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Mesostructhterials can exhibit enhanced light—matter interactions, which can become
particularlyifstrong@when the characteristic dimensions of the structure are similar to or smaller than
the wavelen ight. For controlling visible to near-infrared wavelengths, the small characteristic
dimensiong¥ offth& required structures usually demand fabrication by sophisticated lithographic
techniques. THowever, these fabrication methods are restricted to producing two-dimensional and a
limited rame-dimemional structures. When a large volume of structured material is required,
the prima

mesostruc:@zal materials formed via self-assembly. However, self-organized materials almost

tural imperfections which limit their performance. Emerging work, however, is

ach is to use self-assembly, and the literature includes many examples of

always co

showing tm&ormmg self-assembly within a guiding template, the defect density in self-

assembled can be reduced. Particularly interesting is the possibility that utilizing a template

can res rmation of mesostructures not present in either the template or the native self-

organizing ma In this review, particular emphasis is placed on emerging results showing the

effect templates on the microstructure of solidifying eutectic materials, with a specific

focus on how template-directed solidification may be a powerful approach for fabricating optically

active strudfiires, including optical metamaterials.

1. Intro

Photoni#materials with periodic variations in optical properties in one, two, or three

dimensions on theSrder of the wavelength of light) are widely utilized to manipulate light.'"! Example

devices ?owmc crystals include distributed Bragg reflectors, diffraction gratings, wire-grid

This article is protected by copyright. All rights reserved.

2



WILEY-VCH

polarizers, some waveguides, and many lasers."*! Materials with powerful optical functionalities,
including negative-index of refraction and optical chirality, can be realized by appropriate placement
of materlal With suitable properties in two or three-dimensional space.*®! Light in the visible

spectrum \@ anipulated, although the tolerance for defects is exceedingly low at visible

P

frequengicsmametiie number of materials with the appropriate properties is limited.!” *! Most photonic
crystals arhted by high-resolution top-down two-dimensional patterning methods such as

electron-bddm lith@praphy, interference lithography, and focused ion beam milling.””! However, it is

¢

challenginggto icate large-area bulk materials with these techniques, especially with intricate

S

internal st r&." Additionally, many materials with promising optical properties are not

compatible with th8se top-down patterning methods.'* '*!

G

As work ofil colloidal crystals has shown, controlled self-assembly is an effective route to organizing

[

materials i dimensional architectures, which interact strongly with light.®"* Colloidal self-

assembly, only offers a limited set of symmetries (generally those of close packed

a

arrange and a spherical basis.""” For many applications, considerably more complex structures

are of i articularly promising approaches for forming materials with complex internal

M

14-17

microstructures include eutectic solidification and block copolymer self-assembly,"'*'"! and materials

[

with inter ical properties have been reported using both approaches. These methods are

advantage the wide range of microstructures they form. Here, we focus on the structures

0

formed by ic solidification since materials with a broader range of optical properties are

available c@mpared to that provided by block copolymers, and because the characteristic lengths of

I

structur through eutectic solidification better match the wavelengths of visible and IR

L

light. FurthCr; ng materials with sufficiently large characteristic dimensions for interaction with

U

visible light by block copolymer assembly is synthetically challenging as it requires high molecular

A

This article is protected by copyright. All rights reserved.

3



WILEY-VCH

weight polymers."® Similarly, self-assembly of other building blocks, e.g., nanoparticles,!"” 2

molecules,”" ** and DNA,** ** tend to produce structures with characteristic dimensions too small to

2, 3, 25

{

provide stiong light-matter interactions (via diffractive phenomena),t I"and are thus not the

emphasis o @ iew.

Here, we filfst introduce the idea of template design and replication, followed by a brief survey of

where tempifite-8iwected assembly has led to the emergence of optically promising microstructures.

C

The core o view focuses on eutectic systems for the central reason that even though there is a

vast libraryloffeutgetic systems that have promising material combinations, and the solidification of

$

eutectic m las been well studied, their utilization for optical functionalities has not received

U

sufficient a to realize their full potential. Along with a discussion on optically interesting self-

organized @utectic materials, we include examples of how phase-field modeling has been used to

A

understand ide the development of templates, leading to the formation of eutectic

microstruc

a

enhanced optical properties. Finally, we discuss the underlying challenges and

future nities for using template-directed eutectic solidification of optical materials, and

provide pectives on the potential of template-directed solidification of eutectic materials for

M

forming optical materials including optical metamaterials.

[

2. Templatj verview

Common in the natural world are materials with unique microstructures that exhibit properties

26-30

considerabMg_superior to homogeneous materials.****) Many groups have investigated templating

h

!

strategi g a template to guide the structure of a material) to form synthetic materials with

complex determifstic microstructures similar to those observed in the natural world.®" **! The

Ul

templating approagh is attractive because most materials do not form complex deterministic structures

A
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naturally.®"! Techniques including electrodeposition, capillary action, sol-gel templating, and drop
casting have all been used to infill preformed templates, enabling replication and/or inversion of the
templatw with the functional material of interest.”’?*! The goal is to synthesize new
materials @ erties that emerge from synergistic interactions of the inherent properties of the
constitugnt mmatenials and the template structure.”"*>***! Along with photonic applications, template-
replicated Lted structures have also been used for electrochemical energy storage, sensing,

and high-stength dpplications as discussed below.

&

Artificial opalgy fofimed by self-assembly of silica or polymer colloidal particles, are perhaps the most
common t reported in the literature.'> ' **I The size tunability and chemical stability of
colloidal and the three-dimensional structure of an artificial opal make it suitable for
photonic aglications.m] Opal templates have been filled via numerous methods, with electrochemical
deposition eing the most versatile.”* ** **) Metals, semiconductors, and oxides have all been
grown in siagl stal and polycrystalline form within opal templates.** ** ! Figure 1A includes
exampl al templated Ni, CdSe, CdS, ZnO, and Cu,O inverse opals.***> *! The CdSe, CdS,
Zn0, aEed systems are examples of how templating can be used to form high refractive-
index photonic crystals. Ni inverse opals have also been used in a wide range of applications from
scaffolds ane chemical vapor deposition, to supports for electrochemically active materials in

Li-ion battg odes.[**! As an example of templating of an alloy, ReNi alloy inverse opals were

formed by all6¥*€lectrodeposition into an opal template, with the result being a well ordered metallic

foam (Fi& 1B) with exceptional thermal stability, mechanical strength, and hardness relative to

previousM inverse opals./* These structures have been studied as thermal emitters for

thermophonevices.

<
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Figure 1. ﬂ of templated structures. A) Inverse opal structures of (A-i) Ni, (A-ii) CdSe, (A-
i) CdS, (Ami O, and (A-v) CuyO. B) Electrodeposited ReNi alloy inverse opal structure. C)
MetallodieEu-Silica) inverse opal films fabricated by templating colloidal crystals with gold-

silica core

noparticles. D) Ultrahigh density arrays of conducting polypyrrole nanorods

PdCu allo

eposited within anodized aluminum oxide template. F) Double-imprint sol-gel

fabricated mtropolymerization within a porous block copolymer template. E) Nanowires of
1

biotem for converting (F-i) photonic scales of the weevil L. augustus into (F-ii) high-

dielectric tita lica. G) ZnO replica microtubes by the templating of Delias hyparete butterfly

wing ) Reoroduced with permission ™ Copvricht 2015. Wilev-VCH. (A-iiiii
Reproduced with permission.”” Copyright 1999, Springer Nature. (A-iv) Reproduced with

permissionssl Copyright 2017, American Chemical Society. (A-v) Reproduced with permission.”*"!

Copyright , erican Chemical Society. (B) Reproduced with permission.*®! Copyright 2017,
Royal Socij @ emistry. (C) Reproduced with permission.*”! Copyright 2002, Wiley-VCH. (D)
Reproduced permission.”® Copyright 2008, American Chemical Society. (E) Reproduced under
the terms -BY-NC-ND 3.0 license.”*® Copyright 2014, Springer Nature. (F) Reproduced

Copyright 2009, Wiley-VCH. (G) Reproduced with permission.”® Copyright

ool
-
<

with p
20006, 1
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Templating has also been used to direct self-assembly of materials including nanoparticles and
conducting polymers. For example, gold-silica core-shell nanoparticles were assembled into an
inverse (Wrucure using an opal template (Figure 1C)."*"! These gold-silica core-shell nanoparticle-
based inve films showed distinct reflectances originating from the photonic crystal structure
and the metallodielectric nanoparticles. In another work, highly dense arrays of a conducting polymer,
polypyrrolL grown using electropolymerization in the nanoholes of a self-assembled

polystyrengtblock-polymethylmethacrylate (PS-b-PMMA) block copolymer template in which

€

PMMA wagget, out.” After completely removing the block-copolymer scaffold, self-supported

S

arrays of ¢ cimg polypyrrole rods oriented normal to the substrate surface were obtained (Figure

1D).

