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Recent Advances in Resonant Waveguide Gratings

Giorgio Quaranta, Guillaume Basset, Olivier J. F. Martin, and Benjamin Gallinet*

Resonant waveguide gratings (RWGs), also known as guided mode resonant

(GMR) gratings or waveguide-mode resonant gratings, are dielectric

structures where these resonant diffractive elements benefit from lateral leaky

guided modes from UV to microwave frequencies in many different

configurations. A broad range of optical effects are obtained using RWGs such

as waveguide coupling, filtering, focusing, field enhancement and nonlinear

effects, magneto-optical Kerr effect, or electromagnetically induced

transparency. Thanks to their high degree of optical tunability (wavelength,

phase, polarization, intensity) and the variety of fabrication processes and

materials available, RWGs have been implemented in a broad scope of

applications in research and industry: refractive index and fluorescence

biosensors, solar cells and photodetectors, signal processing, polarizers and

wave plates, spectrometers, active tunable filters, mirrors for lasers and

optical security features. The aim of this review is to discuss the latest

developments in the field including numerical modeling, manufacturing, the

physics, and applications of RWGs. Scientists and engineers interested in

using RWGs for their application will also find links to the standard tools and

references in modeling and fabrication according to their needs.

1. Introduction

1.1. From Diffraction Gratings to Resonant Waveguide Gratings

Wood’s observation of rapid variations in the reflected diffraction
orders from ruled gratings have prompted an extensive amount
of research:[1] Rayleigh gave the first interpretation of part of
those anomalies 5 years later in terms of appearance or disap-
pearance of diffracted orders from or into evanescent modes,
respectively.[2] In 1941, Fano proposed that some anomalies may
be created by the excitation of surface waves on the grating
surface.[3] Hessel and Oliner employed an original theoretical
approach based on guided waves rather than on scattering and
could explain anomalies of deep grating groove geometries us-
ing numerical tools, corroborating the explanation proposed by
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Fano.[4] Maystre developed in 1972 a
rigorous vector theory able to accu-
rately compute the properties of metal-
lic gratings with any profile for any
wavelength.[5] Experimental results used
along this investigation exhibited vari-
ations associated with the metal used
for the grating or the manufacturing
method—especially with the presence of
a metal oxide layer or a dielectric coat-
ing on the metal grating—thus support-
ing the existence of leaky guided sur-
face waves with variable intensities. Later,
such gratings supporting quasi-guided
modes have been referred to as resonant
waveguide gratings (RWGs) and are also
known as guided mode resonant (GMR)
gratings or devices, leaky mode resonant
gratings, grating slab waveguides, reso-
nant diffraction gratings, (resonant) grat-
ing waveguide structures, resonant sub-
wavelength gratings(SWGs), resonance
grating couplers, or waveguide-mode res-
onances (WMRs). Cross-section examp-

les of RWGs are shown in Figure 1. They differ from high con-
trast gratings (HCGs), in which there are multiple vertical Bloch
modes between the upper and lower grating boundaries.[6] The
main difference is that RWGs rely on resonances with waves
propagating along the grating, the so-called leaky modes. In
HCGs, there are also leaky modes, however their dispersion
relation is largely altered by the interference of those vertical
Bloch modes. HCGs have been reviewed by Chang-Hasnain and
Yang.[7] RWGs can have geometries consisting of high contrast di-
electric stripes surrounded by lower refractive index geometries,
which are similar to HCGs (Figure 1d). Here we define RWGs
based on their physical behavior, relying on a leaky guided mode
propagating over several grating grooves and ridges, rather than
on a particular geometry. This definition of RWG based on their
physical behavior is necessary due to the continuity between cor-
rugated waveguide geometries and discrete ribbon geometry as
illustrated in Figure 1b,d, and already computed by Knop using
rigorous computations in 1981.[8]

The very high bandwidth provided by thin-film dielectric
waveguides has been investigated from the 1960s for light trans-
port, especially for on-chip optical interconnects. Dakss et al. have
experimentally replaced the conventional prism coupler with a
grating coupler for thin dielectric films under laser illumination,
using the leakymode in-coupling of an RWG.[9] A fewweeks later,
Kogelnik demonstrated a similar light coupling using a gelatin
volume hologram.[10] These two early demonstrations gave rise
in the 1970s to intense research aiming at fully understanding
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Figure 1. Examples of common geometries of resonant waveguide grat-
ings (RWGs). a) Schematic of the four-port propagation channels, as input
(white arrows) or as output (light blue arrows) which are typically used in
RWGs. For example, light can be incident from free space, coupled into
a waveguide mode, and out-coupled resonantly in specular reflection or
transmission. The substrate and superstrate, not represented here, act
as a cladding. b) Single-sided rectangular corrugation of a waveguiding
layer. c) Double-sided rectangular corrugation with a thin-film waveguide.
d) Waveguiding layer corrugated over its full thickness, providing an array
of discrete ribbons. e) Array of ribbons on a waveguiding layer. f) Single
and g) double-sided sinusoidal corrugation of a waveguiding layer.

the properties of these grating couplers in parallel to the develop-
ment of distributed feedback mode selectors in laser media.[11,12]

Ostrowsky and Jacques measured on a photoresist waveguide–
grating coupler the TE/TMwavelength splitting of the resonance
for the fundamental waveguide mode.[13] In 1973, Nevìere, Petit,
and co-workers developed a rigorous model for the resonances of
sinusoidal waveguide–grating couplers in photoresist for trans-
verse electric (TE) polarized light,[14] transverse magnetic (TM)
polarized light,[15] and the computation of the coupling coefficient
for finite beams[16] which were confirmed with a high accuracy
with experimental data provided by Jacques and Ostrowsky.[17]

RWGs have also been extensively investigated for their re-
sponse in the zeroth order of reflection and transmission. Knop
provided a first rigorous model for binary structures such a grat-
ing lamellas made of high refractive index dielectrics,[8] setting
the basis of the rigorous coupled wave analysis (RCWA) modal
method; he used this model to compute the zero-order reso-
nances and reflective spectra for a large number ofmore complex
geometries of RWGs.[18] In order to allow affordable and high-
throughput manufacturing, he proposed a thin-film coating of a
waveguiding layer on a subwavelength-period grating, creating a
double-corrugated interface geometry as sketched in Figure 1c,g.
Sychugov and Tishchenko demonstrated the TE to TM polariza-
tion conversion of light using conical (non-collinear) incidence
orientation.[19,20] Gobulenko and Avrutsky observed the same res-
onances using a thin deposited ZnO-corrugated waveguide,[21,22]

achieving much narrower reflection wavelength band in zero-
order configuration, thanks to a much lower refractive index
contrast of the waveguide. After having studied the first diffracted
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order resonant anomalies of a multiple dielectric layer coated
aluminum diffraction grating, Mashev and Popov demonstrated
experimentally similar results with a corrugated waveguide
manufactured by ions exchanged from molten AgNO3.

[23,24]

Avrutsky, Golubenko, and their colleagues computed the
zeroth-order reflection and transmission behavior of RWGs and
demonstrated their usefulness to stabilize laser emission.[25–27]
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Figure 2. Illustration of a standard RWG. a) Propagation of light rays in the RWG: a complete destructive interference happens in transmission at a
specific angle and wavelength of incidence, resulting in a narrowband reflection. An example of b) reflection and c) transmission spectra for polarized
light incident at normal at resonance of a monomode RWG.

Overall, RWGs have been investigated by different communi-
ties in parallel, leading to a fragmentation of the field since the
1980s and the 1990s after the reviews of the state of the art by
Tamir in 1975[28] and by Petit in 1980.[29] In 1997, Rosenblatt et al.
reviewed some analytical and numerical models for RWGs that
had been developed in the 1980s and 1990s and compared such
tools with a series of experimental results.[30] Further conference
proceedings were later written by Magnusson et al., presenting
properties, applications, and examples of RWGs.[31–35] Several re-
views, book chapters, and perspectives specifically focused on the
application of RWGs in biosensing have also been written.[36–49]

A review of the broader field of subwavelength waveguide struc-
tures has been recently published, not including RWGs.[50] Fi-
nally, RWGs have been compared with other high contrastmetas-
tructures, especially HCGs.[51] Given that context, although a
vivid field of research, a comprehensive review of the recent de-
velopments and applications of RWGs—from sensing to optical
signal processing and optical security—is missing.

1.2. Outline

The aim of this review is to bring together the different com-
munities of fundamental and applied researchers using RWGs
and to discuss the latest developments in the field including
numerical modeling, manufacturing, underlying physics, and
applications of RWGs. Scientists and engineers interested in
using RWGs for their applications will also find links to the stan-
dard tools and references in modeling, fabrication according to
their needs. Section 2 reviews the different numerical modeling
methods used to design and optimize gratings, and more partic-
ularly RWGs. A few relevant equations and schematics as well as
examples are provided to the readers to build their understand-
ing of each approach, its advantages and limitations. The most
popular methods specific to the simulation of diffraction in grat-
ings are RCWA and the Chandezon method (C-method). Other
popular methods which have been developed for the simulations
of photonic structures can be directly applied to the simulation
of RWGs: they include volume and surface integral methods,
the finite difference in time domain (FDTD), and finite elements
(FE) methods. Section 3 provides an overview of the different
fabrication methods for RWGs, from the origin with interfer-

ence lithography, electron beam lithography, or laser ablation to
recent manufacturing techniques such as etching, nanoimprint
lithography (NIL), and thin-film deposition. In Section 4 specific
optical effects which can be obtained using RWGs, including
filtering, focusing, field enhancement and nonlinear effects,
magneto-optical Kerr effect (MOKE), or electromagnetically
induced transparency (EIT) are reviewed. Finally, Section 5 ad-
dresses the current applications of RWGs. Thanks to their high
degree of tunability in terms of optical properties and the variety
of possible fabrication processes andmaterials, RWGs have been
implemented in extremely diverse applications: refractive index
and fluorescence biosensors, solar cells and photodetectors, sig-
nal processing, polarizers and wave plates, spectrometers, active
tunable filters, mirrors for lasers and optical security. Finally,
some concluding remarks are given and perspectives for future
research and developments around RWGs are discussed in
Section 6.

1.3. Fundamentals of RWGs

AnRWGcan be defined as a thinwaveguiding film in optical con-
tact, or merged, with a grating. The waveguiding film operates
usually by having a higher refractive index than its surrounding
media (the cladding), and because of its thin dimension sup-
ports a discrete number of guided modes. The waveguide modes
can be limited to the fundamental (zeroth mode) in very thin
waveguides or comprise a few modes having different mode
indices for TE and TM polarizations. In the latter case, for a
given polarization and wavelength, an RWG can support various
guided modes having a different mode index and therefore
transverse propagation speed and momentum. Light can be cou-
pled into the waveguide modes by different grating diffraction
orders, depending on the incidence angle and the wavelength
(Figure 2a). Some of this guided light is diffracted out of the guide
while propagating, coupled back to radiation, and interferes with
the non-coupled reflected or transmitted waves, as illustrated
with blue and magenta arrows in Figure 2a. Depending on the
wavelengths, this leads to a very high reflection or transmission,
giving rise to a Fano lineshape profile or Lorentzian like at the
zeroth-order reflection (Figure 2b,c). Those efficient resonances
can be as narrow as 0.1 nm linewidth[30] and are very sensitive
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to angle and wavelength, with a typical angular to spectral
linewidth ratio of 0.1◦ nm−1.[52] Depending on the wavelength
and phase delay accumulated during propagation in the waveg-
uide, the destructive interference can occur either in reflection
or in transmission.[25,53,54] RWGs are therefore effective filtering
structures, especially for collimated light. Further, RWGs can
be designed to be extremely efficient diffraction elements of
the Littrow configuration as demonstrated experimentally by
Destouches et al.[55] Additionally, because the structure consists
usually of dielectric materials only, it can be highly transparent
and therefore used either in transmission or in reflection.
Moreover, RWGs do not suffer from thermal heating such as
metallic structures,[56] which enable their use in a variety of
high optical power applications such as mirrors and diffractive
elements.[57] Each ridge and groove corrugating the waveguiding
layer (Figure 1b,c,e–g), or each of the discrete ribbons (Figure 1d)
of RWG can be considered a scattering element connected to
a thin-film waveguide, making a periodic array of scattering
elements in which quasi-guided modes, or leaky modes, can
propagate. RWGs can therefore be considered as temporal or
spatial optical integrators[58] as well as be used to enhance local
electromagnetic field, as examples for sensing[44] and nonlinear
optics.[59]

