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Metasurfaces, composed of sub-wavelength structures, have
a powerful capability to manipulate light propagations.
However, metasurfaces usually work either in pure reflec-
tion mode or pure transmission mode. Achieving full-space
manipulation of light at will in the optical region is still
challenging. Here we propose a design method of full-space
meta-device containing a bilayer metasurface sandwich-
ing 1D photonic crystal to manipulate the transmitted
and reflected wave independently. To provide a proof-of-
concept demonstration, a device is proposed to show the
light focusing in transmission and a vortex beam in reflec-
tion. Meanwhile, a device focusing the reflected light with
oblique 45° incidence and the transmitted light with normal
incidence is designed to indicate its application potential in
augmented reality (AR) application. Our design provides a
promising way to enrich the multifunctional meta-devices
for potential applications. © 2023 Optica Publishing Group
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The modulation of electromagnetic (EM) wavefront has always
been a hotspot for researchers. In the past decades, metasurface
[1], as a 2D version of the metamaterial, has attracted more
and more researchers’ interest due to its compact architecture
and powerful light modulation capabilities [2]. Many fascinat-
ing effects, such as focusing [3-7], holography [8,9], etc., have
been realized by metasurfaces, showing great promises in optics
applications [10-17].

Nevertheless, metasurfaces usually work either in pure reflec-
tion mode [18,19] or pure transmission mode [20,21], leaving
half the EM space unutilized. Recently, full-space multifunc-
tional metasurfaces characterized by independent EM manip-
ulation in both transmission and reflection space have been
proposed in the microwave region. Specifically, most trans-
mission and reflection integrated metasurfaces (TRIM) utilize
two orthogonal polarizations to realize the respective transmis-
sion and reflection functions, which makes them polarization
dependent [22-29]. Besides, resonant phase and one or more
carefully designed polarization selection layers are used in the
microwave region TRIM design scheme. Nevertheless, in the
optical regions, the resonant phase has severe absorption loss,
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and the counterpart of the polarization selection layer above is
also challenging. Collective interference effects of supercells
were also utilized to independently modulate the transmission
mode and reflection mode with different circular polarized light
incidences [11]. However, the proposed bifacial metasurface is
still polarization-sensitive, leaving the function in quite lim-
ited scenarios. On the other hand, bilayer metasurfaces with
extended design freedom have been showing powerful capabil-
ities in correcting imaging aberrations [30—32] and increasing
polarization channels [33]. Such a configuration would possibly
provide promising solutions to overcome the TRIM challenge.

In this Letter, we propose a design method for the indepen-
dent modulation of the transmitted and reflected light in the
optical regions. By integrating a bilayer metasurface embed-
ded with a 1D photonic crystal, the designed device can control
the transmission wavefront at 1, =1550nm and also reshape
the reflection wavefront at 1,=1250nm, as shown in Fig. 1.
More importantly, wavefront modulation in both transmission
and reflection modes is polarization independent. The effects
of focusing and generating vortices of transmitted and reflected
beams are demonstrated by specific phase distribution designs.
Simulations with both normal and oblique incidences are also
performed to illustrate the excellent phase modulation capability
and angle robustness.

Figure 2(a) schematically shows a unit cell of the spaced
bilayer metasurface with a 1D photonic crystal inserted in the
middle. There are two types of meta-atoms with the same mate-
rial and height employed in each layer as illustrated in Fig. 2(b).
The meta-atoms in the bottom layer and the inserted 1D photonic
crystal are embedded in a SUS layer, and the top layer of meta-
surface is surrounded by air. The top and bottom layers of the
meta-atoms with fourfold symmetry provide the polarization-
insensitive propagation phase to meet the requirements of the
transmitted and reflected wavefront modulation. The inserted 1D
photonic crystal acts as a dichroic filter. The 1D photonic crystals
are constructed by stacking high refractive index material amor-
phous silicon (a-Si) and low refractive index material silicon
dioxide (SiO,) alternatively as shown in Fig. 2(c). By varying the
thickness of the two materials in one basic unit of the multilayer
structure, the center frequency and the width of the photonic
crystal bandgap can be adjusted. Thus, the device can achieve
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Fig. 1. (a) Schematic of generating vortex beam of reflected wave.
(b) Schematic of focusing effect of transmitted wave.

