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A retroreflector that reflects light along its incident direction has found numerous applications in photonics, but the avail-
able metasurface schemes suffer from the issue of narrow bandwidth and/or a single angle of incidence. Here, a retro-
reflector using double layers of achromatic gradient metasurfaces is reported, which can realize retroreflection over a
continuous range of incidence angles within a wide spectral band. The first metasurface serves as a transmissive ach-
romatic lens that performs a broadband spatial Fourier transform and its inverse, while the second metasurface works
as a reflective achromatic lens that undergoes wavelength- and position-dependent phase dispersions. Using this design
strategy, a near-infrared retroreflector comprised of silicon nanopillars with the cross sections of square pillars and square
holes is numerically demonstrated, providing a high-performance retroreflection for polarization-independent incident light
waves over a continuous range of incidence angles from 0° to 16° within an extremely broad wavelength range between 1.35
and 1.95 μm. The scheme herein can offer a design strategy of broadband retroreflectors and impact numerous photonics
applications.
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1. Introduction

Metasurfaces, artifically designed ultrathin two-dimensional
(2D) materials composed of subwavelength resonators, exhibit
extraordinary electromagenetic (EM) properties that are unat-
tainable with natural materials. Metasurfaces have shown great
potentials to tailor the wavefront of EM waves, which has led to
various intriguing effects, such as light bending[1–4], unidirec-
tional surface plasmon coupling[5], invisibility cloaks[6], flat
lenses[7–9], holography[10–12], and generation of vortex
beams[1,13–15]. Optical retroreflectors capable of reflecting the
incoming light wave along its incident direction are very impor-
tant components in communications[16,17], remote sensing[18],
and laser tracking[19]. Conventional retroreflectors rely on the
utilization of macroscopic geometrical structures, such as a cor-
ner-cube retroreflector[20] and Eaton lens[21,22], are bulky and
nonplanar and, hence, inconveniently compatible for intergra-
tion and miniaturization. Metasurfaces have recently shown
great promise for building flat ultrathin retroreflectors that dem-
onstrate its superiority over conventional schemes in terms of
compactness and intergration.
Initially, plasmonic metasurfaces/metagratings have been

used to realize retroreflection, but the resultant experiment
exhibits limited working bandwidth and/or a single incidence

angle since the provided tangential momenta are fixed after
the fabrication process[23–26]. To address the issue of limited
working incidence angle, reconfigurable plasmonic metasurfa-
ces/metagratings have been proposed and demonstrated, which
realizes spin-polarized retroreflection with a discrete/continu-
ous angle of incidence at a single frequency[27,28]. Analogous
to conventional cat’s eye retroreflectors[19,29], it has been pro-
posed to employ cascaded gradient metasurfaces[30]. This
scheme has shown the capability of retroreflecting light over a
continuous angle at a single frequency. However, all of the afore-
mentioned schemes undergo narrow bandwidth, which limits
practical applications, as the device bandwidth is crucial for
an optical system. To date, realizing an optical metasurface ret-
roreflector with a broad operation bandwidth, continuous inci-
dence angles, and polarization independence remains largely
unexplored. Here, a broadband retroreflector with a continuous
range of incidence angles is proposed by the use of two layers
of achromatic gradient metasurfaces. The first metasurface
serves as a transmissive achromatic lens that performs a
broadband spatial Fourier transform and its inverse, while the
second metasurface works as a reflective achromatic lens
that undergoes wavelength- and position-dependent phase
dispersions. We numerically demonstrate a near-infrared retro-
reflector that provides a high-performance retroreflection for
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polarization-independent incident light waves over a continu-
ous range of incidence angles within an extremely broad wave-
length range.

