Open Access Article. Published on 20 September 2022. Downloaded on 3/28/2026 9:46:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: Nanoscale Adv., 2022, 4,
4589

Received 13th August 2022
Accepted 20th September 2022

DOI: 10.1039/d2na00538g

rsc.li/nanoscale-advances

Photonic band structure calculation of 3D-finite
nanostructured supercrystalsy

José Luis Montafio-Priedef and Nicolas Large@*

Computational modeling of plasmonic periodic structures are challenging due to their multiscale nature.
On one hand, nanoscale building blocks require very fine spatial discretization of the computation
domain to describe the near-field nature of the localized surface plasmons. On the other hand, the
microscale supercrystals require large simulation domains. To tackle this challenge, two approaches are
generally taken: (i) an effective medium approach, neglecting the nanoscale effects and (ii) the use of
a unit cell with periodic boundary conditions, neglecting the overall habit of the supercrystal. The latter,
which is used to calculate the photonic band structure of these supercrystals, fails to describe the
photonic properties arising from their finite-size such as Fabry-Pérot modes (FPMs), whispering gallery
modes (WGMs), and decrease of the photonic mode lifetime. Here, we developed a computational
approach, based on the finite-difference time-domain method to accurately calculate the photonic band
structures of finite supercrystals. We applied this new approach to 3D periodic microstructures of Au
nanoparticles with cubic, spherical, and rhombic dodecahedral habits and discuss how their photonic
band structures differ from those of infinite structures. Finally, we compared the photonic band
structures to reflectance spectra and describe phenomena such as FPMs, WGMs, and polaritonic bandgaps.

Introduction

Coherent, collective oscillations of the conduction electron gas,
known as localized surface plasmon resonances (LSPRs), are
sustained by nanostructures composed of noble metals."” Due
to their unique optical properties, valuable applications have
been found for these elementary excitations in photocatalysis,*
surface-enhanced spectroscopies,®® drug delivery, cancer
therapy and theranostics,”™** active
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light manipulation/circuitry,**® and solar applications.'*>*
However, plasmonic materials also exhibit limiting physical
effects associated with their materials composition, such as
inherent losses.””>* A route to overcoming these limitations and
achieving sustainable materials with improved optical proper-
ties consists of structuring the plasmonic building blocks in
a well-organized manner,” forming one-dimensional (1D)
chains,*?* two-dimensional (2D) arrays,>®?* or three-
dimensional (3D) superlattices.®*****> These supercrystals
possess the unique ability to retain the intrinsic properties of
their building blocks but also display unique collective prop-
erties originating from interparticle coupling effects. In recent
years, DNA-linked 3D superlattices composed of metallic NPs
have been investigated.**?*373%4>-%5 In their pioneering work,
Mirkin and Schatz have shown that such 3D supercrystals
exhibit strong novel optical behaviors resulting from the coex-
istence of plasmonic and photonic modes.*******” By continu-
ously varying the NPs orientation, periodicity, spacing, size, and
shape, as well as the crystal habit, an enormous set of funda-
mentally interesting metamaterials can be designed. With the
countless superlattices now synthetically realizable,*® compu-
tational methods and theoretical models play a crucial role in
identifying the supercrystals that exhibit the most exciting
properties (Fig. 1).>*** When the supercrystal lattice parameter
is much smaller than the wavelength, the medium usually
behaves like a uniform, continuous material, characterized by
an effective dielectric permittivity and magnetic permeability,
which are modeled using an effective medium theory such as
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Fig.1 Approaches to calculate the properties of photonic crystals, i.e.,
infinite lattice for band structure calculations, effective medium theory
for optical properties like reflectance, and proposed FDTD simulation
for finite supercrystals.

