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ABSTRACT: Light coupling in waveguides has been extensively
investigated in a variety of contexts, from photonic integrated circuits
to biosensing and near-eye displays for augmented reality. Here,
narrowband diﬀraction is reported using a Fano interference eﬀect in
hybrid nanostructures. The excitation of hybrid plasmonic and bulk
waveguides allows for a selectivity of 10 nm bandwidth in the ﬁrst order
and strong reduction of the entire zeroth order. A Fano formalism is
used to predict the maximal diﬀraction eﬃciency at critical coupling,
when external mode coupling balances intrinsic losses. It is found that
the ﬁrst order and zeroth order are related by a Fano-like spectral proﬁle
with similar spectral widths, resonance wavelengths, and modulation
depths and diﬀer only in the asymmetry parameter. The diﬀraction
eﬃciency, angle, and wavelength can be solely tuned by the thin ﬁlm thickness. A semianalytical dispersion model of the hybrid
system is introduced and validated experimentally. Applications are foreseen in many optical devices that require color-selective
coupling or dispersive properties such as optical document security or near-eye displays. The dispersion behavior under a divergent
light source can also be utilized to design inexpensive, compact, and robust spectrometers or biosensors.
KEYWORDS: narrowband diﬀraction, optical coupler, resonant waveguide grating, Fano resonance, guided mode resonance, plasmon
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grating couplers in multimode light guides, approaches based
on slanted gratings,13 oblique coatings14 or metasurface-based
designs have been implemented.15−17 The main challenge is
the optimization of ﬁrst order diﬀraction in transmission over a
broad range of incidence angles, while achieving total internal
reﬂection in the substrate. Sophisticated optimization methods
based on genetic algorithm, topology optimization, and neural
networks have allowed signiﬁcant improvements in their
diﬀraction eﬃciency,18 which can reach for example up to
80% with unpolarized light from normal incidence to 75°
diﬀracted angle.19 When used in ﬁrst order diﬀraction, these
nanostructures show naturally a broadband dispersion and an
additional signal in the zeroth order. This eﬀect can be
detrimental for applications where a good spectral demultiplexing is sought and its mitigation remains challenging by pure
geometrical optimization of existing devices.
Therefore, an approach where resonances are observed only
in the ﬁrst order of diﬀraction would overcome these
limitations. Resonant metasurfaces for light deﬂection in

ight coupling into waveguides has been instrumental to
the development of telecommunication systems and
photonic integrated circuits, for which various approaches
have been investigated.1 Grating couplers have become
standard solutions thanks to their ability to eﬃciently bend
light and later to their eﬃcient manufacturing by lithographic
methods.2−4 Resonant waveguide gratings (RWGs) consist of
a waveguide with a periodic corrugation.5 In particular, they
have been primarily used as couplers in thin ﬁlm waveguides,
and later as ﬁlters in the zeroth order of diﬀraction. Similar
eﬀects of guided mode resonances (GMRs) have also been
reported in photonic crystals.6 Periodic metallic structures, for
example under the form of nanohole arrays7,8 or corrugated
thin ﬁlms,7,9 enable light coupling into propagating surface
plasmons. Similarly to RWGs, the use of zeroth order
diﬀraction has been implemented in plasmonic ﬁlters for
imaging devices.10 A large range of applications of guided
mode and plasmonic resonances has been found in biosensing
thanks to the high sensitivity of the modes to local
perturbation of their environment.5,11
When the thickness of the waveguide is increased to very
large dimensions compared to the wavelength, the mode
distribution approaches that of a continuum and the system is
referred as a multimode light guide. Grating coupling into a
multimode light guide can be achieved if the diﬀraction angle is
larger than the total internal diﬀraction angle, an approach
widely used for augmented reality optical combiners.12 Among
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Figure 1. (a) Schematic of the device which allows to couple TM-polarized light with high wavelength selectivity into a thick multimode
waveguide. The wavelength range, as well as the coupled angle θout, can be independently tuned by changing geometrical parameters of the device
(i.e., the grating period Λ and the thickness of the dielectric waveguide tW). (b) Simulated eﬃciencies T0 and T1 for Λ = 500 nm, d = 20 nm, tW =
80 nm, tM = 50 nm, showing a peak in the ﬁrst diﬀraction order with full width half-maximum of 10 nm.

