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Introduced around a decade ago, metamaterials represent a broad 
class of densely packed micro- or nanostructured building blocks 
that are much smaller than the wavelength of light1–5. The Mie-

like resonances of these building blocks open the door to a world of 
new possibilities. In particular, magnetic dipole resonances can be 
produced by shrinking the size of macroscopic metallic electromag-
nets such that their resonances enter the optical regime. A paradigm 
example of this is the split-ring resonator (SRR)6, in which an inci-
dent light field induces a circulating and oscillating electric current 
that generates a magnetic dipole moment normal to the ring. Naively, 
the SRR can be viewed as a half-wave antenna rolled into an almost-
closed circle. This picture gives a resonance wavelength that is 2π 
times larger than the ring’s diameter — a value not far from more 
detailed calculations that also account for plasmonic effects occur-
ring when the operating frequency approaches the metal’s plasma 
frequency, which gradually turns the antenna resonance into a Mie 
resonance. The magnetic dipole resonance of the SRR, together with 
its numerous variations, have reminded the optics community that 
light is an electromagnetic wave. Obtaining complete control over an 
electromagnetic wave inside a material requires independent control 
over both its electric and the magnetic field1,2. Recent achievements in 
the control of magnetic fields have therefore opened an area of optics 
that is still considered irrelevant throughout many optics textbooks. 
Such advances allow for impedance matching, which can be used 
to achieve zero reflection at a material interface for any refractive 
index. The refractive index can also become negative under such cir-
cumstances, which means that the phase velocity of light is opposite 
to the electromagnetic energy flow described by the Poynting vector 
(more specifically, the dot product of the two vectors is negative). 
In other structures, the refractive index can take exceptionally large 
positive values if the phase velocity is very small. A large difference 
in refractive index between the left- and right-handed circular polar-
izations of a light wave results in significant optical activity. Finally, 
realizing the concepts of transformation optics requires tailored and 
generally anisotropic magnetodielectric metamaterials.

Past achievements and future challenges in 
the development of three-dimensional  
photonic metamaterials
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Photonic metamaterials are man-made structures composed of tailored micro- or nanostructured metallodielectric subwave-
length building blocks. This deceptively simple yet powerful concept allows the realization of many new and unusual optical 
properties, such as magnetism at optical frequencies, negative refractive index, large positive refractive index, zero reflection 
through impedance matching, perfect absorption, giant circular dichroism and enhanced nonlinear optical properties. Possible 
applications of metamaterials include ultrahigh-resolution imaging systems, compact polarization optics and cloaking devices. 
This Review describes recent progress in the fabrication of three-dimensional metamaterial structures and discusses some of 
the remaining challenges.

There has never been a shortage of new ideas in the field of 
metamaterials. However, several conditions must be fulfilled 
before such ideas can make the transition from a curious scien-
tific finding to a real-world usable material. First, the operating 
frequency must be brought to the optical regime, covering either 

1Ames Laboratory and Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA. 2Institute of Electronic Structure and Laser, 
Foundation for Research and Technology-Hellas, 71110 Heraklion, Crete, Greece. 3Institute of Applied Physics, Institute of Nanotechnology and DFG-Center 
for Functional Nanostructures, Karlsruhe Institute of Technology, D‑76128 Karlsruhe, Germany. *e-mail: soukoulis@ameslab.gov

M
ag

ne
tic

 re
so

na
nc

e 
fre

qu
en

cy
 (T

H
z)

