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How to Manufacture Photonic Metamaterials

Apurba Paul and Gregory Timp*

Metamaterials, which started off focused on optical and electromagnetic
applications such as invisibility and “hyperlenses” with resolution beyond the
diffraction limit, has now broadened in scope to include pretty much
everything from wireless communications (antennas), lasers, computing,
solar power, sports equipment, medicine; acoustics, structural mechanics and
even air conditioning. Yet, the promises derived from these applications have
not been exploited in earnest and the market for them has not grown much so
far, likely because a facile and economical method for fabricating them
without defect has not emerged. This review scrutinizes the methods used to
manufacture metamaterials with the aim to remedy this shortcoming.

1. Introduction

Metamaterials are unnatural. Their architecture comprises ar-
tificial “atoms” and “molecules” decorating a (what may be on
purpose and otherwise unintentionally defective) lattice with a
shape and size tailored by a variety of means to elicit a refrac-
tive index near-zero or even negative (Figure 1).'"'%! They can
be 3D constructions or so-called meta-surfaces constrained to
a thin, quasi-two-dimensional (2D) layer. The idea is not new.
Maxwell discussed the possibility of laminates like this in 1873117
and in 1898, Bose experimentally showed that twisted struc-
tures (chiral materials) can produce artificial linear and circular
birefringence.'® In 1968, Veselago described the reflection and
refraction of electromagnetic (EM) waves in materials simulta-
neously having a negative dielectric constant (¢) and magnetic
permeability (u).[') Later in 1998, Pendry et. al. demonstrated
that a periodic array of thin metal wires can produce an electro-
magnetic response that corresponds to negative ¢ by reducing
the plasma frequency.?>2!l A Dit later than that, in 1999, they
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also proposed that a periodic array
of splitring resonators (SRR) could
show negative y in a specific frequency
band.”) What is new is that metama-
terials, which started off focused on
optical and EM applications like invis-
ibility (stealth) and “hyperlenses” with
resolution beyond the diffraction limit,
now extend into pretty much everything
from wireless communications (anten-
nas), lasers, computing, solar power,
sports equipment, medicine (health-
care), acoustics (ultrasonics), structural
mechanics and even air conditioning.
Yet, despite the “zoo” of applications,
there is only a scant market for them, which was expected to
reach $0.22 billion (US dollars) in 2024 mostly driven by the de-
mand for EM and photonic metamaterials (PMs), in particular.!?*]
The lackluster market for PMs may be due to the diffi-
culty of making them. At its core, PMs rely on sub-wavelength
inclusions—which are on a nanometer-scale for visible light that
resonantly couple to the electric and magnetic fields of light to
produce extraordinary optical properties such as a negative index
of refraction. Due to their complexity, there are at least two stum-
bling blocks that stymie the manufacture of PMs: 1. making them
with enough precision to avoid losses due to random scattering
(i-e. precise registration over a wide field); and 2. developing a
scalable economical manufacturing process that can accommo-
date the peculiar constituents and is still robust enough to put
them to work in diverse applications. So, the promise of meta-
materials won’t be fully realized until nanometer-scale structures
can be assembled together, inexpensively, into a working system
without defect. To that end, right now, there are mainly two strate-
gies that have been used to create metamaterials; both elicit as-
pects of the promise, but they remain problematic nevertheless.
The first is the “top-down” method like that used to fabricate in-
tegrated electronic circuits (ICs), for example. The second is the
“bottom-up” approach like that used to synthesize antibiotics, for
example. The successful implementation of these strategies for
producing ICs and antibiotics are glaring examples and make
conspicuous targets to aim at in the manufacture of a metamate-
rial. To illustrate the promise and the problems and, at the same
time, map out a path forward for the manufacture of PMs, let’s
first unpack these two examples to see what they’re doing right.
“Top-down™ Currently, at the “3 nm” node, Taiwan Semicon-
ductor Manufacturing Corporation (TSMC) can produce a mono-
lithic IC consisting of 300 million transistors per square millime-
ter (Figure 2), while International Business Machines Corpora-
tion (IBM) has apparently bettered that by producing a chip the
size of a finger nail (1 cm?) with nearly 50 billion transistors at
the “2 nm” node.[?*] These innovations will likely find their way
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Figure 1. Metamaterials by scale and frequency. The minimum(maximum) feature size, which is labeled “d” (frequency labeled “f”) for each metama-
terial is indicated by the blue arrows on the two scales. For reference, the visible band is illustrated by the rainbow embedded in the scale. The stars
delineate five especially useful bands in the spectrum: blue—uvisible light; cyan—resonances such as plasmonic effects and rotational states of molecules;
red—millimeter wave communication, radio astronomy; light blue—5G networks; and white—NMR spectroscopy, television broadcasts amateur radio,
ultrasound. a) A cross-sectional, high-resolution scanning transmission electron micrograph (HR-STEM) (false color) of the interface between the tetrag-
onal (T) and orthorhombic (O) phases in a 30 nm thick La-doped SrSnO; with an undoped 108 nm thick SrSnO; buffer layer on a GdScO; (110) substrate.
These periodic nanostructures were self-assembled using a T-to-O martensitic phase transformation. The insets show selected area Fourier transforms
with a scale of 3 nm~". Adapted from ref. [33] b) (top) Scanning electron micrograph (SEM) of nanowires embedded in an alumina matrix are shown. b.
(bottom) A side view of the same nanowires. The wires have a 60-nm diameter and 110-nm center-to-center distance. Adapted from ref. [12]. ¢) Array of
several hundred (~160 nm diameter) amorphous Si nanoparticles (NPs) fabricated by laser ablation and visualized with dark-field microscopy. The insert
shows an SEM of a single Si NP in this array. Adapted from ref. [1]. d) (top) An optical micrograph of a Ni-P alloy hierarchical metamaterial spanning
seven orders of magnitude in length, fabricated with additive manufacturing employing large-area projection micro-stereo-lithography that uses a spatial
light modulator in conjunction with an optical scanning system. d) (bottom) The structural hierarchy of the multiscale metamaterial extends from 5 cm
to tens of nanometers in wall thickness of the Ni nanotubes. Adapted from ref. [14] ) (bottom) A fluorescence confocal image of a three-dimensional
metamaterial assembled from 350 nm diameter polystyrene NPs using the light gradients in a time-shared Bessel-beam optical standing wave. A 10
% 10 super-lattice was formed out of voxels consisting of 3 x 3 x (X > 10) sub-lattices with the “step-and-repeat” method. e) (top). A reconstruction
formed from the confocal image of the same metamaterial, but de-convolved to reveal the lattice structure along the optical (z) axis. The 4/2n = 320
nm spacing due to the standing wave along the z-axis was easily resolved to reveal that the NPs must abut each other. Adapted from ref. [10] f) (top)
SEM of typical Si nanodisks fabricated on an SOI wafer using electron beam lithography in combination with reactive ion etching are shown before
embedding them into the low-index medium. f) (middle, bottom) SEMs showing magnified normal and oblique-incidence views, respectively of the
same array. The Si disks range from 400-600 nm in diameter and are 220 nm thick. Adapted from ref. [11] g) (top) An SEM normal, large-area view of a
chiral metamaterial structure composed of right-handed twisted gold crosses fabricated using electron-beam lithography in combination with a spin-on
dielectric, planarization and reactive-ion etching. g) (bottom) Magnified oblique-view SEM of the structure highlighted in blue in g, top. The arms of the
gold double crosses have a thickness of 25 nm, a full width of 56 nm and a length of 315 nm. The double crosses are arranged on a simple square lattice
with a lattice constant of 500 nm. Adapted from ref. [13]. h) (top). An SEM image is shown of a dielectric gradient meta-surface optical element with a
focal length of 100 um at 2 = 550 nm. h) (top, right lower inset) The 2D intensity profile in the focal plane is shown. h) (bottom) A magnified view of the
area highlighted in blue in h, top. Adapted from ref. [4] i) (top) An SEM of a As, S; woodpile with rod distance 2 um fabricated using direct laser writing
is shown. i) (top, inset) Each rod is made from eight parallel sub-rods to yield a rod aspect ratio of almost 1.0. i) (bottom) FIB cross-section of the same
woodpile is shown. Adapted from ref. [15] j) The figure shows an SEM gold structure produced from a hollow polymer cast made by stimulated-emission
depletion (STED)-inspired direct laser writing (STED-DLW) that are filled with gold using electro-chemical deposition. The polymer template is removed
in an oxygen plasma to reveal the structure: the wire radius is 270 nm; the helix radius is 750 nm; and the helical pitch is 2.66 pm. Adapted from ref.
[6] k) An SEM of a multi-(21)-layer metal-dielectric stack fishnet structure fabricated using focused ion-beam milling (FIB) with a unit cell of spacing of
860 nm and a minimum width of 265 nm. The structure consists of alternating layers of 30 nm silver (Ag) and 50 nm magnesium fluoride (MgF,). k)
(lower left inset) A cross-section of the pattern taken at a 45° angle. Adapted from ref. [8] I) Lattice constructed from solid-beam glassy carbon by direct
laser writing and subsequent pyrolysis. The carbon nanolattice has single struts shorter than 1 um with diameters of 200 nm. Adapted from ref. [16]
m. (left) An SEM showing an oblique-view of a polymer pentamode mechanical metamaterial with 7 x 7 x 6 face-centered-cubic unit cells (hence total
size 261 um X 261 pm X 241 um) fabricated by dip-in, direct-laser writing. The smallest accessible diameter is 0.55 um. m) (right) Same structure is
shown, but now viewed along the (007)-direction to reveal the hexagonal sub-structure of the diamond crystal. The volume filling fraction is estimated
to be 1.5% and a total metamaterial weight of 270 ng. Adapted from ref. [2] n) (top) Oblique view on a right/left-handed polymer structure made by
direct laser writing is shown. The cubic lattice constant of the structure is about 4 pm. n) (bottom) The diameter of the spiral is about 3.6 um. Adapted
from ref. [5] o) (top) Low resolution SEM of a metamaterial consisting of split-ring-resonators (SRR) produced using self-aligned, membrane projection
(electron-beam) lithography. o) (bottom) High resolution SEM of the composite unit cell with 5 split-ring-resonators. Each cell is 3.0 pm on a side and
each trace has a width of 0.7 um with a gap of 0.6 um. The cubic array has a lattice constant of 6 um. Adapted from ref. [9] p) Photograph of one side of a
fabricated microwave-scale bi-layer, cross-wire, chiral metamaterial; the length (width) of the wires comprising the crosses are 14(0.8) mm, presumably
printed onto a photosensitive film on copper using a high-precision plotter. subsequently the copper foil was etched. The thickness of the copper is
36 um. Adapted from ref. [7]
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Figure 2. The front- and back-end characteristics of the “3 nm” node in semiconductor manufacturing according to IMEC and TSMC. a) A. schematic
representation of a FinFET showing that it has thin vertical “fins” instead of being completely planar. b) TEM cross-section of an IMEC FinFET. The
fin-width is 4.5 nm and the fin-height is about 26 nm. c) A cross-section through the metal backend of the TSMC N3 process is extremely dense. The

metalO pitch (MO0) is 23 nm. Adapted from refs. [27a,b].

into the iPhone 17 series next year, and iPhone 18 Pro models in
2026.12%] Despite the apparent success, problems still plague this
“top-down” technology. TSMC’s “3 nm” process is based on a Fin-
FET process flow.[2] A FinFET is a type of field-effect transistor
(FET) that has a thin vertical fin instead of being completely pla-
nar (Figure 2a,b). The gate, which is separated from the channel
formed between the source and the drain by an effectively thin di-
electric layer, “wraps” around the channel on three sides in a Fin-
FET to afford more control over the current between source and
drain in the ON-state, and reduce the leakage in the OFF-state
relative to a planar FET. However, a “3 nm” or “2 nm” transis-
tor doesn’t actually measure 3 nanometers in any dimension;it’s
a bit of a misnomer. Instead the term just refers to the overall
manufacturing process node, which is an advertising ploy illus-
trating higher performance per watt efficiency or higher transis-
tor density or increased drive current. While the smallest feature
size within the transistor like the gate dielectric thickness may be
around 3—6 nm, the entire transistor itself is significantly larger
with features like the gate pitch (the distance between the gates
of two transistors in logic) and tightest metal pitch that are often
much larger (~48 and 24 nm respectively, according to current
industry standards).[?’]

