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ABSTRACT: Recently, multidimensional metasurfaces, which can modulate multiple optical parameters of input and output lights
simultaneously, have aroused intensive interest. Here, we demonstrate multidimensional switchable images and 3D integrated beam
splitters based on hyperbolic metamaterials (HMMs). On one hand, a switchable image controlled by output helicity and input
wavelengths is achieved by arranging HMMs with different polarization conversion performance. On the other hand, polarization-
multiplexed broadband beam splitter is generated by spatially engineering the subunit with broadband half-plate performance. By
integrating the multiplexed beam splitter with a filter metamaterial, this multidimensional beam splitter can further realize the
separation of output light by space and wavelength. This cascaded multilayer metamaterial achieves a brand new optical functionality
and offers more inspiring possibilities for the design of multifunctional optical devices in the future.
KEYWORDS: Hyperbolic metamaterials, Multidimensional control, Switchable image, Beam splitter

The spatially inhomogeneous metasurface was first
demonstrated by Cappaso’s group in 2011,1 which

introduced a phase coverage of 2π and provided full wavefront
control. Subsequently, various wavefront shaping phenomena
have been extensively studied based on resonant phase
metasurfaces.2−4 However, the resonant phases are sensitively
dependent on delicate control of the geometric parameters,
thus leading to complex design, high accuracy, and narrow
bandwidth.5−7 Recently, Pancharatnam−Berry (PB) phase φ
(namely geometric phase), which is determined by orientation
angle θ of building blocks (φ = ±2θ),8,9 has been extensively
studied to overcome the limitation of narrow bandwidth.10

The geometric phase is attached to the cross-polarized
component of circularly polarized incident light.11−13 There-
fore, broadband circular polarization conversion is a prereq-
uisite for broadband wavefront manipulation of geometric
metasurfaces. In recent years, hyperbolic metamaterials
(HMMs) have been widely studied in order to achieve
birefringence and circular polarization conversion in a wide
band.14,15 For example, HMMs are proposed to generate
broadband Airy beams by taking advantage of the broadband
and high birefringence in the microwave/infrared regimes.16

Broadband wavefront manipulation based on HMMs is rarely
demonstrated in the visible range.
To dramatically extend the applications of metamaterial,

multidimensional functionalities have increasingly become the
focus of metamaterial development. On one hand, by
controlling the single optical parameter of light, various
multiplexed metasurfaces have been demonstrated, such as
multiwavelength metalens,17,18 helicity multiplexed holo-
grams,19,20 and the generator of an arbitrary combination of
polarization states.21 On the other hand, based on the
simultaneous control of multiple optical parameters of input
and output lights, some striking optical devices are generated,
such as color holographic imaging22−24 and a focusing lens
combined with a waveplate.25
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In this Letter, a ZnO-Ag-stacked HMM is proposed to
realize multidimensional control of light by taking advantages
of the broadband birefringence and geometric phase
modulation in the visible range. By adjusting the geometric
parameters, HMMs with different circular polarization
conversion performance are obtained. On the basis of this, a
multiplexed switchable image controlled by incident wave-
length and reflection polarization is demonstrated. By
introducing geometric phase into the HMMs, a polarization-
multiplexed broadband circular beam splitter can be realized.
Furthermore, a 3D integrated metamaterial, which is designed
by stacking the multiplexed beam splitter with a multi-
wavelength filter, can simultaneously fulfill circular polarization
conversion and prism functions. This integrated metamaterial
can realize simultaneous control of input and output optical
parameters and achieve a novel optical functionality in
microscale.

■ RESULTS AND DISCUSSION
We demonstrate a broadband circular polarization converter
based on HMMs, which consists of stacked blocks with a three
pairs of Ag−ZnO nanosheets on a ground metal plane, as
depicted in Figure 1a. The unit cell is with the length of long
axis l = 220 nm and the length of long axis s = 115 nm. These
unit cells are arranged with period P = 400 nm. The thickness
of ZnO and Ag nanosheets are td = 25 nm and tm = 35 nm,
respectively. The ground metal plane is a silver film with a
thickness of 100 nm on the quartz substrate. Under linearly
polarized incidence, the Jones matrix Rlin of HMMs can be
expressed as
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where rl and rs denote the reflection coefficients of the HMM
for incident linear polarization along the long and short axes of
nanosheets, respectively, and Δφ presents the phase
retardation between the orthogonal long and short axes. By
changing the Cartesian base to circular base, the Jones matrix
Rcirc can be derived
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where Rij (i, j = R, L) represents the ratio of the complex
amplitude of i-circularly polarized reflected wave to that of j-
circularly polarized incident light. The copolarization (rRR) and
cross-polarization (rLR) components of reflected light can be
described as
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Therefore, complete conversion between two orthogonal
circular polarization states could be realized under particular
conditions with rl = rs and Δφ = π.
Numerical simulations are performed by using the frequency