In case of a shallow grating depth d or when the grating is
separated from the waveguide by a low-index separation layer,
the waveguide mode is weakly perturbed by the grating because
of the weak scattering by grating ridges and grooves, and it can
be approximated to the one of a pure slab waveguide. Under this
assumption, the equation describing modes in a slab waveguide
can be coupled with the diffraction grating equation, by setting
the propagation wavevector of the mode in the slab waveguide
to be equal to the wavevector of the light diffracted by the
grating.[60]
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where λ is the wavelength, θ is the polar angle of illumination,
� is the grating period, m is the grating diffraction order, t is
the waveguide thickness, and nsup, nw, nsub are the refractive
index of the superstrate, waveguide, and substrate, respectively.
Using this model, it is possible to evaluate a first approximation
of the waveguide thickness and of the grating period to obtain

a resonance peak for a specific geometrical configuration of
the incidence light. An example of a weakly corrugated RWG
studied using Equations (1) and (2) is shown in Figure 3: the
agreement between numerical simulations made with RCWA
(described in Section 2.1) in Figure 3a and Equations (1) and
(2) in Figure 3b is excellent. Evaluated reflection spectra are
shown in Figure 3c at different waveguide thicknesses: when
the waveguide is very thin, only the fundamental waveguide
mode propagates and gives rise to a single peak in reflection
at normal incidence. Conversely, when a thicker waveguide is
used, multiple modes can be excited simultaneously at different
frequencies. Furthermore, plots of field profiles of the RWGs at
different waveguide thicknesses but at the same wavelength and
polarizations are shown in Figure 3d–f: their profiles are very
similar to the ones of slab waveguides.
A shallower grating depth is used tomake higher quality factor

Q and narrowband resonances: a deeper grating height causes
larger coupling and larger scattering losses leading therefore to a
lower quality factor and broader resonances (see Section 4.1). For
binary gratings, the duty cycle DC , corresponding to the fill factor
of the ridges, is also an important parameter to define the cou-
pling factor, and in turn the bandwidth of the resonance: the case
of DC = 0.5 allows for maximum coupling and linewidth.[61]

When the grating depth is deeper and has more influence
on the profile of the waveguide mode, it is possible to define
an equivalent homogeneous layer using the effective-medium
theory (EMT)[62–64] to compute the effective refractive index neff
to be used in Equations (1) and (2) in place of the refractive
index of the waveguide nw. The EMT provides a more accurate
evaluation of the mode indices for both significantly corrugated
waveguides and discrete ribbon geometries, however it is only
valid for subwavelength structures.

2. Numerical Modeling

Numerical modeling of RWGs is an important step for the de-
sign and can provide quantitative information such as diffraction
efficiency and fabrication tolerances, especially for complex or
realistic structures where analytical models cannot be directly
applied. The optimization of photonic and plasmonic arrays
for a specific figure of merit, such as the field enhancement
or the diffraction efficiency, can be accelerated using specific
optimization algorithms,[65] such as genetic algorithm[66] or
particle swarm optimization (PSO).[67] Nevertheless, the fairly
large amount of calculations to find an optimal design requires
significant computational time and over the last decades, it has
been necessary to develop and improve numerical techniques.
A variety of methods is available for the numerical simulation of
the optical properties of optical micro- and nanostructures, and
more specifically RWGs. In this section, the most widely used
methods are reviewed. Emphasis is placed on two modal meth-
ods, which are specific, highly efficient, and have become the
standard methods for the simulation of gratings: the RCWA and
C-method. Other popular methods which have been developed
for the simulations of photonic structures are highly versatile
and can be applied to the simulation of gratings: they include
volume and surface integral methods, FDTD, and FE methods.
They will be briefly discussed at the end of this section.
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Figure 3. Example of RWG with the following parameters: θ = 0◦, � = 350 nm, DC = 0.5, d = 25 nm, nsub = 1.6, nw = ng = 2.4, nsup = 1. a) RCWA
simulations of the reflectance at different wavelengths λ and waveguide thicknesses t for both polarizations TE and TM averaged. b) Equations (1)
and (2) implemented for this example in reflection for m = ±1, showing an excellent agreement with the simulations for the prediction of the resonant
peaks. c) Reflectance under TE polarized incidence at three different waveguide thicknesses: t = 115 nm, t = 364 nm, t = 615 nm. d–f) Steady-state field
profilesℜ[E y/E 0] under TE polarized incidence at the three waveguide thickness values previously listed at the same resonance wavelength λ = 687 nm,
corresponding to the resonance of the fundamental, first and second excited modes, respectively.

2.1. Rigorous Coupled Wave Analysis

The RCWA, also known as coupled wave method (CWM), modal
method with Fourier expansion (MMFE), or Fourier modal
method (FMM), is among the most popular numerical methods
for the simulation of optical gratings. It mainly consists in
expending the dielectric permittivity function of the grating
and the electromagnetic fields in the plane of the grating using
Fourier harmonics, and enforcing boundary conditions at the
different interfaces. A first derivation of this method can be

attributed to Knop for a binary transmission phase grating.[8] We
would like to provide here a formulation example of the method
to give the reader a first view on its advantages, limitations, and
challenges. Additional details as well as alternative formulations
are provided in the cited references.
A linearly polarized electromagnetic wave is incident at an

arbitrary angle of incidence θ and at an azimuthal angle φ upon
a binary dielectric or lossy grating. The grating period � is, in
general, composed of several regions with different refractive
indices (Figure 4a).
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Figure 4. a) Example of approximation of the permittivity function of a blazed grating in an RCWA approach. The grating would be decomposed
in different layers, leading to a staircasing effect of the slope. Each layer l of the permittivity function εl (x ) is decomposed in Fourier harmonics.
b) Definition of interfaces and profiles for the C-method. A change of coordinate is applied to each interface and the problem is solved in the new coordi-
nate system. c) Definition of interfaces and geometry for the periodic form of the discrete dipole approximation (DDA) or volume integral equation. Peri-
odic scatterers are decomposed in discrete dipoles while the response of the background is solved semi-analytically through the computation of Green’s
function.

The permittivity inside the grating region is expanded into
Fourier harmonics in each layer indexed by l .

εl (x) =

N
∑

n = −N

ǫn,l e
i πnx

� (3)

where εn,l is the nth Fourier harmonics of εl . Similarly, the
electromagnetic field is expanded in Fourier harmonics in each
layer. Applying Maxwell’s equations results in a wave equation
which can be solved numerically by calculating the eigenval-
ues and the eigenvectors associated with a (2N + 1)× (2N + 1)
matrix in each layer, where 2N + 1 is the number of harmon-
ics retained in the field expansions, in general both propagat-
ing and evanescent. The space harmonics of the tangential mag-
netic and electric fields in the l th grating layer are represented
in terms of the calculated eigenvalues and eigenvectors. Differ-
ent matrices with different conditioning are generated with TE
or TM polarizations. The reflected and transmitted diffracted
amplitudes are obtained by enforcing the boundary conditions
at the boundaries between the grating layers. For surface-relief
structures divided into L grating layers, this overall results
in an additional 2(2N + 1)(L + 1) system of equations to be
solved.
During the last decades, extensive work has been conducted in

order to improve the convergence of the method and extend its
application domains. In 1995,Moharam and co-workers assessed
the convergence rate of the RCWA method for single gratings
with binary profiles for TE and TM polarizations under collinear
and conical incidences.[68] Tests of numerical stability include en-
ergy conservation and convergence to the solution (obtained with
an infinite number of harmonics) with the increasing number
of field harmonics. In the RCWA method, energy conservation
is automatically ensured but the number of field harmonics
influences its distribution among the different diffraction orders.

According to ref. [68], the required number of field harmonics
in order to have convergence increases with the grating depth
and period; while this number is of the order of a few harmonics
when both grating depth and period are comparable to the wave-
length (i.e., � ∼= λ), it can increase to several tens of harmonics
for very deep and large gratings (i.e., � >

∼ 10 λ). Furthermore, a
larger amount of orders are required for convergence in TM po-
larization. In ref. [69], the RCWA is extended to deep multi-level
gratings using a transfer matrix approach corrected for numer-
ical instabilities associated with lossy layers or total internal
reflections. The RCWA convergence rate has also been drastically
improved by several groups in 1996 for the TMpolarization using
a reformulation of the eigenproblem using a different operator,
improving the conditioning of thematrix for TMpolarization and
thusmaking the number of diffraction orders required to achieve
convergence similar for both TE and TM polarizations.[70–72]

Nevertheless, the case of highly conductive gratings with TM
polarization still shows some instabilities which have been
suppressed by filtering spurious modes,[73] but at the cost of
a lower convergence rate. In order to increase the computing
resources, RCWA has also been adapted to a cloud computing
environment.[74]

More recently, an extensive effort has been undertaken to
extend the RCWA method to finite systems, such as grating
with a finite number of periods. A relatively straightforward
approach is the use of supercells. In this geometry, the cell
is composed with all the periods of the scatterer as well as
empty space on the cell sides, in order to minimize the effect
of the periodicity thanks to the decay of the field in the empty
sides. This method it is however not rigorous, in the sense
that the radiation condition is imposed indirectly by expanding
the computational domain.[75] Guizal et al. have developed a
method called aperiodic RCWA (ARCWA), which can be applied
to an aperiodic lamellar structure under a finite size beam
illumination.[76] The electromagnetic field in the grating and in
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Figure 5. Example of computation of the response ℜ(Ey) of a 32 line grat-
ing using different methods. From top to bottom: standard RCWA applied
to an infinite grating; supercell RCWA; ARCWA with PMLs on the side and
layering along z-direction; aperiodic RCWA with PMLs on the bottom and
top and layering along x-direction. Adapted with permission.[75] Copyright
2014, Elsevier Ltd.

the surrounding medium is expressed in terms of Fourier in-
tegrals, leading to an integro-differential equation which can be
solved numerically using a discretization in Fourier space; note
that several hundreds of harmonics are required for convergence
of the solution. Lalanne and co-workers have introduced the use
of absorbing boundary conditions and perfectly matched layers
(PMLs) at the boundaries of the unit cell in order to build and
numerically analyze finite structures.[77,78] A review of different
approaches for ARCWA is given by Pisarenco and Setija.[75]

Figure 5 shows an example of computation for the fields in a
finite grating with 32 lines using different ARCWA approaches
and comparing the solution to the standard RCWA. The radia-
tion field in homogeneous space is also calculated using these
different approaches (not shown here). The supercell approach
requires as expected a large number of Fourier harmonics.
The ARCWA approach with PMLs is the closest to the exact
solution and does not require a large computational domain.
An in-depth complexity analysis is also conducted in this
reference.

2.2. Chandezon Method

The coordinate transformation method has been proposed in
1980 by Chandezon and co-workers and is a very well-known
method for modeling surface-relief gratings.[79,80] Its main
strength resides in its applicability to both TE and TM polar-
izations with similar convergence rates. The essence of the
C-method is to apply a curvilinear coordinate transformation
in order to transform a continuous grating profile into a planar
surface, therefore facilitating the treatment of boundary condi-
tions. The fields in all media indexed by l are expressed in the
following variables (Figure 4b).

v = x; u = z− al (x) ;w = y (4)

where al (x) is related to the profile of the lower interface of
layer l. The fields F are expressed as a Fourier expansion in the
variable v.

F (u, v) =

N
∑

n = −N

Fn (u) e
iknv (5)

where

kn = kx + n
2π

�
(6)

and kx is the x-component of the incident wavevector and n is the
Fourier harmonic. The wave equation for themagnetic or electric
field is expressed in terms of the variables u, v, and w and pro-
jected onto the Fourier basis. This yields an eigenvalue problem
that is similar for both TE and TM polarizations. The method is
very efficient if the profiles are identical in each layer (such as
conformal films on a surface-relief grating), since the resulting
linear system of equations has a number of unknowns scaling
with the number of Fourier harmonics only, independently of the
number of layers. In itsmore recent formulation formultilayered
systems with arbitrary shapes, a system of equations has to be
solved in each layer in a similar way to RCWA, therefore increas-
ing the complexity.[81] The difficult case of sharp edges leading to
discontinuities in the structure profile has been treated by replac-
ing them with steep slopes.[82]

Vallius has carried out a comparison between the C-method
and the RCWA for the difficult case of TM polarization in
conducting multilevel gratings.[83] Although the RCWA is recog-
nized to be more versatile in terms of geometries, polarization,
and illumination conditions, it is reported in this reference that
the C-method outperforms RCWA in terms of computation
time and reliability for these cases because its convergence is by
essence similar for TM and TE polarizations.

2.3. Integral Methods

The discrete dipole approximation (DDA), also known as coupled
dipole method (CDM) developed by Draine and Flatau considers
scattering objects in homogeneous space as a collection of
dipoles.[84,85] The method has been later extended to periodic
arrays,[86] periodic arrays with a defect,[87] and periodic arrays
in multilayered systems.[88] The method has the advantage of
rigorously modeling radiative boundary conditions, like modal
methods. Compared to grating modal methods, this method
can be applied to a very broad range of periodic structures,
including inhomogeneous and anisotropic scatterers without
increase in complexity. However, the computational effort scales
rapidly with the size of the scatterers. Integral methods have
been reviewed in more detail for nanophotonics.[89]

We describe below themethod formulation for a periodic array
of scatterers in a multilayer environment (Figure 4c). Assuming
that a single scatterer is composed of M subunits at position r i ,
the electric field in the unit cell of the periodic structure excited by

Laser Photonics Rev. 2018, 12, 1800017 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800017 (7 of 31)



www.advancedsciencenews.com www.lpr-journal.org

an incident electric field E0 is given by the following expression.

