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ABSTRACT: Resonant waveguide gratings (RWGs) are
subwavelength structures of great interest for biosensors,
optical ﬁlters and optical security applications. We demonstrate and characterize a beam steering device, where the incoupling and out-coupling processes make use of diﬀerent
RWGs that share the same ultrathin dielectric waveguide. This
device enables selective color-ﬁltering and redirection of a
white light source (such as a white LED). Furthermore, this
structure is compatible with up-scalable fabrication processes
such as roll-to-roll replication, and is relevant for high-volume
production. Because of its color selectivity and its use in low
coherence illumination conditions, such a beam steering device
could be implemented in a variety of optical applications such as optical security, multifocal or monochromatic lenses, biosensors,
and see-through optical combiners for near-eye displays.
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wave they support produces stronger color selectivity compared
to the localized energy of a standard resonator. However, using
a RWG made with a single periodicy, the beam deﬂection
occurs only at the zeroth order.36
Here, we propose a thin-ﬁlm single-layer structure based on
RWGs35 that performs selective color-ﬁltering and beam
steering. It versatilely works in both reﬂection and transmission,
with white light and low coherent source, without preﬁltering.
The fabrication of the master for the structure involves an
eﬃcient and fast ebeam lithography technique that allows the
exposure of patterns larger than 1 cm2. The structure is
replicated using NIL in a readily up-scalable process, such as
roll-to-roll production, and therefore potentially relevant for
very high-volume production. The proposed method allows to
create a device that can arbitrarily ﬁlter and redirect portions of
white light from one point source to another point. It is
therefore possible to have, as a direct application, an image
reproduced in a speciﬁc position that can be visualized with a
smartphone, using the white LED ﬂash as the low-coherent
source and the camera the observer. We ﬁrst present an
analytical model of the structure, together with FDTD
simulations. We then describe the up-scalable fabrication
method used. Finally, we characterize a fabricated device
designed to be an optical authentication feature working with
standard smartphones.

n planar optics, beam steering techniques using micro- and
nanostructuring surface are widely used for a variety of
applications such as lasers,1 imaging systems,2,3 and sensing.4−8
Diﬀractive optical elements have also been largely implemented
for beam shaping by realizing mathematically described
arbitrary wavefronts.9 Diﬀractive optical elements are inherently
designed to work with coherent sources, such as lasers, in given
chromatic ranges, and they mainly work in paraxial
approximation. Recently, metasurfaces (i.e., optically thin arrays
of subwavelength spaced resonators)10,11 have been created to
steer and focus light,12−20 working in the visible range (390−
750 nm) or in part of it.21−28 The fabrication of these structures
also requires high quality and low throughput ebeam
lithography, making the realization of large samples very
time-consuming. A few of the proposed metasurfaces are
compatible with medium to high-throughput wafer-scale
production techniques like steppers or those used in silicon
technology.22,23,26−28 Moreover, none of these structures are
compatible with very high-throughput fabrication techniques
such as roll-to-roll nanoimprint lithography (NIL) replication,29
a requirement for many applications, such as optical security
devices,30 where cost-eﬀective processes are mandatory.31
Resonant waveguide gratings (RWGs) are structures that
have been industrialized at very large volumes.32 RWGs were
systematically analyzed in the 1990s.33−35 They enable an
eﬃcient transfer of wave energy between forward and backward
propagations at resonance, by virtue of the relative phase shift
between the incoming and the diﬀracted waves. Thanks to
leaky propagation and accumulation in the RWGs, the guided
© 2017 American Chemical Society

Received: March 9, 2017
Published: May 1, 2017
1060

DOI: 10.1021/acsphotonics.7b00232
ACS Photonics 2017, 4, 1060−1066

ACS Photonics

Letter

Figure 1. Schematic of a single unit cell showing the steering in reﬂection. (a) Corrugated ultrathin waveguide coats a ﬁrst and a second adjacent
gratings, 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. (b) By changing the period of the second grating, it is possible to out-couple the light
at a diﬀerent in-plane angle. (c) and (d) Corresponding amplitude of the transversal near-ﬁeld obtained with FDTD simulations. (e) It is possible to
engineer a complete surface that redirects the light coming from one point to another using constructive interference, as represented here in the inplane regime.

