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Abstract 

In the last decade, a new area of photonics research has emerged, that has given the ability to produce materials 
with entirely novel electromagnetic properties. Known as metamaterials for their ability to take beyond conven-
tional materials. Clearly, the field of metamaterials can develop mould-breaking technologies for a plethora of 
applications, where control over light (or more generally electromagnetic radiation) is a prominent ingredient—
among them telecommunications, solar energy harvesting, biological and THz imaging and sensing, optical iso-
lators and polarizers. In this talk, I give an introduction into this emerging field, review recent progress, and 
highlight remaining challenges and opportunities. 

 

1. Introduction 
One of the most exciting and promising developments in basic physics, applied physics and engineer-
ing is the endowment of photons with revolutionary propagation and spectral properties, through their 
interaction with novel artificial materials, called metamaterials [1-3]. This development, which actu-
ally started about a decade ago, has been intensified over the last five years, and it is expected to grow 
in the years to come. Metamaterials represent a broad class of micro- or nanostructures composed of 
tailored building blocks that are ideally much smaller than the wavelength of light, enabling dense 
packing into an effective material. Resonances of the building blocks are the key for opening the door 
to a new world of possibilities. In particular, magnetic-dipole resonances can be achieved by “simply” 
shrinking the size of usual metallic electromagnets such that their resonances go optical. The split-ring 
resonator (SRR) is a paradigm example [4]. The incident light field can induce a circulating and oscil-
lating electric current in the ring. These magnetic-dipole resonances and the numerous variations 
thereof have reminded the optics community that light is an electromagnetic wave. If one aims at ob-
taining complete control over an electromagnetic light wave inside of a material, one needs to be able 
to independently control both the electric and the magnetic field [2]. Thus, the newly achieved mag-
netic control has opened one half-space of optics that is still considered irrelevant in many optics text-
books. Yet, it shouldn’t. The other half of optics allows for impedance matching, hence zero reflection 
at a material’s interface – for any refractive index. The refractive index can also become negative or 
assume exceptionally large positive values. For many of these far-reaching ideas one eventually needs 
three-dimensional structures [5]. 
In Figure 1, we present the development of the operation frequency of metamaterials with negative 
permeability, m, and/or a negative refractive index, n, over the last ten years. In the early years (2000-
2003) the design of choice for obtaining negative m, was the split-ring resonator (SRR). In 2004, a 
negative m at 1, 6, and 100 THz frequency was obtained by scaling down the SRR structure. The scal-
ing down of the SRRs has given negative values of m up to 200 THz.  At microwave frequencies, 
where the SRRs have sizes on the order of 1 cm, the SRR can be combined with wires providing an 
effective negative electric permittivity to achieve a negative index of refraction. It is also relatively 
easy to form multi-stacks and to propagate along the plane of the SRRs (so as to have the magnetic 
field perpendicular to the plane of the SRRs and the electric field parallel to the wires, and thus to be 
able to obtain negative n response). However, this configuration cannot easily be translated to optical 
frequencies. Thus, there was a need to find alternative designs providing negative m and negative n at 
infrared and visible frequencies. This led to cut-wire pairs and double fishnet structures for µ<0 and 
n<0, respectively. Clearly, these structures are uniaxial, providing the requested properties only for 
propagation of light normal to the substrate surface. Cut-wire pairs were independently experimentally 
realized and published by three groups in 2005. They can be viewed as strongly compressed SRRs  
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Figure 1. The progress in the negative permeability, m, and the negative index, n, materials development in 
the last 10 years. The solid symbols denote n<0; the open symbols m<0. Orange: data from structures 
based on double SRR; green: data from U-shaped SRR; blue: data from metallic cut-wire pairs; red: data 
from fishnet structure. The four insets give pictures of fabricated structures in different frequency region. 
This figure reproduced with permission from ref. 5. 
 
with two slits. The dielectric material between the resulting two parallel wire pieces merely serves as a 
spacer. The double fishnet essentially adds long metal wires to this arrangement for additionally pro-
viding a negative electric permittivity ε in the same frequency range where the cut wires lead to µ<0. 
The resulting so-called “double-fishnet” structure was introduced at infrared frequencies in 2005 and 
made it into the visible in 2007. However, most of the fishnet metamaterials shown in Figure 1 are 
really only 2D planar structures, which are sometimes also referred to as meta-films, meta-surfaces, or 
frequency selective surfaces. As mentioned above, most metamaterial experiments have been limited 
to 2D structures, whereas any normal person would expect structures extended in all three spatial di-
mensions on the scale of at least several wavelengths when speaking about a “material”. However, the 
fabrication of such 3D bulk metamaterials still poses a formidable challenge for nanotechnology [5]. 
 