To avoid contamination, an IC incorporates only a restricted
number of materials including Si, SiGe, SiN,, SiO,, exotic gate
oxides such as HfO,, and Hf, Zr, TiN, Al, Cu to name a few. These
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are meticulously designed, assembled and stacked into a 3D cir-
cuit using a combination of sophisticated computer-aided design
(CAD) tools for the layout of the circuits and to model the pro-
cess flow, utilizing a process that involves the exquisitely precise
lithography, deposition and etch to carve the circuit elements and
the interconnections between them to produce finally an IC from
a single crystal wafer of silicon.

Moore’s law, the empirical projection that the number of tran-
sistors in an IC doubles about every two years at a minimal in-
crease in cost, is failing. It depends on the cheap miniaturiza-
tion of the transistor in an IC, but the transistor is butting up
against physical (a channel only a few atoms long) and techno-
logical (13.5 nm Extreme Ultra-Violet—EUV lithography) lim-
itations. Packing more and more transistors into a plane has
just become impracticable. So, to rescue Moore’s law, multiple
layers of transistors are now vertically “stacked” together either
through monolithic integration (i.e. through monolithic 3D IC
manufacturing—M3D) or by bonding multiple layers fabricated
separately.?#2°] The vertical integration between the layers al-
lows for shorter interconnections, which in turn results in faster
signal transmission, reduced signal delay and higher operating
speed with greater efficiency.[?*32] Another major advantage of
3D stacking is the reduction in power consumption. As the inter-
connection becomes shorter, the power loss shrinks compared to
planer electronics.
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Figure 3. Folding animation for PDB protein 7DMF, chain A) These predictions are from successive early checkpoints of an Open-
Fold model. The training step is shown in the bottom left corner. OpenFold predicts protein structure by starting with the pri-
mary structure—the disordered amino acid sequence (leftj—and then homes in on the secondary structural elements and eventu-
ally reaches 3D form for the protein (right). The fold starts from the amino acid sequence for 7DMF-chain A, which is: DCQQEL-

SLVQTVTRGSRAFLSREEAQHFVKECGLLNCEAVLELLICHLRL

GMEIMKLGRQLREAVRANDVDAMLKIAKEIIKVIGETGLDEVYRQLLKAAKEFLERRAEN-

FSHEEAVAFAQQIIQLIKQVECVQMRALGAVASLGCTDLLPQEHILLLTRPRLQELSAGSPGPVTNKATKILRHFEASC. Adapted from refs. [38,39].

What's especially problematic though about the “top-down”
approach to the “3 nm” node is that it is time-consuming to
manufacture and very expensive. An advanced process flow con-
sists of thousands of steps involving more than 100 mask layers
(as many as 19-25 EUV lithography layers) with up to 19 metal
levels and it can take >3 months to push a wafer from design
through production. On top of that, the process is expensive
it costs ~ $40 per cm? of silicon to produce a chip at the “3
nm” node (or $18,000 to $20,000 per 300 mm or 12" wafer).>*)
Moreover, the cost of a semiconductor fabrication facility to pro-
cess the wafer in an ISO Class 1 cleanroom environment (i.e.
<2 particles greater than 0.3 pm and no particles greater than
1.0 pm per cubic meter like the Samsung’s fab in Taylor, Texas)
is projected to be north of $22 billion in 2025. The fab equip-
ment Dy itself is estimated to cost more than $15-20 billion
for the “3 nm” node.?¥ What's especially onerous is that, after
all that investment of time and money, the chip may be defec-
tive. Although it is generally a closely guarded trade secret, the
yield of the one gigabyte double data rate 3 (1 GB DDR3) mem-
ory module that used to store data for quick access by the cen-
tral processing unit (CPU) off-the-line goes from 0% to ~ 70%
only with repair and because of redundancy.®® Samsung and
TSMC yields could sink as low as 20%.! But so far, the mar-
ket for ICs still drives these expenditures; the world market for
ICs alone is projected to top $602 billion in 2025 and grow from
there.l”]

“Bottom-up”: On the other hand, to create antibiotics, pharma-
ceutical companies use a “bottom-up” approach that usually in-
volves combinatorial chemistry to create libraries from a range
of peptides, non-peptide oligomers, peptidomimetics and small-
molecules that are meant to target a specific infection. Once
they’re synthesized, the peptides in the library can be screened
concurrently to “kill” the biological target. However, the vast ma-
jority of antibiotics discovered so far have insufficient biological
activity, toxicity issues, or unfavorable pharmacokinetics to be de-
veloped into a drug as a curative for humans. It seems likely that’s
about to change, however.

The native, 3D-shape of a protein dictates its chemistry and ef-
ficacy. The primary structure of a protein is constituted by amino
acid residues linked in a chain by peptide bonds—the informa-
tion content resides there. The information embedded in the pri-
mary structure affects if and how a protein folds from an un-
stable random coil into a more ordered, specific 3D structure
(Figure 3). Folding relies on weak, non-covalent bonds such as
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hydrogen bonds, ionic bonds, van der Waals forces and/or hy-
drophobic and hydrophilic interactions to autonomously force
the aggregation of specific amino acid residues into a stable na-
tive structure. And it does so repeatedly with sub-nanometer pre-
cision! Thus, (aside from chaperones that are sometimes used
to guide it), the 3D structure of a protein is usually dictated by
equilibrium thermodynamics without appealing to the specific
pathway describing how it got there.[*!] However, when the spe-
cific 3D structure of a protein is demolished—the function is
lost. So, the stability of the native structure is vitally important.
How a protein folds or mis-folds is then the key to an efficacious
therapeutic—protein folding, degradation, aggregation, solubil-
ity, crystallization and fibrillization all have to be scrupulously
managed.

Now it seems that it is possible to predict how a protein
will fold using computer simulations or artificial intelligence
(AI) like AlphaFold2/Google Deep Mind, OpenFold/Meta Al,
SyntheMol.33-*1] For example, AlphaFold2 steers clear of physics-
based models that have frustrated molecular dynamics simula-
tions of folding so far, in favor of deep learning.[*!l The code scans
documented, reference sequences looking to learn about the sim-
ilarities to the query and detect changes in sequences that may
have co-evolved and so, are likely to be close to one another in
space when a protein folds. Along those same lines, OpenFold is
even faster atit than AlphaFold2, but just as accurate and it can be
retrained easily (Figure 3).383%41] Using OpenFold, in conjunc-
tion with a language model like ChatGPT, Meta Al was able to
release the structures of more than 600 million little-known pro-
teins recently, which may eventually obviate the need for combi-
natorial chemistry and facilitate screening in drug discovery al-
together. The proof is in the pudding: SyntheMol, a generative Al
model, has been used to design easy-to-synthesize antibiotic com-
pounds using known molecular building blocks and synthesis
reactions.[*]

At its root, protein folding is just another example of
“self-assembly.” Generally, “self-assembly” uses weak, typically
non-covalent bonds to autonomously force the aggregation of
molecules or components like micro- or nanoparticles (NPs) into
stable 3D structures.[***’] But, “self-assembly” is limited to the
formation of structures that represent kinetically trapped states
or a thermodynamically minimum energy and, because of the
weak binding energy, “self-assembly” tends to produce systems
that are defective. For example, there is an untoward propensity
for hydrophobic amino acid side chains in a protein to aggregate
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beyond the design, which can lead to the formation of amyloid
deposits that have been implicated in human pathologies such
as Alzheimer’s disease.l*®*] It’s estimated that up to one-third
of newly synthesized proteins may be degraded due to folding
issues.l’”! The price is astronomical and the cost is reflected in
drug discovery for antibiotics. For example, it can take 10—15
years to bring a new antibiotic to market, but initially identify-
ing the antibiotic and optimizing the structure can be costly even
before a clinical trial begins. The break-even cost to the pharma-
ceutical industry to produce a single drug (which is inextricably
tied to clinical trials of the efficacy of a protein, not just protein
synthesis) tops $1.7 billion currently.’!] However, the global mar-
ket for antibiotics is still compelling; it is projected to reach $56.8
billion in 2025.%%]

So, we've been schooled. Notice the common lessons appar-
ent from these two success stories are: i.e. 1. implementation
through the use of computer-aided design (CAD); 2. there is a
restricted number of constituents; 3. volume manufacture sets
the rules; and finally, 4. unintentional defects are pervasive and
costly. Generally, regardless of the method, the costs increase
with the complexity of the process.

Right now, the global market for PMs is miniscule in compar-
ison to ICs or antibiotics and PMs will likely suffer similar chal-
lenges or worse. Due to coherence, unintentional defects, such as
variations in the unit cell geometry or localized (topological) dis-
tortion are especially detrimental. Such defects can compromise
functionality by shifting or eliminating bandgaps, affecting scat-
tering, transmission and reflection of an electromagnetic wave.
For example, according to Li and Zhang,*®! in the presence of
disorder such as variations in the radii of air spheres and their
positions, the bandgap reduces significantly, and closes at a fluc-
tuation magnitude as small as under 2% of the lattice constant.
Restrictions like this impose a severe requirement on the uni-
formity of the PM lattice.>* Likewise, and just as relevant, in
metamaterial mechanics, defects can lead to changes in elastic
modulus and compressive strength that affects the long-range
order.[>]

So, how do we “light up” metamaterials and bring them suc-
cessfully to market? To gain some perspective on the prospects
and fairly assess the implications, let’s review and compare strate-
gies for the manufacture of PMs starting with the “top-down”
and “bottom-up” methods that have been employed so far. There
is no pretense to be comprehensive here. There is already a
glut of very informative reviews that tackle metamaterials,[>6-6]
the fabrication of them,7*7%] along with their applications (like
imaging).l7:63-65697478] So_in a way less than exhaustive in scope,
this review focuses narrowly on PMs and analyzes tersely cer-
tain aspects of well-worn “top-down” and “bottom-up” method-
ologies looking at the strengths and weakness peculiar to their
fabrication that go beyond those already outlined by the two
prime examples, i.e. ICs and antibiotics. The methods are as-
sessed with two particular applications in mind: a lens and an
antenna.

First, “top-down, layer-by-layer” fabrication of PMs using (2D)
lithography in combination with deposition and etch or “lift-off”
are scrutinized to produce metamaterials like those illustrated in
Figures 1c,f,g. Next, the methods used for “top-down, 3D print-
ing or additive manufacturing (AM)” of PMs like those illus-
trated by Figures 1h,i,j,l,m are examined to discover their advan-
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tages and expose their limitations Then, schemes for “bottom-
up” self-assembly to form metamaterials like those illustrated
in Figure 1a are explored!”*# that rely on block co-polymers,8!]
dendritic molecules,®2! DNA origami,®3 or colloidal clusters for
creating PMs and intense lasers.[#%7! And finally, “for something
completely different”—a method for the manufacture of PMs is
introduced (Figure 4) that works just like modular construction—
borrowing from both the “bottom-up” practices for synthesizing
nanoparticles (NPs) and from “top-down” methods that uses light
gradients in conjunction with a “step-and-repeat” process—to as-
semble the NPs into “voxels” that form 3D-PMs like that shown
in Figure 1e.l'% PMs have been fabricated using “top-down” or
“bottom-up” methods before, but not this way.

Using light gradients to assemble NPs is not science fiction
anymore. In a pilot study this alternative was tested and it seems
viable t00.[1%! First, using low temperature, chemical solution
methods that offer economical and scalable synthesis, monodis-
persed, nanoparticles (NPs) with built-in functionality are formed
with a coefficient of variation, CV < 1%. And then the NPs are
conveyed, using multiple laminar flows in a multi-port microflu-
idic device within the field of view and shepherded into an array
of time-shared optical traps formed from a standing wave, Bessel
beam over a “hot” mirror (i.e. a mirror that reflects infrared light
while allowing visible light to pass). Thus, the gradient force in
the optical traps is put to work assembling a (homogeneous or
heterogeneous) collection of thousands of NPs into “voxels” on a
hydrogel scaffold (at least temporarily).