U

Along withicolloids and block copolymers, the self-assembled structure present in anodized aluminum

A

oxide (AA o been explored as a functional template.”* ** In one example, a PdCu alloy was

d

electrodeposige hin a nanoporous AAO template.'**! After etching away the template, PdCu alloy
nanowi a shape of the AAO template channels were obtained. Partial chemical etching of the

copper ¢ PdCu alloy enabled modification of these superlattice PdCu nanowires to form

%

random-chapped, random-gapped, screw-threaded and spiral-shaped nanowires (Figure 1E).[** These

nanowires etter stability than the pure Pd nanowires, and faster response and recovery times

(48]

than pure P, @ iires when used as hydrogen sensors.

Of

Biological can also be used as templates to create unique structures.”" Some of the vibrant

h

colors gical systems are known to arise from periodic structures, which strongly interact

{

with visible light.”'! It has been shown that some of the intricate biological frameworks that color the

3,

organism ¢ e used as templates for synthetic structures.””** As seen in Figure 1F-i, the green

color in w mprocyphus augustus arises from its biopolymeric exoskeleton scales arranged in a

A

This article is protected by copyright. All rights reserved.

7



WILEY-VCH

complex diamond-based photonic crystal lattice and selectively arranged single-crystal domains.>”’

These diamond-based photonic lattices have been used as structural templates for silica or titania
(Figure Mhigh—dielectric-constant titania photonic crystal showed reflectance peaks around
570 nm cof @ g to the expected stopbands of its diamond-based photonic crystal structure. In a
similar sosksmeemaplex microstructures of ZnO were synthesized using the butterfly-wing scales of

Delias hyp igure 1G) as templates.”® The ZnO replica microtubes formed had porous walls

resembling‘he sca's on the wings of the butterfly.
3. Templwaed Assembly: Emergence of New Structures

In the examEles §cussed above, the template merely served as a porous host, which was filled or

partially fi a second phase material. A potentially more interesting case is when the template
leads to t ence of additional symmetry elements in the templated material structure not
directly prm\e template. It is also interesting to consider if a template can significantly control
or red sity of structural defects in a self-organizing material. As discussed, self-

organization hasZBeen widely used to form large-area photonic crystals, however, these structures
always t, line, and other defects.”*> To reduce defect density, it has been shown that
colloidal cgstals can be epitaxially grown on patterned substrates.”® Use of a patterned substrate to

direct assembly has proven promising for reducing the defect density of other self-organizing systems

too. ! 371 ing examples of template-directed assembly of block copolymers, molecular
systems, n les, and spontaneously phase-separating alloys are reviewed in this section. The
templatc= sembly can be based on topographic patterns, chemical surface modifications and

conﬁnement effects.!""” ® Here, we survey results for a variety of material chemistries, showing the

versatility isdechnique and applicability to the field of optics. Such template-based processes

This article is protected by copyright. All rights reserved.
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have the advantage of scalability and controlled placement of materials since they build on well-

studied lithographic patterning strategies that offer nanometer to micrometer precision.

{

The templ ed assembly of block copolymers has been extensively studied.’ “*" In one
example, a ~modified nanopatterned (by extreme UV interferometric lithography) surface
I

was used direct the assembly of a lamellae-forming diblock copolymer, polystyrene-block-
polymethylifethd@gylate (PS-b-PMMA).!*! The PS domains preferred the unmodified regions of the
surface whu PMMA domains preferentially wetted the chemically modified surfaces of the
patterned ngure 2A). Such epitaxy directed self-assembly of block copolymers is not limited
to the use llae-forming PS-b-PMMA, but is also applicable to cylinder forming block
copolymers® as demonstrated with the polystyrene-block-polyisoprene diblock copolymer that
was directfonally solidified on a topographically patterned substrate.” The topography of the

patterned s rovided a sufficient bias to control the long-range order of the block copolymer.

Such temp lage- ted block copolymer assemblies have been proposed for magnetic, data storage,

and ph?cations. [63-66]

G
@,
e
e
-
<C
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Figure 2. late-driven self-assembly and emergence of new structures. A) Directed self-assembly
of block co (63]

Copyright W20 pringer Nature. B) Semiconducting superlattices templated by molecular

s printed onto a chemically patterned substrate. Reproduced with permission.

a

assemblies. Reproduced with permission.”® Copyright 1996, Springer Nature. C) Arrays of gold
nanoparti irected by lithographically confined DNA origami. Reproduced with permission.™
Copyrig pringer Nature. D—E) Micro-scale assembly of copper-zinc powder and polystyrene
divinylbenzene beads, respectively, directed by a liquid-based template. Reproduced with

permission,”” Copyright 2014, Wiley-VCH.

S

Template—@ssembly of molecules, DNA, and nanoparticles can also give rise to micro- and
nano—scale!ructures with promising optical responses. Molecular assembly is an attractive route to

obtain na:'structﬁed composites since the molecules can be chemically designed to provide a

favorable i ent for the growth of specific materials.'”> ® In one study, preordered self-
assembled iphiles were used as sites for the precipitation of inorganic semiconductors (e.g.,
CdS) forpai miconductor superlattices that match the symmetry and periodicity of the initial self-

This article is protected by copyright. All rights reserved.
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assembled amphiphiles (Figure 2B).1®) Exceptionally fine control over particle assembly can be
achieved by combining bottom-up self-assembly of DNA scaffolds and directed assembly of nano-
scale mmmse scaffolds.”*”*! When the DNA assembly is precisely controlled by using a
patterned s origami can be a powerful tool, for example, by dictating the arrangement of
sub-10 mm sempements (gold nanoparticles) over large scale areas (Figure 2C).””! In another work, by
guiding thhnt of liquid crystals via topographic and chemical patterns, the defect structure of

the liquid diystals Was then used to trap colloidal particles, leading to their patterned arrangement."*!

C

In a uniq pr@ach, liquid surfaces containing standing waves have been used as large-area

S

reconfigur lates for the assembly of micro-scale materials.”” This has been demonstrated for

U

a large ra eriodicity, from a few microns up to millimeters, and a variety of material

]

chemistrie Particles on the liquid surface organize through a combination of the forces of surface

A

tension, bu and gravity. Materials selectively arrange into patterns at the nodal or antinodal

d

regions of ing wave. For instance, copper-zinc powder assembles in the antinodal regions
wherea ene divinylbenzene beads assemble in the nodal regions (Figure 2D and 2E), forming

compli patterns consisting of two rather different materials.””’ In this approach, many

M

symmetries of standing waves can be formed on liquid surfaces, and the surface patterns can be

i

rapidly rec

It is impo @ ember that obtaining novel optical properties over visible to near-IR wavelengths

O

of light re ntrol of structure from the nanometer to micrometer scale. While molecular,

h

nanopa , NA-based self-assembly processes are effective for controlling structure at the

{

nanometer Scale, they are not well suited to control structure over longer length scales. This is where

LI

the emergi ods of eutectic solidification and spinodal decomposition of optically active

materials a articularly promising. Both spinodal decomposition and eutectic solidification offer

A

This article is protected by copyright. All rights reserved.

11



WILEY-VCH

control of constituent structural features from the nanometer-scale to micron-scale, as well as the
choice of a variety of materials with interesting optical properties. During these diffusion-dependent
phase-sepewﬁprocesses, the initial material separates into two distinct phases.