depth d. Light is evanescently transmitted to the other metallic
interface and radiated into the multimode substrate as a guided
mode. As detailed below, it interferes with the continuum of
light directly diﬀracted in the ﬁrst order of transmission T1,
resulting in a Fano-like intensity proﬁle as measured in Figure
1b. Two other optical paths are available, which we aim to
minimize in this work: the direct transmission in the zeroth
order, and the light resonantly incoupled and outcoupled into
the zeroth order of transmission. These two paths also interfere
in a Fano-like fashion in the zeroth order of transmission T0.
The spectral full-width at half-maximum (fwhm) of the ﬁrst
order diﬀraction eﬃciency is approximately 10 nm, which is
very low for a plasmonic structure. This is a consequence of
the hybrid plasmonic−dielectric nature of the waveguide
modes. On the other hand, the zeroth order transmission is
weak across the spectral window under investigation and
carries an asymmetric line shape around the resonance, typical
of a Fano interference. Thus, it appears that the same
resonance carries two diﬀerent spectral signatures, whether the
zeroth or ﬁrst order of diﬀraction is considered.
We ﬁrst investigate the modal structure of the system using a
semianalytical model and numerical simulations. In the
following, we refer to the thicknesses of the dielectric
waveguide and metallic layers as tW and tM, respectively. The
refractive indices of the superstrate, dielectric layer, metallic
layer and multimode waveguide substrate are nsup, nW, nM, and
nsub, respectively. Without the dielectric waveguide (tW = 0),
the conﬁguration is the well-known metallic ﬁlm capable of
supporting surface-plasmon polaritons (SPPs).26,28 When a
dielectric layer of thickness tW is added to the plasmonic
waveguide, bulk and surface modes can be excited.27
Considering a grating depth d well below the wavelength,
interfaces are assumed to be ﬂat and the dispersion relation can
be calculated semianalytically by imposing the continuity of the
wave equation for Ex and Hy at the two interfaces for TM
polarization:

transmission have been reported with very high quality factors
based on the use of GMRs and quasibound states in the
continuum.20−22 GMRs appear in a variety of photonic and
plasmonic systems. When their quality factor is high, they are
associated with a Fano interference, resulting from their
interaction with the continuum of reﬂected, transmitted, or
diﬀracted light.5,23−25 Thus, a deep understanding of the Fano
eﬀect in GMR devices is instrumental to the design of
narrowband diﬀractive elements, couplers, and metasurfaces.
In this work, we report on resonant corrugated waveguides
performing diﬀraction in a multimode light guide substrate
with a 10 nm bandwidth. This is achieved by a Fano
interference eﬀect between hybrid plasmonic−dielectric waveguide modes and the continuum of diﬀracted light in the ﬁrst
order. The use of metallic structures also allows a
quasisuppression of the oﬀ-resonant amplitude. An analysis
of the mode dispersion and coupling shows that an energy
balance in the guided mode, when optical coupling equals
optical losses, yields a maximal ﬁrst order intensity. We also
show that the dielectric waveguide thickness can directly
control the direction of the diﬀracted beam, a degree of
freedom additional to the well-known grating period. In the
following, we will investigate the mechanisms of coupling,
propagation into the corrugated waveguide, and release in the
multimode light guide using a semianalytical model. The
waveguide mode dispersion will be derived and compared to
numerical simulations, as a function of dielectric and metallic
layer thicknesses. The mode coupling and energy storage will
be analyzed in terms of a Fano interference formalism to ﬁnd
the ﬁlm thickness parameters maximizing the ﬁrst order
diﬀraction while minimizing the zeroth order transmission.
Devices will be fabricated with UV nanoimprint lithography
and thin ﬁlm coatings, their diﬀraction eﬃciency spectrum
measured and compared to the modal dispersion model.
Finally, we will illustrate how the angular dependency of the
structure reduces the light divergence after diﬀraction, which
can be used for example in compact spectrometer devices.