The unit cell of the structure consists of two adjacent ﬁnitelength and coupled RWGs. A typical device is composed of a
collection of unit cells, which schematic is shown in Figure 1a,b:
two RWGs with periods Λ1 and Λ2 and lengths L1 and L2 are
coupled together. Both resonant gratings share a thin highrefractive index (HRI) guiding layer, where the corrugated
waveguide thickness t is well below the wavelength, as the
modulation depth d of the supporting grating. Furthermore, for
simplicity, we chose to have L1 = L2 in order to have the
boundary between the two RWGs in the center of the unit cell.
However, it is possible to customize the ratio between L1 and
L2 to enhance the eﬃciency of the structure, that is, the grating
responsible for in-coupling could be longer than the grating for
out-coupling. The broad-band light source incident on the ﬁrst
RWG can be partly coupled into leaky guided modes when the
phase-matching of the propagation wave vector is fulﬁlled.34,35
In particular, various modes can propagate in the waveguide
layer in diﬀerent directions. Since the RWG has a ﬁnite-length
L1 the coupled modes have a spectral band whose width
depends on the grating length.37 The coupled leaky modes
propagating to the second RWG can be out-coupled if they are
phase-matched with the resonance of the second RWG.35
Speciﬁcally, we demonstrate devices using very thin corrugated
waveguides allowing only a few waveguide modes in the visible
range. Therefore, the coupled leaky modes propagate in the
ﬁrst and later second RWG with a ﬁeld distribution that extends
into the cladding and the guided propagation is similar to the
propagation in a noncorrugated waveguide having the same
thickness t. Since the second RWG has the same corrugated
thickness t, both RWGs are almost impedance-matched and
there are low losses at their interface. The direction of the outcoupled modes diﬀers from the direction of the incoming light
because the periods of the two RWGs are diﬀerent. It is
possible to tune the direction of the out-coupled modes by
changing the period of the second RWG, as represented in
Figure 1b in the in-plane regime.38 For beam steering out of the
in-plane regime, the grating orientation and spatial periodicity
of the two RWGs can be tuned as detailed below. For binary
RWGs as in the case here or sinusoidal RWGs, the leaky-guided
modes are out-coupled in both reﬂection and transmission with
the same steered angles and almost the same eﬃciency. Since
operation for such a device is usually in reﬂection, we omit in

Figure 1 the light transmitted downward. It should be
mentioned that, in general, diﬀerent spectral portions of the
light source can be in-coupled into the second RWG, and be
out-coupled from the ﬁrst RWG. This structure supports only
strong resonances for the light polarized transverse electric
(TE), with the electric ﬁeld parallel to the y-axis in Figure 1c.
Resonances for the orthogonal, transverse magnetic (TM)
polarization are negligible compared to those of TE modes in
case of corrugated thin-ﬁlm waveguides.39,40 This is conﬁrmed
by numerical simulations (data not shown). It is however
possible extend this concept to thicker waveguides, to eﬃciently
allow the operation in both polarizations.
Let us ﬁrst derive an analytical model to describe the process
of in-coupling and out-coupling for this structure, based on the
phase matching condition for a slab waveguide.41 The model is
valid when both the modulation depth d and the waveguide
thickness t are well below the wavelength, such that the
propagation behavior of the leaky modes can be modeled as a
propagation in a noncorrugated waveguide. The model
becomes inaccurate when t, d are comparable to the eﬀective
wavelength. The model is very well suited for waveguides
having thicknesses t much below the wavelength used. We use
this model to predict the grating periods (respectively, Λ1 or
Λ2) that are needed to in-couple and to out-couple from the
waveguide a central wavelength λ, using the light incidence and
steering directions given in polar and azimuthal angles in the
cladding material, (θin,ϕin) and (θout,ϕout), the refractive index
nclad of the low-refractive index material (waveguide cladding),
the refractive index ncore of the HRI material (waveguide core):
⎛π
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for TE modes

for TM modes
(1)

where θm is the internal angle of propagation in the slab
waveguide and m is the waveguide propagation order. The
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angle θm is related to the in-coupling and out-coupling angles
through the grating equation:
⎧
⎪ k xin,out =
⎪
⎨
⎪
⎪ k yin,out =
⎩

