COMMUNICATION

'.) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Realizing Colorful Holographic Mimicry by Metasurfaces

Bo Xiong, Yihao Xu, Jianan Wang, Lin Li, Lin Deng, Feng Cheng, Ru-Wen Peng,*

Mu Wang,* and Yongmin Liu*

Mimicry is a biological camouflage phenomenon whereby an organism can
change its shape and color to resemble another object. Herein, the idea of
biological mimicry and rich degrees of freedom in metasurface designs are
combined to realize holographic mimicry devices. A general mathematical
method, called phase matrix transformation, to accomplish the holographic
mimicry process is proposed. Based on this method, a dynamic metasurface
hologram is designed, which shows an image of a “bird” in the air, and a dis-
tinct image of a “fish” when the environment is changed to oil. Furthermore,
to make the mimicry behavior more generic, holographic mimicry operating

8,9] [10]

in chameleons! and cephalopods.
Mimicry is more complicated and diffi-
cult, which requires the animal to mimic
another object, usually even another spe-
cies, to protect itself from predators./]
Recently, researchers have found that the
complex crypsis behavior in chameleons
originates from the active mechanical
tuning of the lattice of guanine nanocrys-
tals that act as photonic crystals.®l The
guanine nanocrystals can reflect light

at dual wavelengths is also designed and experimentally demonstrated.
Moreover, the fully independent phase modulation realized by phase matrix
transformation makes the working efficiency of the device relatively higher
than the conventional multiwavelength holographic devices with off-axis illu-
mination or interleaved subarrays. The work potentially opens a new research
paradigm interfacing bionics with nanophotonics, which may produce novel
applications for optical information encryption, virtual/augmented reality

(VR/AR), and military camouflage systems.

Camouflage is the phenomenon that an animal can adapt to
the surrounding environments to protect the animal from the
visual detection of predators.l=3] According to Darwin’s theory
of natural selection, this property can provide the animals with
a reproductive advantage, enabling them to produce more off-
spring than the others. In nature, camouflage can be achieved
by various methods,P! such as crypsisl® and some forms of
mimicry.”} Crypsis means that with the coloration or illumina-
tion, the animals can be hardly seen and hence hidden in the
environment. The examples of crypsis include the color change
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with distinct wavelengths after the tuning,
giving rise to crypsis in different circum-
stances. Utilizing this principle, people
have designed mechanical-tuning-based
biomimetic elastomers to imitate the
active crypsis behavioues.’1% The idea of
crypsis has also been applied to plasmonic
devices for thermal camouflage.'""! By
tailoring the infrared emission of the
nanostructures, the thermal radiation can
be controlled and the temperature of the
surface can maintain the same as the sur-
rounding environment. However, the research on the other
kind of camouflage, mimicry, is still challenging.
Metasurfaces, 1% an emerging 2D photonic platform made
of subwavelength arrays of artificially designed scatters, have
demonstrated many unique features that are unavailable in
conventional materials.[-22! Because of the exceptional ability
to modify the phase,*102223 polarization,**2°! and ampli-
tudel?32 of reradiated light, metasurfaces have enabled a
number of applications, including broadband wave-plates, 3334
polarization rotators,?>??] perfect absorbers,””*l metal-
enses,’! plasmonic color display,?®40#2 holograms, 1
and so on. Among them, as one important direction, tunable
and reconfigurable meta-devices have attracted much attention.
People have demonstrated this unique property with micro-
electromechanical systems,*¥! mechanical deformation,*—2
electrical stimuli,>*4 field-programmable gate array,>°% and
phase-transition materials,”>® to name a few. However, most
of them require a large volume, complicated systems, or special
materials. More convenient reconfigurable metasurfaces still
remain great challenges. In this work, utilizing the multiple
degrees of freedom in metasurface designs,'®!%! we propose
and experimentally demonstrate a holographic mimicry device
for the first time, which can show different images in different
surrounding circumstances. To realize such a novel function,
we propose a general mathematical method, called phase
matrix transformation, for achieving the fully independent
phase modulation and designing the objective holographic
images that we want to mimic. When the metasurface works

