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Abstract

Metamaterials have opened up the possibility of unprecedented and fascinating concepts and applications in optics
and photonics. Examples include negative refraction, perfect lenses, cloaking, perfect absorbers, and so on. Since
these metamaterials are man-made materials composed of sub-wavelength structures, their development strongly
depends on the advancement of micro- and nano-fabrication technologies. In particular, the realization of three-
dimensional metamaterials is one of the big challenges in this research field. In this review, we describe recent pro-
gress in the fabrication technologies for three-dimensional metamaterials, as well as proposed applications.
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1 Introduction

Metamaterials are man-made materials composed of
metallodielectric structures [1]. Since their unit elements
are designed to be smaller than the wavelength of light,
these metamaterials work as quasi-homogeneous mate-
rials; this is the reason why they are referred to as meta-
“materials” not meta-“structures” The most important
aim of engineering such materials is to obtain complete
control of light waves using the unprecedented optical
properties and functionalities that arise from these artifi-
cial structures.

A perfect lens achieved by negative index materi-
als is one of such unprecedented functionalities [2].
The refractive index of a material is defined by the
product of the square root of the relative permittivity
and the square root of the relative magnetic perme-
ability. Since all natural materials lose their magnetic
responses and its permeability becomes unity in the
optical frequency region, negative index materials are
never found in nature. Recent achievements in the
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creation of optical magnetism by using metamaterials
have opened up the possibility of novel optical phe-
nomena and effects that were previously considered to
be unrealizable [3]. In addition to negative index mate-
rials, a wide variety of potential applications have been
predicted and demonstrated in the past decade, such
as invisible cloaking, designer dispersion, absorption
management, and so on [4].

One of the trends in this research field is increasing
the working frequency of metamaterials, which began in
the microwave frequency regime, up to the visible light
frequency regions, which is several hundreds THz [5].
Many efforts have been made by researchers in theo-
retical studies for realizing optical metamaterials, and
now we know that what kinds of materials and resonant
structures are appropriate for realizing optical metama-
terials. The recent advances in micro- and nano-fabri-
cation technologies have brought such ideas to reality,
having a huge impact in a wide range of optics and pho-
tonics research [6]. However, since current fabrication
technologies, such as photolithography and electron-
beam (EB) lithography, are based on two-dimensional
(2D) patterning techniques, the realization of true three-
dimensional (3D) optical metamaterials is still a chal-
lenge [7]. In this review, we focus on recent progresses
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made in the fabrication techniques for 3D metamaterial
structures [8].

2 3D metamaterials vs. 3D functional
metamaterials

The term “3D metamaterials” is usually used to repre-
sent “bulk metamaterials” or “stereoscopic metamateri-
als” However, there are actually two different meanings
of the word “3D”. One is that the shape of the metamate-
rial itself is 3D and not planar. The other meaning comes
from the degrees of freedom of the functionality of the
metamaterial. In the first section of this review, we would
like to emphasize this difference; that is the difference
between the dimensions of the metamaterial’s shape and
that of its functionality.

Optical metamaterials use resonant structure as their
building blocks (unit elements). One of the most well-
known unit elements is the “split-ring resonator (SRR)’
which was proposed by Pendry et al. [9]. An SRR consists
of metal rings with several slits; the metal rings work as
magnetic antenna and inductors and the slits intro-
duced in the rings work as capacitors. The operation of
the SRR is based on an LC resonant circuit. Since there
is no antenna structure that has isotropic radiation prop-
erty, metamaterials made with SRR arrays also inevitably
become anisotropic. Figure la shows an SRR placed on
the x—y plane. This SRR can couple with a magnetic field
that oscillates in the z-direction, and it does not inter-
act with a field that oscillates in the x—y plane. There-
fore, from the viewpoint of the degree of freedom of the
magnetic interactions, this unit structure is categorized
as a one-dimensional (1D) metamaterial element. When
these structures are integrated into a 2D array, the struc-
ture is defined as a 2D structure. However, the metama-
terial functionality is still 1D. Moreover, when such 2D
structures are stacked in the z-direction, they form a bulk
structure, but the metamaterial functionality consistently
remains 1D.

