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In this Letter, we report on encoding and display based on
stereo standing U-shaped resonator (SUSR) arrays. The
SUSR serves as a perfect absorber at a structure-dependent
frequency when the polarization of incident light is parallel
to the bottom rim of the SUSR. When the incidence polari-
zation is rotated for 90° (perpendicular to the bottom rim
of the SUSR), the SUSR turns to a perfect reflector at broad-
band frequencies. Further, the resonant frequency sensi-
tively depends on the height of the arms of the SUSR.
By introducing SUSRs with different arm heights, a reso-
nant absorption state may occur at different frequencies.
By defining the resonant absorption state as “dark” and
the reflection state as “bright,” we can encode and display
binary patterns. Beside, when the SUSR rotates with the
direction of the standing arms as axis, a different reflectiv-
ity, hence, a different shade will be generated. In this way,
we may realize a grayscale display. Experimentally, we dem-
onstrate that this encoding and display scheme indeed
works. © 2017 Optical Society of America

OCIS codes: (160.3918) Metamaterials; (120.2040) Displays;
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The history of manufactured mirror can be traced back to thou-
sands of years ago [1]. Yet people never imagined that the same
object can be used as a reflector (mirror) and an absorber by
simply rotating its geometrical orientation. In recent decades,
with the development of subwavelength optics and plasmonics,
optical properties of a structured metal film have become
extremely diverse [2–6]. These properties depend not only
on the chemical composition of the material, but also on
the subwavelength structural design. For example, conventional
Snell’s law describes the relationship between the angles of in-
cidence and the refraction/reflection of a wave on a homo-
geneous boundary between two different isotropic media
[7]. If, however, by introducing a two-dimensional array of
resonators with a spatially varying phase response and a

subwavelength separation on the interface (so the surface is
called metasurface) [8–15], propagation direction of the refrac-
tive/reflective waves will carry the additional phase gradient in-
duced by the artificial resonators on the interface. This effect
may generate unprecedented applications in manipulating
propagation directions of waves. The other unique properties
induced by the strong interaction of the wave with the sub-
wavelength structures include extraordinary transmission
[16,17], giant optical activity [18–20], perfect absorption
[5,21], and ultrahigh spatial resolution [22–26].

Despite the great achievements in applying metasurfaces, a
three-dimensional (3D) metastructure offers additional flexibil-
ity in tuning the physical properties compared to its two-
dimensional (2D) counterpart [6,27–31]. An apparent example
is that the 3D metastructures may carry more information in
encoding and display compared to the 2D metasurface.
However, with a traditional top-down microlithography ap-
proach, fabricating 3D metastructures with complicated topog-
raphy is a formidable task. In this Letter, we report on the
design and fabrication of a series of standing U-shaped resona-
tors (SUSRs) with two-photon absorption (TPA) process. The
orientations of the bottom rim of the SUSR and the height of
the standing arms of the SUSRs are used as control parameters
for binary and grayscale encoding and display. We also fabricate
the samples and demonstrate that this encoding and display
scheme really works.