E (r i ) = E0 (r i )+

M
∑

j = 1

[

+∞
∑

m.n = −∞

G
(

r i , r j + mu + nv
)

e ikb ·(mu+nv)

]

× α
(

r j

)

E
(

r j

)

(7)

where kb is the Floquet–Bloch wavevector associated with peri-
odic boundary conditions, u and v the lattice vectors, α j is the
dynamic polarizability tensor of subunit j , and G is Green’s ten-
sor of the multilayered system. Although very versatile, such an
integral method has a computational cost since a full system of
equations needs to be inverted, which scales rapidly with the size
of the scatterers. This approach is also well suited to study finite
size gratings in different dimensions.[90–92]

Another family of integral methods uses the method of
moments (MoM) to solve integral equations at the boundary
surfaces between homogeneous domains. In ref. [93] a MoM is
applied to binary gratings embedded in a multilayered medium.
Popular in the microwave range,[94,95] the surface integral
equation method has been extended to the optical range for the
simulation of general 3D photonic and plasmonic crystals.[96]

This approach has the advantage of reducing the computational
cost as the computation is restricted to surfaces of the scatterers,
but is restricted to piece-wise homogeneous scatterers.
For a periodic system, the computation of eachmatrix element

requires an infinite sum, each term involving the computation of
Green’s tensor. For a homogeneous medium, the Green tensor
can be expressed analytically; this is no longer the case in a
stratified background, where Green’s tensor must be computed
numerically—usually in the spectral domain using numerical
integration in the complex plane—which has an additional,
non-negligible, computational cost.[97] In periodic systems with
a homogeneous background, the computation of a periodic
Green’s function also requires the truncation of an infinite sum
of terms, which converges slowly and requires an extensive
computational power. Efficient acceleration methods using a
Fourier expansion exist, such as Ewald’s method.[96]

2.4. Finite Differences in Time Domain

The finite differences in time domain (FDTD) method is one
of the most popular methods in photonics because of its ability
to handle a large variety of problems,[98] including both periodic
and non-periodic structures. In this method, both time and
space are discretized, that is, all spatial and temporal derivatives
in Maxwell’s curl equations are replaced with finite difference
quotients. Time domain methods such as FDTD can handle
a variety of large systems as they do not require the solution
of a linear system of equations, and can be coupled with other
equations, such as the equation for the dynamics of population
inversion in a laser. However, they also face some challenges, like
the implementation of dispersive materials or periodic boundary
conditions for broadband sources at non-normal incidence.[99]

Furthermore, the calculation of radiative fields is not straightfor-
ward compared to, for example, the modal methods previously
discussed because FDTD assumes a finite window of computa-
tion. In order to simulate open boundary conditions, PMLs are

used; they are built from layers of lossy material with a perfectly
matched interface that should not reflect a plane wave for any
frequency, angle of incidence, and polarization. PMLs can be
seen either as coordinate stretching in the frequency domain or
as an artificial anisotropic absorbing medium.

2.5. Finite Elements

The finite element (FE) method is another popular differential
method in photonics, which allows for accurate computation of
the electromagnetic field, originally in the frequency domain.[100]

Hybrid and time domain methods based on FEs include the
finite elements in time domain method (FETD) and the discon-
tinuous Galerkin time domain method.[101] In contrast to FDTD,
the use of basis functions enables the accurate description of the
geometry of micro- and nanostructures, which can be crucial
when studying the influence of nanoscale variations of shapes
on the electromagnetic response.[89,100] The modes as well as
their resonance frequencies, losses, and spatial extension can be
directly calculated. The high accuracy of the computed electro-
magnetic field allows studying the electromagnetic confinement
in nanostructures and in particular the influence of geometrical
parameters on the near-field distribution.[102]

3. Fabrication Techniques, Implementations, and
Materials

Advances of RWGs have not only been boosted by increases in
computational power and improved modeling algorithms as out-
lined in Section 2, but also thanks to the developments of several
microfabrication and nanofabrication techniques. In particular,
new mastering techniques have provided microstructures and
nanostructures of higher quality andwith increased reproducibil-
ity and homogeneity, while replication and fabrication techniques
have allowed higher throughput, lower costs, and better accuracy
from research and development to industrial production.[103,104]

In parallel, various characterizations, metrology and quality
control techniques have also been developed.[105,106] Section 3.1
presents different origination techniques of gratings: laser
interference lithography is a standard process in case of periodic
and uniform large areas (Section 3.1.1), while electron-beam
lithography is more suitable when the pattern is not uniform
or homogeneous (Section 3.1.2). Other mastering techniques
are employed for specific requirements, that is, laser ablation
(Section 3.1.3). The mastering of the grating usually includes the
etching process to transfer the pattern of the photoresist into the
substrate (Section 3.1.4). The thin-film deposition techniques are
discussed in Section 3.2. For high-throughput or cost-efficient re-
quirements, the master grating is replicated by NIL (Section 3.3).

3.1. Grating Mastering and Low-Throughput Fabrication
Techniques

3.1.1. Laser Interference Lithography

A very common technique for the manufacturing of periodic
and large scale gratings is holographic lithography, or laser
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interference lithography.[107] It is a technique based on recording
the standing wave of an interference pattern between two or
more coherent laser beams with a photosensitive material
such as a photoresist. The holographic exposure of such a
thin-film photoresist layer allows the manufacturing of various
grating structures, usually periodic and with sinusoidal or quasi-
sinusoidal topographies. Note however that this approach is
highly insensitive to misalignments and the development of the
photosensitive material development critical to achieve the de-
sired grating profile and depth. Yet, this approach can be pushed
to the extreme and it is possible to create sub-50 nm period
patterns by using extreme ultraviolet holographic lithography at
synchrotron radiation facilities.[108]

3.1.2. Electron Beam Lithography

When non-periodic patterns or smaller patterns are required,
the electron beam lithography is also a standard origination
technique, typically affordable for samples up to a few square
centimeters.[109] It is the preferred technique when the RWG
pattern is not uniform or homogeneous.[110] Electron beam
lithography allows to precisely control the duty cycle DC[111]

and to achieve sub-10 nm grating lines.[112,113] However, since
large patterns require the stitching of multiple deflections field
of an electron beam, stitching errors can create irregularities
in the pattern for sample dimensions in the hundred micron
to millimeter scales.[114] Recent developments for large-area
electron beam exposure have reached exposure speeds of
1 min mm−2 for non-tilted gratings with a 560 nm period,[115]

and 3 min mm−2 for tilted gratings with a 200–500 nm
period.[116]

3.1.3. Laser Ablation

Laser ablation is a versatile fabrication technique to generate
surface-relief gratings directly on many materials—including
high damage threshold materials—without any need for further
etching. Direct laser writing allows a sequential patterning while
the exposition of excimer lasers or ultra-fast lasers through
a photomask allows parallel processing. Laser ablation may
however suffer from the accumulation of redeposited debris
particles around the ablation site.[117] Using F2 laser at 157 nm,
submicrometer RWGs were realized with a grating depth
in the 5–50 nm range.[118] A grating–interferometer setup
can further improve the quality of gratings made via laser
ablation.[119]

3.1.4. Anisotropic Etching

Anisotropic etching is performed to remove a residual photore-
sist layer, to deepen or modify the grating profile—for example,
reaching steep profiles such as binary gratings—or to transfer
the grating into the underlying material—for example, the
waveguiding layer. It is realized by various ion beam etching
(IBE) processes relying on material sputtering and using chem-

ical reactivity to increase the material selectivity and etching
speed as in reactive ion etching (RIE) or using an accelerated
ionized beam as in reactive IBE (RIBE)—also called ion beam
milling. Such processes are carried out in vacuum chambers in
which a plasma is created using a single gas or multiple gases.
The throughput is relatively low and anisotropic etching is
generally used for microstructure mastering and the fabrication
of high added-value devices. As illustrated in Figure 6, specific
algorithms based on the string method have been developed
to simulate the structural deformation of the grating profile
during the etching process and to more accurately predict
the fabricated optical behavior.[120] The presence of unetched
residual layers between the gratings and the waveguide can
lead to a shift of the resonance wavelength[121] due to change of
guided mode effective index as for a mismatch in the waveg-
uiding layer thickness or refractive index, and conversely, in
the case of over-etching, a shift of the resonant peak is also
expected.[122,123]

3.2. Deposition Techniques

Deposition techniques such as chemical vapor deposition (CVD),
physical vapor deposition (PVD), plasma deposition,[124] atomic
layer deposition (ALD),[125] or RF sputtering allow the creation
of waveguiding layers with high uniformity and accuracy, as
well as multilayer stacks. The waveguiding layer(s) define
primarily the guided mode effective index, and therefore the
resonance frequency; accurately controlling the deposition is
critical in many applications. Such techniques can be used both
at wafer level and in high-throughput coating techniques such
as roll-to-roll PVD, following roll-to-roll grating replication using
NIL. It is possible to fabricate a position variable RWG filter
by sputtering a graded thickness waveguide.[126] An oblique
angle layer deposition is suggested to improve the sensitivity of
RWG sensors.[127] The deposition rate is also uneven and highly
sensitive to experimental conditions (Figure 6).[120]

3.3. Nanoimprint Lithography

High-resolution (sub-10 nm) NIL has been used for more than
20 years[128,129] as a low-cost technique compatible with high-
throughput manufacturing to replicate nanostructures.[130] Many
different process flows and replication techniques are gathered
under the name NIL. An example is the casting or coating of a
sol–gel material on a PDMS soft replica to replicate the structure
on glass or thin-film polymer[131] after UV or thermal curing
and annealing.[132,133] Another widely used implementation is
hot-embossing based on a negative replication stamp made of
nickel and various additives. For high-throughput replication
of grating patterns, sheet to sheet and preferably roll-to-roll
NIL or injection molding[134] techniques have been industrially
applied,[130,135] especially for biosensing,[136] optical security,[137]

and solar cell applications.[138] In order to improve the replication
fidelity and to broaden the range of geometries and aspect ratios
that can be replicated, UV reticulation of liquid, gel, or soft ma-
terials (UV-NIL) is preferred to hot-embossing techniques and
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Figure 6. Three main sources of errors in sputter deposition and etching processes and their modeling: deposition (left panel), etching (middle panel),
redeposition (right panel). During sputter deposition, most of the neutral particles are deposited to the substrate with vertical diffusion, however a small
amount diffuses at oblique angle, causing deposition on the sidewalls. During the etching process, materials are removed with an angular selectivity,
thus the sloped surfaces have higher etch rates. Part of the material removed during etching can be redeposited back onto the surface. Reproduced with
permission.[120] Copyright 2007, Optical Society of America.

Figure 7. Example of a replicated grating on polycarbonate, coated with
TiO2. Reproduced with permission.[143] Copyright 2012, Optical Society of
America.

gradually replacing them in many industries. Recent variations
on NIL include stretchable molds to replicate the grating with
the desired period,[139,140] multiple-mold replica NIL to reduce
the grating depth,[141] or doped NIL to fabricate RWG in one step
without the need for any further deposition.[142] An example of a
replicated grating on polycarbonate by hot-embossing followed
by deposition of TiO2 is shown in Figure 7.