This alternative strategy for manufacturing is especially timely.
It straddles two contemporaneous revolutions that are churn-
ing right now: one in optical manipulation,!®] and another in
photonics.®! The feasibility of using optical tweezers to ma-
nipulate particles had already been demonstrated in pioneering
work on atoms, molecules, microspheres, and living cells and
organelles.*192] The basic forces derived from a focused laser
beam acting on a small particle are well known!'%-17] and the-
oretically they can be comparable to or exceed the strength of a
hydrogen bond, depending on the topography of the optical field
and on the properties of the particle and surrounding medium.
Light gradients have been used to manipulate metallic!''®! or
dielectric,271%] low index, high index!"?! or highly reflecting,
nano- or micro-particles, in liquid or in air.!!*1!3] The prospects
for using the same physics to organize more complex sys-
tems with nanometer precision is just now being explored. For
example, an optical standing wave has been utilized to posi-
tion atoms on a substrate with nanometer-scale resolution and
sub-nanometer registration derived from an atomic clock.[?*-94]
The same type of optical fields have been used to create regu-
lar arrays of microspheres.[*+97-99120-127] Now, with the develop-
ment of multi-functional traps!?’! and optical trap arrays,”-"]
tweezers can be used to rapidly!'?®! interrogate many points in
space and time, and even induce chemical as well as physical
transformations.

2. Metamaterials: Why They are Fabricated

PMs have be used to steer light,['?°] polarize wave fronts(!30-131]

and generally manipulate the phase of electromagnetic
radiation.['®?13] At first, metallic nanostructures fabricated
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OPTICAL TRAPPING

Ti:sap
LASER BEAM

AXICON LEN /’/’/////’% '

100_nm

NANOPARTICLE
SYNTHESIS

HOT MIRROR

EM SIMULATION

TRANSMISSION/REFLECTION
SPECTROSCOPY & CONFOCAL MICROSCOPY

Figure 4. Modular nanofabrication of metamaterials. There are three aspects of this tool represented in this schematic: nanoparticle synthesis; optical
trapping and EM simulation. Optical trapping is at the core of the effort. The central feature in the figure is a schematic representation of time-shared
optical trap used to assemble a metamaterial. Top center: A pseudo-Bessel beam standing wave optical trap (red) is formed by focusing a Ti:sap laser
through an axicon lens onto a “hot” mirror (represented red). The traps, which are rastered from site-to-site, are used to assemble on a heterogeneous
metamaterial on a (photopolymerized) hydrogel scaffold, represented by lines of (different colored) nanoparticles in the figure. The metamaterial is
modular, consisting of different types of nanoparticles (e.g. Au, Si, core-shell). Left: A TEM image of a core-shell nanoparticle with a 500 nm-diameter
SiO, core and a 5 nm Au shell is shown. Right: Electromagnetic simulations are used to both design scattering resonances into the nanoparticles
and specify the layout to produce a PM. Bottom: Finally, following assembly, the metamaterial is vitrified with TEOS and characterized using angle-,

wavelength-, and polarization-dependent transmission and reflection spectroscopy along with confocal microscopy.

with lithography, metal deposition and etching, were used to
produce PMs, but the process flow was not really commer-
cially viable—it was error-prone and costly.1*13413] Regardless,
the optical losses were intolerable especially when multiple
metal-based layers were stacked together. For example, accord-
ing to Soukoulis and Wegener,[®!] the best measured value for
the 1/e intensity decay length is around a quarter of a wavelength
inside passive double-fish-net negative-index PMs. On the other
hand, meta-surfaces made by patterning deep sub-wavelength
thickness metals or high refractive index dielectrics can be
implemented instead to side-step the hurdles associated with
3D nanofabrication while at the same time minimizing optical

Adv. Mater. Technol. 2025, 00313 €00313 (6 of 27)

losses by shortening the optical path length.[7*136137] However,
according to Shalaev,!*! stability remains a problem. Metals
like Au and Ag, which have been used as plasmonic conductors,
melt. In lieu of Au or Ag, TiN, Zr, and hafnium nitrides may
offer alternatives because they melt at higher temperatures. In
particular, TiN has optical properties like Au and is not only
thermally stable at high temperature, but has the extra added
bonus that it is compatible with semiconductor manufacturing.
Alternatively, and even simpler, it has become apparent that
PMs can be formed from dielectrics in which the displacement
current replaces the Ohmic currents in the metal. For example,
by leveraging Mie scattering resonances from dielectric NPs,
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Figure 5. Meta-lens and meta-antenna. a) A scanning electron micrograph (SEM) of an on-axis focusing meta-lens. a. (inset) Measured intensity dis-
tribution at the corresponding focal plane. The meta-lens is designed with diameter of 100 um and focal length of 300 um. It works in a transmission
window with extremely high operation efficiency of 91.6% in visible light. Adapted from ref. [143]. b) Co-polar 37 dB directive gain patterns by a meta-
surface antenna operating at 29.75 GHz designed with product tapering spill-over efficiency of 85%. Curves show a comparison of measurements (blue
line) with three types of numerical predictions: the Adiabatic Floquet mode (AFM) method; the Gaussian ring Method of Moments (GR-MoM); the
full-wave fast multi-pole method (FMM) of analysis for the textured layout. (b, inset) The details of the feed illustrating the pixels used to implement the
meta-surface antenna. The elements gradually change from cell-to-cell, but at the frequency of operation, they are small compared to the wavelength <
A/5. Adapted from ref. [160].

negative magnetic permeabilities and electric permittivities can  uniform) 1D metamaterial is represented naively as a collection
be produced this way.[58-65140] of simple Hertzian (infinitesimal) dipoles, then the electric field,
Among a legion of applications, there are at least two cat-  E, due to a (1D) N-element array looks like:
egories: lenses and antenna design (Figure 5). The elements
comprising the applications are usually small compared to the EO) — \/7 2\ Azsing e/
wavelength (in the range from A/5 to 4/10) and change sub- E@) _‘ e <7) ‘ '
tly from cell-to-cell. It is the phase relationship between the el-
ements comprising a lens or antenna that’s critical to the perfor-
mance. Consider this “toy” model (Figure 6a) that captures as-  where ¢ represents the angle from the normal, y = z/2 — 0,
pects of both applications. In the far field, where the distance r  and ¢ is the azimuthal angle, d is the distance between elements,
from the array is much larger than the elements or the distance  j is the wavelength, a denotes the phase shift between indi-
between them, if each of the elements comprising the (perfectly  vidual elements in the array and Az is a measure of the size

sin (N[((2z/A) dcosw + ba) /2])
sin[((2z/4) dcosy + Sa) /2] ( )

4rr

Hertzian array

180° 61908
a) 21 b)(P 210° 150°
240° 120°
r
e P
270> [°) 90°
» ‘ H| o
0 I\-i+ N=1 300 60
330° 30°

N

0°

Figure 6. A “toy” model for a 1D-metamaterial. a) Schematic showing an array of (50) Hertzian dipoles. The dipoles in the array are assumed to have a
uniform phase delay da that is independent of the spacing between dipoles d. b) The electric field distribution is shown for an array of N = 50 dipoles
for phase delays of sa = 0°, 30°, 60° and 90° to illustrate the sensitivity of the radiation pattern to the delay, which could result from a registration error
between 1D arrays.
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(strength) of the infinitesimal dipole. This equation illustrates
some of the principles guiding the design of a phase array an-
tenna and it shows the delicate relationship that exists between
the wavelength, the distance between elements and their size. It
shows that the array factor in the radiation pattern peaks in the
azimuthal plane (6 = 0) when (27/A)dcos y + 6a =0, 2z, -+, but
nulls when N[(27/A)dcos w + 6a] = 2mur, for integer m so long
asm # 0, N, 2N, --- (Figure 6b). With increasing N, the radia-
tion pattern narrows to a pencil (with a spread of ~ 6° for N =
50) beyond N = 20 and moves continuously with changes in s«
as it ranges from 0° to 30°, 60° and 90° finally. This is important
because Sa captures the incremental phase delay between one ar-
ray and another in this “toy” model illustrating the sensitivity to
registration Sa. Relationships like this are the key to the far-field
performance.

Metamaterials are not natural. They exhibit a negative index
of refraction, combining a negative dielectric constant (¢) with a
negative magnetic permeability (u) to produce double negative &
and u over some frequency range. They've attracted special atten-
tion for a reason. The propagation of the electromagnetic wave
through a negative index material (NIM) is reversed. Materials
with a negative refractive index bend light at a negative angle
to the surface normal causing the light from a point source to
converge back to a point. Thus, a NIM focuses all the spatial fre-
quencies from a 2D image to a plane creating what’s been called
a perfect lens.['*1142] But this kind of lens is actually imperfect,
since it does not have a proper focal length. Instead it works for
only a specific range of object distances.[®>143144] What's more,
evanescent waves that carry information at high spatial frequen-
cies are amplified and propagate further in a NIM and, since the
phase travels backward, a NIM can focus light below the diffrac-
tion limit.

Whereas a regular glass lens is usually curved and suffers
diffraction, resolution below the diffraction limit becomes pos-
sible with a “hyperlens” or meta-lens even with a flat surface,
at least in principle. “Hyperlenses” and meta-lenses (a meta-
surface-based lens)® >4l can be made from highly asymmet-
ric metamaterial with opposite signs for the perpendicular and
parallel permittivities, £, and e, respectively.!'*>14146153] The-
oretically, such material allows for the propagation of evanes-
cent waves, which carries sub-wavelength information,!**?] and
in a cylindrical geometry, sub-wavelength features have actually
been magnified this way but so far, metamaterial lenses can-
not focus a plane wave. According to Lu and Liu,!'>] there are
two essential requirements for creating a hyperlens or meta-
lens out of metamaterial for (far-field) sub-diffraction imag-
ing: 1. a material that supports wave propagation with high
wave-vectors; and 2. a magnification mechanism that con-
verts high wave-vector waves to low wave-vector waves so that
super-resolution information can be sent to the far-field. Along
with super-resolution information, a metamaterial lens also re-
quires a phase compensation mechanism. This was first ac-
complished by combining a plasmonic metal-insulator-metal
waveguide coupler with a metamaterial.[’> One example is a
metamaterial immersion lens (MIL) that achieves focus by us-
ing a curved surface (convex for elliptic and concave for hy-
perbolic) along with the sub-diffraction limit focusing due to
the metamaterial.'>) Another type is the gradient-index (GRIN)
meta-lens, which has a flat geometry, but gradually varying refrac-
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tive index in which the permittivity is designed to achieve both a
focussed plane wave as well as the sub-diffraction limit resolution
imaging. (156140

Metamaterials can radically affect antenna design too
through miniaturization, gain enhancement and decoupling
(Figure 6b).7175] Miniaturization of antennas translates to
reducing the physical size of the antenna, without compromis-
ing the performance. Several approaches for miniaturization
of an antenna have been tried, but just reducing the aperture
size also degrades the efficiency and radiation characteristics.
Metamaterials offer a solution. In one approach, Mahmoud!'®!
demonstrated that a circular ring patch antenna loaded with
a concentric pair of double negative (DNG) and double posi-
tive (DPS) materials can squeeze the resonant dimension and
reduce the size of the required patch dimension by a factor
of 2.4 with ¢, = —0.5 and u, = —1.0. Other work has shown
that miniaturization for a certain resonant mode, along with
adequate radiation, is possible.l'’*174 Toading a transmis-
sion line (TL) in a capacitively loaded resonator (CLR) and
inductively loaded resonator (ILR) produced a significant size
reduction since the resonant frequency depends on the LC
Va].ues.[l48’173'174]

Metamaterials can also improve antenna gain. Since the an-
tenna gain is proportional to the aperture, a compact design usu-
ally reduces the gain as well as efficiency,!'”*! but metamaterial
superstrates (a layer is placed on top of the antenna) and/or
lenses can be used to actually enhance the gain while main-
taining a low profile. One such approach is to use a zero re-
fractive index metamaterial (ZIM) or near-zero refractive in-
dex metamaterial (NZIM) as a superstrate to enhance direc-
tivity and gain, reduce side-lobes and improve aperture effi-
ciency. According to Snell’s law, as the refractive index ap-
proaches zero, the transmitted wave emerges perpendicular to
the boundary surface regardless of the incident angle.['7>-177]
Zero or near-zero refractive index metamaterial can be fabricated
from SRR (Figure 1o) or metallic square-rings with diagonal
strips.