In this sense, we recognize that the dimension of the
functionality of a metamaterial is different from the
dimension of its shape. To increase the degree of free-
dom of metamaterial functions, additional different ori-
entated structures are necessary, as shown in Fig. 1b,
c. Here, when we put an additional SRR in the x-z
plane, the metamaterial exhibits 2D optical functions,
and adding an SRR in the y-z plane, the metamaterial
gains complete 3D controllability of light waves. In this
paper, we define the terms “bulk metamaterials” and
“3D metamaterials” as metamaterials whose structure
is distributed in x—y-z space irrespective of the dimen-
sion of its functionality, and we use the term “3D-func-
tional metamaterials” for those that have complete 3D
functionality.
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Fig. 1 3D metamaterials vs. 3D functional metamaterials. a 2D structure
but functionality of metamaterial is 1D. b 3D structure but 2D funtional
metamaterials, and € 3D in both structure and functionality metamterial




Tanaka and Ishikawa Nano Convergence (2017) 4:34

3 Stacking of planar structures in three
dimensions

Stacking 2D planar layers is the easiest way to fabri-
cate a bulk structure. The recent progress in micro- and
nano-fabrication techniques, such as photolithography
and EB lithography, enable us to fabricate 2D structures
on the surface of a solid substrate with nanometer-scale
accuracy.

In 2008, Liu et al. reported a photonic metamaterials
in which four SRR array structures are stacked by using
a layer-by-layer technique [10]. In their experiment, they
fabricated 430 nm by 380 nm square SRRs with an 80 nm
linewidth using EB lithography, and then stacked four
layers one-by-one with 70 nm-thick polymer spacing lay-
ers between them. Figure 2a shows an oblique-incidence
view taken by a scanning electron microscope (SEM). In
2009, the same technique was applied to make stereo-
SRR dimer metamaterials with various twist angles [11].
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The same team used this technique to create a plas-
monic induced transparency (PIT) in a multi-layered
metamaterial in which gold nano-rods are stacked on an
underlying gold nano-wire pair [12]. Based on dipole—
quadrupole coupling in this stacked PIT structure, they
observed a PIT band in the absorption dips of the upper
Au nano-rods. Multi-layer stacking of SRRs also provides
huge optical activity [13], and this was also applied to
plasmonic rulers to determine the nanoscale structures
of molecules such as proteins, DNA, and so on [14].

In 2012, Kante et al. proposed a two-layer closed nano-
rings structure fabricated by the multiple EB lithography
method [15]. In this technique, two layers of closed gold
nano-ring structures are fabricated on a quartz substrate
with an SU-8 photoresist spacing layer. Alignment of the
two rings is precisely controlled by the EB lithography
technique. When one of the rings is fully shifted with
respect to the other ring, due to the spectral overlap of

of 3D SRR structure [82]

Fig.2 From stacked 2D to 3D metamaterials. a Magnetic metamaterial made of four-layer SRR structure [10]. b Negative-refractive-index metama-
terial made of 21-layer fishnet structure [17]. ¢ Chiral switching metamaterial made of 3D metallic structure [25], and d isotropic metamaterial made
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symmetric and asymmetric modes and Fano-type inter-
ference between them, a negative index band appears in
the 1.9 um wavelength range.

About the realization of negative index metamateri-
als, Garcia-Meca et al. fabricated a multi-layered fishnet
metamaterial using alternate deposition of silver layers
and hydrogen silsesquioxane-based resist and a focused
ion-beam milling technique [16]. In 2008, negative refrac-
tion was experimentally demonstrated in the near-infrared
regime (1200-1700 nm wavelength) by Valentine et al.
[17]. A 21-layer fishnet structure consisting of alternating
layers of 30 nm silver and 50 nm magnesium fluoride was
patterned by focused ion-beam (FIB) milling, as shown in
Fig. 2b. Additional FIB milling was applied to the multi-
layer fishnet structure to form a prism shape, and the
effective refractive index was experimentally evaluated by
measuring the absolute angle of refraction. Xu et al. used
a multi-layer structure of Ag and TiO, to fabricate a nega-
tive index metamaterial in the ultraviolet region and dem-
onstrated a flat lens effect [18]. Silicon rods separated by a
silicon dioxide layer enabled the realization of zero-index
metamaterials in the near-infrared region (A = 1.4 pm) [19].