domain solver of the software CST Microwave Studio. In the

Figure 1. HMMs composed of stacked Ag and ZnO nanosheets. (a) Schematic of the unit cell of HMMs. This multilayer structure consists of three
pairs of Ag−ZnO nanosheets with period P = 400 nm, length of long axis l = 220 nm, and length of short axis s = 115 nm. td = 25 nm and tm = 35
nm denote the thickness of ZnO and Ag nanosheets, respectively. (b) Reflection coefficient and (c) phase difference of the HMM when incident
light is polarized along the long and short axes of nanosheets, respectively. (d) Cross-polarization and copolarization reflectivity under normal
incidence with circular polarization.
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simulation, the permittivities of ZnO and Ag are both extracted
from ellipsometric measurements. Periodic boundary con-
ditions on both x- and y-directions are applied to characterize
the periodic structure, and an open boundary is imposed in the
z-direction. On one hand, the reflection coefficient rl and rs are
both high and close to each other over a brand waveband, as
the simulated results in Figure 1b show. There exist several
falls in the rl and rs spectra, which result from the absorption
modes in HMMs (see the Supporting Information for details).
On the other hand, phase differences of the HMM along two
orthogonal directions approach π in a wide wavelength band of
450−700 nm. Hence, high conversion between two orthogonal
circular polarization states can be produced in a wide band. As
the copolarization and cross-polarization reflection spectrum
indicate, the desired cross-polarization reflection is averagely

higher than 60%, while the unwanted copolarization light can
be suppressed to below 10%.
The above analysis indicates that the reflected polarization

state of HMMs has close dependency on geometric parameters
as well as incident wavelength. On the basis of this, a
switchable image controlled by input wavelength and output
polarization can be designed by arranging HMMs with
different polarization conversion performance, as Figure 2a
illustrates. We carefully select four HMMs with different
geometrical sizes as pixels of designed switchable image. Figure
2b provides the copolarization and cross-polarization reflec-
tivity of the four pixels at incident wavelengths of 666 and 625
nm, respectively. Because the circular polarization conversion
of proposed anisotropic HMM is independent of the helicity of
incident light, only right-circularly polarized (RCP) incident

Figure 2. Switchable image controlled by input wavelength and output polarization. (a) The schematic diagram of switching image. (b)
Copolarization and cross-polarization reflectivity of four selected HMMs with different geometrical sizes at incident wavelengths of 666 and 625
nm, respectively. (c) The design of switching image at 666 nm: the left and middle patterns are the images controlled by copolarization and cross-
polarization components (number “4” and “7”), respectively, and the right pattern is overlapped by “4” and “7” which determines the arrangement
of multiplexed image. (d) Simulated electric field distributions for RCP-component distribution (left) and LCP-component distribution (right) at
the incident wavelength of 666 nm. (e) The left pattern designed in (c) can be decoded to the middle pattern (detected by RCP analyzer) and right
pattern (detected LCP analyzer) under RCP irradiation at 625 nm. (f) Simulated electric field distributions at 625 nm: RCP-component
distribution (left) and LCP-component distribution (right), respectively.
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light is applied for simplicity. For RCP incidence at 666 nm,
the reflected polarization helicity of the four HMMs is
significantly different. The reflected light of structure 1 (s =
115 nm, l = 220 nm) only has the cross-polarization (left-
circularly polarized, LCP) component. Conversely, the
reflected light of structure 2 (s = 100 nm, l = 260 nm) only
has the copolarization component, namely RCP component.
Besides, the reflected light of structure 3 (s = 110 nm, l = 240
nm) contains both LCP and RCP components. The blank
structure in Figure 2b refers to the quartz substrate without
HMM nanostructures or Ag backplane (structure 4), which
barely has reflected light. The output polarization components
of those nanostructures can be represented by “0” and “1”
when the reflected light passes through RCP and LCP
analyzers (see the Supporting Information for details).
Therefore, 2-bit coding is constructed by a sequence of four
coding pixels “00”, “01”, “10”, and “11”, as Figure 2b presents.
By arranging coding pixels, we propose a switchable
metamaterial image controlled by output polarization helicity,
as illustrated in Figure 2c. The designed image shows the
number “4” for reflected RCP component while the image
displays the number “7” with the helicity of reflected light
switching to LCP. Combining the two switched images, we
receive the arrangement of this switching metamaterial, as
schematically shown in the right pattern of Figure 2c.
FDTD solutions software is used to verify the feasibility of