W
av

el
en

gt
h

Year

1,000
100 nm

1 µm

10 µm

100 µm

1 mm

1 cm

10 cm

2000
2001

2002
2003

2004
2005

2006
2007

2008
2009

2010 2011
2012

100

10

0.1

0.01

1

i
iii

v

vi

viii

vii
ix xii

xi
xiii

xiv xv xvi xvii xviiix

ii iv

Figure 1 | Progress in metamaterial operating frequency over the past 
decade. The operating frequency of metamaterials with negative magnetic 
permeability μ (empty triangles) and negative index of refraction n (solid 
triangles) is shown on a logarithmic scale ranging from microwave to visible 
wavelengths. Orange: structures based on double SRRs; green: U‑shaped 
SRRs; blue: metallic cut-wire pairs; red: negative-index double-fishnet 
structures. The four insets show optical or electron micrographs of the four 
types of structure. Data points are from: i) ref. 104; ii) ref. 20; iii) ref. 105;  
iv) ref. 106; v) ref. 107; vi) ref. 24; vii) ref. 108; viii) ref. 28; ix) ref. 7; x) ref. 109; 
xi) ref. 8; xii) ref. 9; xiii) ref. 10; xiv) ref. 11; xv) ref. 12; xvi) ref. 13; xvii) ref. 14; 
and xviii) ref. 15. Figure updated with permission from ref. 2, © 2007 AAAS.
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telecommunications or visible wavelengths (although there may 
also be applications at longer wavelengths). This condition was 
met a few years ago1,2. Second, to qualify as a ‘material’, the struc-
tures must have several layers of truly three-dimensional (3D) 
unit cells to approach the bulk 3D limit, which is the focus of this 
Review. Third, the losses (that is, absorption) should be reasonably 
low. Experimental progress in this direction has been sluggish for 
metal-based metamaterials3–5, but all-dielectric structures avoid-
ing metals may provide a solution in some frequency regimes. 

Metamaterials go optical
In 2007 we reviewed how the operating frequency of magnetic 
and/or negative-index metamaterials has developed over the 
years2. Figure 1  is an updated version of these data. The tremen-
dous increase in operating frequency has been made possible by 
miniaturizing and redesigning magnetic SRRs. Achieving negative 
refractive index also requires a negative electric permittivity, which 
is now provided by sets of long metal wires (known as a ‘diluted 
metal’) at both microwave and visible frequencies. This redesign 
process led to the development of the double-fishnet negative-
index structure7, which has been used in experiments by various 
groups7–15. In essence, a single functional layer of this structure 
comprises a perforated metal–dielectric–metal sandwich. The 
uniaxial double-fishnet structure exhibits an effective negative 
index of refraction for light propagating normal to the layers.

How can one provide experimental evidence that the index 
of refraction, n, is indeed negative? At optical frequencies, most 
groups merely measure the frequency dependence of the transmit-
tance, T, and/or of the reflectance, R, and use computer simulations 
to fit the experimental values of T and R. The numerical results are 
then used to derive or ‘retrieve’16 the effective parameters of electric 
permittivity, ε, magnetic permeability, μ, and refractive index (and, 
more generally, also the bi-anisotropy parameter17,18). This simple 

retrieval approach can deliver reliable results provided that the 
agreement between experiment and theory is excellent. However, 
this approach is also quite indirect, and does not necessarily lead 
to unique results. For a single fishnet layer, the unit cell size along 
the propagation direction, az, is undefined. The phases of T and 
R change along az, but their magnitudes remain constant. As az 
decreases, the magnitude of the retrieved effective parameters tends 
to increase. In contrast, for two or more fishnet layers, the axial lat-
tice constant az is well-defined and the retrieved results only depend 
on the number of layers. ‘Bulk’ metamaterial properties are reached 
if the retrieved parameters converge with an increasing number of 
layers (see discussion below). More directly, negative n should lead 
not only to negative refraction at the interface, but also to a negative 
phase velocity of light, and hence to a negative propagation time 
for phase fronts passing through a metamaterial slab. Researchers 
have demonstrated negative refraction at an interface by using a 
wedge prism at telecommunications wavelengths19, in analogy to 
similar experiments at microwave frequencies20. However, caution 
is required in such cases because negative refraction can also occur 
without a negative refractive index21. Negative phase velocities of 
light have been investigated by directly measuring the phase and 
group propagation time of a Gaussian light pulse as it propagates 
through a thin metamaterial layer in an interferometric set-up10,11. 
Notably, a negative (‘backwards’) phase velocity can be accompa-
nied by either a positive or negative group velocity, whereas the 
Poynting vector is always positive (‘forwards’)10,11 (see Box 1).

