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Abstract: Deflection, a basic functionality of wavefront
manipulation is usually associated with the phasegradient metasurfaces and the classical blazed gratings.
We numerically and experimentally demonstrate an unusually wideband and simultaneously wide-angle deflection achieved at near-infrared in reflection mode for a
periodic (nongradient), ultrathin meta-array comprising
only one silicon nanorod (Mie resonator) per period. It
occurs in the range where only the first negative diffraction
order and zero order may propagate. Deflection serves as
the enabler for multifunctional operation. Being designed
with the main goal to obtain ultra-wideband and wideangle deflection, the proposed meta-array is also capable
in spatial filtering and wide-angle splitting. Spatial
filtering of various types can be obtained in one structure
by exploiting either deflection in nonzero diffraction orders, or the specular-reflection (zero-order) regime. Thus,
the role of different diffraction orders is clarified. Moreover,
on–off switching of deﬂection and related functionalities is
possible by changing polarization state of the incident
wave. The suggested device is simple to fabricate and only
requires cost-effective materials, so it is particularly
appropriate for the large-area fabrication using nanoprint
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lithography. Ultra-wideband wide-angle and other deﬂection scenarios, along with the other functionalities, are
promising for applications in optical communications,
laser optics, sensing, detection, and imaging.
Keywords: deflection; meta-array; Mie resonance; multifunctionality; spatial filtering; splitting.

1 Introduction
Anomalous refraction and deflection belong to the main
scenarios of wavefront manipulation [1–3]. When we tell
about deﬂection, we mean that the outgoing wave deviates
from the incident wave direction in transmission mode,
after passing through a ﬁnite-thickness structure. In
reﬂection mode, we assume that the angle of the outgoing
wave differs from that in the case of specular reﬂection.
Two decades ago and even earlier, deﬂection has been
realized in the structures known as blazed gratings, which
were designed so that most of the incident wave energy is
converted into one of the higher diffraction orders. Highefﬁciency blazed gratings for wide-angle transmission
mode [4], wideband transmission mode [5], and reﬂection
mode [6] have been proposed for operation at the visible
and near-infrared frequencies. In particular, designs based
on binary gratings and more complex gratings with several
ridges per period [4, 6, 7] and artiﬁcial dielectrics [5] were
used. Multilevel diffraction gratings for both transmission
and reﬂection modes should also be mentioned [8].
At the same time, photonic crystal gratings (PhCGs)
have been proposed, which exploit the common effect of
Bloch mode dispersion and diffraction that appears due to
the periodic interfaces [9]. In transmission mode, PhCGs
enable wideband and wide-angle suppression of unwanted
zero and higher diffraction orders and redistribution of the
incident wave energy in favor of the nonzero order(s) that
yield deﬂection [9–11]. However, high-efﬁciency deﬂection
which would be simultaneously wideband and wide-angle
cannot be obtained in single-wave regime of PhCGs [10].
Single-wave deﬂection can also be obtained by using an
This work is licensed under the Creative Commons Attribution 4.0
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epsilon-near-zero (meta)material slab combined with a
dielectric grating [12], and a metal grating with subwavelength slit(s) or hole(s) that may support surface
plasmons [13], but efﬁciency remains an issue.
In 2011, Yu et al. introduced the generalized refraction
law that is connected with the phase discontinuity
approach and gradient metasurfaces, which usually have
diffraction-free unit cells and enable deﬂection due to the
covering of the whole range of phase variation, i.e., from
0 to 2π [14–16]. Many studies have been dedicated to
gradient metasurfaces and meta-arrays based on Pancharatnam–Berry phase (geometric phase), plasmonic
resonances, and Mie resonances [2, 17–22]. The basic features of a large part of the gradient metasurfaces like periodic repetition of the 2π-phase range segments
(supercells), each containing several or multiple subwavelength unit cells, indicate their similarity with the
advanced designs of the blazed gratings, e.g., compare [1]
with [23, 24]. For example, the transmission-mode blazed
grating which was proposed in a study by Ribot et al. [1]
enables wideband deﬂection by using several tens of
nanopillars and nanoholes per period (supercell).
While the general trend has been the use of more
complex structural compositions within one large period
(supercell) for performance enhancement, the opposite
trend has recently occurred. Simpler structures, like metaarrays with just two nanorods per period [3] and gratings
with two grooves per period [25] have been utilized to obtain
single-wave deﬂection in the transmission mode. Binary Mie
metasurfaces with two-wave deﬂection [26] and binary
meta-holograms [27] should also be mentioned as examples
of the functionally capable structures. It is interesting that
one nanorod per period can be sufﬁcient to obtain wideband
and simultaneously wide-angle deﬂection in reﬂection
mode, as has been numerically demonstrated for dielectric
circular rod [28] and rectangular rod [29] meta-arrays, as well
as for all-metal gratings [30]. A high functional capability of
such simple structures is not surprising if to keep in mind
diverse functionalities that have earlier been demonstrated
for periodic arrays of nanorods/microrods of square, rectangular, and circular cross section [31–36]. At microwave
frequencies, wideband and wide-angle deﬂection has
recently been demonstrated for reﬂective gratings having up
to three inﬁnitesimally thin strips per period [37].
On the other hand, functionality integration has gained
tremendous interest very recently, unlocking the avenue to
the next level in device miniaturization and system integration. Demand in multifunctional devices is expected to
grow dramatically in the next decade. Various meta-arrays
and metasurfaces with capability in wavefront manipulation, including deflection, have been considered from the