the Maxwell-Garnett**° and Bruggeman®* models. However,
when the lattice parameter is comparable to the optical wave-
length, the photonic band structure plays a key role. In such
assemblies, the interparticle distance becomes the critical
parameter that governs the collective optical properties. When
the distance is larger than the wavelength of optical excitation
the NPs are uncoupled and the collective optical response is the
incoherent summation of individual responses of each NP
constituting the assemblies. Additional photonic behaviors
arise when the interparticle distance satisfies Bragg's law (e.g.,
Rayleigh anomalies) or when multipolar interactions are
involved. Finally, geometrical aspects such as the dimension-
ality and the habit of the supercrystal, the lattice parameter in
each spatial direction, and the morphology of the NPs
composing the supercrystal play a key role in defining their
optical properties including (an)isotropy/birefringence,*** the
emergence of Fabry-Pérot resonances and whispering gallery
modes (WGM),* and decrease of the photonic mode lifetime.
Understanding the optical properties of realistic, experi-
mentally fabricated nanostructures require a deep under-
standing of the morphological defects,”*** size distributions,*
materials inhomogeneity, size effects,”® and finite-size
effects.””*® Computationally, periodic systems are very often
regarded as infinite via the use of periodic boundary conditions
applied to the simulation domain®** or effective medium
approaches.***>! Only a few studies have focuses on finite-size
effects in 1D linear chains of nanoparticles,** and 2D periodic
arrays.*®* All of these studies focused on very specific optical
properties such as scattering, absorption, transmission, or
reflection. With the recent advances in nanoscale and micro-
scale fabrication techniques, plasmonic superlattices and their
optical properties have rapidly become an interesting platform
of novel optical properties. While semiconductor superlattices
have been well-studied and theoretical tools have been devel-
oped to study their optical properties,* the field of Plasmonics
lacks computational models and methods to investigate these
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finite-size effects.®® On one hand, the nanoscale nature of the
building blocks requires very fine spatial discretization of the
computation domain to describe the near-field nature of the
LSPRs. On the other hand, the microscale nature of the super-
lattice requires a very large simulation domain.®* To tackle this
challenge, two approaches are generally taken: (i) an effective
medium theory approach which neglects the nanoscale effects
and periodicity to focus on the overall optical properties of the
supercrystal, and (ii) the use of a unit cell with periodic
boundary conditions which neglects the overall habit of the
supercrystal to focus on nanoscale behaviors. While the former
fails to account for local effects such as interparticle coupling
and anisotropy effects as shown by Mirkin and co-workers,***’
the latter approach, which is used for the calculation of the
photonic band structures, fails to describe the photonic prop-
erties rising from finite-size and microscopic effects.***

Here, we theoretically investigate the photonic properties of
3D periodic micron-scale arrangements of plasmonic nano-
particles that form supercrystals, also known as plasmonic
supercrystals, 3D superlattices, or plasmonic photonic crystals.
We propose a theoretical and computational approach for
calculating the photonic band structures of finite supercrystals
and investigate the effect of the habit (i.e., crystal shape) and
size on its photonic properties and conduct a detailed
comparison with standard electrodynamic simulations of the
optical properties (reflectance) of these finite superlattices. We
also conduct a direct comparison with photonic band structure
calculations of truly infinite superlattices. Although we applied
this new approach to 3D Au-NPs supercrystals, this method is
far more general and can straightforwardly be applied to finite
1D and 2D periodic structures of many kinds of building-block
materials.

Methods

In order to calculate the optical properties of the supercrystals,
we use the finite-difference time-domain (FDTD) method from
Ansys-Lumerical.®® We have considered multiple cases: infinite
and finite crystals, different crystal habits (for the finite case),
lattice parameters, and building blocks (nanospheres and
nanorods) to determine the photonic band structure and the
reflectance of each case. Different methods were used depend-
ing on the system and are described below. For all these cases,
the cubic unit cell (see Fig. 2a, real lattice) has been chosen
because it is the simplest lattice to analyze. However, it is
important to note right away that the proposed method also
applies to other unit cell symmetries. In this work, we used an
optical excitation in the UV-vis-NIR region (0.83-3.3 eV in
energy or 375-1500 nm in wavelength), and which includes the
LSPR frequency of the Au NPs (~2.3 eV or 550 nm for Au NPs of
80 nm in size). For calculating the band diagram, only the first-
order Brillouin zone is considered. We defined 80 different
wavevectors within the first Brillouin zone of the cubic recip-
rocal lattice (Fig. 2a) running over the high symmetry path
described by the high symmetry points (Table S1, ESIf): T’
(center of the Brillouin zone), X (center of a face), M (center of
an edge), and R (corner point); thus, requiring one simulation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Real-space simple cubic lattice (left) formed with Au NPs

showing the dipole sources (blue arrows) and field monitors (red
crosses) within the unit cell used for the infinite-case simulation and
the first Brillouin zone of the reciprocal cubic lattice (right) showing the
high symmetric path ('-X-M-R-T') used for the band structure
calculations. (b) Block condition. (c) Supercrystals with cubic, rhombic
dodecahedral, and spherical habits, used in the finite-case simulations
made up of Au NPs. (d) Simulation layout of the finite supercrystal (9
unit cells are shown) consisting in Au NPs (yellow spheres), electric
dipoles (blue arrows), and field monitors (red crosses).