Optical metamaterials go 3D
The next step22 is to stack N  >  1 functional layers of the double-
fishnet structure (forming 2N + 1 layers in total) to achieve a bulk 
3D uniaxial negative-index metamaterial (Fig.  2a). Table  1 sum-
marizes the results of such experiments. The thickness of even the 
largest stack (N = 10) is still significantly smaller than the operating 
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Figure 2 | 3D photonic-metamaterial structures. a, Double-fishnet negative-index metamaterial with several layers13,15,19,22,27,71. b, ‘Stereo’ or chiral 
metamaterial (see also Fig. 3) fabricated through stacked electron-beam lithography24–26,29–33. c, Chiral metamaterial made using direct-laser writing and 
electroplating38. d, Hyperbolic (or ‘indefinite’) metamaterial43,45–50 made by electroplating hexagonal-hole-array templates49. e, Metal–dielectric layered 
metamaterial composed of coupled plasmonic waveguides, enabling angle-independent negative n for particular frequencies44,45. f, SRRs oriented in all 
three dimensions, fabricated using membrane projection lithography51. g, Wide-angle visible negative-index metamaterial based on a coaxial design89. 
h, Connected cubic-symmetry negative-index metamaterial structure amenable to direct laser writing110. i, Metal cluster-of-clusters visible-frequency 
magnetic metamaterial made using large-area self-assembly79. j, All-dielectric negative-index metamaterial composed of two sets of high-refractive-index 
dielectric spheres arranged on a simple-cubic lattice52–55,65.
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wavelength. This raises the question: how many layers are sufficient 
for the material to qualify as ‘3D bulk’? The optical properties of a 
few-monolayer-thin SiO2 film are not expected to be significantly 
different from those of a 50-nm-thick film, despite the fact that the 
total thickness is much smaller than one optical wavelength in both 

cases (although the situation would be different if graphene were 
used instead of SiO2). In metamaterials, the situation is more com-
plex because the building blocks can strongly interact. One must 
therefore study how the effective optical parameters change as the 
number of layers increases. Thus, there is no single answer to the 

The term ‘negative index of refraction’ causes considerable 
confusion. First, one must specify whether the term refers to a 
negative phase index, np, or a negative group index, ng. In both 
cases, ‘negative’ refers to the direction of the phase or group 
velocity vector with respect to the electromagnetic energy flow 
(Poynting vector S), which is tacitly assumed to be positive (‘for-
wards’). Figure B1 illustrates these quantities for the simple case 
of an isotropic effective material with ε(ω)  =  μ(ω), such that 
no reflections occur at the interface between the material and  
vacuum or air.

Figure B1a shows the real and imaginary frequency depend-
ence of the isotropic index of refraction n(ω). Figure B1b shows 
the wavevector k (k'), the group velocity vector vg (vg') and the 
Poynting vector S (S') for the interface between air and the dis-
persive isotropic metamaterial. Figure B1c shows corresponding 
equifrequency surfaces for the dispersion relation n(ω). If the equi-
frequency contours move outwards with increasing frequency, 
then vg • k' > 0; if they move inwards, vg • k' < 0. For the general 
case, vp = (c/|np|)k̂ and vg = ∇kω = (c/|ng|)k̂, where c is the phase 
velocity of light in vacuum, k̂ = k/|k| and ng = ω(d|np|/dω) + |np|. 
It is also worth mentioning that |k|  =  √(kx