the polarization-controlled switching image. In the simulation,
each color patch in Figure 2c is composed of 4 × 4 units, and
the image is illuminated under RCP light at a wavelength of
666 nm along the z-direction. The monitors are set above the
light source to detect the electric field distributions of the
proposed image. A resolution of ∼15 800 dpi can be achieved
for our switchable images. The electric field distributions of
RCP and LCP components illustrated in Figure 2d obviously
show the number “4” and “7”, respectively. This indicates that
the electric field distributions for different circular polarization

components are consistent with the switchable images under
different analyzers. Therefore, a switchable display controlled
by output helicity can be realized by rationally arranging the
structures with different circular polarization conversion
performance.
In addition, there is a further attention that the reflected

polarization states of HMMs are subject to dispersion.
Therefore, the reflectivity and PCR values of corresponding
pixels in Figure 2b will change as incident wavelength varies.
Taking the incident wavelength of 625 nm as an instance (see
the bottom part of Figure 2b), structure 1 keeps the same high-
efficiency polarization conversion as before: the RCP
component is “0” and the LCP component is “1”. For
structure 2, its reflection state changes: the RCP and LCP
components are equivalent, which are both represented as “1”.
The new reflection state of structure 3 is similar to that of
structure 1: RCP component is “0” while LCP component is
“1”. The reflection components of structure 4 remain
unchanged. When the incident wavelength switches to 625
nm, the change of reflected polarization states of pixels will
result in a new image display. That is to say, the switching
image is wavelength multiplexed. When the switching image is
decoded under RCP and LCP analyzers, we can obtain
different displays as the middle and right patterns of Figure 2e
illustrate. The electric field distributions in Figure 2f indicate
that the electric field distribution of the copolarized (RCP)
component shows the shape of a short “L” while that of the
cross-polarized (LCP) component is similar to the number “9”.
It implies that the simulated electric field distributions have the
same displays as the decoded patterns. Significantly, when the
incident wavelength changes again, the displayed image
changes correspondingly. In addition, the switchable images
show different colors as the incident wavelength changes.
Consequently, this multiplexed image based on HMM can
realize the switch of displayed patterns under different optical
parameters and achieve multifunctional optical encryption.

Figure 3. Broadband circular polarization beam splitter with input polarization multiplexing. (a) Schematic of beam splitter under RCP and LCP
incidences, respectively. (b) Cross-polarization reflectivity (rRL or rLR) and geometric phase of structure 1 with different rotation angles. The
electric field distributions in (c) x−z plane and (d) x−y plane under RCP irradiation at 666 nm, respectively. The electric field distributions in (e)
x−z plane and (f) x−y plane under LCP irradiation at 666 nm, respectively.
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It is worth noting that the proposed HMMs can realize
broadband and high polarization conversion by properly
designing the geometric parameters, such as structure 1. On
the basis of this, we demonstrate a broadband circular beam
splitter by spatially rotating structure 1 and introducing desired
geometric phase distributions, as Figure 3a shows. The beam
splitter based on geometric metasurface essentially results from
an anomalous deflection phenomenon based on the general-
ized Snell’s law. In detail, the copolarized component does not
possess phase gradient and follows the conventional reflection
law while the cross-polarized component introduces a
discontinuous phase distribution and leads to anomalous
reflection. As illustrated in Figure 3a, the reflected light from
the beam splitter is an inverted cone under RCP illumination,
whereas, the reflected light is concentrated toward the z-axis of
designed splitter when LCP light is incident. It is well-known
that linearly polarized light can be regarded as the super-
position of LCP and RCP lights with the same frequency,
amplitude, phase, and propagation direction. Therefore, when
the beam splitter is irradiated by linearly polarized light, the
LCP component is concentrated toward the central axis while
the RCP component flows outward, thus resulting in circular
polarization beam splitting. Here, we choose the structure 1 (l
= 220 nm and s = 115 nm) as the subunit of the splitter. The
subunits are arranged with the rotation angle gradient α (x, y)
= πr/Pr, where the rotation step is 30° (Pr = 6P) and r = x + y
is the distance of the subunit from the metasurface center (see
Supporting Information). The subunits on the concentric
circle have the same rotation angle. Besides, the complete
phase coverage 2π can be achieved along the radial direction
(Figure 3b). Meanwhile, the reflection intensity of cross-
polarized light remains uniform for the subunits with different

