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ABSTRACT 

The path to achieve highly efficient, ultra-thin perovskite solar cells (PSCs) demands the 

use of advanced optical management techniques that can significantly boost cell absorption, 

thus offsetting the common losses expected from thinner absorber layers. In our research, we 

demonstrated unprecedented optical and electrical enhancements in ultrathin PSCs, by ex-

ploring and optimizing wave-optical nano/micro structures as well as by cleverly rearranging 

simple diffractive elements in a quasi-random fashion. Furthermore, the photonic-enhanced 

thin solar cells designed and studied ultimately support the reduction of material usage in 

PSC technology, which is especially beneficial to mitigate lead usage, without impacting the 

device's performance.   

We developed and studied two novel photonic concepts, acting in the wave-optics re-

gime, and applied them to PSCs with distinct thicknesses of the perovskite absorber (250-500 

nm). Firstly, front-located photonic-structured electron transport layers (ETLs) were studied, 

demonstrating the best photocurrent improvement relative to unpatterned cells (up to 27% - 

value close to the fundamental Lambertian limit). Interestingly, these cells also showed a pro-

clivity to protect (by absorbing the UV radiation) the absorber layer, that could play a pivotal 

role in maintaining PSCs stability. Furthermore, the otherwise lost UV radiation can still be 

exploited by adding one or more luminescent down-shifting (LDS) layers, that can convert the 

radiation of lower wavelengths into higher wavelengths (high energy photons are converted 

to lower energy photons) which can be effectively “trapped” in the cell without degrading the 

cells’ stability. Secondly, PSCs conformally deposited on rather industrially-favorable pho-

tonic-structured substrates show also a comparable photocurrent enhancement to the previ-

ous structure (up to 25%) including a significant omni-directional optical response for angles 

up to 70 degrees. By studying the transport properties of these photonic-structured PSCs, it 

was shown that surface and charge carrier recombination can be offset by the increased optical 

gains resulting from the light trapping (LT), pointing at power conversion efficiencies (PCE) 

as high as 30%. 
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In addition to nano/micro structures, the smart arrangement of 1D grating lines can also 

show outstanding diffractive properties. We found that, using simple grating structures com-

posed of checkerboard (CB) arrangements, the photocurrent of thin-film silicon cells can be 

realistically doubled (bulk current enhancement by 125%), thus revealing performance im-

provements at the level of the most sophisticated LT structures. Via careful optimization, it 

was shown that these structures can improve photocurrent and PCE by 24.9% and 28.2%, re-

spectively, for ultra-thin PSCs. Furthermore, the CB pattern was shown to provide a crucial 

encapsulation effect — increasing photostability — by protecting the perovskite layer from 

harmful UV radiation. Subsequently, absorption and emission profiles of t-U (5000)/Eu3+ were 

used to predict how LDS can be employed to reuse these, otherwise lost, photons. Here, it was 

shown that 95% of the UV radiation can be effectively blocked and converted to non-harmful 

energies, thus providing extra stability without significantly compromising performance.  

Keywords: Photovoltaics, Photonics, Luminescent Down-Shifting, Perovskite Solar 

Cells, Coupled Optical and Electrical Modelling. 
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RESUMO 

A estratégia para alcançar células solares de perovskite (PSCs) ultrafinas e ultra eficientes 

exige o uso de técnicas avançadas de fotónica que permitam aumentar significativamente a 

absorção das células, compensando assim as perdas que as camadas absorventes mais finas 

estão sujeitas. Aqui são demonstradas pela primeira vez melhorias óticas e elétricas para PSCs 

ultrafinas que tiram partido de nano/micro-estruturas óticas e da organização de simples 

elementos difrativos semi-aleatórios. Além disso, as células solares finas projetadas com as 

estruturas fotónicas permitem uma menor quantidade de materiais na tecnologia PSC, o que 

é especialmente benéfico para mitigar o uso de compostos tóxicos (chumbo), sem afetar o 

desempenho dos dispositivos. 

Foram desenvolvidos e estudados dois novos conceitos fotónicos que atuam no regime de 

ótica ondulatória, e posteriormente aplicados a PSCs com espessuras distintas para a camada 

de perovskite ativa (250-500 nm). Inicialmente, foram estudadas camadas frontais de 

transporte de eletrões estruturadas fotonicamente, que possibilitam um ganho expressivo da 

foto-corrente em relação às células não padronizadas (até 27% - valor próximo do limite 

Lambertiano fundamental). É interessante verificar que estas células também demostram uma 

propensão para proteger a camada de perovskite ao absorver parte da radiação UV que incide 

na célula e que tem um efeito nocivo na manutenção da estabilidade das PSCs. Além disso, 

esta mesma radiação UV, que é absorvida e maioritariamente perdida como calor, pode ainda 

ser aproveitada ao adicionar-se uma ou mais camadas luminescentes (LDS), que convertem a 

radiação UV em comprimentos de onda mais altos (fotões de alta energia são convertidos em 

fotões de energia mais baixa) que podem ser absorvidos pela célula sem causar foto-

degradação. Em segundo lugar, as PSCs conformais com substratos estruturados fotónicos 

também apresentam um ganho na foto-corrente comparável à arquitetura anterior (até 25%), 

além de uma resposta ótica omnidirecional significativa para ângulos de incidência até 70 

graus. Ao estudar as propriedades de transporte destas PSCs estruturadas fotonicamente, 

verificou-se que os efeitos adicionais de recombinação à superfície dos portadores de carga 
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podem ser compensados pelo aumento nos ganhos óticos resultantes do aprisionamento de 

luz (LT), o que permite apontar para eficiências de conversão de energia (PCE) até 30%.  

Além das nano/micro-estruturas desenvolvidas, o arranjo em grelha 1D também 

apresenta excelentes propriedades difrativas. Descobriu-se que, usando uma grelha simples 

composta por arranjos axadrezados (CB), a corrente gerada na camada absorsora de células de 

silício de filme fino pode realisticamente aumentar em 125%. Trata-se de um desempenho 

equiparável às estruturas de LT mais sofisticadas. Após uma otimização cuidada, foi 

demonstrado que esse mesmo arranjo CB também permite melhorar a fotocorrente e a PCE 

em 24.9% e 28.2%, respectivamente, de PSCs ultrafinas. Além disso, o padrão CB pode também 

desempenhar um papel crucial no encapsulamento, protegendo a camada de perovskite da 

radiação UV prejudicial e consequentemente aumentando a sua fotoestabilidade. Por fim, os 

perfis de absorção e emissão de t-U (5000)/Eu3+ foram usados para prever como uma camada 

de LDS pode ser usada para aproveitar a radiação UV para a conversão em eletricidade. Aqui, 

foi demonstrado que 95% da radiação UV pode ser efetivamente bloqueada e convertida em 

energias não prejudiciais, proporcionando estabilidade extra sem comprometer o desempenho 

das células solares.  

Palavas chave: Fotovoltaica, Fotónica, Luminescência para Conversão Espetral, Células 

Solares de Perovskite, Modelação Ótica e Elétrica Acoplada.  
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                           MOTIVATION AND BACKGROUND 
 

 

The ever-growing cost-competitiveness of photovoltaic (PV) technology is the main rea-

son behind the recent growth in total global PV installed capacity (increasing from under 50 

GW to above 400 GW from 2010 to 2017) [1]–[3]. Crystalline silicon (c-Si) solar cells have been 

the uncontested market leaders of this technology [2], [4]. However, the need to keep fueling 

this growth has turned the researchers’ attention to other materials and light management 

techniques, as the sub-optimal absorption of c-Si is an obstacle in a scenario of ever-decreasing 

material thickness,[5], [6] which is a fundamental factor for low cost and flexible photovoltaics 

[7], [8]. Therefore, novel materials with excellent optical properties have been studied to 

achieve lower thickness without imperiling the device’s performance.  

The class of materials that, in recent years, has stood out from the rest are hybrid organic-

inorganic perovskites, as they exhibit direct bandgap,[9]–[11] long carrier diffusion 

lengths,[12], [13] and high optical absorption coefficient [11], [12], [14]. Perovskite compounds 

are based on an ABX3 atomic structure, where A and B are cations of different size and X is an 

anion [9], [15]. The first is an organic or inorganic ion (methylammonium, CH3NH3+; 

ethylammonium, CH3CH2NH3+; formamidinium, NH2CH=NH2+, Cs and Rb), the second a di-

valent metal cation (Ge2+, Sn2+ and Pb2+). The last element on the structure, X, is a monovalent 

halogen anion (F-, Cl-, Br-, I-) [9], [12], [15]. 

On the other hand, light trapping using periodic arrays of nanostructures has proven to 

be an effective method to solve the well-known dichotomy where thicker solar cells are opti-

cally favorable and electrically disadvantageous, and conversely for thinner devices, ulti-

mately opening a new window of research possibilities pointing to cost-competitive photovol-

taics (PV)[5], [16]–[18]. This method relies on improved anti-reflection and light scattering ef-

fects, that can be optimized to significantly enhance broadband light absorption in ultra-thin 

absorber layers, thereby increasing their power conversion efficiency[7], [19]. This reduction 

in solar cells thickness (single-junction) also enables several advantages, be it in electronic 

properties such as increasing open-circuit voltage and carrier collection, or even in other prop-

erties like cells’ stability and mitigation of hazardous/toxic compounds (e.g. Pb) for the case 

of perovskite[19]–[25]. Furthermore, it also creates a conducive scenario to improve the per-

formance of ultra-thin and low-cost solar cells for portable electronic devices with higher in-

trinsic mechanical flexibility[7], [8], [19], [21], [26].    
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As mentioned, organic-inorganic halide perovskite semiconductors have been extensively 

researched during the last decade due to their impressive optoelectronic properties[19]. Per-

ovskite solar cells (PSCs) are a promising step in the recent evolution of PV due to their high 

light absorption coefficient[27], tunable band structure (1 eV-2.5 eV) [28], [29], high charge 

carrier mobility[30], [31], and low fabrication cost[32]. Based on the aforementioned character-

istics, conjoined with a deeper understanding of materials and device interfaces brought out 

by the vast research in the area of materials science, the power conversion efficiency (PCE) of 

PSCs saw a rapid improvement, having grown from ~3.8% in 2009 to > 25% in 2021[33]–[38]. 

However, the progress in PSC technology hitherto has been mainly achieved by optimizing 

the process techniques of the perovskite and contact layers, as well as the quality of the cells’ 

interfaces[32], [39]–[41]. 

Nevertheless, keeping a balance between generating and collecting carriers in PSCs re-

mains a major challenge to overcome. In conventional PSCs, a perovskite layer with typically 

~500 nm thickness is required to allow sufficient light absorption (hence, photocarrier gener-

ation) and maximize PCE. In contrast, thinner (~250 nm) absorber layers can reduce bulk re-

combination and facilitate carrier collection at the contacts[12]. Concomitantly, the use of less 

amount of absorber material is also an important means to mitigate the usage of toxic Pb in 

the perovskite[20]. However, reducing the absorber thickness comes at the expense of increas-

ing the optical losses in PSCs; particularly for the longer sunlight wavelengths in the VIS-NIR 

range that correspond to a large portion of the solar spectrum (about half, as represented in 

Figure 1) but require a large travel path inside the absorber to generate photocurrent[42]. 

Therefore, effective light trapping (LT) strategies are crucial to improve performance in ultra-

thin solar cells, ultimately enabling highly efficient and flexible PSCs[7], [19].   

 

Figure 1: Representation of the relative spectral AM1.5 irradiance of sunlight at sea level.[43]  
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While silicon-based solar cells have been extensively tested regarding the implementation 

of advanced LT schemes, their application in PSCs is still in its infancy. This lethargy in LT 

adoption comes, understandably, from the high absorption properties of these perovskite ma-

terials. Regardless, for ultra-thin technology LT methodologies become viable to mitigate non-

absorption losses[7], [19], [44]. Different LT approaches have been proposed in the last few 

years for PSCs, such as a micro lens or nanocone arrays[45]–[47], random pyramids[48], fiber 

array-based anti-reflection front electrodes[49], nanophotonic front[50] and back elec-

trodes[24], nanophotonic perovskite layers[20], nano- and micro-patterned charge transport 

layers[51], [52], and corrugated substrates for single[53] and multijunction[54]–[56] PSCs, as 

well as the exploitation of surface plasmon resonances, e.g.: plasmonic nanoparticles[57]–[59] 

and light grating-coupled plasmons[59]. Table 1 summarizes the main photonic strategies em-

ployed in PSCs presented in the literature. Nonetheless, most of these approaches have yet to 

demonstrate pronounced absorption improvements that justify the efforts in their integration, 

or have even caused electrical deterioration of the devices.  

Dielectric-based photonic features in the wave-optics regime are currently the most prom-

ising nano/micro-structures for light confinement in PV, as they can strongly capture and trap 

light in distinct absorbing media. For instance, this has allowed the demonstration of up to 

~50% photocurrent enhancement in thin-film silicon solar cells [18]. Such a mechanism can be 

further improved when coupled with luminescent down-shifting materials, providing spectral 

matching of the impinging light [60].  

 

Table 1: Overview of main photonic strategies applied in PSCs investigated in the literature [61]. 

No. 
Photonic 

Structure 

Location 

in cell 

Initial 

PCE 

(%) 

Final 

PCE 

(%) 

PCE 

Gain 

(%) 

Main Effects 

discussed 

Reference 

(year) 

1 
Metal oxide 

honeycomb 

Scaffold 

layer 

(ETL) 

7.2 9.5 31.9 

Lower shunt 

resistance + en-

hanced 

transmission 

[62] 

(2015) 

2 

Periodic mi-

crostructure 

composite 

HTL 

(Spiro- 

OMeTAD

/P3HT) 

14.8 17.7 19.4 

Enhanced 

light-harvest-

ing + 

increased hole 

conductivity 

[59] 

(2015) 

3 
Textured 

FTO 

TCO 

substrate 
12.6 15.2 20.6 

Light scatter-

ing 

[63] 

(2016) 

4 

Nanocone 

patterned 

plastic 

substrates 

Transpar-

ent sub-

strate 

(PDMS, 

inside) 

8.25 11.29 36.8 
Light scatter-

ing 

[64] 

(2016) 
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5 
Textured 

FTO 

TCO sub-

strate 
10.9 13.3 22.0 

Enhanced light 

absorption and 

crystal growth 

[65] 

(2017) 

6 

Whispering- 

gallery 

structure 

Perov-

skite layer 
15.3 19.8 29.4 

Enhanced 

light-harvest-

ing + improved 

film quality + 

carrier extrac-

tion 

[66] 

(2018) 

7 
Diffraction-

grating 

Perov-

skite layer 
16.7 19.71 18.0 

Increased 

light-harvest-

ing 

[67] 

(2018) 

8 

 

 

Textured 

ITO 

TCO 

substrate 
14.8 18.6 25.7 

Anti-reflection 

+ light scatter-

ing 

[68] 

(2019) 

9 

 

 

 

2D photonic 

crystal 

nanodisk ar-

ray 

 

 

ETL 

(TiO2) 
15.5 18.70 20.6 

Photon con-

finement + 

light 

scattering + 

improved elec-

tron 

extraction 

[69] 

(2019) 

10 

 

 

 

Coral-like 

nanostruc-

tures 

Perov-

skite layer 
17.2 19.47 13.3 

Scattering + ac-

celerated hole 

extraction 

[70] 

(2019) 

In the present work, the candidate has theoretically modelled and optimized wavelength-

sized LT structures and luminescent down-shifting (LDS) layers for their unprecedented im-

plementation in perovskite-based solar cells, motivated by recent breakthroughs showing out-

standing record efficiencies (~25%) with solution-processed thin-film devices [71]. 

The main targets were to attain high-efficient (>25%) perovskite solar cells (PSCs) with 

minimal absorber layer thickness (<300nm) to allow increased flexibility (<1 cm bending ra-

dius). This has been pursued via the optimized combination of two promising photonic solu-

tions (see Figure 2): 1) LT with dielectric-based wave-optical structures, and 2) UV-to-Visible 

spectral matching with down-shifting layers (DSLs). With these objectives, the candidate has 

been strongly devoted to theoretical simulation work, to provide deeper insight into the lumi-

nescent and interference-related wave-optical mechanisms that lead to absorption enhance-

ment in the perovskite absorbers[5], and to determine the optimal parameters of both types of 

optical structures. 
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Cover illustration: Representation of a light management scheme in a photonic-structured per-

ovskite solar cell, which enhances the solar-to-electricity conversion performance of the device while 

allowing the use of ultra-thin perovskite layers to improve the mechanical flexibility. When fully opti-

mized, wave-optical front structures are capable of effectively collecting and trapping the sunlight in 

the cell layers. In this way, the photocurrent generated by the devices (hence, their power conversion 

efficiency) is boosted in a wide spectral and incidence angular range. 
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1  

INTRODUCTION 

 

Nowadays, photovoltaic (PV) industry is moving towards ultra-thin and low-cost solar 

cells for consumer-oriented electronic products with high intrinsic mechanical flexibility [7], 

[8], [72]. To achieve such challenging goal, nano/micro-structured photonic elements in the 

wave-optics regime are a promising solution, capable of capturing and trapping light within 

the cells’ absorber, thus allowing the reduction of its thickness while boosting power conver-

sion efficiency (PCE).  

Recent findings in photonics demonstrated amazing possibilities to manipulate light in 

ways that greatly exceed traditional geometrical optical limits; for instance, allowing pro-

nounced broadband LT (~50% photocurrent enhancement) within thin-film solar cells and 

spectral tuning of illumination[73], [74].  

Light-trapping (LT) approaches conventionally applied in wafer-based solar cells rely on 

textured rear/front surfaces which provide: 1) anti-reflection, via geometrical refractive-index 

matching caused by the front facets, improving the short-wavelength (above absorber 

bandgap) photocurrent; and 2) light scattering which increases the longer-wavelength (near-

bandgap) absorption via optical path-length amplification and coupling with waveguided 

modes confined within the structure of the cell [73], [74]. However, when applied in thin-film 

cells, the textures’ size must be reduced along with the absorber thickness, which lowers their 

LT effects[75], [76]. Nonetheless, the main drawback is that texturing increases roughness 

(hence surface area) and defect density in the PV material, which deteriorates its electrical 

transport via recombination. Alternative strategies have been investigated, such as: diffraction 

gratings[77], micro-lenses[78], Mie features[79], [80] and plasmonic nanoparticles[81], [82]. 

However, many of these approaches also require structuring the PV layers, thus suffering from 

the same electrical compromise of texturing; and none has yet led to efficiencies superior to 

those attained with optimized periodic texturing[83]. 

 

The work undertaken in this PhD thesis involved key technological advances in the field 

of photonics for thin-film PV, regarding:  

1) Photonic geometries – Novel LT designs have been explored and optimized, composed 

of semi-spheroidal dome/void arrays in the photonic media, which can provide higher de-

grees of light capturing/spreading within the absorbers and can be straightforwardly fabri-

cated by high-throughput colloidal-lithographic methods[84]. In addition, while many diffrac-
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tive LT structures have proven high absorption enhancements, their industrial application ra-

ther depends on simplicity concerning the integration to the solar cell architecture and the 

process technology. By optimizing smartly-designed 1D crossed-grating structures, composed 

of checkerboard and/or penta-like arrangements, we have shown that one can achieve photo-

current enhancements similar to the most sophisticated photonic strategies, such as with 

quasi-random supercell structures [85], in thin-film silicon and perovskite cells, but using 

much simpler and industrial-friendly geometries.  