2  +  ky
2)  =  R(ω) and 

|vp|  =  ω/|k|  =  c/|np|, where ω  =  cR(ω)/|np| and R is the radius 
of the circular equifrequency surface. The two middle diagrams 
shown in Fig. B1b are special cases, in which anomalous disper-
sion causes the energy flow S and the group velocity vg to point 
in opposite directions. Causality still enforces the energy to flow 
away from the interface. This counter-direction of group velocity 
and energy flow is only possible because of the strong absorption 
associated with the anomalous dispersion region, which causes 
an incident pulse to eventually broaden and diminish in ampli-
tude away from the interface. Within the anomalous dispersion 
region, the phase velocity may be either parallel or antiparallel to 
the energy flow or group velocity, resulting in either the positive 
or negative refraction of light. The anomalous dispersion region 
exists for arbitrarily small yet finite losses, and only disappears 
for the pathological case of zero loss. The negative group veloc-
ity corresponds to ‘superluminal’ pulse transmission; that is, 
the centre of a Gaussian pulse appears on the rear side of a slab 
before it enters the front side. However, this strange behaviour is 
not connected to the transfer of superluminal energy as a result 
of the inherent losses in this spectral region.

The concept of negative ng is not new, and indeed it may be 
present in the anomalous dispersion region of any normal dielec-
tric resonance (that is, μ = 1) and many dielectric photonic crys-
tals. A negative group index can lead to the negative refraction 
of light at an interface with air, even if the phase index is posi-
tive. Confusingly, a negative phase index also leads to negative 
refraction of light at an interface with air, even if the group index 
is positive. Negative refraction can also occur for birefringent 
dielectric materials with only positive phase and positive group 
indices. This confusion originates from the fact that Snell’s law of 
refraction considers the angle of refraction of rays in geometrical 
optics, or the direction of the Poynting vector in wave optics. 
However, Snell’s law generally makes no direct statement about 
the direction of the phase velocity vector. Thus, one must be very 
cautious when interpreting negative-refraction experiments.

The phase refractive index np = n is defined as c = c0/n, where 
c is the phase velocity of light and c0 is the speed of light in a vac-
uum. Thus, negative n immediately leads to negative phase veloc-
ity, which means that the optical path length becomes negative. 
Hence, the phase propagation time through a slab of thickness d 
also becomes negative. A negative phase propagation time, Δt < 0, 
can be measured in direct interferometric experiments. However, 
caution must be exerted when interpreting such experiments. 
Mathematically, a phase refractive index can be directly inferred 
through the relation n  =  c0Δt/d (after appropriately separating 
effects due to the slab’s surfaces). However, if the derived quantity 
n is a material property, it must only depend on the type of mate-
rial and not on its thickness d. Thus, for example, if one doubles 
the slab’s thickness, Δt must also double, leading to an identical 
value for n. A structure is a ‘bulk metamaterial’ if this condition is 
met, which is usually not the case for very thin metamaterial struc-
tures. The convergence from a single layer towards the bulk must 
be investigated for each metamaterial structure separately.

Much of the above discussion has tacitly assumed that the 
optical properties of the material/metamaterial under discus-
sion are isotropic — a condition that is only rarely fulfilled in 
experiments. If this is not the case, the refractive index should be 
replaced by the appropriate tensor element.

Box 1 | Negative index of refraction

Figure B1 | Connection between the negative phase velocity of light and 
the negative refraction of light for the simple case of an isotropic effective 
medium with complex-valued frequency-dependent refractive index 
n(ω). a, Real and imaginary frequency dependence of the isotropic index of 
refraction, n(ω). b, The interface between air and the dispersive isotropic 
metamaterial, showing the wavevector k, the group velocity vector vg and 
the Poynting vector S. c, The connection of k, vg and S to the equifrequency 
surface (blue circle).
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above question. In some cases, a single functional layer may be suf-
ficient; in other cases, a few layers may be needed. The number of 
layers required to reach the bulk 3D regime strongly depends on 
the coupling between adjacent layers, and hence on the interlayer 
spacing. If the distance between adjacent functional layers is small, 
the coupling is strong, the convergence of the optical properties is 
slow, and at least four functional layers are required23. The behav-
iour converges, but not to that of the monolayer case. In contrast, 
for larger distances, the coupling is weak and the retrieved optical 
parameters for several functional layers are very similar to that of 
the monolayer case23. The retrieved effective parameters remain the 
same when increasing the number of layers, which means that the 
bulk metamaterial limit has been reached. The minimum number of 
layers required for the metamaterial to qualify as ‘bulk’ depends on 
both the structure under investigation and the choice of az. Several 
groups have fabricated multilayer SRRs, which give negative μ at 
both terahertz24,25 and optical26 frequencies.

