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Achieving electromagnetic wave scattering manipulation in the multispectral and broad operation band has been
a long pursuit in stealth applications. Here, we present an approach by using single-layer metasurfaces composed
of space-variant amorphous silicon ridges tiled on a metallic mirror, to generate high-efficiency dual-band and
ultra-wideband photonic spin-orbit interaction and geometric phase. Two scattering engineered metasurfaces
have been designed to reduce specular reflection; the first one can suppress both specular reflectances at
1.05–1.08 μm and 5–12 μm below 10%. The second one is designed for an ultra-broadband of 4.6–14 μm, which
is actually implemented by cleverly connecting two bands of 4.6–6.1 μm and 6.1–14 μm. Furthermore, the
presented structures exhibit low thermal emission at the same time due to the low absorption loss of silicon
in the infrared spectrum, which can be regarded as an achievement of laser–infrared compatible camouflage.
We believe the proposed strategy may open a new route to implement multispectral electromagnetic modulation
and multiphysical engineering applications. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000586

1. INTRODUCTION

In recent years, artificial metasurfaces have enabled rapid devel-
opment of ultrathin optical devices that can modify the light
wavefront by altering its phase and amplitude [1–6]. A variety
of functional devices based on metasurfaces have been proposed
and demonstrated, including vortex beam generators [7,8],
polarization modulators[9–11], flat lenses [12–14], perfect
absorbers [15], and optical holograms [16–18]. Since metasur-
faces open a new route to redirect reflected wave around the
object, numerous structures have been put forward and exper-
imentally characterized to reduce the reflection and scattering of
objects, resulting in desired camouflage or invisibility [19–24].
Utilizing the phase discontinuity of metasurface, the electro-
magnetic shape of the objects can be arbitrarily manipulated
with no influence on their geometric properties. However, most
current phase-gradientmetasurfaces are designed in only a single
spectrum with narrow bandwith. Though some dual-band and
wideband approaches are achieved by vertical stacking of meta-
surfaces [21,25], the volume and fabrication difficulty are inevi-
tably increased. In addition, these low-reflection metasurfaces
generally cannot achieve thermal invisibility at the same time
due to their high infrared absorption/emission arising from

the complex metal–dielectric composites. Recently, by combin-
ing the low thermal emission nature of metal and geometric
phase, all-metallic metasurfaces have been proposed to reduce
both the specular reflectance and infrared emissivity [26].
Nevertheless, the operating bandwidth is significantly limited.

In this paper, we present two metasurfaces to simultaneously
implement low infrared specular reflection and emission in
dual-band and ultra-broadband ranges, respectively. Both meta-
surfaces comprise a monolayer of amorphous silicon (α-Si) gra-
tings with the same geometry but diverse spatial orientations
deposited on a metal mirror, which can be utilized to generate
dual-band and wideband high-efficiency photonic spin-orbit
interaction (PSOI) and geometric phase. Theoretically, low
thermal emission results from silicon, which is nearly free of
loss in the infrared spectrum, and low specular reflection can
be achieved by tailoring the wavefront and redirecting the
reflected energy to other angles.

2. DESIGN AND METHODS

The reflected wavefront can be modified by modulating the
phase of scattered wave upon structured surfaces. According to
the generalized Snell’s law [27,28], by properly designing
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the phase distribution, the reflected light will be forced to
propagate in well-defined ways with respect to the specular re-
flection direction. Therefore, the specular reflectance can be
reduced by taking advantage of the anomalous reflection prop-
erty. In the following, we focus on the geometric or so-called
Pancharatnam–Berry (PB) phase [29,30]. According to the
PSOI in inhomogeneous structures, under circularly polarized
incidence, the cross-polarized light will be imprinted with a
geometric phase that is twice the fast axes orientation angle
of the half-wave plate [ζ�x, y�] and can be written as Φ�x, y� �
2σζ�x, y� [14,24]. Here, σ � �1 denotes the left- and right-
handed circular polarizations (LCP and RCP). In our design,
the reflective half-wave plate is composed of a layer of α-Si
ridges tiled on a gold (Au) mirror. Therefore, by controlling
the local orientation of the fast axes of α-Si ridges between
0 and π, phase pickups can be achieved that cover the full
0-to-2π range. This provides full control over the wavefront.
In the simplest case, hereafter we choose two α-Si ridge arrays
with the orientation angle difference of Δζ � π∕2 in a chess-
board-like configuration (Fig. 1); thus, the reflection phase dif-
ference of ΔΦ � π is induced between the adjacent super-
units. In this alternating circumstance, the metasurface is vir-
tually shaped just like a chessboard pattern with different step
heights [31]. When an electromagnetic wave is illuminated on
this structure, the light is scattered mainly in offset directions;
as a consequence, the reflected energy along the specular direc-
tion is considerably reduced. Owing to its four-fold geometrical
symmetry, the metasurface is insensitive to polarization states of
the incident waves and can be treated as polarization indepen-
dent [26]. We should note that, although here the metasurface
consists of dielectric gratings with only two orthogonal orien-
tation angles, the design can be easily extended to create more
complex electromagnetic functions [14,24,26].