2) Photonic materials – the LT elements were formed by the same materials typically used 

in the front contact of the solar cell structures. For instance in PSCs, TiO2 micro-structures 

coated with a transparent conductive oxide (TCO) were used. This way, the preferential ma-

terials for the devices' performance are maintained, but now their photonic structuring allows 

them to provide absorption gains while acting as the electron contact. 

3) Combination with down-shifting layers - the coupling with luminescence down-shifting 

(LDS) coatings, commonly composed of organic-inorganic ureasils [86]–[93] materials modi-

fied by lanthanide ions (Ln3+), was theoretically optimized for implementation on planar and 

LT-enhanced PSC devices. 

4) Industrial-attractive optical schemes - the investigated photonic geometries are compatible 

with highly-scalable soft-lithographich processes, such as colloidal lithography. In addition, 

by micro-patterning the substrates with wavelength-sized semi-spheroidal features, it is pos-

sible to achieve high-performing LT-enhanced PSCs due to the conformal deposition of the 

cells’ materials onto the photonic substrates, which allows carrying out separately the process 

of photonic structuring and PSCs fabrication, thus protecting the PSC layers from any damage 

while fabricating the LT structures[94]. 

Our wave-optics LT strategy, previously developed for thin-film Si cells[18], [84] and here 

investigated for thin-film PSCs, is nowadays considered the most effective approach for light 

management in PV as it can strongly boost absorption, via pronounced anti-reflection and 

scattering effects, but without affecting the cells’ electrical performance (e.g; open circuit volt-

age, fill factor) [5], [95], [96]. It consists in implementing high-index dielectric (e.g. TiO2) wave-

length-sized features, with semi-spheroidal geometries, on the front surface. 

On the other hand, to protect the PSCs from the harmful UV radiation, an encapsulant UV 

blocking layer has been commonly applied on the devices’ front,[19],[25] albeit compromising 

PV performance due to inevitable partial shading. Therefore, a preferential solution is the im-

plementation of luminescent down-shifting (LDS) materials via their embedment in a poly-

meric matrix used as the cell’s encapsulant [97]–[99], as these can convert the UV radiation 

into the non-harmful visible spectrum that penetrates the cell towards the perovskite absorber. 

Such LT solution, coupled with LDS spectral matching (Figure 2, a), offers best performance 

improvements and higher stability. Moreover, the conformal architecture (Figure 2, b) pro-

vides key technological advantages relative to previous photonic approaches for protecting 
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the PSCs from degrading during LT structuring process, thereby allowing significant practical 

benefits regarding its applicability, when compared with post-patterned photonic structures 

implemented on the front ETLs, since here the PSC layers are wet-coated by usual methods 

over a substrate already patterned with LT structures, hence making the photonic integration 

independent of the PSC’s fabrication.  

 

 

Figure 2: Sketch of different photonic-structured devices analyzed in this work using two different 
LT approaches, composed of TiO2 features integrated on the front contact, ETM, of the PSCs coupled 
with a luminescent down-shifting layer (a), and via a conformal PSCs architecture formed by micro-
structuring the substrate prior to the PSC deposition (b), for distinct perovskite thickness (250-500 nm). 
In c) it is shown the explored test cell with the checkerboard structure over c-Si (1 µm), while d) shows 
the checkerboard patterned in the TiO2 in PSCs with a LDS layer over it.      

 

In short, this work showed two main technological benefits that can be gained from the 

photonic solutions investigated:  

1) Optically-thicker absorbers - The broadband absorption enhancement caused by the LT 

structures, and improved with the top-coated LDSs, allows lowering the PSC thickness 

while improving its photocurrent. This enables using thinner cells with increased effi-

ciency, thus improving their bendability. As the flexural rigidity of a layer scales with the 

third power of its thickness, mechanical flexibility (and cost reduction) benefits from 



 9 

lower thickness[100]. Here, the aim is to minimize the PSCs thickness to facilitate their 

integration on flexible substrates (e.g. polymers/plastics[100], fabrics[101], paper-

based[26], [102]) of consumer-items as wearables, smart-packaging/labeling, mobile 

medical testing, etc. 

2) Improved Perovskite cell encapsulation – Presently, a crucial issue of Perovskite technology 

is degradation upon UV and relative humidity exposure[103]. The innovative device ar-

chitectures optimized in this work (see Figure 2) also contribute in improving the cell’s 

long-term stability, as the front-coated LT and LDS structures can protect the underneath 

sensitive device layers from UV radiation and water penetration. Besides, the high aspect-

ratio of the photonic structures renders the exposed surface superhydrophobic, thus 

providing water-repellent and self-cleaning functionalities[104]–[106]. 

Furthermore, one way to gain insight into the complex behavior of PSC devices is through 

the development of realistic simulation models, considering both optical and electrical effects 

[107] to account for carrier recombination, irregular field distribution and, thus, accurately 

predict device performance and allow modelling-aided design optimization, which can be of 

utmost importance for this emergent PV technology based on ultra-thin and flexible solar cells 

[108], [109]. However, most theoretical studies of LT in PSCs focus only on the optical effects 

at play [61], therefore not guaranteeing PCE improvement due to the lack of understanding of 

the behavior of LT-enhanced PSCs from an electrical standpoint, thus hindering the achievable 

gains for these devices. In this work, we developed a complete optoelectronic modelling pro-

cedure, from which it was determined that photonic-enhanced PSCs can indeed capitalize on 

the optical gains - particularly for ultrathin PSCs (perovskite layer: 300 nm) - and translate 

them to the electrical domain.   
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2  

 

PHOTONIC-STRUCTURED TIO2 FOR HIGH-

EFFICIENCY, FLEXIBLE AND STABLE PEROVSKITE 

SOLAR CELLS 

2.1 Introduction 

Optical solutions are promising to improve not only the PSCs efficiency, by allowing 

physically thinner but optically thicker devices, but also facilitate their market applicability by 

enabling higher device flexibility due to the reduced thickness. The conventional best-per-

forming PSCs exhibit high transparency in the near-infrared (NIR), thus are only able to ex-

ploit a reduced portion (about half) of the solar spectrum. The lower the Perovskite thickness 

the more challenging it becomes for optical strategies to compensate the losses in light absorp-

tion, mainly at the longer VIS-NIR wavelengths [110]. In addition, the application of such strat-

egies in PV is conditioned by other factors, such as maintaining the electrical performance and 

compatibility with low cost and large area fabrication. 

As previously introduced, several alternative approaches have been tested to increase the 

light harvesting of PSCs [111], [112], for instance by applying ultra-thin textures to the perov-

skite absorbers [113], [114] or the substrate [111], [112], applying ray optics by prism arrays 

[115], microlens [45] or nanocone [46], [47] arrays, plasmonic nanoparticles [58], [116], [117], 

light grating-coupled surface plasmon resonances [59] and embedding TiO2 nanoparticles into 

the mesoporous TiO2 layer [118]. However, most of these approaches also require nano/mi-

cro-structuring the Perovskite layers, thereby imposing a severe compromise between optical 

benefits and electrical deterioration; and none has yet led to efficiency enhancements superior 

to the state-of-the-art of optimized periodic texturing in thin film silicon-based cells [83].    

This work started by investigating front-located wavelength-sized LT structures pat-

terned on top of PSCs, operating in the wave-optics regime, which have been demonstrated to 

provide pronounced anti-reflection and scattering effects in thin film silicon PV [7], [119]. Since 

they do not require structuring the PV layers, this is a much more promising option to increase 
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the optical performance of thin film cells without increasing their roughness [18], [83], [95], 

[120]. For that, an inverted (substrate-type) PSC architecture is considered here, where the 

light enters through the cell side and not from the transparent substrate (as in conventional 

PSCs). Besides enabling the application of the PSCs in a much broader range of substrates (e.g. 

with flexible opaque materials), this inverted configuration can also be directly integrated onto 

multi-junction stacks to realize higher efficient tandem devices (e.g. Perovskite on Si or on 

CIGS) [56], [121], [122].  

The wave-optical structures developed in this work for inverted PSCs are based on high-

refractive index dielectric (TiO2, n>2) micro-scale features, with semi-spheroidal geometries, 

which are shown to assist in three fundamental points of PSC technology: 1) photocurrent 

enhancement, 2) broader applicability due to higher device flexibility, such as portable elec-

tronic devices, and 3) higher stability against UV light degradation.  

2.2 Ray optics analysis 

The analytical Lambertian LT formalism has been used to determine the limit of maxi-

mum absorption in a slab of arbitrary thickness, in the geometric optics regime [123]. This is 

attained with an ideally rough surface where the incident light is randomly scattered, which 

can increase the average absorption in the slab by a factor of 4n2 compared to flat surfaces in 

the limit of weak absorption [74], where n is the real part of the refractive index of the slab. For 

a Perovskite with n∼2.5 (at 300-1000 nm) the 4n2 limit means that the path length can be in-

creased by a factor of ~25.  

Such ray optics formalism was further developed to consider the full absorption by a slab 

with an arbitrary complex refractive index spectrum, allowing to estimate the photocurrent 

density (Jph) enhancement that can be produced on the absorber with the implementation of 

Lambertian LT [124], [125]. Figure 3 shows the results of such calculation for the case of Per-

ovskite absorbers with distinct thickness, considering that their back surface is coated with a 

perfect reflector and the front surface has an ideal Lambertian LT texture that disperses light 

rays at random angles towards the Perovskite [18]. For the two Perovskite thicknesses (250 

and 500 nm) analyzed in this work, the limiting Jph enhancements in the ray optics approxi-

mation are 31% and 25%, respectively. Such LT limits are only valid in the regime of geometric 

optics, and therefore are not applicable to the wave-optics regime of the thin film structures 

analyzed in this work where light interference effects play a major role. Nevertheless, the Lam-

bertian results of Figure 3 can still provide a reasonable first-order prediction of the attainable 

Jph values in PSCs improved with optimized LT, as the interference effects are mainly im-

portant for single wavelength calculations while the Jph results from an integration over the 

solar spectrum that manipulates interference peaks.  
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Figure 3: Lambertian theoretical analysis of LT in Perovskite solar cells, in the geometrical optics 
regime. The maximum photocurrent (Jph – solid lines) and Jph enhancement (dashed line) are shown as 
a function of the Perovskite film thickness, for the case with a Lambertian scattering surface (with LT) 
relative to a flat surface without LT. The thinner the Perovskite film the lower is the maximum Jph but 
the higher is the attainable enhancement with LT. The wavelength range considered for the calculations 
was 300-1000 nm.   

2.3 Numerical Method and Simulated Structures 

The simulations of the electromagnetic field distribution in the thin film solar cell struc-

tures were carried out using a 3D Finite Difference Time Domain (FDTD) solver [126]. This is 

one of the preferential techniques to determine electromagnetic solutions in the wave-optics 

regime, specifically for PV light management [18], [107], since it is conceptually simple, versa-

tile, and can accurately determine all the optical effects at play. Besides, since the computations 

are performed in the time-domain, the solutions can cover a broad frequency range over a 

single simulation run. 

The complex refractive index of the materials composing the structures were taken from 

experimental data.(1) The Perovskite solar cell structure is composed of 5 layers coated on a 

substrate in the following order (see Figure 4): rear contact/mirror layer (silver, Ag), hole 

transport material (HTM made of Spiro-OMeTAD), Perovskite absorber (methylammonium 

 

(1) We recall the physical relation between the real and imaginary parts of the complex refractive index, 
described by the well-known Kramers–Kronig relation, which correlates the real part of the index (n) 
with the absorption coefficient (α, directly related with the imaginary part), being ω and Ω the angular 

frequency, and c the light velocity in vacuum: 𝑛(𝜔) = 1 +
𝑐

𝜋
𝑃 ∫

𝛼(𝛺)

𝛺2−𝜔2

+∞

0
 dΩ   
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lead iodide, CH3NH3PbI3), electron transport material (ETM made of TiO2) and front transpar-

ent contact (TCO made of ITO). The spectra of the refractive indices considered for all materi-

als can be found elsewhere [19] and also plotted in Appendix A1.   

 

 

Figure 4: Sketch of both types of LT structures analyzed in this work, composed of TiO2 features 
integrated on the ETM of the PSCs. The PSCs have a substrate-type layer configuration, in which light 
comes into the devices from the film side. The LT structures consist in a hexagonal array (with pitch p) 
of vertically aligned semi-prolate features with radii R and RZ, respectively along the in-plane direction 
and illumination axis. The parameters (R, RZ, p, tTCO, tETM) for the structure (a) and the parameters (R, 
RZ, p, tTCO, tLT, tETM) for the structure (b) considered for optimization are indicated by the arrows. At 
normal incidence, light impinges from the top along the spheroids’ axis of revolution (z). The rear side 
of the perovskite is coated with a 150-nm-thick Spiro-OMeTAD layer (HTM) and a 80 nm silver layer 
(metal contact).    

 

The illuminating source bandwidth is 300-1000 nm, since the AM1.5 solar photon flux 

outside this wavelength range is small (as shown in Figure 1) and corresponds to the most 

significant portion of the photocurrent spectrum of PSCs. The power absorbed per unit vol-

ume (PABS) in each element of the structures is given by the resulting electric field distribution 

established in its material: 

𝑃𝐴𝐵𝑆 =
1

2
𝜔𝜀′′|𝑬|2 (1) 

where |E|2 is the electric field strength, ω is the angular frequency of the light and ε" is the 

imaginary part of the dielectric permittivity. PABS is normalized by the energy source to obtain 

the absorption density (PABS, units of m-3). The absorption of light with a certain wavelength (λ) 

is calculated by integrating PABS along the absorber volume: 𝐴𝑏𝑠(λ) = ∫ 𝑝𝐴𝐵𝑆(λ)𝑑𝑉. The num-

ber of photons absorbed per unit volume and per unit time is the photon absorption rate: 

g(ω)=PABS/EPH; where EPH=ℏ𝜔 is the photon energy. Here we assume that each absorbed pho-

ton excites one electron-hole pair, so g is equivalent to the optical generation rate. As the illu-

mination is given by a broadband source, characterized by a spectral irradiance (instead of a 

power density to account for the wavelength dependence), the E-field is replaced by an electric 
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field spectral density such that its intensity, |E|2, becomes with units of V2m-2Hz-1. In this way, 

g is generalized to a spectral generation rate (in units of m-3s-1Hz-1) such that the total genera-

tion rate (G, units of m-3s-1) is calculated by integrating over the frequency range of the source 

bandwidth: G= ∫ g(ω)dω [126]. Since we are primarily concerned with the optical rather than 

the electrical transport properties of the solar cells, an internal quantum efficiency equal to one 

is also assumed (i.e. every photon absorbed in the Perovskite generates carriers collected by 

the contacts). As such, Jph is determined by integrating the absorption in the Perovskite layer, 

convoluted with the solar power spectrum AM1.5 (IAM 1.5, units of Wm-2m-1), along the compu-

tation wavelength range (300-1000 nm):   

 

𝐽𝑝ℎ = 𝑒 ∫
λ

ℎ𝑐
𝐴𝑏𝑠(λ) 𝐼𝐴𝑀1.5(λ)dλ (2) 

 

where e is the electron charge, h is the Planck constant and c is the free space light velocity. 

This spectrally-integrated Jph can be considered as an upper limit corresponding to the ideal 

case of no electrical losses, and is taken here as the figure of merit to optimize the performance 

of the photonic structures. 

Using a particle swarm optimization algorithm (PSO) [126] in the FDTD programs, a com-

plete screening of the geometrical parameters of the LT elements (indicated in Figure 4) was 

performed, searching for the set of parameters that produces the highest Jph. The algorithm 

iteratively adjusts the geometry of the TiO2 LT structures, and thickness of the TCO and ETM 

layers, to maximize absorption in the Perovskite region, minimizing optical losses (i.e. total 

reflection and absorption occurring in the TCO and TiO2 materials). Population-based stochas-

tic optimization techniques, such as the PSO, are preferred when operating with complex 

physical systems, as in the current wave-optical regime, where there is a strong correlation 

between all the parameters of the structures, making it practically unfeasible to precisely de-

termine the global maximum of any figure of merit by simple sequential scanning of the pa-

rameters.  

 

2.4 Optimized photonic-enhanced Perovskite solar cells 

As demonstrated theoretically [7], [18], the absorption enhancements attained with wave-

optical elements on the cells’ front are maximized when the complex refractive index (N=n+ik) 

of their dielectric material has lowest imaginary part (k) at the sunlight wavelengths (to mini-

mize parasitic optical losses), and has a real part (n) as close as possible to that of the underly-

ing absorber (e.g. n~2.5 in Perovskite and n~4 in Si) to improve anti-reflection via geometric 

index matching. High values of n also boost the light scattering performance of the photonic 

features, since their scattering cross section increases with n. TiO2 was shown to be one of the 
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preferential materials to fulfill such requirements in thin film silicon solar cells [18], [119], but 

it can perform even better in PSCs since its n~2.4-2.7 is much closer to that of Perovskite.   

Therefore, TiO2 was the material considered for the photonic structures optimized in this work 

for PSCs (sketched in Figure 4). In fact, conventional PSCs already use compact (~20-30 nm 

thick) and/or mesoporous (~200-400 nm thick) TiO2 layers as electron transporters, so the TiO2 

LT structures should be incorporated on such layers as a continuation of the cells’ ETM. Due 

to the low electric conductivity of TiO2, it must be coated with a transparent conductive oxide 

(TCO) acting as the front (n-type) electrode. Here we consider the most commonly used TCO 

composed of indium tin oxide (ITO) deposited conformally over the TiO2 features.    

The optimization method described in section 2.3 was applied to find the set of geomet-

rical parameters of the two types of geometries depicted in Figure 4 that maximize the gener-

ated photocurrent in the underlying PSC. Here we consider a substrate-type PSC layer struc-

ture due to two main aspects: 1) To maintain the electrical performance (prevent increase of 

roughness and consequent recombination) of the PSCs after implementing the LT structures 

at the last processing steps and 2) To allow the integration of the devices on a wider range of 

substrates, including opaque ones, such as rigid (e.g. roof and wall tiles for BIPV, metallic 

coverage of vehicles, etc.) or flexible (e.g. PI, metal foils, fabrics [101], plastics [127], [128], pa-

per-based [26]) materials.  

LT can play a crucial role in the development of flexible solar cells, since it allows decreas-

ing the cells’ thickness without photocurrent loss, or even enhancing it as shown here. To ex-

plore that, the photonic structures of Figure 4 were optimized for both the conventional Per-

ovskite layer thickness (500 nm) used in state-of-art devices, and for half that thickness (250 

nm) to be applied in flexible devices. Note that a reduction of the absorber layer to half can 

enable a decrease up to about four times in the device flexural rigidity [127]. 

The geometry of the photonic structures is an hexagonal array of semi-spheroidal dome 

(Figure 4a) or void (Figure 4b) elements, as these are similar structures to those that can be 

fabricated by industrially-attractive patterning techniques such as colloidal lithography [7], 

[119], [120], which is an inexpensive soft-lithography method that can engineer any structure 

with nano/micrometer resolution and high uniformity throughout large areas [119]. The geo-

metrical parameters considered for optimization are indicated in Figure 4. These are taken as 

variables by the PSO algorithm that iteratively searches for the best set of parameters that 

maximizes the photocurrent (Jph, eq. 2) produced in the PSC, considering reasonable bounda-

ries for their domains.  