multifunctionality perspective [38–40]. The possibility of
separation of different (groups of) processes either in the
space domain [10] or in the frequency domain [41, 42] is often
considered as the general condition of multifunctionality, at
least when no tunable component is utilized. Various
multifunctional scenarios have been demonstrated, which
include those with different types of functionalities or
different regimes of the same functionality in the neighboring frequency ranges [41–45], at different polarization
states [46–49] or different incidence angles [50, 51] at ﬁxed
frequency. Merging two functions in one has attracted
attention [11, 52–54]. Noticeably, the geometric-phase metasurfaces are intrinsically multifunctional, since they may
merge deﬂection and polarization manipulation in one step,
e.g., see [48, 55, 56]. The tunable and reconﬁgurable metasurfaces may enable even more diversity in terms of functionality [57–60]. Nevertheless, the capability of the
structures which do not comprise tunable components in
multifunctional operation is also very high.
In this paper, we numerically and experimentally
study a periodic meta-array based on Si nanorods working
as Mie resonators, which yields an unusually wideband
and wide-angle deflection at near-infrared. While highefficiency single-wave deflection with either wideband or
wide-angle features has been earlier investigated in many
works, there are just few papers where ultra-wideband
wide-angle deflection is theoretically studied, e.g., see [28–
30]. We will demonstrate, also by the experiment, that
these features can be simultaneously obtained in a simple
reﬂective meta-array enabling multifunctional operation.
It will be shown numerically that the large region of strong
deﬂection nearly coincides with the one, in which the ﬁrst
negative diffraction order is the only nonzero order which
may propagate. Similarly to some of the theoretical performances proposed in our earlier works [28, 29], only one
nanorod per period is required. The designed structure
comprises the Si nanorods placed periodically on the top of
a SiO2 buffer layer that is backed with an Ag reﬂector. In the
considered wavelength range which extends from 550 to
2100 nm, the total thickness of the array and the spacer
layer is between 0.15λ and 0.6 λ (λ is free-space wavelength), i.e., it is comparable with thicknesses of the
recently proposed gradient metasurfaces.
The designed deflecting meta-array will be examined
for the capability in multifunctional operation. We will
show that the obtained deflection serves as enabler of the
secondary functionalities, like spatial filtering and splitting, and no additional parameter adjustment is needed for
that. It will be demonstrated that single-wave deflection is
connected with spatial filtering, which represents the
incidence-angle domain analog of spectral filtering [61],
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while two-wave deﬂection can be connected with the wideangle splitting functionality [28]. The role of the cutoffs of
the ﬁrst negative and the higher diffraction orders in the
studied functionalities will be clariﬁed. Two-beam splitting
and various types of spatial ﬁltering, which are yielded by
deﬂection in the different diffraction orders, will be
investigated numerically. Finally, the effect of polarization
state of the incident wave on the possible on–off switching
of the abovementioned functionalities will be discussed.
All these features together with the ease of fabrication
indicate that the proposed device is particularly interesting
for the practical scenarios of wavefront manipulation.