Previously, we have demonstrated that 3D SUSRs may work
as polarization-dependent absorbers [6]. The arm height of the
SUSR is a major factor to tune the absorption frequency. First,
we utilize 3D SUSRs to construct pixels for a binary display. As
shown in Fig. 1(a), the SUSRs are fabricated on a glass sub-
strate, followed by metallization via coating the SUSR array
and the glass substrate with continuous gold thin film. As illus-
trated in Fig. 1(a), the opening of the SUSR points to �z, and
the incident light propagates in −z. The transmission and re-
flection spectra for the polarized incidence in Fig. 1(b) is cal-
culated by the finite difference time domain method. [32] At a
frequency of 1220 cm−1, for x-polarized incidence, the SUSRs
act as perfect absorbers, and the incident light neither transmits
nor reflects from the surface. When the polarization of the
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incident light is rotated for 90° (y-polarized), the incident light
is perfectly reflected, similar to what happens on a mirror. We
fabricate such a SUSR array via a TPA approach, where the
focus point of an excimer laser scans a 3D pattern. The pre-
cursors in the regions scanned by the focus point are polym-
erized and solidified, whereas those in the rest of the regions are
washed away by propylene glycol monomethyl ether acetate
(Sigma-Aldrich). In this way, a polymer skeleton of SUSRs
is fabricated. We then coat the polymer skeleton (and the glass
substrate as well) with a gold film 35 nm in thickness by mag-
netron sputtering. The scanning electron micrograph (SEM,
LEO 1530VP) of the structure is illustrated in Fig. 1(c).
A Fourier transform infrared spectrometer (FTIR, Bruker
Vertex v70) associated with an infrared microscope with a focal
plane array detector (Bruker Hyperion 3000) is applied for
optical characterization. The measured transmission and re-
flection spectra in Fig. 1(d) confirm that for x-polarized
incidence, nearly zero reflection is achieved at 1220 cm−1,
whereas for y-polarized incidence, the incidence is perfectly re-
flected over a broad frequency range (1000–1500 cm−1).
Besides, our simulation shows that the SUSR still works as a
polarization-sensitive absorber under oblique incidence. If
the incident angle is less than 40°, the SUSR works well for

both transverse electric (TE) and transverse magnetic (TM)
modes. This could be useful for applications in active display
devices, information storage, and encryption technology.

Herewith, we use the properties shown in Figs. 1(a)–1(d) to
encode a pattern. We define the perfect reflection and perfect
absorption as “bright” and “dark” states, respectively. Based on
the orientation of the bottom rim of the SUSR and the polari-
zation of the incident light, we define three types of pixels for
binary display: P�h; 0� represents dark in x-polarized incidence
and bright in y-polarized incidence with the bottom rim of the
SUSR in x-direction; P�0; h� represents bright in x-polarized
incidence and dark in y-polarized incidence with the bottom
rim of the SUSR in the y-direction; and P�h; h� represents dark
in both x- and y-polarized incidence by combining two
orthogonal SUSRs to form a fish-spear-like resonator (FSR).
Two letters “A” and “B” are encoded with the SUSRs with dif-
ferent orientations to form a matrix 240 μm × 240 μm in size,
as shown in Fig. 1(e). The structure is fabricated by TPA
processing. As illustrated in Fig. 1(f ), the overlap area of “A”
and “B” is constructed with pixel P�h; h�, the rest of “A” is con-
structed with pixel P(h, 0), and the rest of “B” is constructed
with pixel P(0, h). Different patterns can be displayed by
switching the incidence polarization from x-polarized to
y-polarized. Figures 1(g) and 1(h) show the images collected
by the focal plane array detector. In the measurement, a
ZnSe polarizer is applied to select the incident polarization.
The reflection signals are integrated in the frequency range
of 1200–1300 cm−1. Letters “A” and “B” can be clearly
identified when the incident light is set as x-polarized and
y-polarized, respectively.

As shown in Fig. 1, we have experimentally proved that the
reflection intensity of the SUSR unit is polarization sensitive.
Further, the absorption frequency can be accurately tuned by
changing the arm height of the SUSR unit. We can create pixels
based on a FSR unit consisting of two orthogonal SUSRs, as
shown in Fig. 2(a). The arm heights in each SUSR are h1 and
h2, suggesting different absorption frequencies in two orthogo-
nal polarization directions. We fabricate the FSR arrays with
h1 � 1.8 μm and h2 � 2.3 μm, as illustrated in Fig. 2(b).
The measured FTIR spectra in Fig. 2(c) indicate that by setting
different arm heights of the orthogonal SUSRs, indeed the
absorption frequencies can be independently tuned for the
two orthogonal polarizations directions.

