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Abstract

A status report on optical negative-index-metamaterial fabrication is given. The advantages, drawbacks and challenges of different
fabrication techniques including electron-beam lithography (EBL), focused-ion beam (FIB) milling, interference lithography (IL)
and nanoimprint lithography (NIL) and direct laser writing are outlined. Since the possibility of creating a truly three-dimensional
(3D) metamaterial is critical for real-life applications and the future of this research area, the recent developments on large-scale,
multiple-functional-layer metamaterials are discussed in detail, and alternative methods for 3D fabrication of complex structures
are mentioned. Throughout the report, main breakthroughs in fabrication of optical negative-index metamaterials are described, as
well as challenges facing future manufacturing of optical metamaterials.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

On the path to new prospects for manipulating light,
artificially engineered materials — metamaterials — attract
a great deal of attention. When rationally designed, meta-
materials demonstrate unprecedented electromagnetic
properties that are unattainable with naturally occur-
ring materials; by changing the design of the unit cell
or “meta-atom”, the optical properties of the metamate-
rial can be tailored, e.g., the values of permeability, u,
and permittivity, €, can be controlled.

One of the most prominent examples of the prop-
erties that cannot be observed in natural materials is
a negative refractive index [1-5]. If both permeability
and permittivity are simultaneously negative, the refrac-
tive index becomes negative. Metamaterials that have a
negative index of refraction (negative-index metamate-
rials or NIMs) may lead to the development of novel
devices ranging from optical antennas with superior
properties and a perfect lens (superlens and hyperlens),
capable of imaging objects with resolution much smaller
than the wavelength of light, to ultra-compact optical
circuits and special coatings that can make an object
invisible. These applications are of particular interest if
such materials could be engineered to work at optical
wavelengths. Although Veselago pointed out [1] that the
combination € <0 and <0 leads to a negative refrac-
tive index, n <0, this idea remained quite unappreciated
for many years partially because no naturally occurring
NIMs were known in the optical range. While there are
natural materials with € <0 (e.g., gold, silver and other
metals) up to the visible frequencies, magnetic materials
with <0 do not normally exist at optical frequencies.
This is because the material property limitations of nat-
ural materials imposed by their unit cells—atoms and
molecules. One can overcome this limitation by instead
using artificially structured metamaterials where “meta-
atoms” are designed to exhibit both electric and magnetic
responses in an overlapping frequency range. Recent sci-
entific progress in the field of NIMs can be found, for
example, in review papers [5,6].

Today’s boom in NIM-related research, inspired by
Sir John Pendry’s prediction of the NIM-based superlens
in 2000 [7], comes from recent advances in nanofab-

rication techniques that allow different materials to be
structured on the nanometer scale. In man-made NIMs
for the optical range of frequencies sub-wavelength until
cells are specifically designed and densely packed into
an effective composite material to exhibit the negative
effective refractive index.

A first step towards the realization of a material with
a negative index of refraction was done by Pendry et
al. who suggested to use split-ring resonators (SRRs) as
meta-atoms to achieve a magnetic permeability differ-
ent from one [8], which is a needed step for obtaining
a negative index. Such magnetic structures were suc-
cessfully realized in the microwave [9], THz [10-12]
and near-infrared (IR) optical range, 100 THz [13] and
200 THz [14]. For achieving magnetic response in the
visible range another design of paired metal strips
was successfully used by the Purdue group to show
first a magnetic response in the red part of the spec-
trum [15] and then across the whole visible range
[16].

Combining the negative-permeability structures with
the negative-permittivity material (for example, sim-
ple metal wires arranged in a cubic lattice) can result
in a negative-index material. Such a metamaterial was
straightforward to accomplish in the microwave region
[9].

The approaches for moving to shorter wavelengths
were initially based on concepts from the microwave
regime (such as split-ring resonators) with scaled down
unit cell sizes. The main idea was that the magnetic res-
onance frequency of the SRR is inversely proportional
to its size. Using single SRRs, this approach works up to
about 200 THz [14,17,18]. However, this scaling breaks
down for higher frequencies for the single SRR case
because, for wavelengths shorter than the 200 THz range,
the metal starts to strongly deviate from an ideal conduc-
tor [18]. For an ideal metal with infinite carrier density,
hence infinite plasma frequency, the carrier velocity
and the kinetic energy are zero, even for finite current
in a metal coil. For a real metal, velocity and kinetic
energy become finite. For a small SRR, non-ideal metal
behaviour leads to a modified scaling law where the fre-
quency approaches a constant and becomes independent
of the SRR size [18]. This scaling limit combined with
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the fabrication difficulties of making nanometer-scale
SRRs along with metal wires led to the development of
alternative designs that are more suitable for the THz and
optical regimes.

One suitable design for optical NIMs is based on
pairs of metal rods (also called “cut-wires”) or metal
strips, separated by a dielectric spacer. Such structures
can provide a magnetic resonance u <0 originating from
antiparallel currents in the strips. An electric resonance
with & <0 can result from the excitation of parallel cur-
rents [19] in the same strips. However, normally it is
difficult to get the ¢ <0 and p <0 regions to overlap so
a different design was proposed, the so-called “fishnet”
structure. This structure combines the magnetic coupled
strips (providing u < 0) with continuous “electric” strips
that provide €<0 in a broad spectral range. NIMs at
optical wavelengths were successfully demonstrated by
using coupled cut-wires and fishnet structures [19-24].

To create a metamaterial at optical wavelengths, one
should deal with small periodicities (about 300 nm and
less) and tiny feature sizes (about 30nm) to ensure
effective-medium-like behaviour. Thus, the fabrication
of optical NIMs is challenging since we aim at high-
precision, high-throughput, and low-cost manufacturing
processes. Feature sizes for metamaterials operating
in the infrared or visible range can be smaller than
the resolution of state-of-the-art photolithography (due
to the diffraction limit), thus requiring nanofabrica-
tion processes with 100- or sub-100-nm resolution.
Due to the limitations of current nanolithography tools,
fabricated metamaterials do not really enter the real
meta-regime where the unit cell size is orders of magni-
tude smaller than the wavelength. However, the feature
size is typically small enough compared to the wave-
length so that one can describe such material, at least
approximately, as a medium with effective permeability,
@ and permittivity, ¢ (which is in contrast to pho-
tonic crystals where the lattice period matches the
wavelength).