3. How Metamaterials have been Made So Far

PMs may offer extraordinary properties for steering light,
but they’re difficult to manufacture because they demand
nanometer-scale precision and registration, peculiar materials
and a means for fabrication that does not necessarily scale up
(at least so far). Following up on promising pioneering efforts,
“top-down, layer-by-layer” strategies have been used to fabricate
nanostructures by repeated application of lithography, etching,
and metal deposition—stacking and arranging layers,”?! or sim-
ply using subtractive operations such as drilling into a block
of dielectric material to produce PMs.['78] However, these pro-
cesses are time-consuming and suffer from inconsistency es-
pecially on a scale suitable for manufacturing.!'”?! Likewise ad-
ditive manufacturing (AM) or 3D printing can construct meta-
materials with nested features and high degrees of structural
complexity, layer-by-layer from meta-atoms designed in CAD,
but it is a slow, serial process limited by the speed and preci-
sion of the stage, and it’s applicable to only a limited number of
materials,[72135179,180]
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3.1. “Top-Down.”
3.1.1. Layer-by-Layer Construction of PMs (Lithography)

Several lithography techniques have been used to fabricate
PMs, such as (serial) electron beam lithography (EBL),[171-174.181]
focused ion beam milling (FIB),'8] nanoimprint lithography
(NIL),[186:187.73.188-190] direct (laser and inkjet) writing!*11 and
photolithography (extreme ultraviolet EUV, in particular).[71194
EBL uses a high-energy, focused electron beam to expose a resist-
coated surface. The exposed resist dissolves in a developer to cre-
ate a feature upon which either a metallic or dielectric layer is de-
posited and then, using a “lift-off” process, the resist is removed
to reveal a structure as small as a few nanometers in size. EBL suf-
fers limitations, however; among them are: low-throughput—i.e.
long duration write times even with a fast (sensitive) resist; stitch-
ing errors; proximity effects; and electron beam instability that
all combine to frustrate patterning a large area (economically)
quickly. For all these reasons, combined with the cost of the cap-
ital equipment, EBL is problematic for large-scale production—
it’s failed to be viable for fabrication of semiconductor ICs too.
Other layer-by-layer technologies that are derivative of EBL have
been tried including FIB milling and direct laser writing,[19192]
but suffer similar limitations such as (ion-)beam damage (FIB),
and time-consuming, serial processing.l’*]

On the other hand, NIL has emerged as a viable alternative due
to its low cost, high throughput and the possibility of large-scale
device fabrication. This method makes use of a master mold or
stamp produced using other techniques (such as EBL). To trans-
fer the topography, the stamp is pressed into a thin layer of re-
sist that’s spun onto a substrate. The resist layer is then either
cured with UV light or fixed thermally or etched into the sub-
strate. NIL steppers can be used for volume manufacture, but
patterning uneven surfaces is difficult. The main disadvantage
of this technique is associated with the mold/stamp, however. Its
fabrication is costly, time consuming, and it wears. Any defect in
the stamp is eventually transferred to the nanostructure.[7186-190]

Due to the demand for extremely small feature sizes, EUV-
and photo-lithography have emerged as the main technology to
transfer patterns in semiconductor nanofabrication.”11941%] The
smallest feature size attainable depends critically on the mask
layout, the wavelength of the exposure light, A, and the numeri-
cal aperture, NA, of the optics. According to the Rayleigh equa-
tion CD = k,A/NA, where CD denotes the critical dimension or
the smallest feature and k, is the Rayleigh coefficient. The wave-
length used in photo-lithography has been squeezed down ac-
cording to the demands of the semiconductor industry, starting
with visible light (4 =463 nm) moving to ultraviolet (4 = 365 nm)
and deep ultraviolet 4 = 248 nm to 4 = 193 nm and now extreme
ultra-violet, 2 = 13.5 nm.["%1%8] Utilizing light at a wavelength of
approximately 13.5 nm, EUV provides a solution for the limita-
tions faced by other methods, and is actively used for manufactur-
ing beyond the “5 nm” nodes—it is expected to satisfy the needs
of the “2 nm” node.[1*72°!] This technology not only enables the
production of advanced microprocessors and memory chips, but
is also gaining traction in the field of metamaterials. EUV lithog-
raphy employs a process known as laser-produced plasma (LPP)
system that uses a high-power, 40-60 kW CO, laser to irradiate
Sn droplets to generate a high temperature plasma that radiates
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extreme UV. The UV light then passes through a sophisticated
optical system comprised of multiple-layer coated Bragg reflec-
tors and ultimately focuses on a complex and expensive mask to
transfer a pattern onto a substrate coated with a photoresist. This
is all accomplished in high vacuum to reduce absorption by air.
The pattern is subsequently etched into the substrate. This pro-
cess can be repeated for different layers and has allowed for 3D
stacking of up to 25 EUV layers in the “3 nm” node so far.??!

EUV lithography is a high throughput technique, making it
useful for high-volume manufacturing in industry by mitigating
the associated costs,[2] but it suffers limitations too. One of the
most severe comes from photon shot noise. Since the photon en-
ergy of the EUV is much higher, the number of photons absorbed
by the resist is much lower compared to the other techniques
for the same dose. This causes a statistical variation in the expo-
sure contributing to line edge roughness (LER).?*l Mask defects
impose another limitation. A EUV mask works by Bragg diffrac-
tion. It consists of alternating layers of Mo and Si capped with Ru
and a Ta-based absorbing layer that is patterned over the capping
layer—all deposited onto a glass substrate. Masks are so expen-
sive to begin with,[204-296] and that cost is compounded by the lack
of a pellicle. A pellicle is a thin, transparent membrane that is
used to protect the mask from contamination and damage dur-
ing lithography, but one does not yet exist for EUVI2**] and so,
defects and contamination of the mask significantly impacts the
production yield as well as the cost. Finally, the “killer” limitations
are the initial capital outlay: $380 million for a high-NA Advanced
Semiconductor Materials Lithography (ASML) EUV lithography
tool along with the high cost of maintenance (which is about 5%
annually of the initial cost of the tool).

3.1.2. Layer-by-Layer Construction of PMs (Etch and Deposition)

Along with lithography, “top-down, layer-by-layer” fabrication
of a metamaterial also entails complex deposition and ei-
ther removal techniques such as “lift-off” or etching. Creating
nanometer-scale features this way implies nanometer-scale etch
resolution and high anisotropy in the etch direction. This is ac-
complished using both dry and wet etching techniques. The etch-
ing speed can be improved by employing chemical and physical
dry etching together such as in reactive ion etching (RIE).

This is how RIE works. A gas glow discharge is used to dis-
sociate and ionize a relatively stable molecule (like SF, used for
etching silicon) into a chemically reactive species. The substrate
is positioned on a radio frequency (RF)-driven, capacitive-coupled
electrode. Once the plasma is ignited, due to the higher mobility
of the electrons compared to the ions, the substrate becomes neg-
atively charged. The reactive intermediates that are generated in
the glow chamber are then transported to the substrate surface
from the bulk of the plasma through diffusion and the positive
ions from the glow region are driven to the surface through the
DC self-bias acquired by the substrate. The reactive species are
absorbed by the substrate and react with it to produce volatile
products that are subsequently purged. RIE usually creates 2D
structures through an etch mask formed by lithography using a
vertical etching process. However, when combined with angled
chemical etching it can generate 3D structures as well.[207-20]
High quality, 3D optical nanocavities were created this way inside
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a single diamond crystal using (inductively coupled plasma)—RIE
in which the angle etching was done in a Faraday cage.[2%8:20%]
In another example, 3D photonic crystals were created in single
crystal silicon wafer.2”] RIE in combination with the soft imprint
lithography (SNL) has been used to fabricate tunable dielectric or
metallic meta-surfaces!'! and a coaxial plasmonic metamaterial
was fabricated using a combination of EBL and RIE.[?1]

RIE has the advantage that the etching process is anisotropic,
which develops from the energetic ions and the directionality of
the ion bombardment. This is useful for etching high-aspect ra-
tio structures, allowing almost vertical trenches unlike chemical
etching, which for homogeneous substrates causes a spherical
groove.l?11212] RIE is also a high-throughput, batch process mak-
ing it suitable for volume manufacturing. With these advantages,
this method is used prevalently in IC manufacturing.!?!32!* The
drawback with RIE is substrate damage. The physical bombard-
ment of the high energy ions can cause lattice damage in the un-
derlying substrate, which increases the surface roughness of the
substrate and can be electrically active.?'*! Other problems in-
clude etch lag, which refers to an etching rate that is smaller for
the smaller size features than that of the larger size features. Gen-
erally, larger size features etch faster than smaller size features
causing unequal etch depths across the wafer and so, in order to
complete the etching of smaller size features, the larger features
are over etched resulting in a loss of dimensional control, and as-
pect ratio dependent etching (ARDE), which refers to the change
in the aspect ratio increases due to the limited diffusion to the
bottom of a feature.

Complementary to etch, deposition techniques such as chem-
ical vapor deposition (CVD), physical vapor deposition (PVD)
techniques and atomic layer deposition (ALD) likely figure into
metamaterial fabrication as well. A CVD process typically in-
volves the introduction of a volatile precursor into the reaction
chamber where it decomposes after interaction with the sub-
strate depositing various materials. This is typically used in com-
bination with patterning and templating. For example, direct
3D structures have been produced in which carbon nanotube
(CNT)-based features were deposited using CVD. The growth
rate of the CNT structures depends on the underlying catalyst.
Patterning the catalyst on the substrate layer can cause bend-
ing that creates curved structures.?’! Glancing angle deposi-
tion (GLAD) is a PVD process that can also be used to cre-
ate 3D nanostructures.?16218] In a PVD process the stream of
vapor-phase atoms strike the substrate in a perpendicular direc-
tion and condense on it forming a film. On the other hand, in
GLAD the atoms strike at a glancing angle with respect to the
substrate surface. The atoms spontaneously nucleate to create
a shadow against the atomic trajectory, preventing deposition
againstit, and affecting the development of columns tilted toward
the source. By rotating the substrate 3D structures with different
sources can be created this way.

ALD is a thin film deposition technique in which chemical pre-
cursors are alternatively applied to a substrate surface that chemi-
cally react with the surface to form an atomically thin layer. Due to
the self-limiting growth, precise thickness control and excellent
deposition quality, ALD is widely employed especially due to the
increased demand for miniaturization of semiconductor devices.
No other deposition technique has achieved a similar level of con-
trol or conformality.21%-232] ALD is distinguished from CVD in
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the method by which the precursors are introduced in the cham-
ber. In CVD the precursors are pumped simultaneously into the
chamber, allowing them to react and form a thin film on the sur-
face whereas ALD uses a sequential method in which each pre-
cursor is pumped into the chamber in pulses one at a time.[223224]
The sequential pulsing offers precise control over the chemical
reaction on the substrate surface. After the introduction, the first
precursor reacts with the substrate and forms a monolayer, the
chamber is then purged to remove any access precursor and any
by-products. Then the second precursor is introduced and reacts
with the first layer. The chamber is purged again, and the process
is repeated several times to reach a specified thickness. This cyclic
method ensures that each layer is deposited with an atomic preci-
sion. An ultra-thin film with exceptional uniformity and confor-
mity can be produced this way. The self-limiting nature of the
reaction is the key to ALD. The reaction of the first precursor
with the substrate is only possible until the substrate surface is
completely saturated with the precursor molecule, which is sub-
sequently purged so that no further reaction between the first
precursor molecule and another precursor is possible.

The architecture of a metamaterial involves an intricate ar-
rangement and composition of the constituent elements and so,
ALD can play a pivotal role in the fabrication. For example, ALD
was used to deposit alternate layers of ZnO/Al, O, with different
thicknesses by changing the ALD cycles for ZnO and Al,O; at
a 9:1 ratio to create a metamaterial with hyperbolic dispersion
in the near infrared.??’! A similar application of ALD was used
to create a nonlinear optical metamaterial by alternatively de-
positing three layers of transparent amorphous materials (TiO,,
Al, O, and In, O,) and then repeating the structure according to
the design thickness.[??] Likewise, an epsilon-near-zero (ENZ)
metamaterial was created using the ALD by alternatively deposit-
ing Ir/Al, O, and varying the corresponding deposition cycle.[??’]
Thus, ALD features atomic-scale control over the thickness of
the deposited material and can grow high quality ultra-thin films
at relatively low temperatures (even below 100 °C) compared to
other deposition processes.[?2723%1 On the other hand, ALD is a
time-consuming process. Layer-by-layer deposition is generally
slower than other deposition methods such as CVD, especially
for thick film deposition.[*!l Another disadvantage is the high
operating cost. Almost 60% of the precursor is wasted in the
process.[231:232]

3.1.3. 3D Additive Manufacturing (AM) of PMs

“Top-down” approaches to the fabrication of metamaterials in-
clude holographic lithography, also known as interference lithog-
raphy. Holographic lithography involves the generation of a 3D
interference pattern by superimposing coherent light waves to
expose a photo-sensitive material.[?3>-2%] By adjusting the angle
and polarization of the laser beams, various nanostructures can
be created using this process with feature sizes as small as 10
nm.[?%7] The resulting 3D structure can then serve as a template
for integration of even more functionality. This method can cre-
ate a wide variety of periodic and semi-periodic 3D structures
such as “woodpile” structures (Figure 1i) or quasi-crystal systems.