■

tanh(kW tW ) = −

RESULTS AND DISCUSSION
The concept of narrowband ﬁrst order diﬀraction presented
here is based on the excitation of surface modes of a dielectric
waveguide with a thin metallic substrate.26,27 A schematic of
such a structure is shown in Figure 1a.
At resonance, the incident TM-polarized light (with
magnetic ﬁeld parallel to the y-axis) is coupled from the air
superstrate into surface modes at the corrugated dielectric−
metallic interface of the waveguide. The waveguide corrugation
is characterized by a grating of period Λ and a modulation

A tanh(kMtM ) + B
C tanh(kMtM ) + D

(1)

where the four coeﬃcients are
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Figure 2. (a) Dispersion relations for the hybrid plasmonic−dielectric modes (pastel lines), for diﬀerent waveguide thicknesses tW. Dashed red and
blue lines correspond to light lines of air and SiO2, respectively. Solid red and blue lines correspond to SPP modes for the single air/Ag interface
and SiO2/Ag interface, respectively. (b) Simulated eﬃciency T1 for the ﬁrst diﬀraction order transmitted ﬁeld at its peak, as a function of the grating
period Λ and the waveguide thickness tW. The green and blue lines connect geometries with the same grating period Λ and the same waveguide
thickness tW, respectively. The other parameters are d = 13 nm, tM = 50 nm. (c) Calculated positions of the ﬁrst order transmitted diﬀracted ﬁeld at
its peak, for the cases of (a) using the dispersion relation (eq 1). (c) RCWA simulations at λ = 663 nm, Λ = 500 nm, tW = 80 nm, tM = 50 nm. Left
simulation: electric ﬁeld intensity |E|2. Right simulation: Re[Ez/E0] ﬁeld.

grating periods Λ and waveguide thicknesses tW. The
calculations are performed with rigorous coupled-wave analysis
(RCWA),31 which can be used in this context with a large
enough number of Fourier harmonics.32−34 The corresponding
calculations with the semianalytical model of eq 1 is plotted in
Figure 2c: the average diﬀerence between the computed
resonance wavelengths and those extracted from the semianalytical model (eq 1) is around 0.7%, thus showing a very
good agreement. The system without the dielectric waveguide
layer also shows wavelength selectivity in ﬁrst order diﬀraction.
With air as superstrate, Ag as metallic layer and SiO2 as
multimode waveguide substrate, the coupled angle θout is near
the total internal reﬂection (TIR) angle for the SiO2 substrate,
which is around 42°. However, the coupled angle is very
weakly inﬂuenced by the grating periodicity. The green lines
represent diﬀerent grating periods, equispaced from the left (Λ
= 340 nm) to the right (Λ = 940 nm). Without the dielectric
waveguide layer, the diﬀraction angle ranges from 42° to 48°
for the range of periods Λ investigated (tW = 0 nm, along the
bottom blue line). Inspecting the peak position along the green
lines, we observe that the waveguide layer gives an additional
degree of freedom to the system. Most importantly, the
thickness tW of the dielectric waveguide layer drastically
inﬂuences the peak position, shifting for example from 42° (tW
= 0 nm) to 75° (tW = 200 nm) for Λ = 560 nm. Thus, a device
with the additional dielectric waveguide layer can operate in a
signiﬁcantly higher range of coupled angles θout. The highest
eﬃciencies are obtained between 600 and 800 nm, for which
the coupling conditions in the waveguide mode are optimized.
The ﬂuctuations of the eﬃciencies are simulation artifacts
related to the layers discretization.

where ki ≡ kz , i = β 2 − ni2k 02 is the component of the
wavevector perpendicular to the interface in the diﬀerent
media (i = sup, W, M, sub), and k0 = 2π/λ is the wavevector of
the propagating wave in a vacuum, and β is the complex
propagation vector parallel to the surface. In the following, the
superstrate is air (nsup = 1), the dielectric layer, and the
multimode substrate are chosen to be silica (SiO2), modeled
with dielectric function from Malitson29 and the metallic layer
is silver (Ag), with dielectric function from Yang et al.30
Because of the complex refractive index nM, the propagation
constant β has complex values, and thus the mode distributions
of a dielectric waveguide with a metallic substrate are diﬀerent
compared to the case of a pure dielectric waveguide. We are
interested at the TM0 mode: it has no cut-oﬀ condition and is
partly conﬁned at the metal−waveguide interface,27 as
illustrated in Figure 2d.
In particular, the modal electric ﬁeld intensity |E|2 shows hot
spot regions of high ﬁeld conﬁnement at both metal/dielectric
and dielectric/air interfaces. The real part of the electric ﬁeld in
z-direction indicates the presence of surface charges at the
dielectric/metal interface, the signature of a plasmon mode.
The dispersion curves derived from eq 1 are shown in Figure
2a. In the case of tW = 0, the dispersion relation is reduced to
the dispersion relation of a metallic layer with air-Ag
interface.26 As the dielectric waveguide thickness tW is
increased, the amplitude of the propagation wavevector is
increased further. In case of large thicknesses tW and tM the
dispersion curve approaches the curve of the SPP mode at
SiO2−Ag interface.
Figure 2b reports the peak position of ﬁrst order diﬀraction
eﬃciency, peak wavelength and diﬀraction angle for diﬀerent
2019
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Figure 3. Simulated eﬃciency T1 (a) for diﬀerent grating depths d at tM = 50 nm and (b) for diﬀerent metal thicknesses tM at d = 20 nm.
Eﬃciencies T1, T0, and absorption are evaluated at the resonance peaks (c) for diﬀerent grating depths d and (d) for diﬀerent metal thicknesses tM.
The stored energy is evaluated as the ratio of reﬂectance R0 at resonance (e) to the fwhm for diﬀerent grating depths d and (f) for diﬀerent metal
thicknesses tM. Other parameters are Λ = 500 nm, tW = 80 nm.

