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Angular Optical Transparency Induced by Photonic
Topological Transitions in Metamaterials

Pengcheng Huo, Yuzhang Liang, Si Zhang, Yanqing Lu, and Ting Xu*

Photonic topological transitions (PTTs) in metamaterials open a new realm

of research with a number of interesting optical phenomena and provide

an efficient route to manipulate light-matter interactions at nanoscale.

Here, it is shown that, by tailoring the topology of anisotropic metamaterial’s
equi-frequency surface, a narrow angular optical transparency window appears
around the PTT frequency, which makes the metamaterial strongly discriminate
the light based primarily on the angle of incidence. In experimental implementa-
tion, a large-scale nanowire metamaterial is fabricated by bottom-up approach
and achieves a highly transparent window with a narrow angular range at visible
frequency. Based on this angular transparency effect, the metamaterial is fur-
ther demonstrated to be capable of significantly suppressing the diffraction and
interference of the light scattered from arbitrarily shaped objects and projecting
their diffraction-limited images into far field. These features make the meta-
materials hold promise for a series of angle-dependent optical applications.

1. Introduction

Metamaterials are artificial electromagnetic structures engi-
neered on subwavelength scales to have optical properties that
are not observed in their constituent materials and may not be
found in nature, such as negative refractive index.'"¥ They have
enabled unprecedented flexibility in manipulating light waves
and producing various novel optical functionalities. Since the
beginning of this century, with the development of nanofab-
rication and characterization technologies, there has been a
tremendous growing interest in the study of metamaterials and
their potential applications in different fields including super-
resolution imaging,>® optical sensing,’! and electromagnetic
cloaking.[1011

Recently, photonic topological transition (PTT) in meta-
materials have generated considerable research interest.12-16]
Unlike the topological phase transition in condensed matter
systems!”'8] and optical topological insulators,'>?!l here PTT
only refers to the transition of topology of metamaterial’s equi-
frequency surface (EFS). As a surface of allowed wavevectors
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at constant frequency, EFS maps the an-
gular dependence of wavevectors in the
metamaterial and indicates the direction
of power flow. Therefore, the topology
of EFS directly governing the wave dy-
namics and the nature of light inside
the metamaterial could have a dramatic
change along with PTT. This opens a
new route to efficiently manipulate light—
matter interactions at nanoscales.

Here, we introduce a basic principle to
generate an angular optical transparency
in the metamaterial based on PTT. By
engineering metamaterial’'s EFS from
closed ellipsoid to an open hyperboloid,
we find that a narrow angular optical
transparency window appears around the
transition point of PTT. As a result, the
metamaterial exhibits strong angular dis-
crimination of light: only the light very
close to the normal incidence can be
well transmitted through the metamaterial with high transmis-
sion efficiency, while the light from other directions will be com-
pletely blocked. As experimental demonstration, for p-polarized
incident light, we fabricate a large-area metamaterial slab con-
sisting of metallic nanowires embedded in the dielectric matrix
and achieve an angular window of transparency about +4° at the
visible wavelength of 665 nm. Based on the angular transparency
effect, we further demonstrate that the metamaterial slab can be
used as a “flat-lens,” which is capable of projecting the diffraction-
limited images of arbitrarily shaped, 2D objects into far field.
Compared with other angularly selective material systems, like
photonic crystals,**?*] plasmonic nanogratings®**! and geomet-
rical optics,?*?”l our designed metamaterial has a much narrower
angular transparency window and single-layer planar architec-
ture. These features make it very attractive for a series of applica-
tions, such as lensless on-chip imaging,?®! privacy protection,*’!
and high-efficiency solar energy manipulation.l*”

