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Nanophotonic devices control and manipulate light at the nanometer scale. Applications include
biological imaging, integrated photonic circuits, and metamaterials. The design of these devices requires
the accurate modeling of light—-matter interactions at the nanoscale and the optimization of multiple
design parameters, both of which can be computationally demanding and time intensive. Further, fabri-
cation of these devices demands a high level of accuracy, resolution, and throughput while ideally being
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able to incorporate multiple materials in complex geometries. To address these considerations in the
realization of nanophotonic devices, recent work within our lab has pursued the efficient and accurate
DOI: 10.1039/d4cc06236a modeling of nanoparticles and the assembly of complex 3D micro- and nanostructures using optical

tweezers. This Feature Article review highlights these developments as well as related efforts by others
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1 Introduction

Nanophotonic devices' enable the control of light at the
nanoscale. This capability is important for the generation,
transport and detection of light through the use of devices
such as nanolasers,” waveguides,® and metasurfaces or meta-
materials. Operating in the nanoscale allows for miniaturiza-
tion of components for compact, on-chip systems® and can lead
to novel optical phenomena at operating ranges not seen in
other size scales. Materials used for nanophotonic devices
can vary from dielectrics®’ to semiconductors® to metals®'°
and can also include soft materials such as polymers'' and
colloids." The nanoscale features in these devices make mod-
eling and fabrication an interesting and sometimes challenging
pursuit.

Nanophotonic devices can be realized in a variety of ways,
including lithography, self-assembly, and directed assembly.
For example, some metamaterials use lithographically-defined
layers of metal and dielectric materials"*™® to obtain a parti-
cular response, while other metamaterials are self-assembled
from nanoparticle building blocks.'®"” The versatility in fabri-
cation aspects such as materials and structures makes the
development of nanophotonic devices both rich and complex.

The workflow for developing nanophotonic devices is shown
in Fig. 1, starting with device design, then modeling, and
ending with fabrication. The theme among each of these steps
is accuracy and efficiency. The design step often requires
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in computation and fabrication methods related to nanophotonic devices and metamaterials.
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Fig. 1 Example of nanophotonic device workflow. (a) Design may begin
with an initial set of parameters, such as nanoparticle locations, sizes, and
materials. (b) Modeling explains interactions among device building blocks,
as well as between the building blocks and surrounding structures. Itera-
tions between design and modeling are often necessary to achieve the
intended device response. (c) Fabrication can be achieved through various
techniques. In our lab, a central approach is based on optical tweezers.
The efficiency and accuracy of each of these steps is important in the
creation of functional devices.

optimization of parameters including material, size and posi-
tion that can have costs in terms of long computational times
and large amounts of memory. The modeling of materials
ranging from dielectrics to metals on the nanoscale is vital
for understanding interactions within and outside a device,
although this modeling often has similar drawbacks related
to time and resources. Fabrication demands a high level
of resolution that ideally is able to incorporate a variety of
materials over large scales quickly and at low cost.

Unlike a typical review article, the purpose of this Feature
Article is to provide the scientific community with information
and perspectives on areas within nanophotonic design and
fabrication, while emphasizing the contributions of our lab to
this field. This article differs from previous review articles from
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our own and other labs due to this specific focus on how we aim
to design and assemble nanophotonic materials and devices.

Work within our lab has contributed to improving the
accuracy and efficiency of each of the previously mentioned
workflow stages. Efforts related to design have incorporated the
effects of a substrate, which is an important consideration in
moving towards physically realizable devices, especially for
applications like metasurfaces. The effects of the skin depth
on the interaction of light with metallic nanoparticles has been
clarified, leading to more accurate modeling of optical trapping
forces on these particles. We have shown how to modify the
angular spectrum method of propagation to better account for
light-nanoparticle interactions in lensfree digital holography.
These works leverage approximations and methods to speed
up computational times and decrease strain on computing
resources while being compared to the gold standard to ensure
a high level of accuracy. To address fabrication of nanopho-
tonic devices, our lab uses optical tweezers to assemble micro-
structures composed of nano- and microparticle building
blocks. This work is unique regarding the scale of structures
that have been constructed, including the largest structure
assembled using optical tweezers, and offers advantages com-
pared to other microfabrication processes when consider-
ing the achievable complexity of structures and ability to use
particles of varying size and material in assembly. We have
demonstrated the fastest optical manipulation of nano-
particles, which relates to fabrication throughput. Further, this
setup can augment existing devices, which increases the
potential applications and implementation of assembled struc-
tures. These efforts offer the community multiple tools for the
accurate and efficient design, modeling, and fabrication of
nanophotonic devices.

This Feature Article is organized into three main sections:
modeling and design, fabrication, and interesting concepts and
applications. The beginning of each section provides a sum-
mary of relevant work that has been conducted within our lab
while the remainder of the section relates it to other work in the
community. While major topics and techniques are included to
provide insight across a broad scope, this is not meant as
a comprehensive review of any one specific area. The specific
examples provided in the final section are meant to present
work that is expected to contribute to future advancements, but
is by no means exhaustive in value or ingenuity.

2 Modeling and design

The computation and modeling of nanophotonic interactions,
i.e., how light interacts with nanoscale objects, is important for
validating device designs before experimental prototyping.
As will be addressed in the following section, obtaining results
with high accuracy often comes at the cost of long computa-
tional time and large amounts of memory required. In this way,
approximations or computational methods that can reduce the
computational cost while remaining comparatively accurate are
valuable and necessary for future innovation.
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2.1 Skin depth correction

Rayleigh scattering is a useful approximation for calculating
light scattering when the particle size is much smaller than the
wavelength of light. This calculation approximates the particle
as a dipole whose strength is proportional to the particle
polarizability. The Clausius-Mossotti (CM) relation approxi-
mates the polarizability for dielectric and metallic particles
and incorporates the particle volume. An effective volume
correction was proposed in 1994 to account for the material
skin depth,'® which is related to the imaginary part of the
refractive index.'® For metallic particles, the skin depth effect
results in a shell of interaction volume close to the particle
surface; however, experimental data that spanned decades
concerning trapping forces have not shown substantial support
for correcting the volume based on the size of this shell. By
comparing scattering and optical force calculations, we have
shown that the complex permittivity applied to the full volume
more accurately accounts for the skin-depth effect than any
volume correction."™

This work first compared the accuracy of four different
polarizability models with far-field scattering from a plane
wave to Mie theory and finite-difference time-domain (FDTD)
simulations. Although the polarizability models that include an
effective volume correction do not perform as well as the other
dipole models at both 1064 nm and 550 nm for forward and
backward scattering, FDTD simulations of a 30 nm and 300 nm
diameter gold sphere confirm that the skin depth is a real
phenomenon. This is further seen by comparing a solid gold
nanosphere and a hollow gold nanoshell with an inner radius
chosen such that the total volume is equivalent to the effective
volume of a solid nanosphere with the same outer radius.
Although there is some difference between the far-field diffrac-
tion results using FDTD for the solid and hollow nanosphere,
this disparity stems from optical differences while the overall
agreement between the two supports the skin depth effect such
that the core of the particle does not significantly contribute to
scattered field. The models with an effective volume also are
not accurate for either the solid or hollow nanosphere.*®

To investigate optical force calculations, the time-averaged
optical force calculated using the dipole approximation was
compared to computations involving Maxwell’s stress tensor."’
For 1064 nm excitation, the dipole models without an effective
volume are most accurate for a particle radius less than
200 nm, while for a particle radius between 200 nm and
400 nm, the model with skin depth correction has the least
error, although this is seen as an empirical coincidence, since
the dipole models in general are relatively inaccurate at this
size range. The percent error for varying particle sizes for this
wavelength is shown in Fig. 2. For 550 nm excitation and
particle radius less than 50 nm, the dipole models without
skin depth correction are again most accurate while all models
have significant error for greater radii."