2 Results and discussion
2.1 Design and fabrication
The reflective meta-array comprising dielectric nanorods of
rectangular cross section has been designed with the main
goal to obtain ultra-wideband and simultaneously wideangle wave deflection for the diffraction order m = −1 in case
of transverse-electric (TE) polarization, i.e., when the electric ﬁeld vector of the incident wave is parallel to the axes of
the nanorods. The basic feature of the proposed multifunctional design is a high permittivity of the rod material, εr,
that enables low-order Mie resonances at the considered
frequency range, similarly to the earlier studied Mie resonances in nanorods of circular cross section [62]. In our
design, the array’s period is about eight times larger than the
side size of each nanorod. No special parameter adjustment
is needed, so that there is a wide range of tolerance for
structural parameters. The resulting mechanism of directional selectivity differs from the one in [8], in which Bloch
modes play a key role. As entry point for design, we have
considered the earlier suggested theoretical performances of
meta-arrays of circular cross section dielectric rods [28] and
arrays of rectangular cross section rods made of a tunable
material [29], in which the resulting mechanism also exploits the speciﬁc resonant properties of the dielectric rods.
It is however distinguished from the mechanism reported for
metal gratings [30] because surface plasmons are not expected to be a critical contributor to the resulting functionality of our meta-array and the back-side reﬂector is the only
component of it, which is made of a metal. Details of simulations are given in Supplementary material.
A perspective view of the designed structure and its
cross section are schematically shown in Figure 1(a) and
(b), respectively. A scanning electron microscopy (SEM)
image of the fabricated sample (top view) is presented in
Figure 1(c). The structure contains a periodic array of Si
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nanorods having rectangular cross section, which are
patterned on the top of a SiO2 buffer layer deposited on an
Al layer. As shown in Figure 1(b), p, w, h, d, and b denote
the period, width of each nanorod, height of each nanorod,
thickness of the SiO2 layer, and thickness of the bottom Al
layer, respectively. Thickness of the Al layer, b, is chosen to
completely block the transmission. In our design,
b = 150 nm. The optimized values of p, w, h, and d are equal
to 1250, 150, 180, and 150 nm, respectively. The performed
simulations conﬁrm that the meta-array has a good fabrication tolerance, i.e., it is quite robust to small deviations of
the dimensions from the chosen values. Moreover, even
though rather large deviations can moderately affect the
resulting performance, the main features such as high efﬁciency and ultra-wideband behavior may also be preserved. These features do not result from an accidental
parameter choice or careful optimization and come rather
from the intrinsic nature of this design.
Standard nanofabrication techniques were used. A
commercial Silicon wafer was diced into 1 cm2 pieces. Then,
a 1 cm2 piece of Si wafer was used as the substrate. It has
been cleaned by using acetone, isopropanol, and deionized
water. The sample was heated up to 40 °C and sonicated
while being immersed in each of the aforementioned liquids. After cleaning, a 150 nm thick Al layer was coated over
it with the rate of 0.5 Å/s by using a VAKSIS thermal
evaporator device at the chamber pressure of 3e-6 to 5e6 Torr. Next, a 150-nm thick silica layer was coated over the
Al layer using VAKSIS electron beam evaporator in the
same rate and chamber pressure. Afterward, PMMA was
spun over the sample, and an area of 1 mm2 from the sample
surface was patterned, exposed, and developed using
electron beam lithography. After that, a 180-nm Si layer was
coated over the sample by utilizing the mentioned e-beam
evaporator machine. Finally, the sample was patterned to
form Si nanorods by applying the lift-off process.

2.2 Ultra-wideband and simultaneously
wide-angle deflection
In line with the numerical results, transmittance and
absorbance in the designed structure are significantly
smaller than reflectance. Thus, although the computations
do not neglect absorption and measurement neither, the
mth order diffraction efﬁciency in reﬂection, rm, is determined here as the ratio of the power converted to the mth
order to the total reﬂected power, for the sake of convenience. According to the grating equation, the angles of the
outgoing waves attributed to diffraction orders, ϕm, are
given by [63]
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Figure 1: (a) 3D schematic of the structure, (b) 2D cross section of the structure along with the directions of the incident, 0th order reflected,
and −1st order diffracted (deﬂected) beams, and (c) scanning electron microscopy (SEM) image of the fabricated sample (top view). We look for
the geometries that funnel the energy into the −1st order, with minimum absorption in the metal and minimum efﬁciency in the 0th order.

sin ϕm  sin θ + mλp,

(1)

with θ being the incidence angle, λ the wavelength, p the
period, and m = 0, ±1, ±2,…. The order m = 0 corresponds to
specular reﬂection and propagates at any λ. The orders
with |m| > 0 may propagate and, thus, contribute to the
reﬂected power only in a ﬁnite range of λ variation at


sin ϕ  < 1. They correspond to the deﬂected waves.
m
The capability of our meta-array in deflection at TE
polarization is demonstrated in Figure 2. To justify the
principal possibility of the wideband deﬂection, Figure 2(a)
presents r−1 versus λ for the selected values of θ. A pass
band being over 1000 nm wide can be achieved, while the
both smaller-λ and larger-λ boundaries of the band are
quite sharp. Thus, the meta-array shows a good performance as a spectral ﬁlter working in the −1st order. Since
max r−1 > 0.8 for the all values of θ, the desirably wideband
and wide-angle deﬂection may be expected. To check this