In addition to sub-wavelength resolution, careful
material choice is required for NIM fabrication. The
choice of the metal for NIMs is crucial in the opti-
cal regime because the overall losses are dominated by
losses in the metal components. Thus, their lowest losses
at optical frequencies make silver and gold the first-
choice metals for NIMs. Since the refractive index is
a complex number n=n’ +in”, where the imaginary part
n” characterizes light extinction (losses), a convenient
measure for optical performance of a NIM is the figure
of merit (FOM), defined as the ratio of the real and imag-
inary parts of n: F=|n'|/n" (see, for example, [5,25]).
Aside from the proper metal choice, loss compensa-

tion by introducing optically amplifying materials can
be considered for achieving low-loss NIMs [26,27,28].

To make use of the novel optical properties of meta-
materials, where meta-atoms are designed to efficiently
interact with both the electric and magnetic components
of light, one has to create a slab of such a material with an
interaction length of many light wavelengths. Together
with the novel fundamental properties of NIMs, entirely
new regimes of nonlinear interactions were predicted
for such materials (see, for example, [27-37]). For all
exciting applications to be within reach, the next issue to
address (in addition to losses) is the development of truly
three-dimensional (3D) NIMs in the optical range. The
challenging tasks here are to move from planar structures
to a 3D slab of layered metamaterial and to develop new
isotropic designs.

With the development of low-loss large-scale opti-
cal NIMs, many new device concepts will emerge
empowered by optical magnetism and new regimes of
linear and nonlinear light-matter interactions. Mate-
rials to manipulate an object’s degree of visibility,
sub-wavelength imaging systems for sensors and nano-
lithography tools, and ultra-compact waveguides and
resonators for nanophotonics are only a few exam-
ples of possible metamaterial applications. For example,
among the most exciting new applications for 3D low-
loss metamaterials are those based on transformation
optics [38—40], including hyperlenses that enable sub-
wavelength far-field resolution [41-46] and designs for
optical cloaking [38,47—49].

In this paper, we review the recent progress in fabri-
cation of metal—dielectric nanostructured metamaterials
at optical wavelengths, and outline alternative manufac-
turing techniques that can be adapted for future NIM
fabrication.

2. First experimental demonstrations: single
metamaterial layer

Proof-of-principle studies of optical NIMs were per-
formed on two-dimensional (2D) structures—a single
layer of a metamaterial created on top of a transpar-
ent substrate. The first experimental demonstrations
of negative refractive index in the optical range were
accomplished nearly at the same time for two different
metal-dielectric geometries: pairs of metal rods sepa-
rated by a dielectric layer [19] and the inverted system
of pair of dielectric voids in a metal-dielectric—metal
multiplayer [20] (Fig. 1).

In the first example, an array of pairs of parallel 50-
nm-thick gold rods separated by 50 nm of SiO, spacer
was fabricated using electron-beam lithography (EBL)
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Fig. 1. First experimentally obtained optical negative-index meta-
materials: (a) schematic of an array of paired Au nanorods
separated by a layer of SiO, together with (b) field-emission
scanning electron microscope images of the fabricated array
(Au(50 nm)-SiO7 (50 nm)—Au(50 nm) stacks), where a negative refrac-
tive index is achieved at telecommunication wavelengths [19]; (c)
schematic of a multilayer structure consisting of a dielectric layer
between two metal films perforated with a hole on a glass substrate;
(d) scanning electron microscope image of the fabricated structure
(Au(30 nm)-Al,03(60 nm)-Au(30 nm) stack, 838 nm pitch, 360 nm
hole diameter), which exhibits a negative index at about A ~2 pum
[20].

via a standard lithography — deposition — lift-off process
[15,19,22,24]. The coupled rods-based NIM exhibited a
negative refractive index of n’ ~ —0.3 at 1.5 um [19]. In
the other work, interference lithography (IL) with a 355-
nm UV source was used to define a 2D array of holes
in a multilayer structure (60-nm-thick AlpOs3 dielectric
layer between two 30-nm-thick Au layers), and the struc-
ture was shown to exhibit a negative refractive index of
—2 around 2 wm [20]. Being the first proof-of-principle
experiments, these structures had a high-loss coefficient
(so that the FOM was small).

3. Fabrication of 2D metamaterials
3.1. Standard method: electron-beam lithography

Due to the fact that the required feature sizes for
optical NIM fabrication are smaller than the resolution
of state-of-the-art photolithography, 2D metamaterial
layers are normally fabricated using electron-beam
lithography [19,21,22]. In EBL, a beam of electrons is
used to generate patterns on a surface. Beam widths
can be on the order of nanometers, which gives rise
to the high nanoscale resolution of the technique. EBL
is a serial process wherein the electron beam must be
scanned across the surface to be patterned. The EBL
technique is quite versatile at the point of initial design
and preliminary studies of optical properties of meta-
materials since it offers sub-wavelength resolution and
almost complete pattern flexibility. In the past 2 years,
different NIM structures were successfully fabricated
by EBL and experimentally investigated by several
groups. When compared to the first structures [19,20],
second-generation NIMs showed improved optical per-
formance via higher figures of merit (i.e., lower
losses).