per k-vector. The crystal building blocks are taken as either Au
NPs of 80 nm in diameter or Au nanorods with a size of 40 x
80 nm immersed in an aqueous medium. Gold is modeled with
a frequency-dependent refractive index taken from Johnson and
Christy's experimentally-tabulated data,” and the aqueous
medium with a constant refractive index n,, = 1.33. Two lattice
parameters, a, were considered: 100 and 130 nm, corresponding
to interparticle distances of 20 and 50 nm, respectively. These
lengths, NPs sizes, and interparticle distances, were selected in
order to maintain the computational resources relatively low
without compromising the main goal of the present contribu-
tion which is to demonstrate the new approach to calculate the
photonic band structure.

Infinite case

Infinite cubic superlattices of Au NPs (Fig. 2a) were simulated to
determine their photonic band structures. The unit cell was
defined by Bloch boundary conditions in x-, y-, and z-directions,
used to define the periodicity of the system copying the fields at
one edge of the simulation region and re-injecting them at the
other edge, ensuring the phase correction of the fields via the
Bloch conditions (Fig. 2b). The simulation domain (i.e., unit
cell) was discretized with a uniform mesh of 2.5 x 2.5 x 2.5 nm.
Twenty electric dipole sources were randomly distributed
within the unit cell, each one with a random phase and
a random spatial orientation (defined by the angles 6 and ¢) to
excite all possible photonic modes within the system. This
approach will ensure that all modes are excited even if one
dipole is located at a node. We also randomly distribute twenty
electric field monitors within the cell to record the time

© 2022 The Author(s). Published by the Royal Society of Chemistry
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evolution of the electromagnetic field. Using multiple time
monitors at different locations ensures all modes are captured.
Convergence was assured via the auto-shutoff parameter in the
Ansys-Lumerical software, which was set at 10~ to allow for the
electromagnetic fields to propagate for 500 fs. Finally, the
photonic band structure was determined from the photonic
density of states by applying the fast Fourier transformation
(FFT) to the collected electric field in the time domain for each
k-vector, where the intensity refers to the squared amplitude of
the electric field. The optical signal was previously filtered by
a Gaussian function centered at 250 fs and width of 65 fs to
ignore initial and final effects.

Finite case

Many of the parameters described for the infinite case were
used for the present one and are, therefore, omitted here. Three
supercrystal structures of different habits were simulated to
obtain their photonic band structure and reflectance spectra:
cube, rhombic dodecahedron, and sphere; all of them were
structured with Au NPs and ordered in a simple cubic lattice
arrangement (Fig. 2c). The dimensions of each supercrystal, L,
were 2 and 3.5 um (for @ = 100 and 130 nm, respectively) in
length for the cube, face-to-face length for rhombic dodecahe-
dron, and diameter for the sphere. The simulation domain was
delimited with standard perfectly matched layers (PMLs, 12
layers) to absorb the electromagnetic fields at the boundaries in
the x-, y-, and z-directions. The simulation domain was taken
with a size equal to the length of the supercrystal, L, plus the
maximum source wavelength, i.e., 3.5 um (for a = 100 nm) and 5
pm (for @ = 130 nm) and was discretized with a non-uniform
mesh. A refined mesh of 4 x 4 x 4 nm was applied to the Au
NPs. For the photonic band structure calculations, 6 electric
dipole sources were randomly distributed and oriented within
a unit cell and distributed to the other unit cells by applying the
Bloch conditions (Fig. 2b) to the dipole phase in order to couple
all these sources within the crystal lattice depending on their
spatial positions (Fig. 2d). A thousand electric field monitors
were also randomly distributed within the entire supercrystals.
The photonic band structures were also determined following
the same process as for the infinite case. For the reflectance
calculations, the supercrystal was excited using an optical plane
wave source (total-field scattered-field, TFSF source) with
normal incidence at one end and a planar monitor was located
at the other end of the supercrystal to record the reflected signal
during the simulation.