The unit cell goes 3D
The double-fishnet structure shown in Fig. 2a is not only scien-
tifically interesting but also relatively simple to fabricate, even for 

several functional layers. Standard electron-beam lithography19,27, 
focused-ion-beam lithography15,19, interference lithography28 and 
nanoimprint lithography29 have all successfully been used to fabri-
cate double-fishnet designs, as well as a range of other metamate-
rial structures. However, there is more to making 3D metamaterials 
than simply adding more layers.

Flexibility in tailoring a metamaterial’s unit cell interior is 
another crucial factor in metamaterial fabrication, especially 
when functionalities other than negative refractive index are 
desired. For example, strong chirality — a prerequisite for achiev-
ing large optical activity and circular dichroism — requires the 
lack of a mirror plane parallel to the substrate (for light incident 
normal to the surface), which is not possible with simple lay-
ered structures.

Stacked electron-beam lithography. Figure 2b shows a multilayer 
SRR structure that has been fabricated through stacked electron-
beam lithography, a general stacking approach taken by several 
groups24–27,29–33. In this technique, a layer of unit cells is fabricated 
by electron-beam lithography and subsequent planarization. 
Planarization can, for example, be accomplished using a rather 
thick commercially available spin-on dielectric, which is then 
etched to a desired spacer thickness through reactive-ion etch-
ing. The next layer of unit cells is again fabricated using electron-
beam lithography aligned with respect to the first layer. Using this 
technique, researchers have achieved lateral interlayer alignments 
down to the 10  nm level. Although in principle an unlimited 
number of layers can be fabricated, the structures demonstrated 
so far have all been restricted to only a small number, reaching a 
maximum of five26.

Although stacked electron-beam lithography is already used to 
fabricate chiral structures with large circular dichroism and signif-
icant optical activity at optical frequencies30,31, no negative refrac-
tive indices have been achieved at optical frequencies, in contrast 
with microwave34–36 and far-infrared frequencies32,33,37. Figure  3 
summarizes the development of chiral metamaterials30–37 using 
this fabrication technique. In 2010, researchers experimentally 
fabricated tunable chiral metamaterials to exhibit tunable optical 
activity and tunable refractive indices for the first time33.