The best-performance (the largest figure of merit)
negative-refractive-index material at the telecommuni-
cation wavelength was achieved by the Karlsruhe group
in collaboration with Iowa State University in 2006 [22].
The results were obtained for a fishnet structure [25],
which could be viewed as an array of rectangular dielec-
tric voids in parallel metal films (rather than circular
voids as in Ref. [20]). A refractive index in the fabri-
cated fishnet structure (lattice constant 600 nm) based
on a sandwich of Ag(45 nm)-MgF,(30 nm)—Ag(45 nm)
was reported to reach n’ = —2 at A ~ 1.45 pm.

Moving to shorter wavelengths, two groups recently
reported negative refractive index results in the visible
range: the Karlsruhe group (n’=—0.6 at 780 nm) [23]
and a group at Purdue University (7' =—0.9 and —1.1 at
about 770 nm and 810 nm, respectively) [24] (Fig. 2). We
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Fig. 2. Scanning electron microscope images of nano-fishnets fab-
ricated by electron-beam lithography, metal—dielectric—-metal stack
deposition and a lift-off procedure: (a) by the Karlsruhe group
(n' =—0.6 at 780 nm, Ag(40 nm)-MgF, (17 nm)-Ag(40 nm) stack, lat-
tice constant 300 nm) [23] and (b) by the Purdue group (n'=-—0.9
at 772nm, Ag(33nm)-Al,03(38 nm)-Ag(33 nm), lattice constant
300 nm) [24]. The smallest feature is below 100 nm, sidewalls are quite
rough [23].

note while the demonstrated NIMs at 780 nm and 770 nm
were single negative (i.e., even thought n <0 was accom-
plished, u remained positive at these wavelengths), the
Purdue material at 810 nm was double-negative, with
both ¢ and u simultaneously negative at 810 nm, result-
ing in a larger (exceeding one) figure of merit. Both
designs were based on nano-fishnets made in either
Ag-MgF>—Ag [23] or Ag—Al,O3—-Ag [24] multilayer
structures with the smallest features below 100 nm. The
fabricated structures had good large-scale homogene-
ity. However, due to sub-100-nm features required for
visible-range NIMs (68 nm minimum in-plane feature
size at 97 nm thickness of the Ag—MgF,—Ag sandwich

[23]), the aspect ratio (height/width) for these NIM
stacks can exceed unity. This gives rise to significant fab-
rication challenges connected to the lift-off procedure,
and to increased sidewall roughness [23] (Fig. 2).

Even though EBL is normally used to write relatively
small areas, large-area all-dielectric planar chiral meta-
materials were recently fabricated by EBL [50,51]. In
this approach, the use of a charge dispersion layer solves
stitching errors during the serial writing process, which
enables the fabrication of good-quality structures with-
out the limitations normally encountered by stitching
errors and field alignment.

The fabrication of optical NIMs is quite challenging
due to the fabrication requirements of small periodic-
ities (near and below 300nm) and tiny feature sizes
(down to several tens of nm). Thus, EBL is still the
method of choice for fabricating metamaterials despite
low throughput of the serial point-by-point writing and
high fabrication costs. Since only small areas (of the
order of 100 wm x 100 wm) can normally be structured
within reasonable time and at reasonable costs, EBL does
not offer a solution for the large-scale NIM fabrication
required by applications, where many square centimeters
have to be nanopatterned.

3.2. Rapid prototyping: focused-ion beam (FIB)
milling

For rapid prototyping of metamaterials, focused-ion
beam milling techniques can be used. In FIB, a focused
beam of gallium ions is used to sputter atoms from the
surface or to implant gallium atoms into the top few
nanometers of the surface, making the surface amor-
phous. Because of the sputtering capability, the FIB is
used as a micro-machining tool, to modify or machine
materials at the micro- and nanoscale. Recently, this
technique was used for fabricating magnetic metama-
terials based on split-ring resonators [17]. Scaling of
the SRR structure requires sub-100-nm gap sizes (down
to 35nm) for a 1.5 pum resonance wavelength, thus
requiring state-of-the-art nanofabrication tools. For such
small features, EBL-based fabrication requires time-
consuming tests and careful optimization of writing
parameters and processing steps, leading to relatively
long overall fabrication times. In contrast, the rapid pro-
totyping of complete structures can be fabricated via FIB
writing in times as short as 20min [17]. The process
is based on FIB writing and corresponds to an inverse
process where the FIB removes metal (20nm of Au)
deposited on a glass substrate. After FIB writing the
structure is ready and no further post-processing steps
are required.
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Focused-ion beam nanofabrication might be of pref-
erence for fabricating specific (e.g., SRR-based) designs
of metamaterials as in the above example. However, for
creating an optical NIM, SRRs have to be combined with
other metallic structures that can provide negative per-
mittivity [5]. This will give rise to additional processing
steps and delicate considerations regarding the choice
of process parameters and materials. Moreover, moving
SRRs from the telecom to the visible range will bring
the process to the limit of size scaling in SRRs [18].
Thus, due to design and material limitations combined
with low throughput, FIB has certain limitation in its
use for fabricating optical NIMs. However, it should be
mentioned that for some specific designs and proof-of-
principle experiments, for example including nonlinear
materials, FIB is the first choice for rapid prototyping.

3.3. Large-scale fabrication: interference
lithography

The only large-scale manufacturing technique used
so far by the integrated circuit industry is optical lithog-
raphy (OL). Nowadays, OL continues to be extended
and offers new ways of increasing its resolution, for
example, by using immersion techniques that meet the
industry needs for 45-nm half-pitch nodes [52]. One type
of OL, namely interference lithography, is a powerful
technique for the fabrication of a wide array of samples
for nanotechnology. This fabrication technique is based
on the superposition of two or more coherent optical
beams forming a standing wave pattern. Being a par-
allel process, IL provides a low-cost, large-area (up to
~cm?) mass-production capability. Moreover, multiple
exposures, multiple beams, and mix-and-match synthe-
sis with other lithographic techniques can extend the
range of IL applicability [52]. IL offers high structural
uniformity combined with considerable, but not total,
pattern flexibility while its resolution is now approaching
the 20-nm scale [52].