These findings are significant for scattering and optical
force calculations, which are frequently considered in nano-
photonic modeling and applications such as optical tweezing
and biosensing.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Skin depth correction in dipolar models of nanoparticles illumi-
nated with 1064 nm wavelength light. (a) Far-field scattering calculations.
Scattering amplitudes (a-i) and percent errors with respect to Mie back-
ward scattering (a-ii) are shown. (b) Lateral optical forces. Total force (b-i)
and error (b-ii) compared to Maxwell's stress tensor calculations are
shown. Panel adapted from ref. 19 with permission from American
Chemical Society, copyright 2019.

2.2 Angular spectrum method for random nanoparticle arrays

Applications such as lens-free microscopy that rely on image
reconstruction commonly use the angular spectrum method
(ASM) to backpropagate measurements from the sensor plane
to the object plane.*® Although this method is computationally
fast, inaccuracies arise when applied to nanoscale objects
because only the propagation of light is considered, and not
light-matter interaction.”® For example, on the macro scale,
when rays of light impinge on an object, they are blocked,
attenuated, and/or delayed in phase; however, on the nano-
scale, instead of light rays, one must consider the nano-
particles’ absorption and scattering cross sections, which
differ considerably from their physical size. The angular spec-
trum method does not inherently consider these optical cross
sections. Our work addressed the accuracy of ASM transmission
models for scattering of nanoscale objects imaged with digital
holography.

To determine the accuracy of the ASM models, results were
compared to the discrete dipole approximation (DDA), FDTD,
and Mie theory. DDA best balances computational time and
accuracy. By writing our own DDA code, a sparse array of
particles can be handled where the computational time scales
with the total number of dipoles involved, as opposed to open-
source codes that require a regular gridded spacing of dipoles,
resulting in computational time scaling with the total domain
size. This in-house code was validated against Mie theory and
FDTD.*® While Mie theory works well for scattering from a
single particle, it is less valid when increasing the number of

This journal is © The Royal Society of Chemistry 2025
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particles in an array due to interparticle coupling. Although
FDTD can be used for an arbitrary number of particles, due
to computational time, it is not practical in all scenarios;
Mie theory was thus used to set an error bound when approxi-
mating particles as single dipoles and FDTD simulations were
executed for instances when there could be large errors in DDA
calculations.

Three transmission models were investigated: a dipole-
matched transmission (DMT) model, the optical path length
(OPL) transmission function, and a binary amplitude mask
(BAM) transmission function.?® In the DMT model, the analy-
tical far-field scattering from a single dipolar nanoparticle due
to a plane wave is used to establish the amplitude attenuation
and phase delay introduced to the field by each particle. For the
OPL model, nanoparticles are modeled as small slabs with the
attenuation and phase delay of the field resulting from the
thickness and index of refraction of the material of the slab.
Lastly, the BAM model represents nanoparticles as an opaque
mask which can apply to materials with low transmission at
visible wavelengths. Polystyrene and gold particles were tested
with the DMT and OPL models while the BAM model was only
applied to gold particles.

The wavelength used was 610 nm, which is the emission
wavelength for europium chelate nanoparticles, and the particle
sizes were chosen as 30 nm, 60 nm, and 100 nm. Table 1
summarizes findings from this work, which found that using
the ASM, the most accurate transmission model was the DMT
which was accurate for all three sizes of high density polystyrene
and medium to low densities of gold.*

As previously stated, this work is applicable to digital
holography and enables fast computations of nanoscale objects
including light-matter interaction.

2.3 DDA-with-substrate

The time required to design a metasurface is affected by the
number of free parameters to optimize in the design as well as
the time it takes to perform forward simulations of a particular
candidate design during each iteration. While various optimi-
zation methods and tricks exist to reduce the overall computa-
tional time—some of which will be mentioned in later
sections—the focus of this section is how to reduce the time
of individual forward simulations. The DDA can be used to
compute scattering and absorption from particles of arbitrary
composition and geometry and is less computationally expen-
sive than finite difference methods. Discretizing structures with
large volumes into smaller dipoles can satisfy this approxi-
mation but can be cumbersome for applications, such as
metasurfaces, where particles are near a substrate surface.
To retain the efficiency of DDA, substrate effects can be
handled analytically, although difficulties related to numerical
integration and application of fast Fourier transforms in calcu-
lations has limited the use of this technique. We compared the
accuracy and efficiency of three DDA methods with four polar-
izability models, validated against FDTD simulations.>*

One of the DDA methods that was investigated discretized
the substrate while the other two analytically accounted for

Chem. Commun., 2025, 61, 3301-3318 | 3303
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Table 1 Comparison of accuracy and computational speed in modeling scattering from polystyrene and gold nanoparticles for various angular
spectrum methods (ASM), Mie scattering, the discrete dipole approximation (DDA) and the finite difference time domain method (FDTD). Limiting
numbers of particles are given in parentheses with N; indicating the number of particles when modeled as single dipoles and Ng; indicating the humber of
particles when discretized into 81 dipoles. Table reproduced from ref. 20 with permission from Optical Society of America, copyright 2021

Polystyrene Gold
Particle size Accurate and fast Accurate and slow Inaccurate Accurate and fast Accurate and slow Inaccurate
120 ASM-DMT DDA ASM-DMT DDA ASM-DMT
(v, < 1375) (N, = 1375)
ASM-OPL FDTD FDTD ASM-OPL
(N, < 206)
Mie Mie ASM-BAM
/10 ASM-DMT FDTD ASM-DMT FDTD ASM-DMT
(N, < 229) (N, = 229)
ASM-OPL DDA ASM-OPL
DDA Mie ASM-BAM
Mie
A6 ASM-DMT FDTD ASM-DMT FDTD ASM-DMT
(N1 < 10) (Ng: = 10)
(N, < 41) (N, > 41)
ASM-OPL DDA ASM-OPL
DDA ASM-BAM ASM-BAM
(Ng; > 206) (Ng; < 206)
Mie Mie
substrate effects (reflection and transmission) from a dipole a-i) a-ii)
source using a 2D Cartesian Green’s function or a 1D cylind- o gg:ﬁi&ﬂ‘;’::;""s;ﬁ - oatulteg
. . . [ Gold-Pattern error : p-pol =3 Gold-Power error : p-pol
rical Green’s function. The 1D Green’s function approach has & e 5 e Power oo 9l
N . 5 8 N
the fastest computation time of the three DDA methods and is £ g s
. 6 :
at least an order of magnitude faster than FDTD.*! To assess § g
. . S 4 20
accuracy of the 1D Green’s function method, the Clausius— & *
. . o . . . 10
Mossotti (CM) relation, radiation reaction correction (RR), z D|:| Dﬂ ol flw DIHU [IH]
digitized Green’s function (DGF), and lattice dispersion relation 1 2 3 4 1 2 3 4
(LDR) were the four considered dipole models and for both 5 Discretizing factor i Discretizing factor
-1 -11)

s- and p-polarizations. Field differences were compared accord-
ing to pattern error and power error, and it is found that
although the CM and RR models have low pattern error, they
have relatively greater power error, whereas the DGF model
balances these two errors. LDR is not recommended due to
a high level of error in both parameters. It is also noted
that power error can be corrected by multiplying by a constant
factor.