4. Effects Associated with RWGs

RWGs make use of a grating to couple light in and out of a thin
waveguide. As already briefly outlined in the introduction, RWGs
have been designed in a variety of operational modes beyond

the functionality of a mere grating coupler. This section reviews
the main effects which have been obtained using RWGs: they
include narrowband or broadband filtering in the zeroth order of
transmission and reflection, combination with surface plasmon
resonances (SPRs), focusing, field enhancement, and nonlinear
effects as well as other effects such as MOKE or EIT. As will be
seen in this section, the design rules for RWGs, materials, and
the parameter range generally depend on the targeted optical
effect and the fabrication constraints. Guidelines specifically
addressed for the design of narrowband filters are proposed by
Nieder et al.[144]

4.1. Narrowband and Broadband Filters

The bandwidth of the filtered spectrum can be made particularly
narrow using a weak in-coupling and out-coupling efficiency
with, for example, shallow gratings (Figure 8a).[30] When used
as narrow bandpass spectral filters in either transmission or
reflection, RWGs are characterized by a spectral response which
can be identified to a Fano lineshape.[54,147–149] RWGs can theo-
retically reach 100% of reflection efficiency when their profile is
vertically or horizontally symmetric[150] or when integrated with
quarter-wave Bragg stacks.[54] Recently, a high efficient narrow-
band transmission filter has been demonstrated with two crossed
and strongly modulated RWGs[151] and at normal incidence with
partially etched single-layer RWG.[152,153] RWGs can also be uti-
lized to make efficient wideband reflectors using a periodic array
of high-index scatterers on a low index layer (Figure 8b,c).[145,146]

The bandwidth and the efficiency of the broadband reflectors
with partially etched RWGs can be tuned with the grating depth,
fill factor, the thickness of the homogeneous layer, and with
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Figure 8. a) RCWA simulations of the grating depth (d) variation to tune the reflection/transmission bandwidth in TM polarization. Parameters:
θ = 15◦, � = 400 nm, DC = 0.5, t = 300 nm, nsub = 1.6, nw = ng = 1.7, nsup = 1. b,c) RCWA simulations of TM polarized broadband RWG reflec-
tors in different IR wavelength ranges. b) Parameters: θ = 0◦, � = 700 nm, DC = 0.75, d = 460 nm, t = 840 nm, nsub = 3.48, nw = 1.47, ng = 3.48,
nsup = 1.[145] c) Parameters: θ = 0◦, � = 340 nm, DC = 0.68, d = 220 nm, t = 2 μm, nsub = 3.72, nw = 1.454, ng = 3.72, nsup = 1.[146]

Figure 9. a) Simulated transmittance of an RWG optical filter coupled with Rayleigh anomaly in TM polarization. Parameters: � = 1130 nm, DC =

0.723, d = 405 nm, t = 160 nm, nsub = 1.5, nw = ng = 3.48, nsup = 1. b–e) Field distributions for several cases of angle and wavelength as indicated
in (a). The case (c) is at the exact resonance condition, and in the case (e) there is a strong transmitted first order that causes a decrease of the
zeroth-order transmission. Reproduced with permission.[158] Copyright 2013, AIP Publishing.

tapered sidewalls.[154–156] Efficient wideband reflectors with steep
sidewalls can be obtained by operating RWGs at the proximity of
the Rayleigh angle.[157] When an RWG resonates at an angle cor-
responding to the Rayleigh anomaly, the zeroth-order reflection
energy is almost completely transferred into a first-order trans-
mitted mode with a sharp transition, as shown in Figure 9.[158]

The Rayleigh anomaly is related to the rapid efficiency variations
of diffraction orders by a variation of the wavelength or the
incident angle.[2,159] It occurs for a specific value of angle (θ ) and

wavelength (λ): nsup sin θ = ±nsub,sup − mλ/�, where � is the
grating period and m is the diffraction order (m = ±1, ±2, . . .)
for reflection and transmission, respectively. This interaction is
helpful for designing transmission filters with sharp peaks.[158]

Rahman et al. demonstrated a system of metallic–dielectric
grating structures that significantly improves the transmission
efficiency by tuning the waveguide thickness to satisfy both
the guided mode and the Fabry–Perot resonances at the same
wavelength.[160]

We would also like to report the fabrication of wedged
RWG used as tunable filers, whose resonance spans over
40 nm in the visible range in the case of 50 nm increment
of the waveguide thickness.[161] Other implementations in-
clude the patterning of RWG on suspended membranes for
improved quality factor and flattened sidebands,[162–164] that is,
for laser cavities,[165] and RWGs on concave lenses to increase
the resonance wavelength and decrease the linewidth.[166]
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Finally, RWGs made with antireflective coating have been
studied.[167,168]

4.2. Combination of Guided Mode and Surface Plasmon
Resonances in Metallic Dielectric RWGs

Plasmon materials are metals with a very high electron mobility,
in excess of 1022 cm−3, such that when light impinges on a
nanostructure made from such a material it excites a collective
oscillation of the free electrons in the metal, called a plasmon
resonance.[169] Consequently, the interaction of light with plas-
monic nanostructure is extremely strong, leading to very large
scattering cross-sections in the far-field and enhancement of the
near-field intensity by several orders of magnitudes. Combining
plasmonic nanostructures with RWGs has been proposed as
early as the 1990s by Parriaux and Voirin, to combine low-loss
propagation and high near-field enhancement for sensing
applications.[170] Over the last decade, progress in nanotechnol-
ogy has enabled the seamless integration of plasmonic metals
with RWG to take advantage of these features.[171]

Metallic RWGs can combine coupled-mode resonances and
plasmonic resonances near the Rayleigh anomaly,[172] thus
exhibiting extremely narrow spectral features with a high
efficiency.[173] This approach can be used to produce an ex-
tremely broad range of colors.[174] It is worth mentioning that
these two examples rely on aluminum as plasmonic material
less common than gold, which is usually the material of choice
for plasmonics, since it is easy for nanofabrication. Nguyen-Huu
et al. have used silver to produce broadband and high trans-
mission efficiency color filters;[175] interestingly, these authors
also consider an additional dielectric layer on top of the RWG
structure, which appears to improve the overall performances.
Other authors have taken a different approach and fabricated a
device with similar performances using an aluminum grating
on an ultra-thin 100 nm silicon nitride membrane.[176] Recently,
metasurfaces—optical surfaces that exhibit useful and often
uncommon functionalities—have emerged as a strong field
of research,[177] which has prompted revisiting many classical
photonics devices. RWGs also follow that trend and interesting
reports have been published on the combination of gradient
metasurfaces with a waveguiding layer.[178] Whilst a conventional
grating provides a constant phase gradient to the incoming light,
a metasurface has the potential to engineer the phase in a more
versatile manner. This phase can also be engineered in two
dimensions, contrary to a conventional grating, which is intrin-
sically 1D. 2D plasmonic RWG devices can exhibit, for example,
a useful polarization-sensitive behavior that produces a dichroic
response and can be used to engineer electrically tunable
filters.[179]

Traditionally, plasmonic nanostructures have been success-
fully used for sensing.[180] Magnusson and colleagues have
reviewed how such nanostructures can be combined with RWG
to produce even more efficient and versatile sensors.[181] For ex-
ample, Chien et al. have shown how coupled waveguide–surface
plasmon resonance biosensor can be useful to overcome the lim-
itations associated with Kretschmann attenuated total reflection
used on conventional biosensors;[182] as a matter of fact, RWGs
maintain their performances, even under normal illumination.

The strong near-field produced by a plasmonic nanostructure
can induce interesting optical effects that go beyond light
scattering. This has been used by Zeng et al. in an RWG device
to boost the photoinduced charge-transfer rate of hot electrons
into a semiconductor material.[183]

So far, we have presented some examples of RWGs that
incorporate plasmonic elements and rely on the optical reso-
nances that are localized on them (so-called localized plasmon
resonances). There exists another family of plasmonic effects,
so-called propagating plasmon resonances, that are associated
with extended surfaces.[184] Many experiments on propagating
plasmon resonances use a grating to excite this optical mode that
then propagates on a thin metal film.[185] Sometimes, the mode
is out-coupled using a second grating,[186] thus representing a
device very similar to an RWG, albeit with an extremely thin
metal waveguiding layer.

4.3. RWGs as Focusing Elements

Advanced patterning enables creating beam shaping devices
with more freedom in the manipulation of the wavefront, such
as for beam steering or focusing. Concentric circular focusing
grating couplers have been known since a long time[187–189]

and they have been implemented as optical routing, for ex-
ample, for wavelength division multiplexing (as illustrated in
Figure 14g),[190,191] for cavity resonators,[192,193] or for quantum
information processing.[194,195] Recent optimizations include
circular RWGs on a membrane,[196] apodized focusing grating
couplers (sketched in Figure 10a),[197] and long working distance
gratings.[198] A focusing spatial bandpass transmission filter
based on a periodic RWG was also reported with a multilayer
geometry allowing broadband reflection sidebands.[153] Instead
of curving the grating lines on flat substrates, GMRs can also
be created on curved surfaces, such as on parabolic reflectors
to create wideband focusing devices (see Figure 10b)[199] or on
cylindrical surfaces (see Figure 10c,d)[200] to enhance the quality
factor of the related cylindrical cavities[201] by hybrid resonant
modes coupled to whispering gallery modes.[202] Fattal et al.
demonstrated the possibility of using linear with varying duty
cycle or varying period 1D SWG to achieve local control over the
phase of the reflected beam, realizing very long focal/small angle
beam redirection reflective lenses.[203,204] Given the distributed
nature of the resonance in waveguide–gratings, achieving large
phase shift at a very small scale, enabling large angle redirection,
appears intrinsically difficult with such approaches. More
localized resonances such as vertical GMRs present in HCGs
and some dielectric metasurfaces appear better adapted. Such an
approach was demonstrated with 2D non-periodic SWGs, while
additional optical functionalities can be obtained by combining
finite size SWGs with different dimensions.[205] Subwavelength
structures are able to support to some extent both localized and
non-localized quasi-guided resonances, we review here only the
latter. A focusing device has recently been demonstrated for
operation with low-coherence sources such as white LEDs, by
patterning two impedance-matched RWGs (Figure 10e–h).[116,206]

In that geometry, both gratings share a thin high refractive index
waveguide and are therefore impedance matched. The direction
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Figure 10. a) Schematics of a self-imaging chip–fiber grating coupler. Reproduced with permission.[197] Copyright 2012, Optical Soci-
ety of America. b) Electric field around an RWG used as focusing reflector. Reproduced under the terms of the CC-BY 3.0 license
(https://creativecommons.org/licenses/by/3.0/).[199] Copyright 2011, the Authors, Published by MDPI. c) Schematic of a curved RWG and d) the electric
field at resonance wavelength. Reproduced with permission.[200] Copyright 2011, Optical Society of America. e) Pairs of impedance-matched RWGs for
color-selective light redirection. A corrugated ultra-thin waveguide coats a first and a second adjacent grating, schematized, respectively, in pink and
blue. A specific wavelength range is in-coupled inside the waveguide by the first grating from a white incident light beam, and out-coupled from the
second grating. f) By changing the period of the second grating, it is possible to out-couple the light at a different in-plane angle. g,h) Corresponding
amplitude of the transversal near-field obtained with FDTD simulations. Adapted with permission.[116] Copyright 2017, American Chemical Society.

of the out-coupled modes differs from the direction of the
incoming light by tuning the period of the second RWG. Since
only a single waveguide mode can be excited at a specific wave-
length and angle, the device acts as a color-selective redirection
element.

4.4. Field Enhancement and Nonlinear Effects

The electromagnetic field confinement in an RWG can be
intensified by resonance effects[207] or reduced in the case of
strongly modulated waveguides.[208] Bezus et al. have extended

the use of the generated evanescent field enhancement (factor of
30) at the resonance condition to obtain high quality interference
patterns.[209] This work, targeting contact photolithography to
generate small periodic structures, demonstrated numerically
field intensity with periods six times smaller than that of the
RWG used, much smaller than can be generated with simple
periodic structures and Talbot effect.
Nonlinear responses can arise using RWGs thanks to the

strong local enhancement of the electromagnetic field in the
guidedmodes.[59] In fact, the periodic corrugation of a waveguide
was found to be an efficient method for phase matching nonlin-
ear optical interactions, especially when the period is of the order
of one coherence length.[210–213] Applications of nonlinear effects
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Figure 11. Scanning electron microscope images of a) the TiO2 grating used for SHG and of c) the SiN grating used for UV THG. b,d) Square of the
amplitude of the electric field normalized to the incident field in the vicinity of the RWG structure at resonance. Reproduced with permission.[218,221]

Copyright 2007 and 2013, AIP Publishing and Optical Society of America.

enhanced by RWGs in signal processing include switching,
computing, and telecommunications.[214] In order to increase the
field localization effects and to have phase matching at the same
time, the RWG is designed to have its fundamental resonance
at the photonic band edge, at which it is optically pumped, and
to have a quasi-phase-matched nonlinear substrate.[215,216] The
far-field diffraction patterns of the linear (i.e., the fundamen-
tal frequency) and the nonlinear (i.e., the second harmonic
frequency) beams have been shown to have a clear angular
separation because of the diffraction at different angles.[217]

The second harmonic generation (SHG) was enhanced by a
factor of 550 (Figure 11a,b),[218] 1000,[219] and 5500[220] compared
to a flat waveguide using only dielectric RWGs and using
fabrication methods compatible with CMOS technology.[219] This
enhancement is larger than typically observed in metallic nanos-
tructures with plasmonic resonances. Strong UV third harmonic
generation (THG) was also enhanced by a factor of 2000 with
CMOS-compatible RWGs (see Figure 11c,d).[221] Further studies
regarding the influence of the relative orientation of the pump
light polarization, grating bars, and crystal axes were recently
reported.[222] The generation of SHG and THG with RWGs
made with azopolymer as coating material[223] or as waveguiding
material in an all-polymer-based RWG[224] were also investigated
and further improvements are expected.