Table 2 presents the main outcomes of the optimization studies performed in this work, 

indicating the best parameters and the corresponding maximum Jph values attained. The first 

line presents the theoretical Lambertian limits of geometrical optics, as described in section 2.2 

(see Figure 3). The second line presents the optimized values for the thicknesses of the two flat 

layers of TiO2 and TCO (composed of ITO) coated over the Perovskite, acting as a planar dou-
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ble-layer anti-reflection coating (ARC), which is the reference LT case considered here for com-

parison with the results attained with the two types of TiO2 micro-structures presented in the 

two last lines of Table 2 and sketched in Figure 4. The results and discussion of the optimiza-

tion studies for the planar reference LT structures (ARC cases) are presented elsewhere [19]. 

 

Table 2: Maximum Jph values attained for the optimized LT structures placed on the two distinct 
PSCs, with 250 or 500 nm Perovskite layer thickness, considered in this work. The geometrical optimi-
zation parameters (R, RZ, p, tTCO, tETM) and (R, RZ, p, tTCO, tLT, tETM), respectively for the Dome and Void 
structures, are defined in Figure 4. The results are compared with the reference ARC-patterned cases, 
as well as with the theoretical limits in the regime of geometrical optics attained with a Lambertian 
scattering surface.  

Light Trapping 

Structure 

Absorber: 250 nm Perovskite layer Absorber: 500 nm Perovskite layer 

Optimal 

Parameters 

Jph  | Jph _VIS-NIR 

(mA/cm2) 

Optimal 

Parameters 

Jph  | Jph _VIS-NIR 

(mA/cm2) 

Lambertian sur-

face (Figure 3) 
- 33.3 | 32.0 - 35.3 | 34.1 

Planar ARC 
tTCO = 50 nm 

tETM = 20 nm 
22.6 | 21.1 

tTCO = 76 nm 

tETM =20 nm 
25.9 | 24.9 

Dome structures 

(Figure 5) 

tTCO = 50  nm 

tETM =159.1 nm 

R = 785.2 nm 

Rz = 1755 nm 

p = 1825.6 nm 

28.0 | 27.7 

tTCO = 50 nm 

tETM = 132.7 nm 

R = 502.6 nm 

Rz = 1007 nm 

p = 1347.1 nm 

30.6 | 30.3 

Void 

structures 

(Figure 6) 

 

tTCO = 63.6 nm 

tETM  = 20 nm 

R  = 401.2 nm 

Rz = 1792 nm 

tLT = 656.2 nm 

p = 882.7 nm 

28.6 | 28.3 

tTCO = 62.3 nm 

tETM  = 93.2 nm 

R  = 388.0 nm 

Rz = 820.8 nm 

tLT = 404.6 nm  

p = 865.3 nm 

31.3 | 30.8 

 

2.4.1 Optimal dome front structures 

Figure 5 presents the results attained with the optimized set of geometrical parameters of 

the hexagonal array of TiO2 half-spheroids, shaped like domes as shown in Figure 4a, and of 

the thicknesses of the flat ETM layer (tETM), placed between the domes and Perovskite, and 

front contact (tTCO) coating the structure. These results (red curves) are compared to those of 

the planar reference cells (blue curves) with the optimized double-layer ARC, for the two Per-

ovskite absorber thickness (250 and 500 nm) considered in this work.  
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The standard planar cell structure, with 500 nm Perovskite layer, exhibits high absorption 

in the Perovskite along 375 to 750 nm wavelengths. Above 750 nm there is an abrupt absorp-

tion drop of about 92%, occurring at the bandgap of the Perovskite material. In the case of the 

thinner (250 nm) Perovskite, there is a first smaller absorption drop at 600 to 750 nm wave-

lengths, and then above 750 nm there is a larger absorption drop at the bandgap of nearly 93%. 

The incorporation of the dome-like LT structures improves the optical performance of the cells 

mainly by decreasing such drops in absorption observed for the planar PSCs, namely in the 

visible range (600 to 750 nm wavelengths) for the thinner (250 nm) Perovskite and in the NIR 

(>750 nm wavelengths) for both the 250 and 500 nm Perovskite absorbers.  

The enhancement in the visible range is due to a better light incoupling towards the Per-

ovskite layer provided by the front TiO2 structures, via two main mechanisms: 1) Anti-reflec-

tion due to the geometrical index matching caused by the cone-like shape of the TiO2 features, 

which is favored by the proximity between the values of the real part of the refractive indices 

of TiO2 and Perovskite. In fact, at a wavelength of approximately 600 nm, the n~2.41 of TiO2 is 

equal to that of the Perovskite material, which highly contributes to the maximum of absorp-

tion (Abs= 0.96 and 0.98, respectively for Figure 5a,b) in the Perovskite occurring near such 

wavelength. 2) Near-field forward-scattering, since the domes act as micro-lenses creating an 

intense electric-field focus on the vicinity below their bottom surface, which is vital to confine 

the light specially in the thinner Perovskite layer. This effect is mostly relevant for wavelengths 

smaller than the dimensions of the scattering elements, in this case in the UV-visible range, as 

observed by the highly intense regions of localized electric field in the generation profiles of 

Figure 5a,b and in the pABS profiles of Figure 5c,d for the 412 and 601 nm wavelengths.  
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Figure 5: a,b) Absorption (Abs) spectra attained with the optimized LT structures sketched in Fig-
ure 4a, composed of half-spheroidal domes (green lines, row 4 of Table 2), and with the reference cases 
of a cell with an optimized anti-reflection coating (blue lines, row 3), for Perovskite absorber layers with 
distinct thickness: a) 250 nm and b) 500 nm. Each graph shows the absorption occurring in Perovskite 
(solid lines) and the parasitic absorption in the other materials (colored regions above the lines). The 
inset profiles show the log-scale distribution of the corresponding total generation rate, G, along the xz 
cross-sectional plane of the structures passing by the spheroid center. c,d) Log-scale distributions of the 
absorption density, pABS, along the same xz plane of the structures, at the wavelengths of the peaks 
marked by the arrows in a) and b) respectively for the half-spheroids array on the 250 nm (c) and 500 
nm (d) thick Perovskite absorbers.  
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The enhancements observed in the NIR range are mainly caused by the strong far-field 

scattering effects of the TiO2 domes, owing to their optimized shape and high real part of the 

refractive index, which increase the absorption in the Perovskite layer via optical path length 

amplification, by diverting the vertically incident light to more horizontal directions along the 

layers’ plane, and coupling with waveguided modes trapped in the cell layers. This is evi-

denced by the distributed regions of higher pABS (hot-spots), observed in the profiles of Figure 

5c,d for wavelengths >700 nm, which result from constructive and destructive interference 

between the light waves traveling along the incidence direction and the scattered light that 

travels along the plane of the cell layers suffering multiple reflections from the top surface and 

back reflector. These can be seen as 3D Fabry-Perot resonances, compared to the 1D Fabry-

Perot resonances in planar layer structures, which lead to the sharp NIR peaks of absorption 

enhancement present in Figure 5a,b. 

The light absorption in the Perovskite is the only one that can generate photocurrent, so 

the absorption in the other materials is referred as parasitic absorption, since it corresponds to 

optical losses not translated into electrical output by the cell. The main parasitic absorption in 

the planar references occurs chiefly in two spectral regions: 1) in the UV (300-400 nm wave-

lengths) since the imaginary part of the refractive index (k) of ITO and TiO2 increases abruptly 

for wavelengths below 400 nm; 2) in the NIR (>800 nm wavelengths) due to the free carrier 

light absorption in the ITO, which leads to an increase of its k for the longer wavelengths, and 

absorption at the cell rear in the HTM (Spiro-OMeTAD). These parasitic losses can be observed 

in the generation rate and pABS profiles for the planar reference cells. In the structures with the 

TiO2 domes the parasitic absorption occurs for the same reasons, but for shorter wavelengths 

it is more pronounced along a broader range (300-500 nm) extending to the visible spectrum, 

due to absorption by the LT features at the cells’ front as seen in the generation profiles of 

Figure 5a,b and pABS profiles of Figure 5c,d at 412 nm wavelength. In the NIR, it can be seen 

from the plots of Figure 5c,d that the parasitic absorption happens mainly in the top ITO and 

in the bottom HTM, as occurred in the planar cells. 

The severe parasitic absorption caused by the front TCO explains why the optimization 

algorithm converged to the minimum allowed thickness (tTCO=50 nm) for the domes LT struc-

tures (see Table 2). Contrary to the planar cases, the anti-reflection LT effects caused by the 

domes structures are chiefly given by the geometrical index matching that they provide on the 

cell front. So, the TCO layer does not provide any beneficial optical contribution in these struc-

tures, and the thinner it is the better. However, a TCO layer with at least 50 nm thickness must 

be considered for electrical purposes, as it acts as the front n-electrode. On the other hand, the 

thickness of the underlying flat ETM layer (tETM~133-159 nm) converged to much higher values 

that those (tETM=20 nm) of the planar references, thus revealing that it is optically favorable to 

establish a separation between the bottom surface of the semi-spheroidal domes and the top 

surface of the Perovskite layer, in order to provide better light incoupling and confinement in 

the absorber.  
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2.4.2 Optimal void front structures 

The results of the optimized LT structures based on spheroidal voids (sketched in Figure 

4b) are presented in Figure 6. Despite the considerable differences in geometry, the absorption 

spectra and generation profiles of Figure 6a,b produced with the voids array are similar to 

those of Figure 5a,b attained with the domes. However, the voids provide a slightly higher 

absorption mainly at short visible wavelengths (400-500 nm) due to better anti-reflection, and 

in the NIR region due to improved scattering, both in the 250 and 500 nm Perovskite absorbers, 

thus leading to higher values of Jph (last row of Table 2). The pABS profiles shown in Figure 6c,d 

reveal that the voids structure generally creates a more uniform spatial distribution of the ab-

sorption enhancement throughout the volume of the Perovskite layer, while the domes array 

generates more localized (confined) regions of highest electric field intensity due to the focal 

effect of their micro-lens shape. This explains the better performance of the voids structure for 

light scattering, i.e. bending of light waves, which justifies the higher values of absorption at 

the longer NIR wavelengths.   

In the voids case, the optimal TCO thicknesses (tTCO) indicated in Table 2 are higher than 

those of the domes since such front contact now improves the anti-reflection in the flat regions 

between voids on the top surface. On the other hand, the thicknesses of the flat ETM (tETM) are 

smaller, since this layer plays a lesser role for geometric index matching in this structure.   

For the voids and domes structures, the optimized lateral (R) and vertical (Rz, tLT) di-

mensions of the TiO2 features are larger for the thinner 250 nm Perovskite, as the thinner the 

absorber the higher are the requirements for scattering: it needs to provide stronger path 

length enhancement for a broader wavelength range (i.e. extending to shorter wavelengths 

than those of thicker absorbers). This is achieved chiefly by enlarging the lateral sizes of the 

scattering elements, thus yielding higher scattering cross sections. Nevertheless, the optimal 

vertical size must also increase with the lateral size to maintain effective geometrical index 

matching provided by the front features, and consequent broadband anti-reflection. Since the 

thicker 500 nm Perovskite has a lower need for scattering, the optimized design of the TiO2 

features converged to smaller dimensions and to larger array pitch (p) to also minimize the 

parasitic absorption of the LT structures.     
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Figure 6: Same as Figure 5 but for the LT structures sketched in Figure 4b, composed of semi-
spheroidal voids in the TiO2 film. a,b) Absorption (Abs) spectra attained with the optimized LT struc-
tures (green lines, row 5 of Table 2), and with the planar reference ARC cases (blue lines, row 3), for 
Perovskite layers with a) 250 nm and b) 500 nm thickness. Each graph shows the absorption occurring 
in Perovskite (solid lines) and the parasitic absorption in the other materials (colored regions above the 
lines). The inset profiles show the log-scale distribution of the corresponding generation rate, G, along 
the xz cross-sectional plane of the structures. c,d) Log-scale distributions of the absorption density, pABS, 
along the same plane, at the wavelengths of the peaks marked by the triangles in a) and b) respectively 
for the voids array on the 250 nm (c) and 500 nm (d) thick Perovskite. 
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2.5 Discussion of results 

The main distinguishing advantage of the LT schemes designed here, over the conven-

tional texturing/structuring-based LT approaches mentioned in the Introduction, is that they 

can remarkably enhance light harvesting without creating roughness in the thin PV layers. 

This is because the photonic elements are placed on top of the unstructured planar solar cells. 

Thus, they do not increase the amount of defect states, that can strongly contribute to electrical 

deterioration particularly in PSCs [129], [130], allowing the geometry of the photonic struc-

tures to be fully optimized for maximum LT without constraints concerning the degradation 

of the electrical performance of the devices. Consequently, the voltage and fill factor of the 

cells is expected to be maintained (even possibly increased), while substantially boosting the 

photocurrent. Therefore, the efficiency gains resulting from the incorporation of the optimized 

LT structures are expected to be like their corresponding Jph enhancements. 

An important aspect of the absorption curves of Figure 5 and Figure 6 resulting from the 

incorporation of LT structures, is that the strongest parasitic absorption occurs in the UV range 

(300-400 nm) mainly due to the relatively large volume of the photonic structures and the sig-

nificant k of their TiO2 material below 400 nm wavelengths (see the reference [19] ). Neverthe-

less, such optical losses in the UV can be quite advantageous for the stability of PSCs, as one 

of the main factors for the poor lifetime of this type of PV devices is their severe degradation 

upon UV illumination. 

The mechanism responsible for UV light degradation in PSCs is attributed to the photo-

catalytic activity of TiO2 occurring in the interface between the ETM and the Perovskite layer. 

Upon prolonged UV light exposure, the photo-generated holes react with the oxygen radicals 

adsorbed at surface oxygen vacancies, which become deep traps within the Perovskite increas-

ing charge recombination [131]. Therefore, blocking UV photons from entering the PSCs has 

proven to be beneficial, yielding longer time of stabilized high efficiency [132], [133]. As such, 

here the TiO2 structures advantageously act as a UV-protective layer that, at the same time, 

enhances the absorption of visible and NIR photons in the Perovskite absorber, thus leading 

to overall Jph gains while contributing to the device robustness in standard sunlight exposure 

conditions.  

Figure 7 represents such gains, relative to the optimized planar reference cells, determined 

from the Jph values of Table 1 for the two types of LT geometries explored in this work (domes 

and voids) and both Perovskite thicknesses (250 and 500 nm). Besides, to analyze the aspect 

described in the previous paragraph, we also represent the enhancements considering the pho-

tocurrent density values (Jph_VIS-NIR) shown in Figure 7, determined from photon absorption in 

the Perovskite outside the UV range (i.e. restricting the integral of eq. 2 to the 400-1000 nm 

wavelength range, instead of the total 300-1000 nm range of Figure 5 and Figure 6). Such Jph_VIS-

NIR gains can be regarded as the improvements that would be achieved considering PSCs with 

a UV-blocking filter for better stability.  
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Figure 7 shows that the voids array outperforms the domes, as the present PSCs take more 

profit from the higher degree of light spreading provided by the voids, instead of the higher 

light focusing effect of the micro-lens shape of the domes. This can be advantageous for prac-

tical implementation, since void-like structures can be more straightforwardly fabricated than 

domes when employing scalable colloidal-lithography (CL) techniques. To form the desired 

void arrays, the CL processes use hexagonal arrays of colloidal microspheres as mask for the 

subsequent deposition of any material (in this case TiO2) in the inter-spaces between the dry-

etched spheres [119], [134], which results in nano/micro-patterned layers after the spheres lift-

off. However, the better performance of LT structures composed of voids relative to domes 

may not apply to even thinner Perovskite layers that can take more advantage from the higher 

localization of the electric field enhancement in the ultra-thin Perovskite. This was seen in a 

previous work of the authors applied to thin film Si cells, in which for 100 nm thin a-Si cells 

the optimized domes provide higher enhancement than the voids [7].  

 

 

Figure 7: Photocurrent enhancements attained with the optimized photonic structures (last 2 rows 
of Table 2) analyzed in section 4, relative to the planar double-layer ARC references (row 2 of Table 2). 
The absolute Jph values were calculated by integrating the spectral absorption (eq. 2) in the UV-VIS-NIR 
wavelength range (300-1000 nm – with UV) and only in the VIS-NIR (400-1000 nm – without UV), for 
both Perovskite thicknesses (250 and 500 nm) analyzed in this work. 

 

Although the highest absolute photocurrent values are attained with 500 nm thick Perov-

skite (30.6 and 31.3 mA/cm2, respectively with domes and voids), the optimized LT structures 

on the 250 nm absorber yield the highest enhancements (see Figure 7). The lower the absorber 

thickness the higher can be the absorption gain provided by optimized LT, as expected from 

the Lambertian ray optics analysis of Figure 3. The maximum values of the absolute Jph (33.3 

and 35.3 mA/cm2, respectively for 250 and 500 nm thick Perovskites) and LT enhancement 
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(30.6% and 25.2%, respectively) determined with idealized Lambertian surfaces are close but 

above those attained in this work (see Figure 3 and Figure 7), which indicates that there is still 

room for further improvement of the optical schemes. The main reason for the lower photo-

currents attained with the wave-optical structures, relative to the Lambertian limits, is the par-

asitic losses in the front TCO and TiO2 materials. Therefore, the Jph values of the optimized 

geometries would be closer to the Lambertian ones if no TCO was considered on top of the 

structures, or if distinct materials were investigated with lower extinction coefficient.  

The most impactful result shown in Figure 7 is the Jph enhancement (27% with UV and 

34.3% within only VIS-NIR) attained with the optimized voids array on the 250 nm thick Per-

ovskite, since it demonstrates an improved device architecture that can allow: 1) higher pho-

tocurrent (hence efficiency) relative to conventional planar PSCs with thicker (500 nm) Perov-

skite layers; 2) a potential 3-fold improvement in the device flexibility due to the thinner ab-

sorber, since the flexural rigidity of the cell scales with the third power of its total thickness; 3) 

a 2-fold reduction in the costs associated to the Perovskite material; and 4) potentially better 

PSC stability due to the role of the LT structure as a UV-blocking filter. In addition, such en-

hancement is considerably higher than the state-of-the-art enhancement (14.4% with 300 nm 

thick Perovskite absorber) achieved thus far using conventional texturing on the FTO/glass 

substrate [111], [135].  

 

2.6 Conclusions 

The novel front structures studied here allow remarkable photocurrent gains, indicated 

in Figure 7, which should translate into similar efficiency enhancements since the LT structures 

are patterned over the cells, therefore they are not expected to degrade the electric perfor-

mance. These enhancements become increasingly pronounced with decreasing Perovskite 

thickness, thereby allowing thinning the cell absorber while increasing its photocurrent. For 

instance, the optimized void structures, which were shown to be more optically favorable than 

the domes, enable a PSC with a thin (250 nm) Perovskite thickness to supply a 28.62 mA/cm2 

photocurrent density, which is 10.3% higher than that (25.95 mA/cm2) attained with the con-

ventional Perovskite thickness (500 nm) coated with an optimized planar double-layer ARC.   

It was also observed that there is a reasonable tolerance of the optimized results with re-

spect to deviations in the geometrical parameters of the LT structures, since 5% variations in 

the values of each parameter result in <5% relative reduction in Jph. The photocurrent close to 

the optimum point was seen to be mainly sensitive to the variations in the radius R and pitch 

p of the LT structures, which are the parameters that chiefly govern the scattering properties. 