The effects of structure shape and material on DDA perfor-
mance is also important for many applications. Gold and
germanium particles were tested with s- and p-polarization
and results indicate that by more finely discretizing the struc-
ture, the pattern and power error are reduced with simulation
times approximately proportional to the number of dipoles.>"
There is a noticeable difference in power error between the two
materials; however, pattern errors are less than 1% for both
materials, shown in Fig. 3. These results indicate that our DDA-
with-substrate method can be applied to both metals and high-
index dielectrics. The refractive index of the substrate was
similarly tested by using silicon and silica; for both polariza-
tions, the silicon substrate had larger pattern and power errors.
In terms of shape dimension, more dipoles in contact with the
substrate tends to increase the power error while the pattern
error remains similar.*!
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Fig. 3 Error in 1D cylindrical Green's function DDA simulations of nano-
particles touching a substrate. The gold standard for comparison is FDTD
simulation. (a) Effect of different nanoparticle materials on a silica sub-
strate. Pattern error (a-i) and power error (a-ii) are plotted. (b) Effect of
different substrate materials supporting a gold nanoparticle. Pattern error
(b-i) and power error (b-ii) are shown. Panel adapted from ref. 21 with
permission from De Gruyter, copyright 2023.

Advantages of the 1D cylindrical Green’s function include
scaling of computational time with the number of particles and
monitor sampling points instead of the simulation domain
size, accurate simulation of weak coupling and scattering over
large areas, and physical understanding of contributions
to optical properties. However, downsides to this approach
include not being able to handle nonlinear optical properties
and isolated rather than periodic domains, though including

This journal is © The Royal Society of Chemistry 2025
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higher order terms in the dipole moment addresses the for-
mer disadvantage and there are ways to approach the latter
challenge.?*

With metamaterial design for nanophotonic devices becom-
ing increasingly prevalent, this work provides a meaningful tool
to increase the accuracy and efficiency of relevant computations.

2.4 Device design in the nanophotonic community

Beyond improving the speed of forward electromagnetic
solvers, overall nanophotonic device design can be improved
by using efficient design algorithms that minimize the number
of iterations required to converge to a satisfactory design.
Often, the design approach involves the optimization of system
parameters such as the sizes, shapes, materials, and locations
of each building block, which could lead to thousands of free
parameters. The map shown in Fig. 4a is taken from a relevant
and comprehensive review by Ma et al., illustrating the breadth
of computational methods and applications for nanophotonic
devices.>* Below, we break down these approaches into several
categories.

2.4.1 Designs that rely on the DDA. As the DDA-with-
substrate work from our lab demonstrated,>® incorporating
the DDA can be useful in photonic computations, and this
method has been used in recent work involving plasmonic
nanoparticles and all-dielectric metasurfaces.>”””® The DDA
is the basis for computing near- and far-field properties of
arrays of silver nanoparticles, taking into account inter-particle
coupling.”” This interaction is important to consider since
coupling can change the response of the particles, although
previous studies have been limited to smaller or more periodic
arrays due to time constraints. Applying the DDA with each
particle represented by a single dipole is less common but
allows the interaction of thousands of particles to be quickly
computed and can be applied to particles up to 80 nm.
The effect of the substrate is also taken into account in this
investigation, although this is done using the image dipole
approach as compared to the DDA-with-substrate. While sphe-
rical and rod-based plasmonic nanostructures have instituted a
modified DDA for biosensing that incorporates molecular
polarizability,>**° the design of metasurfaces has been trend-
ing towards dielectric materials in recent years due to the losses
associated with metals.>' The DDA can also be used for such
design, as shown by Zhao et al., whose method reduces the
necessary memory required for complex 3D designs.*® A topology
optimization approach based on pixel freezing is also applied in
this work to produce near-field, subdiffraction-limit focusing.
Through the availability of open-source code,*” the DDA continues
to be a useful tool for increasing efficiency in nanophotonic
simulations across different application areas.

2.4.2 Inverse design. Optimization methods are common
in nanophotonic device design and can be implemented in a
variety of ways. Forward design methods begin with a set of
input parameters and are used to determine the system output;
the parameters may be adjusted until a favorable output
is achieved. Forward simulations are also used as iterative
components in inverse design methods, which start with the

This journal is © The Royal Society of Chemistry 2025
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desired output and solve for the design parameters that achieve
such an output. Both methods may achieve the same result,
although it can be seen how the inverse method is well-suited
for device design because the nominal output is often known at
the start of the design process. Further, inverse methods have
been shown to permit non-intuitive designs.>*”* These two
processes are visually shown in Fig. 4b that applies deep
learning, a topic that is discussed in Section 2.4.5, to the design
of a power splitter.

Nanophotonic inverse design has been used in areas ran-
ging from imaging using diffractive elements to free-electron
light sources. Work by Bayati et al. applied this approach to the
design of an extended depth of focus meta-optic to help over-
come challenges related to chromatic aberration in diffractive
elements like metalenses; this work produced a high numerical
aperture metalens that operates over a large spectral bandwidth
and exhibits a symmetric point spread function.*> For Haeusler
et al., nanophotonic inverse design was incorporated for work
related to Smith-Purcell radiation that is produced by free
electrons moving through a grating. Inverse design was used
to design the grating and resulted in a three times higher
efficiency and more than two times higher power than previous
work.>®

Nanophotonic inverse design is commonly implemented
using the adjoint method, as was done for the previously
mentioned work by Bayati et al. The adjoint method allows
for efficient computation of the gradient of an objective
function,***”*® which is valuable for reducing overall computa-
tional time. Another example of this implementation involves
the design of digital nanophotonic devices, including a power
divider and dual-mode demultiplexer.>® The reported design
process is carried out in three steps, where the adjoint method
is used in the first two steps and brute-force optimization is
used in the final step. This hybrid method is expected to
increase efficiency by five times.** The adjoint method for
inverse design has also been applied to nonlinear devices.
For example, nonlinearity can be accounted for and directly
included in the gradient calculation to be applied to Kerr
nonlinearity for optical switches.*>* This extension to nonlinear
device design is valuable to expand the range of application,
even with the potential to be generalized to include other
nonlinear phenomena.