In 2011, Chanda et al. reported a flexible 3D optical nega-
tive index metamaterial fabricated by a nanotransfer print-
ing technique. This technique is based on a nanoimprint
lithography method. A multilayer structure was deposited
on a soft imprinting mold by means of EB evaporation, and
this patterned multilayer structure was transferred to the
target substrate by contacting the mold against the sub-
strate. They used a PDMS film for the substrate and dem-
onstrated flexible 3D metamaterials with a negative index
of refraction in the near infrared regime [20].

Double-exposure EB lithography was applied to make
a U-shaped upright 3D metamaterial structure [21]. A
U-shaped upright SRR resonantly interacts with the
magnetic components of incident light waves, and field
enhancements of 16-times and 4-times were dem-
onstrated at the center and two prongs of the SRR,
respectively.

Chirality requires a 3D structure and never occurs in
2D ones. Left-handed and right-handed twisted double-
layer cross structures were fabricated, and the polariza-
tion dependences on left- and right-handed circularly
polarized incident light were compared [22].

Multilayer photolithography and electroplating tech-
niques were utilized to fabricate 3D self-standing SRR
resonator arrays on a silicon substrate [23]. Since the
fabricated SRR arrays are real 3D structures but they
are aligned in one direction, the fabricated metamaterial
structure has only one degree of freedom of the magnetic
interaction. Zhang et al. used the multilayer photolithog-
raphy and lift-off techniques to fabricate a THz meta-
material structure that consists of 3D unit cells. In 2009,
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they applied this technique to demonstrate a chiral nega-
tive index of refraction in the 1 THz region [24]. In 2012,
they also applied the same fabrication technique to make
chiral switchable metamaterials that are controlled by
photoexcitation with a femtosecond near infrared laser,
as shown in Fig. 2c [25]. Because these results use photo-
lithogprahy technique, the size of the structures are lim-
ited down to several hundreds nanometers.

4 Two-photon absorption techniques
Photolithography and EB lithography have already been
widely used as basic tools for the fabrication of 2D meta-
materials, and these techniques can be extended to the
fabrication of 3D metamaterials by stacking. Although
these techniques demonstrate good productivity in 2D
fabrication, the fabrication of 3D structures with 3D
functions has never been achieved. On the other hand,
micro-stereolithography [26, 27] and FIB chemical vapor
deposition (FIB-CVD) [28] enable the creation of arbi-
trary 3D structures. However, these techniques are still
based on layer-by-layer fabrication and do not inherently
have 3D spatial resolution.

The process of two-photon absorption (TPA) was first
predicted by Goppert-Mayer in 1931 [29]. In contrast to
the one-photon absorption (OPA), the absorption prob-
ability in TPA is proportional to the square of the light
intensity, and thus, light absorption is localized inside
the focal point. At the same time, successive chemical or
physical reactions are confined in a small volume with
spatial resolution in three dimensions. As a result, unlike
other fabrication techniques, the TPA process inherently
has 3D resolution, with potential applications in fluo-
rescence microscopy [30], optical data storage [31], and
lithographic fabrication [32, 33]. On the other hand, due
to the diffraction limit, the practical spatial resolution of
these techniques are almost limited down to several hun-
dreds nanometers, while they have nonlinear properties
to the intensity distribution of the laser spots. In this sec-
tion, several 3D fabrication techniques based on TPA are
reviewed.

4.1 Two-photon photopolymerization for 3D polymer
structures

A fabrication technique based on a combination of
micro-stereolithography and TPA was first demonstrated
by Maruo et al. in 1997 and offers great potential for the
production of 3D polymeric micro/nano structures [34].
A near-infrared femtosecond pulsed laser beam is tightly
focused in a photo-polymerizable resin with a high-NA
objective lens. Because in the TPA process, the solidifica-
tion of the resin occurs only at the focal point, where a
large number of photons simultaneously exist, by scan-
ning the laser beam spot three-dimensionally inside the
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resin, 3D polymeric structures with arbitrary shapes can
be fabricated. The nonlinear nature of the TPA process
offers both 3D spatial resolution and the ability to achieve
sub-diffraction-limit fabrication, as shown in Fig. 3a [35].