the grating depth d (Figure 3a) and the metallic layer thickness
tM (Figure 3b). Due to the staircase approximation in the
RCWA model, a local regression of the results is performed
using weighted linear least-squares and a ﬁrst-degree
polynomial model to minimize local lobes in the results of
Figure 3c,d. The optimization has been performed by
screening both grating depth and metal thickness together.
The maximum T1 eﬃciency is obtained for d = 25 nm and tM =
50 nm.
The ﬁrst order transmittance T1 at resonance is compared to
the zeroth order transmittance T0 and the absorption at the
same wavelength in Figure 3c,d. The corresponding variation
of the stored energy, evaluated as the ratio between the
reﬂectance R0 at resonance and the fwhm, is reported in Figure
3e,f. The grating depth is mostly responsible for coupling
between the mode and the continuum, while the metal
thickness inﬂuences optical losses. For a ﬁxed grating depth d,
the zeroth order transmittance decreases monotonically while
the absorption increases before reaching saturation (Figure
3d): the ﬁeld cannot fully penetrate through the metallic ﬁlm
according to the Beer−Lambert law, while the modal ﬁeld is
increasingly present in the metallic ﬁlm, thus increasing optical
losses. Interestingly, the ﬁrst order transmittance reaches a

We now would like to discuss the conditions under which
the ﬁrst order diﬀraction eﬃciency is maximized, and base our
analysis on a Fano interference model. In a photonic system, a
Fano interference is built between a mode and a continuum of
freely propagating light.23,35,36 In our case, the mode is bound
to the metallic/dielectric thin waveguide. Unlike usual grating
diﬀraction analysis, we consider here two continuua Ta0 and
Ta1, consisting of the background zeroth and ﬁrst order of
diﬀraction, respectively. The zeroth and ﬁrst order diﬀraction
eﬃciencies around the resonance wavelength can be modeled
by a Fano-like asymmetric line shape:37,38
T0,1 = Ta0,1

(ω − ω0 + qγ )2 + bγ 2
(ω − ω0)2 + γ 2

(3)

where ω0 is the Fano resonance frequency, q the Fano
asymmetry parameter, γ = γc + γi the resonance width, γc and γi
the radiative and the nonradiative damping, and b = γ2i /γ2 the
modulation damping. The amplitude of the transmission at
resonance depends on the coupling between the mode and the
continuum, the intrinsic losses as well as on the amplitude Ta0,1
of the continuum itself. In the following we study by RCWA
modeling the inﬂuence of two parameters on the T1 response:
2020
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Figure 4. (a) Resonance width and (b) modulation depth ﬁtted with eq 3 from simulated ﬁrst order diﬀraction as a function of grating depth
(Figure 3a). The critical coupling condition is characterized by a maximization of ﬁrst order eﬃciency, resonance width γ = 2γi, and modulation
damping b = 1/4. (c,d) Simultaneous ﬁt of simulated (c) ﬁrst and (d) zeroth order diﬀraction corresponding to Figure 1b. Dashed black:
simulation. Solid red: ﬁt with eq 3. Solid blue: intensity of continuum (c) Ta1 and (d) Ta0. (e,f) Measured (e) ﬁrst and (f) zeroth order diﬀraction of
a device with period Λ = 400 nm, corrugation depth d = 20 nm and coating thicknesses tW = 40 nm and tM = 80 nm. Dashed black: simulation. Solid
red: ﬁt with eq 3. Solid blue: intensity of continuum (e) Ta1 and (f) Ta0.