2.4.3 Boundary integral equation. Although finite differ-
ence (FD) and finite element methods (FEM) are often used as a
gold standard benchmark for solving Maxwell’s equations,
these methods are infamous for being time consuming
and requiring large computational resources, particularly for
simulating large, complex, structures. A way to address these
disadvantages is by using boundary integral equation (BIE)
methods for nanophotonic simulations. One way that BIE
methods differ from FEM is that rather than discretizing and
computing over entire volumes, only surfaces between inter-
faces are involved in computations. This can be applied to
interfaces with different kinds of materials and is ideal to
account for quantum effects like nonlocality, which is signifi-
cant in metals and scattering from nanoparticle aggregates

Chem. Commun., 2025, 61, 3301-3318 | 3305
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permission from Chinese Optics Letters, copyright 2021. (b) Forward and inverse design using deep neural networks. Panel reproduced from ref. 23 with
permission from IEEE, copyright 2021. (c) The boundary integral equation method. Convergence (c-i) and time versus error (c-ii) are compared to
standard and commercial or open-source solvers (finite-difference time-domain (FDTD), finite-difference frequency-domain (FDFD), and finite element
method using linear (FEM-LINEAR) or quadratic (FEM-QUAD) elements). Dashed lines are first-, second-, and third-order convergence. Panel reproduced
from ref. 24 with permission from American Chemical Society, copyright 2019. (d) Multifunctional device design. (d-i) Incorporation of statistical machine
learning in retrieving and predicting models. (d-ii) GS algorithm in design flow chart with SEM image of fabricated device for multifunctional metasurface
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like dimers.*® Recent work has demonstrated how BIE can be compared to FD and FEM when comparing time, memory, and
applied to model nanophotonic devices with high performance accuracy, by using a windowed Green’s function-boundary
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integral equation (WGF-BIE).>* This is highlighted in Fig. 4c
with plots of the error compared to analytical solutions as a
function of number of points per wavelength and the time
versus error of various solvers for a straight-waveguide. The
adjoint method was also incorporated in this work for sensi-
tivity computations and optimization of new devices.>* Later
related work that built upon and improved this approach
reports the largest silicon photonic tapers and other success-
fully designed devices including power splitters.*!

2.4.4 Augmented partial factorization. Another promising
method that has shown great improvements regarding compu-
tational efficiency and expense is augmented partial factoriza-
tion (APF). In most numerical simulation techniques, the
discretization of Maxwell’s equations can lead to large and
dense matrices. An advantage of APF is that it solves for a
generalized scattering matrix and avoids repetitive and un-
necessary computations, resulting in orders of magnitude
reduction in time and memory. This method is general and
scalable, as was demonstrated with an example of a large-scale
disordered system.*? Another example highlights application to
metalens design, which is useful since periodic approximations
cannot always be applied in such systems.*> Recent work has
shown a significant benefit in applying APF for multi-channel
devices that can be used in areas such as image processing and
computing. This work demonstrated more than two orders of
magnitude decrease in computation time and 30% decrease in
memory usage for a metasurface with 2400 inputs.*® Further,
this method was applied for the inverse, rather than forward,
design of a 2D metasurface beamsplitter that diffracts incident
light of various angles into +1 order.** Open source code for
APF based on this work*? is also available and is referred to as
MESTI (Maxwell’s Equations Solver with Thousands of Inputs).

2.4.5 Machine and deep learning. Artificial intelligence
(AI), including machine and deep learning, has become a
commonplace tool in a multitude of settings, including nano-
photonic design.***> The overarching goal of Al is to connect
design parameters to the features they produce in the system
output. This is especially powerful in design applications for
metamaterials or metasurfaces that are made up of engineered
unit cells.® Shi et al. provide a starting point to understanding
how machine learning is applied to the inverse design of
metasurfaces, including a training and design process that
incorporates an autoencoder and support vector machine.?’
Machine learning offers a more efficient and automated opti-
mization process while decreasing the demand on the user
to understand the physical connection between a particular
design parameter and its response.

These advantages are also capitalized upon by Ma et al. in
the development of multifunctional metasurfaces using statis-
tical machine learning.>® Statistical machine learning connects
physical parameters of the individual components of the meta-
surface to its response and establishes retrieving and predict-
ing models, as illustrated in Fig. 4d. The retrieving model
produces potential meta-atoms and the predicting model deter-
mines their performance; these models are embedded in an
optimization algorithm that is application-specific and chosen
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by the user.”® The design process for a dual-polarization meta-
surface hologram that operates at up to four frequencies is
given in Fig. 4d. Here the Gerchberg-Saxton (GS) algorithm is
used and the experimental verification of these designs, also
shown in Fig. 4d for the four-frequency device, highlights the
ability of machine learning to successfully produce non-
intuitive designs.

Other work incorporating deep learning has been applied
to the design of power splitters.>® This work showed how three
models can be implemented: a forward model, an inverse
model, and a generative model that uses both forward and
inverse aspects. This work showed how deep neural networks
can be beneficial for predicting an optical response or design
topology, and generating new designs. Deep learning has also
been leveraged to aid in finite difference frequency domain
simulations involved in inverse design problems.*® This appli-
cation of deep learning is used to predict the field distribution
and notably decreases simulation time and resources by
decreasing the required number of iterations for the design
process by 53%. Further, deep learning is able to capture
complex interactions in nanophotonic systems that are signifi-
cant, especially when considering nonlinear effects and apply-
ing inverse design.*’

As these few examples demonstrate, Al is expected to con-
tribute significantly to the development of more advanced and
novel nanophotonic designs. However, some challenges with Al
remain. With any implementation of machine learning, a large
set of data is typically required for training and verification
purposes, which does not completely alleviate computationally
expensive simulations. Tools like data augmentation, transfer
learning, unsupervised learning, and using pre-trained models
can in general aid in this issue while in the context of photonic
devices, adaptive wavelength sampling can help address this
concern.’® Another recent study applied the Taguchi method to
reduce simulation requirements while important information
contained in design variation is retained.”® Something else to
consider in machine learning methods is the concept of over-
fitting. A hybrid approach using supervised and unsupervised
learning and preprocessing that relies upon clustering algo-
rithms and an encoder model was shown to reduce the mean
squared error by more than 51% compared to a more tradi-
tional way of training artificial neural networks.”® Another
hybrid approach that uses supervised learning and reinforce-
ment learning was shown to reduce dependence on training
data and allow for model predictions that are more general.>?
No doubt such efforts will continue to develop and evolve to
minimize such drawbacks and maximize the favorable aspects
of this approach.

2.4.6 Fabrication considerations. While
ciency and accuracy in modeling and computation benefit
theoretical device design, in order to have practical use, it must
be possible to fabricate these designs. One of the simplest ways
to implement these fabrication constraints is to set a minimum
feature size while other constraints can be imposed on the
curvature of features, which can also produce more optimal
geometries when compared to only using rectangular pixels.>?

increased effi-
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Further, deep learning has been applied to these types of pro-
blems and has been shown to improve fabrication fidelity.*®
This work trained a deep learning model to apply a correction
factor to photonic design layouts that results in fabricated
elements that better match their intended designs. In Fig. 4e,
the top panel shows the nominal star shape that is desired (left)
and the shape after the correction factor is applied (right); the
bottom panel shows fabrication results for designs that are not
corrected (left) versus those that use the corrected layout (right).
Correction yields a high fidelity star shape. By increasing the
fidelity of fabricated structures, the photonic device perfor-
mance will also be enhanced.

3 Fabrication

Nanophotonic device fabrication can be challenging due to the
required small feature sizes. A multitude of methods have been
developed to achieve high resolution through different techni-
ques and with varying levels of complexity. This section begins
with an overview of the Optical Positioning and Linking (OPAL)
platform in our lab that is used for micro- and nano-fabrication.
Following this is a discussion of how OPAL fits among alternative
established nanofabrication techniques separated between top-
down and bottom-up methods.