© 2021 Wiley-VCH GmbH
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Figure 1. Schematic of the holographic mimicry by metasurfaces. For the same metasurface, when it works in one medium (e.g., air), for instance, the
holographic image of a bird is perceived. In contrast, when we switch to another medium (e.g., oil or water), the holographic image is changed to a
fish. The two holographic images are completely independent, which can be used for holographic mimicry.

in the air, the holographic image of a “bird” is perceived. After
we immerse the metasurface into the liquid (oil in the current
work), the holographic image will change to a “fish.” This effect
just resembles the mimicry behavior in nature. Furthermore,
combined with the idea of controllable multiwavelength meta-
surfaces,P>%2 we design a dual-wavelength holographic mim-
icry device, which can show four distinct holographic images,
making the mimicry behaviors more generic. Due to the fully
independent phase modulation at dual wavelengths and in dual
circumstances, the side images caused by the cross-talk can be
largely avoided and the effective working efficiency is relatively
higher than the conventional off-axis illumination designl364
and interleaved subarrays design.°*3 The colorful holographic
mimicry device realized by metasurfaces is a good example of
interdisciplinary research by merging bionics and nanopho-
tonics, which will inspire further development and more poten-
tial applications in both domains.

Figure 1 shows the schematics of the holographic mimicry
working in different surrounding environments. For the mim-
icry in nature, one typical example is the genus Thaumoc-
topu (i.e., mimic octopus) which is able to intentionally alter
their body shape to resemble dangerous sea snakes or lionfish
according to different circumstances. Here, for our designed
holographic mimicry metasurface, the hologram of the device
would exhibit an image of a “bird” in the air. However, when
the environment becomes liquid (oil in the current work), the
“bird” will automatically change to a “fish” that is ubiquitous in
water, accomplishing the holographic mimicry behaviors. We
want to emphasize that before and after the imitation process,
all the geometric parameters of the nanostructures and their
arrangements on the metasurface remain the same, while the
exhibited holographic images are completely independent.

The design principle of the holographic mimicry device is
illustrated in Figure 2a. To achieve different phase responses
and the desired holographic mimicry performance, we propose
a general method, called phase matrix transformation. First, to
generate the hologram of a bird in the air, we need to construct
a specific phase profile based on the iterative Fourier transform
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algorithm.*’l Here, we adopt 4-level phases,*! which are labeled
by 1, 2, 3, and 4 in the inset of Figure 2a, and thus the specific
phase profile can be rewritten as a phase matrix P1 as shown
in Figure 2a. Each matrix element stands for one pixel on the
metasurfaces. Second, another specific matrix P2 can be deter-
mined in a similar manner to realize the holographic image
of a fish in the oil. Once we construct a specific nanostructure
whose optical response can be independently controlled in two
different environments due to the change of index, the phase
of the nanostructure in the air and oil could be arbitrary values
according to our design. With such a specific nanostructure to
build the metasurface, the phase mapping in the air and oil
can be designed as matrix P1 and P2, respectively. In this case,
when we change the surrounding environment from air to oil,
the phase matrix transformation from P1 to P2 can be imple-
mented, and thus holographic mimicry effect can be realized.
To accomplish the phase matrix transformation method, the
designed unit element should be elaborately designed and opti-
mized. First, the structure needs to support multiple resonant
modes, which can provide independent optical responses in dif-
ferent environments. Second, these resonant modes need to be
quite sensitive to the surrounding medium, in order to realize
a phase shift approaching 27 when the refractive index of the
surround medium changes. Here, we design a coupled metal—
insulator—metal structure as the unit cell, which is shown in
Figure 2b. It is composed of a 100 nm thick gold substrate,
50 nm thick SiO, spacing layer, and gold nanoantennas on
the top with 40 nm thickness. The period is 500 and 250 nm
along the x- and y-direction, respectively. In each period, there
are two coupled nanobars with different geometric parameters,
which can support multiple resonant modes as indicated in
Figure 2c,d. We have also used finite-difference time-domain
(FDTD) simulations to calculate the reflectance and field distri-
bution of the unit cells. The refractive index of oil used in the
simulation is n = 1.515, and the complex permittivity of gold
in the working wavelength regime is described by the Drude
model that matches the experimentally obtained value.° The
geometric parameters of these two nanobars in the figure are