2. Metamaterials towards 3D 
 
Most metamaterials that exhibit artificial magnetism and/or a negative refractive index at (far-) in-
frared frequencies consist of only a single functional layer [2] (or “monolayer”). Pioneering experi-
mental work [6-13] on several functional layers (i.e., several lattice constants) is summarized in Table 
1. All of these structures except for Ref. [12], are significantly thinner than the operation wavelength 
(also see Fig. 2). All are layered and work only for one particular propagation direction. How many 
layers are sufficient to qualify for being called “ 3D bulk”, i.e., for convergence when starting from 
2D? Nobody would seriously question that the optical properties of a monolayer SiO2 film are signifi-
cantly different from those of ten atomic layers—despite the fact that the total thickness is much 
smaller than an optical wavelength in both cases. Yet, in metamaterials, the situation can be more 
complex, because the building blocks (“photonic atoms”) can interact strongly. Thus, one must study 
how the optical properties (ε, µ, and n) change as the number of layers increases. 
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Table 1: Summary of fabricated (far-) infrared double-fishnet negative-index metamaterials composed 
of an integer, N, of functional layers (or lattice constants), in which case the number of actual layers is 
M=2N+1. 
 

# Functional 
Layers 

Ref. Year Type Operation Fre-
quency 

N=5 [6] 2006 Magnetic     6 THz 

N=3 [7] 2007 Negative index 214 THz 

N=4 [8] 2008 Magnetic   70 THz 

N=10 [9] 2008 Negative index 166 THz 

N=5 [10] 2008 Negative index 210 THz 

N=4 [11] 2008 Negative index 1 THz 

N=100 [12] 2010 Magnetic 0.35 THz 

N=3 [13] 2011 Negative index 439 THz 

There is no unique answer to the above question. In some cases, one layer may already be sufficient, 
in other cases a few layers suffice. The answer strongly depends on the coupling between adjacent 
layers, hence on their spacing. If the distance between adjacent functional layers is small, we have 
 

 
Figure 2. The total thickness over wavelength for different metamaterials. Red: Multiple layers; 
Blue: single layers; Hollow: Parallel incident; Solid: Normal incident; Square: SRRs; Triangle: 
Fishnet;  Circle: cut-wires. This figure reproduced and updated with permission from ref. 15. 
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strong coupling, and the convergence of the optical properties is slow (one needs at least four func-
tional layers) [14]. Importantly, the behavior does not converge to that of the monolayer case. In con-
trast, for larger distances, the coupling is weak and the retrieved optical parameters for several func-
tional layers are very close to the monolayer case [14].  

Figure 2 summarizes a large variety of metamaterial experiments. Here, the total metamaterials thick-
ness, t, normalized to the free-space operation wavelength, l, is plotted versus operation frequency. At 
microwave frequencies, the metamaterial thickness is up to four to five times larger than the wave-
length. At infrared to visible frequencies, this ratio decreases, reaching values well below unity in 
most cases. Increasing this ratio remains to be a challenge. However, there is more to three-
dimensional metamaterials than just making them ever thicker. Flexibility in tailoring the metama-
terial’s unit cell interior is another crucial factor. In this regard, the various existing fabrication ap-
proaches exhibit substantial differences with particular strengths and weaknesses for each case. One 
can use electron-beam and focused-ion-beam-lithography to fabricate many layers of metamaterials 
[7-9, 13], no isotropic metamaterials. SRRs oriented in all three dimensions, fabricated using mem-
brane projection lithography [16], and direct laser writing can fabricate 3D isotropic metamaterials 
[17]. 

 

3. Conclusion 
Throughout the last decade, electromagnetic metamaterials have come a long way from microwave 
frequencies to the visible. More recently, they have also become truly three-dimensional “materials” at 
optical frequencies. Much of this research has been inspired by the fascinating and far-reaching vision 
of the perfect lens, as introduced by John Pendry based on the dream of lossless isotropic negative-
index metamaterials. While this dream may never come into reach, it has fueled an entire field. 
Meanwhile, some researchers have also identified more short-term applications that get away with es-
sentially two-dimensional metamaterial structures. For example, even meta-surfaces can approach per-
fect absorbers, i.e., structures that neither transmit nor reflect light in a certain frequency regime and 
for a broad range of angles. Such compact perfect absorbers might prove useful for detectors or energy 
converters. Other researchers have explored field-enhancement effects for improving the performance 
of solar cells. Yet others employ the (sharp) metamaterial resonances for sensing applications via their 
dependence on environment or investigate nonlinear frequency conversion. The magnetic response is 
also a prerequisite for huge chiral optical effects in three-dimensional metamaterials, e.g., enabling 
compact broadband circular polarizers. 
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