(@) (b) (©

Fig. 2. (a)Schematic of the bilayer nanostructure sandwiching 1D
photonic crystal. The thickness of the first layer of SUS8 (/;), the total
thickness of the inserted 1D photonic crystal (/;), and the thickness
of the second layer of SU8 (/3) are shown. (b) Schematics of single-
layer meta-atoms of two basic symmetric shapes (circle and square).
The height (H), side length (W), diameter (D), and period (P) are
shown. (c) Schematic of the 1D photonic crystal alternately stacked
by a-Si with thickness (dy) and SiO, with thickness (dy).

low-frequency transmission and high-frequency reflection or
vice versa.

Suppose that a light beam of wavelength A, transmits and a
beam of wavelength A, reflects. When a beam of wavelength 4,
is incident on the device, it will successively pass through the
bottom layer of the metasurface, the 1D photonic crystal, and
the top layer of metasurface. The phase modulation imposed on
the beam at wavelength A, is expressed as ¢,,,(7; A1)+ Goorom(t;
A1), where ¢,,, and @y, are the phase profile of the top and
bottom metasurfaces, respectively. While for a beam of wave-
length A,, it will be reflected back after passing through the
bottom metasurface and be modulated by that once more. The
phase modulation imposed on the beam at wavelength 1, can
be expressed as 2@pou0m (1 A2). We denote the phase profile pro-
vided by the device in the transmission mode as (7, 1;), and
the phase profile in the reflection mode is ¢x(7, A,). To achieve
independent modulation of transmission and reflection modes,
these terms should satisfy relations as follows:

[SDT(rs /11) = ‘ptop(ry /11) + Sabottam(r’ /11) (1)

SDR(r’ /12) = 2¢bottam(ra /12)

Specifically, the material of meta-atoms (nanoposts) is set as
amorphous silicon (a-Si), which ensures a high modulation
efficiency due to its high refractive index and relative high trans-
mission at near-infrared wavelengths even when embedded in
a photoresist (SUS8) layer. The height of nanoposts (H) is set
as 1000 nm, and the unit size (P) is set as 500 nm. The geom-
etry parameters of these structures (such as side length (W)
or diameter (D)) are designed in the range of 100 to 400 nm.
By employing a commercial software (Lumerical FDTD Solu-
tions), we obtained the electrical field responses in this meta-unit
library. The thickness of the first layer of SU8 (/;) is set to
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Fig. 3. (a) Energy band diagram of the 1D photonic crystal.
The bandgap is identified by a gray rectangle. The green-dotted
box highlights the frequency range corresponding to the abscissa
value shown in (b). (b) Simulated transmittance and reflectance of
the 1D photonic crystal. The red- and blue-dotted lines identify
the reflection and transmission operating wavelengths, respectively.
Simulated transmittance and reflectance at wavelength 1250 nm (d)
and wavelength 1550 nm (e) as a function of incidence angle. Simu-
lation results of the field distributions across the unit cell at 1550 nm
(c) and 1250 nm wavelength (f) incidence. Dashed boxes represent
the meta-atoms, and dash-dotted boxes represent the 1D photonic
crystals.

1500 nm, and the thickness of the second layer of SU8 (I;) is
set to 500 nm. To introduce a bandgap edge in the near-infrared
region, the thickness of Si in one basic unit of the 1D photonic
crystal denoted as dy is calculated as 70 nm, and the thickness
of SiO, denoted as d; is calculated as 170 nm according to
the theory of photonic crystals [34]. The transmittance of 1D
photonic crystals with a different layer number is simulated by
commercial software (Lumerical FDTD Solutions). It can be
found that four basic units stacked can make the bandgap edge
sharp enough to realize the transmission—reflection modulation.
Hence the total thickness of I, is 960 nm.

