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ABSTRACT

The prime example of a two-dimensional photonic crystal featuring Dirac cones is based on
the honeycomb lattice. Colloidal self-assembly can produce a two-dimensional colloidal
structure over a large area, but is limited to hexagonal-close-packed structures. Therefore, it
has been challenging to fabricate honeycomb monolayers by colloidal self-assembly. Here, we
fabricate a dielectric honeycomb lattice in a large area by template-assisted self-assembly and
analyze its photonic structure. Although the Dirac point occurring at the K point is not
accessible by light in free space, a part of the upper Dirac cone above the light line is verified
by a Fourier analysis of the back-focal plane image. Since the template-assisted self-assembly
enables additional geometrical perturbations in the honeycomb lattice, various lattices can be
fabricated. This additional degree of freedom may provide an alternative way of fabricating

photonic topological insulators.

KEYWORDS: Photonic crystal, Honeycomb, Fourier plane, Dirac cone



INTRODUCTION

A honeycomb lattice is the hexagonal lattice with a two-atomic basis, in which the centers of
the hexagons form a hexagonal lattice. Because by geometric perturbations a topological edge
mode is easily obtained,' the honeycomb lattice has recently attracted substantial attention
displaying unique properties such as low-loss unidirectional light propagation®? and
topologically protected lasing.*> So far, in experimental reports, honeycomb lattice has been
fabricated primarily in top-down methods®* which are, however, time-consuming and costly.
Alternatively, bottom-up approaches produce uniform nanostructures of colloidal particles in
large-area at low cost,'*!2 but specially-designed colloidal particles such as tri-patch particles'?
or DNA-coated particles!*!> are needed as building blocks for those honeycomb lattice. As
reported, the synthesis of submicrometer-sized tri-patch particles require elaborate
experimental control’® and is time consuming, while DNA-mediated assembly requires
accurate control of the experimental conditions including salt concentration and temperature.!®
Since those special colloidal particles are assembled in a liquid, an additional transfer step to a
substrate is necessary for optical measurements. In case of spherical particles, using self-
assembled colloidal monolayers, a honeycomb lattice was formed but only in a limited area.!®
Of course, such structures would not be obtained by co-self-assembly of binary mixtures,!” 8

either.

For further development of self-assembled structures into photonic devices, it is important to
analyze the optical modes in those structures. Commonly, angle-resolved reflection and
transmission spectroscopy is used to characterize the optical modes above the light-line.!*°

However, measurement of angular distributions of light reflection/transmission is highly
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challenging due to the requirement of rather large samples and the low coupling efficiency into
the optical modes. Alternatively, Fourier-plane spectroscopy has been used to directly measure
photonic band structures of a hexagonal lattice of metallic nano particle arrays?' and a one-
dimensional metallic grating.”? In this method, a wide range of angular components of the
reflected light beam are collected by a high numerical aperture (NA) objective lens and then
mapped onto an image at the back focal plane showing the momentum space distribution of

the light.

In this report, we demonstrate a large-area dielectric honeycomb lattice of dielectric
nanospheres on nanoimprinted patterned polymeric templates. By convective assembly,
nanospheres form densely packed multilayers and then nanospheres in bottom layer are
strongly adhered on the patterned polymer layer by subsequent thermal annealing. The optical
properties of the honeycomb lattice characterized by directly measuring the reflectance spectra
and mapping image in the Fourier-plane. Furthermore, the Dirac cone, which originates from
the C; symmetry of the honeycomb lattice, is investigated by analyzing the Fourier-plane
mapping image of the fabricated samples. Because the access to the Dirac point is limited by
the free space excitation in the reflectance measurement setup, we are able to measure a part

of the Dirac cone above the light line.

