figure S9(b) in Supplementary Material).
Supposing the limit of constructive interferences are
reached at the incident angles of θi, the ideal destructive
interferences can be realized at the angle of −θi in the con-
ditions of k+1(n12ΔL′+1 + n14L′+1) + ΔφAl+1 = π + 2πm, and
k+1n12ΔL′+1 + ΔφAu+1 = −π + 2πm. Based on those condi-
tions, we can obtain the appropriate values of n14L′+1, n14L+1
and Δφ to meet above-mentioned interference processes.

Further calculations show that the ideal phase accu-
mulation between plasmon resonances of semi-Au and
semi-Al nanoshells and the optical path difference derived
from center-to-center separation between Au and Al semi-
nanoshells and their asymmetric geometric distribution
for +1 order mode should satisfy Δφ = −π and
k+1n14(L′+1 + L+1) = 2π. Those can be realized in the bime-
tallic metagratings through controlling asymmetric mate-
rial, geometric distribution of Au and Al nanoshells, and
their center-to-center separation. Actually, the interference
conditions of the switchable Fano resonance can be

relaxed to 3π /

2 ≤ Δφ ≤ −π /

2 and π ≤ k+1  n14(L′+1 + L+1) ≤ 3π.
Those are easier to be realized in the bimetallic metagrat-
ings. The above analysis process is also suitable for the −1
order interference processes.

In addition, when ±1 order waveguide-plasmon modes
are located separately at two sides of the phase jump point
betweenAuandAl nanoshells, different optical interference
characteristics can also be found in the±1 order interference
terms in the bimetallic system. According to the schematic
diagram of the diffraction channels in Figure 4 and the
structural design of bimetallic metagrating in Figure 5(a),
the optical intensity of ±1 order interference terms at inci-
dent angle of θi can be expressed as:

F. Liu et al.: Switchable Fano resonance in bimetallic metagrating 2503



It is obvious that the ±1 order interference characteristics
are the same with that of +1 order or −1 order interference
terms at two opposite oblique incidences. Those are the
physics behind the switchable Fano resonances in
waveguide-bimetallic metagratings.

The angle-tunable extinction spectra of the
waveguide-bimetallic metagrating as shown in Figure 3
exhibit relatively good constructive interference and
destructive interference between waveguide-plasmon dif-
fractions and direct transmission light at two opposite
oblique incidents. Based on theoretical analysis, such
appropriate interference process would be generated at
around of π ≤ k+1n14(L′+1 + L+1) ≤ 3π as the ±1 order
waveguide-plasmon modes are located in about 600 nm at
normal incidence. It has been calculated that the total
optical path differences of the bimetallic metagrating in
Figure 2(d) at incident angles of θi ≈ 0° falls right in that

range (k+1  n14(L′+1 + L+1) ≈ 1.55π). Therefore, the experi-
mental results show good agreement with the theoretical
analysis above. Actually, the spectral results of asymmetric
monometallic grating in Figures S2–S6 can also verify the
theoretical analysis from another point of view.

2.4 Bimetallic metagrating for directional
color routing

The switchable Fano resonances in waveguide-bimetallic
metagratings can assist such devices in application of
directional color routing in the transmission system,
which sort only one order of coupled modes into direct
transmission direction with a certain incident angle. To
characterize the optical performances of the bimetallic
color routing, wemeasure the transmittance spectra of the

Figure 6: Measurement and calculated optical results of the bimetallic color routing in the transmission direction.
(a) Measurement results of three-dimensional distribution of transmittance optical spectra as a function of wavelength and incident angles.
(b) Simulated and experimental transmittance spectra of the bimetallicmetagrating tuned from−6 to 6°. (c) Simulated far-field distributions of
the bimetallic color routing in transmission direction at incident angles of θ = 4° and −4° and with the wavelengths of λ = 575 and 620 nm.

{ I+1 ∝ cos(k+1(n12ΔL+1 + n14L+1) + ΔφAu+1) + cos(k+1  n12ΔL+1 + ΔφAl+1)
I−1 ∝ cos(k−1  n12ΔL−1 + ΔφAu−1) + cos(k−1(n12ΔL−1 + n14L−1) + ΔφAl−1) (3)
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waveguide-bimetallic metagrating in Figure 2(d) for TM
polarization. Figure 6(a) shows the measured three-
dimensional distribution of transmittance optical
spectra as a function of wavelength and incident angles.
As tuning the incident angles from −30 to 30°, we observe
a broadband and high-efficiency extinction feature from
450 to 750 nm, corresponding to plasmon resonances of
the bimetallic nanostructure, and a series of narrow-band
and transmission-enhanced windows in the transmission
light, corresponding to the switchable Fano resonances
that can sort light of ±1 order coupledmodes into different
transmission directions. It is worth mentioned that the
discrete spectrum spots in Figure 6(a) are resulted from
inadequate measurement accuracy of 2° test interval in
our optical spectral measurements. For positive incident
angles, the transmission-enhanced colored light with
wavelengths of λ < 600 nm is sorted into transmission
directions, while, the light with wavelengths of λ > 600 nm
is assigned to the reflective directions based on the law of
conservation of energy. While for negative incident an-
gles, it is precisely opposite. Thus, we name the split line
with θ = 0° as the directional switch of the bimetallic color
routing. The measurement results show that such a Fano-
resonance-assisted color routing exhibits a relatively
broadband tuning range from 550 to 700 nm with a color
routing efficiency of up to 50% by changing the incident
angles. Especially, the color routing efficiency of the
bimetallic device can reach up to 70% at the central
wavelength of λ = 600 nm.