The 1D photonic crystal sandwiched between two layers of
metasurfaces is the core of transmission and reflection control.
In Fig. 3(a), we plot w,(k) (n=1,2) for the 1D photonic crystal
mentioned above. A gap occurs between bands n=17 and n=2,
at the Brillouin zone’s edge. There is no allowed mode in the
crystal that has a frequency within photonic bandgap, over the
entire range of the Brillouin zone (we use ka/27t to label the hori-
zontal axis shown in Fig. 3(a), where k is the wave vector). Thus,
the transmittance of the frequency within the bandgap is close
to zero. Figure 3(b) shows the transmittance and reflectance of
the 1D photonic crystal in the near-infrared region, represented
by the blue and red lines, respectively. Accordingly, the oper-
ating wavelength of transmission mode A, is set to 1550 nm,
which is outside the photonic bandgap, and the corresponding
transmittance is 98.28%. The operating wavelength of reflection
mode 4, is set to 1250 nm, which is inside the photonic bandgap,
and the corresponding reflectance is 98.57%. The green-dotted
box in Fig. 3(a) highlights the frequency range corresponding
to the abscissa value shown in Fig. 3(b), thereby enhancing the
clarity of their relationship. Figures 3(d) and 3(e) demonstrate
the transmittance and reflectance as a function of the angle
of incident light for the transmission and reflection operating
wavelengths, respectively. For A, =1250nm, a high reflectance
of 84% can still be obtained when the incidence angle reaches
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45°. A relatively high transmittance (greater than 71%) can be
obtained, at wavelength 4, = 1550 nm, when the incidence angle
is less than 25°. To visualize the mechanism of the full-space
modulation of our design scheme, Figs. 3(c) and 3(f) show
the simulated electric field distribution across the unit cell at
1550 nm and 1250 nm wavelength incidence, respectively.

Based on Eq. (1), the design method of a device with inde-
pendent modulation of transmission and reflection EM space
in the near-infrared region can be constructed by the follow-
ing steps. The first is to select the meta-atoms in the bottom
layer satisfying @pouom(7; A2) = @r(14,)/2 at wavelength A, from
the meta-unit library. Secondly, one should obtain the electro-
magnetic corresponding at wavelength A, of the just selected
meta-atoms @pom(t; A1). Thirdly, we can select the meta-atoms
in the top layer metasurface, whose phase profile satisfies ¢,,,(7,
A1) =@r(t, A1) - Qporom(t, A1), and then the top layer and the
bottom layer of the metasurface jointly satisfy the phase profile
or(r, A;) at wavelength A;.

As aproof of concept, we start by designing a full-space device
with a diameter of 40 um, which can focus the transmitted light
and reflected to a vortex beam with numerical apertures (NA) of
0.6 and 0.3 at 4, and A,, respectively. To achieve this, the phase
profiles of transmission mode and reflection mode should be

or(r, A1) = —nrz—ﬂ( 2+t = fr)
A

o ; (2
er(r, ) = _nR/l_z( P+ fl = fo) +10
where n; and ny are the refractive indices of the transmission
and reflection spaces, respectively, r is the radial axis, 6 is the
azimuthal angle, [ is the topological charge (set as —1), and f
and f; are the focal lengths of the transmission and reflection
modes (set as 34 um and 67 pm, respectively).

According to the design steps mentioned above, the meta-
atoms in top and bottom layers of the metasurface are carefully
selected such that both the phase distributions can satisfy Eq. (1).
To characterize this full-space light propagation, we simulated
the intensity distributions of the optical field in x—z plane in
transmission and reflection modes, which are normalized against
the maximum value in the pattern. Figures 4(a) and 4(b) show
the intensity distribution in reflection and transmission spaces,
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Fig. 4. Normalized intensity distribution in x—z plane of reflection
space (a) and transmission space (b) in the transmission mode at
wavelength A;. Normalized intensity distribution in x—z plane of
reflection space (c) and transmission space (d) in the reflection
space at wavelength A,. Normalized intensity distribution in the
focal plane of the transmission mode (e) and the reflection mode
(f). Near-field phase profile of transmitted wave (g) and reflected
wave (h).
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Fig.5. Schematic of focusing the reflected wave with an incidence
angle of 45° (a) and transmitted light with normal incidence (d).
The black-dashed box represents the TRIM. Normalized intensity
distribution in x—z plane in the reflection mode (b) and the transmis-
sion mode (e). Normalized intensity distribution in the focal plane
of the reflection mode (c) and the transmission mode (f).