3.1 Optical positioning and linking (OPAL) platform

Optical tweezing allows for the manipulation of objects from
the atomic to micro-scale and was first proposed by Arthur
Ashkin in 1969.>* When light is scattered by a particle, the
momentum of the light is redirected. This change in momen-
tum necessitates a corresponding force on the particle accord-
ing to Newton’s second law. This force can be decomposed into
two components: gradient and scattering forces. The gradient
force is proportional to the gradient of the light field and
attracts high refractive index objects to the region of highest
intensity while the scattering force, proportional to the light
intensity, will push particles in the direction of propagation.>
By focusing the light, a single optical trap can be formed so that
the gradient force overcomes the scattering force, and the
object is kept at the focus of the beam.>>”® Metallic particles
can similarly be trapped and manipulated due to their
polarizability.>®*” The ability to isolate and move nanoparticles
to specific positions makes optical trapping an effective “pick
and place” technique for nanomanufacturing.

Our OPAL platform consists of a 1064 nm fiber-coupled laser
that is focused through a 100X, 1.1 numerical aperture water
immersion microscope objective to form the optical trap.>®
A halogen light source provides illumination for imaging with
a CMOS detector that allows for monitoring of the trap in real
time.>® The optical trap is focused inside a microfluidic sample
chamber that is constructed from a standard microscope slide,
polycarbonate spacer, and coverslip that are glued together
with a UV-cure adhesive to create a sealed chamber.’® The
spacer layer is laser-cut to create the chamber geometry. Holes
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are drilled into the microscope slide for ports to connect the
chamber to tubing that allows particles to be flowed in using a
microfluidic pressure pump.®® Particles are biochemically
linked to each other through functional coatings of biotin
and avidin. The floor of the sample chamber is functionalized
with biotin and by alternating the coatings of particles, a rigid
structure is assembled particle-by-particle.>®

Before beginning the assembly, a calibration particle is
placed on the surface of the chamber near the assembly area;
this particle allows for axial and lateral calibration throughout
the assembly process that corrects for errors in the stage
movement that occur in all three axes and arise from iterative
movements.*® The axial calibration is performed by scanning
through a series of heights above the calibration particle to
find the location of maximum pixel intensity as shown in
Fig. 5d. The differences among the particle images in this
height range result from the calibration particle acting as a
microlens that focuses the bottom illumination. To find the
lateral position of the calibration particle, a cross-correlation
with a 2D Gaussian is performed to address errors along the
x and y axes.”®

A distinct advantage of OPAL compared to other microfabrica-
tion techniques is the ability to integrate particles of different
sizes and materials into complex geometries.>® This is shown in
Fig. 5g with a body-centered-cubic arrangement of 1- and 2-
micron polystyrene spheres.”® OPAL has also been used to create,
to the best of our knowledge, the largest structure assembled
using optical tweezers composed of 448 1-micron polystyrene
spheres shown in Fig. 5h.”® Lastly, OPAL is also able to augment
existing devices, such as microtoroids seen in Fig. 5i and j that
have applications in chemical sensing.°>®" Traditionally, tapered
fibers are used for coupling light into and out from such devices,
but by placing nanoparticles on the surface of the microtoroid, a
grating coupler can be formed,**®* which will enable more field
deployable and sensitive devices.

Applying the previously discussed calibration procedure and
optimizing factors such as laser power and surface functiona-
lization chemistry have reduced positional error to about 60
nm.”® Improvements to the translation stages have resulted in
the ability to move microspheres at a speed of 750 pm s~ and
nanospheres at a speed of 350 um s .°° This increase
in translational speed allows particles to be placed more
quickly, which can increase the throughput and efficiency of
the assembly process.

The OPAL platform was established as a semi-automated
assembly process. The manual component involved a user
locating and trapping a particle while the translation and
placement stages could be executed without user input.
An automated translation step moves the trapped particle from
where it was located near an input port to the assembly area
and automated placement involves moving the particle from
the calibration area to the desired final position. While the
semi-automated assembly process required minimal user
input, a fully automated assembly is advantageous to increase
efficiency for assembling even larger scale structures and rapid

prototyping.
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Fig. 5 Optical positioning and linking (OPAL) system. (a) Schematic of the optical setup. (b) A microfluidic pressure pump flows particles through tubing
connections and into the sample chamber. (c) Sample chamber assembly. (d) Axial calibration procedure. (e) Lateral corrections required during
calibration sequences. (f) Grid to assess positional accuracy. Yellow circles are ideal positions and red circles are actual positions. (g) Body-centered-
cubic structure made using 1- and 2-micron polystyrene microspheres. (h) Largest structure made using optical tweezers, composed of 448 1-micron
polystyrene microspheres.>® (i) Microtoroid used for chemical sensing. () A grating positioned on the surface of a microtoroid using 1-micron
microspheres.>® Panels (a)—(h) are reproduced from ref. 58 with permission from Springer Nature, copyright 2021. Panels (i) and (j) are reproduced from

ref. 59 with permission from Optica Publishing Group, copyright 2022.

To achieve a fully automated system, a particle population
classification procedure and automated search routine were
added to the existing OPAL platform. The population classifica-
tion determines how many particles are trapped in real time by
analyzing the backscattered signal using a quadrant photodiode;
this classification is crucial for the program to decide the appro-
priate assembly step to execute. The automated search routine
scans through a user-defined area until a single particle is trapped
for addition into the assembly. Through optimization of various
assembly parameters, the automated OPAL system can place a
particle about every 2.75 minutes with accuracy of about 70 nm.*®

This journal is © The Royal Society of Chemistry 2025

3.2 Device fabrication in the nanophotonic community

Key micro- and nanofabrication aspects include accuracy or
resolution, efficiency, cost, the achievable complexity, and
the ability to integrate building blocks of various materials, sizes,
and shapes. Prevalent techniques may be categorized as top-
down, including lithography which is the main approach dis-
cussed below, or bottom-up, such as self-assembly. OPAL fits into
the bottom-up group and offers both advantages and disadvan-
tages compared to these other approaches. In terms of resolution,
OPAL can place particles with sub-100 nm accuracy, which is
competitive among both top-down and bottom-up approaches,
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although certain lithographic techniques can get even higher
resolution. One of the most significant advantages of OPAL is
the ability to place building blocks at specific locations to build
up complex 3D structures. Further, being able to use building
blocks of different sizes and materials is a relatively straightfor-
ward process and does not require additional steps or setups.
Some bottom-up and top-down approaches can create arbitrary
shapes and structures, but including multiple materials can
often be prohibitively complex and time consuming for these
other approaches. Currently, OPAL uses a Gaussian beam and
single trap, and while it is reasonably efficient due to automa-
tion, the efficiency of a multi-trap optical tweezer system may
be greater. Depending on application, another potential dis-
advantage of OPAL is that assemblies are composed of discrete
components rather than producing a single continuous struc-
ture that may be realized with other techniques. Further
optimization to the automated OPAL platform offers a favorable
approach for accurate and efficient assembly of complex 3D
microstructures with great opportunity for the incorporation of
a variety of building blocks in a single assembly and a relatively
low instrument cost compared to other methods.