© 2021 Wiley-VCH GmbH
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Figure 2. Phase matrix transformation method and design of the unit cell. a) The phase matrix transformation method to realize holographic mimicry
via a four-level phase discretization. The phase matrix in the air is P1, which can show a hologram pattern of a bird. If the phase matrix P1 transfers to
another one P2, the hologram pattern can change to a fish. b) Schematic of the composite unit cell consisting of two gold nanobars. ¢,d) In the air (c)
and oil (d), the calculated reflected spectrum of a composite unit cell with geometry Ly =172nm, L, =97 nm, W; =100 nm, W, = 50 nm, and g =40 nm.
The individual resonances A and B, marked by the red arrows, would shift to the longer wavelengths when the surrounding medium is changed from
air to oil. The working wavelength is 800 nm as indicated by the blue dashed line.

L =172, L, = 97, W, = 100, W, = 50, and g = 50 nm. The inci-
dent light is linearly polarized along the y-direction. The simu-
lated reflected spectra in the air (Figure 2c) and oil (Figure 2d)
demonstrate that, after immersing the sample into oil, the two
resonant modes, marked by the red arrows, would shift to the
longer wavelength because of the increased refractive index of
the surrounding medium. From the simulated electric field
intensity at the working wavelength 800 nm (the blue dashed
line), we can see that the mode in the air is a coupled mode
between the two bars, while in the oil it is an electric dipole of
the single right bar, resulting in two different phase responses
equal to zero (in the air) and # (in the oil), respectively. These
results demonstrate that the excited localized surface plasmon
modes are quite sensitive to the surrounding environment,
which satisfy the requirement as mentioned above. Then we
swept L1 and L2 from 40 to 220 nm while fixing the other geo-
metric parameters to search the rest necessary phase response.
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The searched results are listed in Figure S1 and Table S1 in the
Supporting Information. With the 16 different unit cells, the
designed metasurface can generate an arbitrary phase matrix
(e.g., P1) in the air and another arbitrary phase matrix (e.g.,
P2) in the oil, because we only need 16 mapping relationships
during the transferring process of phase matrix.

The holographic mimicry metasurface, composed of
400 x 800 pixels with an overall dimension of 200 x 200 um,
was fabricated by standard e-beam lithography. The optical and
scanning electron microscopy (SEM) images of the fabricated
sample are shown in Figure 3a,b, respectively. It is clear that
in different pixels, the geometrics of the gold nanorods are
different. We used a customized optical setup to characterize
the device (see Figure S2 in the Supporting Information). To
demonstrate the holographic mimicry, we covered the metasur-
face with cedar oil (n = 1.515) and sealed it in a cell. The simu-
lated and measured holographic mimicry results are shown in

© 2021 Wiley-VCH GmbH
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Figure 3. Experimental results of single-wavelength holographic mimicry. a) Optical and b) SEM images of the holographic mimicry sample. The scale
bars are 40 um in (a) and 500 nm in (b). c) Simulated holographic images and measured results in the air (left) and oil (right) at the wavelength of

800 nm. All the scale bars in (c) are 40 pm.

Figure 3c. We can clearly observe that the holographic image
transitions from a “bird” to a “fish” when the surrounding envi-
ronment changes from air to oil. This effect is very similar to
the mimicry behavior of octopus, confirming that we have real-
ized the holographic mimicry with the “phase matrix transfor-
mation” design in metasurfaces. It should be pointed out that
there are still some distortions and speckles in the observed
holograms, which originate from the four-level phase in our
design and the imperfection in sample fabrication. The per-
formance could be further improved by optimizing the struc-
tural configuration to realize higher-level phase modulation.
In addition, the working efficiency is an important metric of
the hologram device, which is defined as ratio of the integrated
intensity of the hologram patterns to the light incident on the
sample. The integrated intensity is obtained by integrating the
light intensity pixel by pixel in the image plane with the same
size and same position of the designed pattern. In our work,
the efficiencies for the device in the air and oil at the working
wavelength (800 nm) are about 17.61% and 15.46%, respectively
(see Figure S3 in the Supporting Information). The energy
losses are mainly due to the scattering and the absorption of
the coupled nanobars. Moreover, to demonstrate the depend-
ence of the device’s performance on the incident wavelength
and surrounding refractive index, we have also simulated a
focusing sample by FDTD as presented in Figures S4 and S5
in the Supporting Information. Through sweeping the incident
wavelength and refractive index, the simulated results indicate
that when the index value deviates from air and oil or the wave-
length deviates from 800 nm, the intensity of the focal point
will decrease. This is because the excited resonant modes in
nanostructures are rather sensitive to these parameters.