A variety 1 combinations undergo spinodal decomposition, a process in which a

I

thermodyng:'cally unstable system phase-separates spontaneously without nucleation.””” In this
process, pﬁmration occurs through diffusion in the direction of increasing concentration due to
the second ve of the free energy with respect to composition having a negative sign. Spinodal
decomposiween studied in many materials systems, including Al-Zn,®*” Au-Pt,®"! Cu-Ti,™!
VO,-TiO,, i0,,* Si0,-Zn0."*"! These material systems have a potential to exhibit unique
optical prn:r

arising from the combination of the two constituent phases. Further details on

spinodal dg€omposition can be found in other works.">”” The VO,-TiO, material system is of interest

as an opti rial since the component oxides have distinct contrasting optical properties.
Additionall gyt perature dependent metal-to-insulator transition of VO, provides a mechanism
for opti ing. Using pulsed-laser deposition, epitaxial and single-phase solid solution thin-films
of VoeTi ere grown on rutile TiO, (001)- and (100)-oriented single-crystal substrates.** Upon

annealing, this solid solution decomposed into phase-separated VO,-TiO, nanocomposite structures.

As shown w 3, the epitaxially grown thin films formed layers aligned either horizontally or

(100)-oriented™fCterostructures exhibited unique optical behavior in the near-IR wavelength regime.

vertically d

o on the orientation of the underlying single-crystal substrates. These (001)- and

With incr£ing temperature, the VO, became metallic, and the optical dielectric constant of the
(001)—0rMostructures transitioned from positive to negative values, further enhancing the

uniaxial an@of the optical response. Thus, the orientation change combined with the metal-to-

This article is protected by copyright. All rights reserved.

12



WILEY-VCH

insulator transition of the VO, phase demonstrated the temperature-tunable optical transformation of

the material from a nonhyperbolic to a hyperbolic metamaterial.'**

12 T - . :
| A Phase se pa‘rated Eor) _oen B
) R e e [ s il
I S Phase separated | |
= 4t (e roo = € [010]) 1 F
[
(1
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As-grown, solid solution & 10)
(€100 = €010 = €001) 303 K | =i | Tl.mnq 363 K
4 A y L . L A A ) .
12 . r r - .
D As-grown, solid solution E
(€'l100) = € 010) = €001))
L o
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0 ’.[DM]
T [010]
303 K i 1£>[1nn] 363 K
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\\VJ

Figure ostructured and tunable metamaterials via spinodal decomposition. Optical dielectric
constant and high-resolution elemental mapping for A-C) (100)- and D-F) (001)-oriented

heterostrucuproduced with permission.** Copyright 2016, American Chemical Society.

Similar to ginodal decomposition, eutectic solidification provides phase-separated micro- and nano-
scale struc'res W')SG periodicities can be easily tuned on the order of the wavelength of light, from

the visible :ed regime. Details on the solidification of eutectic materials and their potential

<
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optical applications are first discussed in Section 4. Then, how templates can be used to control and

enhance the microstructure of eutectic optical materials is surveyed in Section 5.

R

4. Directmﬁﬁed Eutectics as Advanced Optical Materials

EutectidinfefiaM8¥stems have two or more chemical components for which a liquid and two or more
solid phash in equilibrium at the eutectic temperature (7%) and composition (Cg);"'* 7 *! the
point (Cg ,@phase diagram is called the eutectic point. A typical binary eutectic phase diagram

for a two-mnt system (with chemical species A and B), is shown in Figure 4A. During

solidification of stich a eutectic melt, the liquid phase-separates into two distinct solid phases o and p.

The simultaneous;s solidifying phases generally organize into simple motifs consisting of alternating

layers (lavr:phology) or fibrous structures (rod morphology) (Figure 4B); however, complex

structures, spiral or broken lamellar, globular, elongated rods, or even structures with

similaritieing-resonators, are also possible (Figure 4C).!""

>

A. Eutectic Phase Diagram B. Simple microstructures C. Complex microstructures
T L {i) Lamellar structure (il) Rod structure {1} Split-ring resonator-
. like structure
L+a : L+B | | Yo ey —
Te|a
aI+B
A Ce : : : S
cOmmsition ofB AgCI-KCI SrTiO;—TiOz

{

Figure 4. ;0 lly solidified eutectics. A) Schematic of a typical binary eutectic phase diagram.
Exampl ple microstructures: B-(i) Lamellar structure (AgCI-KCl eutectic) and B-(ii) Rod

This article is protected by copyright. All rights reserved.
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structure (Tb3Sc,Al;01,-TbScO; eutectic), reproduced with permission.™®! Copyright 2006, American
Chemical Society. Examples of complex microstructures: C-(i) Split-ring resonator-like structure
(SrTiO3-Tiii eut’ic), reproduced with permission.®® Copyright 2010, Wiley-VCH. C-(ii) Spiral

structure (ZpadgZn, eutectic, imaged at 1200X magnification)."®” Used with permission of The

Minerals, Materials Society.

The microstructyre of a eutectic material is dependent on factors including composition, atomic or
ionic diffus@etyafterfacial energies, thermal conductivity, and latent heat of fusion of the individual
componenm7'9°] Another important parameter is the rate of solidification, defined as the
velocity of idification front, v. Depending on the solidification technique, v can be controlled

by externa ers, e.g., the temperature gradient in the furnace, sample draw rates through the

furnace, a rinting speeds.”®” *'** The laser floating zone method,” the micro pulling down
g

approach,! e Czochralski method,”” the Bridgman furnace,”* ** and direct-ink writing,”*! are
examples s utilized for the directional solidification of eutectics. The rate of solidification
control size (layer widths, particle or fiber diameter) and the characteristic spacing (1) of

the periodic es. Under steady-state conditions of eutectic growth, A°v is constant for the given

material system, thus fast rates of heat removal lead to small characteristic spacing and vice versa.'®™

This chara!eristic spacing control can be effective over a wide range, from tens of nanometers to

hundreds of ami s, without changing material systems.”” The constituent materials of the eutectic
can be cho many material types, including metals, organics, salts, ceramics, semiconductors,
and polym!s.::::':::]

To date, properties of only a handful of eutectic systems have been studied, leaving a vast

number of materis systems unexplored. Given that eutectics containing both dielectric and metallic

phases can be ized into a diverse set of microstructures, there is a potential for discoveries of

This article is protected by copyright. All rights reserved.
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unique optical metamaterials, thermally anisotropic materials, and magnetoresistive materials.!'* '*

Eutectics generally solidify in the form of monoliths with good bonding between their constituent
phases.[’Horeover, the interface between the two phases is generally sharp and therefore the
light scatte @ om interfacial roughness and mismatch defects are minimized. Refractive index
profilesghatmesemible one- and two-dimensional photonic crystals, can be realized by regular lamellar
and rod euhctures, respectively.!'! Although eutectic structures have been known for nearly a

century, onfliy limitgd examples of their optical properties can be found in the literature (Table 1).

C

Author Manus
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Table 1. Experimentally observed optical functionality in directionally solidified eutectic systems.

T

A
Optical Functionality Eutectic Material System Wavelength Reference
Regime S
Diffraction Grating Al;Cu-Al Visible [105]
AgCl-KCl [94]
Wire-Grid Polarizer InSb-Sb Mid-IR [106]
Ga-In Sub-THz [107]
Photonic Bandgap Crystals AgCl-KCl Visible to Near-IR 93]
Planar Optical Waveguide  Calcia-stabilized zirconia - Visible to Mid-IR [108]
CaZrOs
Fiber Optic Waveguide CaF,-MgO Visible to Near-IR 98]
NaCl-LiF [109]
Fiber Optic Faceplate MgF,-MgO Visible to Near-IR [110]
Phase-Separated CslI-NacCl, CsI-RbF Visible to Near-IR [111]
Scintillators with Light
Guiding RbI-NaCl, CsBr-NacCl

~
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CsBr-NaF, RbCI-NaCl

Absorption-induced NaCl-LiF Mid-IR to THz [112]
Transparency and Localized
. KCI-LiF
Enhanced Optical
Transmission
Epsilon-near-zero KCI-LiF THz [113]

Metamaterial Waveguide

Optical Quality Glass CaSi03-Caz(P04): Visible to Mid-IR [114]

Photocurrent generator in Poly(3-hexylthiophene) - Visible [115]

photovoltaic devices
[6,6]-phenyl Ce1-butyric

acid methyl ester

Enhanced Second Harmonic 3-Nitrobenzoic acid - Visible to Near-IR [116]

Generation
3,5-Dinitrobenzoic acid

Plasmonics Bi»03-Ag Visible [117]

Authc
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Alternating layers, with sub-micron widths and different refractive index in lamellar structures (of
ALCu-Al and AgCIl-KCI eutectic) have been used as one-dimensional diffraction gratings in the
visible wength range.”" ' At wavelengths above the periodicity of the lamellae, the
alternating @ layers could be utilized as wire-grid polarizers as demonstrated for InSb-Sb and
Ga-In catectieasystems in the mid-IR to sub-THz wavelength regime.!"*" """ These lamellar structures
resemble hnsional photonic crystals, and because they consist of alternating layers of

materials With différent dielectric constants, they exhibit a photonic bandgap. As exhibited in salt

&

eutectics, 1,1 the photonic bandgap can be in the visible to near-IR regime. Similar eutectic

S

structures ha¥€ al80 been used as broadband planar optical waveplates (as in calcia stabilized zirconia-

CaZrO; eutectic).'8*! Two-dimensional photonic crystals with bandgaps in the visible to near-IR

U

wavelengt e produced when the eutectic organizes into a rod structure (as in CaF,-MgO,"*!