4.5. Other Effects

4.5.1. Magneto-Optical Kerr Effect

The MOKE is a weak phenomenon describing the changes
of p-polarized light reflected from a magnetized surface.[225]

There are three different configurations for MOKE experiments,

depending on the direction of the magnetic field with respect
to the plane of incidence and the sample surface: polar MOKE,
longitudinal MOKE, and transverse MOKE. RWGs are especially
used to enhance the transverse MOKE. For the transverse MOKE
geometry, the magnetic field is normal to the plane of incidence
and only the p-polarization is affected. A small Kerr wavevector is
generated parallel to the reflected polarization, which can either
increase or decrease the polarization amplitude depending on
the direction of the magnetic field. The enhancement of this
effect has always been very challenging. Vincent et al. demon-
strated the use of RWGs on a nonlinear Kerr media to achieve
effective optical bistability and hysteresis phenomena, because
RWGs increase the local field and thus the nonlinearities.[212] Re-
cently, an RWG made from alternating magneto-insulating and
nonmagnetic dielectric nanostripes achieved a large magneto-
optical Kerr response that can improve high-definition imaging,
magneto-optical data storage, and magnonics.[226]

4.5.2. Equivalent of Electromagnetic Induced Transparency

EIT is an important phenomenon associated with the formation
of a narrow transparency window in the spectral region of a broad
absorption band, which causes a remarkable reduction of the
light group velocity; it is caused by quantum destructive interfer-
ence between different excitation pathways in multi-level atomic
systems.[227] An equivalent of the EIT spectral response can be re-
alized by combining an RWG and a slab waveguide (Figure 12a).
The incident light is efficiently coupled in the RWG. The light
guided in the RWG is weakly coupled to the slab waveguide
through its evanescent field. An interference between light which
has been indirectly coupled in and out from the slab waveguide
through the RWG with the light which has been only in and out

Laser Photonics Rev. 2018, 12, 1800017 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800017 (14 of 31)



www.advancedsciencenews.com www.lpr-journal.org

Figure 12. a) Schematic of an RWG configuration used to achieve the equivalent of EIT spectral response. b) Simulated transmission spectra of the
proposed configuration: a narrow transparency window is present. The inset shows the electric field distribution. Reproduced with permission.[230]

Copyright 2015, Optical Society of America.

coupled in the RWG occurs, resulting in a narrow transmission
window[228–230] (Figure 12b). A 2DRWG can be used to generalize
this effect to a polarization-independent equivalent of EIT.[231]

5. Applications

As discussed previously, RWGs can be used as coupling and
waveguiding elements, near-field enhancers, zeroth- or higher-
order diffraction elements, and filters with a tailored control of
the intensity and phase of the diffracted optical fields. Thanks
to their high degree of tunability in terms of optical properties
and the diversity of fabrication processes and materials involved,
RWGs have been implemented in many different applications.
In Section 5.1, their use in refractive index and fluorescence
biosensors is reviewed. RWGs to enhance the light absorption
of thin-film solar cells and photodetectors are presented in Sec-
tion 5.2. Their implementation in signal processing for photonic
integrated circuits and optical communication is discussed in
Section 5.3. Polarizers and wave plates designed with RWGs are
outlined in Section 5.4. Passive RWG filters can be implemented
for spectroscopic applications (Section 5.5), and active RWG fil-
ters as electro-optic or thermo-optic tunable filters (Section 5.6).
Their use as narrowband reflectors has also enabled the design
of efficient mirrors for laser cavities (Section 5.7). Finally, their
use in optical security devices, which represent an established
and widespread industrial application, is reviewed in Section 5.8.

5.1. Sensors

In 1983, Lukosz and Tiefenthaler discovered that a thin (i.e.,
120 nm) monomode SiO2-TiO2 RWGwas sensitive to changes of
relative humidity in air.[232,233] In this experiment, the grating had
a finite size and was used as waveguide coupler. The variation of
the effective refractive index of the guided modes was related to
the adsorption of the gasmolecules on the waveguide surface and
the consequent variation of the refractive index of the cladding

material. In 1992, the first implementation of a full RWG (i.e.,
where the grating is not only used as in-coupler but also as
leaky out-coupler) in sensing was proposed by Magnusson and
Wang.[234] The basic RWG filter was shown to exhibit sensitive
shift in wavelength on a change of refractive index and the results
as RWG sensor were later published by Wawro et al.[235] This
concept has been further developed and applied to produce com-
pact and inexpensive commercial sensors.[236–238] The utilization
of RWGs as refractive index biosensors is discussed in (Sec-
tion 5.1.1) and that of fluorescent RWG sensors in Section 5.1.2.
Some possible configurations are sketched in Figure 13.

5.1.1. Refractive Index Biosensors

As a result of the binding of molecules on an RWG surface, the
effective refractive index (neff ) of the guided mode of an RWG
varies, producing a shift in the resonance wavelength.[44]

nsup sin θ = m
λ0

�
− neff (8)

where nsup is the refractive index of the superstrate, θ is
the waveguide coupling angle (i.e., in-coupling or out-coupling
depending on the configuration), m is the diffraction order, λ0
is the wavelength in vacuum at which the maximum coupling
and resonance occurs, and � is the grating period. An analytical
model based on a slab waveguide, where the propagation con-
stant has additional constraints, can be used to predict, with an
accuracy of 0.45 nm across the visible spectrum, the resonance
shift caused by the refractive index changes that is valid even for
deep grating modulation.[240] Furthermore, the phase of the out-
coupled pattern is also a useful source of information: Mach–
Zehnder interferometers based on RWGs have been designed[241]

and Sahoo et al. have recently proposed an analytical model to
evaluate the phase and shown its importance in refractive in-
dex sensing.[242] Many different implementations of RWG have
been suggested to create portable and label-free biosensors; they

Laser Photonics Rev. 2018, 12, 1800017 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800017 (15 of 31)



www.advancedsciencenews.com www.lpr-journal.org

Figure 13. Schematic drawings of some different RWG configurations for sensing: a) an input grating coupler, in which an RWG grating is used to couple
light in the waveguide, which is then sensed, and, conversely, b) an output grating coupler. c) A reflected-mode grating coupler similar to (a) but sensing
the reflection spectra. d) A wavelength interrogated optical sensor (WIOS), made by two different RWGs to sense the back-scattered light at a different
angle and e) an evanescent-field fluorescence, made with two RWGs separated by an intermediate flat waveguide. Reproduced with permission.[44]

Copyright 2010, Springer-Verlag. f) A Corning Epic 384-well RWG biosensor plate, each containing an independent RWG biosensor allowing high-
throughput screening of intractable targets. Reproduced with permission.[36] Copyright 2006, Elsevier Ltd. g) A false-colored image of the resonance
wavelengths of that plate after overnight culturing of human epidermal carcinoma cells planted in different conditions. Reproduced with permission.[239]

Copyright 2010, AIP Publishing.

all rely on a strong spatial overlap between the RWG evanescent
wave and the analyte. Compared to other methods for detect-
ing the refractive index change (e.g., interferometric systems),
RWGs are usually less sensitive because of the shorter interac-
tion length. On the other hand, they support a higher-throughput
detection system and they can be implemented in practical and

less expensive sensing applications, since they are less sensitive
to ambient or sample temperature fluctuations.[44]

Let usmention for the interested reader the several specialized
reviews on RWG biosensors. Cooper reviewed optical biosensors
made with different technologies (plasmon resonance, waveg-
uides, and resonant mirrors)[243] and compared advantages and
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drawbacks of labeled assays and label-free assays[36] including
RWG biosensors and a list of manufacturers. An example of ap-
plication of a commercial RWG biosensor for live cell sensing is
illustrated in Figure 13f,g,[239] where different colors show differ-
ent resonance wavelengths depending on the different culturing
conditions of the cells. Fang et al. reviewed optical biosensors for
cell sensing and their potential implications in drug discovery, for
which RWGs biosensors are presented as being themost popular
ones, together with SPR biosensors.[37,41] Fang et al. also authored
two book chapters reviewing RWG biosensors for whole-cell
assays for drug discovery[42] and RWG biosensors with high-
throughput analysis.[244] More details on modeling and mecha-
nisms for RWGbiosensors are described in refs. [38,39,44], while
different practical implementations are reviewed in refs. [40,44,
45]. RWGs have been used in fragmented-based drugs screening
in both academic and industrial projects.[43] Geschwindner et al.
have written a focus on small-molecule screening with RWGs
biosensors; they emphasize the specific advantages of the inhi-
bition in solution assay, in contrast to traditional direct binding
assay.[46] Recent label-free silicon-based optical biosensors, in-
cluding RWG-based biosensors, and their implementation into
lab-on-a-chip platforms have been reported by Gavela et al.[48] Fi-
nally, a recent review from Paulsen et al. about RWG biosensors
is focused on compact readout systems for point-of-care applica-
tions and the implementation of multiperiodic and deterministic
aperiodic RWGs in order to design specific resonances.[49]

5.1.2. Fluorescence Enhancement

RWGs have been known to confine and enhance the electro-
magnetic field at resonance, which makes them interesting
for fluorescence enhancement. Fluorescence is widely used in
the field of optical biosensing, mainly thanks to its exceptional
sensitivity.[249] Particularly effective is the two-photon fluores-
cence (TPF) spectroscopy, where two photons of half the energy
are used to excite the fluorophore that emits a fluorescent photon
with higher energy, thus providing low background noise and ex-
citation wavelength in the near-IR. It is possible to use RWGs to
enhance TPF without the need for highly focused laser excitation
light, with an enhancement in excess of two orders of magnitude
compared to the case of a flat waveguide.[250–252] RWGs are also
a powerful tool for the detection of extremely small TPF signals
generated by picosecond laser pulses.[253] The near-field nature of
the fluorescent enhancement by an RWGwas experimentally ver-
ified by measuring the enhancement factor as a function of the
distance and comparing the results to numerical calculations,[254]

showing that the exponential decay length is mainly controlled
by the resonance wavelength of the RWG. Applications of
this fluorescent enhancement are foreseen in biosciences and
medicine,[255] for example, to detect androgenic anabolic steroids
used illegally as growth promoters.[256,257] Further improvements
of RWG-enhanced fluorescence include the implementation
of a quartz substrate to improve the detection sensitivity and
signal-to-noise ratio[258] and the growing of a highly porous
waveguiding layer to increase the surface area and to allow
fluorophores to penetrate into the most sensitive region of the
RWGs.[259]

5.1.3. Absorption Sensors

Visual chemical sensors based on resonant absorption condi-
tions of RWGs have been developed to create low-cost gas and
fully passive detectors with significantly improved color change
compared to thin dye-containing films. They can be used tomon-
itor gas contamination in public places in case of terrorist attack,
gas leakages in possible explosive environments, air pollution as
well as the vibrational absorption of molecules.[136,260]

5.2. Absorbers, Solar Cells, and Photodetectors

Efficient thin-film solar cells are designed by enhancing the light
optical absorption in order to achieve efficient photon-to-electron
conversion using approaches based on slow light. Although the
slow-light effect is intrinsically bandwidth limited, it has been
demonstrated that RWGs can be effectively used as slow-light
propagators that elongate the optical path length and enhance
light trapping in solar cells in the near-IR[261] or visible band[262]

and decrease light reflection. In particular, the GMR is used to
reduce the penetration of the field in the substrate by forcing the
diffraction of the field to propagate laterally in the RWG layer
and thus increasing the optical path inside the absorbing layer.
Lee et al. proposed an RWG with two filling factors to improve
the angular acceptance and thus the light trapping in solar cells,
as asymmetric RWGs are more angular tolerant.[261] Moreover,
the functional principles of RWGs as absorbing media can be
extended to two dimensions for both TE and TM polarizations
without substantial changes.[263–266] Further improvements of
such an RWG absorber include the optimization through a
genetic algorithm[267] or by implementing a two-step design
approach using two different numerical modeling, that is, with
an iterative Fourier transform algorithm (IFTA) to optimize
the transmission function followed by RCWA optimizations to
improve the absorption,[263] or by using first RCWA to design the
RWG and later an FDTD analysis to evaluate the absorption.[268]

The implementation of a backside metal reflector has been
shown to further raise the absorbance.[102,267] Finally, the exper-
imental observation of a single waveguide mode enhancing the
light-trapping effect through a 2D RWG was recently carried out
with a scanning near-field optical microscopy (SNOM).[269]

Another implementation is related to coherent perfect ab-
sorbers (Figure 14a–c), which are lossy structures that allow
a complete absorption of coherent illumination, as the time
reversal of a laser having the opposite (positive) imaginary
part of the refractive index of its gain medium.[270] A coherent
perfect absorber based on a thin-film a-Si RWG using two TM
polarized beams has been developed.[245,271] Since coherent
absorbers do not require nonlinear effects to actively modulate
light intensity, they can be used as low power active devices such
as optical switches, modulators, light–electricity transducers,
and coherence filters for IR detectors.[245]

High speed optical photodetectors are highly valued compo-
nents for optical data communication. It is possible to increase
the bandwidth efficiency of very compact photodetectors
compatible with standard CMOS processes with a germanium-
on-insulator 2D RWG, in which the field decays after only a few
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Figure 14. a) Illustration of a coherent perfect absorber. b) Magnetic field pattern when the two TM beams are in in-phase incidence and c) when they are
out-of-phase incidence. Reproduced with permission.[245] Copyright 2014, Optical Society of America. d) Illustration of a micro-displacement encoder
using an RWG photodetector. Reproduced with permission.[246] Copyright 2007, IOP Publishing Ltd. e) Schematic of an RWG used for differentiating
an incident pulse. Reproduced with permission.[247] Copyright 2012, Pleiades Publishing, Inc. f) Schematic of a polarization beam splitter. Reproduced
with permission.[248] Copyright 2016, Elsevier Ltd. g) Schematic of a focusing grating coupler. Reproduced with permission.[190] Copyright 2004, IEEE.