In the following, we show that holographic mimicry can
be extended to multiple wavelengths. Wavelength is a critical
degree of freedom for multifunction metasurfaces.* With
proper designs, metasurfaces could manipulate light in an
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independent manner and realize independent functions at dif-
ferent working wavelengths. This idea can also be introduced
to the holographic mimicry device. In nature, animals are usu-
ally colorful. If the metasurface hologram can operate at more
than one wavelength, which means a colorful hologram, the
holographic mimicry will be more attractive. Here we have suc-
cessfully demonstrated a dual-wavelength holographic mimicry
device. The unit cell, as shown in Figure 4a, now consists of
three gold nanobars, which provide more degrees of freedom
in geometric parameters than the previous design. We vary
the length of the three nanobars (L;, L,, and L;) to search the
necessary parameters, while the widths of the nanobars and
their separation distance are fixed (W; = 60 nm, W, = 80 nm,
W3 =100 nm, and g = 40 nm). The period is 500 nm in both the
x- and the y-direction. The optimized working wavelengths are
set as 710 and 890 nm. The simulation details and the required
parameter groups are presented in the Supporting Informa-
tion (see Figures S6, S7, and Table S2). Here, for simplicity
we only adopt a two-level phase quantization in the design of
hologram. However, four-level or even higher-level quantization
can also be realized by introducing more degrees of freedom in
geometric parameters. For example, we can further change the
orientation angles of the coupled nanobars in different pixels
to combine the geometric phase and propagation phase. Con-
sequently, multiple functions can be integrated within a single
metadevice.[©7:6%]

As the proof-of-principle demonstration of the wavelength-
controlled function in different circumstances, we have
designed a simple focusing experiment, in which for two
wavelengths and two surrounding media (air and oil), there
are four independent focal points at different spatial positions.
The results are presented in Figure S8 in the Supporting Infor-
mation, indicating that dual-wavelength dynamic holographic
images are possible by a single metasurface. Figure 4a,b illus-
trates the design and concept of colorful holographic mimicry.

© 2021 Wiley-VCH GmbH
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Figure 4. Design principle and schematics for colorful holographic mim-
icry. a) Schematic of the composite unit cell, which contains three bars in
one period. The incident light is polarized along the y-direction. Here we
fix g =40 nm, W; =60 nm, W, = 80 nm, and W3 =100 nm. Then we vary
Ly, L, and L; to search the necessary parameters. The period is 500 nm in
both directions. b) For different surrounding media and different wave-
lengths, four independent holographic patterns can be generated. Here,
letters of “D”/“I” and “C"/“U” are the corresponding holographic images
working at 710 nm and 890 nm, respectively. In this configuration, colorful
holographic mimicry can be realized.

When the environment is air, the holographic image is a letter
of “D” at 710 nm wavelength, and changes to a letter of “C” at
890 nm. This means a colorful holographic image of “DC” can
be realized when working in the air. After the whole sample
is covered by cedar oil, the holographic image of “D” changes
to “I” and “C” turns to “U”. Therefore, a completely different
colorful holographic image, “IU”, would emerge, realizing
the colorful holographic mimicry. The experimental results
are shown in Figure 5. The size of the metasurface sample is
200 x 200 um, which contains 400 x 400 pixels. The imaging
plane of the hologram is set at 500 um above the metasurface.
Figure 5a shows the optical image of the entire metasurface,
while the SEM image of the sample is presented in Figure 5b.
The smallest nanoantenna only has a width of 60 nm and a
length of 40 nm. The simulated and measured holographic
images are shown in Figure 5c. We can clearly see that the
positions and patterns of the images in the experiment are
very close to the design, verifying the good performance of
colorful holographic mimicry. Although there are some distor-
tions in the holographic images, which likely originate from the
imperfect fabrication process, they can be further improved by
optimizing the design and fabrication. The working efficien-
cies for the dual-wavelength holographic mimicry device are
about 11.47% (710 nm in the air), 13.48% (890 nm in the air),
12.84% (710 nm in the oil), and 11.61% (890 nm in the oil). Due
to the strict requirement of independent phase control at dual
wavelengths and in dual circumstances, we sacrifice the opti-
mization for the reflective amplitude, and hence the efficien-
cies are a little lower than the single-wavelength holographic
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mimicry device. However, it is still relatively higher than tradi-
tional metasurface systems which utilize off-axis illumination
method®*% or interleaved subarrays method!®®%! to realize
the multiwavelength hologram. This is because with these tra-
ditional methods, the phase for different wavelengths are not
independent and several unwanted side images are generated at
the same time, leading to significant decrease in the efficiency.
Meanwhile, in our work, independent phase modulation can be
fully realized by phase matrix transformation, which eliminates
side images and results in the relatively high efficiency of the
sample. Such advantages make our holographic mimicry device
suitable for real applications.