Lastly, in addition to their strong optical role, the developed front-located LT structures 

can allow important improvements in the operational stability of perovskite solar cells by 

blocking harmful UV radiation.  
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3  

 

DESIGN OF LUMINESCENT DOWN-SHIFTING 

PROPERTIES FOR PHOTONIC-ENHANCED 

PEROVSKITE SOLAR CELLS 

3.1 Introduction 

Although PSCs display an impressive performance, competing with the best Si solar cells 

in terms of efficiency, they have several stability problems mainly related with exposure to 

moisture, oxygen and UV radiation, that are responsible for blocking its market implementa-

tion[15]. These degradation mechanisms are not yet fully understood, however several studies 

have defined many possible mechanisms[136]–[138]. Moisture and oxygen exposure can be 

mostly prevented via proper encapsulation[138], leaving UV exposure as the most important 

susceptibility to overcome. The UV degradation of PSCs has been attributed to photocatalytic 

effects caused by TiO2, the material commonly used as electron transport layer (ETL). This 

effect was first reported by Leijtens et. al. where it was hypothesized that, upon electron exci-

tation in TiO2, deep trap states are created that capture photo-electrons generated in the ab-

sorber material, therefore hindering the cell’s performance[139]. Ito et. al. also suggested that 

the formation of I2, due to electron transfer to deep trap states in the TiO2/perovskite interface, 

can then decompose the perovskite crystal by evaporation of volatile compounds[137]. Re-

garding perovskite degradation, excluding the effects of TiO2, Quistch et. al. calculated the 

threshold energy between the perovskite’s photo-brightening and photo-degradation, corre-

lating it with the presence of residual PbI2. This study indicated that I2 can be created by the 

photolysis of PbI2, leading to an equivalent degradation process to the aforementioned 

one[140].  

Considering the above-mentioned problems, several techniques have been used to miti-

gate these degradation mechanisms, such as replacing TiO2 by other non-harmful materi-

als[139], depositing blocking layers between the TiO2/perovskite interface to avoid electron 

exchange[137], as well as the use of either a UV filter or a DSL that prevents UV radiation from 
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reaching the cell[98], [99], [139], [141]. This latter case is the one that was unprecedentedly 

optimized in this study. 

 Down-shifting is the process where high energy photons are converted to lower energy 

photons[142], [143]. The main materials used for this process are quantum dots (QDs)[144]–

[147], dyes [60], [148], [149] and rare-earth elements[89], [150], [151]. These materials have re-

cently been applied to perovskite[152],[98], [141], organic[153] and dye sensitized solar 

cells[154] to improve their life-time without compromising their overall performance. When 

compared with the use of UV filters, which is the current common way of enhancing the UV 

stability of PSCs[139], using DSL benefits from the exploitation of the energy of otherwise lost 

photons, while still protecting the absorber material from the harmful UV radiation. One ex-

ample, by Anizelli et. al., compared the results against a UV filter obtaining a similar develop-

ment of the device’s parameters with prolonged UV exposure[98]. 

As stated earlier, the need for ever-decreasing thickness without compromising solar cell 

performance is a driver for research in the PV field. However, decreasing thickness leads to 

lower red-NIR absorption, as this radiation has higher penetration depth. Therefore, different 

LT methods have been studied to improve this low-energy absorption, such as the use of me-

tallic or dielectric nanoparticles[155]–[157], front or rear texturing of the cell[6], [158], [159] and 

the use of high index dielectric structures on the cell front[7], [160], [161]. This latter LT 

method, operating in the regime of wave-optics, is the one considered in this work. Front-

located high index photonic structures allow strong forward scattering of light, thus increasing 

its travel path within the PV absorber, as well as the creation of resonant modes, related with 

the structure’s properties, that can greatly boost the cell’s absorption. For periodic structures, 

this increase can even surpass the theoretical limit – the Tiedje-Yablonovitch limit – for specific 

wavelengths related with the LT structure’s pitch[6], [107], [161]. 

In this study, two different types of solar cells were considered (Figure 8a,b) to the similar 

one studied in chapter 2 : First, a planar cell, henceforth PC, and a cell with light trapping 

structures, henceforth LTC. The absorber material considered in the PSCs is the conventional 

best-performing CH3NH3PbI3 (MAPbI3) perovskite[12], [15]. Two different thickness values 

for the perovskite layer were used, namely 250 and 500 nm, as the latter value is that conven-

tionally used in PSCs while the former is of interest for the development of ultra-thin photonic-

enhanced devices[8], [9], [121], [162]. The remaining solar cell dimensions and materials are 

based on previous results from optimizations centered on maximizing the optical performance 

of front LT structures on the PSCs[162]. A preferential implementation of luminescent down-

shifting (LDS) materials is via their embedment in a polymeric matrix used as the cell’s encap-

sulant[97]–[99], as sketched in Figure 8a,b, which is generally several micrometers thick[97], 

[99]. Therefore, such DS encapsulant layer was modelled as the background medium over the 

cells’ structures. In the simulation, the background refractive index (nBackground) was set to n=1.5 

as it is a common value for transparent polymeric materials used for this purpose such as 

PMMA,[98] EVA,[97] PVB [97] and PS[99]. This way, the light impinges on the cell from the 
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LDS embedded encapsulants.  A base simulation with vacuum background index (nBackground) 

n= 1 was still made for the PCs, for comparison.  

 

 

Figure 8: Schematic of the solar cell structures considered in the simulations. a) PC - Cell with 
planar structure used as reference, composed by the layers: Metal contact (Ag)/Hole Transport Layer 
(HTL, made of Spiro-OMeTAD)/Absorber (Perovskite)/ Electron Transport Layer (ETL, made of TiO2), 
Transparent conductive oxide (TCO, made of ITO). b) LTC - cell with light trapping structures inte-
grated in the n-contact (ETL) of the PSC. c) Plot illustrating the method used to emulate the process of 
down-shifting. In dashed green is the gaussian profile, in blue is the absorbed flux and in red is the 
emitted flux; d) schematic depicting the process of down-shifting by an LDS material. 

 

3.2 Simulation Method 

The present work shows how to ideally design the DS effect in order to attain: 1) maxi-

mum optical improvement in the PSCs, represented in terms of their overall photocurrent 

density, Jph; 2) negligible UV degradation by minimizing both the light absorption in the TiO2 

across the full spectral range, and the UV photocurrent (i.e. carrier generation in the perovskite 
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due to UV absorption) calculated for wavelengths between 300 and 400 nm, henceforth Jph-UV, 

as also addressed in chapter 2.  

The results were obtained using a numerical solver (FDTD Solutions) provided by Lumer-

ical Inc.[163] The use of this method allows for the calculation of the electric and magnetic 

fields in the entire simulation region as explained in details in section 2.3 of chapter 2. How-

ever, this an electromagnetic method based on Maxwell’s equations, it cannot exactly simulate 

the effect of DS. Consequently, here DS was modelled by proper adaptation of the incident 

spectrum, as described in Figure 8c. Based on absorption and emission profiles of typical LDS 

materials, taken from several reports[60], [98], [149], [153], [164]–[166], a Gaussian profile was 

chosen to emulate these properties - Figure 8c) green dashed profile. Gaussian profiles have 

three main variables: the Gaussian root mean square (RMS) width, parameter related with the 

full width at half maximum (FWHM) which was fixed at 50 nm; the gaussian center, λC, that 

was left as a variable; and the amplitude, representing the peak absorption, that was fixed at 

unity. This gaussian absorption was then multiplied with the solar photon flux, based on the 

ASTM G-173 global irradiance spectra provided by NREL,[167] to calculate the hypothetical 

absorption flux in a thick DS layer - Figure 8c) blue profile. Subsequently, this absorbed flux 

is shifted to higher wavelengths, as shown in Figure 8c), by a shifting parameter, Δλ, that was 

also left as a variable. Lastly, to create the “shifted” spectrum incident on the PSC, the absorbed 

flux was subtracted, while the emission flux was added to the pristine AM1.5G spectrum. For 

that, the resulting spectral irradiance plots for two different Δλ and λC was calculated. It should 

be noted that the process used to emulate the DS process is an ideal one and, thus, does not 

account for effects such as isotropic emission, non-unitary quantum efficiency and reabsorp-

tion. 

3.3 Results and Discussion 

Firstly, the solar cells’ absorption profiles were determined by the aforementioned 

method and are displayed in Figure 9a) and b) for the PCs and in Figure 10a) and b) for the 

LTCs, considering the nBackground = 1.0 and nBackground = 1.5. These absorption profiles only de-

pend on the solar cells’ structure and materials, being independent of the illumination spec-

trum. Therefore, they are suited to evaluate the device’s optical performance. For red-NIR 

wavelengths there is a decrease in the cell absorption as sub-bandgap photons are harder to 

absorb. This is effectively shown by the absorbed power density plots shown for 900 nm wave-

length (rightmost inset profiles in Figure 9 and Figure 10), as the absorption is rather uniform 

throughout the cell. Note that, for the LTCs, these losses are reduced using the photonic struc-

tures responsible for scattering light. For shorter wavelengths, the most notable aspect is the 

parasitic absorption from TiO2 and ITO for both PCs and LTCs. The absorbed power density 

plots (leftmost inset plots in Figure 9 and Figure 10 at 350 nm wavelength) again serve to fur-

ther verify this statement, as they show a pronounced absorption in the TiO2 and ITO layers. 
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Furthermore, the LTCs show an effective UV shading of the perovskite, revealed by the red 

shaded area in the absorption spectra of Figure 10 a) and b) as well as the substantial absorbed 

power density in the front LT structures shown by the 350 nm inset profiles in Figure 10. This 

increase is due to the thick TiO2 used in these structures, as it is the material responsible for 

the light trapping effects (i.e. improved broadband anti-reflection and scattering).[162] It 

should be noted that such UV shading is also beneficial for the perovskite cells, due to the UV 

instability problems.   

Subsequently, sweeps were made for the different cells in study, where Δλ and λC where 

varied between 100-400 nm and 300-400 nm, respectively. The resulting photocurrent contour 

plots for the PCs are shown in Figure 9 c) and d), and for the LTCs in Figure 10 c) and d). 

Firstly, one should note that the photocurrent contour plots (in Figure 9 and Figure 10) show 

a similar behavior, which is expected as these results are chiefly influenced by the absorption 

in the Perovskite layer, which is mostly similar in the 400-700 nm wavelength range for the 

different solar cells (Figure 9 a) and b) and Figure 10 a) and b)). At around 700 nm, value close 

to the perovskite’s bandgap[10], [14], a significant drop in absorption occurs, as below-

bandgap absorption is significantly reduced. Thus, it is expected that the photocurrent sweeps 

should also see this effect when the shifting occurs to higher wavelengths. Indeed this is the 

case, and, for the LTCs, this drop can be up to 7% lower than that of the corresponding pristine 

(without DS) structure (shown in Figure 10 c) and d) by the white line), while for the PC this 

value can be up to 12% lower. Therefore, it should be noted that the use of unoptimized LDS 

material properties can severely degrade the solar cell’s performance. 

Considering the photocurrent gains summarized in Table 3, when comparing the pristine 

AM1.5G spectrum with the shifted spectra, one can see that there is only a small increase in 

the cell’s performance, even when considering the optimized λC and Δλ values indicated in 

Table 3. For the LTCs, this Jph increase was up to ~2% (~0.6 mA/cm2), while for the PCs it was 

up to ~1% (0.2-0.3 mA/cm2), with the main difference being attributed to higher TiO2 thickness 

in the first, as this layer is mainly responsible for UV parasitic absorption. It should be noted 

that, when integrating the ASTM G-173 solar irradiance spectra in the UV wavelength range 

(i.e. from 300-400 nm), the maximum current density that can ideally be generated is only ~1.4 

mA/cm2, which sets the limit for the increase in photocurrent that can be attained using DS 

methods. Secondly, the outstanding perovskite’s absorption properties are also a factor limit-

ing further photocurrent increases. From the absorption profiles shown in Figure 9 and Figure 

10, it can be seen that under 400 nm there is still some significant perovskite absorption. As 

such, and understandably, LDS materials cannot directly provide major photocurrent im-

provements in PSCs.  

Nevertheless, it should be emphasized that the main objective of this method is to reduce 

the harmful effects of UV radiation on PSCs, and for that the optimized DS+LT solution pre-

sented here is shown to be outstanding. On the other hand, electrical effects were not taken 

into account here. However, considering that the sum of the Δλ and λC values (resulting in the 
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wavelength to where the shifting occurs) is around 500 nm, an improved electrical perfor-

mance would be expected as this value corresponds with the reported external quantum effi-

ciency maximum[98], [121], [141], [168].   

 

 

Figure 9: Results for the PCs structure with nBackground of 1.5. a) and b) are the absorption profiles 
calculated for the PCs with perovskite thickness of 250 and 500 nm, respectively. The black curve cor-
responds to the light absorption in the perovskite layer; in red, the perovskite+TiO2 absorption; and, in 
green, the total absorption of the cell. The inset plots represent the absorbed power density through the 
cross section of the cell, calculated at specific wavelengths indicated by the arrows: the leftmost profile 
is the absorbed power for 350 nm and the rightmost graph is the absorbed power for 900 nm;  c) and d) 
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are the contour plots of the photocurrent density (Jph) sweeps performed for the PC structure with 250 
nm and 500 nm perovskite layer, respectively; the white contour line represents the pristine Jph, i.e. the 
value attained with the AM1.5 incidence spectrum without any shifting. e) and f) are examples of the 
carrier generation profiles for the PC with 500 nm perovskite layer, considering the pristine and the 
optimized (using the λC and Δλ corresponding to the maximum in d)) incidence spectrum, respectively. 

 
 

Afterwards, the generation profiles were calculated using the optimum shifting parame-

ters (λC, Δλ) obtained from the photocurrent sweeps (Table 3). These profiles are shown in Fig-

ure 9 e) and f) for the PC and Figure 10 e) and f) for the LTC, considering 500 nm perovskite 

thickness. In all these cases, a major reduction in the photo-generation of TiO2 is observed 

resulting from the use of a shifted spectrum. Examining the LTC case (Figure 10 e) and f)), it 

can be seen that these values vary from around 1.6-0.2x1026 cm-3s-1 for the pristine spectrum to 

0.1-0.02x1026 cm-3s-1 for the optimized spectrum, representing a pronounced change of one or-

der of magnitude. Therefore, optimally-shifting the spectrum can almost eliminate the harm-

ful photo-generation of TiO2 and, in practice, lead to improved device stability. On the other 

hand, when comparing Figure 10 e) and f) it can also be seen a reduction in the absorption in 

the perovskite in the reddish “corner” region indicated by the arrow. This stems from the 

higher wavelength radiation incident upon the cell, that has a higher penetration depth, re-

sulting in a higher solar cell bulk absorption instead of front surface absorption. A similar 

effect is also seen in Figure 9 f), where the bulk generation is higher from this effect. Electri-

cally, this shift from surface to bulk absorption can also have a beneficial impact in the solar 

cell performance, as in surface absorption there is more electron recombination, particularly 

in PSCs[169]. 

Thereupon, the photocurrent values for wavelengths ranging from 300-400 nm (Jph-UV rep-

resenting the UV absorption) were calculated using the pristine and optimized spectra, in or-

der to assess how the shifting can impact the perovskite’s UV absorption. These values are 

summarized in Table 4. Taking the example of the LTC with 250 nm perovskite thickness, for 

the pristine spectrum the calculated Jph-UV was 0.7 mA/cm2, while for the optimized spectrum 

this value was 0.1 mA/cm2, representing a reduction of 86% in the harmful UV photo-gener-

ation in the perovskite. The reductions for the other cases are all also around 80% (Figure 11 

b)). Therefore, a remarkable reduction in the perovskite’s UV absorption is determined as a 

result of the optimized shifting. Consequently, both the reduction in the perovskite’s UV ab-

sorption and the lower harmful photo-generation of TiO2, are expected to yield a pronounced 

improvement in the life-time of PSCs implementing such DS solution. From the generation 

profiles for the LTC (Figure 10 e) and f)), it can be seen that the photo-generation in the TiO2 

close to the perovskite interface (a critical region for the degradation mechanisms to oc-

cur)[137], [139] is lower than at the topmost part of the TiO2 structures. This reduction occurs 

due to the UV shading effect that comes from the use of relatively-thick high index front struc-

tures, providing further protection against UV radiation for the device.   
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Figure 10: Results for the LTCs with nBackground of 1.5. a) and b) are the absorption profiles calculated 
for the LTCs perovskite thickness of 250 and 500 nm, respectively. The black curve corresponds to the 
light absorption in the perovskite layer; in red, the perovskite+TiO2 absorption; and, in green, the total 
absorption of the cell. The inset plots represent the absorbed power density through the cross section of 
the cell, calculated at specific wavelengths indicated by the arrows: the leftmost profile is the absorbed 
power for 350 nm and the rightmost graphs is the absorbed power for 900 nm.  c) and d) are the contour 
plots of the Jph sweeps performed for the LTC structure with 250 nm and 500 nm perovskite layer, re-
spectively; the thicker contour line represents the pristine Jph, i.e. the value attained with the AM1.5 
incidence spectrum without any shifting. e) and f) are examples of the carrier generation profiles for the 
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LTC with 500 nm perovskite layer, considering the pristine and the optimized (using the λC and Δλ 
corresponding to the maximum in d)) incidence spectrum, respectively.  

 

Table 3: Summary of the main results from the photocurrent density sweeps performed in this 
work. tPerovskite represents the perovskite thickness, nBackground is the refractive index used for the back-
ground medium, pristine Jph is the value using the illumination spectrum without any shifting, opti-
mized Jph is the highest value obtained in the sweeps of Figure 9 and Figure 10, λC and Δλ is the gaussian 
center and shifting parameter, respectively, corresponding to the maximum photocurrent value ob-
tained in the sweeps. 

 Planar Cell (PC) LT Cell (LTC) 

nBackground 1 1.5 1.5 

tPerovskite (nm) 250 500 250 500 250 500 

Pristine Jph (mA/cm2) 22.9 25.9 24.3 27.0 26.1 28.1 

Optimized Jph (mA/cm2) 23.0 26.3 24.5 27.2 26.7 28.6 

λC (nm) 387 400 337 350 350 350 

Δλ (nm) 145 205 115 205 130 190 

 

The bar chart of Figure 11 summarizes the key results from this work. Starting with the 

photocurrent chart (Figure 11 a), a first point to be made is the higher current for the 500 nm 

PSCs, resulting from the thicker absorber. This difference is due to higher red-NIR radiation 

absorption, as demonstrated in Figure 9 b) for the PC and Figure 10 b) for the LTC. Secondly, 

the higher Jph for the PC with nBackground of 1.5, when compared to the equivalent cell with index 

of 1, stems from better index matching between the background and the front material in the 

cell (ITO). On the other hand, it can also be seen that the LTCs have higher Jph when compared 

with their planar counterpart. This increase clearly demonstrates the benefits of using pho-

tonic structures for LT, allowing for optically thick but physically thin devices. 

The graph also indicates small current increases when using the optimized spectrum. 

Considering that electrical losses are neglected in these studies, it can be inferred from Figure 

11 a) that these materials do not show a pronounced increase in optical performance. How-

ever, these same effects, such as bulk instead of surface absorption and lower thermal losses 

that come with higher energy transitions, can be deciding factors leading to improved cell 

current.  
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Table 4: Summary of the photocurrent density values, Jph-UV, calculated only in the UV wavelength 
range (300-400 nm) for the perovskite layer with the pristine, i.e. the unaltered AM1.5 spectrum, and the 
optimized spectrum, i.e. the spectrum using the optimized down-shifting parameters obtained in the 
photocurrent sweeps of Figure 9 and Figure 10.  

