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Investigate the potential of enhancing the external quantum efficiency of solar cells used in space 

with bio-inspired photonic crystals/anti-reflection coatings. 

Target university partner competences 

Applied Physics, Nanotechnology, Biomimetics, Solar Cell Technology  

 

ACT provided competences 

Biomimetics, Material degradation testing against radiation, Numerical simulation  

 

 

Keywords 

Light-trapping, anti-reflective coating, concentrator photovoltaics, CPV, biomimicry, biomimetics, 

photovoltaics, solar power generator, radiation hardness 

 

 

Study Objective 

Photovoltaic systems constitute the main power source of almost all spacecraft. To increase radiation 

hardness while reducing mass, the current development targets thinner solar cells (Guter, et al., 2014). 

This results in a reduction of the optical path of incoming light, leading to reduced absorption (Aho, et al., 

2018).  

Nature has developed several mechanisms to harvest or absorb light such as through the nanostructured 

anti-reflective surfaces of moth-eyes and the light-trapping structures of the diatom frustules (Zhou, et 

al., 2017). In this study we aim at investigating the applicability of such structures to improve the light 

absorption in solar cells.   

  



Background and Study Motivation 

Sunlight is the primary energy source for life on earth and for spacecraft. In some habitats like the ocean 

the solar irradiance is reduced. Species living in such an environment have developed strategies to harvest 

the remaining sunlight in an effective way: Diatoms, an unicellular microalga, have a silica microshell 

(frustule) with active optical properties (Chen, et al., 2017). The planktonic living algae utilize this feature 

to collect the sparse sunlight and maximize their rate of photosynthesis (De Tommasi, 2016). In the animal 

kingdom, several nocturnal insects have developed nanoscale surface structures to reduce the reflection 

losses of light on their eyes (Zhou, et al., 2017). 

Applying such strategies for efficient absorption of sunlight could be beneficial for solar panels on 

spacecraft. The current development of solar cells targets thinner designs to minimize costs and attain 

mass requirements (Guter, et al., 2014). In addition, thinner solar cells exhibit a superior radiation 

hardness as the material damage caused by the radiation reduces the diffusion lengths of the charge 

carriers in the solar cell. This results in the charge carriers being collected more efficiently after higher 

degrees of damage (Mellor, et al., 2016) in thinner solar cells. Thinner solar cells also provide a shorter 

optical path and thereby less volume for the light to be absorbed, leading to a lower generated 

photocurrent. Consequently, the demand to find strategies that increase the optical path such as light-

trapping nanostructures is rising.   

The silica microshell of diatoms is species-specific and can have various shapes. All diatoms have a silica 

shell that contains pores that can have either a circular, elongated or polygonal structure (Round, et al., 

1990). For example, the shell of the diatom Coscinodiscus sp. is built up by several porous layers with 

different pore sizes and lattice constants in a hexagonal array (Fuhrmann, et al., 2004) (see Figure 1). The 

pore size increases from ca. 50 nm in the outermost layer to 1300 nm in the innermost layer with lattice 

constants from 200 nm to 2000 nm (Chen, et al., 2017). This structure is a natural three-dimensional 

photonic crystal. The optical properties of the silica shell have been described to be capable of “light-

trapping” (Chen, et al., 2017), “lensless light focusing” (De Stefano, et al., 2007) or “light-confining” (De 

Tommasi, 2016).    

The physical manipulation of the light is caused by the superposition of scattered light, which therefore 

depends on the wavelengths and polarizations (Joannopoulos, et al., 2008). In a simulation-based 

approach, Chen et al. (2017) analyzed the effect of placing an abstracted diatom shell model on top of a 

thin-film solar cell. They found an overall enhancement in the absorption of 32 % for a spectral range from 

380 nm to 800 nm. Specific wavelengths showed peaks in the absorption enhancement; these can be 

related to the effect of individual layers. In a non-biomimetic approach, incorporating a photonic crystal 

slab similar to a single layer of the diatom microshell on a Ge solar cell was already demonstrated (Postigo, 

et al., 2017). The photonic crystal nanopattern was formed in an InGaP window layer by ion beam etching. 

The latter was fabricated with the help of a PMMA (poly(methyl methacrylate)) carrying the photonic 

crystal pattern after an electron-beam lithography process. The experiments yielded an enhancement of 

about 11 %; as the solar cell was not fully covered with the photonic crystal an extrapolated enhancement 

of 25 % can be expected (Postigo, et al., 2017). The authors point at the potential for future optimization 



as the geometrical parameters of the photonic crystal structure can be tuned according to the specific 

requirements of the solar cell.  

 

Figure 1 Morphology of and microshell crosssection of Coscinodiscus sp. frustrule (De Stefano, et 

al., 2007). 