2. Results and Discussions

2.1. Design principle

The transmissive achromatic gradient metasurface is schemati-
cally shown in Fig. 1(a), which enables a light source with a con-
tinuously changing wavelength to share the same focal length
over a wide continuous range of incidence angles [Figs. 1(b)
and 1(c)]. The required phase distributions of φL�r0, λ� for an
achromatic metalens should abide by[31,32]

φL�r0, λ� − φL�0, λ� = −n
2π
λ

� ����������������
F2 � r20

q
− F

�
, (1)

where r0 =
����������������
x2 � y2

p
is the distance between an arbitrary posi-

tion and the center of the metalens, n is the refractive index of
the medium below the metalens, and λ is the wavelength in free
space. Figure 1(j) schematically depicts the required spectral
phase profiles for the central meta-unit and spatial phase profiles

along the radial direction. Once light waves with an incidence
angle of θ �0° ≤ θ < 90°� illuminating the metalens are focused
at the focal plane, the foci offset l�θ� is proportional to sin θ[33]:

sin θ = nl�θ�=F, (2)

provided that r20, l�θ�2 ≪ F2. The reflective metasurface
[Fig. 1(d)] placed at the focal plane should bestow a twice tan-
gential momentum to the incoming light source so that the
reflective waves experience retroreflection[30], and the phase dis-
tributions of φR�R0, λ� follow

∂φR�R0, λ�
∂R0

����
R0=l�θ�

= −2
�
2π
λ

�
sin θ, (3)

where R0 =
����������������
x2 � y2

p
is the distance between an arbitrary posi-

tion and the center of the reflective metasurface. In this case, the
reflective light waves reach position B that is symmetrical to
position A with respect to the optical axis of the transmissive
metalens [Figs. 1(e) and 1(f)]. φR�R0, λ� can be derived by incor-
porating Eq. (2) into Eq. (3):

φR�R0, λ� − φR�0, λ� = −
2π
λ

n
F
R2
0: (4)

Equation (4) indicates that the required reflective metasurface
is an achromatic metalens as well and has a focal length of
F/2[29]. Figure 1(k) schematically depicts the required spectral
phase profiles for the center meta-unit and spatial phase profiles
along the radial direction for the achromatic metalens. A broad-
band retroreflector can thus be built with a combination of
the transmissive and the reflective achromatic metalenses
[Fig. 1(g)]. An incident light is anticipated to be reflected back
to its incident direction over a continuous range of incidence
angles, regardless of its wavelength [Figs. 1(h) and 1(i)].

2.2. Design and demonstration of broadband metasurface
retroreflector

We introduce silicon metasurfaces with square pillars and
square holes[31], as shown in Figs. 2(a) and 2(b), to provide
diverse phase dispersions required to construct achromatic met-
alens. We firstly select the geometrical parameters for the center
meta-unit of the transmissive (reflective) metalens with the
phase of φL�0, λ� [φR�0, λ�]. Afterwards, the meta-unit at an
arbitrary radius [r0 (R0) for the transmissive (reflective) metal-
ens] can be selected out if its phase profile is mostly close to the
distributions extracted by Eqs. (1) and (4). The optimized meta-
units at r0 (R0) are selected out by use of the method of mean
square error. Considering that there are multiple discrete
wavelengths λi �i = 1, 2, : : : ; N� within the wavelength range
[λmin, λmax] and M meta-units for the transmissive (reflective)
achromatic metalens, the mean square error is retrieved as
1
N

P
N
i=1 �φL

unit,m�λi�−φL�r0,λi��2 ( 1N
P

N
i=1 �φR

unit,m�λi�−φR�R0,λi��2)
for the transmissive (reflective) achromatic metalens, where
φL
unit,m�λ� [φR

unit,m�λ�] represents the phase profile of themth unit

Fig. 1. (a)–(c) Schematic of (a) a transmissive achromatic metasur-
face that enables a light source with a continuously changing wave-
length to have (b), (c) the same focal point. (d)–(f) Schematic of (d) a
reflective achromatic metasurface that bestows a twice tangential
momentum to (e), (f) the incoming light source with continuously
changed wavelength. (g)–(i) Schematic of a broadband retroreflec-
tor comprised of a transmissive achromatic metasurface combined
with a reflective achromatic metasurface. (j), (k) Spectral phase pro-
files (left panel) for the central meta-unit and spatial phase profiles
(right panel) along the radial direction for a (j) transmissive/
(k) reflective achromatic metalens within an arbitrary wavelength
range of λ ∈ �λmin, λmax�.
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among all of the units. The meta-unit at r0 (R0) selected out as
the mean square error is minimum.
Figures 2(c) and 2(d) show the transmission/reflection effi-