losses determines a maximum in the ﬁrst diﬀraction order
transmission at tM = 50 nm, which is consistent with other
observations reported by Fang et al.39 and by Giannattasio et
al.40 in the case without dielectric layer (tW = 0 nm).
A diﬀerent eﬀect is observed when varying the grating depth
for a ﬁxed ﬁlm thickness (Figure 3a,c,e). In this case, the modal
stored energy, the ﬁrst order transmission, and the absorption
all reach a maximum. The amount of metallic material is
constant and the depth is only weakly varied, so the intrinsic
optical losses are approximately constant. On the other hand,
the coupling eﬃciency is increased for increasing grating depth.
Intrinsic losses and coupling eﬃciency are thus balanced at a
speciﬁc value of the grating depth (here 20 nm), referred as a
critical coupling condition in Fano-resonant systems.41,42 In
addition, constructive and destructive interferences in the

maximum value, which is a result of two separate eﬀects. On
one hand, a higher ﬁlm thickness leads to an increase of the
plasmon mode polarizability, and as a result to an increase of
the resonance amplitude and the amplitude of the ﬁeld
released in the ﬁrst order of diﬀraction. To conﬁrm this
interpretation, a monotonous increase of the modal stored
energy is observed in Figure 3f. On the other hand, the
amplitude of the continuum Ta1 exponentially decreases as a
function of the thickness of the metallic layer according to the
Beer−Lambert law. The resonance appears as an amplitude
modulation of the continuum in eq 3, so the spectral behavior
of the resonance and the continuum both contribute to the T1
spectrum. The balance between the amplitude of the
continuum, the plasmon excitation amplitude, and optical
2021
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the same photonic mode. This eﬀect is not restricted to hybrid
waveguide modes. For example, Lawrence et al. report a
narrowband light deﬂecting silicon metasurface with Fano
resonances in the zeroth and ﬁrst order of diﬀraction.21 We can
also note the presence of diﬀerent degrees of asymmetries in
their respective spectral lineshapes.
We are now interested in extracting the resonance
parameters from experimental data, and relating the zeroth
and ﬁrst order of diﬀraction. We fabricated some devices with
diﬀerent grating periods and diﬀerent grating depths. The
fabrication involved the mastering of Si-wafers by electron
beam lithography (Raith, EBPG5000ES) with ZEP resist and
dry etching (Alcatel, AMS200SE). Each wafer had 8 diﬀerent
patterns of 1D gratings 3 mm × 3 mm, with periods from 300
nm to 1 μm. The wafers were etched at diﬀerent depths, from
10 to 100 nm. Afterward, the patterns were transferred to SiO2
substrates by UV-nanoimprint lithography, and then coated
with Ag (tM = 50 nm) and SiO2 (tW = 80 nm) layers by
electron beam evaporation (Leybold Optics, LAB600H). We
have then measured the ﬁrst diﬀraction order transmission T1
for one of those realizations. A broad-spectrum white light
covering the whole visible and near-IR spectrum (400 to 1000
nm) was generated with a Halogen Lamp (DL-2000, Ocean
Optics) and in-coupled into a ﬁber with NA = 0.15. The ﬁber
was connected to a parabolic reﬂective collimator (RC04SMA,
Thorlabs) and reduced in diameter with an aperture (3 mm).
The system was placed on a motorized rotation stage (CR1Z7, Thorlabs) to scan the transmission angle. A second
motorized rotation stage was placed on top of the previous
one. The sample was placed on that second stage with a holder
in order to tune the incident angle of the collimated light on
the sample. The system was then placed on a motorized linear
stage (LTS300, Thorlabs) to achieve a higher alignment
precision. A spectroradiometer (Spectrascan PR-730, Photo
Research) was used to measure the transmitted light after the
sample. A prism was glued with a refractive index matching
liquid to the device to outcouple the T1 scattered light. The
transmitted light was recorded from 0° to 90° with steps of
0.5° with the numerical aperture of the spectroradiometer
equivalent to 0.5°. The data was then normalized to air and the
angular information converted from air to SiO2 using Snell’s
law for comparison with simulations, and the eﬃciency
increased with the Fresnel coeﬃcients (by typically 18%) to
take into account the losses at the prism/air interface.
An example of ﬁrst order and zeroth order of diﬀraction
measurements are shown in Figure 4e and f, respectively. Since
the system is diﬀerent from simulations, optical damping
cannot be directly compared and the damping parameter will
be considered as free. The ﬁrst order transmission is ﬁtted to
eq 3 in Figure 4e, yielding a resonance width γ = 0.166 eV and
position ω0 = 2.235 eV, which we use in the ﬁt of the zeroth
order Figure 4f. The damping parameter is 0.96 for both the
ﬁrst order and zeroth order of diﬀraction. A notable diﬀerence
with respect to the simulations of Figure 4c,d is the relative
amplitude of intrinsic losses, leading to a larger damping
parameter and spectral bandwidth. Similarly to simulations, the
asymmetry parameter takes diﬀerent value for the ﬁrst and
zeroth order (−7.94 and −0.09, respectively), while the
resonance bandwidth and position, damping parameter are
common.
Now that the Fano-resonant nature of the system has been
established, we would like to validate the proposed dispersion
model of eq 1. Measurements have been performed on devices