Since NIM fabrication requires a periodic or quasi-
periodic pattern, IL is an excellent candidate for
large-area metamaterial fabrication. Recently, interfer-
ence lithography was employed for the fabrication
of one-dimensional metallic structures [53], magnetic
metamaterials at 5 wm and 1.2 pm wavelength [11,53],
and, as mentioned above, NIMs at 2pm [20,54]
(Fig. 1). Using this technique, the fabrication of square-
centimeter-area structures was demonstrated [11,53,54]
as well as the large-area homogeneity [53]. For exam-
ple, alarge-scale NIM created by making elliptical voids
in an Au(30 nm)-Al,O3(75 nm)-Au(30 nm) multilayer
stack was found to exhibit ' ~ —4 at 1.8 um (Fig. 3)

Fig. 3. Scanning electron microscope images of samples made by
interference lithography: (a) a NIM based on coupled voids in
a Au(30 nm)-Al,O3(75 nm)-Au(30 nm) multilayer structure (pitch
787 nm, hole sizes 470 nm and 420nm) [55] and (b) a hexagonal
2D structure built by Au(20 nm)-MgF>(60 nm)-Au(20 nm) pillars
on a glass substrate [53], (¢ and d) fishnet structure samples in a
Au(30 nm)-Al,03(60 nm)-Au(30 nm) multilayer structure (528 nm,
339 nm on long and short sides, respectively) [56].
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[55]. Very recently, for three different IL-fabricated NIM
structures, a negative refractive index was obtained over
a range of wavelengths: 1.56-2 pm, 1.64-2.2 wm and
1.64-1.98 pm for NIMs with circles, ellipses and rect-
angles (fishnet), respectively (Fig. 3) [56].

The results mentioned above established IL as a new
direction for the design and fabrication of 2D optical
NIMs and highlighted the advantages of such a large-area
patterning technique. The technique is compact, robust,
does not require expensive cleanroom equipment and can
provide sample areas up to many square centimeters by
up-scaling the apertures of the optics [53].

Given the simplicity and robustness of making a high-
quality, single layer of a metamaterial using IL, one can
envision further investigations aiming at piling 2D layers
to create a 3D structure. Such a transition to 3D fabri-
cation will turn parallel IL process into a step-by-step
procedure that would require alignment of subsequent
layers. Even though for compact versions of IL such a
transition might result in a time-consuming fabrication
process due to multiple alignments, proper technique
development would make it possible to optimize and
automate the alignment procedure. Thus, IL can be con-
sidered to be one approach for making 3D optical NIMs.

3.4. High-resolution large-scale fabrication:
nanoimprint lithography (NIL)

Another promising direction for the fabrication of
production-compatible, large-area, high-quality optical
NIMs at low processing cost and time is offered by
nanoimprint lithography [57]. A next generation lithog-
raphy candidate, NIL accomplishes pattern transfer by
the mechanical deformation of the resist via a stamp
rather than a photo- or electro-induced reaction in the
resist as in most lithographic methods. Thus the resolu-
tion of the technique is not limited by the wavelength
of the light source, and the smallest attainable features
are given solely by stamp fabrication. Moreover, NIL
provides parallel processing with high throughput. Since
NIM fabrication requires high patterning resolution, NIL
is well suited for large-scale production of optical NIMs,
providing wafer-scale processing using standard clean-
room procedures combined with simplicity and low cost.

Lately, two types of NIMs operating at near- and mid-
IR frequencies, respectively, were fabricated via NIL.
The first structure comprised ordered “fishnet” arrays of
metal-dielectric—metal stacks that demonstrated nega-
tive permittivity and permeability in the same frequency
region and hence exhibited a negative refractive index
of n’ ~ —1.6 at a wavelength near 1.7 pm [58] (Fig. 4).
In the mid-IR range, the metamaterial was an ordered

A ol Magn | Det ) wol — —+— Jpm
B0 KV 110 66000x] TLD) 48 | fistuw! mold-2
!

Fig. 4. SEM images of the (a) NIL mould and (b) fabricated fishnet
pattern (Ag(25 nm)-SiO,(35 nm)-Ag(25 nm) NIM stack) [58].

array of fourfold symmetric L-shaped resonators (with
a minimum feature size of 45 nm) that were shown to
exhibit negative permittivity and a magnetic resonance
with negative permeability near wavelengths of 3.7 pm
and 5.25 pm, respectively [59]. The smallest achieved
feature sizes were about 100nm and 45 nm for near-
and mid-IR NIMs, respectively. Earlier, room temper-
ature NIL was successfully applied to the fabrication
of planar, chiral, photonic metamaterials for the study
and application of novel polarization effects where both
dielectric and metallic metamaterials with feature sizes
from micrometric scale down to sub-100 nm were fabri-
cated [60].

Recently, the possibility of a more simplified NIL
method for creating metallic 2D structures was also
proposed [61]. The technique is based on direct, hot
embossing into metals (for example, Al) using hard
templates like SiC [62]. In this approach, metal nanos-
tructures can be obtained by printing directly on
metal substrates without any further processing step
(when compared to standard lithography and etch-
ing/deposition steps), thus simplifying the processing
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steps and lowering the production cost. Using these hard
moulds, successful pattern transfer directly to Al sub-
strates as well as Au films has been achieved by pressing
at room temperature [62]. However, this method has
some challenges in the technical development of this
approach, mostly connected to the fabrication of the
hard stamps. Moreover, for the existing NIM designs
it cannot be directly applied to the fabrication of opti-
cal NIMs due to specific requirements on geometry and
materials.