symmetry of the system, when both gratings are exchanged and
illuminated from the opposite angle −θin. Let us note that the
data reported in Figure 2 are valid both in reﬂection and
transmission. Some simulations showing the eﬃciencies of
those resonances as a function of wavelength and angle are
shown in section S4 of the Supporting Information, showing
the stability of the eﬃciencies for diﬀerent colors.
In order to evaluate this analytical model, we ﬁrst evaluate
the optical properties of the unit cell with ﬁnite-diﬀerence timedomain (FDTD) simulations. A representation of the TE
electric near ﬁeld in the collinear plane in a stationary state is
shown in Figure 1c,d. The unit cell lengths are L1 = L2 = 25 μm,
while their width is 100 μm.
As illustrated in Figure 1e, we have engineered a planar
optics surface composed of diﬀerent unit cells that can be
illuminated with the ﬂash of a smartphone as broadband source
and observed with the back-camera of this smartphone. To
achieve constructive interference in any illumination coherence
of the plurality of steered light beams at the observer, the
distance between diﬀerent unit cells s has been tuned such that
the path diﬀerence from the source to the observer is a multiple
of the central steered wavelength λ:

2π
2π
·nclad ·sin θin,out·cos ϕin,out − i
Λ1,2
λ
2π
·nclad ·sin θin,out·sin ϕin,out
λ

⎧
k x2in,out + k y2
⎪
in,out
−1
⎪ θm = tan
k z in,out
⎪
→⎨
⎪
ky
⎪ ϕ = tan−1 in,out
⎪ m
k z in,out
⎩

(2)

The angle θm has to be the same for both the in-coupled and
out-coupled waves in order to respect the impedance-matching
condition between both RWGs building the unit cell. To
enhance the eﬃciency of this unit cell and to work with
substantially subwavelengths thickness structures, we set i = ±1.
Furthermore, we use the fundamental waveguide mode m = 0,
such that a very thin waveguide layer can be used and supports
only one propagating mode, thus, enhancing the color-purity of
the device.
An inﬁnite-long RWG would ﬁlter the spectrum of the leaky
mode toward monochromatic RWG modes. For ﬁnite RWGs,
the bandwidth of the in-coupled spectrum, as well as the
angular tolerances, depend on the number of grooves37 and are
not limited to this central wavelength.
Figure 2 shows the spatial dispersion graph for a typical unit
cell for TE polarization, where the incoming light is at in-plane

′ − rSD = nλ
rSD

(3)

where n is an integer, and r′SD and rSD are the paths from the
source to the observer passing through the center of diﬀerent
unit cells. We evaluate the optical path considering the center
of the unit cells since L1 = L2.
The fabrication of the device (Figure 2a−d) is explained in
the Methods section, where a SEM image and an AFM proﬁle
(Figure 2e,f) are also explained. Due to the limited number of
process steps, the structure can be easily replicated using wafer
to wafer, sheet to sheet and roll-to-roll NIL, which are suitable
for industrial applications with a high-throughput.
We designed and fabricated a speciﬁc unit cell to characterize
the eﬃciency of the structure. In this device, we set all the unit
cells to have the same periods (Λ1 = 380 nm and Λ2 =
310 nm), all aligned into the same direction and with no
separation between them (s = L1 + L2 = 50 μm). A FDTD
simulation of this structure was performed and the far-ﬁeld
results are plot in Figure 4a. As shown in section S3 of the
Supporting Information, the four resonances are similar in both
transmission and reﬂection. As reﬂectance measurements
cannot be performed at near-normal incidence, we chose to
characterize the transmittance.
Figure 4c shows the experimental results, where we observe
four resonances similar to those obtained in the simulations.
The diﬀerences, especially in the angular spreading of the
resonances, are mainly related to the optical setup (in particular
to a 0.2° beam divergence of the light source and the 0.5°
numerical aperture of the spectrometer) and to the fabricated
device, whose proﬁle diﬀers from the simulated one because of
more sinusoidal corrugations. These resonances represent the
four possible coupled modes obtained in the analytical model
(Figure 4b). The analytical model reproduces very well the
experimental and full-ﬁeld numerical data, in spite of the
important corrugation of the waveguide (let us recall that eq 1
holds for a smooth waveguide). Figure 4d indicates the
bandwidth of the resonances, which is 14 nm for all the
resonances, compared with the simulations. This bandwidth is
well suited for the optical security application described below,
and it can be reduced or increased by varying the length of the
unit cell (i.e., L1, L2 in Figure 1).37 The angular spread is about