 Planar Cell (PC) LT Cell (LTC) 

nBackground 1 1.5 1.5 

tPerovskite (nm) 250 500 250 500 250 500 

Pristine Jph-UV (mA/cm2) 1.0 1.0 1.2 1.1 0.7 0.7 

Optimized Jph-UV (mA/cm2) 0.2 0.2 0.3 0.2 0.1 0.1 

 

The bar chart analyzing the Jph-UV in Figure 11 b) shows that a remarkable reduction of 

around 80% is observed for all cases in the UV light absorption by the perovskite material. 

Therefore, by maintaining a similar optical current, while significantly reducing the harmful 

effects of UV radiation in these cells, an increased long-term performance is anticipated.    

 

 

Figure 11: Bar charts summarizing the results from the photocurrent sweeps attained with the pris-
tine (blue) and optimized (red) spectra incident on the PC and LTC PSCs with either 250 or 500 nm 
Perovskite thickness. a) Jph values obtained considering the full UV-Visible-NIR wavelength range (300-
1000 nm); b) UV photocurrent (Jph-UV) values for wavelengths ranging from 300 to 400 nm. The more 
transparent bars refer to the devices with 250 nm perovskite thickness, while the others refer to those 
with 500 nm perovskite thickness. 

 

3.4 Conclusions 

The use of optimized DS materials in the PSCs’ encapsulation revealed a marginal in-

crease in photocurrent at best of 2% (~0.6 mA/cm2). This is due to the inevitable fact that there 

is not so much current that can be gained from exploiting the UV, and one is limited to the 
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maximum gain that can be obtained by absorbing all this radiation, which of only 1.4 mA/cm2. 

On the other hand, the use of unoptimized Δλ and λC revealed a severe impact in the optical 

performance of the cells, reducing the photocurrent by 7% and 12% for the worst cases simu-

lated of the LTCs and PCs, respectively. The optimum Δλ and λC implied a spectrum shift to 

wavelengths around 500 nm, matching well with the PSC's electrical performance peak.   

Importantly, from the analysis of the perovskite stability, one obtained a significant re-

duction in the TiO2 harmful photo-generation of one order of magnitude, coupled with an 

increase in the perovskite’s bulk generation. The LTCs revealed a further decrease in the TiO2 

photo-generation near the perovskite/TiO2 interface due to the UV shading effect provided 

by the LT structures. By assessing the perovskite UV photocurrent for the different simulated 

cells, reductions up to 86% were obtained when comparing Jph values for the pristine and 

changed spectrum. Therefore, from these analyses, one can infer that the use of LDS avoids 

the unwanted effects of UV radiation on the perovskite, demonstrated by the hefty decrease 

in UV absorption coupled with the diminished TiO2 photoactivity resulting from lower photo-

generation.      
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4  

 

WAVE-OPTICAL STRUCTURED SUBSTRATES FOR 

ULTRA-THIN PEROVSKITE SOLAR CELLS  

 

4.1 Introduction 

In earlier theoretical contributions[7], [18], [19] as presented in chapter 2, novel LT designs 

operating in the wave-optics regime were shown to allow pronounced photocurrent gains in 

thin-film solar cells via the incorporation of wavelength-sized pyramidal-like features in the 

front contact of PV devices with a substrate configuration. This enabled the demonstration of 

LT levels approaching the ideal Lambertian limits of geometric optics. However, the imple-

mentation of such LT architecture may be difficult to realize in practice, since the photonic 

elements need to be patterned on top of the planar cell layers, during the final processing 

stages, which may cause the degradation of the delicate materials of the devices during the 

micro-patterning fabrication[44], [119].         

In this work, an unprecedented wave-optical solution was explored for PSC application, 

via the optimization of photonic-structured substrates supporting the cells. By micro-pattern-

ing the substrates with wavelength-sized semi-spheroidal features, it is possible to achieve 

high-performing LT-enhanced PSCs due to the conformal deposition of the cells’ materials 

onto the photonic substrates. Such innovative industrially-attractive LT design is studied and 

optimized here for two different solar cell configurations: superstrate and substrate; consider-

ing distinct perovskite absorber thicknesses (300 and 500 nm), as sketched in Figure 12. This 

approach has significant practical benefits regarding its applicability, when compared with 

post-patterned photonic structures implemented on the ETLs, since here the PSC layers are 

wet-coated by usual methods over a substrate already patterned with LT structures, hence 

making the photonic integration independent of the PSC’s fabrication. This is particularly ben-

eficial in order to prevent the LT implementation from deteriorating not only the PSC layers 
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but also less robust polymeric substrates used in flexible devices[8], [170]. Besides, this enables 

the widespread application of the micro-structured substrates as generic photonic platforms 

to support other types of thin-film PV devices (based in Si[7], CIGS[171], CZTS[172], or-

ganic[8], tandems[173] etc.), after straightforward adaptation/tuning of the geometrical pa-

rameters of the LT structures. 

 

 

Figure 12: Two types of photonic-patterned substrates were studied and optimized for two types 
of PSC architectures: the conventional superstrate configuration (a), compatible only with transparent 
substrates (e.g. flexible polymers as PEN/PET)[121], [170]; and the so-called “inverted” substrate con-
figuration (b) enabling a larger variety of substrates (e.g. flexible opaque materials as metal sheets)[101], 
[112], [121]. The LT structures patterned on the substrates are modelled as a hexagonal array (with pitch 
p) of vertically-aligned semi-prolate features with radii R and RZ, respectively along the in-plane direc-
tion and illumination axis. The PSC layers are conformally deposited over such spheroidal features: a) 
superstrate-type layer configuration, in which light comes into the devices from the substrate side, com-
posed of transparent conducting oxide (TCO, made of ITO/electron transport layer (ETL, made of 
SnO2)/perovskite absorber (methylammonium lead iodide, CH3NH3PbI3)/hole transport layer (HTL, 
made of Spiro-OMeTAD/rear metal contact (made of gold, Au); b) substrate-type layer configuration, 
in which light comes into the devices from the films’ side, composed of TCO (made of ITO)/ETL (made 
of ZnO)/perovskite (CH3NH3PbI3)/HTL (made of NiOx)/rear contact (Au). 

 
 

Previous work has shown that hexagonal arrays of high-index semi-spheroidal features 

patterned on the cells’ illuminated front surface allow pronounced broadband absorption en-

hancement in the PV absorber of thin-film solar cells[7], [19], [44], [119]. Here, such type of 

features is produced in the cells’ front due to the conformal deposition of the PSC layers over 

the patterned substrates (see Figure 12). Apart from allowing higher optical density with thin-

ner absorber thickness, the LT geometries investigated here provide three other practical ad-

vantages: 1) the “round” spheroidal-type shapes can avoid losses associated with nanostruc-

tures having high spatial curvatures or sharp edges[17], [174]; 2) arrays of such semi-spheroi-

dal features can be easily fabricated by industrially-attractive patterning methods such as col-
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loidal lithography - a low cost soft-lithography process capable of engineering with nano/mi-

crometer resolution with high uniformity throughout large areas[44], [119]; 3) the inherent 

wide angular acceptance of this type of structures is particularly important for flexible solar 

cells[7], [174], since their operation under bending implies the simultaneous conversion of 

light coming from a broad angular range.  

4.2 Modelling Method 

We employed a 3D finite difference time domain (FDTD) numerical method to rigorously 

model optical effects in the photonic-structured PSCs[7], [18], [19], [107]. This method is re-

garded as a preferential approach for solving electromagnetic problems in the wave-optics 

regime, especially for light management in solar cells, mainly owing to its conceptual simplic-

ity and versatility[18]. Furthermore, its capability for single-run broadband simulations is of 

particular interest for application in photovoltaics[7], [17], [19]. The two different PSC archi-

tectures of Figure 12 were modelled, in which the solar cells are composed of 5 layers confor-

mally coated onto micro-structured substrates. The optical response of the materials is deter-

mined by their complex refractive index (N=n+ik) spectra, which were taken from published 

experimental. The perovskite absorber material considered in this work is methylammonium 

lead iodide, MAPbI3, taking a widely-used refractive index function fitted from measured val-

ues provided by Phillips et al.[14], available in a common database[175]. However contrarily 

to other more matured PV technologies, PSCs are still highly dependent on the specific fabri-

cation conditions and process materials used. Therefore, there is presently no (n, k) dataset 

that can be taken as technological standard. In view of that, for comparison the main compu-

tations presented here were recalculated considering a different measured refractive index 

provided by Eerden et al.[176], whose results can be found elsewhere [94]. For the superstrate 

configuration (Figure 12 a), the refractive index of the transparent substrate was accounted for 

by a fixed real value, attributed to the background index of the simulation volume, equal to 

n=1.5 (e.g. similar to the index of PET)[175]. For the substrate configuration (Figure 12 b), a 

background index n=1.6 was taken in order to account for a typical transparent adhesive ma-

terial used for encapsulation over the PSC layers[175].  

The detailed procedures of optical simulation are given in section 2.3 of chapter 2.  

4.3 Optimized photonic-structured perovskite solar cells 

In this section we present the results of the optimized LT structures considering both con-

figurations depicted in Figure 12. The superstrate configuration (Figure 12 a) is the current 

record efficiency holder in PSCs[38]. Nevertheless, the requirement for superstrate solar cells 

to be supported on transparent substrates is a major limiting factor if one is to achieve ultra-

thin and flexible devices. This can be mostly attributed to the proclivity for low degradation 
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temperatures, usually seen in bendable transparent materials (e.g. PEN, PET), that severely 

restricts the PSCs fabrication conditions[121]. Subsequently, there has been a shifting interest 

to the substrate configuration (Figure 12 b), since it allows for a more versatile gamut of mate-

rials to be used, such as the case of opaque and much more robust bendable materials (e.g. 

metal foils, PI)[101], [112], [121]. Besides, the substrate-type PSC structure is compatible with 

its application as sub-cell in monolithic tandem devices (e.g. perovskite top cells coupled with 

Si[173] or CIGS[121] bottom cells), which is another research line attracting much interest 

lately.  

The materials considered for the PSCs' layer structure are based on state-of-the-art devices 

produced with low-temperature (< 200 °C) fabrication, to allow compatibility with polymeric 

flexible substrates. Different materials are considered for the ETL and HTL in each configura-

tion: SnO2 and ZnO are the materials taken for the ETLs, and Spiro-OMeTAD and NiO are 

those of the HTLs, respectively in the superstrate and substrate configuration. Apart from their 

low-temperature processing, both ETL materials have recently been revealing better stability 

and performance than the conventional TiO2[38], [177], [178]. As for the HTLs, Spiro is the 

material that has allowed the highest efficiencies so far. However, due to its high cost, other 

HTLs have been investigated, being NiO-based materials those that appear to be the best al-

ternative, especially for flexible applications that can particularly benefit from low-cost de-

vices[179]. The conventional MAPI (methylammonium lead iodide) perovskite was taken for 

the absorber material, with two different thicknesses analyzed in this work: the standard 500 

nm and a thinner 300 nm layer.   

Table 5 shows the sets of relevant physical parameters optimized for the cell designs, 

where R, Rz and p define the geometry of the LT features patterned on the substrates (see Fig-

ure 12) and the values tlayer correspond to the thickness of specific flat layers. These quantities 

were taken as variables by the PSO algorithm that iteratively searched for the best set of pa-

rameters that maximizes the photocurrent (Jph, equation 2) produced in the perovskite mate-

rial. Row 1 of Table 5 shows the Lambertian limits of geometrical optics for the analyzed per-

ovskite absorber layers, as described in chapter 2 [19]. In this case, the values of the LT en-

hancement were calculated relative to a cell without LT in the same regime of geometrical 

optics. Row 2 and 4 present the optically-optimized values for the thicknesses of the front con-

tact of planar PSCs, which provides an anti-reflection coating (ARC) effect, and of the HTLs, 

respectively for superstrate and substrate configuration. These serve as reference results for 

comparison with the ones obtained with the photonic semi-spheroidal structures shown in 

rows 3 and 5, respectively.  

 

Table 5: Highest Jph values obtained for the optimized LT structures for two distinct PSCs, with 
300 or 500 nm perovskite layer thicknesses, in two different solar cells configurations, superstrate and 
substrate-type, considered in this work. The geometrical optimization parameters (R, RZ, p, tITO, tSnO2, 
tSpiro) and (R, RZ, p, tITO, tZnO, tNiO), for the LT structures in superstrate and substrate configurations, 
respectively, are sketched in Figure 12. The results are compared with the reference cases of planar PSCs 
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having optically-optimized TCO/ETL and HTL thicknesses, as well as with the theoretical limits in the 
regime of geometrical optics attainable with a Lambertian scattering front surface. 

Light Trapping 

Structures 

Absorber:  

300 nm Perovskite layer 

Absorber:  

500 nm Perovskite layer 

Row 

index 

Optimal 

Parameters 

Jph , mA/cm2 

(LT enhance-

ment) 

Optimal 

Parameters 

Jph , mA/cm2 

(LT enhance-

ment) 

 

Lambertian sur-

face 
- 

33.8  

(28.0%)  
- 

35.3  

(25.0%) 
1 

Optimized Pla-

nar PSCs in Su-

perstrate Con-

figuration 

tITO = 50 nm 

tSnO2 = 25 nm 

tSpiro = 50 nm 

25.0  

tITO = 50 nm 

tSnO2 = 25 nm 

tSpiro = 50 nm 

27.1  2 

Optimized Pho-

tonic PSCs in 

Superstrate 

Configuration 

tITO = 50  nm 

tSnO2 = 25 nm 

tSpiro = 50 nm 

R = 219.2 nm 

Rz = 167.6 nm 

p = 558.6 nm 

30.7  

(22.8%) 

tITO = 50 nm 

tSnO2 = 25 nm 

tSpiro = 50 nm 

R = 206.2 nm 

Rz = 259.8 nm 

p = 508.1 nm 

32.5   

(20.0% ) 
3 

Optimized 

Planar PSCs in 

Substrate Con-

figuration 

tITO = 50 nm 

tZnO = 100 nm 

tNiO = 10 nm 

22.5   

tITO = 50 nm 

tZnO = 100 nm 

tNiO = 10 nm 

25.1  4 

Optmized 

Photonic PSCs 

in Substrate 

Configuation 

 

tITO = 50 nm 

tZnO  = 100 nm 

tNiO  = 10.1 nm 

R  = 239.0 nm 

Rz = 309.2 nm 

p = 480.1 nm 

28.0  

(24.4% ) 

tITO = 50 nm 

tZnO  = 100 nm 

tNiO  = 11.1 nm 

R  = 200.2 nm 

Rz = 519.3 nm 

p = 484.4 nm 

30.2   

(20.3% )  
5 

 

The PSO “smart search” was constrained to certain parameters’ boundaries that were set 

based on reasonable values for their domains. Several optimization runs were performed with 

different initial parameter sets spanning the domain space, and it was found that the algorithm 

consistently converged to thicknesses of the selective contact layers (tITO, tSnO2, tSpiro, tZnO, tNiO) 

at the minimum allowed value of the domain, defined to guarantee their electrical perfor-

mance. Therefore, it is clear that such layers are optically undesirable, but their presence is 

electrically needed with a minimum thickness to guarantee effective current extraction[180], 

[181]. The variation of photocurrent with the thickness of such contact layers is analyzed and 

can be found here [94]. As the main goal here is the investigation of an optical scheme yielding 

the maximum degree of light trapping in PSCs, the present study considered optically-favor-

able values for such layer thicknesses indicated in Table 5, corresponding to the minimum 
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values within the defined “electrical limits” marked [94]. As can be observed these figures, 

different thicknesses would lead to slight deviations in the optimized parameters and result-

ing Jph maxima, but would not imply significant differences in the overall trends and discus-

sion given here[7], [18], [19]. 

4.3.1 Photonic-enhanced PSCs in superstrate configuration 

We begin by analyzing the results obtained with the optimized set of geometrical param-

eters of PSCs in superstrate configuration (depicted in Figure 12a), which are presented in 

Figure 13. The absorption spectra of the optimized LT structures (corresponding to row 3 of 

Table 5) are compared to those of the planar reference cells (row 2 of Table 5) in Figure 13a,b, 

for the perovskite absorber thicknesses (300 and 500 nm) considered in this study. Figure 13c,d 

show the pABS profiles of PSCs with LT structures, along the xz plane passing by the center of 

a semi-spheroidal feature, for four different wavelengths along the illumination spectrum.  

Looking at the reference planar cells (blue curves in Figure 13a,b), both 300 and 500 nm 

cells show a similar broadband behavior, with the 300 nm cell presenting an overall lower 

absorption, from the shorter light travel path in the absorber. The considerably high absorp-

tion in the perovskite active region (mainly corresponding to the 450-750 nm wavelength 

range in Figure 13) evidences well the outstanding perovskite optical properties, preceded by 

a small absorption drop in the UV-blue range (300-450 nm) due to reflection and parasitic 

absorption in the front contact (ITO and SnO2 layers). This drop is slightly lower (~5%) for the 

300 nm thick cell. In the near-infrared (NIR) there is a more abrupt absorption drop above 750 

nm (nearing 86% and 89% for the 500 and 300 nm thickness, respectively) that coincides with 

the ~1.5 eV bandgap of the perovskite absorber. Regarding the photonic LT structures (red 

curves in Figure 13a,b), there is a pronouncedly higher broadband absorption occurring in the 

perovskite, brought out by the superior light management scenario created by the photonic 

features, as explained below. 

The results of Figure 13 demonstrate a key optical advantage of using photonic-structured 

PSCs via conformal deposition over patterned substrates: the fact that it is the higher-index 

perovskite material that plays the main role in anti-reflection and light scattering, which 

causes the notable absorption gains and extremely low parasitic absorption (even lower than 

the reference planar cells) in most of the spectrum. The inset images of Figure 13a,b show the 

cross section of the solar-spectrum-weighted generation rate (G) along the PSCs with the op-

timized LT structures, computed over the 300-1000 nm wavelength range. It is notable from 

these inset profiles that the spectral-integrated absorption occurs primarily in the perovskite. 

However, Spiro-OMeTAD and Au also show some parasitic contribution, complementarily 

evidenced in the absorption density profiles (Figure 13 c,d), especially for longer NIR wave-

lengths. 
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Figure 13: a,b) Absorption spectra obtained with the optimized LT structures sketched in Fig. 1a, 
for PSCs in superstrate configuration (red lines, row 3 of Table 5), compared the reference cases of op-
tically-optimized planar cells (blue lines, row 3), for perovskite layers with distinct thickness: a) 300 nm 
and b) 500 nm. Each graph presents the absorption occurring in the perovskite (solid lines) and the 
parasitic absorption in the other materials (dashed lines). The inset profiles represent the log-scale dis-
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tribution of the corresponding total generation rate, G, along the xz cross-sectional plane of the struc-
tures passing by the semi-spheroidal center. c,d) Log-scale distributions of the absorption density, pABS, 
along the same xz plane of the structures, at the wavelengths of the peaks marked by the arrows in a) 
and b), respectively for the PSCs with the 300 nm (c) and 500 nm (d) thick perovskite absorbers in su-
perstrate configuration.  