N

NaCl-LiF,! gF,-MgO!"'"” eutectic). The rod structures of some of the alkali halide binary salt

eutectics have een demonstrated for light guiding in phase-separated scintillators (one of the two

d

phases is selectively doped with metallic or rare-earth elements)."'"! Recently, fluoride-containing

eutectic salts od structures (of KCI-LiF and NaCI-LiF eutectic) have been studied for their

polarit s as they can behave as metamaterial waveguides with near-zero permittivity (so-

called epsil'gn—near—zero metamaterials) or exhibit absorption-induced transparency.'''> ']

d composites have also been used for their material properties that are not

dependent off“possessing a well-ordered periodic microstructure. A broadband visible to mid-IR

optical qust; glass was obtained using a CaSiOs-Cas(PO,), eutectic."'*! A polymer based eutectic

consistilw—hexylthiophene) and [6,6]-phenyl Cq;-butyric acid methyl ester was successfully

incorporatw photocurrent generator in a bulk-heterojunction photovoltaic device.!'"” The

organic-acid eutectic system of 3-nitrobenzoic acid and 3,5-dinitrobenzoic acid has shown enhanced
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[116

second harmonic generation in the visible to near-IR regime.!''" Finally, the combination of a metal-

dielectric eutectic system composed of Ag and Bi,O; was recently explored for its localized surface

{

plasmon TeSonance properties. Upon doping the oxide with rare-earth elements, this system exhibited

: 11
plasmon e @ Shotoluminescence.!"”

4.1 Challefiges and Opportunities for Eutectic Optical Materials

In the examiples di§cussed so far, the optical properties of the eutectic systems are derived from the

symmetry, gha istic spacing (4), and degree of perfection of the microstructure along with the

S

properties of the Constituent materials. A significant challenge is how to synthesize large-area ordered

and defect-free euf@ctic structures. Typically, good order is only observed over submillimeter length

U

scales, lim, potential applications to those that either only require small samples, or are

A

tolerant of in the structures. Another challenge is the limited number of microstructure types

that can beffea via eutectic solidification while retaining a high degree of order. As an example of

d

possibl , recently an organic eutectic was solidified with a rotational solidification

method, genera materials with chiral and spiral morphologies, which resemble structures that

M

could hyperlens.!""™® We will discuss in Section 5 how this limitation in the available

microstructgres, as well as the general absence of long-range order in solidified eutectic systems, can

[

possibly be oyercome by the use of templates.

[119]

O

There is a vast library of eutectic materials that are yet to be explored for their optical properties,

h

as well as ide range of processing conditions that can be applied. The number of variables here

[

indicate ce that cannot be efficiently studied through experiments alone, which is why the

application of simulation and theory is critical to explore even simple systems. Additional

Ul

complications arisgswhen studying complex (or anomalous) eutectics, such as Al-Ge or Al-Si,!'"** *!]

A
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as the structure of these systems are highly dependent on the growth mechanisms of the individual
phases.!'” These metal-dielectric systems are particularly interesting for metamaterial applications,
which reqrMphase of the system to have a metallic character. To date, the nature of the
solidificati w se metal-dielectric eutectic systems has made it difficult to achieve precise control

over themomemtation and long-range order of the solidifying structure, as well as its computational

investi gaticm

Another pr

C

approach is doping the eutectic phases with rare-earth elements or metallic

nanoparticlgs @ infroduce optical gain or loss, respectively, which could lead to various exceptional

S

optical ph including superprism effects, supercollimation, and arbitrary polarization control

126-129]

in birefrin materials.!

nu

It is clear t icrostructure present in solidified eutectics can result in materials with significant

potential f@r p W yic applications. However, to fully realize the potential of eutectic solidification,

al

and as ssed later in the review, it is crucial to make use of quantitative models that can

predict the mic uctures formed by eutectic solidification. Here, we discuss an example of such

M

models se-field modeling.

1

4.2 Phase- deling of Eutectic Microstructure Evolution

O

Predicting ostructure of self-organizing systems is challenging even when the underlying

physics isfwell understood. With the growth of computational resources and improvements in

n

{

computatiogal capabilities, numerical simulation has become a practical approach for solving

complex such as this. Simulations of microstructural evolution have been conducted

130-148]

U

utilizing m; ent methods,’ spanning a wide range of time and length scales.

A
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An important element of modeling multiphase and composite systems is how to describe interfaces.
There are two approaches for treating interfaces mathematically. One approach is known as the sharp
interfacm considers interfaces between phases as surfaces with zero thickness. Simulations
based on t follow the positions of the interfaces at every time step. Boundary conditions
are impescdmemmthese sharp interfaces, which may have complex morphologies. The level set
method, ! 6Lﬂary integral method,"*"! and the enthalpy method"*”’ have been developed based

on sharp inerface fnodels to simulate eutectic solidification. Another approach, the so-called diffuse

C

interface resents interfaces with a field defined in three dimensions, which includes a

S

transition re®¥on With a finite thickness near phase boundaries.!"™" The field varies smoothly from one

phase to another, And therefore appears diffuse, leading to its name. The interfacial locations are

U

determined is field, rather than explicitly tracked. The phase-field model is one type of diffuse

Q!

interface veloped for simulating phase transformations and microstructural evolution

because offifs to take into account both the thermodynamics and kinetics of materials.

d

Phase- odels represent phases with a field called as an order parameter. An order parameter

may co to the concentration of a chemical species, which is distinct in different phases, or

M

represent the degree of order/disorder at the atomic level (e.g., crystalline solid vs. liquid). The order

1

parameter nstant value in the bulk regions of a phase, transitioning smoothly between these

values at t ces between phases with a finite thickness. The temporal change of the order

Q

parameter i y captures the motion of interfaces without explicit tracking. The thickness of the

q

interface inja phase-field model is a numerical input parameter and is typically chosen to be much

larger t cal interfacial thickness to increase computational efficiency without affecting the

{

dynamics interfacial thickness is taken to be sufficiently small compared to characteristic

U

length scales in the system.!'>" %!

A
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The temporal evolution of the order parameter is driven toward configurations that decrease the total
free energy of the system. The total free energy, F is defined as the integral of the local free energy

density, space, V:

Ipt

F=/[,fav. (1)

The most basic form of the free energy density consists of two terms: bulk free energy density
describing odynamics of the material and energy density that penalizes gradient in the order

parameter. o terms together describe the energetics of the system, including the interfacial

S

energy. A of f can be given by:

f=we?(1— )2+ (792, )

nu

where the energy is modeled with a double-well function, and w and € are the double-well

d

height and gfa energy coefficient, respectively. The term w¢?(1 — ¢)? is the bulk free energy

that induc separation due to the energy minima at bulk phase values of ¢ =0 and ¢ = 1. A

more r

M

| includes dependences on other variables, such as temperature in solidification

2
modeling. The other term, 6?(V(l))z, provides an energy penalty for large gradients in the order

parameter, resulting in interfaces with a finite thickness. Additional free energy density terms can be

-
constructe e energy, the rate of change of the order parameter at each point, d¢p/0t, is given
by two ations. For a conserved order parameter (e.g., a concentration field), the Cahn-

153]

Hilliarde e:uation:[ which results from mass conservation with a flux driven by chemical potential

added to e underlying physics of a system, such as elastic strain energy. Based on the

gradient, a

<
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s =7 e (G5l ®)

where I‘Wity associated with the conserved order parameter and 6F /8¢ is the variational

derivative @ hich is an infinitesimal change of F corresponding to an infinitesimal change of

P

¢. Foigaghengeenserved order parameter (e.g., a field representing the degree of atomic-level

order/ diSOrhAllen-Cahn equation is applied:!">!