4. Fabrication of 3D metamaterials
4.1. Making multiple layers

Recently, a low-loss optical NIM with a thickness
much larger than the free-space wavelength in the near-
infrared region was numerically demonstrated [63]. In
the work by Zhang et al., simulations showed that a
NIM slab consisting of multiple layers of perforated
metal—dielectric stacks (for 100 and 200 layers) would
exhibit a small imaginary part of the index over the
wavelength range for negative refraction. This estab-
lished a new approach for thick, low-loss metamaterials
at infrared and optical frequencies. This theoretically
suggested multilayer NIM design [63] was recently mod-
ified, and corresponding structures with up to three

(q) g

functional layers (seven actual layers) were fabricated by
the Karlsruhe group [64]. The silver-based samples were
fabricated by standard electron-beam lithography, metal
and dielectric depositions and a lift-off procedure with
processing steps similar to those for creating a single
NIM layer [21,22] (Fig. 5). The measured performance
of the fabricated NIMs was found to be close to theory,
and the retrieved optical parameters (n'=—1 at 1.4 pm)
did not change much with the number of functional lay-
ers, as expected for an ideal metamaterial.

While the realization of such a three-functional-layer
NIM can be seen as a first step towards three-dimensional
photonic metamaterials, the fabrication of thicker NIM
slabs using this approach will be increasingly diffi-
cult. This issue is related to the fact that in a standard
deposition, lift-off procedure, the total thickness of the
deposited layers is limited by the thickness of the pat-
terned e-beam resist. For a successful lift-off procedure,
the total deposited thickness should normally be at least
15-20% less than the thickness of the resist (Fig. 6). This
value is usually not more than a couple 100 nm (for e-
beam writing structures with sub-100-nm features). As
mentioned above (2D fabrication via EBL), an aspect
ratio exceeding unity poses significant fabrication chal-
lenges. Moreover, this fabrication procedure results in
non-rectangular sidewalls, typically with an angle of
about 10° with respect to the substrate normal on all

21 nm MgF, Nl
31 nm
Ag 1
Substrate

Fig. 5. (a) Schematic (side view) of the metamaterial layers under investigation together with (b) electron micrographs of fabricated structures with

N-functional layers (400-nm scale bar) [64].
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T
LLLTTHIT

Fig. 6. Schematic of two possible ways of making multiple
metal—dielectric layers: (a) the standard deposition—Ilift-off proce-
dure [64] that provides trapezoidal final structures and has a total
deposited thickness limitation (it has to be at least 15-20% less than
the thickness of the resist for a successful lift-off process) together
with (b) the proposed etch-based procedure where a thick planar stack
of metal—dielectric layers is deep etched to create a 3D metamaterial
slab.

sides [19,64] (Fig. 6). Obviously, this effect becomes
particularly large for thick, multilayer structures.

To overcome problems connected to the lift-off proce-
dure and non-rectangular sidewalls, and to create thicker
NIM stacks, an alternative approach was suggested by
a research group in Stuttgart [65]. In their approach,
a stack of 3D optical NIMs, was realized through a
layer-by-layer technique similar to that developed for
3D photonic crystal fabrication [66]. In the experiment,
a four-layer split-ring resonator structure was fabricated.
A single SRR layer was fabricated by simple metal
evaporation, electron beam exposure, development and
ion-beam etching of the metal. Since the non-planar
surface of the single SRR layer does not allow simple
stacking by a serial layer-by-layer process, the surfaces
of the SRR layers were flattened by applying a planariza-
tion procedure with dielectric spacers (the roughness of
the planarized surface was controlled within 5 nm). The
procedures of single-layer fabrication, planarization and
lateral alignment of subsequent layers were repeated
several times yielding the four-layer SRR sample [65]
(Fig. 7).

Even though the developed layer-by-layer technique
can be seen as a general method for the manufacture
3D optical NIMs, such a step-by-step method requires
additional process development (like planarization tech-
niques) and careful lateral alignment of different layers
that are crucial for successful stacking. Together with
EBL fabrication of a single layer, alignment procedures
lead to increased fabrication time. Thus, this approach
is still too costly and has a low throughput for creating
large-scale 3D metamaterial slabs for possible applica-
tions.

Another way to truly create a 3D, multiple-layer NIM
could be a process based on deep, anisotropic etching.
In such an approach, one would first fabricate planar,
alternating metal and dielectric layers of any desired
thickness, after which a deep etch would be performed
using an etch mask pre-patterned to any required design
by lithographic means (Fig. 6). However, this approach
requires both heavy material and process developments,
including the careful choice of etch-resistant mask mate-
rials and anisotropic etch optimization so that both the
metal and dielectric layers can be etched.

4.2. Two-photon-photopolymerization (TPP)
technology

The two-photon photopolymerization technique has
been used extensively in the past few years to realize
3D patterning [67,68]. TPP involves the polymerization
of a material via a nonlinear, multiphoton process that



10 A. Boltasseva, V.M. Shalaev / Metamaterials 2 (2008) 1-17

Fig. 7. Field-emission scanning electron microscopy images of the
four-layer SRR structure: (a) normal view and (b) enlarged oblique
view [65].

only occurs at the focal point of a tightly focused laser
beam, thereby providing 3D control over the location
of polymerization. TPP enables the fabrication of com-
plex objects with ‘diffraction resolutions [69] since the
absorption of light in the material occurs only at the focal
region of the laser beam.

While most studies on TPP have focused on the
realization of polymeric structures [68—70], this tech-
nique was recently studied for the fabrication of metallic
3D patterns [71,72]. Recent realizations of 3D, peri-
odic, metallic structures over large areas was achieved

through a TPP technique combined with a microlens
array [73]. This technique is a step forward from stan-
dard, single-beam laser writing into a polymer matrix,
which is time-consuming and thus unlikely to be adopted
for large-scale fabrication. The proposed method, how-
ever, enabled the simultaneously writing of more than
700 polymer structures that were uniform in size. The
metallization of the structures was then achieved through
the deposition of thin films composed of small sil-
ver particles by means of electroless plating (Fig. 8).
A hydrophobic coating on the substrate prevented sil-
ver deposition in unwanted areas and allowed the
formation of a large number of isolated and highly
conducting objects. This of metallization is flexible in
that it can produce either polymer structures covered
with metal or numerous isolated, insulating polymer
objects spread over a metallic film, depending on the
resin properties and treatment procedures [71,73]. TPP-
based laser writing is now considered to be one of the
most promising methods for future manufacturing of
large-area, true 3D metamaterials. Offering intrinsic 3D
parallel processing capability with acceptable resolu-
tion (100 nm [69]), TPP can be successfully combined
with selective metal deposition by electroless plating
[71-73].