Effective medium model

Maxwell-Garnett theory* was used to calculate the effective
refractive index (Neg = e4f7) of a simple-cubic superlattice (a =
100 and 130 nm) composed of Au NPs (80 nm in diameter) in an
aqueous medium. Briefly, the effective dielectric permittivity,
was defined as e = em(2aF + 1)/(1 — aF), where a = (epy — €m)/
(eau + 2em) and F = Vip/Veep is the filling factor (i.e., volume
fraction; Table S2, ESIf). ex, and e, = nZ, are the dielectric
permittivities of Au and the surrounding medium, respectively,

and Vyp and V. are the volumes of the Au NPs and the unit cell,

Nanoscale Adv., 2022, 4, 4589-4596 | 4591
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respectively. The resulting Neg (Fig. S1, ESIf) was used to
determine the dispersion relation, w = kc¢/Neg, of light in this
medium, and for a slab of 2 um of thickness using FDTD in
order to compare them with that obtained from the finite
supercrystal method.

Results and discussion

First, we calculated the photonic band structure of an infinite
cubic lattice for two different lattice parameters, a, of 100 nm
(interparticle distance of 20 nm, Fig. 3a) and 130 nm (inter-
particle distance of 50 nm, Fig. 3b) in order to compare them
with the finite cases (different habits). We can see that the thin
band coming from zero energy at the I' point along the
symmetry line A (between I' and X), which is the light disper-
sion line in the lattice, is bent at ~2.3 eV (i.e., 550 nm) forming
a wide band, in the case of a = 100 nm. This frequency corre-
sponds to the LSPR of the 80 nm Au NPs, which is confirmed by
a simple Mie theory calculation.®® Due to the proximity of the
NPs, plasmon hybridization occurs, thus producing that broad
and intense band in the photonic band structure.* When the
interparticle distance increases (@ = 130 nm, Fig. 3b), the
coupling between NPs rapidly decreases, and the light is almost
completely absorbed by the individual NPs, resulting in a fading
of the photonic band observed in the former band structure
(Fig. 3a). In both cases, there is a bandgap at higher energies
due to the absorption of light mediated by electronic interband
transitions in gold. Using an effective medium approximation
(Maxwell-Garnett theory), we have calculated the relation
dispersion of the Au NP lattice (@ = 100 nm) to better visualize
the coupling effect of the LSPR and the light (see Fig. S2, ESIf).

Now that the photonic band structure of an infinite Au-NPs
lattice has been introduced, let us turn our focus to finite-size
supercrystals with cubic, rhombic dodecahedral, and spher-
ical habits (Fig. 4). In general, it is noted that, in all the cases,
the photonic band structures seem to qualitatively resemble
that of the infinite supercrystal: ie., exhibiting an intense
photonic band around 2 eV due to the light-plasmon coupling
and the formation of the collective, hybridized plasmon
response. However, we note that new features arise as a result of
the supercrystal finite size, and which clearly depend on the

Infinite case
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Fig. 3 Photonic band structures of an infinite cubic lattice composed
of 80 nm Au NPs and with a lattice parameter of (a) 100 nm and (b)
130 nm. The interparticle distances are 20 and 50 nm, respectively.
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Fig. 4 Photonic band structures of the finite cubic-lattice super-
crystals with (a and b) cubic, (c and d) rhombic dodecahedral, and (e
and f) spherical habits. The supercrystals are composed of 80 nm Au
NPs with lattice parameters of 100 nm (left panels) and 130 nm (right
panels).

supercrystal habit. The first thing to notice is a significant
broadening of the various photonic bands calculated for the
finite-size supercrystals. Because we are now working outside of
the bandgap, the characteristics of a finite periodic structure are
a non-monotonous function of the number of periods, which
results in surface (i.e., interface) scattering. These losses, in
turn, translate into a decrease of the photonic mode lifetime
(i.e., increased damping). While these effects have not been
investigated for plasmonic-based superlattices, there have been
studied in dielectric photonic crystals.”®”*