guess, we plotted r−1 versus θ for the selected values of λ,
see Figure 2(b). One can see that the θ-domain pass band is
really wide and has quite sharp boundaries, whereas
r−1 > 0.85 and even maxr−1 ≈ 1. Therefore, it is reasonable to
study behavior of r−1 and r0 by using the (λ, θ)-plane. In
Figure 2(c) and (d), the contour plots of rm are shown for
m = −1 and m = 0, respectively. It is observed in Figure 2(c)
that the structure retains high deﬂection efﬁciency for the
order m = −1 within an ultra-wide λ-range and a wide range
of θ variation, so that the incident wave power is dominantly funneled into the −1st order. The remaining energy
goes to 0th order and other higher orders in reﬂection and
to absorption (a very small part – also to transmission). It is
evident that r0 (specular reﬂection) is very low in the region, where r−1 is high, compare Figure 2(c) and (d). The
contour plots for the orders m = −4, −3, −2, and +1 are
presented in Figures S1 and S2 in Supplementary material.

Figure 2: Ultra-wideband and wide-angle
deflection in case of TE polarization.
Simulated −1st order deﬂection efﬁciency,
r−1, as a function of (a) wavelength, λ and
(b) incidence angle, θ. Contour plots of the
simulated deﬂection/specular reﬂection
efﬁciency, rm, for (c) m = −1 and (d) m = 0. In
plot (c), the dashed white lines represent
isolines for deﬂection angle, ϕ−1 (m = −1),
which is equal to −30°, −40°, and −50°; the
dashed black lines approximately show
cutoffs, i.e., the boundaries of the regions,
where the orders m = −1, m = −2, and m = +1
may propagate (on the left side with respect
to each of these lines).
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The obtained region of the −1st order deﬂection is unusually large and coincides quite well with the region, in
which only this diffraction order is propagating, in addition
to 0th order. The ultimate redistribution of the incident wave
energy between the propagating diffraction orders occurs at
the −1st, −2nd, and +1st order cutoffs, enabling desirably
sharp boundaries of the deﬂection region. The dashed black
lines in Figure 2(c) show the cutoffs calculated using Eq. (1).
According to Figure 2(c) and (d), at the larger-λ (right)
segment of the boundary of the considered deﬂection range
(1250 < λ < 2450 nm), there is a sharp switching between
deﬂection (r−1) and specular reﬂection (r0). The power of the
order m = 0 immediately drops while entering the −1st order
propagation region from the side of larger λ. As seen in
Figure 2(c), spectral location and width of the band in the
λ-domain depend on θ. The bandwidth increases with θ, and
efﬁciency remains high for a larger part of the band. At
θ > 50°, efﬁciency tends to decrease, so that the choice of θ
should be based on the trade-off between bandwidth and
efﬁciency. In turn, bandwidth in the θ-domain depends on λ.
In Figure 2(d), it is observed that the regions of the dominant
contribution of r0 are not restricted to the one on the right side
from the −1st order cutoff, where all the orders with |m| > 0 are
evanescent. The case is distinguishable when the 0th order
dominates in the region, where the orders with |m| > 0 may
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propagate. This gives us an additional degree of freedom to
control the functionality yielded by deﬂection.
While a detailed study of the possible connection of the
studied far-field characteristics and resonances in nanorods is
beyond the scope, some features are worth to be mentioned
here in the context of resonance type identification. Figure 3
presents the contour maps of the electric ﬁeld and the quiver
maps of the magnetic ﬁeld in the region inside and around a
dielectric nanorod at the selected λ-values. In the quiver maps,
the magnitude of the magnetic ﬁeld at each point is proportional to the length of the arrows. The ﬁeld distributions in
Figure 3(a) and (d) are similar to that of zero-order (azimuthally uniform) resonance of a circular rod/nanocylinder [64]. It
can be called as the symmetric zero-order resonance, for the
sake of deﬁniteness. The resonance in Figure 3(b) and (e)
represents, in fact, a similar but asymmetric resonance (see
Figure 4 in [45] for comparison). Finally, the maps in
Figure 3(c) and (f) present nothing else than the case of predominant magnetic dipole resonance behavior being similar
to that often observed in nanocylinders of small/moderate
height, which have been widely used in the recent metasurface studies [17–19]. Broadband resonances with asymmetric
ﬁeld features, like the ones in Figure 3(b) and (e), may be
necessary to obtain high-efﬁciency, wideband, single-wave
deﬂection. The role and the ways of obtaining of such resonances will be a subject of our forthcoming investigations.