2. Experimental Section

2.1. Sample Fabrication

The metamaterials are fabricated by filling silver nanowires in the
highly ordered porous anodic aluminum oxide (AAO) templates.
First, the high-purity aluminum foil (99.999%) is sequentially im-
mersed in ethanol, acetone, and deionized water to remove im-
purities and organics of the surface. Electrochemical polishing
is performed in the 4:1 mixed solution of perchloric acid and
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ethanol at 20 V and 10 °C to smooth the surface of the aluminum
sheet. Then, we adopt the two-step anodization method to obtain
AAO templates with uniform pores. A solution of 1.5 M sulfu-
ric acid is used as the electrolyte solution for the first and second
anodization. The first anodization of 6 h at 14 V and 10 °C can
produce a sacrificial layer. After that, the irregular AAO layer is
chemically etched by a mixture of 6 wt% phosphoric acid and 1.8
wt% chromic acid at 60 °C for 9 h. The second anodization is
performed under the same conditions as the first anodization.
The thickness of the AAO is controlled by the second anodizing
time. A polymethyl methacrylate (PMMA) layer is coated on AAO
from a PMMA /methylbenzene solution. Then, the Al substrate
is detached in saturated SnCly. The removal of the thin barrier
layer was carried out in a solution of 5 wt% phosphoric acid for
30 min at 30 °C. The pore size of the AAO is controlled by the
corrosion time in phosphoric acid. Subsequently, a thin layer of
Au (thickness of =200 nm) is sputtered onto the open side of the
AAO to serve as working electrode for the following electrode-
position process. The PMMA on the other side of the AAO tem-
plate is thoroughly dissolved in the acetone solution. The tem-
plate is finally transferred onto the ITO glass and follows to grow
silver nanowires inside the nanopores. The electrolyte contains
0.06 mol L™! AgNO; and 0.5 mol L=! H3BO;. All of the chemical
reagents used in this experiment are analytical grade. Potentio-
static deposition is carried out under DC conditions for dozens of
minutes at room temperature and the constant potential is 0.6 V.
The overgrown nanowires on the top surface and the thin Au
layer on the bottom surface are removed by using chemical me-
chanical polishing and ion beam etching. Finally, the AAO mem-
branes filled with silver nanowires are transferred onto transpar-
ent glass and Au mask substrate.

2.2. Optical Measurement

For the angular optical transparency measurement, a collimated,
linear-polarized laser beam filtered from super-continuum laser
is directly incident onto the metamaterial sample. The incident
angle is controlled by the rotation stage. The intensity profiles of
transmitted beam through the metamaterial slab are recorded by
the charge coupled device (CCD) camera. For the imaging mea-
surement, a circular-polarized laser beam is incident on the back-
side of the opaque Au mask. FIB milling (Ga™ ions, 30 kV, 40 pA)
is used to pattern a 20 pm x 25 pm symbol “7” with slit aperture
width of 200 nm. An optically inverted microscope with 50x ob-
jective lens focusing at different z positions is used to capture the
objective image.

2.3. Numerical Simulation

Numerical simulations are performed by using finite-difference
time-domain (FDTD) algorithm. The permittivity of AAO is
a0, = 3.12 for entire optical region of our interest.’!) By ap-
plying the Drude model, the permittivity of silver is described as
follows:

2

@y
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Here the e, = 6 is the high-frequency permittivity of bulk sil-
ver, the w, = 1.5 x 10'® rad s™* is the bulk plasmon frequency,
and y, = 7.73 x 10% rad s7! is the collision frequency, which
all are obtained by fitting the model to the experimental data
from the literature.??l A transverse magnetic plane wave (mag-
netic field is polarized perpendicular to incident plane) is consid-
ered with an incident angle ranging from 0 to 90°. In the sim-
ulation, Bloch boundary conditions are applied along the x-axis
and y-axis, and perfectly matched layers are used in the z-axes.
The grid size along the x-, y-, and z-direction is 2 nm x 2 nm
x 2 nm, respectively. The time-step size is 2.7 x 107* fs and the
converged results are less than 1 x 107>,