With such a 3D laser fabrication capability, so-called
“direct laser writing” (DLW), a wide variety of 3D opti-
cal functional devices can be realized. Photonic crystals
(PCs), which consist of periodic dielectric structures
with dimensions on the wavelength scale, are one of the
most important applications for optical communications,
but the realization of full 3D photonic bandgap (PBG)
crystals is still a challenge, even when employing cut-
ting-edge semiconductor processes [36]. By using DLW,
Deubel et al. demonstrated the first fabrication of a large-
scale face-centered-cubic (f.c.c.) PC in 2004 [37]. They
used a commercially available photoresist, SU-8, in the
DLW process and fabricated a 3D PC that exhibits PBGs
at near-infrared wavelengths from 1.3 to 1.7 pm. The
DLW technique allows even complex 3D photonic struc-
tures that cannot be fabricated in a layer-by-layer built-
up manner. Seet et al. demonstrated the fabrication of 3D
spiral-architecture PCs using SU-8 photoresist, as shown
in Fig. 3b, and observed PBGs at infrared wavelengths
[38]. Based on 3D PCs fabricated by the DLW technique,
Ergin et al. recently realized a 3D photonic metamaterial,
shown in Fig. 3c, that exhibits so-called invisibility cloak-
ing for unpolarized infrared light [39]. They designed and
fabricated a 3D f.c.c. wood-pile PC with a tailored filling
fraction on a Au mirror surface and demonstrated carpet
cloaking at near-infrared wavelengths [40]. The spatial
resolution of the DLW technique is naturally limited by
the nonlinear characteristics of the TPA process and is
typically as low as 120 nm for an excitation wavelength of
780 nm [35]. These limitations were recently improved by
introducing a novel microscopy technique based on stim-
ulated-emission-depletion (STED) [41, 42]. Fischer et al.
recently demonstrated STED-DLW by using a specially
synthesized photoresist system and achieved a spatial
resolution as low as 65 nm for an excitation (depletion)
wavelength of 810 (532) nm [43, 44].

4.2 Two-photon processes for 3D metal structures

Although two-photon-induced photopolymerization
offers wide versatility in the fabrication of 3D complex
micro/nanostructures, only dielectric photonic struc-
tures have been developed so far. To gain more func-
tionality in photonic and plasmonic applications, the
development of 3D metallodielectric structures is impor-
tant and highly desired. There are several reports on the
fabrication of 3D metallodielectric structures based on
the TPA process, and they can be categorized into two
techniques: (i) electroless plating of a polymer template
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Fig. 3 Fabrication techniques for 3D polymer structures. Two-photon
polymerization technique for a 3D nano-structures [35] and b 3D
photonic crystal [38]. € 3D carpet cloaking device fabricated by two-
photon polymerization [39]

[45] and (ii) photoreduction of metal ions in a polymer
matrix/solution [33, 46].

Electroless plating of 3D polymer structures was first
reported by Farrer et al, and they demonstrated gold/
copper coating of selectively functionalized acrylic/meth-
acrylic structures [45]. Formanek et al. demonstrated
selective silver coating of 3D polymer structures by
chemically modifying the polymer surface with stannous
chloride (SnCl,). They also employed a microlens array
to realize parallel fabrication and demonstrated mass-
production of 3D metallodielectric microstructures over
a large sample area [47, 48]. Takeyasu et al. also demon-
strated a similar selective coating technique by directly
mixing methacrylamide in a resin to selectively activate/
non-activate the polymer surface [49]. Rill et al. fabri-
cated 3D metallodielectric microstructures by combining
the DLW process and atomic-layer deposition (ALD), as
shown in Fig. 4a. In their process, an SU-8 template of a
3D structure was first coated with SiO, using ALD, fol-
lowed by a CVD process to realize 3D deposition onto the
polymer surface [50]. In contrast to such surface coating
techniques, Gansel et al. fabricated 3D metallodielectric
microstructures by employing the electrochemical depo-
sition of gold onto an exposed positive-tone photoresist.
After removing the polymer template by plasma etch-
ing, they demonstrated gold-helix structures, shown in
Fig. 4b, that work as a compact broadband circular polar-
izer [51]. These techniques have been extensively studied
recently and applied to the development of a variety of
functional optical/mechanical 3D devices [52-56].
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Fig. 4 Fabrication techniques for 3D metallic structures. a Silver chemical vapor deposition onto polymer template [50]. b Electroless plating in
SU-8 3D template [51]. € Two-photon-induced photoreduction of metal ions [61], and d projection lithography technique [65]