Centering now our attention on the cubic supercrystal with
a = 100 nm (Fig. 4a), it is appreciated that multiple dispersion
lines are generated at low energies along the symmetry line A
and replicated along the symmetry line Z(between X and M).
These new features correspond to Fabry-Pérot photonic modes
(FPM), which occur from the interference of the reflected waves
between the parallel surfaces forming two opposite faces of the
cubic supercrystal.®* In order to confirm the formation of FPM,
we calculated the reflectance of the cubic supercrystal for
normal incidence (red arrow in Fig. 5a inset), i.e., k = ky (X point
in the photonic band diagram). The reflectance spectrum,
which is shown in Fig. 5a, exhibits well defined FPMs patterns,
previously observed in backscattering measurements in similar
nanoparticle assemblies.** These FPMs are also plotted in the
dispersion diagram (Fig. 5b, magenta crosses) to clarify their
connection with the aforementioned bands along the symmetry

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Reflectance at the X point (k = ky, left panels) with the FPMs
indicated by red markers (the red arrow in the inset indicates the
incident wavevector orientation relative to the supercrystal). Disper-
sion relation (right panels) of Au-NPs supercrystals with a lattice
parameter of 100 nm. (a and b) Cubic, (c and d) rhombic dodecahedral,
and (e and f) spherical habits. In the dispersion relations are included
the light dispersion in water (cyan solid line), dispersion relation
calculated with FDTD of a slab with effective refractive index of the
supercrystal (white dashed line), and dispersion relation of the light in
the effective medium (blue dashed line) with the FPMs obtained from
the reflectance spectrum and applying the resonant condition of
a Fabry-Pérot cavity, to find the k value, ky = w,Re[Neglw)l/c (magenta
crosses).

line A. It is worth noting that the FPMs are also coupled to the
LSPR (bending and almost complete suppression around the
plasmon band). Thanks to this coupling, a bandgap is formed
between the two branches approximately at the Au-NPs LSPR,
termed polaritonic bandgap (PBG).** The upper branch is
quenched due to the electronic interband transitions of gold.
This PBG is not formed in the case of an infinite lattice because
of the lack of FPM (see Fig. 5b and S21). In the vis-NIR region,
the skin-depth of metals such as gold and silver is typically
below 25 nm. In Fig. S31 we can see that the incident electric
field penetrates into the cubic supercrystal up ~100-150 nm
from the face, where the wave is impinging at the frequency of
the upper branch (490 nm, Fig. S3a and d¥). This penetration is
due to the absorption from the interband transitions, highly
absorbed at the PBG (539 nm, Fig. S3b and et) and reflected at
the lower branch (650 nm, Fig. S3c and fT). The same behavior is
observed when the supercrystal is rotated by 90° with respect to
the incident electric field, i.e., when k is at the high symmetric
point M (see Fig. S47). This behavior is in excellent agreement
with previous theoretical work by Ross et al.*®

Going back to the photonic band structures of the cubic
supercrystal (Fig. 4a,b), we can see that by increasing the
interparticle distance from 20 to 50 nm (Fig. 4b), the LSPR

© 2022 The Author(s). Published by the Royal Society of Chemistry
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remains present but the FPMs are no longer coupled to it; thus
leading to the disappearance of the PBG. In Fig. S5, we show
a direct comparison of the reflectance spectra with a cross-
section of the photonic band structure taken at the X point
for both the infinite lattice and the finite cubic supercrystal.
What this figure shows is that, for both analyzed lattice
parameters, the FPM patterns decrease in intensity as they
approach to the LSPR (around 600 nm). It can also be noted how
the PBG is formed around 550 nm in the band structure of the
finite supercrystal, in contrast with the continuous band in the
infinite case. Additionally, we calculated the dispersion relation
for a slab with the effective refractive index Ns of a Au-NP
supercrystal with a lattice parameter ¢ = 100 nm and in
aqueous medium (Fig. S61). This calculation allows us to verify
the formation and evolution of the FPM bands, which are the
only modes present in the slab configuration. This dispersion
relation is to be compared with the photonic band structures
shown in Fig. 4 and which contain a richer variety of photonic
features. For this, the FPMs found in the reflectance spectra
calculated for the three supercrystals (Fig. 5a,c,e) were verified
by taking their frequency positions (w = 2mc/A) and applying the
resonance condition of a Fabry-Pérot cavity to find the corre-
sponding wavenumber, k = wRe[Neg(w)]/c.** These FPMs fit with
the photonic features as showed with the magenta crosses in
the dispersion relations (Fig. 5b, d and f). Interestingly, at lower
energies (i.e., longer wavelengths), the FPM positions calculated
with the effective medium theory (Fig. S67) slightly deviate from
those calculated with the full model (Fig. 5). This deviation,
which has already been observed by Park et al.,** is attributed to
the decreased size parameter, TLN.g(A)/4, and is due to the low
refractive index and small size-to-wavelength ratio at longer
wavelengths. This further illustrates the limitations of the
effective medium approach for a quantitative description of
finite-size effects such as Fabry-Pérot resonances.