grating periods enabling high external quantum efficiencies.[272]

A more rectangular spectral response can be obtained by cas-
cading double or triple RWGs.[273] A photodetector in the mid-IR
region can also be realized with a germanium grating on a
CaF2 waveguide to narrow the photoresponse spectral range en-
abling mid-IR sensing applications.[274] An optical displacement
encoder aimed at converting mechanical displacements into
electrical signals has been designed with an RWG photodetector
based on a Moiré configuration with two superimposed gratings,
consisting of an RWG to detect only the ± 1st-order beams
diffracted from a scale grating movable with two piezo actua-
tors, as illustrated in Figure 14d.[246] Finally, a photodiode for
ambient-temperature detection has been realized with an In-
GaAs detector integrated with a dielectric RWG to enhance the
absorption at the backside.[275]

5.3. Optical Communication and Signal Processing

Photonic integrated circuits or integrated optical circuits are
devices which integrate two or more photonic functions in a
similar way to integrated electronic circuits, but using photons
rather than electrons. Relaxed latency, wide bandwidth, and
high resistance to electromagnetic interferences are some
of the promising driving forces behind the development of
such platforms.[276] As discussed earlier, RWG were initially
developed as thin-waveguide couplers in the 1970s following
the work of Dakss et al.[9] and the state of the art was reviewed
by Tamir in 1975[28] and by Petit in 1980.[29] Optical intercon-
nects with higher efficiency and lower coupling losses than
using micro-mirrors have been measured.[277] Recent RWG
developments have focused on signal processing for photonic
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integrated circuits and optical communication, especially with
emphasis on compatibility with CMOS technology. The follow-
ing implementations are described here: differentiators and
integrators (Section 5.3.1), wavelength-division (de)multiplexers
(Section 5.3.2) and polarization beam splitters (Section 5.3.3).

5.3.1. Differentiators and Integrators

The differentiation of optical signals is of great interest for
ultra-fast all-optical information processing, analog–optical
computing, optical recognition and coding, and temporal
pulse shaping.[58,278] RWGs are particularly attractive for these
optical operations because the Fano profile describing the
reflection or the transmission coefficient of the structure near
the resonance can approximate the transfer function of a
differentiating filter.[279,280] The differentiation of an optical
signal can be performed as temporal or spatial differentiation.
The temporal differentiation consists in the differentiation of
the pulse envelope, while the spatial differentiation consists in
the differentiation of the spatial profile.[58] The first theoretical
demonstration of temporal differentiation of optical signals us-
ing an RWGwas carried out by Bykov et al. (Figure 14e).[247,278,281]

They demonstrated that an RWG operating in transmission
allows the calculation of the first-order derivative and integral
of an optical signal envelope around the Wood anomaly and the
fractional derivation and integration of order 1/2 around the
Rayleigh frequency. They further explained a method to design
stacked RWGs with k resonances to compute the kth-order
derivative.[282] The spatial differentiation of optical beams have
been studied by Golovastikov et al. by converting a 2D Gaussian
beam into a 2D Hermite–Gaussian beam with an RWG in trans-
mission geometry.[58] They also presented a planar differentiator
with a two-groove RWG operating in reflection to be used as a
resonant integrated spectral filter for optical pulses and beams
propagating in the waveguide.[279] New devices for optical pulse
transformation, in optical information processing problems,
and analog optical computations, are also foreseen.[283]

5.3.2. Wavelength Division (de)Multiplexers

The design of integrated devices having ultra-broadband
bandwidth usually requires high wiring density and increased
data rates, which cause the pin-bottleneck problem. Optical
interconnection offers promising solutions for the signal
transmission.[284] Among different implementations, RWGs are
an effective way to make such kind of devices with reasonable
width and sideband levels for the multiple channels: this
need was one of the major driving forces behind the initial
research on RWGs in the 1970s.[28] Moreover, RWGs provide
thermal stability, robustness, and ease of fabrication, since the
performance of a single RWG corresponds to tens of traditional
thin-film layers.[285] A possible way to create a wavelength
division (de)multiplexer is to use different gratings to in-couple,
out-couple, and focus multiple wavelengths at different locations
(see Figure 14f);[190,191,286–288] a small aperture compatible with
the beam size of a single mode vertical cavity surface emitting

laser can be necessary.[289] Another possibility is to use very thick
waveguides in order to benefit from multiple diffraction orders
and GMRs.[290,291] Wavelength division (de)multiplexers can be
fabricated on silicon wafers and operate with visible light by
suspending the structure[248] .

5.3.3. Polarization Beam Splitters

RWGs can efficiently be used as polarizers and, therefore, they
can also be implemented to create functional polarization beam
splitters for optical interconnects. The first experimental demon-
stration of a bi-wavelength polarization splitter with RWGs on
a silicon on insulator platform was achieved by Streshinsky
et al.[292] Silicon-based RWG can also be used to perform simulta-
neous focusing and polarizing beam splitting of an unpolarized
Gaussian beam. RWGs with multiple periods, as shown in
Figure 14f, have been recently developed as wavelength division
demultiplexers and polarization beam splitters.[248] By properly
tuning the thickness of the waveguide and the grating depth,
a three-port beam splitter with equal efficiencies in the zeroth
transmitted, first, and minus first guided orders can be created
with a monolithic, encapsulated, single-period grating.[293] The
optical functions of mode conversion, polarization rotation,
and asymmetric optical power transmission demonstrated on
2D waveguides with phase-gradient metasurfaces[178] could
be envisioned as well with dedicated metasurfaces using 1D
confined resonant waveguides.

5.4. Polarizers, Depolarizers, and Wave Plates

RWGs are intrinsically angular and polarization-sensitive
devices, and therefore suitable to make polarizers, depolar-
izers, and wave plates. Among the many types of polarizers,
wire-grid polarizers are known to work for a relatively broad
bandwidth.[294,295] Wire-grid polarizers made with metallic
materials have higher losses compared to polarizers made with
low-loss semiconductors or dielectrics.[294] Lee et al. have shown
that a single RWG layer made with amorphous silicon can
provide high transmittance over 100 nm of wavelength range in
TE polarization and low transmittance over 40 nm of wavelength
range in TM polarization in the telecommunication wavelength
range.[296] This range was then extended to 200 nm bandwidth
thanks to PSO[297] and with an inverse polarization design.[298]

These authors investigated as well the performances of RWG
polarizers made with different low-losses materials, such as
silicon, silicon nitride, and titanium dioxide.[299] If the RWG is
built from a very high-index bimodal waveguide having a deep
double-sided corrugation, a coalescence of the reflection peaks of
TE0 and TE1 modes suppresses the dip between them, leading
to a wideband and wide angular polarizer that works with low
temporal and spatial coherence light sources such as LEDs.[300]

Ultra-sparse RWGs (illustrated in Figure 15a,b) made with a very
low duty cycle (10%) can be used as well as effective wideband
polarizers and be designed for different spectral domains.[301]

Fully deterministic depolarizers can also be imple-
mented using thin RWGs for quasi-monochromatic light, by
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Figure 15. a) The scanning electron microscope image of an ultra-sparse TE reflector and b) its illustration. Reproduced with permission.[301] Copyright
2015, Optical Society of America. c) Schematic of the operation of a pseudodepolarizer. Reproduced with permission.[302] Copyright 2009, Optical Society
of America.

implementing a total reflection configuration that lets the guided
mode travel longer than the coherence length, as illustrated in
Figure 15c.[302] A similar principle can also be used to transfer
spatial correlation to partial polarization, enabling a drop in
the degree of polarization for the reflected beam.[303] TM to TE
polarization rotation could be achieved using conical incidence
on an RWG.[19,304] Half-wave and quarter-wave retarders made
with RWGS have also been demonstrated.[305]

5.5. Spectrometers

Spectroscopy with RWGs is an application that has been recently
emerging, triggered by the need for compact devices which can
be satisfied thanks to the use of waveguiding. Several implemen-
tations have been proposed using RWGs as waveguide couplers
or zero-order filters. A concept of RWG out-couplers to angularly
separate the different wavelengths coupled in a waveguide in
combination with a plano-convex lens to focus them on a pho-
todetector array has been proposed.[306] Furthermore, the RWGs
can be curved in order to directly achieve the focus.[307] Another
demonstration of compact a device has been made by printing
a customized organic photodetector array on the out-coupling
RWG.[308,309] Using RWGs in the zeroth order of diffraction, a
possible technique to spatially separate resonance wavelengths
uses a gradient in the thickness of the waveguide, reaching a res-
olution as small as 0.011 nm for the wavelength range between
800 and 900 nm,[310] or alternatively with a gradient in the grating
period (Figure 16a).[311,312] Mid-IR spectrometers based on RWGs
were also reported for infrared spectroscopic imaging using, for
example, a filter wheel to sweep for the different bands.[313] Other
applications include the measurement of vibrational modes of
molecules,[314] while discrete-frequency IR spectroscopy[315] has

been used formeasurements of tissues and polymer samples and
for implementing coherent absorbers.[271] Spectrometers based
on RWGs also apply to biosensing with incoherent light and, as
an example, they can be implemented with broadband light from
external sources (such as LED or incandescent lamps) and the
camera of a smartphone, as illustrated in Figure 16b.[316] A recent
development of filters realized with RWGs include a stack of two
RWGs with a Fabry–Perot resonator to generate a transmission
peak[317]: the grating duty cycle and period are controlled to obtain
a set of narrowband filters with different central wavelengths.

5.6. Active Tunable Filters

The optical properties or RWGs can be dynamically tuned
by implementing active electro-optic or thermo-optic tunable
filters. Micro-optical-electro-mechanical systems (MOEMS)
and nano-optical-electro-mechanical systems (NOEMS) tunable
RWG filters are briefly reviewed in Section 5.6.1, electro-optic
and liquid-crystal RWG filters are discussed in Section 5.6.2 and
thermo-optic RWG filters are described in Section 5.6.3.

5.6.1. MOEMS and NOEMS Tunable RWG Filters

MOEMS and NOEMS technologies enable the miniaturization
and integration of optical systems for a broad variety of applica-
tions, including displays, wavelength division (de)multiplexers,
optical synthesizers, and optical sensors.[318] The general ap-
proach is to take advantage of a dynamic mechanical variation of
the grating parameters, for example, the period, to tune a given
optical property, for example, the reflection band. An MOEMS
structure can be constructed with two silicon-on-insulator

Laser Photonics Rev. 2018, 12, 1800017 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800017 (20 of 31)



www.advancedsciencenews.com www.lpr-journal.org

Figure 16. a) Schematic of an RWG with gradient grating period. Reproduced with permission.[311] Copyright 2016, IEEE. b) Spectroscopic biosen-
sor for smartphone application based on RWGs, as illustrated in the inset. Reproduced with permission.[316] Copyright 2013, The Royal Society of
Chemistry. Schematic of MEMS tunable RWGs, where the tunable parameter is c) the vertical distance between the two grating layers (Reproduced
with permission.[319] Copyright 2006, IEEE) and d) the horizontal distance (Reproduced with permission.[321] Copyright 2007, Optical Society of Amer-
ica). e) Schematic of a NEMS RWG tunable color filter. Reproduced with permission.[324] Copyright 2012, The Japan Society of Applied Physics.
f) Schematic of a silicon p–n junction embedded in a subwavelength-grating intensity modulator. Reproduced under the terms of the CC-BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).[328] Copyright 2017, the Authors, Published by Macmillan Publishers Limited. g) Scanning electron
microscope image of a superimposed grating made by a double NIL process, where a shallower grating is superimposed onto a deeper grating. Re-
produced with permission.[331] Copyright 2007, IEEE. h) Schematic of a zenithal bistable RWG. Reproduced with permission.[335] Copyright 2017, IEEE.
i) Configuration of a bandwidth tunable RWG filter. Reproduced with permission.[333] Copyright 2015, Optical Society of America. j) Top-view schematic
of a thermo-optic tunable filter in a Joule heating arrangement. Reproduced with permission.[337] Copyright 2013, IEEE.
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(SOI) single-layer RWGs, where the relative position between
the two layers can be mechanically adjusted, as illustrated in
Figure 16c.[319,320] By tuning the horizontal movement, the
resonance wavelength can shift across 300 nm in the near-IR
range and the reflection efficiency can be optimized by tun-
ing the vertical movement. By implementing an asymmetric
RWG having two different dielectric domains per period and
by displacing laterally one compared to the other, a tunable
MOEMS/NOEMS device has been studied numerically using
RCWA (Figure 16d)[321] and is suggested as a tunable pixel for
display systems with an angular acceptance tolerance of ±4°
or for multispectral imaging applications.[322] In other NOEMS
implementations, the displacement between the different RWG
lines have been realized with parallel-plate actuators in the
infrared to control the reflection band[323,324] or in the visible
range to generate a tunable color filter (Figure 16e).[324]