Other optical techniques such as multi-photon polymeriza-
tion (MPP) use a scanning beam to create 3D structures with
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practically arbitrary shapes and sizes.[23¥-2401 MPP starts off by
patterning a photosensitive material using a mask to form fea-
tures that can then be used to create structures in other materials
such as metal or ceramic by conformal deposition and selective
removal of the polymer. MPP has been used this way to fabricate
complex, free-standing structures with sub-micron feature sizes
that mimic a crystal lattice. The process latitude that MPP brings
with it to the fabrication of metamaterials is obvious from struc-
tures like chiral PMs that are much more difficult to produce with
conventional methods (Figure 1efj).

However, according to Askari et al.,”?l MPP has a speed limit
and a limited field of view due to the high NA objective lens
that restrict the applications. For example, to fabricate millimeter-
sized structures, a MPP system would have to use a high-speed
laser scanning system accompanied by a piezoelectric stage for
precise alignment. In addition, following Bourell,"® the feed-
stock has to be compatible with the process. For example, in vat
polymerization used for 3D printing, liquid polymeric inks are se-
lectively cured layer-by-layer. The feedstock has to be a liquid ther-
moset plastic monomer that crosslinks when it is exposed to UV
light form plastic. Moreover, according to Askari et al.l’?] the dif-
ference in refractive index between commercial MPP resins and
air is not usually wide enough to accommodate a complete pho-
tonic bandgaps; it has to be 1.9 to produce a stop-band.[?*11] There
are several approaches to resolving the bandgap problem. One is
to use customized resins with a high dielectric constant;[*”) an-
other is to use As, S, chalcogenide glass in which a thin film is
deposited on the substrate using thermal vapor deposition. Uti-
lizing the high refractive index of As, S; (2.45-2.53), MPP was
used to fabricate a photonic bandgap (PBG) material with a 3.5%
gap per mid-gap ratio.[23!]

3.2. “Bottom-Up.”
3.2.1. 3D Self-Assembly of PMs

Self-assembly (SA) is just the opposite of the “top-down” tech-
niques used to fabricate metamaterials. SA refers to the process
by which the discrete components such as atoms or nanopar-
ticles are organized by a local interaction between the compo-
nents and the environment to establish long range order.[24-244]
The impelling force is the reduction of free energy toward a lo-
cal thermodynamic equilibrium, which can be accomplished di-
rectly by the inter-particle forces or indirectly through an external
field or template.[*+244-246] Specifically, metamaterials have been
assembled by using block co-polymers, colloidal chemistry or by
strain engineering using martensitic phase transformations or
by “binding” in an intense optical field.

3.2.2. Block Co-Polymer Self-Assembly

A block co-polymer (BCP) is a type of macromolecule synthe-
sized from two or more homopolymers covalently linked to-
gether. Each block is made from different, thermodynamically
incompatible monomers that are covalently bonded to produce
micro- or nanostructures. The structures can then be used as
templates for nanolithography to produce nano- or micro-scale
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structures that constitute a metamaterial or not. For example, a
3D optical metamaterial with unit cell 50 nm in size was created
based on BCP self-assembly by using an isoprene-block-styrene-
block-ethylene oxide (ISO-) BCP to create an interpenetrating gy-
roid network (i.e. triply periodic network with minimal surface),
one in which the (isoprene) network was then removed by UV
treatment and chemical etching and subsequently backfilled with
gold by electrodeposition. The rest of the structure was then re-
moved to produce a continuous triply periodic gold structure that
exhibited anisotropic plasmon modes in the visible region.[?*’]

3.2.3. Colloidal Crystal Self-Assembly

Colloidal SA is yet another approach to fabricating
metamaterials.86244.248-250 For example, a raspberry-like struc-
ture was created using negatively charged silica NPs that
self-assembled into a bulk metamaterial that exhibited strong
isotropic optical magnetism in the visible.?**] In another ex-
ample, a skin-like soft metamaterial was produced using NPs
formed from hollow pillars. The hollow pillars were first pro-
duced by the SA of 10 nm Au NPs that were then arranged
vertically on a macro-scale gold film. This metamaterial could
be used as dual-band camouflage both in the visible and
infrared.[?*8] In this work a double-fishnet, negative refractive
index metamaterial was created from a hexagonal array of holes
on a gold-silica-gold layer stack. The hexagonal arrays were
created by using a self-assembled close packed monolayer of
polystyrene beads and NP (spherical) lithography. An unnatu-
rally high refractive index optical metamaterial was created this
way using the interfacial self-assembly between oil (hexane) and
aqueous colloidal suspension of gold nanocrystals.[8¢-250]

3.2.4. Martensitic Phase Transformations

Martensitic phase transformations offer a novel approach to the
fabrication of meta-surfaces.’] A martensitic transformation is
a solid-to-solid phase transition that occurs between a high-
symmetry and a low-symmetry crystallographic phases without
changing the chemical composition. Each phase can have distinct
optical properties, for example, but usually the two phases are
structurally incompatible resulting in internal strain. The low-
symmetry phase usually forms twins to accommodate the strain.
The trick that Prakash et al.’] use is thin 2D films in which the
out-of-plane direction is free and so the requirement for kine-
matic compatibility is relaxed. With this trick, they show it’s pos-
sible to produce a thin film of perovskite SrSnO; with recon-
figurable periodic nanostructures consisting of regularly spaced
regions of sharply contrasting dielectric properties (Figure 1a).
Thus, the dielectric constant of the film can be tuned to create a
variable photonic crystal.

3.2.5. Optical Binding

Optical binding uses a uniform laser beam to form self-
organized, photonic crystals through light-mediated inter-
particle interactions, derived from the mutual Lorentz force that
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redistributes the momentum in the incident beam.[*+?>!] (This
differs, in principle and in practice, from how light gradients
are used to assemble nanoparticles).['®) Importantly, the time-
averaged Lorentz force decreases with distance r like 1/r* in the
near-field and 1/r in the far-field. Optical binding is strong. It de-
pends on the particle size, the material and the light intensity and
polarization, and the resulting force ranges from 1 uN to 1 nN.
For a distance comparable to the wavelength, the mutual Lorentz
force on 100 nm-radius Au NPs in water is supposed to be ~ 20-
fold stronger than the light-gradient force at the peak intensity
in a 70 mW Gaussian beam.[?!} Although optical binding can be
stronger apparently than the gradient force in an intense field,
“optical matter” formed this way is nevertheless constrained in
size, shape, constituency and inter-particle spacing.*¥! (On the
other hand, the constraints on light gradient forces are associated
mainly with distortions in the electromagnetic environment en-
countered during assembly, which restricts the packing density of
NPs that is set by 4, the laser wavelength, to 1/2—the separation
between anti-nodes/nodes in a standing wave. To compensate for
these distortions, one work-around that is exploited here is a so-
called “diffraction-free,” self-reconstructing Bessel beam).!1°]

4. Combining “Top-Down” and “Bottom-Up”
Methods to Manufacture PMs

The use of light gradient forces to manipulate and organize
nanometer-scale matter is a radically different strategy for
manufacturing metamaterials. Although it has proven feasible
to manipulate atoms such as Na,*® Cr,%] and ALP* and
molecules,|®>%! constructing a heterogeneous metamaterial up
from atoms and molecules this way is impractical right now be-
cause of the limited throughput defined by the optical absorption
of the atomic beam, which has to be minimized to maintain the
optical trap, and the corresponding scale of the irradiance and the
positional stability required.”® On the other hand, using light to
manipulate nanoparticles has proven feasible.l'%! If a particle is
small enough, i.e. < 1/20, where A is the wavelength of light, then
itcan be treated as a simple, induced point dipole interacting with
the optical field according to the theory of Rayleigh scattering.
Two types of forces develop as a result: the scattering force due
to changes in electromagnetic momentum associated with scat-
tering from the dipole, which is directed along the incident light
beam; and the gradient force, which is just the Lorentz force act-
ing on the induced dipole directed toward the center of the beam
(if the index of the particle exceeds the index of the medium).

4.1. Optical Trapping

A single-beam optical trap, also called an “optical tweezers”, is
the simplest implementation and it’s used prevalently. It is pro-
duced by focusing a TEM,, laser beam of wavelength A to the
diffraction-limit with a high NA microscope objective (Figure 7).
This is usually accomplished with a commercial, high-resolution
optical microscope in which the same objective is used for view-
ing and to focus a laser beam for trapping. The single beam trap
was originally designed for use in the Rayleigh scattering limit,
but subsequently, it has been used on much (Mie) larger parti-
cles. Assuming that the force F ~ kx, the stiffness, «, that re-
sults is found to increase about linearly with laser power and
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with the refractive index mismatch between the particle and the
medium, reaching a maximum at particle radius of ~ 500 nm be-
fore decreasing with increasing radius. Simmons,!1%] Tlusty!%¢]
and others!['””] have interpreted this observation as evidence of
the a3-increase predicted by dipole theory and a~!-decrease ex-
pected from geometric optics.[11]

Following Paul et al.['% the strength of the trapping force de-
pends on the topography of the optical field and on the properties
of the particle and surrounding medium. For a Gaussian beam
(in the paraxial approximation), the intensity I(r) is:

_2P-7t-n

I(F) = — wz(z)m - exp[—2r* /w(2)’] )
where:
w(2) = wp(2) - [1+ (2/20)’] 3)

and z, = 7w}/, where w, is the beam waist in the focal plane,
P is the laser power, and n,, is the medium index and the corre-
sponding (gradient) force on a NP of radius a is given by:

Foua(?) = 2”'%“3<mz_1) Vi) )

c m? 42
where m denotes the ratio of the NP index to the medium in-
dex, i.e. m = nyp/n,,, which scales like ~ (ny,—n,,) a’. Therefore,
following Barelett and Henderson, '] the stiffness in the lateral
direction, defined by x, = —0(% - l?gmd) /0%, is:

= 2P, —n,) 5)

r 3wie
so that for a silica particle with ¢ = 50 nm, P =1.5 W, «, < 0.5
PN per nm, typically. According to this analysis, the forces that
produce a stable trap result in a potential well that is deep enough
to overcome the kinetic energy associated with Brownian motion.
This condition on the potential can be expressed as follows:!'!’]
from which an estimate for the minimum particle size that can
be trapped using a single-beam focused to the diffraction limit
can be derived: i.e.

At room temperature, for a silica sphere in water with m =
1.65/1.33 =1.24, 2w, = 1.54 =0.58 um, and P = 1.5 W, the min-
imum particle diameter is about 2a = 19 nm.

2r-n,a (m2—1\ P
U=—~">" [—— ) — >10k,T 6
c <m2+2>7rw§_ P (©)

5k, T - cw? 2
&> B o(m +2> 7)

- 2n,-P \m-1

The relatively large size of the minimum particle that results
from this analysis develops from the weak confinement along the
axial direction. The axial confinement can be improved dramat-
ically by using a standing wave optical trap (SWOT) instead of
a single beam, i.e. reflecting the laser beam back onto itself. The
formation of a Gaussian standing wave has the effect of localizing
dielectric NPs in the anti-nodes of the standing wave. Since the
anti-nodes are separated by only 4/2, there is an increase in the
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intensity gradient, and therefore an order of magnitude increase
in the stiffness. Using the same criteria as above, the minimum
particle size that can be trapped using a SWOT is given by:[11411]

a3>5kBT.CW(2’ m’ +2 L 8)
- 2n,-P m? =1/ (1+p)?

where p is the absolute value of the reflection coefficient. If p =1,
then a is a factor of ~ 1.6 smaller or a NP of diameter 2a = 12
nm. And so, we find that NPs with 2a ~#10—50 nm diameter can
be effectively trapped using light, but only with high power.