Figure 3: Contour maps of electric field (a–c) and quiver maps of magnetic field (d–f) inside and near a nanorod at (a, d) λ = 2000 nm, (b, e)
λ = 1100 nm, and (c, f) λ = 900 nm; θ = 20°, TE polarization.
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Examples of the contour maps of electric and magnetic ﬁeld
distribution within a larger region are presented in Figure S3 in
Supplementary material.
The capability of the proposed structure to deflect
electromagnetic waves in a wide range of θ variation means
also that a wide range of the angles of the outgoing wave
can be achieved, according to Eq. (1) (see also the isolines
of outgoing wave angle in Figure 2(c)). For each of them,
the Littrow conﬁguration (back-reﬂection) regime
(θ = −ϕ−1, 2 sinθ = λ/p) is achieved at a particular frequency.
At the same time, there is a large region in the (λ, θ)-plane,
within which the difference between the directions of the
incident and outgoing waves is signiﬁcant, while high efﬁciency is kept. For instance, ϕ−1 = −50° can be obtained
when θ < 25°, and ϕ−1 = −30° when θ > 55°. The outgoing
wave angle, θout, is plotted versus θ and λ in Figure S4 in
Supplementary material.

2.3 Experiment
The feasibility study was the aim of the performed experiments, while complete characterization of the suggested
design was not. Measurements were carried out by using
the J. A. Woollam Co. Inc. VASE Ellipsometer. Two lenses
were added and adjusted delicately, one in the source side
and the other in the detector side for aligning the incident
beam on the patterned area over the sample, and collecting
the outgoing-wave radiation through the other lens in the
detector side. The measurement range extends from
around λ = 1000 nm up to λ = 1540 nm. The angle between
the incident wave source and detector should be at least
30° that imposes signiﬁcant restrictions on the used range
of θ. The detector arm has the possibility of sweeping the
detection angle with a desired step size. First, the base
measurements of reﬂection were carried out by using
perfectly reﬂective mirrors. Then, the measured reﬂections
from the sample were normalized to the base reﬂection
intensity values.

Figure 4 presents the experiment results for the fabricated sample, the SEM image of which is shown in
Figure 1(c), and their comparison to the simulations. The
contour plots show r−1 as a function of λ and θ. Good
agreement is achieved, so there is evidence of that the
fabricated device enables ultra-wideband, wide-angle, and
high-efﬁciency deﬂection, as predicted by the numerical
results in Figure 2. Some discrepancy between Figure 4(a)
and (b) is observed, whose possible causes may include the
difference in material parameters, and speciﬁcs of illumination and measurements in different ranges of θ, which
cannot be entirely taken into account in simulations. Besides, the −2nd order deﬂection has not been measured and
taken into account in normalization applied to the data in
Figure 4(a). The experiment ranges of variation in λ and θ
are extended from 1000 to 1540 nm, and from 55° to 75°,
respectively. These particular ranges were chosen because
the detector had to be placed at a speciﬁc position for each
pair of the values of λ and θ, to measure efﬁciency of a
speciﬁc diffraction order of the reﬂected beam, while the
measuring device has restrictions in terms of the position of
detector with respect to the source. This is one of the reasons of our focus put in the experimental study on the
lower-λ (left) boundary of the −1st order deﬂection region,
which corresponds to the −2nd order cutoff. The second
reason is that we would like to experimentally demonstrate
a possible sharpness of that particular boundary. That is
why the structural parameters were chosen at the design
stage to enable its observation in the experiment. Indeed,
the ultimate redistribution of the incident wave energy
between the orders m = 0 and m = −2, and the order m = −1
at the −2nd order cutoff is less trivial and, thus, more
interesting than the energy redistribution between the 0th
and −1st orders at the −1st order cutoff, i.e., at the higher-λ
(right) boundary. The experiment results conﬁrm that a
quite sharp boundary of the −1st order deﬂection region
can be obtained at the −2nd order cutoff. They also show
that the θ-domain band width depends on λ that indicates

Figure 4: Contour plots presenting
(a) experiment and (b) simulation results
for −1st order deﬂection efﬁciency, r−1, as a
function of λ and θ, case of TE polarization.
Results are shown within the (λ, θ)-region
which is available for the utilized setup.
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the principal possibility of multifrequency scenarios and,
thus, some scenarios of multifunctional operation.