3.2.1 Lithographic approaches. Lithography has been
extensively used in microfabrication, especially for metamater-
ial fabrication. There are a variety of lithographic approaches;
this discussion will first consider electron beam lithography
(EBL). One of the main advantages of EBL is the ability to
achieve sub-100 nm resolution.®” This level of resolution is
particularly important in metamaterials because scaling down
operating wavelengths, especially to visible wavelengths, often
requires scaling feature sizes to be significantly smaller than
the wavelength.®®®® While the high level of resolution in EBL
is desirable, one of the main drawbacks is the overall high
cost.>™®® Additionally, for certain materials, such as soft materi-
als, which are flexible and easily tuned, EBL can be challenging
due to charging effects that can disrupt the electron beam.”
Further, this particular lithography is not apt for large-scale
production or 3D structures.”*

There are other lithographic approaches that can overcome
such disadvantages. To address material concerns related to
fabrication, the use of sacrificial layers can be used to aid in the
lift-off process when using soft materials.”® Additionally, soft,
nanoimprint, and stencil lithography are compatible with soft
materials.”> As the name implies, stencil lithography uses
a mask that has had a pattern etched through so that only
desired areas are exposed to deposition of material. This does
not require an electron beam and resolution can get down to
10 nm.”® Nanoimprint lithography uses a mold or stamp and
mechanical deformation to transfer a pattern with resolution
that is not diffraction-limited.”®”>”* Advantages to this method
are the low-cost and short production time that can go towards
larger area fabrication. Soft lithography is similar to nano-
imprint lithography in the stamp or mold process, though
the material of the stamp is chosen as a soft material like
PDMS. One of the advantages of using a soft stamp is the ability
to contact a non-planar surface. The soft lithography process
used by Gao et al. is shown in Fig. 6a along with a large-area
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fishnet structure on a curved substrate.”® The fishnet structure
is a common geometry for negative index metamaterials and
this particular work demonstrated negative index at telecom-
munication wavelengths. These techniques do not have to be
executed independently as Cao et al. have shown by integrating
soft lithography and nanoimprint lithography. This soft
nanoimprint lithography approach was used with reactive ion
etching for the production of metasurfaces with the ability to
tune lateral dimensions for resonance shifting and structural
quality improvement.”®

The creation of 3D structures with nanoimprint lithography
can be cumbersome and time-consuming because the masks or
molds for sequential layers must have good alignment.®®”°
Although there has been work that has shown how 3D fabrica-
tion can be done in a single step,*® multiphoton lithography is
a technique is not subject to alignment of a sequence of layers,
making it more efficient and well-suited for 3D nanofabrica-
tion. The main mechanism behind multiphoton lithography,
also referred to as direct laser writing, is photo-polymerization
that requires the absorption of more than one photon and
has the ability to polymerize arbitrary structures directly in a
volume of material.®®*®' Achieving sub-diffraction resolution
that is around 100 nm is possible, although longitudinal
resolution tends to be worse than lateral resolution.®>** Fabri-
cation time is related to scan speeds. Although scanning is a
serial process, multiphoton lithography has been used with a
microlens array for parallel fabrication.®® These lithographic
techniques are applicable to the fabrication of microrobots that
can be used in biological settings for targeted drug delivery and
biosensing as well as remote sensing.®* In the area of metama-
terials, direct laser writing has also been utilized®>*® with one
unique example that highlights the 3D nature of these methods
being an array of gold helices, shown in Fig. 6b.”” Two-step
absorption, rather than two-photon absorption, has also been
applied to 3D nanoprinting. This method is similar to multi-
photon lithography but requires lower power and can use smaller,
less expensive sources like a continuous wave laser rather than
mode-locked pico- or femto-second lasers that are often employed
for two-photon lithography and necessary to achieve efficient
two-photon absorption.®” Further comparison between the two
mechanisms is explored in the article by Hahn et al.

To further address large-scale fabrication, interference litho-
graphy exposes a large area simultaneously to create arrays
on the order of square centimeters in area.®® A standing wave
pattern is formed using two coherent beams in this technique
and can achieve around 20 nm resolution using deep UV
sources and immersion media.®®”" This technique is suitable
for creating periodic arrays that are often used for metasurfaces
or metamaterials.®®”%

The variety of methods associated with lithography make it a
useful approach for an array of microfabrication techniques
with the main advantage being the high resolution. Different
types of lithography can overcome challenges related to cost
and material integration as well as 3D and large-scale produc-
tion, although aspects like masks, molds, and post-processing
procedures are still required.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc06236a

Open Access Article. Published on 24 January 2025. Downloaded on 2/15/2026 3:02:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

ChemComm Feature Article

Nanoimprint
ithography

a-1)

PDMS mold

Repeat Deposit
imprinting

Polymer
0 Fahnet embedded 3D fishnet C)

- Biotein ligands Polystyrene NP
a-ii) T e

AgNP Streptavidin— y
AgNP functionalized High ionic polystyrene
NP buffer

NIR, P =850 nm

Mixing to form metamolecule

\ Down
Y Rigid body iegular par \
Rigid body irregular particle )

Fig. 6 (a) Soft lithography. Process to fabricate negative index metamaterials (a-i) and large-area fishnet metamaterial on curved surface (a-ii). Panel
reproduced from ref. 75 with permission from American Chemical Society, copyright 2014. (b) Direct laser writing. Process for fabrication of 3D gold
helices (b-i), fabricated helices (b-ii). Panel reproduced from ref. 77 with permission from American Association for the Advancement of Science,
copyright 2009. (c) Example of protein-assisted self-assembly. Panel reproduced from ref. 70 with permission from Springer Nature, copyright 2020.
(d) Block-copolymer self-assembly. Process for gold metamaterial (d-i), SEM image of structure (d-ii). Panel reproduced from ref. 78 with permission
from John Wiley and Sons, copyright 2012. (e) Manipulation of particles using structured light. Trapping of irregular particle (e-i) and the degrees of
freedom achievable based on rigid body mechanics, including roll, pitch and yaw not available with conventional optical tweezers (e-ii). Panel
reproduced from ref. 79 with permission from Photonics Research, copyright 2023.
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3.2.2 Bottom-up methods. Bottom-up fabrication techni-
ques have developed to address disadvantages in top-down
methods such as cost and scale.”®> Self-assembly is one of
the more commonly used bottom-up techniques to assemble
micro- and nanoscale particles. This approach results in orga-
nized particles from forces such as electrostatic or hydrophobic
interactions.”® The lack of controllability in this organization
may be seen as a disadvantage. For more control over particles,
directed self-assembly introduces specific external forces like
an electric or magnetic field to influence particle assembly as
well as templates or molecules like DNA or proteins, as shown
in Fig. 6.°%%® Advantages to self-assembly include simplicity,
scalability, and low cost.”® This can be used for 2D and 3D
fabrication® as well as used with soft materials over various
length scales.” Creating heterogeneous structures is also pos-
sible through multicomponent solutions with feature size
defined by the individual building blocks.”® An example of a
structurally complex 3D gold metamaterial that was created
using self-assembly is shown in Fig. 6d; this technique used a
block copolymer for self-assembly.”® Block copolymer self-
assembly was also used with atomic layer deposition and
template stripping for the fabrication of 3D nano-lotus pod
resonators that confine light and can lead to field enhancement
for applications pertaining to sensors and quantum emitters.’
Further, GeSn vertical nanowires have been created using
self-assembly and used to demonstrate a GeSn nanowire
photodetector.’®

As the OPAL platform demonstrates, optical tweezers are
able to place particles at exact locations. This permits defects
to be purposefully included in a structure and is not easily
achieved using self-assembly.”® Advances in microfabrication
using optical tweezers are aimed at improving particle manip-
ulation through approaches like modification of the trapping
beam. For example, holographic optical tweezers (HOTs) incor-
porate a spatial light modulator and can be used to create
multiple trapping sites in both the axial and lateral planes.®**°’
This type of optical tweezer has been used for automated
assembly of microgranular crystals.”® An advantage to this
technique is the ability to add an entire layer of particles at
once rather than having to search for a single particle. However,
complex image processing and associated algorithms are also
often required,”®®® which may take more time and computa-
tional power than our population classification approach.