respectively, in the transmission mode at wavelength A,. We find
that the transmitted waves are indeed well converged with a focal
length of 36 um, identified as the maximum field point in the
|E|*> ~ z curve along the central z axis. The focal length identified
agrees reasonably with the designed value of 34 um. The inten-
sity profiles of the focal plane and that along the x direction are
depicted in Fig. 4(e). The full width at half maximum (FWHM)
of the focal spot is 1.6 um, in coincident with a diffraction limit
focusing. The diffraction efficiency is 72.27%, which is calcu-
lated from the power in the focal spot (3 x FWHM) over that of
the focal plane in the same area of metalens. Figure 4(g) shows
the near-field phase profile of the device in the transmission
mode. And the whole efficiency is 57.04%.

The characterization procedure in reflection mode is the same
as that for the transmission mode. Figures 4(c) and 4(d) show
the intensity distribution of reflection space and transmission
space, respectively, in the reflection mode at wavelength A,. The
focal length is identified as —65 um, quite close to the designed
value —67 um. The intensity profiles of the focal plane and that
along the x direction are also depicted in Fig. 4(f). The simulated
phase profiles of the reflected wave are shown in Fig. 4(h). It
can be observed that the spiral phase of the reflected wave is
counterclockwise as designed.

As shown in Figs. 4(c), 4(f), and 4(h), the amplitude null
at the center area and the spiral phase show the characteristic
of the vortex beam with the OAM mode [/ =-1. Therefore, the
proposed full-space metalens can, respectively, realize focusing
and vortex beams in transmission and reflection modes at two
wavelengths independently.

As has been mentioned, the 1D photonic crystal has a high
reflectance of 84% at large angle (45°) incidence, which shows
potential applications in technologies with oblique incidences,
e.g., AR. In this regard, the reflected light with oblique 45°
incidence and the transmitted light with normal incidence can
be modulated simultaneously. To demonstrate the potential
extended application, a TRIM with a diameter of 40 um, which
can independently modulate the wave with 45° oblique incidence
in reflection mode (Fig. 5(a)) and waves with normal incidence
in transmission mode (Fig. 5(d)), was designed and character-
ized. The phase profile of the transmission mode and reflection
mode can be expressed as

or(r,4y) = —”Ti—ﬂ( r? +fT2 —fr)
' . @

—fr) — X

2r
or(r, ) = _nR/l_z( r? +,fR2 2
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where fr and f; are set to —50 um and —100 um, respectively.

The normalized intensity distribution in x—z plane in the
reflection mode and the transmission mode are shown in
Figs. 5(b) and 5(e), respectively. The focal length is identified
as —94.6 ym and —50.2 um, quite close to the designed value
—100 um and —50 um. Figures 5(c) and 5(f) show the intensity
distribution in the corresponding focal plane of reflection and
transmission modes, respectively. The above results prove the
feasibility of this scheme in technologies with incident angle
requirements.

In this Letter, we successfully designed the polarization-
insensitive TRIM in the optical region with two channels
at different wavelengths. It should be mentioned that four
independent channels, specifically for transmission, reflection,
and two orthogonal polarizations, can be achieved if the four-
fold symmetric meta-atoms are replaced by anisotropic or chiral
ones, which can further improve the multifunctional multiplex-
ing capability of the device. Apart from acting as a dichroic filter,
we could also design the 1D photonic crystal for other func-
tions, such as introducing a defect layer in the middle to realize
a bandpass filter [e.g., Ref. 6] and so on. The TRIM we have
designed can be fabricated through e-beam lithography (EBL)
and plasma-enhanced chemical vapor deposition (PECVD). The
combination of the bilayer metasurface and the photonic crystal
provides more degrees of freedom and flexibility for the design
of full-space multifunctional multiplexing devices.

In summary, we have proposed a complete design for devices
that can achieve full-space wavefront control in the optical region
with the bilayer metasurface sandwiched by the 1D photonic
crystal. To validate our method, two proof-of-concept designs
were proposed and simulated, demonstrating the powerful capa-
bility of full-space modulation and the potential application of
our design method. This design provides a promising way to real-
ize the full-space control of electromagnetic waves and further
facilitates the integration of optical devices and systems.
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