 

The absorption gains in the UV-VIS are attributed to a better light coupling towards the 

perovskite material by the semi-spheroidal LT features, as a consequence of two optical mech-

anisms: 1) superior anti-reflection owing to the geometrical index matching[7], [19] caused by 

the curvature of the front layers (ITO, SnO2 and perovskite) coupled with the propinquity 

amongst the real part (n) of the refractive indices of ITO, SnO2 and perovskite [94]. 2) Near-

field forward-scattering[7], [19] due to the micro-lens effect of the curvature of these three 

layers, which causes the focal regions of intense electric-field in the top portion of the perov-

skite observed in the G profiles of Figure 13a,b and in the pABS profiles of Figure 13c,d (mainly 

for the indicated wavelengths of 580 nm and 566 nm, respectively). It should be noted that the 

absorption enhancement observed in this spectral range (<750 nm) cannot be due to the rear 

contact pattern, as the light is strongly absorbed before reaching the back. 

In the NIR range, the remarkable absorption increase is chiefly due to the far-field forward 

scattering caused by the semi-spheroidal shape of both the front and rear features of the PSCs 

structure, which is favoured by the high real part (n) of the perovskite refractive index. This 

effect manipulates the vertically-impinging light and redirects it to paths closer to the horizon-

tal plane, thereby leading to optical path length amplification within the cell and coupling 

with waveguided modes. This is evidenced by the “hot-spots” observed in the pABS profiles 

for wavelengths >700 nm, which result from constructive interference between the light waves 

traveling along the incidence direction and the scattered light that travels along the plane of 

the cell layers suffering multiple reflections from the top and bottom surfaces of the cell. In 

this longer wavelength region, the sharp absorption peaks observed in Figure 13a,b are mainly 

attributed to guided-mode resonances, as supported by related studies of LT-enhanced thin-

film PV[7], [17]–[19], [182]. Such resonances were observed to be mostly sensitive to the vari-

ation of the in-plane dimension (radius R) and center-to-center distance (pitch, p) of the pho-

tonic elements. This is due to the fact that R is the chief parameter determining their scattering 

cross sections; while p establishes the periodicity and, thus, determines the trapping of wave-

guided modes in this spectral range[7], [18], [19]. Results on the LT sensitivity to variations in 

the geometrical parameters of the photonic structures are presented in Section 5.   

Concerning the parasitic absorption, below 500 nm wavelengths it mainly occurs within  

the front ITO and SnO2, as evidenced by the pABS plots of Figure 13c,d. For longer wavelengths 

it is mostly relegated to the cell’s rear contact (Spiro-OMeTAD/Au), with also some contribu-

tion from SnO2 as evidenced by its increasing imaginary part (k) of the refractive index in the 

NIR [94]. The pABS plots for >500 nm wavelengths illustrate well this effect. It should also be 

noted that, throughout the UV-VIS range, the photonic-structured devices show significantly 
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lower absorption losses when compared with the reference ones. This is mostly due to the 

geometrical index matching caused by the front curvature of the perovskite absorber, which 

provides a better coupling of light towards such material with high n, preventing its back-

reflection towards the ITO/SnO2 top layers. Nevertheless, in the NIR range (750-1000 nm 

wavelengths) the parasitic absorption is notably higher with LT structures due to the plas-

monic effect caused by the corrugated Au metal layer[17], as seen in the G and pABS profiles of 

Figure 13, which does not occur in the flat metal present in the planar cells [94]. The periodic 

corrugations of the metallic layer lead to surface plasmon-polariton modes [17] that are con-

fined in a near-field vicinity of the metal-HTL interface, so they mainly lead to enhanced par-

asitic light absorption within such rear contact. This is supported by the fact that, in the wave-

length range (above ~700 nm) where the HTL and rear metal play a pronounced optical role, 

similar parasitic absorption is observed with the two different perovskite absorber properties 

considered by the aforementioned distinct refractive index functions of Phillips et al.[14]. 

Comparing this LT design to that of additional thick photonic structures coated on top of 

the solar cell, as analyzed in a previous study[19], the present implementation bypasses the 

parasitic absorption within such thick structures, especially for shorter wavelengths. This is 

because of two reasons: first, the optimized thicknesses of the structured front layers of ITO 

(50 nm) and SnO2 (25 nm) are relatively small and the same as the reference cells, thence the 

parasitic absorption in these materials is quite low; and second, the perovskite is the main 

scattering material benefiting from an extremely high absorption coefficient (k values) in this 

range, which also helps mitigate parasitic absorption.   

4.3.2 Photonic-enhanced PSCs in substrate configuration 

In this section, we analyze the results obtained with the optimized set of geometrical pa-

rameters of PSCs in substrate configuration (Figure 12b), which are presented in Figure 14 

(corresponding to rows 4 and 5 of Table 5). The absorption profiles of Figure 13 and Figure 14 

show a similar overall optical behavior, despite the difference in cell architecture. However, 

the light confinement (focusing) in the front curvatures of the perovskite is more intense for 

the substrate-configuration PSCs, as seen by the higher values of the generation profiles (Fig-

ure 14a,b, insets) and of the pABS profiles (Figure 14c,d) at the first two wavelengths, due to the 

more elongated shape (higher RZ) of these optimized features relative to those of the super-

strate PSCs (see Table 5), for both 300 and 500 nm absorber thicknesses. A bigger height (RZ) 

is needed in the substrate configuration to provide a higher effective geometrical index match-

ing for stronger broadband anti-reflection in the UV-VIS range, since this configuration suffers 

from reduced absorption throughout the 300-700 nm wavelength range, relative to the super-

strate configuration, as seen in the absorption spectra of the planar reference cells. At the same 

time, the structures must maintain a large scattering cross-section for path length amplification 

in the NIR, so the optimized lateral radii (R) are similar in the superstrate and substrate con-

figuration.  
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Nonetheless, for the thinner 300 nm perovskite, stronger scattering is required to compen-

sate for the reduced absorber thickness, which explains the larger R values of the thinner PSCs 

relative to the 500 nm ones. The optimal designs of the semi-spheroidal arrays converged to 

similar pitch (p) for both 300 and 500 nm perovskite, with optimal p values slightly above/be-

low 500 nm for the superstrate/substrate configuration.  

It can be seen that the substrate configuration suffers from higher parasitic absorption in 

most of the spectrum. At the shorter wavelengths <500 nm it is mostly attributed to the thicker 

100 nm of ZnO that serves as ETL, in contrast to the 25 nm SnO2 for the superstrate configura-

tion. At the longer wavelengths in the NIR the high parasitic absorption occurs mainly at the 

rear contact, as revealed by the particularly intense hot spots present in the HTL and Au layers 

of these structures (see G and pABS profiles of Figure 14), which exhibit a much higher magni-

tude than those of Figure 13. The main reason for this is the fact that the HTL material (NiOx) 

considered here has a considerably higher n, so the optical optimizations converged to HTL 

thicknesses (tNiO~10-11 nm) much lower than those (50 nm) taken for the Spiro-OMeTAD used 

in the superstrate PSCs.  

Overall, the absolute Jph values attained with optimized LT are higher in the superstrate 

configuration, for both 300 and 500 nm perovskite, owing to the reduced parasitic absorption. 

However, the photocurrent improvement relative to the planar references is slightly higher in 

substrate configuration, mainly because the substrate-type planar cells also suffer comparably 

high parasitic absorption in the UV-VIS range. For this reason, the gains with optimized LT 

designs in substrate PSCs are superior to those achieved with superstrate architecture.     
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Figure 14: Similar to Figure 13 but for the PSCs in substrate configuration sketched in Figure 12b. 
a,b) Absorption spectra obtained with the optimized LT structures (green lines, row 5 of Table 5), com-
pared with the reference cases of planar cells (grey lines, row 4), for perovskite layers with distinct 
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thickness: a) 300 nm and b) 500 nm. The inset profiles represent the total generation rate, G, along the 
xz cross-sectional plane of the structures. c,d) Profiles of the absorption density, pABS, along the same xz 
plane, at the wavelengths of the peaks marked by the arrows in a) and b).     

 

4.4 Angle-resolved optical response 

The dependence of the LT-enhanced PSCs performance with the incidence angle is of ex-

treme relevance for their practical application, not only in conventional non-tracking PV in-

stallations, but specially importantly for thin-film cells integrated on bendable substrates[7], 

[183]. In such case, the flexible solar cells will likely operate with a certain curvature, so they 

will be illuminated by a cone of incidence angles along their active area. As such, it is crucial 

to evaluate the LT performance for oblique illumination. Even though the LT designs de-

scribed in the previous section were optimized for normal incidence, they maintain broadband 

light absorption enhancement for a wide range of incidence angles, as analyzed next. 

At normal incidence, due to the spheroidal shape of the LT features, the optical response 

of the cells is independent of the polarization of the incident light since the illumination is along 

the axis of revolution of the semi-spheroids. However, that is not the case for oblique incidence. 

As such, the TM (transverse magnetic) and TE (transverse electric) polarization components 

were computed separately, and the resulting photocurrent densities (TM Jph and TE Jph) are 

represented in Figure 15d. The output Jph for unpolarized sunlight illumination was calculated 

by averaging the photocurrent values obtained with the TM and TE components, and is shown 

in Figure 15b,c.  

In general, the planar PSCs exhibit a quite omni-directional response, particularly in the 

substrate configuration, since the unpolarized Jph (in Figure 15b,c) is roughly constant up to 

~60 and then starts decreasing only for higher angles, as these structures do not provide scat-

tering effects. While the unpolarized Jph of the LT-enhanced PSCs generally tends to decrease 

with increasing angle, but the maximum reduction is only of 3-4% for the substrate configura-

tion and of 6-7% for the superstrate configuration, for 0-60 incidence angles. Such small reduc-

tion mainly occurs due to the relatively lower absorption in the perovskite in the NIR range, as 

seen in Figure 15d, as a consequence of slightly weaker scattering and waveguide mode cou-

pling for larger angles. Nevertheless, such reduction with oblique incidence is significantly 

lower compared to that observed in thin-film silicon solar cells coated with optimized front LT 

structures[7]. This is attributed to the fact the present PSCs are conformally patterned on the 

photonic-structured substrates, so the corrugation of the PSC layers benefits a wider angular 

response with respect to LT-enhanced cells having a planar absorber. The more angle-inde-

pendent Jph of the substrate-type PSCs, relative to the superstrate configuration, is due to the 

fact that in substrate configuration the LT structures yield a higher fraction of absorption en-

hancement in the visible range (400-800 nm wavelengths) relative to NIR enhancement at 
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longer wavelengths, and the gains in the visible (chiefly via anti-reflection) are less affected by 

the increase of the incidence angle as compared with those in the NIR (via scattering).   

 

 

 

Figure 15: a) Sketch of sunlight illumination of a flexible LT-enhanced PSC. b, c) angle-resolved 
unpolarized photocurrent density, Jph, given by the average between the current values attained with the 
TM and TE polarizations, for the two solar cells configurations: superstrate (b) and substrate (c). d) Color 
plots of the absorption spectra occurring in the 300 and 500 nm PSCs, as a function of the incidence angle, 
for both TM (top) and TE (bottom) polarization. The dashed brown curve plotted in the graphs corre-
sponds to the angle-resolved photocurrent density obtained for each case (values in the right axes). 

4.5 Discussion of results 

By maximizing the broadband anti-reflection and light scattering properties of PSCs con-

formally deposited onto micro-structured substrates, optimized device architectures were pre-

sented with unprecedented photocurrent gains across the 300-1000 nm wavelength range of 

interest. Figure 16 summarizes the predicted enhancements, along the analyzed angular range, 

for the two distinct perovskite thicknesses of 300 and 500 nm with superstrate and substrate 
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cells’ configurations, calculated relative to the corresponding optimized planar PSC reference 

cases. The gains are compared with those analytically obtained in the Lambertian cases of ge-

ometrical optics (see Table 5) at normal incidence. It should be noted that the Lambertian im-

provements were not calculated with respect to the same reference values of the planar PSCs, 

but instead relative to the same theoretical structure but without light scattering[7], [18], [19].  

The results are compared for a distinct perovskite refractive index dispersion[94], [176], yield-

ing slightly lower photocurrent enhancements than those of Table 5, but a much closer pro-

pinquity to the Lambertian limits for all cases.  

 

 

Figure 16: Improvement in photocurrent density, Jph, achieved with the optimized photonic-struc-
tured PSCs (rows of 3 and 5 of Table 5) analyzed in section 3, relative to the planar references, as a 

function of the incidence angle (). The Lambertian limits of LT in PSCs, in the geometrical optics re-

gime, are also indicated for normal incidence (=0º), by the solid and dashed horizontal black lines, 
respectively for the 300 and 500 nm perovskite absorbers.  

 

The superstrate configuration led to higher absolute photocurrent for both perovskite 

thicknesses, mainly due to the thinner ETL thickness used in such architecture which yields 

lower parasitic absorption. Nevertheless, the substrate configuration ultimately showed ~3-

4% higher gains when compared with the corresponding planar counterpart. As expected, the 

highest absolute photocurrents, Jph, are achieved with the 500 nm thick perovskite (32.5 and 

30.2 mA/cm2, respectively in superstrate and substrate configuration at normal incidence). 

However, the LT structures on the 300 nm perovskite yield the highest photocurrent improve-

ments (~3-4% higher gains compared to those with 500 nm perovskite at normal incidence), 

as shown in Figure 16. This matches the trend predicted from Lambertian ray optics analy-

sis[19] - the thinner the absorber the higher the absorption enhancement that can be achieved 
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with LT. The photocurrent gains attained with our optimized LT structures are close to those 

predicted by the Lambertian limits. Nevertheless, the slight differences indicate that there is 

still some room for further improvement of the LT scheme, for instance by tuning the refractive 

indices of the front (e.g. less absorbing TCO) and rear (e.g. more reflective electrode as Ag) 

contact layers[17], [19], [174].    

The substantial broadband absorption enhancement provided by the LT structures, rela-

tive to planar cells, was also demonstrated for a large range of incidence angles (0-70 degrees), 

as seen in Figure 16. The gains in the substrate configuration are clearly higher than those in 

superstrate configuration for most of the angular range, due to the spectral differences in 

which the absorption enhancements occur. It is noteworthy that the angular trends appear to 

be almost independent of the absorber thickness, since there is a roughly constant shift be-

tween the solid and dashed curves of Figure 16 for the 300 and 500 nm perovskites. For all 

cases, the angular dependences of the photocurrent improvements are significantly higher 

compared to those obtained in silicon solar cells with the best-performing LT front struc-

tures[7]. This is mainly due to two reasons: first, the optimized curvature of the PSC layers in 

the architectures developed in this work in which the cell is conformally coated onto struc-

tured substrates; and second, the lower real part of the refractive index of the perovskite ab-

sorber (n~2.3-2.5) and its better index matching with the contact layers (n~1.6-2.0) relatively to 

silicon-based absorbers (n~4), which reduces parasitic absorption and reflected light escaping 

the cell[7], [18], [184]. Therefore, the optimized conformal design demonstrated in this work is 

preferable for flexible PSCs, as it assists their operation under bending which implies illumi-

nation from a broad angular range.   

It is also important to analyze the dependency of the solar cells’ response with variations 

in the geometrical parameters of the LT structures around the optimal values. For that, we 

considered the PSC design with 300 nm perovskite in the superstrate configuration (Figure 

13a), and present in Figure 17 the variation of its absorption spectrum and resulting photocur-

rent with a ±10% deviation in the geometrical parameters (RZ, R, p). As observed in a previous 

work of the authors with photonic-enhanced PSCs supported of flat –rear-metal contacts [19], 

Figure 17a shows that the absorption in the perovskite in the shorter wavelength range (300-

~450 nm) is mostly affected by variation of RZ, since the absorption in this part of the spectrum 

is mostly enhanced by anti-reflection effects, due to the geometrical index matching caused by 

the high aspect-ratio of the front structures. The influence of RZ in the absorption enhancement 

at the longer wavelengths is much less pronounced. Conversely, the in-plane radius, R, and 

array pitch, p, have a minor effect on the absorption gains in the shorter wavelengths, but have 

strong effect for the longer wavelengths (NIR region), as seen in Figure 17b,c. It is observed 

that these two parameters have almost the same effect on the perovskite absorption gains for 

wavelengths above ~700 nm, as they both set the grating properties of the photonic structure 

which determine the guided-mode trapping in such NIR wavelengths. For this reason, it is 

observed in Figure 17b1,c1 a higher sensitivity of the photocurrent with variation of these two 
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parameters (determining the waveguided modes) than with variation of Rz (determining the 

anti-reflection). These conclusions are in line with those of a recent study demonstrating sim-

ilar optical absorption enhancement effects in ultra-thin CIGS solar cells[182]. 

 

 

Figure 17: Spectra of the absorption in the perovskite (top plots) and photocurrent density (Jph, 
bottom plots) attained with a 20% variation (±10% deviation) in each geometrical parameter [RZ, R and 
p, respectively in a), b) and c)], relative to the optimal parameter values (marked by the circles in bottom 
plots) for the superstrate photonic-enhanced PSC with 300 nm thick Perovskite (row 3 of Table 5, Figure 
13a).  

4.6 Conclusions  

We show that by carefully tuning the geometrical features on the substrates one can 

achieve levels of LT enhancement (up to 24.4% with 300 nm and 20.3% with 500 nm perovskite) 

comparable to those of the previous method[19], with the added benefit of a more omni-direc-

tional angular response  (up to 70º) which is of paramount importance for flexible devices. In 

addition to the superior photocurrent (thus efficiency) improvements, the LT solutions de-

signed here reveal that the perovskite thickness can be substantially reduced while maintain-

ing high performance, as the Jph values attained with the 300 nm LT-enhanced cells are con-

siderably higher than those of the conventional 500 nm planar references (see Table 5). Such 

reduction in perovskite thickness from 500 to 300 nm can bring important competitive ad-

vantages: 1) an almost 2-fold reduction in the amount of the environmentally-toxic lead (Pb) 
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compound, as well as in the material costs associated to the perovskite material (with no ad-

ditional material costs for the LT structures since they are incorporated in the substrates); 2) a 

potential 3-fold increase in the device flexibility due to the reduced absorber thickness. 

Lastly, although outside the scope of this investigation, the rough PSC interfaces in the 

present LT-enhanced cell structure could raise the concern of possible electrical deterioration 

in practical devices fabricated with wet-coating processes. Nevertheless, the fast evolution in 

PSC technology has shown improved PSC deposition methods enabling conformal coating of 

the cell layers on micro-rough substrates and resulting in high efficiencies[185]. For instance, 

F. Wang et al. [68] developed a recrystallization treatment that allowed 18.6% PSC efficiency 

with a ~300 nm thick perovskite absorber conformally coated on textured glass having surface 

features on the order of the micrometer (as those in this study). These findings indicate that it 

is possible to develop non-planar PSCs without being considerably affected by the rough in-

terfaces. 
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5  

 

COUPLED OPTICAL AND ELECTRONIC ANALYSIS 

OF PHOTONIC PEROVSKITE SOLAR CELLS 

5.1 Introduction 

As highlighted in previous Chapters, PSCs have stormed the solar cell community in the 

past decade, and are now considered the most promising emergent photovoltaic (PV) technol-

ogy [186]. Their non-vacuum solution-processing, which does not require highly specialized 

installations or expensive equipment, enabled many researchers around the globe to fabricate 

high performance PSC devices. It also brought forth a wave of worldwide effort aimed at im-

proving and mitigating the shortcomings of PSCs technology in many different aspects such 

as: efficiency, stability, flexibility, reduction of harmful materials, etc. [38], [71], [94], [186], 

[187]. Despite the extraordinary growth of the PSCs’ power conversion efficiency (PCE, now 

>25.5%) [38] over the years, from a theoretical standpoint, there are still many aspects of their 

intrinsic behavior that are inadequately understood, particularly concerning electrical effects 

(i.e. ionic transport, charge recombination and trapping, interplay at interfaces, inhomogene-

ous field generation, etc.). Therefore, an in depth fundamental analysis of the PSC properties 

is crucial to close the gap to the maximum achievable PCE (~30%) [188], [189]. 