A. Dual-Band and Ultra-Broadband Unit Cell Design
The unit cell of our metasurface, which serves as a reflective
half-wave plate, composed of a periodic birefringent α-Si ridge
array placed on an Au mirror, is illustrated in Fig. 2(a), where p

is the period, w is the width of α-Si ridges, and h is the thickness
of the ridges. Each ridge behaves as an anisotropic truncated
waveguide and supports substantial phase retardation between
the orthogonal polarizations along two main axes [14]. In prac-
tice, the thickness of the unit cells could be much smaller com-
pared with the free-space wavelength due to the high refractive
index of the semiconductors [32], especially for this reflective
configuration. In the following, we first design a half-wave plate
in a dual-band involving the wavelengths of 1.06 μm and
10.6 μm, which are two significant wavelengths for lasers in
near- and far-infrared regimes. The geometric parameters are
p � 0.58 μm, w � 0.3 μm, and h � 1.3 μm. The reflection
amplitude and phase for the unit cells under x- (TM) and
y- (TE) polarized waves are calculated using CST Microwave
Studio with periodic boundary condition. Figure 2(b) shows
the calculated phases for the orthogonal polarizations from
20 THz to 300 THz as well as the relative phase difference
(ΔΦ � Φy − Φx). Attributed to the dispersion difference
between two orthogonal directions and strong resonances sup-
ported by the α-Si array, one can see that [shadow area in
Fig. 2(b)] the phase shift at around 277–286 THz (1.05–
1.08 μm) and 25–60 THz (5–12 μm) is close to π and −π,
respectively. The corresponding reflectances for cross-polarized
and co-polarized components under circularly polarized illumi-
nation are calculated as depicted in Fig. 2(c). We observe that
the co-polarized reflectance at 1.05–1.08 μm and 5–12 μm is
less than 10%; correspondingly, the cross-polarized reflectance
is higher than 90%, indicating that the α-Si ridges can serve as a
dual-band reflective half-wave plate. The reflected electric field
distributions under TE and TM incidence at the wavelengths
of 1.06 μm and 10.6 μm are given in Figs. 2(d) and 2(f ), re-
spectively; π phase retardation between the two orthogonal di-
rections can be observed. We also provide the reflected phase
profiles at 1.06 μm and 10.6 μm to further verify the desired
phase delay, as shown in Figs. 2(e) and 2(g). In addition, we
note that the electric fields in the gap between two ridges
for TM illumination can be fitted to a catenary shape, which
is according to previously reported catenary optics [24,33,34];
the generalized catenary model and fittings are given in
Appendix A. As a common semiconductor material, the silicon
ridge supports complex resonances not only responsible for the
dual-band polarization conversion, but also can support ultra-
broadband PSOI. As shown in Fig. 2(h), a wideband and high-
efficiency polarization conversion in 4.6–4 μm is obtained
by connecting two bands of 4.6–6.1 μm and 6.1–14 μm.
The corresponding geometric parameters of the α-Si ridge
are p � 3.8 μm, w � 1.1 μm, and h � 1.9 μm. To get a
clearer visualization of this broadband effect, we provide the
spectra of reflection amplitude and phase under TE and
TM illuminations, as depicted in Figs. 2(i) and 2(j). A sharp
reflection dip at 49.4 THz (6.1 μm) and 2π jump of phase
shift from 49 THz to 50 THz can be found for the TM
wave, leading to an abrupt phase retardation between the two
orthogonal polarizations, as illustrated in Fig. 2(k). The sub-
stantial swing in phase shift for TM wave is attributed to
the mode transformation, which can be seen from the magnetic
field distributions in Fig. 2(m); the α-Si ridges support a
first-order resonance at 49 THz but a second-order resonance

Fig. 1. Schematic of the scattering engineeredmetasurfacewith a chess-
board-like configuration; λ1 and λ2 denote the incoming wavelengths
from two infrared bands. Inset illustrates the super cell of the metasurface.
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at 50 THz. The above results confirm that our designs can sup-
ply dual-band and ultra-broadband reflective half-wave plates.

