
 
Deliverable 11: Assessment of the existence of IR and 
optical Photonic Metamaterials  

 

Before the beginning of the PHOME project, photonic metamaterials were not actually 
“materials” but they were rather planar films composed of planar metamaterial building 
blocks. As one makes the step from single functional layers to three-dimensional 
structures, the issue of losses becomes more prominent. Suppose that the transmittance of 
a single metamaterial layer is as large as 90%. For hundred layers, the resulting 
transmittance would be as low as (0.9)100=2.7×10-5 – essentially a completely opaque 
hence practically useless structure. Thus, making photonic metamaterials more bulky on 
the one hand and making them less lossy on the other hand are two closely related 
aspects. 

Regarding both aspects, the PHOME project has made tremendous progress. The KIT 
and FORTH partners have recently jointly published two corresponding reviews on this 
matter, one brief perspectives article in Science in December 2010 [D11:1] and one 
comprehensive review in Nature Photonics that appeared in August 2011 [D11:2]. 
Another more popular-oriented review has already appeared in Physics Today in October 
2010 [D11:3].  

 
 

 
 

Figure D11.1: Overview of three-dimensional photonic metamaterials. Taken from Ref.[D11:2]. Many of 
these structures have been realized within PHOME, which has taken a leading role within Europe. Other 
structures like the ones in (d)-(g) have been realized by groups in North America. 

 

Figure D11.1 summarizes different three-dimensional architectures taken from one of 
these reviews [D11:2]. Stacked double-fishnet negative-index metamaterials operating at 
telecom frequencies along the lines of (a) had already been realized by PHOME partners 
before the beginning of PHOME. More flexibility arises upon stacking different 
independent functional layers made by electron-beam lithography like shown in (b). A 



variety of corresponding chiral structures were previously made and jointly published by 
the KIT and FORTH partners as reported in PHOME deliverable D10. These results 
could recently be further improved in a joint effort between KIT and FORTH by going 
from twisted crosses [D11:4] towards twisted split-ring resonator architectures [D11:5]. 
This structure is in fact closely similar to the one shown Fig.D11.1(c). In D10, we also 
reported on another approach based on three-dimensional direct-laser-writing (DLW) 
optical lithography and gold electroplating shown in (c). The corresponding gold-helix 
metamaterial acts as a compact broadband circular polarizer and represents an early real-
world application of the far-reaching ideas of photonic metamaterials. In D12 we will 
report on our corresponding PHOME progress with respect to further moving the 
operating frequencies of three-dimensional metamaterial structures from the infrared 
towards the visible spectral range by introducing stimulated-emission-depletion (STED) 
DLW optical lithography.  

The KIT partner has also continued along the lines of the circular polarizer, aiming at 
systematically further improving its suppression ratio as well as its bandwidth. The latter 
can, e.g., by improved by chirping the diameter of the gold helix from the substrate side 
towards the top. It is known from antenna theory that the resonance wavelength is 
basically proportional to the helix diameter. Thus, adiabatically tapering the helix 
diameter enables increasing the bandwidth. However, careful numerical studies were 
required to find a compromise between sufficiently slow tapering and reasonable overall 
helix length (unpublished). Corresponding metamaterial structures are presently being 
fabricated and characterized by KIT. In addition, the circular-polarizer suppression ratio 
can be increased by more than an order of magnitude by going from a single helix in one 
metamaterial unit cell to three interwoven helices (compare DNA). Here, the idea is to 
eliminate the remaining linear birefringence that results from the axis defined by the end 
of the metal wire and the center of the helix. However, realizing corresponding structures 
requires more advanced STED-DLW optical lithography (see D12). Such advance might 
also allow realizing the cubic-symmetry negative-index metamaterial architecture 
proposed by the FORTH partner and shown in Fig.D11.1 (h). 

Regarding metamaterial losses, the collaboration between KIT and FORTH has investi-
gated further the microscopic origin of losses in magnetic metamaterials composed of 
split-ring resonators operating at telecom frequencies [D11:6]. By detailed experiments 
and calculations varying both the metamaterial lattice constant as well as the angle of 
incidence in oblique-angle transmittance, it was found that long-range retardation effects 
can influence the resonance damping by as much as a factor of three. This means that a 
considerable fraction of the losses can be eliminated by design. It also means that the 
metamaterial acts like one entity. This aspect avoids undesired breaking up into domains 
upon introducing optical gain.  

Metamaterial losses can also be reduced by as much as 30% by post-processing of 
structures made via electron-beam lithography using restructuring by electrochemical 
means [D11:7]. This work has built upon our earlier PHOME work regarding 
electromodulation of photonic metamaterials [D11:7]. 

Ultimately, however, optical gain needs to be introduced if loss-free operation should be 
required. The PHOME approach has been from the start to employ semiconductor optical 
gain by bringing a single quantum well in close proximity to the meta-atoms, e.g., to 



split-ring resonators. Meanwhile the joint KIT and FORTH work that we reported on in 
D8 has appeared [D11:9]. More recently, we could demonstrate in direct experiments that 
the coupling between quantum well and split-ring resonators decays on a scale of a mere 
ten nanometers (submitted). These results largely benefited from PHOME work on 
spatially resolving the electromagnetic fields near meta-atoms by either electron-energy-
loss spectroscopy [D11:10] or phase-sensitive optical near-field microscopy/spectroscopy 
[D11:11].  
Another interesting avenue is to turn the often undesired metamaterial losses to our 
advantage. Indeed, several groups have previously suggested metamaterial perfect 
absorbers, however, without turning the heat generated via optical absorption into an 
actually useful electrical signal. To this end, the KIT partner has successfully realized a 
first integrated metamaterial bolometer depicted in Fig.D11.2 (unpublished). 

 

    

    
 

Figure D11.2: Electron micrographs (different magnifications increasing from top left to bottom right) of 
an operational integrated metamaterial bolometer structure fabricated by electron-beam lithography onto a 
free-standing 30-nm thin SiN membrane on a silicon substrate (unpublished). 

 
Upon resonant absorption of light in the split-ring-resonator like objects (bottom right in 
Fig.D11.2), the connected gold meander is heated, hence changing its Ohmic resistance. 
This resistance change is measured in four-point geometry. The conceptual advantage 
compared to usual bolometers is that the metamaterial allows for integrating a spectral 
filter as well as a polarization filter. Both aspects reduce thermal noise. Along these lines, 



average powers below one µW at around 1.5-µm wavelength could be detected by the 
KIT partner at room temperature. This design can easily be scaled to other operation 
wavelengths. In this fashion, also cameras with built-in spectrometers may become 
possible. Notably, this bolometer is entirely metal-based – the SiN membrane merely 
serves for mechanical stability. 

Another interesting application of metamaterials lies in frequency conversion, e.g., in 
second-harmonic generation. Building on our previous PHOME work, the KIT partner 
recently performed second-harmonic-generation spectroscopy on split-ring-resonator 
arrays for the first time [D11:12]. These experiments might prove helpful in identifying 
the microscopic origin of the metamaterial nonlinearities – which is still not well 
understood theoretically at present.  
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