METHODS



Synthesis Silica Nanospheres. Silica nanospheres are prepared by the Stober method.* This
is an ammonia-catalyzed sol-gel reaction, so it helps making the monodisperse silica

nanospheres. Tetraethyl orthosilicate (TEOS, Sigma Aldrich, = 99 %) is hydrolyzed in the

presence of distilled water and ethanol. By changing the amount of solvent (ethanol,
SAMCHUN, 99.9 %), we can easily control the size of silica nanospheres. To synthesize the
silica nanospheres which have 160, 250, and 400 nm diameters, we first mix 200, 150, and 90
ml of ethanol, fixed amounts of 7.5 ml water, and 20 ml ammonia with vigorous stirring. After
1 hour, we add 15 ml of TEOS to the solution. The reaction is terminated about 3 hours later.
To prevent unreacted monomers from further reacting and to make the non-uniform particles,

we perform a process of washing with ethanol for more than 4 times.

Patterned Substrate Fabrication. The polymeric nano-scale hexagonal array is fabricated
using capillary force lithography. A glass substrate is prepared (2 x 2 cm?) and washed by
distilled water followed isopropyl alcohol (SAMCHUN, 99.5 %) for more than 5 minutes.
After blowing the substrates with N, gas, a thermal evaporator system (Dae-Dong High Tech.)
is used to deposit metal layers. After chromium?* layer with a thickness of 10 nm, which has
the role of an adhesion layer between the glass and the next layer, a gold layer with a thickness
of 50 nm is deposited. Then, the gold coated substrate is washed by sonicating in isopropyl
alcohol and distilled water. Next, 3 wt % of Polystyrene (Sigma Aldrich, M,, = 170,000) in
toluene (Sigma Aldrich, 99.8 %) is spin coated on the gold substrates at 3000 rpm for 20
seconds. The annealing process is needed to obtain a smooth surface, and completely evaporate
the toluene solution. The procedure for the capillary force lithography (CFL) uses the capillary
force material (CFM).» CFM molds are fabricated twice by replicating silicon master mold

which is made by e-beam lithography, having a hexagonal array, by UV-exposure process with



polyurethane acrylate (PUA) resin (PSM-3080, CEM-110S). After that, we press CFM mold
with a glass substrate and a transparent PDMS substrate (SILGARDI184, curing-agent:
elastomer = 1:10), which is the buffer layer on the prepared substrate. Above glass transition
temperature (T, = 95 °C) of polystyrene, the spin coated polystyrene layer will be melted and
capillary risen in CFM molds. After cooling the substrates, CFM molds are removed by sharp

tweezers.

Honeycomb Lattice Fabrication. In the convective assembly, highly dense nanospheres can
be accumulated on the patterned substrates.'® 1 wt % of the silica nanospheres in ethanol are
slowly evaporated®® at room temperature. When silica nanospheres are mono-dispersed, they
will assemble in close-packing. After complete evaporation, the substrate is annealed above
the T, of the polystyrene. After this process, the polystyrene patterns are slightly melted, and
hold the bottom of silica nanospheres.?” The substrate is cooled to room temperatures and
sonicated for 40 seconds. The upper layers are detached from the substrate except the bottom
layer, which is held by the polystyrene pattern. Therefore, we can see the honeycomb lattice

with silica nanospheres.

Numerical Simulations. To draw the photonic band structure of the freestanding dielectric
nanosphere array (Figure 1a) and the nanosphere on top of the substrate including the gold
layer (Figure 1b), we use MPB?® and an FDTD solver,” respectively. In the 3D MPB
simulation, we calculated the TE/TM-like modes using a 1 X 1 X 8-unit cell with Bloch
periodic boundary conditions. For the nanosphere array on top of substrate with the gold layer,
the TE/TM-like modes are coupled leading to hybrid modes and metallic material dispersion,
which needs to be considered. Therefore, we use an FDTD method, where we apply Bloch

periodic boundary conditions and excite all possible modes using an electric dipole excitation.



The refractive index used for the polymer is npg = 1.59, while the dispersive refractive index
of glass and gold area used from the Palik*® and the Johnson and Christy database,’!
respectively. The chromium layer is neglected in the simulations without loss of generality.
The angle-resolved spectra (Figure 4d,e) have been obtained using the FDTD method, where a

plane wave source and a frequency-domain power monitor are positioned on top of the design.