2w (2) o

where L is ity associated with the non-conserved order parameter.

USC

Phase-field have an advantage of easier numerical implementation compared to most sharp

N

interface re, boundary conditions do not need to be imposed on the interfaces, which often

have complex hologies. This enables the use of the finite difference method,"*® which is a

d

straightforward numerical approach for solving partial differential equations. The validity of phase-

field models e assessed by examining the sharp interface asymptotics for the phase-field

8

\

model,! I"and by comparing the phase-field simulation results to the sharp interface

[159, 160]

L

models.

161-165

Phase-field of eutectic solidification have been developed I based on the quantitative

phase-field s of solidification.!">" ** 1] Early phase-field models for eutectic solidification

were demomistrated for binary eutectics but were not computationally efficient because fine spatial

i

resoluti quired for resolving composition gradients and their evolution within the

{

interface.[lQlti—phase—field models enabled examination of three or more phases.!'®" "% These
models we r developed to improve accuracy and computational efficiency by mitigating a

A
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diffuse interface artifact (i.e., solute trapping) and have been validated against the Jackson-Hunt

theory [88, 163-165]

Many asp icrostructural formations in eutectic solidification have been studied by using

phase-field . ase-field simulations of eutectic colony formation'” and lamellar stability
I

during soli@lification! """ have provided insights into eutectic morphological evolution. Phase-field
simulation gg8ultSgonfirmed the existence of a eutectic colony structure, which has shorter-range (i.e.,

'l which were predicted by the

lamellae) a er-range (i.e., eutectic colony cell) periodicity,t
long-rangefinstibility in a linear stability analysis.!'’”®! The overstability condition of small lamellar
spacing wi by phase-field modeling and experiments revealing transverse movement of

phase tripl ns not considered in the derivation of the Jackson-Hunt theory.!’” Phase-field

simulation!of the continuous nucleation of solid phases during eutectic solidification were performed

and reveale e nucleation can suppress instabilities of interfaces between a single solid phase
and the cufQgt id.l'"”! Also, the formation of a zig-zag type lamellar structure was found and
analyzed® ubsequently, the stability of structural defects in lamellar and other unique periodic
microst not considered in the Jackson-Hunt theory were revealed.!'”” The effects of planar

geometric confinement on the resulting eutectic microstructures were examined, and several

3

microstruc ures rarely seen in experiments were discovered.!'” " As in all multi-phase

materials, energies play a key role in eutectic microstructure evolution, and thus the effects

of anisotropy interfacial energy were studied.!

morpholog‘al patterns, such as spiral eutectic colony structure, due to interfacial energy

anisotrow he effects of the temperature profile were investigated, and a lamellar-to-rod

181 1821 The results showed a wide variety of

microstruc sition was found in the directional solidification of the eutectic with the

temperature gra 1eft direction transverse to the solidification direction.!'®! Ternary eutectic systems,
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in which three solid phases form simultaneously, were studied for lamellar growth in two

[184]

dimensions and spiral growth of two-phase rods embedded in a matrix phase in three

dimension*lll . Eutectic phase-field models have been employed to simulate many different types

of eutectic tems, including metals and ionic compounds. Figure 5 shows various types of

eutecticmmienestmetures (including lamellar, colony, rod, and spiral structures) that have been

successfullhed with phase-field models.

Figure S. karious eutectic pattern formations captured by phase-field modeling. A) Lamellar
structure formatiol during directional solidification. Reproduced with permission.!'®! Copyright

2000, Elsev Eutectic colony formation during directional solidification. Reproduced with

permissi Copyright 2002, American Physical Society. C) Lamellar breakdown during
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isothermal solidification under thermal noise and continuous nucleation. Reproduced with
permission.'”*! Copyright 2007, Springer Nature. D) Lamellar-to-rod structure transition during
directionalFolidi;"ation due to change in the temperature gradient direction. Reproduced with
permission. 2Copyright 2017, AIP Publishing LLC. E) Spiral eutectic colony pattern formation due
erfacial energies. Reproduced with permission.!"® Copyright 2017, Elsevier. F)

Spiral gowth of rods during directional solidification of a ternary eutectic. Reproduced with
|
permissionsw Copyright 2016, Elsevier.

5. Templmcted Solidification of Eutectic Materials

Template-ﬁssembly has already shown potential to improve the order of self-organizing

systems block copolymers, amphiphilic molecules, spinodal decomposition, and
nanopartics, Eor applications ranging from data storage to optics (see Section 3). Here, we discuss

how this concept i1s showing promise for controlling the self-organization of eutectic materials to
fan

generate tures that could have potential optical functionalities. This template-directed
solidifi also lead to the emergence of new structures that are not present in either the
template or ive eutectic structure. As the variables associated with a template’s geometry

further broaden an already large phase space, simulation methods would be key to making efficient

progress in!nderstanding the microstructural evolution and the development of templates.

In a templs @ ed process, the resultant microstructure depends upon specific interactions of the

template w lidifying eutectic material. Using a template, there is the potential of forming new

n

photoni optical metamaterial architectures, as well as the possibility that structures with

{

long-rangeforder can be realized. This calls for designing architectures focused toward novel two-

dimensional and thlee-dimensional patterns with precise placement of the solidifying eutectic. Such a

U

A
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precise control requires fundamental understanding of the concepts of eutectic-eutectic and eutectic-

template interactions.

T

State-of-th s like lithography and surface functionalization can be used to design a template
matrix wit topography and surface chemistry. With this, the effects of confinement and
I

the interadfion between the template pattern and the solidifying eutectic (for surface-selective
nucleation)#&n ombined to tailor the assembly of the phase-separating components. As reviewed
in Sections , the combination of top-down lithography and bottom-up assembly of materials

give opporw fabricate large-area, scalable optical materials and widen the scope of constituent

structures jials.

Some wor ady been done to show the effect of templates on eutectic solidification and it has

long been at a template can be used to control the resulting functionality of the system. For

example, mich has been explored as a hydrogen storage material given its high hydrogen
content %, demonstrated enhanced hydrogen storage performance when confined within
nano- and micr ous templates. To infiltrate LiBH, into porous materials, it was helpful to form

eutectic >ras this decreases the melting point and thus the required temperatures for melt

inﬁltration!lgs'wo] In one case, the eutectic LiBH4-Ca(BH4), was successfully infiltrated into

mesoporous carbon, and the positive effects of nanoconfinement were observed through the enhanced

h and absorption properties, improving the hydrogen storage performance of the

Perhaps#ngly, it has been observed that the nanoconfinement of eutectic materials within a

porous temp!ate Sds to slight modifications in the phase diagram and melting characteristics as

interaction betwef the eutectic melt and the template surface change the overall thermodynamics of
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911921 A detailed understanding of these interactions is crucial in designing templates, as it

the system.
is these interactions, coupled with the reduced dimensions of the environment that determine much of
the effects l¥ con!mement on the resultant eutectic microstructure.'”” Note that the overall shape of

the phase of the confined mixture does not change; however, there is some shift in the

P

meltingatermpesatames and concentrations with respect to the bulk mixtures. It has been demonstrated
in some nh confined binary organic eutectic mixtures (e.g., C¢H4Br,-CCly) that the melting

temperatur@ of theinixtures decrease relative to the bulk eutectic when the melt-wall interactions are

C

[192

weaker thangth It-melt interaction as seen in the case of infiltrated silica glasses.!"”” However, in

S

the case of Mf1ltr@ted mesoporous carbon where the melt-wall interactions are stronger than the melt-

melt interactions, Jthe melting temperature increases. Thus, it is critical to take into account the

J

thermodyn cts of the interaction of the eutectic and template surface that can modify the

[

conditions ¢ solidification.

5.1 Effects

d

ape of the Solidification Front

A few cases ofdemplate-directed solidification of eutectics have been studied in literature, as

M

review Swherein factors affecting the solidification process and the final structure are either

the templatg-dictated shape of the solidification front or confinement within the patterned template.

[

The periodicity of the eutectic (4) is primarily determined by the solidification front velocity (v).

Depending @ anner of heat removal from the eutectic melt and the design or composition of the

container/t > the solidification front can assume different shapes and orientations. Hence, the

N

templat d template composition are both crucial in determining the shape of the

{

solidification front for a given method.