2.4 Functionalities enabled by deflection
Next, let us revisit the results in Figures 2 and 4 from the
point of view of multifunctional operation enabled by ultrawideband and wide-angle deﬂection. Spatial ﬁltering is one
of the considered functionalities. It is known as the ability of
a structure to manifest angular selectivity in transmission or
reﬂection mode (or both), which uses either zero or higher
orders. It may result in modiﬁcations of the angular spectrum and sorting incident waves. Various performances of
spatial ﬁlters are known, which are based on interference
patterns [65], anisotropic (indeﬁnite) [66], hyperbolic [67]
and epsilon-near-zero [68] media, resonant gratings [29, 69,
70], and photonic crystals [28, 61, 71–73].
To obtain spatial filtering in the designed resonant
meta-array, we do not need any structural modification of
the meta-array as compared to the design enabling wideangle deflection, since deflection and spatial filtering are,
in fact, two sides of the same physical scenario based on
the use of nonzero diffraction order(s). Indeed, the sharp
boundaries of the high-efficiency single-wave deflection
region in the (λ, θ)-plane (region with large r−1), like those
observed in the simulation results in Figure 2(b) and (c),
and conﬁrmed by the experiment results in Figure 4,
indicate the possibility of spatial ﬁltering. The ultrawideband and simultaneously wide-angle −1st order
deﬂection enabling wideband spatial ﬁltering is probably
the most interesting feature of the results discussed in
Figures 2(c) and 4. At the same time, the specular-reﬂection
originated (0th order) low-pass spatial ﬁltering regime is
possible, see Figure 2(d).
Two specific ranges of λ-variation are observed in
Figure 2(c). In the ﬁrst range, which corresponds to
π < kp < 2π (1250 < λ < 2500 nm), the order m = −1 may
propagate within a limited θ-range, according to Eq. (1).
Here, −1st order band-pass ﬁltering with a grazing-angle
upper-θ boundary and a sharper lower-θ boundary coexists with the 0th order low-pass ﬁltering. Width and
location of the passbands in the θ-domain depend on λ,
while location of the lower-θ boundary (θlb) is determined
for the band-pass ﬁltering by Eq. (1) with m = −1 and sin
ϕ−1 = −1, i.e.,
θlb  arcsin(λp − 1).

(2)

In the second range, which corresponds to 2π < kp < 3π
(833 < λ < 1250 nm), the order m = −1 may propagate in the
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whole θ-range. Here, the both lower and upper boundaries
of the −1st order pass band in θ-domain are quite sharp.
They appear when an ultimate redistribution of the incident wave energy in favor of the other propagating orders
than m = −1 takes place. Similarly to the lower-θ boundary
of the ﬁrst range, the upper-θ and lower-θ boundaries of the
second range are set by Eq. (1), but now with m = −2 and
sin ϕ−2 = −1 and with m = +1 and sin ϕ+1 = 1, respectively, so
that
θub  arcsin(2λp − 1)

(3)

θlb  arcsin(1 − λp).

(4)

and

Then, the θ-domain band width is given by Δθ  θub − θlb
for the large region of the −1st order deﬂection. The
boundary given by Eq. (3) has been conﬁrmed by the
experiment, see Figure 4.
While the (λ, θ)-plane is an efﬁcient tool to summarize
the properties of the designed meta-array, the slices of the
contour plots for ﬁxed λ can be used to highlight some of
the remarkable regimes of spatial ﬁltering. Examples presented in Figure 5(a) and (b) show that a well pronounced
narrow band-pass spatial ﬁltering is possible in deﬂection
mode, respectively, at m = −2 around λ = 780 nm for TE
polarization, and at m = −3 around λ = 550 nm for transverse-magnetic (TM) polarization, i.e., when the magnetic
ﬁeld vector of the incident wave is parallel to the axes of the
nanorods. The bandwidth not exceeding 20° is observed in
both Figure 5(a) and (b). Note that in Figure 5(b) it is obtained in the visible range and corresponds to the transition from green to yellow color. The spatial ﬁlters in
Figure 5(a) and (b) work in a (nearly) back-reﬂection regime
(ϕ−2 ≈ −θ and ϕ−3 ≈ −θ, respectively). For instance, in
Figure 5(b), ϕ−3 = −43.5° at θ = 41° and λ = 560 nm. So far, it
is numerically shown that the studied meta-array, in
addition to ultra-wideband and wide-angle beam deﬂection, may yield narrowband deﬂection in higher diffraction
orders and related narrow band-pass spatial ﬁltering.
Moreover, bandstop and low-pass spatial ﬁltering can be
obtained in the specular-reﬂection regime (m = 0), in the
vicinity of 900 nm and between 1500 and 2100 nm,
respectively, see Figure 2(d). The spatial ﬁltering regimes
that are achieved in the order m = 0 are demonstrated in
Figure S5 in Supplementary material. To the best of our
knowledge, such diversity of spatial ﬁltering regimes in
one structure has not been earlier reported.
Now, let us discuss one more functionality enabled in
the designed structure by deflection – a wide-angle beamsplitting regime, like the one numerically demonstrated in
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Figure 5: Narrow band pass spatial filtering
achievable in the designed meta-array.
Simulation results: (a) r−2 for TE
polarization at the wavelengths of 770,780,
and 790 nm, and (b) r−3 for TM polarization
at the wavelengths of 550, 560, and 570 nm.

