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History 

Photonic crystals are structured materials which have periodic refractive index in space and 
have enough refractive index contrast within one period. In most cases it is realized by the 
dielectric contrast of two composing materials. In some cases these materials have a band-gap 
for photons, similar to the cristalline materials in solid-state physics for electrons. The 
propagation of photons can be freely tuned by the geometrical and material composition of 
photonic crystals, even in 3 dimensions. This property adumbrate several possible 
applications, which cannot be implemented by conventional materials. As a result, several 
ideas raised up during the developement of the research, for example the idea of a purely 
photonic crystal chip. 

Similar structures can be found in nature, which have been optimized during a several 
million years of perfection. The colour of some animals or plants is caused by such 
nanoarchitectures, which give several advantages to their owners. In contrast to the perfectly 
ordered artifical structures, where the order is present through distances of several lattice 
constants, the photonic crystals with biological origin in most cases have only a local order. 
This local order is only present through distances of a few lattice constants and these 
structures are between being fully ordered and disordered, and can be called as poly-
crystalline or as quasy-ordered structures. 

These structures can be described by two most important parameters. One of them is the 
average distance of the neighbouring lattice cells, which corresponds to the lattice constant of 
the perfect crystals. The other one is that how isotropic the structure is (e.g. in case of the 
neighbouring cells), which corresponds to the rotational symmetries of the perfect crytals. 
Some results are showing that band-gaps can form even with high degree of disorder or with 
small refactive index contrast within these structures. 

Photonic crystal type structures in animals and plants are useful for different biological 
reasons, for example awareness, thermoregulation, mating, hiding etc. Beside there biological 
aspects, analysing the structures can help in better understanding the behaviour of photonic 
crystals. Especially those which are less ordered or their artificial implementation is 
impossible or would have extreme costs in the present technological level. It is worth to 
notice, that the periodicity of photonic crystals with band-gaps in the visible spectrum is in the 
order of 100 nm, and only the 3D structures have really perspective application possibilities. 
Nowadays the preparation of structures with this order of periodicity has technological 
difficulties, which makes the preparation difficult and expensive. By the use of biological 
models, new type of bioinspired structures can be implemented without the costly 
developement of such structures and they could have significant role in future technology. 
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Goals 

My goals can be threaded into a train of thoughts. The starting point of my research was 
the structural and optical investigation of photonic crystals type nanoarchitectures with 
biological origin. These structures have different properties and functions from the artificial 
nanoarchitectures. By investigating these type of structures, the photonic crysrtals in general 
could be better understood, especially the less ordered ones. 

My further goal was, by using the knowledge gained by investigating biological photonic 
crystals, to prepare similar structures artificially by using the currently available technology 
(this is called bioinspiration). In this case the real goal is not to make a copy of these 
investigated structures, rather to prepare similar structures with keeping in mind the modelled 
structural characteristics, and to tailor the optical properties of the prepared structures. After 
investigating the structural and optical properties in depth, the further goal was to discover the 
connection between them. 

One of the most important properties of the biological photonic nanoarchitectures is that 
they are in between being fully ordered and disordered. Therefore one of my focal points was 
to investigate the effect of the disorder to the optical properties. 

Investigation methods 

The experimental methods that I used can be divided into two groups. Based on whether 
they are used for preparing or investigating photonic crystal type structures. Since there are no 
established methods for investigating and especially for preparing these type of structures, 
wide area of methods are usually used as I did. I used Electron Beam- and Focused Ion Beam 
Litography, Langmuir-Blodgett method, Atomic Layer Deposition, Vacuum Evaporated 
Layer Deposition for preparation; Scanning- and Transmission Electron Microscopy, Atomic 
Force Microscopy for structural investigations; Ellipsometry and different kind of Reflection 
Spectroscopy for optical investigations. I used the equipments which were available within 
the Nanostructures and other Departments of the MTA TTK Institute for Technical Physics 
and Materials Science. 