ciencies and phase profiles of three transmissive/reflective
meta-units, where the simulated phase agrees well with the theo-
retical value predicted by Eqs. (1) and (4). The numerical sim-
ulations are conducted by the finite-difference time-domain
(FDTD) method with the commercial software Lumerical
FDTD Solutions. It should be emphasized here that the used
meta-units have four-fold symmetry that enables them to work
with polarization independence. By arranging the meta-units
along the x=y directions to follow the achromatic phase profiles
in Figs. 1(j) and 1(k), a broadband achromatic transmissive/
reflective metalens with a continuous range of incidence angles
can be successfully designed. Figure 3(a) shows that the achro-
matic transmissive metalens light waves of 1.35–1.95 μmwith 0°
and 16° incidence angles can be focused at the predesigned focal
plane with a focal length of 22 μm. It should be noted here that
light waves with other incidence angles between 0° and 16°
within the wavelength range of interest can also be focused at

the same focal plane, which has not been shown here. The simu-
lated foci offsets and focal lengths are all consistent with the
theoretically predicted values [Figs. 3(b) and 3(c)]. With the
designed focal length of F=2 (11 μm) for the bottom reflective
achromatic metalens, the simulated distributions of jEj2 at the
four wavelengths and the focal length versus wavelength are pre-
sented in Figs. 3(d) and 3(e), clearly indicating that all the inci-
dent light waves with normal incidence are reflected and focused
at the same point. Achromatic reflective focusing performance
can be verified using light illumination at an arbitrary wave-
length within 1.35–1.95 μm as well.
The broadband metasurface retroreflector can be built by

placing the bottom achromatic reflective metalens at the focal
plane of the transmissive one (Fig. 1). The dielectric spacer
between the transmissive and reflective achromatic metalenses
is assumed to be silica with the thickness being equal to F.
The electric-field distributions in the far-field region above
the metasurface retroreflector can be retrieved by use of the
inverse Fourier transform[35]:

Eref ,v�x,y = 0,z,θ,λ�

= �2π�−2
Z Z �∞

−∞
Av�kx,ky,θ,λ�ejkxx−j

�����������������������
�2π=λ�2−k2x−k2y

p
�z−z0�dkxdky ,

(5)

where Eref ,v�x,y,z,θ,λ� denotes the x �y� component of the
reflected electric field under x-polarized (y-polarized) incidence,

Fig. 2. (a), (b) Schematics of (a) the transmissive meta-units com-
prised of silicon square pillars and square holes, and (b) the reflec-
tive meta-units comprised of silicon square pillars and square holes
on a gold film. (c) Theoretical transmission phase profiles for the
transmissivemetalens at r0 = 6.3 μm (red dashed line), 4.5 μm (azure
dashed line), and 0 (black dashed line), associated with the simu-
lated transmission efficiencies (red, azure, and black dotted lines)
and phase profiles (red, azure, and black solid lines) of three meta-
units with WL

p = 0.18 μm, WL
h = 0.34 μm, and WL

h = 0.10 μm, respec-

tively. (d) Theoretical reflection phase profiles for the reflective
metalens at R0 = 5.4 μm (red dashed line), 3.6 μm (azure dashed
line), and 0 (black dashed line), associated with the simulated reflec-
tion efficiencies (red, azure, and black dotted lines) and phase pro-
files (red, azure, and black solid lines) of three meta-units with
WR

p = 0.20 μm, WR
h = 0.32 μm, and WR

h = 0.18 μm, respectively. The

lattice constants along the x and y directions are P = 0.45 μm,
and the thickness of silicon is H1 = 0.6 μm. The silicon layer is
covered by SU-8 polymer, with the thickness and refractive index
being H2 = 2 μm and 1.555, respectively, and the refractive indices
of other materials are extracted from Ref. [34].

Fig. 3. (a) Distributions of jE j2 in the x–z plane for the transmissive
metalens of 13.95 μm in diameter under the illumination of
x-polarized light waves with 0° and 16° at 1.35, 1.55, 1.75, and
1.95 μm. (b) Foci offsets and (c) focal lengths versus incidence angle
for four wavelengths (1.35, 1.55, 1.75, and 1.95 μm). (d) Distributions
of jE j2 in the x–z plane for the reflective metalens of 12.15 μm in
diameter under the normal illumination of x-polarized light waves
at 1.35, 1.55, 1.75, and 1.95 μm. (e) Focal length of the reflective met-
alens versus light wavelength.
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Av�kx,ky ,θ,λ� = ∫ ∫ �∞
−∞Eref ,v�x,y,z = z0,θ,λ�e−jkxx−jkyy dxdy, and