Optical Measurement. The angle-resolved reflectivity of the honeycomb lattice has been
obtained by a lab-made back focal plane (BFP) spectroscopy set-up based on a lab-made
confocal microscope system. The collimated white light source (halogen lamp, Nikon, Inc.,
LV-LHS50PC) matches the beam spot size with a pupil of an objective lens by using a
mechanical iris that is focused onto the honeycomb lattice by a 100 X objective lens with 0.9
NA. The reflected light is collected by the same objective lens. The angle-resolved reflected
light focused on the BFP of the objective lens is imaged on a complementary metal oxide
semiconductor camera (CMOS camera, Thorlabs, DCC 1645C) at the Fourier plane by using
an extra tube lens with a 200 mm focal length placed between a tube lens in the confocal
microscope system and the CMOS camera. The angle-resolved reflectance spectra are
measured by collecting the focused angle-resolved light onto the Fourier plane using an optical
fiber with a 100 um core diameter, which works as a confocal detection pinhole, and then
guided to a spectrometer (Princeton instruments, Inc., Acton SpectraPro-500) equipped with
the charged-coupled device camera (CCD, Princeton instruments, Inc., PIXIS 100B). The BFP
scan image is measured by a lab-made pinhole scan system, which combined the pinhole and
three-axis step motorized stage. The spectrometer is electrically synchronized with the pinhole
installed motorized stage; thus, a reflectance spectrum is obtained at every pixel position, and
a map of the reflectance is obtained by scanning the Fourier plane with a 2 mm by 2 mm square

area at 64 by 64 pixels. The reflectance maps are imaged by a filtering process (lower and upper

8



average background) in WITec software, which calculates the baseline points in selected

frequency ranges.*

RESULTS AND DISCUSSION
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Figure 1. (a) Schematic of the proposed honeycomb lattice with top and cross section views.
(dpnc = 400 nm, hpg = 300 nm). The primitive unit cell is represented by the solid yellow
line and the lattice vectors a; and a». Simulations of the photonic band structure (b) without
(free standing) and (c) with substrate and gold layer. The grey shaded area represents the light

cone in air.

Figure 1a illustrates the proposed honeycomb lattice, which is expected to have Dirac points at
the K and K’ points due to the C; symmetry present in the honeycomb lattice. Besides, because
the nanospheres are embedded in a polystyrene (PS) matrix, two Dirac points at similar

frequencies are present at the K and K’ points instead of one. With a lattice constant (a) of 700
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nm, honeycomb lattice of silica nanospheres (dpy = 400 nm, n = 1.45) are embedded in a
polystyrene layer (h,; = 310 nm) on top of thin gold layer (~ 50 nm), and a glass substrate
(Figure 1a). In addition, a 10 nm chromium layer is put below the gold layer as an adhesion
layer.>* Notably, a residual polystyrene thin layer (~10 nm) forms on the gold layer during the
imprinting process, which results in a dielectric gap layer between the silica nanospheres and

the gold-coated substrate.

Figure 1b shows the calculated band structure of the freestanding honeycomb lattice, namely
without gold layer and substrate. The band structure has two Dirac points at the K point.
However, these modes are above the light line of substrate, in which light may leak into the
substrate. Therefore, a gold layer is introduced to confine these photonic crystal modes at the
surface of the structure. The calculated band structure including the gold layer and the substrate
is presented in Figure 1c. Again, the band structure features the two Dirac points at the K point,

but now below the light cone.
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Figure 2. (a) Schematic illustration of the preparation of the sample. SEM image of (b) the
polystyrene hexagonal-array pattern (without silica nanospheres yet) and (c) silica
honeycomb lattice. (d) SEM image of silica honeycomb lattice in higher magnification, and

(e) some parts have deformation. Insets in (b, ¢) show real sample images.