B. Full-Model Calculation and Simulation
In the following, we focus on the full-model calculation and
simulation. As shown in Fig. 3, when electromagnetic waves
illuminate on the chessboard-like metasurface, the directions
of the reflection field can be predicted based on a theoretical
basic. Assuming the incident wavelength is λ and the incident
angle is (θ0,φ0), the dimensions of the super-units for the
metasurface are d x and d y, respectively. The reflection field
direction (θ, φ) can be calculated by [35]

tan φ �
sin θ0 sin φ0 � �2n� 1� λ

2d y

sin θ0 cos φ0 � �2m� 1� λ
2d x

, (1)

sin θ �
sin θ0 sin φ0 � �2n� 1� λ

2d y

sin φ

�
sin θ0 cos φ0 � �2m� 1� λ

2dx

cos φ
, (2)

where θ and φ are the elevation and azimuth angles, respec-
tively. n� m� 1 defines the order of the grating lobes
regarding the chessboard structure. Assuming d x � d y, under
normal incidence (θ0 � φ0 � 0°), the first-order grating lobes
(n � m � 0) are expected as

tan φ � � d x

d y
� �1, (3)

sin θ � � λ
ffiffiffi

2
p

d y
� � λ

ffiffiffi

2
p

d x
: (4)

This is to say that the backscattered energy is redirected mainly
to four diagonal directions in the 45° planes (φ � 45° and
135°). For the dual-band metasurface, each super-unit com-
prises 20 periodic α-Si ridges (i.e., d x � d y � 11.6 μm).
According to Eq. (4), θ � �3.7° and θ � �40° can be
obtained at λ � 1.06 μm and λ � 10.6 μm, respectively. For
the ultra-wideband metasurface, each super-unit is set to consist
of five periodic α-Si ridges (i.e., d x � d y � 19 μm), and the
elevation angle θ increases from 9.8° to 31.4° with respect to
the incident wavelength changing from 4.6 μm to 14 μm.

Fig. 2. Numerically calculated results of the (a)–(g) dual-band and (h)–(m) ultra-broadband unit cells. (a) Schematic view of a periodic α-Si ridge
array on a gold mirror. (b) Reflection phase for the unit cells under x- (TM) and y- (TE) polarized incidences, as well as the relative phase difference
between x and y polarizations. (c) Cross-polarization and co-polarization reflectances under circularly polarized illumination at near-infrared and far-
infrared spectra. (d), (e) Calculated (d) electric field distributions and (e) phase profiles for TE- and TM-polarized illuminations at 1.06 μm.
(f ), (g) Calculated (f ) electric field distributions and (g) phase profiles for TE- and TM-polarized illuminations at 10.6 μm. (h) Ultra-broadband
cross-polarization and co-polarization reflectances under circularly polarized illumination. (i), (j) Calculated (i) reflectance and (j) phase for TE and
TM illuminations. (k) Phase difference between the two orthogonal polarizations. (l) Phase distributions for TM illumination at 49 THz and
50 THz. (m) Magnetic field profiles for TM illumination at 49 THz and 50 THz.
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It should be noted that although the specular reflection can be
completely suppressed theoretically, it is actually limited by the
polarization conversion efficiency of the metasurface according
to the PSOI. Thus, full-wave simulations are performed to check
the performance of these devices. A subgroup made of 2 × 2
super-units with mutually orthogonal orientations is simulated
with periodic boundaries. For the dual-band metasurface,
the simulated three-dimensional (3D) scattering patterns for
x-polarized normal incidence at 1.06 μm and 10.6 μm are illus-
trated in Figs. 3(a) and 3(b). As described theoretically by this
model, it presents a minimum value at θ � 0° (z direction), and
the power is scattered in the 45° planes (φ � 45° and 135°).
We also provide the corresponding φ � 45° (or 135°) plane
scattering pattern of the metasurface in Figs. 3(c) and 3(d).
The scattering elevation angle θ is in good agreement with
the theoretic predictions. In Fig. 3(d), we can see that the
reflectance at θ � 0° is not zero. This is due to the fact that
the structure is not a perfect half-wave plate at λ � 10.6 μm.
However, the reflectance is still reduced to be less than 0.1.
The simulated near-infrared and far-infrared reflectance spectra
of the metasurface are also given in Figs. 3(e) and 3(f ). Similarly,
the simulated results for the ultra-broadband metasurface are
illustrated in Figs. 3(g)–3(k). Figures 3(g)–3(j) show the 3D
and φ � 45° plane scattering patterns at the wavelengths of
5 μm and 12 μm, and Fig. 3(k) illustrates the simulated specular
reflectance spectrum of the metasurface; excellent broadband
reflection reduction can be observed.