5.6.2. Electro-Optic and Liquid Crystal Tunable Filters

Electro-optic filters use an external electric field to induce a
change in the refractive index of semiconductors, which can be
used for dynamic modulation of the reflectance, in particular
tuning of the resonance wavelength[325–327] (Figure 16f).[328]

Another implementation of electrically driven tunable filters is
to integrate liquid crystals in direct proximity to RWGs to modify
thewaveguidemodes indices, since liquid crystals have one of the
largest known electro-optic coefficients, or using liquid crystals to
control the polarization of light interacting with the RWG. Apply-
ing a voltage on twisted nematic liquid crystal molecules placed
as a cladding of an RWG allows to tune the resonance wavelength
and reflectance[329,330] A short-period grating can be superim-
posed on a larger-period grating (Figure 16g), in order to increase
the strength of the anchoring of the liquid crystal molecules.[331]

Liquid crystals have been also used as polarization controllers
combined with, for example, a dichroic resonator made of a
waveguide and anisotropic nanostructures, in order to generate
a tunable and polarization dependent transmission filter.[179] Al-
ternatively, they have been applied to create bandwidth tunable
filters by fine tuning the grating parameters to place TE and TM
guided modes with different bandwidths at the same spectral
position[332] (Figure 16i).[333] The stacking of three different de-
vices allows creating a full-color RGB reflector especially promis-
ing in energy-saving display systems.[334] Further research on op-
timal LC materials are expected in the future. Recently, an im-
provement on the switching time has been proposed using liquid
crystal zenithal bistable, as sketched in Figure 16h.[335]

5.6.3. Thermo-Optic RWG Filters

Thermo-optic RWG filters have a resonance condition that de-
pends on the temperature. A possible implementation is to use
the thermo-optic index modulation of a graded-index soda-lime
RWG, in order to realize a wavelength shift of 13 pm K−1.[336]

It is possible to increase the resonance shift to 0.12 nm K−1

with a-Si RWGs and by exploiting the electrical Joule heating,
as illustrated in Figure 16j.[337] By using polymer-based RWGs

on glass substrates, the thermal sensitivity can be more than
doubled, reaching 0.268 nm K−1.[338]

5.7. Mirrors for Lasers

Cavity resonator grating filters made with RWGs offer generally
more advantages in terms of fabrication and upscalability
compared to conventional multilayer dielectric mirrors, such as
distributed Bragg reflectors (DBRs), since they require less de-
position layers to reach the same quality factor. HCGs have been
reviewed by Chang-Hasnain and Yang especially for their use
as mirrors.[7] Application of RWGs as intra-cavity mirrors (Sec-
tion 5.7.1) are outlined here, as well as their specific implementa-
tion as cavity-resonator-integrated guided mode filters (CRIGFs;
Section 5.7.2) and as external cavity mirrors (Section 5.7.3).

5.7.1. Intra-Cavity Mirrors and Distributed Feedback Lasers

RWG mirrors can be designed to achieve a narrower linewidth
and higher polarization selectivity[339–341] compared to conven-
tional narrowband mirrors, such as Fabry–Perot cavities. More-
over, they also provide lower thermal noise and lowermechanical
losses thanks to their lower overall thickness.[56,342] For this rea-
son, RWG cavity mirrors have been, for example, implemented
in advanced gravitational wave detectors, where the main source
of noise is the cavities mirrors.[343–345] Several configurations of
RWG cavity mirrors have been reported, such as silicon on silica
T-like structures,[57] monolithic single silicon crystal mirrors (as
illustrated in Figure 17a,b)[346] and stacks of multiple RWGs (Fig-
ure 17c).[193,347] RWGs can be also be used as distributed feedback
resonators in combination with planar organic thin films to engi-
neer lasers which aremore compact and easier to integrate.[165,348]

5.7.2. Cavity Resonator Integrated Guided Mode Resonance Filters

CRIGFs consist of a coupling grating filter fabricated between
two DBRs, as sketched in Figure 18a. A wave vertically injected to
the CRIGF is coupled by the grating to guided waves propagating
contra-directionally with each other. The excited guided waves
are reflected by the DBRs when reaching the end of the cavity,
and can also be coupled out by the same grating coupler to
radiation waves. The radiation waves are superimposed to the
directly transmitted and reflected waves. When the reflectance
of both DBRs is 100%, the guided wave power is accumulated
enough to cancel the direct transmission or reflection. This
particular configuration provides a high wavelength selectivity
even with small (micrometer-size) apertures, whilst preserving
a high angular acceptance.[349,350] CRIGFs were first developed to
have high-efficiency coupling[289,351] before being implemented
as filters working with a miniaturized aperture size.[352,353] The
relative position between the coupling grating and the DBRs, the
cavity length[354,355] as well as the waveguide thickness,[356] have
to be properly tuned for phase adjustment of the waves resulting
from out-coupling of the forward and backward guided waves.
More advanced concepts have been developed for the DBRs
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Figure 17. a) Scanning electron microscope image and b) schematic of a monolithic cavity mirror. Reproduced with permission.[346] Copyright 2012,
American Physical Society. c) Schematic of an intra-cavity mirror made with multiple layers for the generation of azimuthal polarized beams. Reproduced
with permission.[193] Copyright 2012, Optical Society of America.

Figure 18. a) Schematic of a CRIGF. b) CRIGF with the superposition of DBR and coupling grating. Reproduced with permission.[350] Copyright 2015,
OSA. c) CRIGF with circular DBRs. Reproduced with permission.[192] Copyright 2012, The Institution of Engineering and Technology.

and the RWG in order to obtain specific optical responses. The
analysis in terms of 1D and 2D photonic crystal heterostructures
has been studied by Sciancalepore et al.[357,358] In particular,
they proposed a structure consisting of three different adjacent
photonic crystals, in which photons can only propagate in the
central pass-band crystal because of a forbidden bandgap region
in the side crystals. Furthermore, the structure can be utilized
for both the top and the bottom reflectors. DBRs can be designed
with curved gratings to better reflect the diverging guided waves

(see Figure 18c)[192] or they can be superimposed onto the
coupling grating as in Figure 18b, while non-uniform RWGs
allows to efficiently couple Gaussian beams.[359] Other features
include the integration of two orthogonally crossed CRIGFs
exhibits polarization-independent reflectance spectra.[360] A
high-reflection layer can be added to have high reflectance
and large phase variations for a subnanometer wavelength
shift.[361] Analytical and numerical models have been proposed
for efficiently designing such new filters.[362–364]
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5.7.3. External Cavity Mirrors

For many applications such as absorption spectroscopy or optical
communications, it is necessary to have a single frequency laser
together with the possibility to adjust the lasing wavelength by
means of external lasing mirrors.[365] Avrutskii et al. were the
first to control the emission of a dye layer with a single mode
RWG;[22,25] further works were carried out with semiconductor
lasers.[366,367] Further works show progress in the design in order
to achieve specific optical properties. A steep π -phase variation
combined with high reflectance over a small wavelength interval
of 10 nm in the mid-IR has been shown using an RWG.[368]

By symmetry, 2D configurations can provide polarization in-
sensitivity in the reflection band.[369] A spatial modulation of
the structure parameters provide frequency-dependent spatial
reflection and transmission of the beam profile.[370] External
laser cavities can be used to combine the emission of multiple
laser diodes,[371] to improve the emission and the quality factor
in short-cavity laser diodes,[372] or in optical fiber lasers.[373,374]

5.8. Optical Security

In the early 1980s the fraction of counterfeited US dollars and
other major currencies experienced a rise due to the widespread
accessibility of new low-cost printing technologies, that is,
photocopiers and color photocopiers. This driving force and the
invention of very high-throughput and affordable production
techniques based on roll-to-roll NIL and PVD enabled the wide
implementation of optically variable devices (OVDs) and their
use to secured various documents and goods such as credit
cards, banknotes, and identification documents.[375] Following
the successful implementation of diffractive optically variable
image devices (DOVIDs), RWGs-based diffractive identification
devices (DID) demonstrated a particularly high robustness
against forging[376] and enable visual control in any light con-
dition, including fully diffused ambient lighting thanks to a
color-angular-dependent zero-order reflection.[53] The working
principle builds on highly corrugated waveguide geometries
having a broadband reflection in the visible spectral range. The
angular dependency of the zero-order specular reflection give
rise to various color perceptions at different observation points.
Authentication labels made with RWGs work under unpolarized
white light, are polarization dependent and are easily distin-
guishable under particular viewing angles by naked eyes while
maintaining a high transparency.[377] In particular, a maximal vi-
sual impact has been reached with a green to red color inversion
when rotating the observation point from collinear (i.e., across
grating lines) to conical (i.e., along grating lines) at an oblique
viewing angle located approximately at 30° from the normal to
the document. RWGs are currently used to secure billions of
documents every year including identification documents in the
form of security overlays on passport data pages and identity
cards[378] (example in Figure 19a). Since the first implementation
on passport in 2003, not a single counterfeiting or lure of the
DID could be reported despite their use in more than 40 coun-
tries. Various new developments and variations allow designing
different control protocols and viewing angles (Figure 19b)[379]

or control using readers such as smartphones (Figure 19c).[116]

6. Conclusion and Outlook

RWGs, also known as guided mode resonances (GMRs) and
many different appellations, use the periodicity of a grating to
couple light into a thin waveguide. They have been therefore used
extensively as waveguide couplers for optical communication and
signal processing for the in-coupling and out-coupling of thin
waveguide modes with strong wavelength, polarization, and an-
gular dependences. Their in-coupled quasi-guidedmodes can in-
terfere dramatically with the incident illumination depending on
the phase delay accumulated in the in-coupling in the waveguide
which create anomalous reflection and transmission features,
creating unique zeroth-order properties. This mechanismmakes
them highly efficient narrowband or broadband reflectors, as
well as transmission filters with applications as laser mirrors, ad-
vanced detection systems, or spectrometers as well as highly effi-
cient diffraction element off the Littrow configuration. In another
direction, cost-efficient fabrication processes and unique appear-
ance have enabled their pervasive use as OVDs in optical authen-
tication and document security. Their polarization-dependent
behavior has led to the development of polarizers, polarization
rotators, and wave plates. The control of the optical near-field
has found widespread applications in biological refractive index
sensing, fluorescence sensing, nonlinear effects, and optical
switching, as well has enhancement of solar light harvesting.
Dedicated numerical methods have been developed and

optimized for their design, including the RCWA, the C-method,
or integral methods. Popular numerical algorithms such as
FDTD or finite elements have also been used, and new analytical
methods and fitting have also been suggested, for example,
by modeling Feshbach resonances.[380] The increase of com-
putational power together with method optimizations and
optimization algorithms is expected to enable the design of
increasingly complex and realistic devices, closer to fabrication
and industrial implementation.[381] Fabrication methods based
on laser interference lithography directly and efficiently produce
the required periodic microscale or nanoscale patterns, while
more versatile methods such as electron beam lithography have
also been used. Replication and fabrication techniques have
allowed higher throughput, lower cost, and better accuracy
fabrication for both research and development and industrial
production.
The polarization, phase, and intensity of an optical field can be

tailored using RWGs, which has led to further implementations,
for example, as focusing elements. Combination with other
optical structures or resonators has opened a variety of optical
functionalities and enhancement of their efficiency. Recent
research on the active control of RWGs by mechanical (MOEMS,
NOEMS), electrical (liquid crystals), or thermal means has also
set the path for further opportunities. The implementation
of such complex RWGs now calls for efficient design and
fabrication methods in order to enable their transfer toward the
photonics industry. Thanks to these developments in mastering
nanostructures and benefitting from established large through-
put replication processes, RWGs are promising building blocks
for other emerging paradigms, such as wavefront control and
light routing metasurfaces[382] with high coupling and small
confinement between different unit cells. RWG properties can
be used as well on 2D structures to make photonic crystals
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Figure 19. a) DID patch produced by Surys and securing the large denomination banknotes of the Philippines where reflective color permutation
is achieved for a 90° document rotation. b) DID Graphic Wave security label providing out of specular visibility and dynamic graphics. Reproduced
with permission.[379] Copyright 2017, Surys. c) Sketch and d) photo of a realization as security label for smartphone authentication. Reproduced with
permission.[116] Copyright 2017, American Chemical Society.

relying on leaky guided modes as analyzed by Fan[383] or used
by Wang[384] and Matsui.[385] Finally, the delocalized horizontal
GMR of RWG can be used in synergy with other photonic
elements, resonant or not, or rely on new materials such as
2D materials.[386] An understanding of the complex nature of
the materials together with the established knowledge on the
physics of quasi-guided modes is expected to open new avenues
of research. The broad range of unique properties of RWGs
and their ease of fabrication calls for new exciting research,
development, and industrial applications in the future.
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C. Dupuis, R. Häıdar, F. Pardo, J.-L. Pelouard, Appl. Phys. Lett. 2016,

108, 053501.