Direct laser writing. The uniaxial gold helix metamaterial shown 
in Fig. 2c is another paradigm example of a chiral structure38. Like 
the planar SRR, 3D metal helices can be viewed as miniature elec-
tromagnetic coils into which a light field can induce an Ohmic 
current, giving rise to local magnetic dipole moments. Such struc-
tures have not been fabricated by any of the approaches mentioned 
above, and probably never will be. They can, however, be fabricated 
through direct laser writing (DLW), the 3D counterpart of 2D elec-
tron-beam lithography. In normal DLW, femtosecond laser pulses 
are tightly focused into the volume of a photoresist. Two-photon 
absorption ensures that only a tiny volume of the photoresist is 
sufficiently exposed by the light. Computer-controlled scanning 
of the focus and resist using piezoelectric actuators allows almost 
arbitrary polymer structures to be fabricated39–41 with lateral reso-
lutions of up to 100 nm. This value is an order of magnitude larger 
than state-of-the-art electron-beam lithography, which can readily 
access resolutions down to 10  nm. However, recent work using 
stimulated emission depletion DLW42 has approached lateral res-
olutions of 50  nm, with potential for future improvements. The 
polymer structures produced through DLW lithography can be 
filled with gold using electroplating38 (Fig. 2h). Electroplating set-
ups can be extremely simple and inexpensive, often requiring only 
a bias voltage between a transparent electrode on the substrate 
and a macroscopic counter electrode within a beaker. The meta-
material sample footprint and height is therefore limited only by 
the DLW lithography process itself. For large-scale bulk samples, 
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Figure 3 | 3D chiral metamaterials. a, Experimentally fabricated rosette 
chiral metamaterials that give negative n at gigahertz frequencies.  
b, Experimentally fabricated cross-wire chiral metamaterials that give 
negative n at gigahertz frequencies. c, Large-area electron micrograph of a 
chiral structure composed of right-handed twisted gold crosses, shown at 
normal and oblique (inset) angles. d, Schematic of the unit cell of a tunable 
chiral metamaterial. e, Top view of a single unit cell. f, Large-scale top view 
of a tunable chiral metamaterial. g, Electron micrographs of U-shaped SRRs. 
Figure reproduced with permission from: a, ref. 34 © 2009 APS; b, ref. 35  
© 2009 APS; c, ref. 30 © 2009 OSA; d–f, ref. 33 © 2010 OSA; g, ref. 31  
© 2010 OSA.

Table 1 | Summary of fabricated double-fishnet negative-index 
metamaterials composed of N functional layers (or lattice con-
stants) following a corresponding theoretical suggestion22. The 
structure is illustrated in Fig. 2a.

Number of functional layers Reference Year Operating frequency
3 71 2007 214 THz
10 19 2008 166 THz
5 27 2008 188 THz

4 103 2008 1 THz
3 15 2011 439 THz
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DLW could be replaced by 3D interference lithography. However, 
to our knowledge this has not yet been achieved.

Other approaches for creating templates. Other metamaterial 
structures can be fabricated by filling anodized alumina templates 
with silver or gold, again using electroplating38 (Fig. 2d). Although 
achieving isotropy remains a goal for some metamaterial struc-
tures, indefinite or hyperbolic metamaterials rely on intentional 
anisotropy43. Another technique for attaining negative refrac-
tion44,45 is to use a metal–dielectric layered metamaterial (Fig. 2e). 
For electric fields parallel to either the metal wire axis (Fig. 2d) or 
the metallic layers (Fig. 2e), and for frequencies below the effective 
plasma frequency of the composite, the metamaterial’s effective 
electric permittivity is negative, although it may be positive for the 
equivalent orthogonal polarization of light. The term ‘hyperbolic 
metamaterial’ originates from the hyperbolic shape of the isofre-
quency surfaces in wave-vector space43. These anisotropic systems 
can be used to achieve, for example, broadband all-angle nega-
tive refraction and superlens imaging43–50. Negative refraction and 
subwavelength imaging has been demonstrated at microwave46, 
infrared44,47 and visible wavelengths49.

Membrane projection lithography. More complex designs (see 
Fig. 2f, for example) can be realized using the directional evapo-
ration technique, which is also known as membrane projection 
lithography. This approach offers a path towards fabricating 3D 
metamaterials with micrometre-scale characteristic dimensions 
with arbitrary cavity shape and the ability to orient the SRR inclu-
sions along each of the coordinate axes — a crucial step towards 
creating isotropic metamaterials. Along these lines, researchers at 
Sandia National Laboratories in the USA demonstrated51 magnetic 
coupling to vertically oriented SRRs at operating wavelengths of 
10 μm. Their experimental results are in good agreement with the-
oretical predictions. This novel technology is extremely flexible, 
but also technologically demanding. Although researchers have so 
far only demonstrated metamaterial structures with single func-
tional layers, the approach in principle allows for multiple layers 
to be stacked.