Structured light is another advancement that can be used
with optical tweezers to increase the accessible degrees of
freedom. In work by Zhu et al., structured light composed of
two vortex beams traps two particles at a single point and is
able to translate and rotate the system of particles about all
three axes, shown in Fig. 6.”° This type of manipulation may be
quite useful for complex manipulation of objects like nanorods,
which are not spherically symmetrical.

The biochemical linking mechanism used with OPAL is one
way to connect particles for complex structures. Other ways
to accomplish this include photo-polymerization of material
between particles, which can often require a setup with multi-
ple lasers, and heating of particles to cause bonding, which may
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damage particles.”® This possible damage due to heating from
high optical power is one disadvantage of optical tweezers
fabrication, along with the need for a high numerical aperture
objective, which can be expensive.'®® To overcome these diffi-
culties, other types of optical tweezers have been developed,
such as opto-thermophoretic tweezers that can be used with a
wider range of particles.”® The working principle of this branch
of optical tweezers is that a temperature field is controlled
using light, which affects the ionic depletants and permits
manipulation of particles.”® Other types of tweezers systems
use magnetic or acoustic fields for assembly.”* Additionally,
work involving metasurfaces has gone towards developing such
surfaces to replace traditional microscope objectives.'

While optical tweezers use optical forces to manipulate
objects, mechanical manipulation of microscale objects has
been shown using an atomic force microscopy cantilever with
confocal microscopy for large field of view monitoring.""
An advantage to this mechanical manipulation compared to
optical tweezers is the ability to physically alter organic objects
via cutting, slicing, and bending, in addition to lifting and
moving.'°" These capabilities make this approach particularly
well-suited for fabrication of components used in crystal-based
organic photonic integrated circuits (OPIC) including passive
and active waveguides, resonators, and cavities that are smaller
than standard silicon photonic integrated circuits (PIC).""!
This approach, termed ‘“mechanophotonics,” is promising for
expanding the functionality and types of materials used in PICs.

3.3 Future directions in fabrication

Other valuable fabrication methods exist beyond the mentioned
lithography, self-assembly, and particle manipulation using opti-
cal or mechanical forces that are beyond the scope this article.
Similar to how deciding which modeling or design approach to
utilize depends on application and resources, the best fabrication
method certainly will be determined by the required level of
resolution, scalability, and accessible resources for the particular
system. Looking forward, it is not hard to see how a combination
of both top-down and bottom-up approaches may provide more
flexibility in realizing nanophotonic designs in terms of feature
size and shape as well as material integration.”® A recent example
that highlights this idea applies focused ion beam milling,
a lithographic approach that uses ions rather than electrons,
to organic microcrystals created through techniques like self-
assembly and sublimation for industrial-level production of crys-
tal photonic cavities for PICs."* Key aspects for future develop-
ments include scalability, functionality,”® and the ability to
monitor the process in real time to assess and correct errors.'®

4 Emerging concepts and applications

The development and progress of the preceding computational
methods and fabrication techniques will be integral for more
advanced and innovative nanophotonic devices. This section
will highlight several interesting concepts that are expected to
be essential in such future devices and may also continue to be

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc06236a

Open Access Article. Published on 24 January 2025. Downloaded on 2/15/2026 3:02:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

improved through design or fabrication, including work from
our own lab related to metamaterials.

4.1 Hyperbolic metamaterials

Previous metamaterial work that has been carried out within
our lab studied a tunable hyperbolic metamaterial (HMM)
operating at terahertz frequencies.'® Hyperbolic metamater-
ials are defined by hyperbolic iso-frequency curves and an
anisotropic permittivity tensor, which can be achieved with a
multi-layer stack of metal and dielectric layers. These materials
are valuable in the area of super-resolution imaging because
high-frequency information that is usually lost can be retained
due to the formation of surface plasmon polaritons (SPPs) at
metal/dielectric interfaces. Further, application of a hyperbolic
metamaterial for super-resolution in the terahertz regime is
valuable as the techniques that are employed for this purpose
in the visible wavelengths are not applicable at these longer
wavelengths. This work demonstrated that layers of high-
density polyethylene (HDPE) and InSb achieve the properties
of a hyperbolic metamaterial with tunable properties based on
temperature and filling ratio, as shown using effective medium
theory. Modeling of planar multilayer stacks verified trans-
mission properties that agree with resonances seen in the
permittivity as well as the confirmation of negative refractive
index, seen in Fig. 7a."'®* Lastly, modeling involving a cylindrical
hyperlens formed with the multilayer HMM stack demonstrated
the ability for such a device to image below the diffraction limit,
shown in Fig. 7b.

Another example of HMM work outside our lab used this
type of metamaterial for random lasing. Random lasers accom-
plish lasing action through multiple scattering that is common
in nanophotonic materials; these devices have the advantage of
not requiring a cavity while maintaining high efficiency."®® The
work by Lin et al. fabricated layers of gold and polymethyl
methacrylate (PMMA) on a flexible substrate composed of
paper and polydimethylsiloxane (PDMS) and used perovskite
nanocrystals as a gain medium. The flexible HMMs were able to
be rolled multiple times and with varying curvatures.'*® These
efforts can be applied to bio-sensing and wearable devices.'™

4.2 Self-healing and reconfigurable materials and devices

The integration of nanophotonic devices in integrated photonic
circuits and wearable devices expands the opportunities for
such devices to become a part of daily life. An important
consideration in the performance of such devices is how robust
they are to damage that can affect optical properties. Self-
healing materials offer a solution to help preserve the perfor-
mance and lifetime of devices. Owing to the necessity of light
sources in many photonic systems, work conducted by Hsu
et al. combined the concept of a random laser, which does not
rely on a traditional resonator, with a self-healing hydrogel to
create a soft and self-healable random laser (SSRL).'®> The
healing ability of SSRLs stems from dynamical hydrogen bonds
and this work demonstrated the reproducibility of the SSRLs
to heal following repeated damage as well as after different
damage types shown in Fig. 7c. A notable advantage to the
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self-healing lasers is not needing external stimuli for the
healing process.

Another interesting concept that relates to soft materials
used for nanophotonic devices is the ability to reconfigure
materials. This ability can make fabrication, especially proto-
typing, more efficient. Mass-migration is one tool that can
be used to achieve such adaptable materials, as this review
discusses,'*® specifically photochromic isomerization. A brief
overview of this process is that certain molecules respond to
exposure to light in such a way that they will move based on the
light intensity and polarization, resulting in structures such as
the surface relief gratings schematically shown in Fig. 7d. A flat
surface can later be recovered with thermal exposure or a
specific polarization of light. Photo-polymerization is a similar
type of technique extensively used for prototyping, but it is
irreversible. As mentioned in Section 3.2.2, mechanophotonics
is a promising approach for OPIC fabrication and has also
demonstrated reconfigurability. This was shown through the
formation of one photonic molecule (PM) created by two
polystyrene microspheres (A-B) that were then separated and
a new PM was formed with one of the previous microspheres
and a new microsphere (B-C)."'" This type of manipulation is
especially useful for adjustment of building blocks throughout
the assembly process and is distinct from linking mechanisms
like that used in OPAL where permanent bonds form upon
initial contact of particles. Beyond fabrication applications,
reconfigurable materials are also ideal for rewritable photonic
memory devices.'"> The review by Lian et al. provides insight
into this area including material platforms, architectures,
computing mechanisms, and future applications.