While TPP enables arbitrary sculpting below the
micrometer scale, electroless plating can provide thin
coatings of various metals. Going in this direction, pro-
cess development and optimization is required in order to
include metal—dielectric layers into a polymer template
made by TPP. In addition to electroless deposition, mul-
timaterial deposition (including metal like silver) can be
achieved via chemical vapor deposition (CVD) [74,75],
which is a chemical process used to deposit high-purity
materials. Both approaches need further advances and
developments for creating thin, uniform and smooth lay-
ers of different materials on a TPP-fabricated polymer
matrix.

4.3. Fabrication of complex 3D structures

Complex 3D metal-dielectric nanostructures can
be fabricated today by several techniques. Consider-
able attention was recently attracted by two methods:
direct electron-beam writing (EBW) [76] and focused-
ion beam chemical vapor deposition (FIB-CVD) [77].
These methods offer 3D fabrication that is not possi-
ble using traditional layered optical and electron-beam
lithographic techniques. The use of EBW was demon-
strated for building structures of multiple layers with
linewidth resolutions of 80—100nm using an electron
beam to cause direct sintering of 2—10 nm nanoparti-
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Fig. 8. Scanning electron microscope images of (a) self-standing
empty cubic structures (height ~ 4.6 um) connected in pairs and (b)
a silver-coated polymer structure composed of a cube (2 wm in size)
holding up a spring (inner diameter 700nm) [71]. The structures
are made by a two-photon induced photopolymerization technique
combined with electroless plating [71-73]. Reused with permission
from Florian Formanek, Nobuyuki Takeyasu, Takuo Tanaka, Kenta
Chiyoda, Atsushi Ishikawa, and Satoshi Kawata, Applied Physics
Letters 88 (2006) 083110. Copyright 2006, American Institute of
Physics.

Fig. 9. Towards complex 3D structures: (a) atomic force micro-
scope image of a multilayer (Ag—Au—Ag) structure prepared by
electron-beam exposure of solutions of thiol-capped metal nanopar-
ticles (electron-beam stereolithography process) [76] and (b) scanning
ion microscope image of a crossbar circuit structure fabricated by
using focused-ion beam chemical vapor deposition [77] (conduct-
ing wires contain Ga and W). (a) has been reused with permission
from Saul Griffith, Mark Mondol, David S. Kong, and Joseph M.
Jacobson, Journal of Vacuum Science & Technology B 20 (2002)
2768. Copyright 2002, AVS The Science & Technology Society. (b)
has been reused with permission from Takahiko Morita, Ken-ichiro
Nakamatsu, Kazuhiro Kanda, Yuichi Haruyama, Kazushige Kondo,
Takayuki Hoshino, Takashi Kaito, Jun-ichi Fujita, Toshinari Ichihashi,
Masahiko Ishida, Yukinori Ochiai, Tsutomu Tajima, and Shinji Matsui,
Journal of Vacuum Science & Technology B 22 (2004) 3137. Copyright
2004, AVS The Science & Technology Society.

cles [76], while various free-space Ga- and W-containing
nanowirings were successfully fabricated by FIB-CVD
also called ‘free-space-nanowiring’ fabrication technol-
ogy [77] (Fig. 9).
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In the EBW process [76], an additive-layer build tech-
nique for multiple-material functionality was developed.
The processing steps involved spin-coated or drawn-
down solutions of thiol-capped nanoparticles (either Ag
or Au) onto silicon wafers, glass slides, or polyimide
films. The resultant nanoparticle films were patterned
by electron-beam and showed conductivity for the pat-
terned metals within one order of magnitude of their bulk
material properties. Multiple layer fabrication was suc-
cessfully demonstrated by repeating the processing steps
for subsequent layers spun over previously patterned
features. Further material and process optimization (for
example, to allow combinations of multiple materials)
may lead to EBW adoption for test fabrications of com-
plex metamaterials.

While these and similar [78] nanofabrication tech-
niques offer unique possibilities for making very
complex 3D structures, they all suffer from severe
material limitations in terms of what materials can be
patterned/deposited. Moreover, such methods are com-
plex and time-consuming. Thus they can only be used for
making first prototypes or single structures for proof-of-
principle studies.

Complex 3D metallic structures can also be fabri-
cated using layer-by-layer repetition of standard planar
processes. Recently, 3D tungsten photonic crystals
were fabricated using a modified planar silicon MEMS
process developed at Sandia National Labs [79]. In
this approach, a patterned silicon dioxide mould is
filled with a 500-nm-thick tungsten film and pla-
narized using a chemical mechanical polishing process.
This process is repeated several times, and at the
end of the process the silicon dioxide is released
from the substrate, leaving a freely standing thin pat-
terned tungsten film. This method allows the patterning
of multilayered (up to 60) samples of large area
(~cm?).

Another process for the parallel fabrication of micro-
components is the LIGA microfabrication technique.
LIGA is an acronym referring to the main steps of the
process, i.e., deep X-ray lithography (DXRL), electro-
forming, and plastic moulding. These three steps make
it possible to mass-produce microcomponents at a low
cost. Recently, the LIGA method was used by Sandia
National Labs to fabricate 3D photonic lattices [79]. In
this approach, the 3D lattice is patterned using deep X-
ray lithography to create a series of intersecting channels
in a polymer. This technique makes it possible to create
large area moulds that can be filled with gold by electro-
plating techniques. Large-scale woodpile structures with
gold as the matrix material were recently demonstrated
[79].