Dielectric 3D optical metamaterials
All of the above metamaterials involve the use of metals, which 
leads to inherently large losses, particularly at optical or visible 
frequencies. It is interesting to ask, therefore, whether purely 
dielectric off-resonant (and hence low-loss) constitutive materials 
might also offer effective magnetic and/or negative-index meta-
materials properties. The Mie resonances of dielectric particles 
play a key role52 in achieving negative magnetic permeabilities53–59, 
just as they do in metallic structures. It is known from Mie reso-
nance theory that the first resonance of a dielectric sphere (and 
the second resonance of a cylinder) is a magnetic dipole mode. 
Its wavelength is controlled by the size and refractive index ns of 
the sphere, which has diameter d. The condition dns/λ0 = (m + 1)/2 
determines the free-space wavelength λ0 for the first magnetic res-
onance, where m = 1, as well as the first electric dipole resonance, 
where m = 2. To be used as a subwavelength building block in a 
metamaterial, the wavelength must be larger than the sphere diam-
eter; for example, λ0/d > 10. Further design freedom is provided if 
the set-up uses two sets of highly dielectric spheres made from the 
same dielectric material but of different radii, or two spheres of 
the same radius but different refractive indices. Such a structure 
is illustrated in Fig. 2j. For example, one set of spheres could offer 
electric dipole moments (leading to negative ε), whereas the other 
could provide magnetic dipole moments (negative μ). The inher-
ently low losses of off-resonant dielectric materials cause the Mie 
resonances of metamaterials to be very narrow, which makes it 
difficult to overlap two sets of resonances. However, besides this 

experimental difficulty, the realization of 3D isotropic negative-
index metamaterials is relatively simple. Experiments have been 
performed at gigahertz59 frequencies, where the sphere diam-
eter is of the order of millimetres. In contrast, no correspond-
ing experiments have yet been demonstrated at terahertz or even 
optical frequencies.

There are several alternative techniques for constructing 3D 
isotropic negative-index structures. First, the magnetic dipole res-
onances of dielectric spheres can be combined with off-resonant 
metal wires (see above; refs  60,61). Second, highly dielectric 
spheres embedded in a negative-permittivity plasmonic host such 
as a metal or a semiconductor62 can be used. Third, highly dielec-
tric spheres that provide negative μ can be coated with thin layers 
of a Drude metal of negative ε, which together lead to negative 
n  at infrared frequencies63–65. Fourth, a 3D ensemble of polari-
tonic spheres for negative ε was proposed for achieving isotropic 
negative μ near the first Mie resonance at infrared frequencies66–69. 
Interestingly, both the magnetic and electric dipole resonances of 
highly dielectric spheres can survive in a random or non-periodic 
configuration70, which enables the realization of low-loss 3D iso-
tropic negative-index photonic metamaterials at infrared and 
optical frequencies.

Active loss compensation
Metamaterial losses become an increasingly important issue when 
moving from multiple metal-based metamaterial layers towards 
the bulk case. If, for example, the transmittance of a single meta-
material layer is as large as 90%, the transmittance of 100 layers is a 
mere (0.9)100 ≈ 3 × 10–5, which renders the metamaterial essentially 
opaque and hence useless. The degree of loss can be quantified by 
a figure of merit (FOM), a dimensionless number that allows meta-
materials operating in different wavelength regimes to be compared 
in a meaningful way. Mathematically, the FOM is connected to the 
complex-valued refractive index n by FOM = |Re(n)/Im(n)|. Over a 
length corresponding to one medium wavelength λ, the wave ampli-
tude decays to exp(−2π/FOM). Equivalently, the 1/e intensity decay 
length is given by FOM × λ/(4π). The best-measured values15,71 of 
passive double-fishnet negative-index metamaterials have FOM = 3; 
that is, the 1/e intensity decay length is around a quarter of a wave-
length inside the material. Such large losses are due to the fact that 
the region of negative n  is very near to the resonance of the sin-
gle unit cell, where Im(n) is large. Im(n), and hence any losses, can 
therefore be reduced by moving the region of negative n further 
away from the resonance. This can be accomplished in both the 
weakly and strongly coupled double-fishnet structures by introduc-
ing periodicity effects23. Although future design optimization might 
lead to small improvements, the desired increase of several orders of 
magnitude seems to be out of reach at optical frequencies.