Figure 2. Spatial dispersion graph obtained with the analytical model
(eqs 1,2) for a typical unit cell (Λ1 = 380 nm, Λ2 = 310 nm, t = 24 nm,
zinc sulﬁde as HRI material, Ormocomp as cladding material, ϕin =
ϕout = 0°) showing the in-coupling θin and the out-coupling θout angles.
It is possible to in-couple the light from both RWGs and from both
diﬀracted orders that can be supported (i = +1) by each RWG.

incidence (i.e., ϕin = 0). When we change the polar angle of
incidence (i.e., in-coupling angle θin) we observe a variation of
the out-coupled light, both in its spectrum and direction. We
notice in Figure 2 up to four diﬀerent peaks (in the visible
spectrum for this conﬁguration). Indeed, it is possible to incouple light from each of the two gratings and from both the i =
±1 and the i = −1 diﬀracted orders. We notice that the spatial
dispersion lines form pairs of symmetric lines with respect to
the θin − θout axis. This symmetry is related to the k-space
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Figure 3. Process ﬂow for the fabrication of the device. (a) The structure is created by e-beam lithography on a Si-wafer with a layer of the negative
photoresist HSQ that is then developed in TMAH. (b) It is possible to replicate that structure by UV-NIL lithography on a glass-substrate using a
curable sol−gel material. (c) Guiding layer of the structure is coated with PVD. (d) The device is ﬁnally encapsulated with a UV-curable sol−gel and
another cover glass. (e) Optical microscope images of a typical pattern, each visible rectangle is a unit cell comprising two coupled RWGs (scale bar
200 μm). (f) AFM proﬁle of the center of a unit cell composed of two RWGs with diﬀerent periods replicated using UV-NIL.

Figure 4. (a) Simulations and (c) measurements of the transmittance integrated every 0.5° for an array of unit cells with two adjacent RWGs (Λ1 =
380 nm, Λ2 = 310 nm, t = 24 nm, zinc sulﬁde as HRI material, Ormocomp as cladding material, ϕin = ϕout = 0°, θin = 4°), where the illumination is
TE polarized and tilted by 6°, normalized to the illumination in air. (b) The comparison with the analytical model. (d) The transmittance integrated
over the angular spread of the four peaks is compared between measurements (solid lines) and simulations (dashed lines).

3° for each resonance, and it can be reduced by engineering the
distance between diﬀerent unit cells (eq 3). The eﬃciency of
each resonance is reasonably smaller than 10% because of the
following considerations: the in-coupling grating covers about
50% of the area, there is an eﬃciency of about 50% in both the
in-coupling and out-coupling processes in leaky RWGs, and the
out-coupled light is split approximately in equal ratio in both
the superstrate and the substrate. With these assumptions, we
expect less than 10% of eﬃciency for each resonance.
To verify the possibility of achieving constructive interferences as illustrated in Figure 1e, we have fabricated another test
device with all the unit cells aligned. In this case, however, the
unit cells have diﬀerent distances from each other and diﬀerent
grating periods, engineered in a way such to create constructive

interference in a speciﬁc point. This device is explained in
greater details in Figure S1 of the Supporting Information.
In Figure 5, two diﬀerent realizations of a device for
smartphone are shown. These samples have been made for
optical security applications and they have been designed to
work with a standard smartphone, using the design approach of
Figure 1e, where f is the distance between the ﬂash and the
camera. It is possible to see the desired pattern only for a
speciﬁc smartphone location, where the entire pattern exhibits a
constructive interference. The eﬀect is obtained only for the
order i = −1 for the in-coupling process and the order i = +1
for the out-coupling one, while the other channel does not yield
constructive interference. Under normal ambient light condition, the structure is almost completely transparent and it is
not possible to observe any diﬀraction by naked eye, except at
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Figure 5. Images of two devices created with a customized pattern where the source and the observer are the ﬂash and the camera of a smartphone.
Note that the devices are not visible outside the designed observation point. (a) The ﬁrst realization comprises uniform red, blue, and green squares
(1 × 1 cm2 each); (b) The second realization represents a red heart with green background (0.4 × 0.4 cm2).