AU
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As one of the initial examples of template-directed solidification of eutectics, it was demonstrated that
by forcing the solidification front to curve, either by adjusting the heat-flow pattern or by blocking the
eutecticm a physical obstacle, the lamellar structures of some eutectics (Pb-Cd, Sn-Cd, and
Cd-Zn) tra @ nto rod structures.''”! Over the range of the applied growth rates, the Pb-Cd
eutecticmal wayssfemmed an ordered lamellar structure in the absence of obstacles. To produce a curved
solidiﬁcatih the eutectic was directionally solidified in a graphite boat containing a graphite
inset as Sh@gure 6. In this setup, the metal eutectic solidified with a planar solidification front
until the fromt 1 ed the sharp edge of the graphite inset. At the edge, the solidification front curved
as it grew qu past the inset obstacle without significant change to the growth rate. However,
the lamellae brodeown into rod structures as the growth direction curved and pointed out of the

plane of tht‘owing lamellae. The rods did not extend far from the edge of the graphite inset,

rather ther apid transition back to lamellae, suggesting that the rods must be growing under

unstable c@nd ‘@ Thus, it was concluded that the sudden change in either the direction of the

d

solidification or the curvature of the solidification front caused by the template led to this unique

observation o 193]

hological changes.!

Author M
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Direction of Gmyth

Graphite inset produces a curved
solid/liquid interface causing lamellar-to-
rod transition in Pb-Cd eutectic

nuscript

Figure 6. Modifying the shape of the eutectic solidification front by introducing an obstacle in its

solidificati b—Cd eutectic shows a lamellar structure; however, when its solidification path is

ak

modified by a ite inset, the solidification front curves around the inset, causing a lamellar-to-rod

transitio eutectic (imaged at 1125x magnification). Reprinted with permission of Taylor &

Francis L chalf of The Institute of Materials, Minerals and Mining.""”*! Copyright 1963, The

M

Institut

s, Minerals, and Mining.

The shape {© solidification front is also affected by the heat-flow pattern during the directional

or

solidificati eutectic. This is a crucial parameter that determines the overall alignment of the

n

eutectic This heat-flow dependence was demonstrated in the high-operating-temperature

{

direct-in of a binary salt eutectic, AgCI-KC1.”* The salt eutectic had an excellent overall

alignment of its ldinellae along the printing direction as shown in Figure 7A, however, along the

U

edges of the filament, the lamellae curved.” The additional heat loss from the edges of the

A

This article is protected by copyright. All rights reserved.

31



WILEY-VCH

printed eutectic to the cold ambient air would result in the change in the solidification front direction,
which was hypothesized to be the cause of the observed curved lamellae. A simulation was performed
based owmental setup and the heat transfer parameters of the eutectic mixture (Figure 7B),
which matd @ bxperimental observation.”* In addition, the simulation indicated that the printing
head imposedsamemmved isotherm boundary, leading to a small variation in the values of the lamellar
spacing frchge of the printed filament to its center.”" In fact, it should be possible to reshape

the printinglhead iff such a way that the edge effect can be amplified to vary the lamellar orientation

€

across the gnt ilament, for example, to obtain fully curved lamellae. Such curved lamellar

S

structures d®exhibit inherent chirality from its structure, similar to the case of rotational

solidification that pFoduced a spiral eutectic structure.!''*!

Ll

Author Man
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Figure zutectic filaments as diffraction gratings: AgCI-KCI eutectic printed using the

direct-ink-writing technique. The center of the printed filament shows straight lamellae aligned along

the printin&irection. At the edges of the filament, the lamellae curve outwards as confirmed by the
phase-field @g. Reproduced with permission.”* Copyright 2016, Wiley-VCH.

The hig&temperature direct-ink printing method described above provided precise control

over thehpacing by adjusting the printing velocity, and therefore these filaments could be

used as diffractios gratings in the visible to near-IR wavelength regime (Figure 7C).”* Angle-

dependent&“easurements were carried out on these samples (Figure 7D), and the diffracted
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light was found to behave in the same manner as in model gratings, with slight variations arising due
to the imperfections in the printed lamellar architecture. The diffraction efficiency from the first order
peaks WMd (from <1.6% to ~2.5%) by selectively etching the KCI phase to increase the
refractive 1d onitrast. Further enhancement of the diffraction efficiency (~15%) was achieved by

coating stheméAsg@lmlayers with silver (Figure 7E), which was in good agreement with the optical

simulationh

Apart from

C

sical obstacles and the solidification conditions, templates can be fabricated such

that speci t-flow patterns can be generated. Such a template design was realized in the eight-

S

194

legged thr ional cage structure shown in Figure 8A and B.'"” These ribbon-shaped legs

U

consisted core, a Si ribbon, and a SiO, shell. The composite structure and the contrasting heat

transfer pr@perties of the component materials gave rise to a non-uniform heat-flow pattern. Upon

[

cooling a gCl-KCl eutectic-covered cage, solidification began at the top of the cage and

d

proceeded length of the ribbons, as seen by the alignment of the AgC1-KCl eutectic lamellar

194

structures ch 1s parallel to the tangent to the ribbon (Figure 8C-E)."”* As calculated by heat

transfer ons for the non-uniform composite ribbon, the solidification front (which is assumed

M

to be the isothermal surface at the eutectic temperature) had a curvature such that the solidification

direction

]

d at the edges of the ribbon (Figure 8F).I'™ The simulated direction of

solidificatig ins the curvature in the lamellae at the edges of the structure seen in experiment.

[194, 195]

This templa anufacturing technique can create a variety of three-dimensional shapes,

providing Wique opportunities to grow template-directed eutectic materials for optical applications.

q

Aut
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Template: Cage structure AgCl-KCl eutectic as solidified on the cage structure

_ eutectic B

')

AgCl-KCl lamellae directionally solidified on a ribbon of the cage structure

ensional cage structure template-directed solidification of eutectic: AgCl-KCl

eutectic as solidified on a cage structure. Reproduced under the terms of the CC-BY-NC-ND 4.0
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These applications show that, by controlling the shape of the solidification front via template design,
novel structures of self-organizing eutectic materials can be obtained. Further studies are required to

apply tth to form optically functional structures.
5.2 Effects ent within the Template

I
In additiorhrolling the shape of the solidification front, templates can greatly modify the
microstruc@solidifying eutectic, in particular when the template has characteristic dimensions
commensume characteristic spacing of the eutectic structure.”*! Templates have been used to
demonstrate the "effects of confinement on eutectic solidification with those ranging from one-

dimensional strucflires, such as capillary tubes and porous anodized aluminum oxide, to three-

dimensionCes, such as silica opals, which are further discussed below.

Optically tmt eutectic organic alloys are advantageous for studying eutectic solidification, as

their transp
0 olution of the solidification front and the formation of eutectic structures.!"™” '** "1 In
wn in Figure 9, the specimen (capillary tubes with a thin-slab geometry) thickness was

modified by changing the spacer thickness, and the rate of solidification was controlled.!"™ Samples

nables direct, in situ observation of directional solidification, which provides the

details

one stu

of succinoMN) - (d)-camphor (DC) eutectic were sealed in 5 mm wide glass sample holders

optical mictescope. The eutectic formed a rod structure independent of the specimen thickness, when
high ngies were used. This showed that the rod morphology was favorable when the
characteristic spa§g was small. However, at slow growth velocities, the characteristic spacing of the

eutectic structure Jas larger and on the order of the specimen thickness; thus under these conditions,
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the system can be considered to be “confined”. For specimen (confining-geometry) thicknesses
between 30 um and 140 pm, lamellar patterns of DC and SCN phases are observed. While the volume
fraction o!lgllﬁ-llc would usually result in a rod structure, the ordinarily unfavorable lamellar

microstruc @ ed within a confinement since the lamellar instability modes were blocked as the

P

specimgm timiekmess was smaller than the critical wavelengths of the morphological instability
threshold.“h’ specimen thicknesses above 140 um, the bulk microstructure of DC rods in SCN

matrix wasgl obseryied for the same slow growth velocities. These steady-state morphologies that

C

formed at mvelocities with the confinement effects of the solidification template showed a
i

[176, 179,

bistability tectic pattern. Phase-field modelling was used to confirm these transitions.

1961 R od-to- lamella transitions resulting from confinement effects of the template could prove useful
in designin c periodic microstructures in the solidifying eutectic material.