Simulated transmittance spectra with incident angles
tuned from −6 to 6° as shown in Figure 6(b) show good
agreement with that in experiment, except for the
narrowband resonance properties, where the simulated
structural model are designed based on the geometric
parameters of SEM image in Figure 5(d), the corre-
sponding experimental results are plotted together with
that of simulations with a series of dotted curves.
Broadband resonance characteristics in the experiment
result from relatively nonuniform structural distribution,
which induced lager absorption in practical. It is obvious
that such bimetallic color routing exhibits prominent
angular-tuning properties. Meanwhile, the almost com-
plementary coupledmodes in transmission spectra at two
opposite incident angles indicate explicitly the fact that
the bimetallic device separately sorts the +1 and −1 order
coupling modes into different transmission directions.
Figure 6(c) and (d) show the far-field distribution of the
bimetallic color routing in transmission direction at
incident angles of θ = 4 and −4°, where monochromatic
Gaussian beams with the wavelength of λ = 575 and

620 nm are employed as the incident sources. Obviously,
the three-dimensional transmission results show more
clearly the directionality, efficiency, and wavelength
dependence of the bimetallic color routing. Simulated
results show good agreement with the experimental re-
sults and the theoretical analysis.

3 Conclusions

In summary, we demonstrated a tunable and relatively
high-efficiency directional color routing in a material-
asymmetric nanostructure in transmission light. The ef-
fect originates from the switchable Fano resonances in
waveguide-bimetallic metagrating, owing to sufficient
phase accumulation through material-dependent plas-
mon resonances of Au and Al nanoshells. Both experi-
mental and theoretical results verified that the bimetallic
color routing exhibits a relatively broadband tuning range
from 550 to 700 nm by changing incident angles and a
color routing efficiency of up to 70% at the central
wavelength of λ = 600 nm. Indeed, such an effect is not
limited to the metallic materials of Au and Al, and the
nanostructures of one-dimensional nanoshells. Through
optimizing the materials or the shape of the resonators, it
is likely to observe more broadband and polarization-
dependent directional emission.Meanwhile, thematerial-
dependent metagrating as described in this work does not
require careful size and geometric design, thus facilitates
the fabrication process and the practical application in
tunable pass-band optical filters, optical sensors, and
color holography.

4 Numerical simulations

The simulations in this work have been performed using
finite-difference time-domain (FDTD) solution. For the
simulations on transmission optical extinction spectra,
electronic-field and charge-density distribution, bloch
boundary conditions are applied along the direction
perpendicular to the grating lines, perfectlymatched layers
are assumed along the normal to the grating plane. The
incident plane wave is assumed to have a TM polarization.
The optical constants for Au and Al are adapted from
Johnson and Christy [42]. The whole structures are
assumed to be located in a homogeneous medium with a
refractive index of n = 1. A mesh size as fine as 2 nm is
employed. For the far-field distribution of the bimetallic
color routing in the transmission direction, the broadband
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plane wave is replaced by a monochromatic Gaussian
beam, the periodical structure is set as a quasi-periodic
structure with 100 periods.

5 Optical spectroscopy

In the transmission optical spectral measurements, a
halogen lamp (HL-2000) is used as thewhite light source. A
USB4000 fiber spectrometer from Ocean Optics is used to
measure the transmission spectrum, which has a resolu-
tion of 2 nm and an effective spectral band from 340 to
1000 nm. The samples are mounted on a rotation stage
with the angular resolution of 1° and a turning range of
360°. The scale of rotation stage is 0° at first as the white
light incident normally to the surface of the sample. Then,
the rotation stage are tuned to θ and –θ, respectively, with
2° test interval. The optical extinction spectrum is calcu-
lated by −log10 [I(λ)/I0(λ)], the transmittance spectrum is
calculated by I(λ)/I0(λ), where I(λ) is the transmission
spectrum by the sample, I0(λ) is that by a transparent glass
with ITO layer arranged in the same geometry. As for high
transmittance of ITO glass in visible light, the Fabry-Perot-
interference features induced by ITO film are very weak,
which can be verified by the transmittance spectrum of the
ITO glass in Figure S1. Thus, it is reasonable to use the
transmission spectrum of ITO glass as the reference.
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