3. Results and Discussions

3.1. Photonic Topological Transition and Angular Transparency
in Anisotropic Medium

To demonstrate the fundamental physics principle at work here,
we first start by considering a lossless, nonmagnetic anisotropic
medium with relative permeability # = 1 and a diagonal relative
permittivity tensor (w) = Diag {e., ¢,, &z}, where g, = &y =¢&1
and e, = ¢ are respectively the permittivity components per-
pendicular and parallel to the axis of anisotropy along z-direction,
w is the wave frequency. The EFS for extraordinary (p-polarized)
electromagnetic waves propagating inside this medium is given
by

z

= 1)

k2 4k N k2 (a))2

& &1 4

Here, k,, k,, and k. are respectively the components of the
wavevector along x-, y-, and z-directions, ¢ is the speed of light.
Based on Equation (1), Figure 1a gives the calculated EFS for such
medium with dispersive values of ¢ [¢) (0) =1, 0.1, 0, —0.1, —1]
while fixing &, = 4. It can be clearly seen that on decreasing the
value of ¢, from positive to negative, the topology of EFS tran-
sits from a closed ellipsoid (g; £, > 0) to an open hyperboloid
(¢) €1 < 0) and the diameter of the projection of EFS in xy plane
is proportional to the value of |¢ |. The PTT occurs at the tran-
sition frequency wy, where g (wp) = 0. This corresponds to the
singularity of Equation (1) and the EFS degenerates to two points
on z-axis. At this moment, the medium would act as a spatial
frequency filter and only the electromagnetic waves with pure
wavevectors along z-axis are allowed to propagate inside it.

As for the practicality, almost all reported anisotropic artificial
media have intrinsic losses, especially at optical frequencies.?*34
Therefore, it is important to evaluate the effect of absorption
losses at the transition frequency w,. Here we add a reasonable
imaginary part for ¢ (wo) as & (wo) = 0+ 0.1i while keeping
&) (wo) = 4, and calculate the EFS for the complex k.. In contrast
to the ideal degenerated points on the z-axis for the lossless
medium, the topology of EFS at w, keeps a narrow hyperboloid in
the presence of absorption losses (Figure 1b), similar to the dis-
persion of epsilon-near-zero (ENZ) media.>>% At first sight, it
seems that the absorption losses from g are completely unhelp-
ful for narrowing the angular transparency window because, un-
der this condition, light waves with small transverse wavevectors
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Figure 1. Photonic topological transitions in anisotropic material. a)
Calculated EFS for the anisotropic material with dispersive values of
g [e] (@) =1,0.1,0, —0.1, —1] while fixing e, = 4. b—c) Calculated EFS
with ¢y = 04 0.1/ and ¢, = 4 for b) Re(k,) and c) Im(k;) as a function
of ke and ky. The inset in (c) shows a triply degenerate state existing at
the origin. d) Calculated optical transmission as a function of incident
angle for the anisotropic material slab with different thicknesses. Inset:
Schematic diagram of the p-polarized light incident from isotropic sur-
rounding medium onto the anisotropic material slab with thickness h at
different incident angles.

are also supported to propagate inside the medium. However,
situation is different if we take into account the imaginary part of
k.. As shown in Figure 1c, wavevector diagram for the imaginary
part of k; as a function of k, and k, exhibits a conical dispersion.
The conical dispersion achieves a triply degenerate state at the
origin and forms a Dirac-like point. This indicates that the light
waves with pure wavevectors along z-direction have Im(k,) = 0
and do not experience any absorption losses in the medium. On
the other side, for the light waves with small transverse wavevec-
tors, the component Im(k,) # 0, which means they do suffer
from the material’s intrinsic losses and the energy will decay with
further propagation inside the medium. Therefore, although the
topology of EFS in presence of the loss for ¢ at the transition
point will diverge from two points to hyperboloid, the loss itself
also can be helpful for suppressing the waves propagating away
from z-direction and keeping a narrow angular transparency
window.