In this experiment, we only consider the holographic images
working at two discrete wavelengths, which are modified by two
resonant modes of the nanostructures as discussed in Figure S6
(Supporting Information). From the simulated reflection spectra
in Figure S6 (Supporting Information), we can see that there
are five dips in total from 600 to 1200 nm. This indicates that
five different resonant modes can be excited. In this case, we
can further realize five holographic images at the corresponding
wavelengths, making the colorful holograms more vivid and
attractive. However, to modify these wavelengths, besides the
length of the three nanobars, we may need to sweep more geo-
metric parameters to find the required phase response, such as
the width of each bar and the separation gaps. Moreover, the
holography mimicry can also be easily switched back and forth
by integrating the device with a microfluid cell,® where the
sample is sealed in a cell and the liquid can flow in/out through
the solution inlet/outlet with a syringe. In this case, the oil with
high adhesion used in our work should be replaced with other
liquid with a similar refractive index and low adhesion. We will
explore these advanced designs in the future.

To summarize, we have combined the idea of biological
mimicry and metasurface hologram and realized holographic
mimicry for the first time. Like the natural animals’ mim-
icry behavior, the holographic image can automatically turn
into another independent pattern when the environment is
changed. To achieve such a novel function, we design a unit
cell consisting of coupled gold naonbars and propose a general
design method, “phase matrix transformation,” to construct the
metasurface device. Through sweeping the geometric param-
eters of the nanobars, we have found all the required unit cells
to accomplish the mimicry process. The experimental results
demonstrate that a “bird” in the air can be changed to a “fish”
after submerging the device in the oil. Furthermore, we intro-
duce wavelength as an extra degree of freedom to design a
colorful holographic mimicry device, making the mimicking
behaviors more generic. When the environment changes, a
colorful holographic image of “D” at 710 nm and “C” at 890 nm
will automatically turn into “I” and “U”, respectively. To the
best of our knowledge, this is the first experimental demon-
stration of a dynamic multiwavelength holographic device. The
effective working efficiency is reasonably high due to the fully
independent control at dual wavelengths and in dual circum-
stances, in comparison with the traditional multiwavelength
holographic devices. Very recently, machine learning and
deep learning have been applied to design distinct photonic
structures, which can help to unlock the highly nonlinear
structure—property relationship.”®”! Using such a data-driven
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Figure 5. Experimental results of dual-wavelength holographic mimicry. a) Optical and b) SEM images of the colorful holographic mimicry sample. The

scale bar is 50 um in (a) and 2 um in (b).

) Simulated (top) and experlmental (bottom) results of the colorful holographic mimicry. With 710 nm light

incident in air, the holographic picture shows a letter of “D”, while it changes to a letter of “C” at the wavelength of 890 nm. For the same metasurface,
if we cover the whole sample with cedar oil, the hologram pictures at 710 nm and 890nm are “I” and “U”, respectively. All the scale bars in (c) are 50 um.

inverse design framework, we can search the proper geomet-
rical parameters of unit elements more quickly and accurately.
As a result, more resonant modes of complex structures can
be utilized to realize multifunctional capabilities. In addi-
tion, we can make the holographic mimicry sensitive to other
degrees of freedom, including polarization,*! orbital angular
momentum? as well as perceiving angles.”?) We believe that
our work opens a new way for interdisciplinary research that
interfaces bionics and nanophotonics. It will find many applica-
tions for optical information encryption, multifunction optical
devices, AR/VR, and military camouflage.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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