propagation of diﬀracted orders are observed, which are
obtained when the grating modulation depth builds a
diﬀerence in optical path length between the top and the
bottom of the grating corrugation. The continuum of diﬀracted
ﬁeld Ta0,1 is aﬀected by these modulations, and as a result, the
zeroth order transmission reaches a peak for a modulation
depth of 90 nm. The ﬁrst order maximum is also occurring at a
slightly higher grating depth than the maximum in stored
energy.
In order to quantitatively verify this interpretation, we
perform ﬁts of transmission spectra to eq 3. We follow an
iterative approach where the resonance width and damping are
ﬁrst extracted, and their values ﬁxed for ﬁtting the asymmetry
parameter q. It ensures extracting physically meaningful values
of the resonance parameters. More speciﬁcally, a ﬁt of the ﬁrst
order of transmission in Figure 3a to eq 3 has been performed
for γ, q and b, assuming a constant background amplitude Ta1
given by the asymptotic value of the curve. The total resonance
width γ can thus be extracted from this ﬁt as a function of the
grating depth (Figure 4a). The value of 0.033 eV for zero
grating depth is obtained by linear extrapolation of the curve at
low values of the grating depth, which corresponds by
deﬁnition to a situation where only intrinsic losses are present
(i.e., γ = γi). Since the curve is Lorentzian-like, similar values of
the resonance width can be extracted with a ﬁt to a Lorentzian.
It is interesting to see that for the depth of 20 nm
corresponding to critical coupling, we have γ = 2γi, i.e., γc =
γi implying that the external coupling balances intrinsic losses.
Above critical coupling, a splitting of the resonance peak is
observed and the ﬁt accuracy decreases. We have then
performed another ﬁt for γ and q only, assuming a constant
value of the intrinsic losses γi as the grating depth is increased.
The resulting ﬁtted modulation depth values b are shown in
Figure 4b. Similarly to other Fano-resonance structures (see,
e.g., ref 41), the critical coupling condition is also satisﬁed at b
= 1/4. In general, the remaining asymmetry parameter q
depends on a variety of eﬀects, such as the relative background
amplitude and phase, the resonance amplitude and phase, and
the diﬀerent optical loss channels. Therefore, it is here kept as
a phenomenological parameter describing the resonance line
shape.
Analyzing the response of a device with 20 nm modulation
depth and period Λ = 500 nm (Figure 1b), we extract a
resonance width γ = 0.053 eV and position ω0 = 2.35 eV, both
from a ﬁt to a Lorentzian or to eq 3 for the ﬁrst order
diﬀraction curve. We use the knowledge of Figure 4b to ﬁx the
value of b to 0.35 in the following, along with the resonance
width and position. We also assume a linear background for
the zeroth and ﬁrst order of diﬀraction Ta0,1, determined by
their respective asymptotic values (solid blue curves in Figure
4c and d). We then perform a ﬁt for the asymmetry parameter
q for both the ﬁrst order and zeroth order, shown as solid red
curves in Figure 4c and d, respectively. For the ﬁrst order of
diﬀraction, we obtain q = −8.8, while we have only q = −0.8
for the zeroth order. This is fully consistent with the fact that
the ﬁrst order of diﬀraction proﬁle is quasi-Lorentzian, while
the zeroth order proﬁle is asymmetric. Most importantly, this
result shows that the zeroth order and ﬁrst order of diﬀraction
can be modeled with a Fano-like line shape, yielding the same
resonance characteristics with only the asymmetry parameter q
and continuum amplitudes being diﬀerent. They have the same
spectral line width because they result from the excitation of
2022