Next, let us consider a practical application scenario
where a slab of such anisotropic medium [g; (wp) =4,
g (wo) =0+ 0.1i] with thickness h is embedded in a sur-
rounding medium with an isotropic relative permittivity &; ,
such as air. A p-polarized light at wave frequency w is incident
from the surrounding medium onto the anisotropic medium
slab at an incident angle 6, as shown in inset of Figure 1d.
Here we only consider p-polarized light because the EFS of non-
magnetic anisotropic medium with 4 = 1 does not experience
PTT for s-polarization. According to the continuity of phase and
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conservation of energy at two interfaces, the optical transmission
of the incident light through the slab is given as

4aklzk228L &1
T i . : @
(k161 + koz81)” — (k1261 — kyz€1) a’exp (—i6)

where ki, and k,, are the wavevector along z-axis in the sur-
rounding isotropic medium and anisotropic medium, respec-
tively; transmission loss a = exp[— Im(k;.)h] and phase factor
8 = Re(ky,) - 2h. For the normal incidence (0 = 0), when the
thickness of the anisotropic medium slab satisfies the condition
h = mem /wo,/€L (m is a non-zero positive integer), T reaches
the maximum for 1. Unlike other angular selectivity systems
which have a strict index-matching requirement between the
functional and environmental media to achieve high optical
transmission,??? here the maximum transmission is insensi-
tive to the dielectric constant &; of the surrounding medium,
which greatly extends the application range of the anisotropic
medium. Based on Equation (2), Figure 1d displays the calcu-
lated optical transmission as a function of incident angle 6 with
different slab thickness h. It can be seen that at 6 = 0, although
T =1 for all the thickness h (m = 1, 4, 16), a thicker slab has
a narrower angular transparency window. These results agree
well with the conclusion we obtained above that the intrinsic loss
from g;in anisotropic medium will suppress the waves propagat-
ing away from z-direction. Therefore, without affecting the opti-
cal transmission for normal incidence, the width of the angular
transparency window can be controlled by choosing proper slab
thickness.

3.2. Experimental Realization of PTT-Based Angular Transparency
Using Metamaterials

In order to show the feasibility of the angular optical trans-
parency described above, we present an experimental realization
at visible frequencies using a low-loss nanowire metamaterial
structure which has been explored for optical nonlocaltity,!>3°!
negative refraction,?>*) and enhanced Purcell factor.*!! The
metamaterial is formed by embedding arrays of parallel
Ag nanowires with hexagonal lattice in a dielectric matrix
(AL,O3), as shown in Figure 2a. Supposing the geometric
parameters, including nanowires radius r and lattice con-
stant S, are much smaller than the operating wavelength
Ao, the metamaterial system can be treated as an effective
anisotropic medium based on the effective medium theory.*?
The effective permittivity tensor of the metamaterial takes the
form as e, =¢ = feag+ (1 — fleano, and e, =g, =6, =
en0, [(L+ Neag + (1~ feano,)/I(L+ Neano, + (1= feagl

where g5, and eaj,0, are the dielectric constants of the Ag and
Al,O;, respectively, and f is the filling fraction of Ag. Figure
2b gives the calculated effective complex permittivities, ¢, and
€1, of the metamaterial with f = 0.124 (corresponding to r =
12 nm and S = 65 nm) in the visible region. It can be seen
that the real part of ¢, continuously changes from positive to
negative with increasing the wavelength and has Re(gj) = 0 at
Ao = 675 nm. In contrast, Re(e,) keeps positive in the entire
investigated wavelength range. Therefore, the topology of
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Figure 2. Realization of photonic topological transitions in metamaterial. a) Schematic diagram of the metamaterial in which metallic nanowires are
embedded in a dielectric matrix. The radius of the nanowire is r and the center-to-center distance between two neighboring nanowires (lattice constant) is
S, which generates a nanowire volume filling fraction f = 27r?/(+/35?). The thickness of the metamaterial slab is h. b) Calculated effective permittivity
g and ¢ for metamaterial with filling fraction f = 0.124. The dashed line indicates the wavelength position (675 nm), where g = 0. c—d) Calculated
EFS for c) Re(k;) and d) Im(k;) as a function of k, and k, at the wavelength of 675 nm. The inset in (d) shows a bandgap existing around the origin.
e) Numerically simulated optical transmission of a 2.6 um thick metamaterial at the wavelength of 675 nm.