typical mesh size used in the calculation was 7 × 12 nm2. To
simulate a broadband spectrum with Bloch boundary
conditions, we performed one simulation of the structure for
every wavelength (TE polarization). In order to include the
losses at the interface air/cladding material, the data were
postprocessed with a transfer matrix computation.45 Far-ﬁeld
analysis was adjusted to obtain the angular distribution of the
electric ﬁeld.
Sample Fabrication. The fabrication of the device involves
e-beam lithography and nanoimprint lithography (NIL)
processes. The master for the structure is made by exposing
HSQ photoresist (HSQ XR1541 004) on a Si wafer using
ebeam lithography (EBPG5000ES). A SEM picture of a typical
pattern after ebeam lithography is shown in Figure 3e.
Afterward, the resist is developed in a TMAH solution (Figure
3a). Using UV-NIL lithography, the device is replicated on a
glass using a UV curable sol−gel and hard-backed (Figure 3b).
An AFM proﬁle of the structure after this step is shown in
Figure 3f. Subsequently, the ZnS layer is deposited with PVD
(Figure 3c), and ﬁnally, the structure is encapsulated by the
same UV sol−gel used for the NIL lithography (Figure 3d). See
Supporting Information, section S2 for the corresponding
material parameters.
Characterization. A broad-spectrum white light covering
the whole visible and near-IR spectrum (400−1000 nm) was
generated with a Halogen Lamp (HL-2000, Ocean Optics) and
in-coupled into a ﬁber with NA = 0.15. The ﬁber was
connected to a parabolic reﬂective collimator (RC04SMA,
Thorlabs) and reduced in diameter with an aperture (3 mm).
The system was placed on a motorized rotation stage (CR1-Z7,
Thorlabs) to scan the angle of transmission. A second
motorized rotation stage was placed on top of the previous
one. The sample was placed on that second stage with a holder
in order to change the incidence angle of the collimated light
on the sample. The whole system was then placed on a
motorized linear stage (LTS300, Thorlabs) to achieve a higher
precision of alignment. A spectroradiometer (Spectrascan PR730, Photo Research) was used to measure the transmitted light
after the sample. The transmitted light was recorded from −5°
to 40° with steps of 0.5° with a numerical aperture of the
spectroradiometer equivalent to 0.5°. The data were then
normalized to air.
Patterns Design. The patterns required for the devices
shown in Figure 5 were generated with a Matlab script using
eqs 1−3, assuming λred = 630 nm, λgreen = 535 nm, λblue =
480 nm, t = 70 nm, f = 10 nm and the vertical distance between

very large angles. Thanks to the tolerance of the conﬁguration
(e.g., out-coupled spectrum of 14 nm and broad steering angle,
ﬂash, and camera not being point light source and observer),
the eﬀect is robust with respect to the smartphone positioning.
In particular, it accepts some oﬀset in all the three directions, as
well as in the distance between source and observer. In fact, the
eﬀect has been tested with diﬀerent smartphones (e.g., Nokia
Lumia 920, Samsung Galaxy S3, and iPhone 6s) and it correctly
appeared as designed. The tenuous color variations between the
designed and the observed colors are mostly related to the
smartphone hardware and the postprocessing software (i.e., the
spectrum of the LED, the characteristics of the CMOS sensor,
the brightness level, as well as the white balance).
In summary, we have demonstrated a beam steering planar
optics structure that selectively ﬁlters and redirects spectral
portions of the incoming light. It operates under unpolarized
white light and low-coherence source and works both in
transmission and reﬂection. This device relies on unit cells that
are designed by choosing a particular pair of impedancematched RWGs, where the ﬁrst acts as in-coupler and the
second acts as out-coupler. This structure exhibits a good color
tunability; it is made by only one NIL replication and one thin
ﬁlm layer deposition, such that its fabrication is compatible with
up-scalable fabrication processes. The demonstrated device is
therefore well-suited for industrial applications, where high
throughput is required. Further developments can include the
possibility of using ultrathin metallic waveguides or combined
metallic/dielectric waveguides. The reported concept was
created for an optical security application, for which RWGs
have been very successful and are used to secure billion of
documents every year.32 It is also possible to take advantage of
the ﬂexibility and the versatility of the structure for a variety of
other applications where beam steering is required, such as
multifocal or monochromatic lenses,42 biosensors,43 and seethrough optical combiners for near-eye displays,44 to name a
few.

■

METHODS
Simulations. 2D FDTD simulations were performed using
the commercial software OmniSim distributed by Photon
Design and Lumerical FDTD distributed by Lumerical
Solutions. To compute the plot shown in Figure 4b, a single
unit cell was modeled and Bloch boundary conditions were
used for deﬁning the periodicity of the unit cell in the xdirection, while PML boundary conditions were used in the zdirection below the substrate and above the superstrate. The
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