[28]. It occurs due to deﬂection of the orders m = −1 and
m = −2 in a wide range of θ variation that extends over 40°,
for TE polarization. It is worth noting that it is uncommon
to use the diffraction orders with different |m| for the purposes of splitting. Figure 6(a) and (b) present, respectively,
r−1 and r−2, as a function of θ, at the selected values of λ. For
θ > 40°, we obtain beam splitting between the orders m = −1
and m = −2 around λ = 1140 nm. As seen in Figure 6(a) and
(b), r−1 and r−2 are nearly equal when θ > 50°. Thus, the
reﬂected power is almost equally split between the two
deﬂected beams in a very wide θ-range. The −1st order
outgoing beam propagates in a nearly normal direction
(e.g., −4.4°< ϕ−1 < 4° at 55°< θ < 75° when λ = 1120 nm), while
the −2nd order outgoing beam’s direction signiﬁcantly
differs from both specular reﬂection and normal direction
cases (for example, −76.6°< ϕ−2 < −55.7° at 55°< θ < 75° when
λ = 1120 nm). Here, the −2nd order beam can be in the back-

reﬂection regime. The simulation and experiment results
are compared in Figure 6(c) for m = −1. The coincidence is
good that conﬁrms the possibility of wide-angle splitting. It
should be noted that the discussed splitting regime is not
wideband, so that the values of λ should be accurately
adjusted. It differs from the ones in polarization beam
splitters based on the classical gratings [74] and the
recently proposed metasurfaces [54, 75, 76]. The designed
meta-array is simpler to fabricate than the known beam
splitters using one polarization state [11, 26].
Deflection, spatial filtering, and splitting can be
considered as the elementary functionalities, of which
multifunctional operation scenarios can be designed.
Combinations of the elementary functionalities can be
rather arbitrary, depending on the specific requirements
connected with particular applications. Clearly, the
designed structure may be used in a practical device only

Figure 6: Beam splitter functionality of the
designed meta-array.
Simulation results for (a) m = −1 and (b)
m = −2, and (c) comparison of simulation
and experiment results for m = −1, at the
wavelengths of 1120, 1140, and 1160 nm, in
case of TE polarization.
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Figure 7: Contour plots of the simulated rm
for (a) m = −1 and (b) m = 0, case of TM
polarization.

for one of the elementary functionalities at a selected
wavelength, or within a given wavelength range. Examples of the practical multifunctional operation scenarios
may include but are not restricted to (i) θ-dependent
deﬂection at given λ for multiple values of θ = θ1, θ2, …, θm;
(ii) wide band-pass and narrow band-pass spatial ﬁltering,
respectively, at λ = λ1 and λ = λ2; (iii) wide band-pass spatial
ﬁltering with different angular bandwidths at λ = λ1, λ2, …,
λm; (iv) deﬂection at λ = λ1 and splitting at λ = λ2; (v) wide
band-pass or narrow band-pass spatial ﬁltering at λ = λ1
and splitting at λ = λ2. Additional functionalities can be
obtained by using an incident wave with the wave vector
component parallel to the nanorod axes. They will be
addressed in a future study.
Finally, the use of both TE and TM polarizations of the
incident wave yields one more degree of freedom, enabling
polarization sensitive on–off switching scenarios. The results for TM polarization are presented in Figure 7, being
the counterpart of the results for TE polarization in
Figure 2(c) and (d). It is observed that r−1 is generally weak
for TM polarization in the same large region on the (λ, θ)plane where the order m = −1 dominates for TE polarization, compare Figures 2(c) and 7(a). For further clarity,
Figure S6 in Supplementary material presents r0 versus θ in
case of TM polarization. For given values of λ and θ, change
of polarization state of the incident wave from TE to TM
may lead to a change of the outgoing wave direction,
i.e., from deﬂection (m = −1) to specular reﬂection (m = 0).
The observed features enable on–off switching of ultrawideband and wide-angle deﬂection. Both the deﬂection
originated wide band-pass spatial ﬁltering and the
specular-reﬂection originated low-pass spatial ﬁltering,
which occur for TE polarization, can be made on–off
switchable by using off state occurring for TM polarization.
The same remains true regarding the wide-angle splitting.
The above-mentioned properties can also be used for
sorting of the TE and TM polarized outgoing waves by
redirecting the waves of two different polarizations to two
different quadrants, while using θ = θ1, θ2, …, θm at