E=ls T EREERL V= 0,007 |..F|'|_-"S

::it} MO o @ @ @ V=0O01lum/s

ut:Jur mis ¥ l“' .
i||||ni|“*‘“m Ak
[ ]

=0.011 pm

L

40 mum

Section B-B §=100 pm

e
; 5=140 um V=0.011 um/s
. -

== NI

Thin-slab geometry Succinonitrile-(d)-Camphor eutectic patterns in confined geometry

—

== A

(I

50 pm

This article is protected by copyright. All rights reserved.

37



WILEY-VCH

Figure 9. Confinement of eutectics during solidification within a thin slab geometry: Succinonitrile-
(d)-Camphor eutectic confined in a thin slab geometry with finite thickness (d). As the thickness
varies, the Bicrostlicture changes from lamellar to rod morphology. Scale bars 20 um. Reproduced
under the ter the CC-BY-NC-SA 3.0 license.!'*"

The effect hxement on the solidification of eutectics has also been studied using microporous

AAO as afltemplafe. Single-crystal nanowires of Bi-Sn solder eutectic alloy were synthesized by

C

confining itggsolgification within this porous structure."”®! The AAO templates were infiltrated by the
metal eutec g a setup that enabled evacuating the air from the pores, followed by hydraulic

pressure injection @f the melt into the pores. The confined Bi-Sn eutectic melt phase-separated within

these nano-gi es to form an alternating layer structure (Figure 10)."** " Given the direction of
heat flow top of the template to the bottom surface, where heat is extracted) and the
expected s@li jon direction that results, alternating layers of the eutectic would ordinarily be

expected to align along the axis of the cylindrical pores. However, the template-directed eutectic
exhibited an ected orientation of phase-separation of the Bi and Sn phases. Such phase
separati ise due to the confinement effects of the small pores on the eutectic. It can be

observed in Figure 10 that there is not a preferred phase that nucleates at the bottom surface of the

template; or Sn can start solidifying at the bottom surface. This leads to a build-up of the

atomic spe other phase, which subsequently solidifies above the first-forming phase. The

overall altesatimgestructure does not have a fixed spacing; rather the Bi and Sn layers are of random
lengths hat a stochastic process, such as nucleation, is playing a role. The phase boundary
orientationSuggests that this phase-separation process is not a traditional directional solidification of a

eutectic, where s;'d—phase separation occurs in a lateral direction, parallel to the solidification

This article is protected by copyright. All rights reserved.

38



WILEY-VCH

Figure 10mement of eutectic during solidification in AAO template: Bi—Sn eutectic as

solidified within channels of AAO template. This provides a novel approach to synthesize large-

area nano ! roduced with permission.!"”® '**) Copyright 2009, Elsevier.

nu

The AAO Me (8-directed eutectic solidification presents a novel method to obtain multi-phase

a

nanowi

s chemistries, however lack of control over the thickness of the individual layers

could be a co for optical applications. Future investigations may include eutectic materials of

N

inherent structures such as rods, or spiral, directed by the pores of the AAO template, possibly

resulting inghelical morphologies.””!

[

The confi @ the solidifying eutectic within pores offers a novel method to obtain small feature

sizes in the ic structure that may not be easy to obtain by simple directional solidification. These

N

pores ¢ eated via three-dimensional templates, as reported in the case where AgCl-KCl

L

salt eut filtrated into a silica opal template.”” The small nano-sized gaps between the

individual silica c@lloidal particles gave rise to new morphological features with sizes significantly

Ul

smaller than th either the template or the inherent bulk eutectic, as shown in Figure 11 A and

A

This article is protected by copyright. All rights reserved.

39



WILEY-VCH

B.* The emergence of the three-dimensional mesostructures was mainly determined by the gap size
(necks) between the densely packed silica colloidal particles. When the gaps were sufficiently large,
the lameapMeparation was facilitated in such a manner that the eutectic maintained a lamellar
structure 1d m pwever, there was no long-range order in the complex morphology of AgCl and
KCl1 lamme! laemimathe case where this gap size was small, i.e. the colloidal particle diameter was small,

a random ahte of AgCl and KCl phases was observed with no short- or long-range order."”

— B cophed
= 70 um's D5
= 100 pm's DS

b 0
= 02 04 08 08 10 12 14 168 18
TﬁmplateYSIli:a opals AgCl-KCl eutectic as solidified within silica opals D-ii W ah an)

B-iii

o8

CLEXE

KL

k.l.L.ta‘:“_i v
eeeeeal

o A nh 0B 08 10 12 14 18 18
. fﬁ\ i‘"—.’*" &, 0 y Wavekength (jem)
Mesostructured AgCl inverse opal  phase-field modeling prediction of AgCl-KCl lamellag Optical properties of AgCI-KCl
solidifying through opal template (1360nm diameter) infilled silica opal template

Figure ll.Qpal template-directed solidification of eutectics: AgCI-KCl eutectic directionally

solidified m silica opal template shows a complex morphology of the lamellar eutectic.
Reprod rmission.””! Copyright 2015, Wiley-VCH.
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This three-dimensional mesostructured network of AgCl-KCl eutectic imposed by the template
exhibited intriguing optical properties that could be changed by varying the rate of directional
solidiﬁcM%pending on the lamellar spacing of the mesostructured eutectic, sharp dips in the
transmission m were observed around 1.42 pum, 1.18 pm or 690 nm, corresponding to the

). This was

featuresminmthememmplex morphology of the template-directed eutectic (Figure D
confirmed hcal simulations for a simplified structure of alternating dielectric layers (assuming
the refract‘e inde’ of 1.49 and 2.09 for KCl and AgCl, respectively) infiltrated within a matrix of

silica sphe absence of any optical response from the opal template suggested that the

S

mesostructUre ref@ins optical features from the lamellar eutectic, even when infiltrated within a

periodic array of sifica colloidal particles.””!

Gl

5.3 Challefiges and Opportunities of Template-Directed Solidification of Eutectic Materials

[Q)

[87, 88, 91, 92, 200,

There are aflafge Mumber of material combinations that undergo eutectic solidification.

d

1 Ho it s challenging to test all of these material chemistries to obtain the desired template-
directed eutectt tical materials. Thus, it is critical to select the best material system for a given
applica ease of processing. Processing challenges include limitations of the ambient
environme! control, undesired chemical reactions, and the thermal and chemical stability of the

template matgrials. The template features should be durable and strong enough to tolerate stresses

processes ire rapid heating or quenching and thus the template materials must be able to

survive | gradients.

The ideal templat® fabrication technique should provide features at the desired length scales. For

model studies, lith@graphic techniques are probably best, given their precision and applicability to a
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diverse range of geometric designs.’ **?! The ability to incorporate a diverse set of materials is
important, as the constituent materials play a major role in controlling heat flow, and therefore the
temperaturl prohle imposed on the solidifying eutectic, which often strongly affects the resultant

miCTOSth

I
The profildglof the solidification front within a template can also be determined by the experimental

setup, i.e. S e of heat and the method of heat extraction from the molten eutectic-template
composite.meater the degree of control over heat removal, e.g., cooling rate and direction, the
greater thewver the eutectic microstructure. The advancements in the experimental setup (for
precise co he temperature profile) need to be accompanied by the development of in situ
characteriz niques as it has now become crucial to observe the kinetics and evolution path of

124, 1 1 2
the assembfly process.!'>* 18- 197. 2031

Another cn is the compatibility between the template surface and the solidifying eutectic

materia stability and wettability are particularly important for template-directed eutectic
solidification. ce modifications, such as metal or oxide coatings, could provide favorable, stable
surface nd allow controlled flow of the liquid eutectic material over the template surface.

The templ!e material must also have a melting temperature higher than that of the eutectic

temperature tg.ayoid thermal instability or melting of the template. For some applications, it may also

template to be reusable.

For cases gen certain materials with desired properties cannot be directly solidified through a
templat“—directed eutectic could itself act as a template for other materials. This can be

achieved by se!eSvely etching one of the phases and infiltrating with new materials.”* ***! This

<
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replacement technique could be especially advantageous in synthesizing optical metasurfaces and

metallodielectric optical metamaterials.