Using the techniques described in method section, we fabricate the sample with the steps shown
in Figure 2. After the synthesis of the monodisperse silica nanospheres (Figure S4),233 Figure
2a shows that steps of the patterned substrate>3* fabrication resulting in the honeycomb
lattice.?6*5 We confirmed that the chromium and gold layers were well deposited in 10, 50 nm
through energy-dispersive X-ray spectroscopy (EDS) mapping images (Figure S1). In addition,
the cross-sectional SEM image of honeycomb lattice demonstrated that silica nanospheres were

located between the annealed hexagonal pattern.”’

To find the optimized size of silica nanospheres for honeycomb lattice, we conducted the
fabrication on the polystyrene hexagonal-array pattern substrate with different sizes of silica
nanospheres (dpp. = 160,250,and 400 nm), as shown in Figure S2. The nanospheres are
filled into the space between the polystyrene hexagonal-array patterns. The silica nanospheres
with size 160 nm and 250 nm are randomly arranged without any arrayed structures and
arranged into other arrayed structure, respectively. The silica nanospheres with 400 nm

diameter formed a honeycomb lattice.

As demonstrated in scanning electron microscope (SEM) images (Figure 2b,c), uniform silica
honeycomb lattice trapped on partially melted polystyrene pattern are fabricated in more than
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20 um X 20 pm, which is much larger than patterns by top-down approach in previous

reports .3
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Figure 3. (a) Schematic picture of the Fourier-plane spectroscopy setup. By scanning the
detection pinhole placed in the Fourier-plane (blue circle), the reflectance spectrum at a
specific angle can be obtained. (b) Optical image of the Fourier-plane of the honeycomb
lattice of silica nanospheres (dppc = 400 nm, n = 1.45). The reflection angles are indicated
by the dashed circles in the Fourier-plane image. (c) Reflectance mapping images obtained by

scanning the yellow dashed area in the Fourier-plane image. The reflectance maps are imaged
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by accumulating frequency range of 0.97 — 1.04 c/a. (d) Angle-resolved white light

reflectance spectra at the yellow points arrayed on red solid line in (c).

The set-up of the angle-resolved optical reflectance of the silica honeycomb lattice measured
by our lab-made Fourier-plane spectroscopy is shown in Figure 3a. The angle-resolved
reflected light with the beam path is indicated by red (6...x) and green (8) color in Figure 3a
from the honeycomb surface is focused at the back focal plane in the objective lens and then
collimated by the tube lens (TL1) and refocused in the Fourier-plane by TL2. Subsequently, by
placing an optical fiber working as a detection pinhole in the Fourier-plane, the angle-resolved
reflected light focused on a specific position in the Fourier-plane is collected, and then guided
to a spectrometer (see Methods for details). The reflectance spectrum is obtained by
normalizing the angle-resolved reflected spectrum to the background reflected spectrum of the

non-patterned gold film. Both spectra are taken at the same position in the Fourier-plane.

We measure the reflectance mapping image and representative spectra depending on the
reflection angle in the honeycomb lattice. The relationship between a reflected angle (6) of
light at the sample and a distance (r) from the center (green cross) to a specific position on

circles displayed in the Fourier-plane (Figure 4b) is calculated by the following equation?® :

T NA
6 = sin~! ( X —)

rm ax n

Here, n represent the refractive index of air, and 73,4, 1s the maximum distance from the center,

which can be observed at the Fourier plane. We used a 100 X objective lens with 0.9 NA for
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focusing the incident light to the sample. Figure 3b displays an optical image of the Fourier
plane. The angle of the reflected light is marked as dashed white circles in the Fourier plane
image with distance r. The maximum collectable angle of reflected light is 64.3° for 0.9 NA,
thus, we assume that the maximum size 73,4, of the Fourier plane corresponds to 8,,,, = 64.3°.
Figure 3c represents the reflectance mapping image of the honeycomb lattice of silica
nanospheres (dpp = 400 nm, n = 1.45) by scanning the pinhole at the yellow dashed area
in Figure 3b. The map is imaged by accumulating reflectance spectra with a frequency range
of 0.97-1.04 c/a. Figure 3d show the reflectance spectra which are obtained from the yellow
points on the red solid line in Figure 3c. The dip positions of reflective angle at 0° are observed
at 1.02 c/a and 1.28 c/a, respectively. The dip position at 1.02 c/a remains unchanged up to a
reflective angle of 10°, it then shifts gradually reaching 0.85 c/a at 30°. On the other hand, the