metamaterial’s dispersion transits from a closed ellipsoid to an
open hyperboloid at the transition wavelength Ay = 675 nm.
Based on the obtained effective anisotropic permittivities at Ao,
we calculate the metamaterial's EFS for the complex wavevector
k., as shown in Figure 2¢,d. Similar to the Figure 1b, the topology
of the metamaterial’s EFS for Re(k,) at Ao keeps a narrow hyper-
boloid, which indicates the metamaterial has a narrow angular
transparency window. But in contrast to a triply degenerate
Dirac-like point shown in Figure 1c, the metamaterial's EFS
for Im(k,) is different at the origin. It opens a bandgap due to
the existence of the imagery part of ¢,. As a result, even the
light with pure wavevectors along z-axis would experience some
absorption losses. Figure 2d gives the FDTD-simulated optical
transmission of p-polarized incident light as function of 6 for
a nanowire metamaterial slab surrounded by the air at Ao =
675 nm, where the thickness of the slab is set to h = 2.6 um
(=3.85A), satisfying the condition of transmission maximum
(h =mecm/wo/eL, m=16). The transparency window has
an angular full width at half maximum (FWHM) of 4° (-2°
< 6 < 2°) with an optical transmission higher than 75% at
0 = 0, which indicates that the nanostructured metamaterial
has comparable optical performances as the ideal anisotropic
medium we proposed above.

Above nanowire metamaterial design is based on the local
effective medium theory. Actually, the nonlocality in nanowire
structures often leads to the appearance of the additional
longitudinal resonance and results in a slight deviation of the
real part of ¢ from zero in the ENZ regime.l>% Nevertheless,
in the designed thick metamaterial slab (b = 3.851¢), even the
real part of ¢ is not zero, the waves propagating away from the
normal direction will be suppressed by the absorption loss due
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to the existence of the imaginary part of ¢, (=0.1i). Therefore,
the nonlocality in nanowire metamaterial does not have a big
influence on the angular transparency effect.

A large-scale metamaterial sample is fabricated by electro-
chemical deposition of Ag nanowires in the highly ordered
porous AAO membranes created by anodization. Figure 3a
shows the optical image of a 2.6 pm thick nanowire metamate-
rial slab transferred on the glass substrate. The metamaterial has
an average Ag nanowire diameter d = 24 nm and lattice constant
S = 65 nm. These critical geometric parameters are much
smaller than the previously reported nanowire metamaterials
operating at similar frequencies,?**" which is beneficial for
more accurate approximation of the metamaterial’s electromag-
netic responses described by the effective medium theory. To
characterize the optical performance, the metamaterial sample
is illuminated with p-polarized, wavelength-filtered white laser
with different incident angles. The transmitted light is collected
and imaged by an angle-resolved experimental setup with
angular resolution of 1°. Figure 3b shows the recorded optical
images of the collimated laser beam transmitted thought the
metamaterial sample with different incident angles at A = 665
nm. Compared with a bright spot taken from the transmitted
beam at 6 = 0, intensities of the transmitted beam spots decay
rapidly with increasing 6. When 6 > 10°, the incident light is
almost completely blocked by the metamaterial, which implies
that the metamaterial slab has a good angular selectivity perfor-
mance along the normal direction. Figure 3c gives the measured
angular optical transmission T as a function of both incident
angle and free-space wavelength (A ranging from 625 to 725 nm).
The narrowest transparency window with FWHM = 8° (—4° < 6
< 4°) and optical transmission T = 62% occurs at A = 665 nm.
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Figure 3. Angular optical transparency in metamaterials. a) Scanning electron microscope (SEM) images of the fabricated nanowire metamaterial. Scale
bar, 500 nm. Left inset: glass slide uniformly coated with 2.6 um thick metamaterial. Scale bar: 2 cm. b) Charge-coupled device (CCD) recorded intensity
profiles of the p-polarized, collimated light beam transmitted through metamaterial with different incident angle 6. The wavelength of incident light
is 665 nm and the diameter of beam spot is about 1 mm. c) Experimentally measured (left) and numerically simulated (right) optical transmission
as a function of free-space wavelength and incident angle. d) Angular FWHM of the optical transparency window for the metamaterial extracted from
measured and simulated results. Error bars: standard deviation for four repeated experimental measurements.