4.3 Tape lithography fabrication

While more advanced fabrication techniques can often be asso-
ciated with more cumbersome processes or expensive equip-
ment, techniques that achieve high-level results with simple
and versatile procedures are valuable from both an economical
and accessibility standpoint. A poignant example of this is
a lithography method implemented using common Scotch
tape.'®” This lithographic method starts with soft lithography
(this is the most expensive part) to construct nanopatterns on a
donor substrate which is followed by deposition of the chosen
materials and then direct application and peeling of tape
to transfer the patterned material."®” This technique can be
applied to both dielectric and metallic materials for single layer
or multilayer stacks with areas on the order of inches, demon-
strated sub-100 nm resolution, and simultaneously provides
a functional inverse structure within the donor substrate.
Additionally, this is suitable for flexible applications, as was
shown with flexible refractive index sensors and transfer of
a gold nanohole film to an optical fiber shown in Fig. 7e.'*”
As also shown, this method is applicable to the fabrication of
metamaterials.

4.4 Quantum emitters, sensors, and information

Harnessing quantum effects promises to enable technologi-
cal advances in areas like computing and communication.
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Fig. 7 (a) and (b) Hyperbolic metamaterial. Modeling showing negative refractive index for planar multilayer stack (a-i) and (a-ii); resolution beyond
diffraction limit for cylindrical hyperlens (b-i) and (b-ii). Panels (a) and (b) reproduced from ref. 104 with permission from Optical Society of America,
copyright 2020. (c) Self-healing random lasers. Healing process after pressing (c-i), scratching (c-ii), stabbing (c-iii), and fracturing (c-iv). Panel
reproduced from ref. 105 with permission from American Chemical Society, copyright 2019. (d) Mass migration. Formation of surface relief grating (d-i)
and the writing and erasing process (d-ii). Panel reproduced from ref. 106 with permission from John Wiley and Sons, copyright 2019. (e) Tape
lithography. SEM image of gold nanohole film made using tape lithography method on side of fiber (e-i) and corresponding areas on fiber (e-ii). Panel
reproduced from ref. 107 with permission from Springer Nature, copyright 2018. (f) Quantum dot microlaser. Photographs of ring laser based on colloidal
quantum dots using excitation power of 5.3, 74, 260, 600 pJ cm™2 (f, i-iv). Panel reproduced from ref. 108 with permission from American Chemical
Society, copyright 2017.

The synthesis of quantum phenomena with nanophotonics will ~ colloidal quantum dots (CQD), which are semiconductor nano-
further expand device capability and functionality. One exampleis crystals that display quantum effects, mainly the spatial
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confinement of charge carriers.""® This effect is significant
because it allows for tuning of optical and electrical proper-
ties based on individual particle size, shape, and composi-
tion, which is well-established through synthesis procedures.
Thin films can be made from such materials using techni-
ques like lithography to create specific devices including
waveguides, microlasers, and photodetectors for on-chip
quantum applications.*® One interesting development showed
that by using nanocrystals coated with a wider-bandgap material
(core/shell quantum dots) in ring resonators, it is possible to
control the lasing color by changing the excitation power as seen
in Fig. 7£.'®® CQDs are one instance of generating quantum
responses; more material related to the intersection of nano-
and quantum photonics, including quantum information,
sensing, data storage, computing, circuits, metasurfaces, and lab
on chip applications can be found in the cited reviews.'**™"”

5 Future perspectives

As the examples provided throughout this Feature Article show,
nanophotonics has applications in a multitude of fields and is
driven by computational and fabrication capabilities. Cur-
rently, microscale precision in the design and construction of
3D structures composed of a single material is readily available,
but a major current challenge is the ability to design and
fabricate complex 3D structures with atomic precision from a
wide range of different materials. And once these capabilities
are achievable in small-scale, rapid prototyping platforms,
mass production presents a whole new set of challenges.

To address these challenges moving forward, a large part of
the nanophotonic computation is expected to incorporate
artificial intelligence such as deep learning, which should aid
in exploring novel and nonintuitive device designs and config-
urations with decreased computational expense. The ability for
this tool to consider a growing number of input design para-
meters while also being adaptable to a variety of contexts, from
which new optimization schemes or algorithms may emerge,
will make it especially useful. Fabrication considerations
should also be standard in device design that has a physical
application to ensure design outputs are realizable. In terms of
fabrication, the combination of top-down and bottom-up
approaches should aid in realizing high resolution and scalable
devices. As nanophotonic components such as metasurfaces
start to become more commonplace, the manufacturing of
such tools is expected to move toward large-scale industry
production, making many of the fabrication challenges presented
here significant and not isolated to one community. Further, the
pursuit of novel optical phenomena may lead to the use of unique
or new materials, such as magneto-optical materials or van der
Waals materials that were not considered here.

These advancements will contribute to devices with power-
ful and exciting new potential for nanoscale control of light.
One major avenue for these improvements is for more compact
devices, as seen with PICs, that can be mass-produced
with greater ease and lower power consumption. An exciting
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prospect within this area is the ability to provide healthcare
diagnostics through on-chip biological sensing and detection
to rural areas that may not have adequate technology or
resources otherwise. There is also no shortage of opportunities
within the quantum domain in terms of advancing techno-
logical facets such as communications and computing as well
as a general understanding of light-matter interaction.

6 Conclusions

Work from our lab has contributed to nanophotonic devices
through efficient and accurate computation, design, and fabri-
cation. On the computational side, an analysis of scattering and
optical force calculations has shown that the complex permit-
tivity of metallic nanoparticles accounts for the skin-depth
effect more accurately than an effective volume correction.
The angular spectrum method was adapted to allow fast and
accurate computations of nanoscale light-matter interactions
using a dipole matched transmission model. Our DDA-with-
substrate approach compared three discrete dipole approxi-
mation methods and found the best results with a 1D cylind-
rical Green’s function. Relevant computational and design
approaches from other groups have relied upon the DDA,
inverse design, boundary integral equations and augmented
partial factorization to increase accuracy and efficiency. Artifi-
cial intelligence has already been incorporated in this field and
will surely continue to develop as a tool for such technology.

Experimentally, our optical positioning and linking (OPAL)
platform uses optical tweezers and biochemical linking to
manipulate micro- and nanoscale particles for the bottom-up
fabrication of complex, heterogeneous nanostructures. Auto-
mation of the platform goes toward increasing throughput for
even larger scale assemblies. Top-down, lithographic methods
have shown great benefits in terms of resolution and variants
have addressed drawbacks including time, scale, and cost. Self-
assembly and advancements in optical tweezers continue to
hold certain advantages for bottom-up fabrication, such as
scalability and achievable complexity. Incorporating both top-
down and bottom-up methods could be important for better
resolution, more diverse material integration, larger scale, and
reduced cost.

Other aspects of nanophotonic device design and applica-
tion that may play an important role in the development of
new technologies include metamaterial design, self-healing
and reconfigurable materials, low-cost and simple fabrication,
and quantum considerations.

The ability of nanophotonic devices to control light at sub-
wavelength scales will enable applications ranging from bio-
logical imaging and sensing to computing.
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