dip position at 1.28 c/a disappears with increasing reflective angle.
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Figure 4. (a) The 1st Brillouin zone (red hexagon) and reciprocal lattice point (black dots) of
the honeycomb lattice. Green and blue solid arrow are for identifying the K and M points,
respectively (green and blue dotted lines are an extension line reach to K and M point,
respectively). The inset image is obtained by accumulating a frequency range from 1.00 c/a to
1.07 c/a, and the gray dashed hexagon presents the iso-frequency (1.02 c/a) contour. (b)-(c)
measured, and (d)-(e) simulated dip frequency dispersion image along the K (green solid
arrow) and M (blue solid arrow) direction with the range of reflection angle from -300 to 300

(white solid circle) including 0° (orange point), respectively.

Because the position of the diffraction circle in the Fourier plane is given by the honeycomb
lattice, the 1st Brillouin zone should also display a honeycomb lattice (Figure S5). Figure 4a
shows the 1st Brillouin zone (red hexagon) and iso-frequency contour (gray dashed hexagon)
of the honeycomb. Both hexagons are stretched sideways due to lattice deformation which
breaks the C; symmetry and the C, symmetry remains as demonstrated in Figure 2e. Figure 4b,
¢ show the dip frequency dispersion image obtained by the reflectance spectra along the K
(green arrow) and M (blue arrow) direction with the reflection angle range from -30° to 30°
including 0°, respectively. Here, the gray dashed line represents the boundary of the iso-
frequency hexagon (gray dashed line in Figure 4a). The dip frequency at 1.02 c/a is maintained,
while the higher dip frequency is gradually reduced when increasing the distance from center
(0°) to the iso-frequency boundary (gray dashed line). The outer side of the iso-frequency
hexagon, the dip frequency at 1.02 c/a is gradually reduced in all direction. Interestingly,
compared to the dip frequency dispersion along the K direction, two lines are observed in M

direction (solid and filled purple arrows in Figure 4a, c). It is also marked in Figure 4a (solid
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and filled purple arrows) that the K direction only passes through one of diffraction circle,
while the M direction is not. The simulation results of the dip frequency dispersion along the
K and M direction, are presented in Figure 4d,e. The simulation is in good agreement with the
experimental findings, as several key features of the measurements, especially the cone-like

behavior of the dips, is reproduced.

4 4

| E- 4 - g' 4

Imaging frequency range Imaging frequency range Imaging frequency range
0.97 -1.04 c/a 0.91-0.97 c/a 0.85-0.91 c/a

1.0
0.9
0.8
0.7
0.6
0.5
0.4 K direction
0.3

Frequency (c/a)

0 0.5 1.0 1.5
rring (mm)

Diffraction ring

Figure 5. (a) Reflectance maps of the honeycomb lattice imaged by accumulating different
frequency ranges with 0.97 — 1.04 c/a (left), 0.91 — 0.97 ¢/a (middle), and 0.91 — 0.85 c/a

(right), respectively. Black, red, and blue dashed arcs represent a part of the diffraction ring
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centered at the K point (Figure S5). (b) Overlap image of (a) with diffraction rings. The
radius (7ring, green arrow) of the diffraction ring is observed in a frequency at 1.00 c/a (black
dashed ring), 0.95 c/a (red dashed ring), and 0.89 c/a (blue dashed ring). (c) The plot of
frequency vs. radius (7,g) With the data points obtained by following yellow arrow in (b)
(from black dashed ring to blue dashed ring). Black arrow and gray line represent the
direction of the K point on a reciprocal lattice and the extrapolated line of the data points,

respectively.