We have also calculated the mode splitting energy (5Qg)
defined as the energy difference between the upper and lower
polaritonic bands, in order to quantify the FPM-LSPR coupling.
In Fig. S7at we show the intensity of the bands at the X point of
the cubic supercrystal with a lattice parameter a = 100 nm, to
better visualize the mode splitting, which we determined to be
Qg = 0.55 eV. Although the upper polaritonic band is almost
vanished when a = 130 nm, as seen in Fig. S7b,t it is still
possible to determine the mode splitting energy to be Qg =
0.55 eV. Considering the LSPR energy to be w, = 2.3 eV, the
corresponding normalized coupling strength is n = Qg/w, =
0.24. While these coupling strengths are much smaller than
these obtained in the ultra-strong coupling regime achieved by
Mueller et al. for Au NP,* it is important to also notice that the
gap-to-diameter ratio they have is 0.02-0.12 as opposed to 0.25-
0.63 in our work).

The photonic band structure of a rhombic dodecahedral
supercrystal (Fig. 4c and d) is slightly different from that of
a cubic supercrystal. While this supercrystal habit appears more
complex, it is nonetheless a system which can be experimentally
fabricated.***® It is, therefore, a very relevant morphology to
look at. Similarly to the cubic supercrystal, it also exhibits
a PBG, as well as lower and upper polaritonic branches due to

Nanoscale Adv., 2022, 4, 4589-4596 | 4593
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the FPM-LSPR coupling, with a splitting energy 7#Qg = 0.55 eV
(Fig. S7ct) which is comparable to the values reported by Park
et al* This coupling almost disappears when the lattice
parameter is increased from 100 to 130 nm (Fig. S7df); however,
the splitting energy could be determined to be 7Qr = 0.53 eV.
These splitting energies are similar to those obtained for the
cubic supercrystals because the filling fraction is the same for
both supercrystals (F = 0.268). However, the main difference
arises from the emergence of FPM bands along the other
symmetry lines, and not only along A and Z as in the cubic
supercrystal. The other directions which sustain these FPM are
the symmetry lines T (between M and R) and A (between R and
I"). These characteristic FPM bands are also apparent since the
rhombic dodecahedron has parallel surfaces not only along the
X direction, but also along the diagonals of the lattice (R
direction; ie., k = kg) causing Fabry-Pérot interferences.
However, it is worth noting that the contrast between these
FPMs and the plasmon band is much smaller than in the cubic
supercrystal. The rhombic dodecahedral supercrystal does not
have faces along k = ky, and, therefore, it does not exhibit Fabry-
Pérot interferences at the M point. The FPM bands are less
intense in the dispersion diagram of the rhombic dodecahedral
supercrystal (Fig. 5d) than in the cubic supercrystal because the
Fabry-Pérot interferences occur three times along the same
symmetry line as opposed to only once in the rhombic
dodecahedron.

Finally, the photonic band structure (Fig. 4e and f) and
reflectance spectrum (Fig. 5e) for the case of a spherical
supercrystal exhibits oscillating patterns similar to those
observed in the cubic and rhombic dodecahedral supercrystals.
However, since the sphere does not have any parallel flat faces
which could sustain FPM, these oscillations are associated with
whispering gallery modes.””® One can also notice that the
spectral features observed in the sphere are narrower than those
observed for the FPM in the cube and rhombic dodecahedron,
which is another characteristic of WGMs. When considering
a spherical optical resonator, such as our sphere supercrystal,
characterized by its diameter, L, and effective refractive index
Netr, the expected spectral positions of the WGM resonances can
be found analytically;”® however, this is beyond the scope of the
present study. As it can be seen from the band structure, these
bands are present along the entire symmetry path (I'-X-M-R-
I') indicating that these WGM occur independently of the light
direction (isotropic), which should come as no surprise
considering the spherical symmetry of the supercrystal. Inter-
estingly, the PBG does not appear as clearly in the photonic
band structure compared to the two previous cases (Fig. 5f),
although the reflectance shows the coupling between the WGMs
and the LSPR (decrease of the WGMs intensity near the plas-
mon resonance). While the reason remains unclear, it could be
related to the small number of Au NPs from the supercrystal
surface that are resonating and coupling to the WGMs.