An obvious way of compensating for loss is to introduce gain 
materials into the metamaterial structure. However, an FOM of 3 at 
wavelengths of 1  μm corresponds to an absorption coefficient of 
α ≈ 4 × 104 cm–1. Gain coefficients of this magnitude are difficult 
to obtain in practice4. However, recent experiments72 on single 
layers of double-fishnet negative-index structures, in which the 
intermediate dielectric spacer layer was doped with dye molecules 
pumped by optical picosecond pulses, have raised hopes that 
solving this challenge, although difficult, may not be impossible. 
Corresponding theory73,74 has also been published. Other experi-
ments that exploit semiconductor gain in SRR metamaterials have 
only achieved partial loss compensation75,76. In principle, under 
stable steady-state conditions, the FOM can approach infinity at a 
single wavelength77,78.

Conclusions and outlook
Over the past decade, electromagnetic metamaterials have come 
a long way from microwave to visible frequencies. More recently, 
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they have also become truly bulk 3D ‘materials’ at optical fre-
quencies, albeit only for certain propagation directions and/or 
certain polarizations of light. However, none of these intricate 3D 
structures are yet available in quantities approaching the gram 
level. One future challenge is therefore to develop techniques for 
fabricating large-scale 3D isotropic metamaterials. As outlined 
above, some nanofabrication technologies have been developed 
specifically for this purpose, or have been modified from exist-
ing techniques. Electron-beam lithography, membrane projection 
lithography, direct laser writing, electroplating and bottom-up 
self-assembly approaches79–81 are all examples of such techniques 
(see Fig. 2i).

Much of the research into photonic metamaterials has been 
inspired by the fascinating and far-reaching vision of the ‘perfect 
lens’, as introduced by John Pendry82 — an idea based on the dream 
of lossless isotropic negative-index metamaterials. Although this 
dream may never come to fruition, it has already given birth to 
an entire field. Researchers have also identified short-term appli-
cations that exploit essentially 2D metamaterial structures. For 
example, metamaterial surfaces can even approach the realm of 
perfect absorption, where they neither transmit nor reflect light 
in a certain frequency regime for a broad range of angles83–88. 
Such compact perfect absorbers might prove useful for use as 
detectors or energy converters. Other researchers have explored 
field-enhancement effects for improving the performance of solar 
cells89,90. Sensitivity to magnetic fields is also required to achieve 
large chiral optical effects in 3D metamaterials, which enable the 
realization of compact broadband circular polarizers, for exam-
ple38. At terahertz frequencies, using an array of conjugated bilayer 
metal resonators with photo-excitable semiconductor inclusions 
provides actively tunable optical activity with high transmission 
and very low polarization distortion33. Other short-term applica-
tions use metamaterials for sensing purposes by exploiting the 
dependence of their resonance peaks on the surrounding envi-
ronment91, or investigate nonlinear frequency conversion6,92–98. 
In addition, the metamaterial analogue of electromagnetically 
induced transparency99–102 exhibits a transparency window that 
has extremely low absorption and strong adjustable dispersion. 
The latter could lead to ‘slow-light’ applications from microwave 
to terahertz frequencies, at which metamaterial structures can be 
fabricated quite easily. At optical frequencies, however, Ohmic 
losses impose fundamental constraints.

It is important to remember that the field of electromagnetic 
metamaterials is still rather young. After all, the first ‘photonic’ 
magnetic metamaterial structure emerged in November 2004 — 
around seven years ago. Since then, conceptual and technological 
progress in the field has been truly dramatic. However, the ulti-
mate application of metamaterials — the one that solves a global 
challenge for mankind — remains to be identified. Using metama-
terials to improve solar-energy harvesting or realize new medical 
diagnostic techniques are both prime candidates.
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