v stands for x �y�. z0 denotes the distance that departs from
the retroreflector, and Eref ,v�x,y,z = z0,θ,λ� represents the elec-
tric field at the z0 plane (z0 = −3.5 μm in our case). The reflected
electric field can be decomposed into an infinite number of plane
wave components, and the wavenumber of each component is

represented by

�
kx,ky, −

������������������������������������
�2π=λ�2 − k2x − k2y

q �
. Figure 4(a)

presents the distributions of the real part of Eref ,x in the far-field
region from z = −90 μm to −100 μm. It can be clearly seen that
light waves of different wavelengths and incidence angles can be
reflected back along the incidence directions. The upper semi-
circles in Fig. 4(b) present the normalized jAx�φ,ky = 0, θ, λ�j2
(with respect to its maximum value) versus the spatial angle

φ for different wavelengths and incident angles, where φ is
retrieved as φ = arctan�λkx=�2π�� (jkxj ≤ π=λ). On one hand,
Fig. 4(b) further demonstrates that a portion of the light waves
are reflected back along the incidence directions. On the other
hand, Fig. 4(b) clearly shows there is also a portion of incident
power that emerges on the other side of the normal line of the
interface between metasurfaces and air, which is also presented
in Fig. 4(a). This branch of reflected light obeys the general
Snell’s reflection law and is symmetrical to the retroreflected
light with respect to the normal line. The ratio between the
two main branches of the reflected light in the far-field region
is different for different incidence angles or wavelengths. This
can be attributed to the fact that the reflectance arising from
the transmissive metalens is different for different wavelengths.
To remove the reflection of the transmissive metalens, we sub-
tract the reflection field EL

ref ,v�x,y,z,θ,λ� of the transmissive met-
alens from Eref ,v�x,y,z,θ,λ�, and ΔAv�kx,ky,θ,λ� is retrieved as

ΔAv�kx,ky,θ,λ� =
Z Z �∞

−∞
ΔEref ,v�x,y,z = z0,θ,λ�e−jkxx−jkyydxdy,

(6)

with ΔEref ,v�x,y,z = z0,θ,λ� = Eref ,v�x,y,z = z0,θ,λ�−EL
ref ,v�x,y,z=

z0,θ,λ�. The normalized jΔAx�φ,ky = 0,θ,λ�j2 (with respect to
its maximum value) versus the spatial angleφ for different wave-
lengths and incident angles is plotted in the lower semicircles in
Fig. 4(b). It can be clearly observed that the left branches in the
far-field region are highly suppressed. This indicates that the left
branches of the reflected lightmainly come from the reflection of
the transmissive metalens. It is the different reflectance of the
transmissive metalens for different incidence angles or wave-
lengths that results in different ratios between the two main
branches of the reflected light.

Fig. 4. (a) Distributions of the real part of Eref,x for the broadband
metasurface retroreflector under the illumination of x-polarized light
waves for four wavelengths and three incidence angles (5°, 10°, and
15°). (b) In the upper semicircles, the normalized jAx�φ,ky = 0, θ, λ�j2
(solid lines, with respect to its maximum value) versus spatial angle φ
andmin�jrret�θ, λ�j2,jrnor�θ, λ�j2�=max�jrret�θ, λ�j2,jrnor�θ, λ�j2� (dotted
arcs) under the x-polarized incidence for different wavelengths and
incidence angles: 5° (red), 10° (orange), and 15° (green). In the lower
semicircles, the normalized jΔAx�φ,ky = 0, θ, λ�j2 (dashed lines,

with respect to its maximum value) versus spatial angle φ for differ-
ent wavelengths and incidence angles: 5° (red), 10° (orange), and
15° (green).