Based on this analysis, to manufacture a PM using light gra-
dients, precisely formed NPs have to be assembled with enough
registration to avoid losses due to scattering and the process for
manufacturing the NPs has to be scalable. To that end, several
technical problems have to be resolved. Following Paul et al. %!
First, the sensitivity of the trap to the size and optical proper-
ties of the particle means that the “bottom-up” synthesis of the
NPs has to produce monodispersed particles with high yield with
a CV < 1%. Second, whereas a NP doesn’t weigh much, light
gradient forces top out at & 100 pN — 1 nN. That, combined
with buoyancy and Stoke’s flow (in liquid) around the particle
constrains the minimum laser power. On the other hand, the
maximum laser power is affected by the two-photon effects (the
bandgap of the NP material), heating and melting (of reflection-
less, coated) optics. Third, doubtless one trap is not enough. For
high-throughput, multiple traps will have to be implemented
concurrently, which places another constraint on the minimum
power. Fourth, although optical trapping can create complex het-
erogeneous arrays of NPs, the light still has to be held on them to
maintain the array, which affects the maximum size and number
of NPs in a voxel unless a scaffold is used to fix the NP positions.
To relax the power specification and, at the same time, improve
the throughput, the manufacture of a heterogeneous metamate-
rial can be divided into four separate tasks: the synthesis of NPs,
CAD, the assembly of them using light and vitrification. One im-
plementation that addresses all of the constraints is tersely de-
scribed below.!*"]

4.2. Nanoparticle Synthesis

Nanoparticles can form the building blocks for metamaterials
and light can be the glue that holds them together (at least tem-
porarily). According to the analysis of how an optical trap works,
the size and constituency of the NP plays a crucial role in optical
trapping. Irregularities in the size or index of the NPs constitut-
ing a metamaterial lead to variations in phase delay (Figure 6),
the trap potential, U, and therefore, increased (spatial) noise

www.advmattechnol.de

and random scattering that can have a detrimental effect on
performance. NPs can be synthesized precisely either by “top-
down” decomposition, sputtering or milling of bulk materials or
by ‘bottom-up’ methods that nucleate and grow particles from
fine molecular distributions in liquid or vapor phase, including
functionalization by conjugation, for example.[?52253] On the one
hand, “top-down” methods (like lithography and etching) can
yield narrow particle and shape distributions suitable for optical
trapping, but similar to a silicon ICs, it is expensive to fabricate
them that way. On the other hand, high yield can be recovered
from the “bottom-up” approaches like liquid-phase and vapor-
phase synthesis, which makes them more economical and green
(environmentally friendly).

These “bottom-up” processes can be categorized as
liquid-phase synthesis!?® that include precipitation,2>>-2%8
hydro-thermal synthesis,[2°2%3] sol-gel fabrication!?®+2¢] and
microemulsions.[?°¢2%] Liquid phase synthesis of NPs, starts
from soluble precursors that produces species in a super-
saturated state after chemical reactions, eventually causing
nucleation that produces NPs. Liquid phase methods can offer
control over the shape and size of a NP[?°-263] and can produce
stable dispersions, but not always.[>2%] The aggregation of
the particles produced this way can be avoided by using ligands
or surfactants.[?’%) Sol-gel and microemulsion are the easiest
and most affordable methods used to synthesize nanoparticles;
their big advantages are that they can be performed in low
temperature, and provide exceptional control over the size of
the particle producing nanoparticles with a very narrow size
distribution.[264:263]

Unlike liquid-phase synthesis, vapor-phase synthesis, which
includes pyrolysis?®?4] and inert gas condensation,?’5-%78]
starts from gaseous precursors. The precursors are delivered ei-
ther as a gas or as small droplets that are vaporized in the process.
Vapors are generally produced from precursor materials typically
available in solid or liquid form using different techniques such
as thermal evaporation, laser ablation, sputtering or high-voltage
spark. The vapor is then mixed with a beam of inert gas such as
argon (Ar) to transport it to a chamber where the condensation
occurs. The mixture must be super-saturated in order for conden-
sation to occur. The mixture can also take the form of chemical
super-saturation, in which vapor molecules react chemically to
form the condensed phase. If the super-saturation level is suffi-
cient, nucleation happens homogeneously. After nucleation, the
degree of super-saturation is reduced and the particles enter in a
growth phase instead. In order to create smaller particles, a high
degree of super-saturation is used to generate more nucleation,
and then the system is quenched immediately to stop the growth.
Particle sizes as small as a few nanometers can be produced this
way and the size distribution can be tightly controlled. For exam-
ple, Au-Pd NPs with a mean diameter of only 5 nm have been

Figure 7. Time-shared and holographic optical trapping apparatus and microfluidic conveyer. Nanoparticles are manipulated using optical traps formed
with an infrared laser (red) and detected through a microscope. The evolution of the trapping beam profile from a Gaussian to a quasi-Bessel beam is
delineated by the intensity maps located alongside the red IR-laser track in the figure. The microscope optics can also be used for (fluorescent) imaging
(yellow path). a) An optical micrograph a 3D-3 X 3 X 3 array produced using the acousto-optic deflectors (AODs) in combination with the spatial light
modulator (SLM). In the transmission image, the center row is in focus, while the upper and lower rows are over and under focused respectively. b) A
transmission optical micrograph of a 2D-16 X 16 array of 500 nm diameter NPs is shown. c) A transmission optical micrograph of a 2D-4 x 4 array of
1:50 (SiO,-Au) 500 nm-diameter core-shell NPs formed using a time-shared array of Gaussian optical traps at A = 1064 nm with irradiance of 230 mW

and photopolymerized on a hydrogel scaffold. Adapted from ref. [10].
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Figure 8. NP ‘bottom-up’ synthesis. a) A transmission electron micrograph (TEM) is shown of monodispersed (diameter 16.2 + 2.3 nm) Au NPs
prepared by oleylamine reduction. b) A TEM is shown of Au-core, silica-shell (Au@silica) NPs with a shell thickness that was stringently controlled
through the igepal MW and the concentration of TEOS used in the synthesis. c) Synthesis of silica@Au core-shell NPs with a tunable surface density of
the Au shell. TEM micrographs show (left to right) silica@Au core-shell NPs prepared using a volumetric of silica core NPs and Au seed NPs of 1:10
(left) 1:50 (center), and 1:100 (right) prior to plating, which resulted in a tunable surface density of Au. Adapted from ref. [265].

synthesized with a standard deviation of only 0.07 nm.[¥’”) An-
other advantage of the vapor phase method is the purity, since
the process does not involve any liquid solution. This process is
also much faster compared to liquid-phase synthesis and can be
scaled up to volume production. However, the coagulation and
coalescence of the NPs produced this way is a drawback.

The same technologies that produce such stringent control
of NP size, shape and distribution are not confined to simply
homogeneous (solid throughout) compositions. Heterogeneous
core-shell composites with solid shells encasing either another
solid, liquid or gas can now be synthesized with size-dependent
and shell-dependent optical, mechanical, electronic, and chem-
ical properties that open wide a window to a whole new range
of applications (Figure 8).1265279.280] Regarding PMs specifically, a
key advantage of the core-shell NP is that optical properties such
as the refractive index, absorption, etc. of the material constitut-
ing the core and shell can be tuned, which allows for precise light
scattering, effectively enhancing and extending the functional-
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ity of the metamaterial.?®!] For example, using the core-shell

NP with a Au-core and a SiO, shell (Au@ SiO,), Zhang et al.[28%]
demonstrated that a self-assembled array with four layers of NPs
shows near perfect (99% at A = 537 nm) absorption.

Core—shell NPs like this can be synthesized starting with Au.
NPs can be synthesized from Au with a relatively narrow size dis-
tribution (16.2 + 2.3 nm) using an oleylamine reduction in aque-
ous solution (Figure 8a). Then, starting with a Au-core, a compos-
ite core-shell (Au@ SiO,) NPs can be fabricated with a SiO,—shell
that has a tunable thickness, controlled by the molecular weight
of the non-ionic surfactant, igepal, and the concentration TEOS
(Figure 8b). Conversely, an inside-out structure (SiO, @Au) can
also be synthesized. Starting with monodispersed SiO, NPs with
a mean diameter of 500 nm and a CV < 1% prepared using
the Stober method,[?8*284] NPs with a silica core and a Au-shell
were synthesized by first silanizing the silica surface with 3-
amino-propyl-tri-ethoxy-silane (APTES) to produce a positive sur-
face charge and then, absorbing negatively charged Au NP seeds
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Figure 9. Nanoparticle dielectric response. a) Calculated optical scattering from a single 180 nm-diameter core-shell NP is shown as a function of the
wavelength. The silica core, which is 160 nm in diameter, is encapsulated by a 10 nm Au shell. The total scattering (dashed-dotted line) is resolved into
the electric dipole (ED, red), magnetic dipole (MD, blue), electric quadrupole (EQ, green), and magnetic quadrupole (MQ, purple) components. The
higher order poles were not included. b) The recovered effective permeability and permittivity is shown as a function of the wavelength for the same NP
in (a). The calculation indicates a negative index of refraction near a wavelength of A = 630 nm. The inset resolves the real and imaginary components
of the permittivity. ) Like (a), but for a 200 nm diameter homogenous Si NP. d) The real and imaginary components of the permeability are shown for
the NP in (c). Unlike the core-shell NP, the permeability is negative for the Si NP near a wavelength of A =730 nm, but not the permittivity.

~ 5 nm in diameter prepared by the reduction of chloroauric
acid with tetrakis (hydroxymethyl) phosphonium chloride onto
them.[?>3] A tunable surface density of Au seeds on the SiO, core
was achieved by controlling the SiO,:Au mass ratio (Figure 8c).
Finally, a Au-shell was grown by adding SiO, @ Au core-seed NPs
to a Au-plating solution.?”?]

4.3. CAD/Simulation

Metamaterials are complex and expensive to manufacture. The
“emergent” properties that develop from interactions between
the constituents can be different from the separate parts. Thus,
the design is critical to the emergent performance. The com-
putational tools?®-2%7] ysed in the design of metamaterials in-
clude finite element analysis (FEA) software such as COMSOL
Multi-physics, ST Microwave Studio, Ansys HFSS, and finite dif-
ference time-domain (FDTD) modeling. Topology optimization
algorithms have also been used to iteratively vary the material
distribution in a design and machine learning figures into this
for predicting optimal configurations. As an illustration, consider
how a NP that is much smaller than the incident light behaves in
detail. Generally, it looks like an electric dipole and the scatter-
ing from it can be controlled by the size (Figure 9). The first Mie
scattering resonance occurs near d ny,/A, = (m + 1)/2, where
nyp is the refractive index, d is the diameter of the NP, and 4
denotes the free-space wavelength. When m = 1, it's a magnetic
dipole mode. The second (m = 2) resonance is an electric dipole
resonance.®!] So, to work in the visible, the diameter of the NP
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must be d < 500 nm, depending on the index; typically, 4,/d >
10. Figure 9 shows the results of two COMSOL calculations illus-
trating these effects—one for a 180 nm-diameter core-shell NP
(Si0, @ Au) constructed with an inner core and outer shell of a
different material that either fully or at least partially encapsu-
lates the core, and another for a homogenous 200 nm-diameter
Si NP. These calculations use Mie scattering theory to estimate
the effective permittivity and permeability of a PM.

The electric and magnetic dipole scattering resonances asso-
ciated with the core-shell NP (Figure 9a) produce a negative re-
fractive index (Figure 9b) near a wavelength of 630 nm for a 3D
PM cubic lattice where only 35% of the total volume was occu-
pied by NPs with air as the background medium. Although 3D
isotropic, negative index PMs have been produced at GHz fre-
quencies (where the spheres were millimeter in diameter),!®!]
this calculation shows that the same thing could be accomplished
at optical frequencies. Likewise, Mie scattering from the Si NP
(Figure 9c) also produced a negative permeability in the same
wavelength range (Figure 9d). Due to the absence of magnetic
charges—that’s hard to do. Pendry developed a metal SRR that
accomplishes the same end,[?!] but a semiconductor NP was used
in this calculation instead. In the near-field where electrostatics
and magnetostatics apply, a superlens could be constructed with
a negative permeability alone. On the other hand, instead of us-
ing just one size, a PM consisting of a heterogeneous array of Si
NPs with the same refractive index but with different sizes—one
NP that produces an electric dipole resonance and another pro-
ducing a magnetic resonance at the same wavelength—will give
rise to a negative € and p or a negative index of refraction. The
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Figure 10. EM scattering from a core-shell NP. a) Calculated real (blue)
and imaginary (red) components of the effective permittivity for 3 abutted
core-shell NPs in a linear chain (shown in the upper left inset). The core is
30 nm in diameter and the shell is 20 nm thick. b) A heat-map of the mag-
nitude of the total electric field inside SiO,@Au core-shell NPs is shown
superimposed on a cut-away perspective of the NP topography. The mag-
nitude of the field is normalized to the maximum electric field inside the
NP. ¢) A heat-map of the magnitude of the electric field for a 5-NP chain is
shown superimposed on a cross-section through the same core-shell NP.
The magnitude of the field is normalized to the maximum electric field in
the entire computational area.

low loss of (off-resonant) dielectrics causes the Mie resonances
of PMs to be narrow, making it difficult to overlap two sets of
resonances without precise control of the diameter and position
otherwise.