To display a binary image, four types of pixels with different
h1 and h2 heights are designed: P�hi;hj� stands for the scenario
that within a FSR unit the height of the SUSR in x- and
y-direction s is hi and hj, respectively. In this design, h1 is taken
as 1.8 μm, and h2 is taken as 2.3 μm. Two letters “C” and “D”
are encoded with FSR pixels in this way: the area where “C”
and “D” overlap is constructed with pixels of type P�h1;h1� the
rest of “C” and the rest of “D” are constructed with pixels of
P�h1;h2� and P�h2;h1�, respectively. The blank area that displays
neither a “C” nor a “D” pattern is constructed with pixels of
P�h2;h2�. The morphology of the fabricated sample is shown in
Fig. 2(d). By illuminating the sample with x- and y-polarized
incident light and integrating the reflection signals in
1220–1320 cm−1, the patterns “C” and “D” are displayed,
respectively, as shown in Figs. 2(e) and 2(f ).

It is possible to encode independently not only with differ-
ent incident polarizations, but also at different frequencies. As
shown in Fig. 3(a), we design a combo pixel constructed with

Fig. 1. (a) Schematic diagram of the designed SUSR unit,
where w � 0.3 μm, L � 2 μm, d � 0.7 μm, h � 1.9 μm, and
t � 35 nm. The lattice constant of the SUSR array is 4 μm.
(b) Rx , Ry , T x , and T y are the simulated reflection and transmission
coefficients of x- and y-polarization, respectively. (c) SEM micrograph
of the fabricated SUSR array. The scale bar represents 4 μm.
(d) Measured reflection and transmission spectrum of SUSR arrays.
(e) SEM micrograph of the designed two letters “A” and “B.” The scale
bar represents 60 μm. (f ) 45° tilted-angle view of the boxed region in
(e). The scale bar in (f ) represents 10 μm. (g) and (h) Measured FPA
images for x- and y-polarization of incident light, respectively.
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four separated SUSRs. Figure 3(b) shows the top view of the
pixel. Four SUSRs are placed end to end, forming a square.
The staggered arrangement could weaken the coupling be-
tween the resonators. Each SUSR works as an independent
channel within one combo pixel. Four independent channels
are defined as follows: CH1 and CH3 work in x-direction
polarization, and their bottom rims are in parallel to the
x-direction CH2 and CH4 work in y-direction polarization,
and their bottom rims are in parallel to the y-direction; CH1

resonates for x-polarized incidence at 1045 cm−1, CH2 reso-
nates for y-polarized incidence at 1045 cm−1, CH3 resonates
for x-polarized incidence at 1220 cm−1, and CH4 resonates
for y-polarized incidence at 1220 cm−1. When the arm height
of CH1 and CH2 is set as 2.3 μm, both CH1 and CH2 act as
absorber and are defined as “dark.” The height of CH3 and
CH4 is set as 1.9 μm to achieve the “dark” state at 1220 cm−1.
Similarly, we can define “bright” states for all channels by set-
ting the SUSR height as 1.5 μm, which possesses resonant ab-
sorption at 1520 cm−1 and reflects perfectly at both 1220 and
1045 cm−1. Figures 3(c) and 3(d) show the SEM micrograph
of the fabricated sample made of the combo pixels. Four
letters “E”, “F”, “G,” and “H” have been encoded with
CH1, CH2, CH3, and CH4, separately. With the FPA imaging
technique, “E” is displayed in CH1 by integrating the reflecting
signals at 1045cm−1 with x-polarized illumination, as shown in
Fig. 3(e). Similarly, “F” is displayed in CH2 at 1045 cm−1

with y-polarized illumination. “G” and “H” appear in CH3

at 1220 cm−1 with x-polarized illumination and in CH4 at
1220 cm−1 with y-polarized illumination, respectively. It
should be noted that the two reflection dips collected along
the same polarization have some overlap in frequency range,
which slightly decreases the contrast of the image.