In addition, there is now a growing market demand for flexible solar cells [108], [109], 

whose devices are required to be ultra-thin allowing improved intrinsic mechanical bendabil-

ity [7], [8], [19], [171]. This, in part, requires a lower absorber material thickness, which is ben-

eficial in PSCs as an effective means to attenuate the amount of hazardous/toxic compounds 

(e.g. Pb) present [94]. Furthermore, the lower material usage can also have manufacturing cost 

benefits and a broader range of potential applications that require  improved flexibility [7], 

[94], [190].   

To counterbalance the significant drop in light absorption and, consequently, in the device 

efficiency caused by the reduction of the thickness of the PSC layer, it is essential to develop 

ultra-thin absorber layers with state-of-the-art optoelectronic properties [7], [8], [19]. The de-

sign of optical enhancement strategies is another essential approach to manage these lower 

thicknesses without forfeiting performance [61], [94], [188]. Moreover, it has been shown that 

the same optical strategies also improve the stability of the PSC layer, which is an important 

limiting factor for the commercialization of PSCs [25], [61], [67]. Several advanced optical en-
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hancement strategies have been proposed, such as anti-reflective coating [191], scattering me-

dia [192], texturing the charge transport layers [51] and/or absorber [20], nanophotonic front 

[193] and back electrodes [67], disordered micro-structuring [194],  light harvesting using up-

/down- converter coatings or nanoparticles [61], including plasmonic effects [195]. Despite the 

performance gains, these methods are generally contrasted by other unwanted mechanisms, 

such as parasitic absorption, complex integration with solar cells or unrealistic scale-up [94].  

One way to gain insight into the complex behavior of PSC devices is through the devel-

opment of realistic simulation models, considering both optical and electrical effects [107] to 

account for carrier recombination, irregular field distribution and, thus, accurately predict de-

vice performance and allow modelling-aided design optimization, which can be of utmost im-

portance for this emergent PV technology based on ultra-thin and flexible solar cells [108], 

[109]. However, most theoretical studies of light trapping in PSCs focus only on the optical 

effects at play [61], therefore not guaranteeing PCE improvement due to the lack of under-

standing of the behavior of LT-enhanced PSCs from an electrical standpoint, thus hindering 

the achievable gains for these devices. 

To overcome these shortfalls, the present work developed a complete optoelectronic mod-

elling procedure, from which it was determined that photonic-enhanced PSCs can indeed cap-

italize on the optical gains - particularly for ultrathin PSCs (perovskite layer: 300 nm) - and 

translate them to the electrical domain, thus achieving close to 30% efficiency. The starting 

point is a conformal architecture designed for maximum optical density that can be achieved 

by depositing the PSC layers independently onto optimally patterned substrates. Such fabri-

cation methodology represents a novel research direction as well, since the enhanced gener-

ated photocurrent achieved outperforms the most sophisticated optical strategies reported, 

without sacrificing scalability by making use of industrial-friendly geometries and fabrication 

methods. Besides, the study presented here reveals that the developed photonic-structuring 

of the PSCs does not lead to a significant increase in surface recombination, and also the per-

formance is not affected by the inhomogeneous field generation caused by interference of the 

light waves scattered from the micro-structuring. The band-alignments of the photonic-struc-

tured PSCs reveal to be favorable for the carriers’ transport towards the contacts. Hence, the 

electrons generated can be collected, even in the dense photon trapping regions.  

Consequently, it is shown that photonic-structured PSCs with ultrathin perovskite (300 

nm, higher flexibility) can outperform conventional planar PSCs with thicker perovskite (500 

nm, rigid), and the electrical (PCE) performance improvement can be even slightly higher than 

the optical (photocurrent) enhancement caused by LT.  

This work constitutes an important step towards high performance devices geared for 

consumers, such as portable electronics, BIPV, light-harvesting semi-transparent windows 

[196], wearable PV, solar-powered vehicles and self-powered smart electronics, which are 

promising PV market drivers. In addition, the design of the optical schemes presented herein 
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shows great potential to be forthwith incorporated in high-efficiency  tandem [197]–[199] and 

triple-junction [54] PSCs devices.  

5.2 Methodology and experimental considerations  

A complete optoelectronic study of different photonic-structured PSC configurations was 

performed by optimizing first its design from an optical standpoint, depicted in Figure 18a, 

and then by using the resulting carrier generation profiles as input for the electrical drift-dif-

fusion model of the devices, following the process flow shown in Figure 18b. The photonic 

features are modelled with a spheroidal geometry that is patterned on the substrate support-

ing the solar cells, in both superstrate-type and substrate-type PSC architectures, and arranged 

in a hexagonal array (honeycomb lattice). The five PSC layers are taken to be conformally de-

posited onto the substrate micro-patterns, as sketched in Figure 18a.  

The Ansys Lumerical© FDTD [200] Solutions package was used to perform the complete 

optical analysis of the devices, due to the robustness and versatility of its finite-difference-

time-domain (FDTD) algorithm, which can be used for electromagnetic simulations of arbi-

trarily shaped media. In addition, its ability to do single-run broadband simulations is also 

very beneficial for PV. The details regarding the FDTD simulation process and setup, includ-

ing the refractive index spectra of the modelled materials (see Appendix A1), are provided in 

Chapter 2.  

To adequately optimize the structures to achieve the ideal device dimensioning, several 

parameters need to be evaluated concerning the geometry of the photonic features (in-plane, 

R, and normal-to-plane, RZ, spheroidal radii), array periodicity (pitch, p) and the thickness of 

the layers (tlayer), being the optical photocurrent, JPH, the initial Figure of Merit. For that, sto-

chastic optimization approaches are preferred due to their more efficient search within vast 

parameter spaces [19]; hence in this work, a particle swarm optimization algorithm (imple-

mented in the FDTD solver) was used to achieve the device dimensioning that maximizes JPH 

(more details given in Chapter 2) [19], [94].  

The FDTD optical results were then combined with a finite volume method (FVM) and a 

finite element method (FEM) implementation of the charge transport equations (drift-diffu-

sion plus Poisson), to model the electrical behavior of the devices. Three different solvers (Ti-

berCAD [201], Lumerical-CHARGE [202], and Sentaurus Tcad [203]) were used to compare 

and corroborate the results. Standard values of the electronic properties of the cell materials 

were obtained from the literature and used as inputs to the electrical simulations. The collected 

literature values include, among others, the bandgap, dielectric permittivity, electron/hole ef-

fective mass, electron affinity, mobility, lifetime, doping, the density of states and series re-

sistance (more details in Appendix A2) [122], [173]. Due to the complexity of the electrical 

simulations, in particular for PV technologies such as PSCs involving a combination of organic 
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and inorganic compounds, the modelling results obtained were also compared with experi-

mental results for conventional planar PSCs, to both provide a strong reliable foundation for 

the simulation setup as well as to further refine the parameters of the device. A detailed de-

scription of the simulation process is provided in Appendix A2.   

 

 

Figure 18: The photonic-structured substrates were studied and optimized for two types of PSC 
architectures with different metal contacts (Au, Ag and Ni): the conventional superstrate configuration 
(Figure 18a, left) in which light enters from the transparent substrate, and the so-called substrate con-
figuration (Figure 18b, right) in which light impinges on the cell side. The LT structures patterned on 
the substrates are modelled as a hexagonal array (with pitch p) of vertically-aligned semi-prolate fea-
tures with radii R and RZ, respectively along the in-plane direction and illumination axis. The PSC layers 
are then conformally deposited over such spheroidal structures. Coupled optical and electrical simula-
tions were performed to assess the full optoelectronic response of the solar cells following the process 
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flow shown in b). First, 3D optical (electromagnetic) simulations are carried out using the FDTD solver, 
incorporating a particle swarm algorithm that optimizes the geometry of the photonic-structured PSCs. 
This was followed by the electrical simulations, here employing three FVM/FEM solvers for compari-
son and validation, which take as input the 3D-optically obtained generation profiles (original, raw G) 
from the FDTD solver as well as 3D, 2D or 1D planarized generation profiles resulting from planarizing 
the original G function using a binary matrix (3D-planarized) and further decreasing it to lower dimen-
sions (2D and 1D planarized) when needed. Moreover, the electrical simulations were also carried out 
considering conceptual homogeneous (i.e. spatially-independent) generation profiles with a fixed value 
across the absorber region equal to the volume-averaged G.              

While planar multilayered solar cells can be accurately modelled via 1-2D simulations, 

the same may not be ensured for photonic-structured devices like the ones under study (Figure 

1a), which demand higher modelling dimensionality (2-3D). However, since the exact electri-

cal modelling becomes significantly more complex with an increase in dimensionality, simu-

lations were also performed at different dimensionalities to compare 3D simulations (the most 

accurate geometric representation, but most limited in spatial resolution) with their 2D and 

1D counterparts for a better insight into the real impacts of such simplifications.  

From the complementarity of the optical and electrical results, it is possible to understand 

the main underlying physical mechanisms governing the response of the PSCs, with and with-

out photonic structuring, thus enabling a complete modelling-aided design of the devices.  

5.3 Results and Discussion 

5.3.1 Optical Modelling and Wave Optical Physics 

The semi-spheroidal LT structures provide a combination of geometrical gradual index 

matching and light scattering properties to, respectively, suppress reflection and effectively 

trap light inside the solar cells. These structures have also been shown to provide a broad 

angular acceptance, which is paramount for the proper functioning of the devices under bend-

ing conditions [94]. Apart from the optical benefits, the current photonic strategy studied here 

has also strong advantages in terms of experimental feasibility over most state-of-the-art LT 

schemes, as stated earlier. The biggest advantage is that these LT structures can be easily fab-

ricated by a low-cost colloidal lithography (CL) process, which is capable of engineering any 

micro/nano-structures uniformly throughout large areas [44], [105], [106], [160]. The PSC lay-

ers are then wet-coated onto the patterned substrates, thereby becoming photonic-structured 

due to conformal deposition, as sketched in Figure 18a. 

Apart from analyzing different PSC configurations, the influence of alternative materials 

on the PCE was also assessed. Namely, the properties of the rear metal contact were found to 

be particularly crucial for LT performance. Au is the metal contact of choice for PSCs, but its 

high cost brings a strong negative impact on the devices’ scalability. Therefore, Ag and Ni 

were studied here as more affordable alternatives. Different materials for the electron 

transport layer (ETL) and hole transport layer (HTL) were also considered: SnO2 and ZnO 
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were chosen for the ETLs, as they have shown better stability over typical TiO2 [204], and 

Spiro-OMeTAD and NiOx for the HTL, since the inorganic NiOx has also revealed  stability 

benefits relative to the conventionally-used organic Spiro-OMeTAD [205]. In addition, the cell 

layers’ thicknesses are considered within reasonable ranges in accordance with the state-of-

the-art of PSC technology (e.g. the minimum thickness allowed for the TCO, made of ITO, is 

350 nm in the PSO optimization algorithm) [206].  

We begin by optimizing the LT structured substrates (illustrated in Figure 18a) to achieve 

maximum photocurrent (JPH) using the particle swarm optimization algorithm. Figure 19 sum-

marizes the optimization results for the different structures (Figure 19a), and shows the cross-

sectional optical generation rate (G, see Figure 2b) for comparison between different structures 

– 300/500 nm thick perovskite in superstrate and substrate configuration. From Figure 19a, 

one can see that, in all cases, the photonic-structured PSCs with ultrathin (300 nm) perovskite 

layer outperform the planar PSCs with the conventional (500 nm) perovskite thickness. The 

Ag contact allows similar performance as Au, while Ni contacts are optically worse in general. 

Nevertheless, the photonic-structured PSCs with Ni can perform as well as the optimized pla-

nar PSCs with Au and Ag metal contacts. Therefore, Ni is still a good candidate for PSC appli-

cation, also if we consider its low price and the industrial advantage of allowing the fabrication 

of the NiOx HTL layer simply by oxidizing the Ni rear contact in the same process run [207].    

The observed gains are chiefly governed by two different optical mechanisms: anti-reflec-

tion and light scattering properties. The enhanced anti-reflection effect is predominately 

achieved from the geometrical index matching of the real part (n) between the semi-spheroidal 

structured front layers (TCO, ETLs and perovskite). This effect is mostly responsible for en-

hancing absorption in the UV-VIS range, due to the superior light coupling towards the ab-

sorber (perovskite) material. At the same time, strong near-field forward-scattering occurs be-

cause of the micro-lens effect arising from the optimized curvatures of the front layers, which 

generates high intensity electric fields in the top portion of the perovskite layer, as observed 

in the G profiles of Figure 19b. In this range below ~700 nm wavelength, light is easily ab-

sorbed by the cell, so that reflection in the back contact has a much-decreased impact on the 

overall absorption. For longer wavelengths (NIR region), the absorption enhancement is 

mostly governed by the far-field scattering caused by the semi-spheroidal shape of both the 

front and rear features of the photonic-structured PSCs, which benefits as well from the high 

real part (n) of the perovskite refractive index. This effect manipulates the light that falls ver-

tically and redirects it to paths closer to the horizontal plane, thus leading to optical path in-

crease and easier coupling into waveguided modes trapped in the absorber layer. This is evi-

denced by the "hot spots" observed in the rear side of the perovskite material, shown by the 

optical generation (G) profiles of Figure 19b. These "hot spots" result from the constructive 

interference between the light waves traveling along the incidence direction and the scattered 

light traveling along the plane of the cell layers that suffer multiple reflections from the top 



 62 

and bottom surfaces of the cell. As such, the sharp absorption peaks seen in the NIR are a 

consequence of the 3D Fabry-Perot resonances resulting from such interference.  

 

Figure 19: Improvement in photocurrent density (a), JPH, achieved with the optimized photonic-
structured PSCs for different cells configurations, metal contacts and distinct perovskite thicknesses (as 
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shown in Table A1 in section of Appendix A2), relative to the planar references as indicated on the 
horizontal line (a). The profiles represent the total generation rate, G, along the xz cross-sectional plane 
of the structures for all the photonic-structured PSCs studied here (b).   

 

 

Figure 20: Spectra of the absorption in the perovskite and photocurrent density (JPH, dark line) 
attained with a 20% variation (±10% deviation) in each geometrical parameter (RZ, R and p), relative to 
the optimal parameter values marked by the circles in the dark line (indicated in Table A1 of Appendix 
A2). This is shown for two cases of the photonic-enhanced PSCs with 300 nm thick perovskite layer and 
metal contact of Ag (top plots) or Au (bottom plots), in superstrate and substrate configurations, respec-
tively. The white dotted lines qualitatively separate the effects of anti-reflection (stronger influence be-
low ~450 nm wavelength) and guided-mode resonances (stronger influence above ~700 nm wave-
length).  

 

The response of the solar cells with the variation of the geometrical parameters of the 

structures (Rz, R, p) around the optimal values was also analysed, focusing on the photonic-

enhanced PSCs with 300 nm thick perovskite layer (see Figure 20). It further clarifies the above 

optical phenomena, since the influence of the structures’ height, Rz, in the absorption enhance-

ment for shorter wavelengths in UV-VIS is higher than for longer wavelengths in NIR, since 

Rz mostly affects the anti-reflection gain due to the geometrical index matching. Conversely, 

the lateral radius, R, and array pitch, p, have minor influence on the absorption gains in the 

shorter wavelengths but have a strong effect for the longer wavelengths. R and p set the grating 
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properties of the LT structures, which determine the guided-mode trapping in the longer NIR 

wavelengths. In general, it is noticeable that the photocurrent remains not far from the maxi-

mum within large (± 10%) variations of the geometrical parameters, demonstrating that the 

designed semi-spheroidal LT structures are adequately tolerant to fabrication imperfections, 

which is a key advantage from an industrial perspective.    

5.3.2 Electrical Modelling and Device Physics 

There has been an increasing interest in the PV-related community for the development 

of coupled optical and electrical models capable of exactly predicting and optimizing the full 

response of optoelectronic devices [208], as developed in this work and applied to the chal-

lenging case of photonic-structured PSCs. 

As previously described (Figure 18b), this process involves a two-step approach: 1) de-

tailed simulation of the solar cell optical response with an electromagnetic FDTD formalism, 

as presented in the previous section 5.3.1; and 2) the optical results are then used as input for 

the FVM and FEM model that determines the electrical behavior of the device, as the current 

density vs. voltage, JV, characteristic curve. Such approach has been thoroughly reported and 

extensively studied for the modelling of common (inorganic) PV semiconductor materials and 

cell architectures (single-junction and tandems) [122], whose behavior can be directly de-

scribed by the traditional drift-diffusion formalism. However, the charge transport properties 

of solar cells composed of novel materials, as the hybrid organic-inorganic perovskites ad-

dressed in this work, have yet to be more clearly understood, in close interaction with experi-

mental characterization. Namely, two main aspects make the electrical modelling of PSCs par-

ticularly complex: 

1) heterojunction configuration - specifically the formalism employed by the numerical FVM 

and FEM solvers of the drift-diffusion/Poisson equations can break down with sharply 

varying electric fields, which is an intrinsic characteristic of heterojunctions as those in PSCs 

(namely at ETL/Perovskite/HTL interfaces [209]);  

2) non-standard mechanisms observed, e.g. attributed to the presence of mobile ionic charge 

species in the perovskite, which can pronouncedly affect the optoelectronic response of 

PSCs, such as the JV hysteresis (i.e. the JV dependence on the direction/speed of the bias 

scan [210]), that cast doubts and make their charge transport behavior nebulous when com-

pared to standard inorganic materials as c-Si. 

In addition, the micro-structured PSCs studied here provide additional challenges, chiefly 

due to the curvature of the structures that increase the surface area and generate “hot-spots” 

(densely illuminated regions inside the cell). The “hotspots” derive from the locations of con-

structive interference of the light waves established within the periodically-structured devices, 

which can make their charge generation and transport properties more complicated when 

compared to planar cells.  
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Even though the actual charge-transport mechanisms in hybrid-perovskites can be influ-

enced by their organic parts, it has been observed (mostly in high-performing devices) that it 

can be accurately modelled by approximating it to an inorganic semiconductor, even present-

ing properties resembling those of GaAs [211]. The same logic applies to the contact layers 

(HTL/ETL), where their hole/electron-separation role is modelled through fitting parameters 

that are as close as possible to the values known for these materials [209].   

As mentioned before, the electrical simulations use as input the photo-generated charge 

carrier spatial distributions computed from the optical simulations described in the previous 

section. Considering such input, the present electrical models employ the classical drift-diffu-

sion formalism, numerically computed via the FEM or the FVM implemented in different 

mesh-based charge transport solvers [201]–[203]. This is a physics-based electrical simulation 

tool for semiconductor devices that self-consistently solves the system of equations presented 

below, describing the drift-diffusion equation for the current density (Eq. S3), Poisson’s equa-

tion for the electrostatic potential (Eq. S4), and the continuity equations for charge conserva-

tion (Eq. S5):  

𝑱𝑛,𝑝 = 𝑞 𝜇𝑛,𝑝𝑬𝑛/𝑝 ±  𝑞𝐷𝑛,𝑝∇𝑛/𝑝                                  (3) 

−∇ ∙ (ϵ∇𝐕) = qρ                                                            (4) 

𝜕𝑛/𝑝

𝜕𝑡
= ±

1

𝑞
∇ ∙ 𝑱𝑛,𝑝 − 𝑅𝑛,𝑝 + 𝐺𝑛,𝑝                                  (5) 

here R and G are, respectively, the recombination and generation rates per unit volume (n and 

p subscripts indicate electron or hole, respectively), q the electron charge, n/p the electron/hole 

carrier density, ρ the total charge density, µ mobility, D diffusivity, V the electrostatic potential 

and E the electric field. Here, R = Rn = Rp and G = Gn = Gp since only local recombination/gen-

eration processes are considered which have to conserve locally the total number of carriers. 