https://doi.org/10.1021/acsphotonics.1c00072
ACS Photonics 2021, 8, 2017−2026

ACS Photonics

pubs.acs.org/journal/apchd5

Article

Figure 5. (a) Simulations, (b) analytical calculation, and (c) measurements of the ﬁrst diﬀraction order transmittance T1, integrated every 0.5°, for
Λ = 500 nm. The inset in (c) shows an SEM image of the fabricated device, the scale bar is 500 nm long. The metallic layer is in yellow, the
dielectric layer in bluish green. (d) Integrated transmittance T1 around the diﬀracted peaks for the simulations (dashed lines) and measurements
(solid lines) for devices with diﬀerent grating periods. The parameters for the fabricated devices are tW = 80 nm, tM = 50 nm, Λ = (400, 500, 600,
700, 800) nm.

Figure 6. (a) Schematic of the angular dispersion θout of the device for diﬀerent angles of incidence θin from 0° to 45°, where 0° deﬁnes an
incidence normal to the substrate. (b) Calculated dispersion and measured ﬁrst order diﬀraction transmittance T1 at diﬀerent incident angles θin.
(c) Narrowband spectrum of the measured ﬁrst order diﬀraction transmittance T1. Parameters: Λ = 700 nm, tW = 80 nm, tM = 50 nm.

(Figure 5a). Their position is reproduced in the analytical
model (Figure 5b) and numerical simulations (Figure 5c). The
line in Figure 5a at θout = 0° corresponds to the zeroth order of
transmission. The increase of resonance wavelength in the ﬁrst
order of diﬀraction with increasing periodicity can be clearly

with diﬀerent periods. The results are shown in Figure 5, with
good agreement between the analytical model, RCWA
simulations and measurements. For a given incidence angle,
two peaks in the ﬁrst and minus ﬁrst order of diﬀraction are
observed in the range of investigated angles and wavelengths
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SUMMARY
We have reported on a resonant waveguide nanostructure
performing narrowband ﬁrst order diﬀraction with a quasisuppressed background amplitude. This eﬀect relies on the
excitation of hybrid plasmonic and waveguide modes, for
which a semianalytical model has been developed and
validated against numerical calculations and experiments.
The incident light is incoupled in the thin ﬁlm metallic
dielectric structure by ﬁrst order diﬀraction, propagates as a
hybrid mode, and is released by evanescent coupling in the
multimode light guide. The modal dispersion and thus the
diﬀraction angle can be tailored with the waveguide ﬁlm
parameters, which goes beyond the sole use of grating
periodicity. A model based on Fano resonances considering
two diﬀerent continuua, the nonresonant zeroth order and ﬁrst
order of diﬀraction, has been proposed. An analysis of the
modal energy storage, the ﬁrst order and zeroth order
transmission, and absorption as a function of the grating
depth and metal thickness has revealed a critical coupling
regime at which the modal energy and ﬁrst order eﬃciency is
maximized. The model has been validated on simulation and
experimental data, and shown in particular that the resonance
proﬁle of the zeroth and ﬁrst order of diﬀraction have a similar
resonance width, position and depth, while they diﬀer in the
Fano asymmetry parameter q. Fabrication of devices has been
performed with UV nanoimprint lithography and thin ﬁlm
coatings. The measured peak positions are in good spectral
agreement with modeling. The reported fwhm is of 10 nm in
simulations and 20 nm in measurements of ﬁrst order
diﬀraction. Finally, we have investigated the angle dependency
of the structures. Due to its dispersion, a shift of the peak
wavelength is observed as a function of incidence the angle.
Thus, divergent sources can be used to generate angularly and
spectrally separated transmission peaks in the ﬁrst order.
Thanks to its ease of fabrication, which requires only one
nanoimprint step and two evaporation steps, the coupler is
fully compatible with large scale industrial applications. It is
further possible to engineer devices that share the same
materials and layers thicknesses but have diﬀerent wavelength
incoupled, by having diﬀerent grating periods. Further
developments could rely on 2D gratings or advanced patterns,
to improve the eﬃciency under unpolarized light and achieve
higher angular tunability. Their eﬃciency could be increased
by having a tilted evaporation of the metallic layer or using
blazed gratings44 or by exploiting long-range SPPs with thinner
metallic layers. The study of this system under TE polarized
light could also be of interest, because the resonance-induced
absorption can produce even narrower features for the same
geometry without surface plasmon resonances.45 The device
can also be implemented in a reciprocal conﬁguration to
outcouple light from a multimode waveguide. Applications are
foreseen in many optical devices that require color-selective
coupling or dispersive properties, such as optical document
security or near-eye displays. Moreover, the dispersion
behavior under divergent light source can be utilized to design
inexpensive, compact, and robust spectrometers or biosensors.
The reported analysis method based on a general Fano
formalism can be utilized for the optimization of narrowband
diﬀraction devices, resonant waveguide gratings, and metasurfaces. Intrinsic losses are related to material absorption or
can be modeled as a consequence of fabrication imperfections
leading to inhomogeneous broadening. The understanding of