[276] Z. Ruan, L. Shen, S. Zheng, J. Wang, Opt. Express 2017, 25, 18250.

[277] N. Destouches, D. Blanc, J. Franc, S. Tonchev, N. Hendrickx, P. V.

Daele, O. Parriaux, Opt. Express 2007, 15, 16870.

[278] D. A. Bykov, L. L. Doskolovich, V. A. Soifer, Opt. Lett. 2011, 36,

3509.

[279] L. L. Doskolovich, E. A. Bezus, N. V. Golovastikov, D. A. Bykov, V. A.

Soifer, Opt. Express 2017, 25, 22328.

[280] S. V. Emelyanov, D. A. Bykov, N. V. Golovastikov, L. L. Doskolovich,

V. A. Soifer, Dokl. Phys. 2016, 61, 108.

[281] D. A. Bykov, L. L. Doskolovich, V. A. Soifer, JOSA A 2012, 29, 1734.

[282] D. A. Bykov, L. L. Doskolovich, N. V. Golovastikov, V. A. Soifer, J.

Opt. 2013, 15, 105703.

[283] N. V. Golovastikov, D. A. Bykov, L. L. Doskolovich, V. A. Soifer, J. Exp.

Theor. Phys. 2015, 121, 785.

[284] N. Savage, IEEE Spectr. 2002, 39, 32.

[285] M. Niraula, J. W. Yoon, R. Magnusson, Opt. Lett. 2015, 40, 5062.

[286] S. Ura, T. Asada, S. Yamaguchi, K. Nishio, A. Horii, K. Kintaka, Opt.

Express 2006, 14, 7057.

[287] S. Ura, M. Hamada, J. Ohmori, K. Nishio, K. Kintaka, Appl. Opt.

2006, 45, 22.

[288] K. Kintaka, K. Shimizu, Y. Kita, S. Kawanami, J. Inoue, S. Ura, J.

Nishii, Opt. Express 2010, 18, 25108.

[289] K. Kintaka, Y. Kita, K. Shimizu, H. Matsuoka, S. Ura, J. Nishii, Opt.

Lett. 2010, 35, 1989.

[290] D. R.Mason, S. J. Goodman, D. K. Gramotnev, T. A. Nieminen, Appl.

Opt. 2006, 45, 1804.

[291] R. Magnusson, Opt. Lett. 2012, 37, 3792.

[292] M. Streshinsky, R. Shi, A. Novack, R. T. P. Cher, A. E.-J. Lim, P. G.-Q.

Lo, T. Baehr-Jones, M. Hochberg, Opt. Express 2013, 21, 31019.

[293] T. Sang, G. Chen, Y. Wang, B. Wang, W. Jiang, T. Zhao, S. Cai, Opt.

Laser Technol. 2016, 83, 163.

[294] H. Tamada, T. Doumuki, T. Yamaguchi, S. Matsumoto, Opt. Lett.

1997, 22, 419.

[295] R. Magnusson, M. Shokooh-Saremi, Opt. Express 2008, 16, 3456.

[296] K. J. Lee, R. LaComb, B. Britton, M. Shokooh-Saremi, H. Silva, E.

Donkor, Y. Ding, R. Magnusson, IEEE Photonics Technol. Lett. 2008,

20, 1857.

[297] K. Lee, J. Curzan, M. Shokooh-Saremi, R. Magnusson, in Frontiers in

Optics 2011,Optical Society of America 2011, FWU2.

[298] K. J. Lee, J. Curzan, M. Shokooh-Saremi, R. Magnusson, Appl. Phys.

Lett. 2011, 98, 211112.

[299] K. J. Lee, J. Giese, L. Ajayi, R. Magnusson, E. Johnson, Opt. Express

2014, 22, 9271.

[300] Y. Jourlin, S. Tonchev, A. V. Tishchenko, F. Lacour, O. Parriaux, Opt.

Express 2012, 20, 29155.

[301] J. W. Yoon, K. J. Lee, R. Magnusson, Opt. Express 2015, 23, 28849.

[302] I. Vartiainen, J. Tervo, M. Kuittinen, Opt. Lett. 2009, 34, 1648.

[303] I. Vartiainen, T. Saastamoinen, J. Tervo,M. Kuittinen,Opt. Lett. 2012,

37, 314.

[304] V. A. Sychugov, A. V. Tishchenko, Sov. J. Quantum Electron. 1981, 11,

421.

[305] R. Magnusson, M. Shokooh-Saremi, E. G. Johnson,Opt. Lett. 2010,

35, 2472.

[306] K. Chaganti, I. Salakhutdinov, I. Avrutsky, G. W. Auner, Opt. Express

2006, 14, 4064.

[307] I. Avrutsky, K. Chaganti, I. Salakhutdinov, G. Auner, Appl. Opt. 2006,

45, 7811.

[308] M. Ramuz, L. Bürgi, R. Stanley, C. Winnewisser, J. Appl. Phys. 2009,

105, 084508.

[309] M. Ramuz, D. Leuenberger, L. Bürgi, J. Polym. Sci. Part B Polym.

Phys. 2010, 49, 80.

[310] N. Ganesh, A. Xiang, N. B. Beltran, D. W. Dobbs, B. T. Cunningham,

Appl. Phys. Lett. 2007, 90, 081103.

[311] H.-A. Lin, C.-S. Huang, IEEE Photonics Technol. Lett. 2016, 1, 1042.

[312] H.-A. Lin, H.-Y. Hsu, C.-W. Chang, C.-S. Huang, Opt. Express 2016,

24, 10972.

[313] R. Bhargava, Appl. Spectrosc. 2012, 66, 1091.

[314] A. K. Kodali, M. Schulmerich, J. Ip, G. Yen, B. T. Cunningham, R.

Bhargava, Anal. Chem. 2010, 82, 5697.

Laser Photonics Rev. 2018, 12, 1800017 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800017 (29 of 31)



www.advancedsciencenews.com www.lpr-journal.org

[315] J.-N. Liu, M. V. Schulmerich, R. Bhargava, B. T. Cunningham, Opt.

Express 2011, 19, 24182.

[316] D. Gallegos, K. D. Long, H. Yu, P. P. Clark, Y. Lin, S. George, P. Nath,

B. T. Cunningham, Lab. Chip 2013, 13, 2124.

[317] Y. Horie, A. Arbabi, S. Han, A. Faraon, Opt. Express 2015, 23, 29848.

[318] O. Solgaard, Appl. Opt. 2010, 49, F18.

[319] R. Magnusson, Y. Ding, IEEE Photonics Technol. Lett. 2006, 18, 1479.

[320] T. Sang, T. Cai, S. Cai, Z. Wang, J. Opt. 2011, 13, 125706.

[321] R. Magnusson, M. Shokooh-Saremi, Opt. Express 2007, 15, 10903.

[322] R.Magnusson,M. Shokooh-Saremi, presented at 2008 IEEE Aerosp.

Conf., Big Sky, Montana 2008, 1.

[323] Y. Kanamori, N. Matsuyama, K. Hane, IEEE Photonics Technol. Lett.

2008, 20, 1136.

[324] H. Honma, K. Takahashi, M. Ishida, K. Sawada, Jpn. J. Appl. Phys.

2012, 51, 11PA01.

[325] A. Sharon, D. Rosenblatt, A. A. Friesem, H. G. Weber, H. Engel, R.

Steingrueber, Opt. Lett. 1996, 21, 1564.

[326] N. Dudovich, G. Levy-Yurista, A. Sharon, A. A. Friesem, H. G.Weber,

IEEE J. Quantum Electron. 2001, 37, 1030.

[327] H. Ichikawa, H. Kikuta, JOSA A 2005, 22, 1311.

[328] K. Y. Lee, J. W. Yoon, S. H. Song, R. Magnusson, Sci. Rep. 2017, 7,

46508.

[329] F. Yang, G. Yen, G. Rasigade, J. A. N. T. Soares, B. T. Cunningham,

Appl. Phys. Lett. 2008, 92, 091115.

[330] C.-T. Wang, H.-H. Hou, P.-C. Chang, C.-C. Li, H.-C. Jau, Y.-J. Hung,

T.-H. Lin, Opt. Express 2016, 24, 22892.

[331] A. S. P. Chang, K. J. Morton, H. Tan, P. F. Murphy, W. Wu, S. Y. Chou,

IEEE Photonics Technol. Lett. 2007, 19, 1457.

[332] L. Qian, D. Zhang, B. Dai, Y. Huang, C. Tao, R. Hong, S. Zhuang,

Opt. Lett. 2015, 40, 713.

[333] L. Qian, D. Zhang, B. Dai, Q. Wang, Y. Huang, S. Zhuang, Opt. Ex-

press 2015, 23, 18300.

[334] C.-T. Wang, P.-C. Chang, J. J. Lin, M. C. Tai, Y.-J. Hung, T.-H. Lin, Appl.

Opt. 2017, 56, 4219.

[335] D. C. Zografopoulos, E. E. Kriezis, R. Beccherelli, IEEE Photonics

Technol. Lett. 2017, 29, 1367.

[336] S. Block, E. Gamet, F. Pigeon, IEEE J. Quantum Electron. 2005, 41,

1049.

[337] M. J. Uddin, R. Magnusson, IEEE Photonics Technol. Lett. 2013, 25,

1412.

[338] A. N. Enemuo, R. R. Chaudhuri, Y. Song, S. W. Seo, IEEE Sens. J.

2015, 15, 4213.

[339] S. Giet, C.-L. Lee, S. Calvez, M. D. Dawson, N. Destouches, J.-C.

Pommier, O. Parriaux, Opt. Express 2007, 15, 16520.

[340] A. Aubourg, M. Rumpel, J. Didierjean, N. Aubry, T. Graf, F. Balem-

bois, P. Georges, M. A. Ahmed, Opt. Lett. 2014, 39, 466.

[341] M. M. Vogel, M. Rumpel, B. Weichelt, A. Voss, M. Haefner, C. Pruss,

W. Osten, M. A. Ahmed, T. Graf, Opt. Express 2012, 20, 4024.

[342] F. Brückner, D. Friedrich, T. Clausnitzer, O. Burmeister, M. Britzger,
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[366] I. A. Avrutskĭı, V. P. Duraev, E. T. Nedelin, A. M. Prokhorov, A. S.

Svakhin, V. A. Sychugov, A. V. Tishchenko, Sov. J. Quantum Electron.

1988, 18, 362.

[367] I. Avrutsky, R. Rabady, Opt. Lett. 2001, 26, 989.

[368] K. Yamada, K. Asai, Y. H. Ko, K. Kintaka, K. J. Lee, J. Inoue, S. Ura, R.

Magnusson, Appl. Phys. Express 2016, 9, 122501.

[369] R. A. Sims, Z. A. Roth, C. C. C. Willis, P. Kadwani, T. S. McComb, L.

Shah, V. Sudesh, M. Poutous, E. G. Johnson, M. Richardson, Opt.

Lett. 2011, 36, 737.

[370] P. Srinivasan, M. K. Poutous, Z. A. Roth, Y. O. Yilmaz, R. C. Rumpf,

E. G. Johnson, Opt. Express 2009, 17, 20365.

[371] M. Byrd, A. Pung, E. Johnson, K. Lee, R. Magnusson, P. Binun, K.

McCormick, IEEE Photonics Technol. Lett. 2015, 27, 2166.

[372] T. Kondo, S. Ura, R. Magnusson, JOSA A 2015, 32, 1454.

[373] A. A. Mehta, R. C. Rumpf, Z. A. Roth, E. G. Johnson, IEEE Photonics

Technol. Lett. 2007, 19, 2030.

[374] Y. Li, I. R. Srimathi, R. H. Woodward, A. J. Pung, M. K. Poutous,

R. K. Shori, E. G. Johnson, IEEE Photonics Technol. Lett. 2012, 24,

2300.

[375] R. L. Renesse, Optical Document Security, 3rd ed., Artech House,

Boston, MA 2004.

[376] K. H. Knop, US4426130A, 1984.

[377] M.-L. Wu, C.-L. Hsu, H.-C. Lan, H.-I. Huang, Y.-C. Liu, Z.-R. Tu,

C.-C. Lee, J.-S. Lin, C.-C. Su, J.-Y. Chang, Opt. Lett. 2007, 32,

1614.

[378] SURYS DIDTM, http://surys.com (accessed: July 2017).

Laser Photonics Rev. 2018, 12, 1800017 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800017 (30 of 31)



www.advancedsciencenews.com www.lpr-journal.org

[379] SURYS for DIDTM Graphic Wave, http://surys.com (accessed: July

2017).

[380] I. Evenor, E. Grinvald, F. Lenz, S. Levit, Eur. Phys. J. D 2012, 66, 231.

[381] L. Su, R. Trivedi, N. V. Sapra, A. Y. Piggott, D. Vercruysse, J. Vučkovíc,
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