We develop further an approach to display grayscale images
with SUSR pixels. As illustrated in Fig. 4(a), θ describes the
angle between the bottom rim of the SUSR and the x-axis.
At the absorption frequency, the reflection intensity can be
expressed as

Rθ � 1 − A0 cos
2�θ�; (1)

where A0 is the maximum absorbance when the SUSR is par-
allel to the x-direction. Figure 4(b) demonstrates the simulation
of reflection Rθ with respect to θ. When the incidence polari-
zation is fixed, the reflection strength of each pixel can be se-
lected by choosing the rotating angle θ of each SUSR pixel.
Figure 4(c) shows a picture that works as a source image in
the grayscale display. The key point of the encoding and dis-
play process is that each shade in the source image is encoded
into a type of SUSR pixel with a specific rotation angle θ.
As shown in Fig. 4(d), we define four different shades in the
picture to the SUSR pixels with four rotation angles 0°, 30°,
60°, and 90°. The SEM micrograph of the sample is shown
in Fig. 4(e). The sample is 800 μm × 800 μm in size, and
the incident light polarizes in the x-direction. With a FPA
detector, we collect the reflection signal and integrate in
1200–1300 cm−1. Figure 4(f ) shows the decoded picture with
four shades retrieved from the SUSR sample in Fig. 4(c). The
brightness of the “bright” pixel is more than 10 times that of
the “dark” pixel at the working frequency.

Fig. 3. (a) Schematic diagram of the combo pixel made of four
SUSRs. (b) Top view of the combo pixel unit. (c) and (d) show
the SEMmicrographs of the fabricated sample. The scale bar in (c) rep-
resents 60 μm, and the scale bar in (d) represents 4 μm. (e) and (f ) show
the FPA images integrated in 1000–1100 cm−1 for x- and y-polarized
incidence, respectively. (g) and (h) show the FPA images integrated
in 1200–1300 cm−1 for x- and y-polarized incidence, respectively.

Fig. 2. (a) Schematic diagram of the pixel of the FFR unit.
(b) SEM micrograph of 45° tilted-angle view of the FFR arrays, where
h1 � 1.8 μm and h2 � 2.3 μm. The scale bar represents 2 μm.
(c) Measured reflection spectrum of FFR arrays for incidence with dif-
ferent polarization states. (d) Morphology of the fabricated sample
with two encoded letters “C” and “D.” The scale bar represents
60 μm. (e) and (f ) FPA images for x- and y-polarization of incidence,
respectively.
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In principle, we may encode a picture with higher resolution
of grayscale level by dividing the rotation angle to smaller de-
grees. However, it should be pointed out that the relationship
of the reflection intensity and the rotation angle θ is nonlinear.
Around a certain angle (for example, around θ � π∕4) the re-
flection intensity is more sensitive to the angle rotation,
whereas in some other regions (for example, around θ � 0
or π∕2), the intensity is not very sensitive to the angle rotation.
Such a nonlinear relationship of the reflection intensity and the
rotation angle θ limits the resolution of this grayscale display
approach.

Encoding and display with multiple channel elements
within an extremely limited space is an important topic in de-
veloping electro-optical display [24–26,33,34]. Here we exper-
imentally demonstrate the polarization-dependent binary
encoding and display by utilizing the resonant absorption
and reflection of 3D microstructures. Although the fabrication
of 3D microstructures is much more difficult, 3D structures
have advantages for encoding and display, compared with
2D counterparts. For example, 3D structures may provide
more degrees of freedom for encoding and display. Besides
the arm height, we can also change the horizontal bar height
of the SUSR structure to tune the absorption frequency [6]. It
is feasible for us to use this feature to display different patterns
at different frequencies. We also demonstrate the possibility to
utilize the rotation angle of the SUSR to display an image with
different grayscales. By introducing versatile 3D microstruc-
tures, we expect that our display approach may have promising
applications in active display devices, information storage, and
encryption technology.
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Fig. 4. (a) Schematic diagram of a rotated SUSR. h � 1.9 μm. θ
represents the angle between the rim of the SUSR and x-axis.
(b) Simulated reflection spectrum for different θ with the x-polarized
incident light. (c) and (d) The picture is encoded into four regions
where SUSR pixels have been rotated for θ � 0°, 30°, 60°, and 90°,
respectively. (e) SEM micrograph of the top view of the designed
sample. The scale bar represents 200 μm. (f ) FPA images by integrat-
ing in 1200–1300 cm−1. The incident light is x-polarized.
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