By integrating the complexity of a core-shell structure into a
NP, it may be possible to relieve some of the difficulties encoun-
tered in the assembly of a PM consisting of different, but ho-
mogeneous NPs of different sizes or shapes. In particular, using
permittivity recovery techniques and then incorporating those re-
sults into an effective medium model,[?®®! it can be shown that
three core-shell NPs with realistic material parameters, (i.e. a
SiO, core with a 30 nm diameter and Au-shell that is 20 nm
thick, Figure 10a), exhibit a minimum in Re(g) = —3 near 4 =700
nm and a broad ENZ band that could be leveraged to create ex-
traordinary optical components such as reflection-less waveguide
bends and corners.”®! Interestingly, with an increasing chain
length, the spectral region of negative permittivity red-shifts. Fur-
ther analysis has revealed that the electric field for chains of core-
shell NPs depends on several factors, including the NP spacing
and the location of the NP in the chain (Figure 10b,c). Specifically,
when illuminated with a plane wave, the NP no longer appears as
a simple dipole to the incident field. This design shows that core-
shell NPs stacked together could be used to manufacture ENZ
metamaterials.

4.4. PM Assembly via Modular Construction Using Light
Gradients

Optical trapping has been used to assemble microscopic parti-
cles (e.g. 1 ym diameter microspheres) in 1D,[112:290] 2D, [98.291-297]
or 3DI[2%-3%] arrays, but not NPs generally. A 1D array can be
created using a SWOT; the antinodes in a standing wave gener-
ated by two counter-propagating Gaussian beams trap particles
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in an array. For example, Stewart et al.?°] used optical tweez-
ers this way to assemble into a nanowire-like super-structure su-
perstructure of commercially available, bright, fluorescent nano-
diamonds. 2D and 3D PMs can be created from arrays of traps
using holographic optical tweezers (HOT). A HOT diffractive ele-
ment partitions a single collimated laser beam into several beam-
lets each of which can be focused into the back aperture of an
objective lens with a slightly different incident angle, and then
re-focused to create an array of traps.[”’] Recently, a computer-
controlled, liquid crystal spatial light modulator (SLM) was used
to create HOTs that can be dynamically reconfigured into a variety
of patterns.!?®?] For example, Curtis, et al.®®] demonstrated that
HOTs formed with an SLM can be used to create a 2D square lat-
tice as well as circular and other randomly shaped arrays.[?%32%4]
However, Lee et al.3% write that accurate control of HOTS is
limited by the inferior axial resolution that is due to the limited
numerical aperture of the imaging system, which physically re-
stricts the information in the vertical direction. As a quick fix,
an SLM can be implemented using wave-front modulation meth-
ods, such as polarization multiplexing!3°? and division of an SLM
face.39%] Other practical problems for using HOTs for trapping
are the limited number of pixels, the optical damage thresh-
old, and the sluggish refresh rate.[3*23%] A nematic liquid-crystal
SLM, one of the most widely used types, typically exhibits a low
damage threshold (<100 W cm~2), a zero-order diffraction effi-
ciency of only 61%, an rms wavefront distortion of 1/5 (@785
nm) and a slow switching rate (58 Hz @ 785 nm).

4.5. Time-Shared Optical Traps

Whereas a HOT focuses multiple beams simultaneously in a
plane to create an array of optical traps, a 2D array can also be
created by time-sharing (or time-multiplexing) a single, focused
laser beam across a pattern.[®”! The main idea is that the beam
rapidly scans from site-to-site, lingering fleetingly at a position
for a time, 7,y,, just long enough to illuminate a particle and
trap it there. In the meantime, when the particle is in the dark
for a time, 74, it diffuses out of position and so, timing is very
important. Typically, the NP position is illuminated or the trap is
refreshed at ~ a 5-10 Hz rate with a duty cycle that depends on
the ratio 7y, /74,y This can be accomplished using diffractive
elements such as an acousto-optic deflector (AOD) or an electro-
optic deflector (EOD) or an SLM (Figure 7a-c).

In response to a radio frequency (RF) signal, an AOD produces
ultrasonic acoustic waves that travel across a transparent crys-
tal practically orthogonal to the laser beam.3** The ultrasonic
wave generates a diffraction grating with an efficiency that scales
with the RF amplitude driving it. The laser diffracts from this
grating with an irradiance of ~60% typically. In principle, the
AODs specifications are well suited to time-sharing an optical
trap due to the fast response time (<10 us), but in practice it’s
limited by the ratio of the laser beam diameter to the speed of
sound in the crystal and a moderate deflection angle (30 mrad
or = 2°). So, AODs offer dynamic control over the beam posi-
tion allowing for the creation and manipulation of heterogeneous
arrays!' easily(?922%8]_geveral array geometries have been cre-
ated this way such as circular, square, triangular and hexagonal,
Penrose quasi-crystals, and even in a random-shaped array with
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sub-wavelength spacing (625 nm) between NPs. However, AODs
can introduce distortions in the laser beam due to systematic
angular deviations from a linear response to the acoustic drive
frequency—that result in 10-20 nm variations in the trap posi-
tion, which have been attributed to partial reflections that result
in standing acoustic waves.[3%

Alternatively, Woody et al.,2*! Visshcer et al.?°!l and Valentine
et a2 report that EODs have advantages over AODs for high
resolution optical trapping. Following Visscher, an EOD deflects
light using the refractive index gradient created by voltage applied
across an electro-optic material. The optical throughput can be
as high as 90% and the switching time is relatively fast (100 ns)
compared to an AOD. However, like an AOD, an EOD also dis-
torts wave fronts and the maximum deflection angle is <2 mrad,
which resulted in a 1 pm separation between traps in their im-
plementation.

Assembling 3D structures using optical trapping can be ac-
complished one particle at a time using a computer controlled
automated system!'?’] or by stacking layers of 2D arrays,[126:305-30]
but these processes are laborious and time-consuming. The pro-
cess typically takes place inside a microfluidic chamber having
two distinct compartments®! defined as acquisition and assem-
bly areas. In the acquisition area, a 2D array is created using ei-
ther a HOT or time-shared optical trap and then it is transferred
to the assembly area where micro-particle layers are stacked one-
by-one to create a 3D structure. According to Melzer’s report,!12¢]
the particles were subsequently fixed in position either by us-
ing avidin and biotin-coated functionalized micro-particles on a
biotin-coated microscope slide, or by building the structure in
photo-curable pre-polymer medium. Depending on the biotin-
PEG-silane concentration, arrays of (1 um diameter) micro-
particles have been assembled this way with a positional accu-
racy of 60-70 nm.['26] Since each particle can be placed in the ar-
ray one-at-a-time, almost any heterogeneous structure could be
assembled this way, but the throughput is abysmal and doesn’t
scale economically for manufacturing.

To improve the throughput, one avenue utilizes a rapidly
scanned, single-beam, gradient force trap to create multiple op-
tical traps for manipulating NPs within a volume (as large as
8000 um?) by time-sharing. Molloy!®?! and others!10:97:298-301.309]
have deduced several conditions for trapping according to a time-
sharing strategy. From these conditions an estimate of the num-
ber of traps that such a strategy can support can be estimated.
To be concrete, let’s consider the prospects for producing a sta-
ble array of a number of silica NPs, N, with radius ¢ = 50 nm
using a time-shared, single-beam, optical trap with a waist w, =
228 nm.

1) If the trap location is temporarily in the dark, the NP may dif-
fuse out of the capture range for that trap. For a spherical NP,
the diffusion coefficient is D = k;T/6zn a, where 7 is the vis-
cosity of the medium, kj, is Boltzmann’s constant and T'is the
absolute temperature. If the medium is water at room temper-
ature, then n = 1.025 x 103 N-s m~2. For a 50 nm spherical
NP in water, it is estimated that D = 4.4 x 1072 m?s~!. Cor-
respondingly, the mean square motion is given by the prod-
uct of the diffusion coefficient and the dark time < x*> ~ (4
% 0.280 um)!?! = 2 Dr,,,. Consequently, the maximum dark
time would be about t,,;, = 61 a (2w,)!21/2k; T < 40 ms.
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2) The time required to restore a 50 nm radius NP to its proper
position in the trap will depend on the stiffness of the optical
trap k < 0.5 pN/nm. By balancing the optical force against
the product of the viscous drag coefficient for a spherical NP
and the velocity, we find that: F = 6znav = kx, where v is the
velocity of the liquid, so that 7, = x/v = 6zna/k = 2 ps. So,
the minimum time required for restoring the particle to its
position is about 7y, > 2 ps.

Based on these estimates, a prescription develops for the duty
cycle and the number of NPs that can be effectively trapped by
scanning a single-beam:

N = Tdark _ 6zna - (2w,)*/2k, T _ 2wl
Tlight 6rna/k k,T

64P

= —-n)~2x10* 9
3k, T - wic & )

a’(n,

This estimate represents an upper bound on the number and
shows how it depends on the laser power, the beam waist, the in-
dex difference between the particle and the beam, and sensitively
on the size of the particle. It indicates that a SWOT with P = 1.5
W, k < 1 pN nm™') and a beam waist w, = 228 nm can be used to
trap ~ 10* NPs with radius a = 50 nm. According to this expres-
sion, the irradiance required to stabilize a NP with a small radius
grows geometrically (like a®), however. It is limited in practice
by the optical coatings and absorption/reflection from the optics,
generally, which inevitably affects the transmitted wave front.

Mindful of these limitations, to facilitate assembly, NPs are
conveyed in fluid using multiple laminar flows in a multi-port
microfluidic device within the field of view of an array of time-
shared, standing wave optical traps formed over a “hot” mirror
(Figure 7, center). The convective flow of the fluid used to con-
vey NPs within the field of view for trapping exerts a viscous drag
on the NPs, which must not exceed the light gradient force for a
stable trap. The magnitude of that force from Stokes law is: F =
6 wnva. For a NP with a = 50 nm radius in a flow of water (y,, =
1.025 x 1073 N-s m~2) with a velocity of 1000 um s~!, the particle
experiences a force of only F ~ 2pN, which is much smaller than
the gradient force (<100 pN). However, the force increases if the
viscosity increases: e.g. for glycerin (17, ., = 1.5 N-s m~?) so that
the force required can become comparable to the light gradient
force.

Generally, multiple time-multiplexed traps can be generated
in 2D or 3D by using a combination of AODs, with or without
an SLM and/or a “hot” mirror. Briefly, the diffractive optical el-
ements, the AODs and SLM, are placed in planes conjugate to
the back aperture of the microscope objective using relay lenses.
The laser is deflected transverse to the direction of propagation
using the two orthogonally mounted AODs, giving independent
control of the x- and y-positions of a trap and allowing for the
creation of a 2D network of time-shared traps. Alternatively, the
SLM can be used as a Fresnel lens to offset the array along the
optical axis or alone to generate a hologram, where multiple op-
tical traps are created simultaneously by controlling the intensity
and phase profile of the beam.