4.4. 3D structures by nanoimprint

As an ultra-high resolution patterning technique
simultaneously offering sub-50-nm resolution and sub-
10-nm layer alignment capability, NIL can be used in
multilayer processes for creating 3D structures. NIL
has the potential for very large-scale and inexpensive
manufacture of structures via multilayer lithography,
alignment, and plating techniques. For example, 3D
cubic arrays of gold cubes separated by a polymer
were recently fabricated [79]; such arrays can act as
photonic crystals. This rapid-prototyping contact lithog-
raphy approach provides a platform for investigating
new structures, materials, and multilayer alignment tech-
niques that are critical for device designs at optical
operational wavelengths.

Three-dimensional polymer structures can also
be realized by a newly developed nanofabrication
technique, namely reverse-contact UV nanoimprint
lithography [80], which is a combination of NIL and
contact printing lithography. In this process, a lift-off
resist and a UV cross-linkable polymer are spin-coated
successively onto a patterned UV mask-mould. These
thin polymer films are then transferred from the mould
to the substrate by contact at a suitable temperature and
pressure. The whole assembly is then exposed to UV
light. After separation of the mould and the substrate,
the unexposed polymer areas are dissolved in a devel-
oper solution leaving behind the negative features of
the original stamp. This method delivers resist pattern
transfer without a residual layer, thereby rending unnec-
essary the etching steps typically needed in the imprint
lithography techniques for three-dimensional patterning.
This method is reproducible over millimeter-scale sur-
face areas and has already provided encouraging results
for fabricating 3D woodpile-like structures for poly-
mer photonic devices [80]. Combined with multimaterial
deposition similar to the TPP case, this approach might
also be adapted for future NIM fabrication.

4.5. Self-assembly

In searching for ways of creating a true 3D meta-
material, one should also draw attention to the recent
advances in the fabrication of 3D photonic crystals (PCs)
[81,82], artificially designed material systems in which
their optical properties largely derive from the system
structure rather than from the material itself. Similar to
the case of metamaterials, PC fabrication requires dif-
ferent techniques for creating periodic structures built
of materials with alternating refractive indices. Recent
reviews on the fabrication of 3D photonic crystals tend



A. Boltasseva, V.M. Shalaev / Metamaterials 2 (2008) 1-17 13

towards synthesis methods based on self-assembly to
realize such materials in the optical range. In the self-
assembly approach, opals have received a strong backing
from their ability to be used as scaffoldings for further
templating of other materials [83]. In the fabrication pro-
cedure, the formation of the templates (opals) is followed
by the subsequent synthesis of guest materials such as
semiconductors, metals and/or insulators and, if desired,
additional 2D patterning for the design of new structures.
Accurate amounts of silicon, germanium, silica, etc., can
be grown in the interior the opal structures by CVD,
allowing the fabrication of multilayer systems of differ-
ent materials [83]. The use of opals to pattern the growth
of other materials (including metals) and subsequent
vertical and lateral engineering of the fabricated struc-
tures have also been demonstrated [83]. This method,
though not directly applicable to metamaterial fabrica-
tion at the moment, comprises fabrication steps that are
of vital importance for future 3D metamaterials, namely
pre-patterned, controllable growth of different materials
including metals.

For the realization of 3D, metallic, periodic structures
on a large scale, the self-organization of metal-coated
colloid particles was successfully employed [84]. How-
ever, similar to opal structures, this method is difficult to
employ for metamaterial fabrication requiring the cre-
ation of specially designed shapes.

Recently, another self-assembly approach was sug-
gested for the realization of 3D NIMs for the microwave
and optical frequencies [85]. By using a metal—dielectric,
stress-actuated, self-assembly method, periodic arrays
of metal flap SRRs and hinges were fabricated by
lithographic patterning combined with metal deposition,
lift-off and etching procedures. This approach offers
large-scale fabrication and can in principle be scal-
able from microwave (100 GHz) to optical frequencies
(300 THz). However, for creating optical NIMs, the care-
ful choice of materials as well as the close control of
geometrical parameters and release etching chemistry is
required. Moreover, combined with the fabrication chal-
lenges, moving to the optical range will bring up the limit
of size scaling in SRR functionality [18].

5. Thin metal film deposition

Aside from the requirements of nanometer-scale reso-
lution and high throughput, highly controllable thin-film
deposition methods are needed for the realization of
good performance (low loss) NIMs. Whatever approach
is chosen as a manufacturing method for the next gen-
eration of optical NIMs, the possibility of creating thin
metal and dielectric films with reduced surface rough-

ness is vital. High roughness of the metal film is the
main limit to obtaining lower-loss metamaterials since
it leads to increased scattering losses in the system and
can annihilate the negative-index effect [15].

Depending on the chosen approach, different deposi-
tion techniques have to be studied and optimized. For
example, in the standard lithography — deposition —
lift-off procedure [15,19,22-24], the roughness of the
e-beam-evaporated metal films can be reduced by the
proper choice of the deposition conditions [15]. The
quality of the deposited metal film depends also on the
quality of the dielectric spacer layer. Especially in the
case of an unstable metal like silver [86—88], the rough-
ness of the initial dielectric structure is very important
since clusters and lumps on a dielectric surface can, for
example, work as seeds for the induced silver restructur-
ing. The conventional way to improve the quality of the
metal film is to use a lower deposition rate and a dielec-
tric material with stronger adhesion and better surface
quality. For example, the decrease of the deposition rate
from 2 A/s to 0.5 A/s resulted in improved surface rough-
ness and, hence, better optical performance of a recent
magnetic metamaterial [15]. However, the decrease in
the deposition rate leads to heating of the structure during
deposition that makes the following lift-of process more
difficult. Thus, higher complexity, multi-step deposition
procedures were required [15].