Photoreduction of metal ions in polymer matrix was
first reported by Wu et al,, and they demonstrated the
fabrication of silver microstructures inside a SiO, sol—
gel matrix based on image formation and developing
processes [44]. Similar techniques were also reported
by Duan et al. using titanium ions for the fabrication of
functional composite materials [57, 58]. On the other
hand, Stellacci et al. demonstrated improved reduction
properties in a polymer matrix by chemically modifying
metal nanoparticles [59]. They realized electrically con-
ductive silver or gold 3D structures in a polymer matrix,
but the resistivity of the metal structures is still small
compared with that of bulk metal, suggesting that the
fabricated structures were not fully connected. To dem-
onstrate fully connected 3D metallic structures, Tanaka
et al. proposed the two-photon-induced reduction of
metal ions in aqueous solution and demonstrated 3D
metallic structures with superior electrical conductiv-
ity [46]. The reduction property and spatial resolution
could be improved further by introducing a two-photon
sensitive dye for high-efficiency photoreduction [60] and
surfactant molecules to avoid unwanted crystal growth,

as shown in Fig. 4c [61]. These techniques have recently
been applied to the development of magnetic metamate-
rials at infrared frequencies [62].

4.3 Other techniques for 3D metallodielectric structures

Grayscale photolithography has been widely applied to
fabricate 3D polymer structures, and the recent develop-
ment of digital light processing has enhanced its capabil-
ity for even complex 3D fabrication [63, 64]. However,
the fabricated structures are still limited to surface pro-
files on photoresist, and only 3D surface modifications
have been achieved. To extend the 2D capability of con-
ventional photolithography to three-dimensions, Burckel
et al. proposed membrane projection lithography, as
shown in Fig. 4d [65, 66]. Although this technique is
still based on the conventional planar lithography, one
can create out-of-plane metallic structures, enabling the
realization of 3D metamaterials. A 2D counterpart of a
metamaterial, i.e., a metasurface, has been proposed as a
simple yet powerful concept to mold the flow of light in
a desired manner [67, 68]. Although most of the meta-
surfaces demonstrated so far are based on 2D planar
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Fig. 5 Metasurface structure for carpet cloaking of 3D objects [72]. a
An AFM image of a 3D object with multiple bumps and dents. b SEM
image of an object onto which a metasurface skin cloak has been
fabricated. The inset shows an enlarged image of the entire object

structures, extending the technique into the third dimen-
sion is the next step to gain more functionality for ver-
satile photonic applications [69-71]. Recently, Ni et al.
demonstrated a metasurface on a 3D arbitrarily shaped
object to realize carpet cloaking at visible wavelengths,
as shown in Fig. 5 [72]. The height information of the 3D
object was first obtained by using an atomic force micro-
scope (AFM), and then metasurface 2D structures were
patterned at each local position by using a standard EB
lithography technique with precise focus alignment.

5 Self-organization and templating techniques
for large-area metamaterials

The fabrication techniques that are referred to as “top-
down techniques’; such as photolithography, EB lithogra-
phy, and DLW, have the advantage that they can fabricate
diverse patterns with precise controllability of the pattern
alignment. However, these techniques are intrinsically
time- and energy-consuming, and it is still challenging
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to fabricate a large amount of micro-/nanostructures.
On the other hand, bottom-up approaches based on self-
organized fine structures of metamaterial templates are
effective tools for the mass-production of metamaterial
structures with nanometer scale or, sometimes, molecu-
lar scale feature sizes.