3. EXPERIMENT AND DISCUSSION

In experiment, to reduce the fabrication difficulty and make it
easy for experimental characterization, the ultra-broadband
metasurface sample is considered and fabricated with an area
of 14 mm × 14 mm by using conventional photolithography
techniques. The fabrication procedure is presented in Fig. 4(a).
First, an Au layer as the mirror with a thickness of 200 nm is
sputtered on a 2 mm thick quartz substrate using magnetron
sputtering. Then a layer of α-Si with the thickness of 1.9 μm
is deposited upon the Au film, and a 500 nm thick AZ1500
photoresist layer is coated on the α-Si film. The target pattern
is formed by laser direct writing on the upper photoresist.
Subsequently, the pattern is transferred into the α-Si film
using reactive ion etching (RIE). Finally, the residual photoresist
is removed by dipping it into acetone, and the sample is formed.
The scanning electron microscope (SEM) image of part of the
fabricated metasurface is shown in Fig. 4(b) [center of Fig. 4(a)].

The reflectance of the sample is measured using the Fourier
transform infrared (FTIR) spectrometer. A pair of off-axis con-
cave mirrors is used to collect and collimate the beams, and they
are bothmounted on guide rails and fixed with an infrared emit-
ter and detector, respectively. The incident and reflected angles
can be easily changed by rotating the guide rails. However, due
to the geometric dimension limit of the concave mirrors, the
specular angle can be adjusted only by larger than 15°.
Therefore, we choose three specular angles, −15°, 20°, and 30°,

Fig. 3. Full-wave simulations for the (a)–(f ) dual-band and (g)–(k) ultra-broadband metasurfaces for x-polarized normal incidences. (a), (b) 3D
scattering patterns of the dual-band metasurface at 1.06 μm and 10.6 μm, respectively. (c), (d) Scattering patterns of the dual-band metasurface on
φ � 45° plane at 1.06 μm and 10.6 μm, respectively. (e), (f ) Calculated specular reflectance spectra of the dual-band metasurface and an Au plate.
(g), (h) 3D scattering patterns of the ultra-broadband metasurface at 5 μm and 12 μm, respectively. (i), (j) Scattering patterns of the ultra-broadband
metasurface on φ � 45° plane at 5 μm and 12 μm, respectively. (k) Calculated specular reflectance spectra of the ultra-broadband metasurface and an
Au plate.
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for measurements. Themeasured reflectances under polarization-
independent incidence in 4–14 μm are recorded in Fig. 4(c). For
comparison, a same-sized Au plate without the subwavelength
gratings is alsomeasured.We observe that the specular reflectance
of the metasurface is less than 0.1 μm from 4.6 μm to 6 μm and
7.5 μm to 13 μm for all the incidence angles. The overall results of
the measured reflection spectra qualitatively agree with the pre-
dicted spectra, while the slight difference between the measure-
ments and simulations may be attributed to the fabrication
imperfections and polarization-independent oblique incidences
(see Appendix B). In general, the obtained results indicate that
our structure has excellent performance in suppressing the specu-
lar reflection over broadband and wide incidence angles.

In addition, since silicon is nearly free of loss in mid- and
far-infrared spectra and our designed metasurface is composed
of just a layer of α-Si ridges on top of an Au mirror, the struc-
ture still exhibits low thermal infrared emission. Here, we
compare the surface emissivity of the metasurface sample and
a gold plate measured by a commercial thermal infrared imager
to illustrate this issue. The measurement is performed at room
temperature (20°C), and the results are shown in Fig. 4(d). The
fabricated sample, a ceramic doll, and a bare gold plate are
placed on a metallic optical platform. By comparing their mea-
sured temperatures, we find that the surface emission of the
metasurface and the metallic plate is much lower than that
of the ceramic doll, and the metasurface exhibits low emissivity
comparable to that of a flat gold plate (<0.1; the theoretic cal-
culations and comparison can be seen in Appendix C).