Fig. 5. (a) Reflection angles and (b) the difference between the reflec-
tion angles and the incidence angles versus incidence angle and
wavelength under x- and y-polarized incidence. (c) Real and imagi-
nary parts of the retroreflection coefficients rret�θ,λ� versus incidence
angles under x- and y-polarized incidence. (d) Values of jrret�θ,λ�j2
versus incidence angle and wavelength under x- and y-polarized
incidence.
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The reflection angles versus the incidence angle within the
wavelength range of interest are presented in Fig. 5(a) and are
consistent with the predesigned retroreflection angles. The
deviation of the reflection angle and the incidence angle is shown
in Fig. 5(b), which clearly indicates that the difference is approx-
imately 1°, almost within the entire wavelength range of interest.
A small regionmerely exists in the left panel of Fig. 5(b), which is
associated with the maximum difference of about 1.8° around
1.7 μm under x-polarized incidence of 16°. The slight discrep-
ancy between the simulated angles and the predesigned angles
can be attributed to the fact that the phase dispersion of the
used transmissive/reflective meta-units does not fully follow
the conditions required by Eqs. (1) and (4). It should be noted
here, as the reflective metalens has a limited size, there is a
restriction for the maximum incidence angle. For an incidence
angle of 16°, the focus of the transmissive metalens locates at
around the boundary of the reflective metalens. For larger inci-
dence angles, the performance of the broadband metasurface
retroreflector will deteriorate, which has not been shown here.
An effective method to increase the maximum incidence angle
can be realized by use of a transmissive achromatic metalens
with a smaller F, which is at the sacrifice of the reduced radii
of both metasurfaces.
As the used meta-units have four-fold symmetry and support

a waveguide-like cavity resonance mode, the meta-units thus
present gentle sensitivity to the polarization states of incidence
light, even if the incident direction significantly deviates from
the normal line[33]. Therefore, the resultant metasurface retro-
reflector is highly anticipated to operate with polarization inde-
pendence. Other cross sectional shapes, such as a circle can also
be an alternative for the meta-units. The retroreflection coeffi-
cients describing the relation between the incident plane wave
component of incidence angle θ and its retroreflective counter-
part for x and y polarizations can be estimated as

rret�θ, λ� =
�Z Z �∞

−∞
Eref ,v�x,y,z = z0,θ,λ�e−

j2π
λ x sin θdxdy

�
��Z Z �∞

−∞
Einc,v�x,y,z = z1,θ,λ�e

j2π
λ x sin θdxdy

�
, (7)

where Einc,v�x,y,z,θ,λ� denotes the x �y� component of the inci-
dent electric field under x-polarized (y-polarized) incidence. z1
denotes the coordinate along the z axis, in which the incidence
source locates, and Einc,v�x,y,z = z1,θ,λ� represents the electric
field of the incidence source. The dependence of the real part
and the imaginary part of rret�θ, λ� on the incidence angle is
shown in Fig. 5(c). It is apparent that rret�θ, λ� for x polarization
almost coincides with that for y polarization from 0° to 16° inci-
dence angles within the wavelength range of interest. The esti-
mated efficiency of retroreflection, jrret�θ, λ�j2, ranges from
0.16 to 0.61 [Fig. 5(d)], lower than that with the grating struc-
tures[25–28]. The causes of higher retroreflection efficiency of
the grating structures can be attributed to the fact that periodical
structures are employed so that the tangential momenta pro-
vided by gratings match those of the retroreflected waves.

Another coefficient describing the relation between the incident
plane wave component of incidence angle θ and its normally
reflective counterpart for x and y polarizations can be
estimated as

rnor�θ, λ� =
�Z Z �∞

−∞
Eref ,v�x,y,z = z0,θ,λ�e

j2π
λ x sin θdxdy

�
��Z Z �∞

−∞
Einc,v�x,y,z = z1,θ,λ�e

j2π
λ x sin θdxdy

�
: (8)

The min�jrret�θ, λ�j2,jrnor�θ, λ�j2�=max�jrret�θ, λ�j2,jrnor�θ, λ�j2�
under the x-polarized incidence for different wavelengths and
incidence angles are plotted in Fig. 4(b) and match well with
the ratio between the two branches of the reflected light in the
far-field region.

3. Conclusion

In conclusion, we have proposed a strategy of building broad-
band retroreflectors by use of transmissive and reflective achro-
matic metalenses. A silicon metasurface retroreflector at the
telecom wavelengths is designed and numerically demonstrated
by use of this design strategy, demonstrating the capability of
retroreflecting polarization-independent light waves with the
wavelength range between 1.35 and 1.95 μm over a continuous
range of incidence angles from 0° to 16°. The design strategy can
also be extended to the visible light band. The presented results
point out a promising avenue to design complex metasurface
photonic devices that are broadband and polarization friendly.
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