 

An adaption/specialization of a photonic crystal pattern was attempted to increase the EOL (end of life) 

efficiency of the Ga(In)As middle junction of multi-junction solar cells (Mellor, et al., 2016). As this junction 

is most vulnerable to radiation damage, the total current generation is limited by this junction at EOL. The 

combination of a diffraction grating, a spacer layer and a distributed Bragg reflector placed in between 

the Ga(In)As middle cell and the Ge bottom cell constitutes a light-trapping structure that leads to increase 

in the absorption efficiency. According to a simulation-based investigation (usage of rigorous coupled 

wave analysis), this light trapping structure bears the potential to reduce the thickness of the junction to 

700 nm, a fifth of the current thickness. (Mellor, et al., 2016) 

Another natural structure with potential to enhance solar cells in space are bio-inspired anti-reflective 

coatings. The model for these structures can be found on the surface of the eyes of several insects, for 

example moths (Zhou, et al., 2017) (see Figure 3). For terrestrial solar cell applications, these coatings 

have already been reported to exhibit a superior anti-reflection performance compared to a TiO2/SiO2 

coating (Aho, et al., 2014), (Buencuerpo, et al., 2016). As solar cells for spacecraft differ slightly in their 

structure to terrestrial solar cells (for example usage of radiation shielding cover glass), it is to be 

investigated whether the anti-reflective coating properties also apply for them.  



In the course of this Ariadna study, the following research questions will be addressed:  

- How can a light-trapping structure inspired by nature be incorporated in a space multi-junction 

solar cell to increase the light absorption? Can the light-trapping designed to optimize the light 

absorption at EOL?  

- How can a bio-inspired nanostructured antireflective coating be integrated in a space solar cell? 

How does the performance of these coatings compare to conventional antireflective coatings? 

- Optional 1: If the time frame/funding scope allows, the manufacturing and experimental testing 

of solar cell prototypes containing the light-trapping and antireflective structures should be 

attempted.  

- Optional 2: If the time frame/funding scope allows, testing of the manufactured test samples with 

regards to their radiation hardness.  

 

 

Figure 2 Schematic representation of diatom frustule model (consisting of two porous layers 

with different pore sizes and lattice constants) placed on thin-film solar cell active layer and 

simulated absorption spectra of the simplified diatom frustule model. The control case 

correspond to simulations with homogenized effective refractive indexes (without pores). The 

reference refers to the absorption spectrum of the bare active layer (varied after Chen et al. 

(2017)). 



 

Figure 3 SEM image of moth-eye inspired nanostructure in top view and cross section 

(Buencuerpo, et al., 2016). 

Proposed Methodology 

The following methodology is proposed for this study, though applicants are invited to propose different 

approaches with the accompanying arguments why these would be better suitable to achieve the study 

objective.  

1. Definition of solar cell (multi-junction or single-junction) model incorporating different 

placements of diatom-like photonic crystals and/or moth-eye antireflective coatings 

The placement of the photonic crystal/anti-reflective coating is to be evaluated with respect to 

feasibility of manufacturing and choice of material (considering radiation hardness and optical 

properties). 

2. Investigation of geometrical parameters & material related optical properties of bio-inspired 

structures, in particular  

o the influence of pore diameter and lattice constant on transmission spectrum and 

reflectivity for diatom-like photonic crystal 

o the influence of shape, size, spacing of nanostructures forming the moth-eye 

antireflective coating  

The software/numerical methods suggested for this are S4 (Liu, 2018)/ Lumerical (Lumerical Inc., 

2019)/ Meep (Oskooi, et al., 2010).  

3. Simulation and optimisation of solar cell models and adapted bio-inspired structures 

4. Optional 1: Manufacturing of optimized solar cell configuration and testing of absorption or EQE 

respectively. Proposed processes for the manufacturing of the photonic crystal include 

nanoimprint lithography (Aho, et al., 2018) or electron-beam lithography and oxygen-plasma 

etching (Postigo, et al., 2017); for the antireflective coating laser interference lithography and dry 

etching (Buencuerpo, et al., 2016).  



5. Optional 2: Experimental testing of manufactured solar cells with regards to their radiation 

hardness.  

 

ACT Contribution 

The project will be conducted in close scientific collaboration with ESA researchers. In particular ESA 
researchers will provide technical expertise in the screening and analysis of possible biomimetic model 
structures for photonic crystals. Additionally the computational optimisation of the photonic crystal/light 
trapping structure will be performed collaboratively between ACT members and external researchers. 
Therefore, the simulation model developed in the course of the first phase of the study is intended to be 
a shared effort between university and ACT researchers to perform the simulation and optimisation of 
the light absorption enhancing structures.  
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