Using a tool configured this way (Figure 7), it is possible to
combine different sizes of dielectric NPs either by incorporating
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Figure 11. 2D heterogeneous arrays assembled differently with light gradients. a) A confocal fluorescence image taken from a regular lattice consisting
of four 2 X 2 heterogeneous voxels is shown assembled using a time-multiplexed Gaussian beam in combination with a “step-and-repeat” method. Each
voxel consists of two types of fluorescent polystyrene NPs with nominally 350- (green) and 1000 nm (red) diameters. The separation between NPs was
5,570 + 35 nm. b) Like (a), but the heterogeneous lattice was formed from homogeneous voxels consisting of either nominally 200- (red) or 350-nm-
(green) diameter fluorescent polystyrene NPs. The separation between NPs was 6090 & 250 nm. c) A single heterogeneous 4 x 4 voxel consisting of
alternating columns of 350-nm-diameter fluorescent polystyrene and silica NPs is shown. A time-multiplexed Gaussian beam with an irradiance of P =
200 mW at 4y, = 866 nm was used to create each voxel. Adapted from ref. [10].

them into the same voxel or by using a combination of a Gaus-
sian beam and a “step-and-repeat” method to place them on the
same lattice (Figure 11). Whereas optical trapping allows for the
creation of complex heterogeneous arrays of NPs, the light still
has to be held on them to maintain the array. So, to temporar-
ily fix the position of the NPs without light, a scaffold made
from a photo-polymerizable hydrogel was used.[102993%] Syupge-
quently, each voxel is then stitched together with the last to create
a super-array of any size, shape and constituency using a “step-
and-repeat” strategy like that used for lithography in semicon-
ductor manufacturing to print a die. For illustration, the hetero-
geneous 2D super-lattice of NPs shown in Figure 11a was as-
sembled from fluorescent NPs; each voxel consisted of two types
of fluorescent polystyrene NPs with nominally 350- (green) and
1000 nm (red) diameters. On the other hand, the heterogeneous
lattice shown in Figure 11b was formed from homogeneous vox-
els consisting of either nominally 200- (red) or 350-nm- (green)
diameter fluorescent polystyrene NPs. Different materials can be
assembled on the same lattice as well, as illustrated for 350 nm
diameter silica and polystyrene NPs in Figure 11c. A further illus-
tration of how the tool can be used, examples of dielectric “vox-
els” created this way are shown in Figure 7a—c. The array shown
in Figure 7a is a single voxel consisting of a 3D super-lattice of 1
X 3 arrays consisting of 500 nm-diameter dielectric NPs formed
using an SLM; Figure 7b shows a 2D—16 x 16 array of 200 nm
dielectric NPs assembled using a time-shared optical tweezers;
and Figure 7c is a 2D—4 X 4 array of 500 nm-diameter SiO,@ Au
core-shell NPs also assembled using a time-shared optical tweez-
ers. (In the latter implementations the SLM was replaced by a
mirror.).

Coherent scattering from an ensemble of NPs informs on the
entire lattice structure“defects and all”through the interference
between the scattered waves. Lattice imperfections and registra-
tion errors introduce phase noise that could adversely affect the
interference. To expose the defects and discover their origin, a 4
X 4 lattice of 2 X 2 voxels, spaced ~ 10,000 nm apart, compris-
ing an 8 x 8 super-lattice assembled from (nominally) 100 nm
radius NPs using a time-multiplexed 70 mW GSWOT at 4, =
862 nm was analyzed (Figure 12a). After iterative de-convolution
of the confocal fluorescence image shown in Figure 12a, an
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estimate for the NP radius, compiled from (x—, y—) measure-
ments across the entire lattice, revealed a radius of 105 + 5 nm,
which was consistent with the nominal radius within the 3% CV
(Figure 12b). It was observed that the NPs were stacked eight-
to-ten deep along the z-axis with successive fluorescent intensity
maxima (Figures 12b,c) spaced Az = 294 nm, which was smaller,
but in line with the distance between anti-nodes in the standing
wave, Az, = A/2n,, = 324 nm (Figure 12d). Measurements of the
intra-voxel lattice constant (within each voxel) averaged over the
entire super-lattice of voxels were §X = 4937 nm and §Y = 5087
nm with a minimum (Gaussian) standard deviation of oy,,;, = 51
nm along x and oy,,,, = 89 nm along y, whereas the inter-voxel
lattice constants were 6X = 4737 nm and §Y = 5022 nm with
slightly larger minimum standard deviations of oy, = 71 nm
and oy,,;,, = 93 nm. The placement error was conspicuous when
the voxels were superimposed (Figure 12e). It was evident that
the placement error within a voxel was related mainly to Brown-
ian motion in a dark trap, which coincidently was about the dis-
tance (35 nm) a 100 nm-radius particle diffuses when the lattice
position was in the dark,'% but the repeatability of the position
of the microscope stage and the hydrogel photo-polymerization
of neighboring voxels were also implicated in the misalignment
between voxels.

The cross-linked PEGDA scaffold was too compliant to be
practical. According to nano-indentation the Young’s modulus is
only ~ 200 kPa with a mesh size, { < 4 nm.}1% The stiffness
can be improved to ~1 GPa when the concentration of PEGDA
is increased 60% (w/v) in the pre-polymer mix, but the viscos-
ity deteriorates so much so that a NP cannot be easily manipu-
lated by hand. Since the PEGDA hydrogel is permeable to small
molecules,?1%311 to produce more robust PMs, the scaffold was
vitrified with tetraethyl orthosilicate (TEOS) following Bohn et al.
without disrupting the array.'%) TEOS degrades in water or high
temperature to form glass, SiO,. So, after assembly, to vitrify
the metamaterial, first it is flushed with ethanol to remove the
PEGDA precursor and water, and then TEOS (in ethanol and wa-
ter) is injected into the microfluidic device to infiltrate through
the scaffold. Relying on well-established sol-gel chemistry that
has been used in the synthesis of SiO, xerogels, NPs, and coat-
ings, the TEOS subsequently converted to SiO, using an acid or
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Figure 12. Modular assembly of macroscopic 3D NP lattice using. light gradients. a) An optical micrograph is shown of an X-Y view acquired from a
4 x 4 super-lattice formed from voxels consisting of 2 X 2(X > 15) (nominally) 100 nm-radius fluorescent polystyrene NPs, assembled with a focused
time-shared GSWOT in combination with a “step-and-repeat” method. b) A reconstruction of an optical micrograph after deconvolution is shown that
was acquired from the super-lattice in (a) illustrating the X-Y, Y-Z, and X-Z structure. c) A Y-Z-view is shown of a typical element highlighted in a red box
in the 3D voxel of (b). d) A line-cut through the de-convolved image through the xz-view in (b) is shown illustrating the NP size and the periodicity along
the optical axis. (d, inset) The Fourier transform of the X-Y—cross-section in (c) is shown. The power spectrum peaks at a distance between successive
fluorescence maxima near 1/(294 nm). e) The positional errors within each voxel are shown superimposed on the reference NP (upper left) for the entire
8 x 8 super-lattice along the X-Y—direction. Adapted from ref. [10].

base catalysis. Importantly, a variation of the above method for =~ repeat” methodology in a way akin to modular construction, but
hydrogel vitrification was recently used to prepare inverse opal  the lattices may be imperfect. The prospects for using light gra-
crystals for photonic applications.3!?] dients for the assembly of PMs from dielectric NPs this way

Thus, arrays of any size, shape and constituency can be as-  were subsequently tested and the NIR performance was analyzed
sembled in 2D or 3D with light gradients using a “step-and-  with angle-, wavelength-, and polarization-dependent reflection
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Table 1. A summary of the various methods used in the fabrication of metamaterials.

Method Minimum Feature Size Advantages Disadvantages
NIL (Nanoimprint >10 nm high throughput; ® mold fabrication expensive with limited resolution;
Lithography) relatively low cost (compared to EBL); ® molds can be defective with contact,
large area patterning. ® overlay accuracy problematic.
EBL (Electron <10nm high resolution; e (serial) low throughput — high cost,
BeamlLithography) direct-write (no mask); ® proximity effects distort patterns;
flexibility in pattern design. ® conductive substrates;
® registration errors over large areas
RIE (Reactive lon <lnm anisotropic (vertical sidewalls); ® process optimization complex;
Etching) selectivity; ® surface damage;
crucial for pattern transfer. ® loading—non-uniform etch
ALD (Atomic Layer <1nm conformal; ® slow deposition rate;
Deposition) tight thickness control; ® limited materials selection;
® pinhole-free. ® expensive for large-scale production
CVD (Chemical Vapor >10 nm ® high deposition rate; ® requires high temperature;
Deposition) ® wide range of materials; ® toxic precursors;
® conformal coating. ® non-uniformity over large areas;
® lacks atomic-level control like ALD.
MPP (Multiphoton >100 nm e 3D fabrication of complex e (serial) low throughput;
Polymerization) ® structures. ® limited materials selection.
Block Copolymer >10 nm ® High-throughput; ® limited pattern complexity;
Self-Assembly ® periodic nanostructures over large areas. ¢ defect control problematic;
® demands specific material combos;
® pattern transfer to functional materials unavailable.
Colloidal Crystal >100 nm ® scalable for periodic structures; ® |imited pattern complexity beyond periodic arrays;
Self-Assembly ® can create photonic crystals + templates for ~® defect control problematic;
metamaterials. ® demands precise control over colloidal interactions.
Martensitic Phase atomistic ® complex microstructures with specific me- @ limited materials;
Transformations chanical and functional properties can be cre-  ® precise control over domain size/orientation problematic;
ated; ® specific thermal cycling protocols required.
® self-actuating capabilities.
Modular Assembly with >10nm ® contactless and dynamic assembly of mi- ® scalable to large-area fabrication (step-and-repeat);

Light Gradients
® wide range of materials.

cro/nanoparticles into complex structures; ® demands precise control of laser beam;

® stringent control of particle size/index.

spectroscopy.[') Due to the unusually strong polarization sensi-
tivity of electric and magnetic dipole resonances, Mie resonance
scattering peculiar to the NP size was exposed this way.l'"] Both
Bragg and Mie scattering have been observed in collections of
(spherical) NPs before.*®314] However, disorder that introduces
random phase-shifts and amplitude variations can have an ad-
verse effect on the band structure producing a broad background
continuum.

5. Summary

In conclusion, the applications for metamaterials are legion, but
their promise can’t be exploited in earnest and the market for
them cannot grow unless a facile and economical method for
fabricating them free of defects emerges. Commercial compu-
tational tools like COMSOL are available for the rational design
of PMs. Leveraging tools like this for simulations, designs for
metamaterials and meta-surfaces have been implemented with
“Homeric” effort using “top-down” and “bottom-up” methods
to assess the optical performance. These methods have been
explored exhaustively and have laid bare some of the limita-

Adv. Mater. Technol. 2025, €00313 €00313 (21 of 27)

tions that frustrate manufacturing (see Table 1). Among the lim-
itations are: the wide assortment of materials, which include
metals like Au, Ag, Ni(P), TiN; dielectrics like indium-tin-oxide
(ITO), ZnO(Al), Si, silica, rutile, and C(diamond); perovskite
like SrSnOs; plastics like latex, polypropylene (PP), polylactic
acid (PLA), pentaerythritol triacrylate (PETA) and ceramics made
from pyrolytic carbon; imperfections (unintentional defects) in
the construction especially at the nanometer-scale due to lithog-
raphy or etch; and the absence of batch processing or even wafer-
scale processing (with few exceptions) for high volume manufac-
ture. For example, while it is possible to draw structures with sub-
micron resolution using direct (laser) writing or additive manu-
facturing techniques, they are slow, serial processes limited by
the speed and precision of the stage, and they’re restricted to rela-
tively few materials right now. On the other hand, standard photo-
lithography, with a minimum feature size > 1 pm (the limit of
the mask aligner) has produced “hyperlenses” for sub-diffraction
imaging on a (3”) wafer-scale. EUV photo-lithography combined
with “step-and-repeat” offers improved resolution, but it comes
at a high cost for the tool and the masks. And finally, NIL can
replicate a pattern embedded in a mold with 10 nm resolution
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with high productivity, but the stamp is costly and it wears—any
defect in it is eventually transferred to the nanostructure.

It's argued here that unintentional defects are at the core of the
issues associated with manufacturing. This is apparent in manu-
facture of ICs and the synthesis of protein. PMs will likely suffer
similarly. To become economically viable, this problem has to be
resolved.

5.1. So What’s Next?

To light up metamaterials, we argue for “something completely
different”. It is now feasible to manufacture precisely with high
yield monodispersed NPs with built-in complexity and assemble
them into a metamaterial using a time-shared laser beam.!!%l The
registration is limited by Brownian motion and the precision of
the stage. The speed limit is set by the depth of the optical trap,
the diffractive elements used to deflect the laser beam and the
speed of the stage. Moreover, the 1D array of NPs produced by
a Bessel beam SWOT is defective—it has shown vacancies and
multiple NPs at a single anti-node. Despite the flaws, it seems fea-
sible to create metamaterials of any size, shape and constituency
this way using light gradient forces to assemble NPs.
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