rotation angles. Figure 3c,d shows the electric field
distributions in the x−z and x−y planes with RCP incidence
at 666 nm, respectively. The electric field distributions in the
x−z plane indicate that the reflected cross-polarized light flows
outward with a certain angle. The x−y plane in Figure 3d is
suspended at 5 μm above the beam splitter and the dotted line
represents the boundary of this splitter. The electric field
distributions in the x−y plane also reveal that the reflection
spreads out. The angle of beam deflection calculated from the
electric field distribution is 16.1°, which is consistent with that
calculated by the generalized Snell’s law (see Supporting
Information).
For LCP and RCP incidences, the space-variant metasurface

holds the opposite sign of geometric phase gradients, leading
to different far-field intensity distributions. When the incident
wave is switched to LCP illumination, the electric field
distributions in the x−z plane and x−y plane both indicate that
the reflection is concentrated toward the z-axis of designed
splitter, as presented in Figure 3e,f. The beam splitter can
realize various wavefront modulation when different polar-
ization states are input. Therefore, this beam splitter can realize
input-polarization multiplexing. Because of broadband circular
polarization conversion of structure 1, the multiplexed beam
splitter has wide-band operating characteristics at the same
time.
In order to realize multifunctional and multiplexed beam

splitter which is highly expected for practical applications, we
demonstrate a 3D integrated metamaterial by considering
input and output optical properties simultaneously. Here, the
above-mentioned beam splitter is vertically stacked with a filter
metamaterial, as schematically shown in Figure 4a. The bottom
layer is the designed broadband beam splitter with polarization

Figure 4. Multidimensional beam splitter based on a 3D-integrated metamaterial. (a) Schematic of the designed 3D-integrated metamaterial by
vertically stacking a filter metamaterial with the broadband beam splitter. (b) The simulated transmission spectra of filter metamaterials under
different periods (P) and radii. (c) The simulated electric field distributions in x−y plane for 3D integrated metamaterial under different incident
wavelengths: 529, 569, 635, and 675 nm, respectively.
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multiplexing. The top layer is a filter metamaterial with circular
hole arrays of different diameters on silver film, which can
achieve the transmission of incident lights at different
wavelengths. The arrangement of top filter metamaterial is
determined by the deflection direction of bottom beam splitter.
The operation principle of the 3D integrated metamaterial
device is as follows. When RCP light passes vertically through
the window in the center of the top metamaterial to bottom
beam splitter, the copolarized (RCP) component is vertically
reflected from the top window, while the cross-polarized
(LCP) component follows the generalized Snell’s law and is
anomalously deflected. Then, the anomalously deflected cross-
polarized light reaches the filtering metamaterial, subsequently
leading to the separation of cross-polarized light by space and
wavelength. In other words, this 3D integrated metamaterial
can be regarded as a miniaturized prism with circular
polarization conversion functionality. Compared with previous
metasurface-based beam splitters,26 this 3D integrated beam
splitter can further realize the separation of wavelengths for
output lights. Therefore, the introduction of a filter makes the
broadband beam splitter realize multidimensional control
under RCP incidence, including output wavelength, output
polarization, and output angle.
The top layer consists of a series of circular hole arrays with