Lastly, we calculated the reflectance spectra (Fig. 6a) and
photonic band structure (Fig. 6b) of a cubic supercrystal
composed of isotropically-oriented nanorods with an aspect
ratio of 2 (80 nm long and 40 nm wide) to highlight the versa-
tility of the method. These nanorods are also arranged in
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Fig. 6 (a) Reflectance spectra calculated for an incident polarization
along the nanorods long axis (blue) and short axis (red) of a finite
supercrystal with cubic habit composed of Au nanorods with a length
of 80 nm and a width of 40 nm, arranged in a simple cubic lattice with
a lattice parameter of 100 nm. (b) Photonic band structure of the same
finite supercrystal.

a simple cubic lattice with lattice parameter a = 100 nm, where
the long axis of the nanorods is oriented along the symmetry
line A (between I' and X), as shown in the inset of Fig. 6b.
Supercrystals composed of elongated nanoparticles have
previously been shown to display interesting optical anisotropy/
birefringence and polarization-dependent properties.***”** The
reflectance spectra calculated for two different polarizations
(Fig. 6a), clearly illustrate the polarization dependence of the
optical properties of these nanorod supercrystals. Because of
the difference in effective refractive index along the two direc-
tions, the Fabry-Pérot resonances along these directions are at
different wavelengths. From the band structure (Fig. 6), we can
clearly see the formation of the PBG between 2.25 eV (longitu-
dinal LSPR) and 2.35 eV (transverse LSPR). More interestingly,
we now observe the formation of a new low-dispersion photonic
band at lower energy (ie., longer wavelengths) along the
symmetry lines A and Z (i.e., '-X-M) that returns to the lower
polaritonic branch along the symmetry lines T and A (i.e., M-R-
I'). The appearance of this photonic branch, which dispersion
strongly depends on the incident k-vector clearly illustrates the
optical anisotropy of such supercrystal, which has previously
been studied by Ross et al.*® The strong optical anisotropy of the
Au nanorods directly impacts the coupling of the FPMs with the
longitudinal and transverse LSPRs, thus leading to coupling/
decoupling phases along the various symmetry paths of the
photonic band diagram.** Another clear effect of this aniso-
tropic coupling is the presence of FPM features along the
symmetry line A.

Conclusions

Plasmonic-based 3D supercrystals with well-defined habits and
with lattice parameters in the deep sub-wavelength regime
behave as plasmonic cavity and have, therefore, a strong
potential for studies and applications in cavity quantum elec-
trodynamics (QED). While these structures have been shown to
have significant optical ability and structural flexibility, the full
understanding of their complex optical properties is condi-
tioned by the availability of multiscale computational tools. In
this work, we developed a computational approach, based on
the finite-difference time-domain (FDTD) method that is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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capable of simultaneously describing nanoscale effects, inter-
particle coupling, periodicity, and microscale photonic prop-
erties associated with the supercrystal morphology. Our
approach allows for accurately calculating the photonic band
structures from finite-size 3D superlattices of various habits
(cubic, spherical, rhombic dodecahedral) and building blocks
(spheres and rods). We showed that they differ from the
photonic band structures computed for infinite supercrystal
and encompass phenomena such as the Fabry-Pérot interfer-
ences, whispering gallery modes, a decrease in photonic mode
lifetime, and the formation of polaritonic bandgaps.

It is important to notice that although this approach was
applied to 3D supercrystals, it is far more general and versatile.
Not only it applies to other morphologies, compositions, and
sizes of the building blocks (e.g., cubes, prisms ...), but also to
other unit cell symmetries (e.g:, fcc, bec ...), supercrystal habits
(e.g., ellipsoidal, pyramidal ...), and dimensionalities of the
periodic structures (e.g., 1D chains, 2D arrays).

We anticipate that this new approach will serve as a platform
for the study of other types of finite-size periodic structures,
such as multi-composition periodic superlattices for the study
of exciton-photon coupling,® and novel magneto-optical prop-
erties,*® thus opening the door to new directions in QED and
quantum optics.** Finally, this approach opens up new oppor-
tunities since it does not only compare to optical spectroscopy
results but also to electron energy-loss spectroscopy (EELS)™
and zero index materials.”
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