λ = const. Moreover, they may enable polarization dependent demultiplexing, for instance, when the incident wave
comprises several spectral components. It is noticeable
that TM polarization can itself be used to obtain a spatial
ﬁltering functionality, i.e., not only as off state in the
switching scenarios, as observed in the vicinity of
λ = 840 nm in Figure 7(a) and (b), and in the vicinity of
λ = 560 nm in Figure 5(b). The wide band-pass or the narrow
band-pass spatial ﬁltering for λ = λ1 in TE case and the
narrow band-pass spatial ﬁltering for λ = λ2 in TM case can
be obtained in one structure.

3 Conclusions
To summarize, we designed and characterized the ultrathin meta-array capable in ultra-wideband, wide-angle,
single-wave deflection in reflection mode at near-infrared,
and examined it for the capability in multifunctional
operation enabled by deflection. It is demonstrated that
even such a simple structure that is based on Si nanorods
working as Mie resonators may yield the highly desirable
but unusual deflection features in both the frequency and
the incidence-angle domain. Indeed, the designed structure is simpler than the phase-gradient metasurfacs and
the blazed gratings, which have more than one element per
a large period (supercell). From the wavefront manipulation perspective, ultra-wideband and simultaneously
wide-angle deflection connected to the first negative order
is probably the most distinguishable result of this study.
The deflection region on the wavelength–incidence-angle
plane is unusually large and nearly coincides with the region, in which the first negative order is allowed to propagate but higher diffraction orders are not. The −1st order
deﬂection range extends over 1000 nm for wavelength and
several tens degrees for incidence angle, while maintaining
the efﬁciency above 80%. The obtained results probably
give the ﬁrst experimental demonstration of ultrawideband and wide-angle deﬂection, and the ﬁrst
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demonstration of the diverse deﬂection regimes and the
multifunctionality potential of a simple periodic array
based on dielectric resonant nanorods.
Since the aim here was to obtain deflection in a wide
but finite, sharply bounded, and frequency dependent
range of the incidence angle variation, the possibility of
ultimate redistribution of the incident wave energy in favor
of the zero order and diffraction orders different from the
first negative one is very important. The experimental
demonstration of such a redistribution at the smallerwavelength boundary created by the −2nd order cutoff is
especially important because of being required for deﬂection and band-pass spatial ﬁltering functionalities but is
not simply obtainable as compared to the largerwavelength boundary at the −1st order cutoff. The usefulness of the diffraction orders higher than the −1st one is not
restricted in the designed meta-array to the creation of the
smaller-wavelength boundary of the −1st order deﬂection
region. In particular, narrow band-pass spatial ﬁltering
and splitting with an unusually wide incidence-angle
domain response can be enabled by deﬂection connected
with such higher orders. These advanced regimes have not
yet been systematically studied, to the best of our knowledge. In addition, some types of spatial ﬁltering, like lowpass and band stop ﬁltering, may occur in the specularreﬂection (zero-order) regime. The overall contribution of
our study to the spatial ﬁltering research is connected with
the demonstration of the different ﬁlter types in one
structure that is possible when the operating wavelengths
are properly chosen. Moreover, the designed structure has
a potential in demultiplexing. Thus, various functionalities
can be obtained in one relatively simple structure that
determines its high potential in wavefront manipulation.
Clearly, only one functionality can be used, if necessary.
Change of polarization state of the incident wave can be
utilized for switching between deflection and specularreflection regimes at given wavelength and incidence angle,
or within the large deflection region on the wavelength−incidence-angle plane. In such a manner, spatial filtering
and wide-angle splitting can be made on–off switchable.
Also polarization-yielded on–off switching does not need
any additional adjustment of the structural parameters.
Simplicity of fabrication together with the functional diversity makes the designed structure a perfect candidate for a
wavefront manipulating multifunctional device at nearinfrared. At the next steps of this research program, we plan
to experimentally study the capability of deﬂection created
by the diffraction orders higher than the −1st order, achievable functionalities in the connection with the types of resonances in nanorods, and operation for the circularly
polarized waves.
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