These results agree with the FDTD predictions, in which the
narrowest transparency window has FWHM = 4° (—2° < 0 <
2°) at A = 675 nm. The small differences between experimental
and simulated results may come from the dimensional or
morphological deviations in the structure of the fabricated
sample compared with that of the ideal model structure.

Although in principle the transition point of PTT just corre-
sponds to a single working frequency, but actually the metamate-
rial shows a broadband angular optical transparency effect. Fig-
ure 3d summaries the angular FWHM of transparency window
extracted from Figure 3c. In experiment, the wavelength span cor-
responding to an angular FWHM narrower than 20° (—10° < 6
< 10°) is about 70 nm. This wavelength span is even boarder in
simulation. The relatively board wavelength bandwidth for an-
gular optical transparency is also enabled by the small intrinsic
losses in nanowire metamaterial: Even the wave frequency devi-
ates from the transition frequency of PTT and its EFS transits to
an ellipsoid or hyperboloid; the intrinsic losses in metamaterial
would help to suppress the light waves propagating along other
directions.

3.3. Projecting Diffraction-Limited Images Based on Angular
Transparency
Since the metamaterial has a good angular transparency perfor-

mance close to normal, we further explorer its potentials in the
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application of far-field projection imaging for arbitrarily shaped,
2D objects. The schematic diagram is shown in Figure 4a, where
a 2.6 um thick nanowire metamaterial slab is transferred on an
opaque Ag film prepatterned with several apertures forming an
objective symbol “m” by focused-ion-beam (FIB) milling. The
aperture width is set to a constant value of 200 nm to suppress
the transmitted s-polarized light. As a reference, an opaque Ag
film with same patterns but without metamaterial covering is
also investigated (Figure 4b). A circularly polarized illumination
at A = 665 nm is used to probe evenly all radial directions of
each object. The resulting projected images of “x” are shown
in Figure 4a,b, as recorded by the optical microscope focused at
different z position. For the metamaterial covering sample, due
to the narrow angular transparency window of the metamaterial,
the diffraction and scattering of light from each aperture are
remarkably suppressed. As a result, the diffraction-limited
objective contour can be projected and well maintained over
distances longer than 10 pm. By comparison, the control sample
without metamaterial can only keep the objective contour clearly
for about 3 pm. After that distance, the diffraction and inter-
ference of the transmitted light completely blur the projection
image. These results imply that the nanowire metamaterial is
a good potential candidate to alleviate the diffraction effect and
significantly improve imaging quality for the lensless imaging
technology. It should be noted that this metamaterial projection
procedure is different from metamaterial hyperlens imaging.®
In that case, the hyperbolic metamaterials are deliberately
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Figure 4. Projecting 2D object’s image into far field. Optical images of the
object patterned in the opaque Au film a) with and b) without metamaterial
coating. The objective symbol “z” has the aperture slit width 200 nm. The
incident light at the wavelength of 665 nm is in circularly polarization and
the images are recorded using an optical microscope focused at different
z positions (z = 0 corresponding to the exit surface of the Au film).

designed to support the propagation of a wide range of spatial
frequency components, corresponding to a very large diameter
of the projection of EFS in xy plane, totally contrary to the current
case. Therefore, although the hyperbolic metamaterial lens can
achieve sub-diffraction-limited imaging in the near field, the
image quality would deteriorate rapidly away from the lens
surface, similar to above control structure without metamaterial
coating.

4. Conclusions

In summary, we investigate the photonic topological transi-
tions in anisotropic medium and present a general method
to achieve angular optical transparency around the transition
point. As a proof-of-concept demonstration, by tailoring the equi-
frequency surface, we design and fabricate a large-scale, low-loss
anisotropic metamaterial consisting of metallic nanowires ar-
ray by the electrochemical deposition approach. As expected, the
metamaterial exhibits a narrow angular transparency window at
visible frequencies. Consequently, we further explorer its poten-
tials in diffraction-limited far-field projection imaging of arbitrar-
ily shaped, 2D objects. The single layer planar architecture asso-
ciated with low-cost, bottom-up nanofabrication approach make
this type of metamaterial very promising for building large-area
optical platform for manipulating light propagation in a series of
angle-dependent applications.
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