In the case of silver, which is the most-used metal for
optical NIMs [15,22-24] due to its optical properties, air
exposure is also a problem since silver degrades under
ambient conditions. The deposition of a dielectric layer
on top of the structure [15,24] can help to prevent silver
deterioration. In order to improve the structure further,
annealing can also be applied [86].

When considering approaches that are feasible for
future 3D NIM fabrication, specifically direct laser writ-
ing based on TPP or 3D interference lithography yielding
complex polymer structures, deposition methods differ-
ent from standard deposition and sputtering techniques
must be developed. Here, metal deposition by electro-
less plating seems to be one of the possible directions.
As mentioned above, this approach was recently applied
to selectively deposit metal on a polymer structure
[71-73]. Electroless plating has also been shown to be
a promising way of achieving controllable deposition of
thin metal films with low roughness (average roughness
below 2nm) [89]. In light of future NIM manufactur-
ing where controllable coating of complex 3D structures
is required, alternative metal deposition techniques like
chemical vapor deposition [74], polymer-assisted [90]
and nanoparticles-assisted [91] deposition have to be
explored as well.
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6. Discussion and outlook

The fabrication of optical negative-refractive-index
metamaterials is quite challenging, due to the require-
ments of 100- and sub-100-nm feature sizes of the
“meta-atoms” and small periodicities on the order of
300 nm or less. Due to the high-resolution requirement,
electron-beam lithography is still the first choice for fab-
ricating small-area metamaterials (~100 wm x 100 pwm)
[19,22-24]. Writing larger areas requires long e-beam
writing times and hence, boosts the operation cost. Thus,
this approach is only suitable for proof-of-principle stud-
ies. Similar to EBL, other serial processes, for example
the focused-ion beam milling technique [17], are not con-
sidered to be feasible for the large-scale metamaterial
fabrication required by applications.

One approach to manufacturing high-quality NIMs
on a large scale (~cm? areas) is provided by interfer-
ence lithography [20,53,55]. To increase the resolution,
IL can be combined with self-assembly techniques [52].
Moreover, this technique could also be applied to the
fabrication of future 3D metamaterials by piling 2D lay-
ers into a 3D structure. This step of stacking individual
2D layers made by IL has not been accomplished yet.

Another promising approach to create large-scale,
high-quality metamaterials is nanoimprint lithography
[58,92]. NIL offers nanoscale resolution; it is a parallel
process with high throughput and, hence, a good can-
didate for NIM fabrication. Since NIL requires a stamp
made by other nanofabrication techniques (like EBL)
it is ideal for parallel production of already optimized
metamaterials, when the preliminary test structures
were patterned via EBL. Thus, NIL can be seen as a
large-scale, low-cost process of making EBL-written
structures that offers solutions to the intrinsic EBL draw-
backs.

The first steps towards the realization of a 3D NIM
were made by creating a multilayer structures (instead
of a single functional layer) [64] and by utilizing a
layer-by-layer technique [65]. Both approaches of mak-
ing stacked metamaterials still have limitations (like
challenging lift-off procedure in the first method and
alignment requirements in the second). Another possi-
ble direction of making multiple-layer NIMs could be
to consider deep anisotropic etching of a pre-fabricated
multilayer stack. However, this approach has not been
pursued yet due to the challenges connected to the dry
etch of metal-dielectric stacks.

While complex 3D nanostructures can be fabri-
cated today by several techniques (for example, direct
electron-beam writing [76] and focused-ion beam chem-
ical vapor deposition [77]), these methods are too

complex and time-consuming to be adapted for large-
scale NIM fabrication.

A fabrication method that is now considered to
be one of the most promising approaches for future
manufacturing of large-area, true 3D metamaterials is
based on two-photon photopolymerization techniques
[71,72]. While offering sub-diffraction resolution (down
to 100 nm) [69] due to a nonlinear multiphoton process,
this technique possesses intrinsic 3D processing capa-
bility. In addition to direct single-beam laser writing of
complex structures into a polymer matrix, large-scale
3D polymer structures for future real-life applications
can be realized via a 3D, multiple-beam TPP technique
[73]. When combined with selective metal deposition by
electroless plating [71-73] or via chemical vapor deposi-
tion, TPP can enable arbitrary 100-nm scale sculpturing
of metal—dielectric structures. However, this approach
needs further advances and developments for creating
thin, uniform and smooth layers of different materials
on a TPP-fabricated polymer matrix.

Three-dimensional, multilayered, polymer and
metallic structures can also be realized by nanoim-
print lithography [79,80]. This method offers high
reproducibility over large areas (millimeter scale) and
has been used for fabricating 3D cubic arrays of gold
cubes and 3D woodpile-like polymer structures for
photonic crystal-based devices [79,80]. Combined with
multimaterial deposition, these approaches might also
be adapted for future NIM fabrication.

To reach real NIM applications, several tasks have
to be fulfilled: loss reduction, large-scale 3D fabrica-
tion and new isotropic designs. Careful material choice
(for example, new crystalline metals with lower absorp-
tion instead of traditional silver and gold) and process
optimization (reduced roughness and high uniformity
of the materials) can help on the way to creating low-
loss optical NIMs. Another possibility is to introduce
a gain material into the NIM, thus compensating for
losses. Even though it is still a long way to truly three-
dimensional, isotropic, negative-index metamaterials at
optical frequencies, several fabrication approaches do
seem to be feasible. With emerging techniques such
as nanoimprint, contact lithography, direct laser writ-
ing and possibly new types of self-assembly, it seems
likely that truly 3D metamaterials with meta-atom sizes
much smaller than the wavelength can be created. In
the next generation of optical NIMs, for any chosen
manufacturing approach, the careful choice of materi-
als and process optimization will be required in order
to obtain high-quality structures. Thus, a discussion of
future fabrication tool selection needs to be based on
careful considerations of the structural quality achiev-
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able with the suggested method and the associated
cost.
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