seen. From Figure 2, the resonance position is dependent on
the dielectric waveguide thickness tW while it is not aﬀected by
the metal thickness tM. The measurement of thin ﬁlm
thicknesses tW and tM is subject to an uncertainty estimated
to approximately 10 nm. In addition, variations of the
deposited ﬁlm thickness across the measurement area can
lead to a broadening of the resonance peak. Numerical
simulations in Figure 5d have been performed considering a
Gaussian distribution of thicknesses with nominal value of
67.5 nm and standard deviation of 2.5 nm. The chosen range of
thicknesses are smaller than the target of 80 nm but within the
range of thickness measurement uncertainty. The simulation
including a thickness distribution also leads in average to a
reduced peak amplitude, from approximately 0.3 to 0.2.
Despite the above considerations, the lower measured
eﬃciency remains smaller than simulations, a diﬀerence
which can be attributed to the scattering by structural
roughness during the propagation of the hybrid modes.
Finally, we investigate the angle dependency of the system in
Figure 6. Due to the modal dispersion, the peak wavelength in
ﬁrst order is blue-shifted when the incidence angle is increased
(Figure 6b,c). As a result, the diﬀraction angle is also increased.
Measurements of the peak position are in good agreement with
the analytical model (eq 1). When the incidence angle is
increased, two diﬀerent surface modes are excited at diﬀerent
wavelengths and propagate in opposite directions, leading to
diﬀerent contributions to the T(+1) and T(−1) diﬀraction orders.
Overall, a shift of almost 300 nm of the resonance peak is
observed when the incidence angle is increased from 0° to 45°.
We propose in the schematic illustration in Figure 6a to use
divergent sources to generate angularly and spectrally
separated transmission peaks in the ﬁrst order. This approach
is fundamentally diﬀerent from a standard diﬀraction grating,
as in such situation the diﬀerent wavelengths would angularly
overlap. A photodetector can be placed for example at some
distance from the waveguide coupler in order to collect the
signal at diﬀerent locations and extract a spectrum of the
incident light. This way, a miniature spectrometer can be built
and integrated in, e.g., consumer electronics devices. For
sensing purposes, the shift of the Fano resonance wavelength
for a perturbation of its immediate environment is particularly
ampliﬁed at critical coupling.42 Using the approach presented
in Figure 6, this wavelength shift will directly result in a shift of
the ﬁrst order diﬀracted angle, which can be probed as a
change of spatial distribution of the intensity with a
photodetector placed at some distance after the waveguide
coupler. An alternative sensing way in Fano-resonant system is
based on the change of Fano modulation amplitude upon, e.g.,
a perturbation of the absorption in the vicinity of the resonant
structure, where a very high sensitivity is observed below the
critical coupling regime.41,43 In the present case, a modulation
of the peak intensity would be probed at a constant
wavelength. Thus, the orthogonality in the sensing signal
between a perturbation of the refractive index and of the
absorption can be retrieved using the approach of Figure 6 as
these perturbations respectively result in a change of signal
position and intensity on the photodetector. We therefore
conclude that narrowband diﬀraction can be exploited in a
variety of applications, as this approach takes advantages from
both plasmonic and photonic structures.
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