different geometric parameters. We assume the thickness of the
silver film as 100 nm, and the transmission spectra of the filter
metamaterials with different radii and different periods are
plotted in Figure 4b. When the anomalously reflected light
reaches the top metamaterial, there is an angle between the
incident direction and the normal of the top filter. The
corresponding angle is in the range of 12°−18.2° for the
incident wavelength of 500−750 nm (see Supporting
Information). Therefore, the incident angle is approximately
set to 15° to reduce the influence of the incident angle on the
simulation results. It can be seen that the transmission peaks at
different wavelengths can be obtained by adjusting the
geometric parameters of periods (P) and radii. It is worth
noting that the smaller the radius of the circular hole is, the
sharper the transmission peak shows. Therefore, a circular hole
array with a smaller radius is purposely selected to achieve
effective filtering in the design of 3D integrated metamaterials.
In order to verify the multidimensional control of this 3D

integrated metamaterial, we simulate its electric field
distributions based on FDTD solutions software. The hole
arrays with different periods (P) and radii (R) of filter
metamaterial are arranged according to Figure 4a: top array
with P = 400 nm, R = 70 nm, right array with P = 450 nm, R =
90 nm, bottom array with P = 550 nm, R = 90 nm, and left
array with P = 600 nm, R = 100 nm. The area of each hole
array is about 10 μm. Figure 4c shows the simulated electric
field distributions in the x−y plane for 3D integrated
metamaterial under RCP incidence with different wavelengths.
When the incident wavelengths are 529, 569, 635, and 675 nm,
respectively, the reflected electric field is mainly accumulated at
top, right, bottom, and left of the proposed 3D metamaterial,
respectively, as illustrated in Figure 4c. Because of the influence
of incident angle on the filtering metamaterial, the wavelength
corresponding to the strongest electric field distribution is
slightly shifted from that corresponding to the transmission
peak in Figure 4b. By varying the areas of hole arrays with
different parameters, the intensity ratio among different output
beams can be tuned. The electric field distributions indicate
that the proposed 3D integrated metamaterials can achieve the

separation of cross-polarized light in space and wavelength,
thus realizing output-wavelength control and output-angle
control simultaneously. When the incident light is switched to
linearly polarized light, broadband RCP reflected light can be
obtained at the center of the 3D integrated metamaterial, and
single-wavelength LCP light flows outward. Therefore, the 3D
integrated metamaterial can also operate as a single-wavelength
quarter-wave plate under linearly polarized incidence. More-
over, it is more desirable in integrated optical systems
compared to conventional bulky quarter-wave plate. In
conclusion, this 3D integrated beam splitter could be regarded
as a miniaturized prism with polarization conversion
functionality, which can generate circularly polarized light
with multiple wavelengths simultaneously.
We believe that the proposed metamaterials could be

fabricated by the combination of electron beam lithography
(EBL) and ion beam etching (IBE) techniques. First, a silver
film with a thickness of 100 nm can be deposited on a quartz
substrate. Subsequently, ZnO and Ag films are alternately
deposited. Then, the multilayered Ag−ZnO film can be
exposed by EBL technique to form the designed arrays. In the
next step, the designed pattern can be transferred to the Ag−
ZnO multilayered film by IBE technique. For the designed 3D
integrated beam splitter, the gold marks should be formed by
lithography technique after the bottom beam splitter is
fabricated. Then, the spacer between the bottom splitter and
top filter, which should be transparent in the operating
waveband, can be fabricated by film deposition methods.
Finally, a 100 nm Ag film can be deposited and then exposed
by an overlay EBL process to define the circular hole arrays.

■ CONCLUSION

In conclusion, a ZnO−Ag-stacked HMM is proposed to realize
a multidimensionally controllable switching image and beam
splitter in the visible range. Because of various conversion
performances of HMMs, the switchable image can be
controlled by incident wavelength and reflection polarization
simultaneously, thus realizing two optical-parameter controlled
image encryption. By introducing the geometric phase
arrangement to HMM subunit with broadband circular
polarization conversion, a broadband beam splitter with
polarization multiplexing is demonstrated. Furthermore, by
vertically stacking a filter metamaterial with the broadband
beam splitter, a multidimensional metamaterial is demon-
strated as a miniaturized prism with polarization conversion
functionality. These multidimensional metamaterials offer
avenues for the design of multifunctional optical devices and
more inspiring possibilities of metamaterials in the future.
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