4. CONCLUSION

In summary, we have presented a kind of single-layer silicon-
based metasurface to achieve high-efficiency dual-band and
ultra-broadband geometric phase modulation in infrared re-
gime. Simultaneous low specular reflection and low thermal
emission behaviors have been performed by combining low-
infrared-loss materials and high-efficiency PSOI in subwave-
length structures. The simulated and measured results show
excellent specular reflection reduction in dual-band, broad
spectrum, and wide incident angles. To our knowledge, this is
the first time to achieve wavefront manipulation for simultane-
ous 1.06 μm and 10.6 μm, as well as broad operating band-
width ratio over 3∶1 by using only a single-layer dielectric
metasurface. Also, this design method as well as the fabrication
process is universal and can be easily applied in other spectra.
We believe these multifunctional metasurfaces are promising
candidates to achieve multispectral and multiphysical applica-
tions such as laser-infrared compatible stealth. In addition, this
approach can be applied to design tunable metasurfaces, which
has more extensive applications [36].

APPENDIX A: CATENARY OPTICAL FIELDS

Figures 5(a) and 5(b) show the calculated electric field magni-
tude distributions Ex of the α-Si array under x-polarized inci-
dence at the wavelengths of 1.06 μm and 10.6 μm, respectively.

Fig. 4. Sample fabrication and measurements. (a) Schematic of the
fabrication process. (b) SEM image of part of the fabricated metasur-
face. Scale bar: 50 μm. (c) Measured reflectance spectra of the fabri-
cated sample and Au plate under oblique incidences. (d) Measured
thermal infrared images of a ceramic doll, a gold plate, and the fab-
ricated sample. The white dotted frame marks the fabricated area.

Fig. 5. Simulated electric field magnitude distributions Ex in the gap between two α-Si ridges under x-polarized illumination and the catenary
curves fitting at the wavelength of (a) 1.06 μm and (b) 10.6 μm, respectively.
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One can see that there are strong localized field enhancements
in the gap between two α-Si ridges for Ex component. The
electric fields in the gap between two ridges can be fitted to
a catenary shape. The magnitudes of the Ex along the center
of the gap are given together with the curves fitted by gener-
alized catenary function:

jEx j � a exp�bx� � c exp�dx� � e, (A1)

where a, b, c, d , and e are the variables in the generalized cat-
enary function. For the wavelength of 1.06 μm, the fitting co-
efficients, respectively, are a � c � 0.024, b � d � 31.53, and

e � 2.746with R-square equal to 0.9996. For the wavelength of
10.6μm, the fitting coefficients, respectively, are a � c � 0.054,
b � d � 39.90, and e � 2.63 with R-square equal to 0.9985.
We observe that both catenary curves (solid curves) can well
approach the simulated electric field profiles (dotted curves).

APPENDIX B: FULL-WAVE SIMULATIONS
UNDER OBLIQUE INCIDENCES

Although the chessboard-like configuration has four-fold geo-
metrical symmetry and thus is insensitive to the polarization

Fig. 6. Full-wave simulated specular reflectance spectra of the metasurface under oblique incidences of (a) 15°, (b) 20°, and (c) 30°, respectively.

Fig. 7. Calculated absorption spectra of a gold plate with and without the α-Si ridge array under TE and TM illuminations with different
incidence angles.
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states of normally incident waves, under oblique illuminations,
there will be some differences between TE and TM polariza-
tions. Figure 6 shows the full-wave simulated specular reflec-
tances of the broadband metasurface under the incidences
of 15°, 20°, and 30°. The resonances at the short wavelengths
are attributed to high-order diffraction under oblique inciden-
ces. Considering that the incident light is polarization indepen-
dent in the experiment, the measured results [Fig. 4(c) of the
main text] are in good agreement with the simulations.

APPENDIX C: NUMERICAL CALCULATIONS OF
EMISSIVITY

Here, we calculate the emissivity of an α-Si ridge array depos-
ited on a gold plate. According to Kirchhoff ’s thermal radiation
law, emissivity (E ) equals absorptivity (A) when the material is
in the condition of thermal equilibrium, i.e., E � A. Thus the
surface emissivity of the α-Si array can be obtained by calcu-
lating its infrared absorptivity, as shown in Fig. 7, first and
second columns. For comparison, the emissivity/absorptivity
of a bare gold plate has also been calculated, as illustrated in
Fig. 7, third column. One can see that the absorption of
the structure with α-Si ridges is a little higher than that of
the bare gold mirror. However, the mean values are still below
0.1. The absorption peak at 8.5 μm for 60° TM illumination
originates from the ohmic loss of surface electromagnetic
wave propagating along the metallic surface under oblique
incidence.
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