The reflectance maps of the honeycomb lattice imaged by different frequency ranges with 0.97
—1.04 c/a (left),0.91 — 0.97 c/a (middle), and 0.91 — 0.85 c/a (right) is presented in Figure 5Sa,
while, Figure 5b marks concentric rings at the Fourier plane for different frequencies. All the
rings are centered at the K point on a reciprocal lattice (Figure S5), they appear as arcs in the
Fourier plane image in our reflection measurement setup (Figure 5a), because the NA is too
small to cover the reflected beam with the first diffraction order. Note that the origin of the
rings are different from the rings that were previously reported on honeycomb lattice®°
because we do not observe a ring with the same radius around the I" point. Remarkably, the
radius of the circle centered at the K point is reduced when the frequency gets smaller,
suggesting that this is a part of Dirac cone. It is important to note that our free space reflection
measurement set-up forbids the excitation of the Dirac point that is below the light line.
However, the upper Dirac cone (Figure 1c) extended to the region above the light line allows

for a free space excitation and a measurement of reflected beam.

17



To confirm that the rings are indeed a part of the upper Dirac cone, we plot frequency vs radius
together with the data from the reflectance mapping image. The Dirac point is a point
degeneracy with a linear dispersion in the two-dimensional momentum space and divides the
adjacent bands into two Dirac cones. Below, we call them upper and lower Dirac cones for
higher and lower frequencies, respectively. In Figure 5c, the data points clearly demonstrate a
linear relationship, meaning that the dispersion is linear, and the extrapolated line crosses the
frequency axis at around 0.39 c/a, which exhibits a good agreement with the value obtained in
the numerical simulation (Figure 1c¢). It is worth to note that only the small part of the upper
Dirac cone above the light line can be observed with incident/reflection beams from/to the free
space because the Dirac point is below the light line and the area of observable upper Dirac

cone is limited by the NA of the objective lens, in our case.

CONCLUSIONS

We have fabricated a silica nanosphere honeycomb lattice using convective assembly assisted
by nanoimprinted pattern. The formation of a pattern-assisted structure opens the possibility of
designing more diverse structures. We have measured the photonic band structure through
reflection spectra of the honeycomb structured samples, showing a qualitative agreement with
numerical simulations and an anisotropic dispersion coming from the lattice deformation. Most
importantly, we have observed part of the upper Dirac cone above the light line using the
reflection measurement with a Fourier image. Thus, we believe that the pattern-assisted
convective self-assembly method can provide diverse structures for the realization of two-

dimensional photonic topological insulators.
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Figure S1. SEM cross-section image of hexagonal polystyrene pattern. We can see that all
layers of (¢) chromium, (d) gold, and (b) polystyrene are uniformly and well deposited. Silica

nanoparticles will be assembled on this patterned substrate.



Figure S2. Various two-dimensional structures can be fabricated by changing only the
particle size of Silica on the same pattern. We used (a) 160 nm, (b) 250 nm, (c) 400 nm sizes

of Silica nanoparticles.

Figure S3. SEM cross-section image of silica honeycomb lattice. Hexagonal arrayed

polystyrene patterns are slightly melted and hold the Silica nanoparticles.
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Figure S4. Histogram to prove uniformity of (a) silica nanoparticle size (400 nm + 11 nm),

and (b) diameter of polystyrene pattern (390 nm + 14 nm).
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Figure S5. Diffraction rings and 1% Brillouin zone of honeycomb structure. (a), (b), and (c)
show many diffraction rings with different radius (r:ing) depending on the dip frequency. The
inset maps are imaged by different frequency ranges with 0.97 — 1.04 c/a (left), 0.91 —0.97 c/a
(middle), and 0.91 — 0.85 c/a (right), respectively. The black dots and red hexagon represent
the K points and the 1st Brillouin zone of honeycomb structure. green and blue line show the
K and M direction respectively. (d) Overlap image of (a), (b), and (c) with the diffraction rings.

The concentric rings at K point and different radius depending on the dip frequencies are

observed.