T

Phase-fiel ion of the microstructural evolution in template-directed eutectic solidification can
give furthe oth a complement to experiments and as a predictive tool. One benefit realized
I

through sir!i lation is the ability to investigate the isolated effects of each material property or process

parameter. Qﬂple, one can adjust the eutectic-point phase fraction of a material system in a

simulation changing other parameters ordinarily associated with a material change, such as

diffusivity Wcial energy. This approach allows one to gain understanding of what material
properties s parameters have the largest influence on the resultant microstructure and its
ability to ga desired optical response. Simulations also allow the examination of details that
are difficu! or impossible to observe during experiments, such as the orientation of the solidification
front or the

s of the path of microstructure evolution. Some of these details can be quantified

in the simulati ch as the undercooling of the solidification front or the chemical composition

distribu e liquid ahead of the front.
Additio , ating the template-directed eutectic solidification can often offer strategies for

circumven!' g challenges that arise in experiments, such as the potential difficulty in controlling the

temperature prefile of a sample during solidification, issues with eutectic-substrate compatibility, or

@ tlar template geometry. Overcoming these experimental challenges is sometimes
necessary, o the simulations as a predictive tool to determine promising combinations of
templat s, material properties, and processing parameters narrows the focus of the

experimental efforts and thus increases developmental efficiency. In this manner, the cooperation of

synthesizi

both expermd simulations can lead to novel and successful template-directed eutectic optical

materia%dly than experiments alone.
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To this end, we have developed a phase-field model to predict microstructural evolution resulting
from the confinement within the template and to investigate template-directed eutectic
solidiﬁCM The approach combines a three-phase eutectic solidification phase-field model
with the sundary method (SBM).!'®! The SBM is used to impose no-flux boundary
conditioms atmthesdiffuse interface of a domain parameter (that indicates the region occupied by the

template), h the impermeability of the eutectic materials into the template material.

Directionagation in the simulation is driven by the motion of an imposed linear temperature
gradient afla ongfant speed comparable to the sample pulling velocity in an experiment. More
complex t e profiles can be employed as well, such as those calculated by heat transfer
simulations® he heat transfer could also be coupled with the eutectic phase-field model directly

to track thaitemperature evolution.

These phamulations can be applied to study the evolution of the microstructure, chemical

compositi ndercooling. Perhaps most importantly, the final microstructures formed from
directional soli tion of a eutectic through a periodic template can be predicted even before an
experi rmed.”> " Figure 12 shows examples of such predicted structures. A two-

dimensioni simulation predicted a structure formed by solidifying a 50/50 volume fraction eutectic

through a he ally-arranged lattice of pillars (Figure 12A). The template has a clear effect on the

morpholog utectic material, as it departs significantly from its inherent lamellar structure. A
three-dime imulation predicted the structure of the same 50/50 volume fraction eutectic,
directio ied through the pores of a template consisting of spheres arranged in a simple-

93, 194

cubic lattice (Figure 12B). This simulation once again demonstrates that the resultant microstructure
i ! Furthermore, these

has compl resent in the intrinsic lamellar structure or the template. !

<
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structures inherit long-range periodicity that is not present in traditional directionally solidified

eutectic materials, providing a path to enabling the desired optical response of these materials.

oI b o

nuscript

d

Figure 12. se-field simulations of template-directed eutectic solidification: Example

microst of a 50/50 volume fraction eutectic material solidified through templates. A) Two-
dimensional si ion with a hexagonally-arranged pillar template. B) Three-dimensional simulation

with a t isting of spheres arranged in a simple-cubic configuration.

There are ge portunities in the design space for the template-directed solidification of eutectics to

or

tailor the 1 er interactions for optical metamaterial applications. However, such applications

n

require control over the eutectic morphologies and their degree of order, both at short and

{

long ranges? Along with appropriate template design, this will require precise control over the rate and

direction of heat flow in the experimental design, allowing steady-state solidification conditions

9

suitable to a high degree of order. If this is realized, the potential list of applications will

A
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include optical, electronic, magnetic, thermal, photovoltaic and mechanical functionalities. To date,
reports on template-directed organization of eutectics have been predominantly limited to lamellar
eutectic sylems. !y utilizing other eutectic structures with rod, irregular, or complex motifs, new

classes of cted eutectic organization can be explored.

H
6. ConcldSions and Outlook

To create @\onic crystals and optical metamaterials with unusual optical properties, novel
structures wepts of fabrication methodologies are required. One way of achieving this is by
fabricating mnietallodielectric nanostructures that could have negative index of refraction and act as

left-handed materSls in the visible and near-IR spectral ranges.™ **! Target properties of such

nanostruct amaterials could include invisibility cloaking, optical magnetism, improved
imaging ( nsing or supercollimation), and enhanced light emission and detection.”! These
properties
form s -scale complex microstructures in matter."!

Critical onic crystals and metamaterials is precise control of microstructure and the materials

making up that microstructure. Eutectic systems may be useful in forming some high-symmetry

kibly be realized through the ability of template-directed eutectic solidification to

structures, kmnd structures,™ holey fibres, " gyroids,** and supercell structures,*"”! that

have beenfp gd to act as powerful photonic crystals. Examples of important metamaterial

ude: highly ordered split-ring resonators, helical structures, and fishnets;'* * * 4 21

structures inc
geometries§et to be fabricated and measured for eutectic systems. Realization of templates that
provide Hres starting with a eutectic material would be ground breaking in optical material
synthesis. @1&1‘[6 itself can be used as a primitive photonic crystal, and the solidifying-eutectic

structure could bega supercell structure defined by the template.”® *'"> '*) Top-down fabrication
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techniques of photolithography, electron-beam lithography, interference lithography and direct laser-
writing have been used to fabricate patterns out of silicon, titania, glass, or polymers, which can also
be inveRe’ o metallic templates.'**> 23281 Thus, templates can be fabricated with metals or

dielectric nd the final template-directed eutectic pattern could possibly be either a

metallodiclestmeseman all-dielectric structure.

L

Further stugdies required to master the art of obtaining large-area morphologies for functional

applications. from two-dimensional patterned surface templates,***!

many three-dimensional
scaffolds lwfoams, inverse opals, holey fibers, gyroids, helices, and nanowires could possibly
be used as s to fabricate intricate shapes of eutectic materials.' > '** ) Additionally, the
concepts 13 field of directed assembly of block copolymers could be explored, in which
balancing ge thermodynamic and kinetic constraints has proven critical in perfecting their final

microstruct arget applications.®" ']

The fie e-directed solidification of eutectics is relatively new, and thus we must undertake
fundamental solidifiication studies. We can make use of nanoporous scaffolds like porous silicon,
porous , porous anodic alumina membranes,”" *** #% 2! to study the effects of the
characterisg length scale of the template (vs. the characteristic spacing of the eutectic) on the

microstructural_evolution. Perhaps some sub-wavelength metastable structures that could result may

be suitable e 1 metamaterials.

Phase—fiel&}mulations, coupled with well-established optical simulations,”** can be critical in
predictiIHcted structures, and useful for designing templates to achieve microstructures

specific to tEe Eess:d optical applications. The developed phase-field model provides an efficient tool

to investigate hOf structure is influenced by a wide range of variables, including material properties
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and processing parameters. The model’s ability to predict structures is particularly useful in the design

of template geometries in the pursuit of well-ordered periodic eutectic structures. Parametric studies

|

of templatéigeometry variables such as spacing, size, arrangement, and shape can be used to screen

for promis @ es prior to experiments.

|
In summanf, in this review, we focused on the prior results and future opportunities for template-

directed orgghizd8ign of eutectic materials and discussed the challenges that will need to be overcome

G

to obtain po photonic crystals and optical metamaterials via this approach. The initial results

have been icamt in understanding the fundamentals of eutectic confinement by templates and the

S

prerequisit signing a successful template for a specific microstructure. These results have

U

opened ne ilities in the field of template-directed assembly of materials. As a guide for

researchersgwe have summarized (in Figure 13) the crucial parameters outlining the criteria to select

A

appropriate materials and templates to obtain structures for optical applications. There are a

a

number of @it or template-directed-solidified eutectic materials, each with a specific objective

that m achieved to produce a functional optical material system. By combining a range of

experi chniques and coupling with simulations, the complex goal of designing large-area

M

optical materials with practical performance appears to be within the reach of the research

communit

3

multidisciplinary approach will accelerate progress for reaching the ultimate goal

of using e idification to form materials with unprecedented optical properties.

¢
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Templateembly gives access to structures that are not present in either the template or

the nati‘e Wizing material. Proof-of-concept works on template-directed self-organization of
solidifyingw materials have exhibited intriguing results for photonics and optical

article provides a review of the challenges and opportunities of this technique for

forming opticallypowerful structures.
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