
 
Deliverable 12: Report on fabrication issues and 
optical characterization of bulk Photonic 
Metamaterials  

 

The strategy of PHOME towards achieving truly three-dimensional (and bulk) photonic 
metamaterials has been to follow two fabrication routes in parallel, namely, planar 
electron-beam lithography plus stacking of several layers on the one hand (KIT and 
Bilkent) and inherently three-dimensional direct-laser-writing (DLW) optical lithography 
on the other hand (KIT). The previous status has been reported on in D10, which shall 
not be repeated here. Meanwhile it has become clear that the DLW approach – which 
seemed like the more risky one at the start – is actually advantageous in terms of 
fabrication complex structures within reasonable time.  

However, a major drawback of DLW optical lithography has been its limited spatial 
resolution, which has not been anywhere near that of state-of-the-art electron-beam 
lithography. This aspect has limited further progress by the FORTH and KIT partners 
regarding three-dimensional chiral metamaterials as well as further progress with respect 
to three-dimensional transformation-optics architectures (e.g., invisibility cloaks) that the 
collaboration between KIT and Imperial introduced in a publication in Science 
magazine in early 2010. This contrasted the theoretical progress made in PHOME 
[D12:1] [D12:2] [D12:3]. 

Thus, the KIT partner has put tremendous effort on systematically improving the spatial 
resolution of DLW optical lithography in all three dimensions by combining [D12:5] 
[D12:6] it with the concept of stimulated-emission-depletion (STED) known from 
fluorescence microscopy. The underlying idea is illustrated in Fig.D12.1. 
 

 
 

Figure D12.1: (a) Scheme of stimulated-emission-depletion (STED) direct-laser-writing (LW) optical 
lithography. A red laser focus exposes the photoresist, while a green laser depletes (or de-excites or 
“erases”) from all sides using a bottle beam. (b) Foci measured by scanning a gold bead through the focus 
in three dimensions. Taken from Ref.[D12:5].  
 
Using this approach, we were able to miniaturize our 2010 result by more than a factor of 
two in all three spatial directions. This step has brought the operation frequency from the 



infrared all the way to the visible part of the electromagnetic spectrum. In particular, 
optical microscopy revealed excellent cloaking in three dimensions and for any 
polarization of light at 700-nm wavelength [D12:4]. In this publication, we also 
systematically studied the wavelength dependence. Only at wavelengths below 600 nm 
does the light field “feel” the underlying periodicity of the metamaterial. Hence, 
deviations from the effective-medium approximation occur. Comparison of the 
experiments by the KIT partner with ray-tracing modelling along the lines of 
Ref.[D12:1] revealed only minor imperfections with respect to the carpet-cloak design 
introduced by the Imperial partner in 2008.  

 

                                       
 
Figure D12.2: Scheme of the imaging Michelson interferometer allowing for directly measuring the phase 
front reconstruction by a carpet invisibility cloak. Taken from Ref.[D12:8].  
 

In a broad sense, invisibility cloaking based on photonic metamaterials can be viewed as 
a particularly demanding example of aberration corrections, which are of interest in many 
optical systems. Here, however, not only correction of the light amplitude but also of the 
phase of the light wave is mandatory. While the two are connected by the Maxwell 
equations, not a single far-field optical experiment had previously actually shown that 
such invisibility cloaks also properly reconstruct the phase of the wave. To test this 
aspect, the KIT partner has built a dedicated imaging interferometer for detailed optical 
characterization (see Fig.D12.2). 

Using this refined characterization set-up, the phase images shown in Fig.D12.3 have 
been obtained. Obviously, the bump at the top (compare T. Ergin et al., Science 328, 337 
(2010)) shows up as a phase hill for the reference. The phase distortion almost 
completely vanishes for the case of the cloaking structure shown at the bottom. 

The same three-dimensional STED-DLW lithography shall also allow for further 
miniaturizing and improving our previously introduced gold-helix photonic 
metamaterials that act as broadband circular polarizers. The corresponding status is 
reported in D11. However, STED-DLW optical lithography is presently restricted to 
negative-tone photoresist, whereas electroplating for gold helices required a positive-tone 
photoresist. Thus, an additional inversion step is necessary. We are pursuing atomic-layer 



deposition of a sacrificial dielectric before electroplating with gold. Encouraging progress 
has recently been made by the KIT partner. The same technology can also be applied to 
fabricate the corrugated-wire metamaterials theoretically introduced by the FORTH 
partner to achieve bulk three-dimensional negative-index metamaterials with improved 
angular dependence.  

Another promising route is to replace the traditional metals (e.g., gold or silver) by very 
highly doped semiconductors. This was, e.g., recently suggested by Alexandra Boltasseva 
and Harry Atwater (Science 331, 290 (2011)) for planar metamaterial structures. In 
PHOME, the KIT partner has successfully fabricated [D12:7] three-dimensional 
architectures based on Al-doped ZnO grown by atomic-layer deposition. Plasma 
frequencies up to visible frequencies have been achieved at reasonably small losses 
[D12:7]. Thus, this approach appears to be very attractive for three-dimensional infrared 
metamaterials and transformation-optics architectures. 

 

 
 

Figure D12.3: Measured phase images (compare Fig.D12.2) on carpet-cloak photonic metamaterial 
structures made by STED-DLW optical lithography and measured at 700-nm wavelength of light. Taken 
from Ref.[D12:8].  
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