There are also different types of the theoretical methods available for numerical modelling 
and calculation of photonical crystals. Out of these, I used the TMM (Transfer Matrix 
Method) method in case of the 2 dimensional structures and FDTD (Finite Difference Time 
Domain) method in case of the 3 dimensional structures to understand the properties and 
behaviour of the investigated structures. 
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New scientifical results 

Colour changes upon cooling of Lepidoptera scales containing photonic 
nanoarchitectures 

1. I found the reason for the Eterusia taiwana butterflies’ colour change, stored in a 
refrigerator, when they were moved from 5 °C to room temperature, and the lack of colour 
change of the similarly treated but prepared butterflies. I showed that when using a cold 
source with sufficient heat capacity, the method can be used for the easy and non-destructive 
identification of the open photonic crytal type nanoarchitectures, therefore the butterfles with 
stuctural colour can be serparated from the ones, which are coloured by pigments. I showed 
that the small changes in the moving of the reflection peaks’ position, can be used to identify 
the butterflies coloured by closed photonic nanoarchitectures and to separate from the 
butterflies coloured by pigments [1,2]. 

2. During the controlled cooling of the butterfly wings, I identified specie specific 
properties in the change of the reflection specta, which scattered slightly from individual to 
individual. I showed a linear relationship between the opennes of the nanoarchitectures in 
different butterfly species and the evaporation time of the liquid water. I showed that the 
colour change can be localized into a small area on prepared butterfly wings. This could be a 
method for a photonic crysltal type screen, based on condensation [1,2]. 

Two dimensional quasy-oedered bioinspired hole patterns 

3. By using the structural properties of the nanoarchitectures, found in butterflies, I 
prepared two dimensionally ordered square-, triangular- and quasy-ordered photonic crystal 
type nanoarchitectures on HOPG substrate, which absorbs light in the visible spectrum, with 
FIB and EBL methods in combination with controlled oxidation. The geometrical and 
therefore the optical properties were tailored by the controlled oxidation of the HOPG. I 
showed that the colour of the structures, made on graphite, can be modified by a conformal 
dielectric layer – deposited by ALD – in a way that the colour was shifted to smaller 
wavelengths [3]. 

4. I identified that the quasy-ordered structures showed different optical properties than the 
ordered ones, and which were similar to the modelled Albulina metallica butterflies. The 
colour of the quasy-ordered structures was independent from the rotation of the structures in 
the plane of the samples’ surface, in contrast to the diffraction lattice reflection of the ordered 
ones. On the other hand the colour and reflection spectra of them was changed only slightly – 
compared to the ordered ones – by changing the angle of the illumination and the lattice 
constant. In summary, I showed that the colour of the quasy-ordered nanoarchitectures, found 
in nature, behave in a robust way by the change in the geometry. The results showed the 
possibility of colouring the HOPG-like absorbing materials (etc. metals) without using 
pigments [3]. 
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2+1 dimensional partially ordered photonic nanoarchitectures 

5. I prepared nanoarchitectures, similar to the one which was identified in the wings of the 
Albulina metallica butterfly, by embadding In particles into a multilayer structure. Despite the 
disorder in the structure (which was present in both the perpendicular and the parallel 
direction to the layers), the prepared structure showed a strong colour, similar to the 
planeparallel multilayers. I modified only one parameter, the size of the In particles, out of the 
ones which was important for the optical properties with oxidation, and showed that the 
optical response can be tuned. The colour of the structure changed only slightly, however the 
structure was modified significantly [4]. 

6. I prepared two type of disordered structures by combining nanoparticles and multilayers: 
one quasy-ordered in plane, similar to the nanoarchitectures found in the butterflies, and 
another one perfectly ordered in plane but disordered in the perpendicular direction. I showed, 
that the samples had a mirror-like reflection similar to the simple multilayers, and had a 
diffuse reflection similar to the Lambert reflectors, whose reflection maximum is angle 
independent. I made an FDTD model to explain the diffuse reflection of the quasy-ordered 
samples. According to the simulation results, the reason for the diffuse reflection was that 
some part of the illuminating light incoupled into the multilayer structure and then the 
propagating modes were scattered out from the structure. I showed, that small modifications 
in the geometry of the nanostructure composed of small particels, which were used to model 
the extruded islands of particles, have a major impact on the effectiveness of the incoupling. 
The quasy-ordered structure of the larger particles in the other sample however had only a 
neglectable effect on the reflection of the structure [5]. 
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