In addition, as written in below, the self-organization
techniques have a potential to fabricate 3D structures
with 3D metamaterials functions because some of them
can intrinsically create randomly dispersed/oriented
metamaterial unit elements.

Yao et al. used a nano-porous alumina produced by
electrochemical anodization to make a silver nanowire
array [73]. Silver nanowire arrays of 60 nm in diameter,
110 nm center-to-center distance, and 4.5 or 11 pm in
length were fabricated by electrochemical deposition of
silver into the pores. Negative refraction was experimen-
tally observed at wavelengths of 660 and 780 nm.

According to theoretical investigations of optical meta-
material structures, metal ring structures with gaps of
several nanometers work as the resonant units of meta-
materials [74]. To form such structures, a DNA-templat-
ing method was proposed by Watanabe et al. [75, 76]. A
chemically synthesized gold nanoparticle was bound to
a single strand of DNA with thiol moiety. When three
DNA strands with Au nanoparticles are hybridized
with each other, a triangular DNA template structure is
automatically formed, and then three Au nanoparticles
are assembled into a trimer ring structure with nanom-
eter scale gaps. Yang et al. proposed thermodynamically
feedback-driven self-assembling technique to symmetry-
breaking gold nanorod dimers using DNA [77]. Kuzyk
et al. developed DNA-based self-assembling method of
chiral plasmonic structures and demonstrated circular
dichroism effect in the visible light region [78].

Self-organization of colloidal particles on a substrate
can be used for 3D nanofabrication templates. Fredriks-
son et al. used the hole-mask colloidal lithography
technique [79]. In the first step, randomly dispersed par-
ticles are used as a mask for metal evaporation to make
a metal hole-mask pattern. Using the metal hole—mask
and plasma etching, a PMMA sacrificial film was pat-
terned; then, materials were evaporated on the substrate
through the PMMA pattern, and various patterns such
as nanodisks, oriented elliptical nanostructures, nano-
cone arrays, nanodisk pairs, and so on were fabricated.
Lodewijks and his colleagues also used self-assembled
nanospheres as a mask to make large-area double fishnet
metamaterial structures [80]. Aoki et al. demonstrated
a magnetic self-assembly technique to form resonant
unit cells of metamaterials [81]. Randomly dispersed
gold core—shell micro-particles in water are attracted
to the equator plane of the center polystyrene bead and
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automatically formed a necklace resonator structure by
the application of an external magnetic field.

Nastaushev et al. demonstrated the self-organized
creation of micro- and nano-tubes from strained metal
bifilms [82]. They examined which combination of mate-
rials and Au/Ti bifilm has the best properties for the tube
formation. This structure also works as a so-called Swiss-
roll resonant element. Mei et al. used the same tech-
nique to form an integrated microtube array, and they
examined the photoluminescence spectrum of SiO/SiO,
microtubes [83].

Chen et al. have developed a stress-driven assembly
method for self-standing three-dimensional split-ring
resonators using intrinsic stresses in thin metal films [84].
They demonstrated a 3D SRR array made of Al. In 2015,
they applied the technique to realize three-dimensional
isotropic metamaterials [85]. The materials for SRR were
changed from Al to Au/Ni bi-films. The fabrication pro-
cess and a scanning electron micrograph of the 3D SRR
array are already shown in Fig. 2d. By using the fabricated
3D metamaterials, they demonstrated isotropic optical
responses in the 30 THz region, and an extremely low
refractive index of 0.35, which is lower than the vacuum
refractive index, was also demonstrated in this frequency
region.

6 Conclusion and outlook

The study of metamaterials is still young, but owing to
the rapid development of micro- and nano-fabrication
technologies, three-dimensional optical metamaterials
are no longer mere conceptual ideas but have become
a practical reality. However, the total area or volume of
the three-dimensional metamaterials are still small, and
when we are thinking about the practical applications of
metamaterials, it is crucial to develop new mass-produc-
ible fabrication techniques for nano-scale 3D metallodi-
electric structures.
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