Generation and recombination are major factors in the calculation of carrier behavior in the 

material, and these processes depend on temperature, doping, the E-field, current density and 

carrier concentration. The carriers move under two competing processes, drift due to the ap-

plied E-field and diffusion due to density gradients, appearing as the two terms in Eq. 3. Var-

ious domains are created and partitioned along the simulation region. Insulators, semiconduc-

tors and conductors’ properties are specified in the simulation. Semiconductors use multi-co-

efficient models to describe the fundamental properties, mobility and recombination processes 

that are inherent and specific to the material. These models are employed in each vertex of the 

finite element discretization of the simulation domain, and the set of three partial differential 

Eq. (4) and (5) is discretized using FEM, reformulating the problem in weak form by projecting 

to a basis of piecewise linear functions, or using FVM by enforcing current continuity locally. 

The numerical solution of the resulting nonlinear set of algebraic equations provides the elec-

trostatic potential and the carrier densities in each vertex. In this fashion, complex physics 

problems whose system of equations are unsolvable analytically are tackled, and the method 
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is widely used in other areas of engineering and physics. All simulations are conducted at a 

temperature of 300 K.  

 

Here, a thorough assessment was first performed on the material parameters used for the 

electrical simulations, based on fabricated high-efficiency flexible PSCs as described in sub-

section 5.3.2.1. Subsequently, the different optically-optimized photonic-structured devices, in 

both superstrate and substrate configurations, were electrically modelled as described in sec-

tion 5.3.2.2. Lastly, we explored the ultimate efficiency that can be achieved using LT, by con-

sidering the state-of-the-art highest efficient PSCs, as well as investigating the dimensionality 

of the simulation in the computed response, as described in section 5.3.2.3.   

 

5.3.2.1 Electrical modelling and validation with experimental results 

Given the promising application of photonic-enhanced PSCs for bendable devices [19], a 

potentially-flexible planar PSC deposited on PET substrate with high efficiency (measured 

PCE=18.5%, see Figure 21) was taken as a reference to extract the relevant electrical parameters 

(effective mass, bandgap, recombination properties, etc.) of the materials and refine the simu-

lation model. The parameters used are summarized in section Appendix A2. For the fitting 

procedure, a simple 3D-optical/1D-electrical model implemented in TiberCAD was used. This 

benefits from significant improvements in simulation time and memory requirements, with-

out the loss of accuracy in the results, since for flat multi-layered structures the optical gener-

ation only changes in the direction of light propagation (z axis). As such, for the electrical sim-

ulation, the 1D optical generation was obtained by averaging G(x,y,z) in both the x and y di-

rections.     

 

 

Figure 21: a) 1D device modelling and comparison with experimental planar flexible PSC with 

~300 nm absorber thickness. The modelled JV curve in red considers the effect of an additional series 
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resistance, RS, to better fit the device response. b) SEM image of the cross-section of the experimentally 

fabricated PSC on flexible PET substrate.  

 

While 1D electrical simulations are sufficient for the accurate modelling of conventional 

planar PSCs, as in Figure 21, when considering structured devices such simplification in di-

mensionality needs to be reassessed as the optical generation profile is no longer uniform in 

x/y. The complex 3D behavior of the generation profile in the cases of the photonic-structured 

PSCs of Figure 18 can have a non-trivial impact when averaging the generation profile in the 

in-plane dimensions, which may lead to errors in the calculation. Hence, the rigorous 3D-op-

tical/3D-electrical model to simulate the photonic-structured devices developed for this work 

and based on the electrical properties extracted from the experimental comparison (Figure 21). 

Substrate-type PSCs, as shown in Figure 18a, were first modelled for a planar and pho-

tonic-structured device, using the previously mentioned set of material parameters. The pla-

nar cell [structure: Au (200 nm)/NiOx (10 nm)/Perovskite (300 nm)/ZnO (100 nm)/Au (100 

nm)] was simulated for both 1D-electrical and 3D-electrical cases. The current obtained was 

22.6 mA/cm2 for both simulations, thus reinforcing the validity of the above-made approxi-

mation. The photonic structured devices have the optimized hexagonally symmetrical struc-

ture (see Table A1 in Appendix A2) with period p=508.4 nm and radii R=254.2 nm and 

Rz=662.8 nm. The 3D charge carrier generation profiles obtained are shown in Figure 22a, b for 

the planar and photonic-structured PSCs. The optical modelling of these structures in section 

5.3.1 pointed to a current density of JPH=27.6 mA/cm2, while the electric modelling resulted in 

a lower value of short-circuit current density JSC=26.0 mA/cm2. A lower value of JSC is expected 

in the electrical simulations due to transport losses (mainly bulk and surface recombination) 

that are present in the drift-diffusion model, as well as because of the sampling error given by 

the different mesh sizes in optical and electrical modelling. Figure A2 of section Appendix A2 

shows the radiative and Shockley-Read-Hall (SRH) recombination profiles for planar and LT-

enhanced PSCs, where it is noticeable that SRH is the dominant recombination mechanism in 

the devices.  

Figure 22c,d,e demonstrate that both LT and planar substrate cells have the same energetic 

band alignment, which is the expected behaviour. The band diagram should only depend on 

the materials used and not on the micro-structuring. It is observable from Figure 22d that at 

voltages close to VOC (1.14 V) an inverse slope for the transport carriers appears in the perov-

skite bands. Such slope is not present at 0 V (Figure 22c,e) and can be correlated to the trapping 

and recombination of carriers before collection by the transport layers. The closer the polari-

zation is to VOC, the higher the recombination, up to the point where an equilibrium between 

generation and recombination of carriers occurs and the VOC condition is achieved [212]. 
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Figure 22: Comparison of electrical simulations of LT-structured and planar PSC. The 3D current 
generation profiles of LT (a) and planar (b) cells are shown together with the FVM and FEM simulation 
mesh. The plots in c,d) and e) represent the corresponding band diagrams for the LT (polarized at 0 and 
1.14 V, respectively in c) and d) and planar (at 0 V in e) cells. The 4 curves in the band diagram (c,d,e) 
represent the conduction band (CB) minimum, quasi-fermi electron (QFermi Electron) and hole 
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(QFermi Hole) levels, and valence band (VB) maximum. The inset images in (c,d,e) show the free elec-
tron and hole density used in the electrical simulations. The resulting J-V curves of both planar and LT-
structured PSCs are presented in f).    

 

Nevertheless, from Figure 22f one can see that the higher degree of light confinement (ab-

sorption) attained with the photonic-structured PSCs significantly improves the photocurrent 

and, consequently, the efficiency. The studied planar cell with 20.5% efficiency can increase to 

24.9% with the optimized photonic-structured counterpart, which represents a 21.5% gain. 

This enhancement is close to the 22.1% optical photocurrent gain computed in section 5.3.1 for 

the same photonic-structured PSC (Figure 19a).   

 

5.3.2.2 Electrical modelling of photonic-structured PSC architectures   

As described in the previous section, photonic-structured solar cells can be exactly mod-

eled by 3D simulations, but the tradeoff is the highly demanding computational time and 

memory requirements. Yet, it is known that the high mobility of the perovskite material allows 

the carriers to travel quickly to the contact layers. Therefore, the authors propose the hypoth-

esis whereby accurate electrical simulations can equally be obtained by planarizing and de-

creasing the 3D-optically obtained results to lower dimensions, which would reduce the com-

putation time significantly. As such, the 3D-optical generation profiles, for both superstrate 

and substrate photonic configurations with perovskite thicknesses of 300 and 500 nm (i.e. for 

all the enumerated cases in section 5.3.1), were planarized and then averaged in the y in-plane 

dimension, resulting in a 2D generation profile to be used in the electrical simulations per-

formed using Lumerical-CHARGE.  

For the perovskite material (CH3NH3PbI3) the charge transport is considered to be equal 

for both electrons and holes, although asymmetric transport is possible (e.g. by chloride addi-

tion into the iodide mixture; CH3NH3PbI3-xClx [213]). Recently, the asymmetric featured HTL, 

synthesized by benzotrithiophenes small molecules, unveils full planarity that improves in-

termolecular π-stacking and charge transport, thereby leading to efficient HTL and higher ef-

ficiency PSCs. [214]. Furthermore, the complex behavior of the CH3NH3 ions can, in some 

cases, create hysteresis in the JV curves, as reported by several authors [210]. However, this 

behavior becomes much less pronounced in the highest-efficiency PSCs [215], so it is disre-

garded here. The ETLs (SnO2 or ZnO) and HTLs (Spiro-OMeTAD or NiOx) were modeled as 

semiconductors with doping profiles defined using a selective junction model, whose profile 

essentially depends on the density-of-states (DOS) of the materials set for the layers [173]. The 

electrode layers (ITO, Au) were taken as standard metallic materials described solely by their 

work function, Φ. The set of parameters used for the electrical simulations is provided in sec-

tion Appendix A2.     
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Figure 23: Simulated J-V curves of the PSCs with the conventional 500 nm and thinner 300 nm 
perovskite layers for both superstrate (a) and substrate (b) configurations. The inset tables present the 
PV quantities of interest for the simulated devices.       

Figure 23 depicts the resulting JV curves attained by the 2D simulations for the planar 

references and their photonic structured counterparts. The main quantities resulting from 

these curves are summarized in the inset tables and are in good agreement with the most re-

cent experimental values of high efficient PSCs [38], [186]. We also note that the response of 

the planar PSC with 300 nm perovskite is in good agreement with the previously calculated 

1D simulation in section 5.3.2.1 (Figure 21), again reemphasizing the benefits of computation-

ally efficient 1D simulation to model planar PSCs. The presence of photonic structures leads 

to a pronounced enhancement of the broadband light absorption across the perovskite layer, 

boosting the JSC, while keeping the VOC almost unchanged and only slightly reducing the FF 

following the 3D simulations presented in Figure 22. This results in overall PCE gains up to 

25.4% due to LT, close to the optical photocurrent (JPH) enhancements plotted in Figure 2a and 

listed in Table A2 of Appendix A2.  

It is also observed that the JPH values described in section 5.3.1 are consistently higher than 

the electrical JSC values attained here. This is expected, since in the optical JPH calculation all 

photo-generated carriers contribute to the current generated by the cell, while the JSC takes into 

account the relevant electric losses within the layers and interfaces of the PSC structure, as a 

consequence of insufficient carrier transport (due to built-in E-field, recombination, potential 

barriers, etc.). These aspects are further discussed in the following section 5.3.2.3, again em-

ploying rigorous 3D simulations since the averaging (along y-axis) used for the 2D modelling 

prevents a complete assessment of the effects of surface recombination and inhomogeneous 

field distribution caused by the micro-structuring.  
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5.3.2.3 Analysis of interplay of interfaces and inhomogeneous generation in photonic-

structured PSCs 

Light management and interlayer engineering are two crucial factors to improve PSC ef-

ficiency.  Here we combine the best optimized photonic structure with the approximated elec-

tronic properties of real, record-performing PSCs, in order to project the full potential of our 

LT scheme. We also address the question if, under these conditions, one can obtain accurate 

electrical simulations of complex 3D optical behavior by planarizing and projecting the 3D 

optical solutions to lower dimensions. 

The selected architecture is the superstrate LT-structured PSC, with 300 nm perovskite 

thickness and Au rear contact (see Table A1 of Appendix A2 for a summary of the dimension 

of the used features), whose main electrical parameters are listed in Table A4 of Appendix A2. 

Based on the selected structure and the assumption of physical parameters of the PSC close to 

the published world record [216]–[221], the set of electrical simulations presented in this sub-

section explores the effects of three distinct physical parameters of the model:  

1) Dimensionality: 3D vs. 1D electrical simulation, using the original 3D optical genera-

tion profile, G(x,y,z), provided by Lumerical FDTD and shown in Figure 24a; 

2) Generation spatial distribution: Inhomogeneous vs. homogeneous generation profile, 

in which a conceptual homogenous (constant) generation, G(x,y,z)=<G>, is created by 

averaging the 3D-optical inhomogeneous generation across the absorber volume (see 

Figure 24b); 

3) Carrier recombination: comparing the results with and without the effect of SRH re-

combination, shown in Figure A4 (b) of Appendix A2 in the perovskite bulk and inter-

faces. When neglecting SRH recombination we consider only radiative recombination, 

shown in Figure 24c, thus modelling a Shockley-Queisser-like scenario.     

Firstly, we analyzed the maximum photocurrent (JPH=27.2 mA/cm2, see Figure 19) attain-

able from the 3D optical generation data, G(x,y,z). Multiplying with the inferred voxel2 volume 

and summing to total generation rate yielded a short-circuit current density JSC=26.96 

mA/cm2, which is just slightly below JPH due to sampling errors, over the first complete gen-

eration region without aliasing artifacts, which yields a 296.15 nm thick absorber, and multi-

plying the average with the full absorber thickness results in JSC=27.08 mA/cm2. The adjusted 

JSC corresponds to an average generation rate of <G>=5.628×1021 cm-3s-1 integrated for the ab-

sorber volume. This is the reference value used in the subsequent simulations that considered 

a homogeneous (constant) generation profile equal to <G> for the entire perovskite material, 

as shown in Figure 24b. The comparison of the J-V curves for inhomogeneous and homogene-

 

2 Voxel denotes a 3-dimensional “grid point”, i.e. a grid unit cell – see further details regarding the process in 

Appendix A2. 
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ous generation emphasizes the electrical effect of the spatial distribution of the photo-genera-

tion, and the increased interface area caused by the photonic structuring. For a direct compar-

ison, the integral over the original generation profile within the absorber needs to be equal to 

the integral over the homogenous generation profile. Therefore, the homogenous generation 

rate was set up to generate as many charge carriers as the inhomogeneous generation rate.  

For comparing the results between the 3D and 1D electrical simulations for the structured 

PSCs, the 3D-optically computed G(x,y,z) data needed to be adequately normalized for the 1D 

simulations (as sketched in Figure 18,b) by first planarizing the 3D  generation profile, G, and 

then integrating along the in-plane directions (x,y), thereby creating the 1D generation profile, 

shown in Figure A4 (a) of Appendix A2. For the 1D electrical simulations of homogenous gen-

eration, a constant generation profile (similar to the 3D, as shown in Figure 24, b) equal to <G> 

along the z axis was used as shown in Figure A4 (a) of Appendix A2. Here, to properly com-

pare the influence of the increased surface area (and also dimensionalities) due to the curved 

structures (photonic-structured devices) to the planar structure (planarized devices), all elec-

trical parameters as shown in Table A4 of Appendix A2 (including surface and bulk recombi-

nation coefficients) were kept the same in both cases. Finally, to analyze the effect of carrier 

recombination, the 1D and 3D simulations were performed with and without the SRH coeffi-

cient, which is the dominant recombination mechanism.  

For the considered set of parameters listed in Table A4 of Appendix A2, Figure 24 high-

lights how the outcome of the drift-diffusion simulations does not seem to be strongly corre-

lated with the structural geometry of the solar cells. The changes in PV performance are almost 

negligible, as seen in Table 6, which is mainly a consequence of the high mobility of the carriers 

in the perovskite material, aided by the ultra-low thickness of the perovskite layer (300 nm). 

The combination of both factors allows the charge carriers to quickly travel from the dense 

photon-trapped regions (localized “hot-spots”) towards the contact layers where they can be 

extracted.  

Nevertheless, one needs to define the parameter space more concisely, i.e., which materi-

als and interface parameters increase the sensitivity of the simulations to the device geometry, 

to a point where the geometry must be explicitly considered to obtain reliable results. How-

ever, it can be said that electrical 1D simulations based on averaged optical generation can be 

regarded as a very good approximation of 3D approaches, as the PV outcomes are found to be 

almost identical to the inhomogeneous generation profiles. More generally, it can be inferred 

that the better the overall device performance with regard to carrier extraction and interface 

recombination the better the agreement between 1D and 3D simulations.   
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Figure 24: a, b) 3D inhomogeneous (original) and 3D homogenous (averaged) generation profiles 
used to evaluate the electrical PV performance. c, d) represent the radiative recombination profile at the 
maximum power point (c) within the perovskite absorber, and the band diagram of the structured PSC 
(d). e) J-V curves of the 1D (e) and 3D (f) device modelling using either the inhomogeneous or homog-
enous generation profiles, as well as with and without the effect of SRH recombination.           
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The moving from 3D to 1D computation is extremely important, as this change can speed 

up simulations by several orders of magnitude while reducing memory footprint. As an ex-

ample, a typical 3D simulation of a photonic-structured PSC requiring about 16 hours and 128 

Gb of memory, is reduced to 1.5 min and 30 Mb of memory when performed in 1D. Further-

more, it consolidates novel simulation techniques that can be used to study a broader range of 

devices.  

Concerning the recombination effects, Figure A4 (b) of Appendix and Figure 24c depict 

the distribution of the two types of recombination mechanisms considered here: SRH (at in-

terfaces and in the perovskite bulk) and radiative recombination. The SRH bulk and surface 

recombination parameters were chosen to reduce VOC by 100 mV, respectively, or 140 mV 

when combined. While nonradiative recombination is generally considered to be the domi-

nant loss mechanism in the highest efficiency PSCs, the distribution between bulk and inter-

face is difficult to assess [189]. As such, a 50% contribution between the interfaces and bulk 

has been assumed. As expected, with activated SRH-recombination VOC is significantly re-

duced. We note that the simulated interface area increases by 16% for the investigated pho-

tonic-structured PSC compared to the planar geometry, which leads to an increase in surface 

recombination. This in turn leads to an additional 5 mV reduction in VOC for the photonic-

structured PSC compared to the 1D structure, irrespective of the generation rate profile. Due 

to idealized extraction and a negligible influence of a potential shunt/parallel resistance, there 

is no slope observed at 0 V (JSC) as seen in Figure 24d. 

 

Table 6: Main parameters attained by the electrical analysis performed in this sub-section to ex-
plore the effects of model dimensionality (3D vs. 1D simulations), the spatial distribution of photo-gen-
eration (inhomogeneous vs. homogeneous G profiles) and SRH recombination, for the optimized LT-
structured PSCs with superstrate configuration, 300 nm perovskite thickness and Au rear contact.   

Description Jsc 

(mA/cm²) 

Voc  

(V) 

FF  

(%) 

PCE  

(%) Dimension Generation Recombination 

1D 
Homogeneous 

G(z) = <G> 
no SRH 27.06 1.3234 84.05 30.1 

1D 
Inhomogeneous 

G(z) 
no SRH 26.78 1.3232 84.11 29.8 

1D 
Homogeneous 

G(z) = <G> 
with SRH 27.06 1.2153 81.31 26.74 

1D 
Inhomogeneous 

G(z) 
with SRH 26.78 1.2152 81.37 26.47 

3D 
Homogeneous 

G(x,y,z) = <G> 
no SRH 27.28 1.3234 84.00 30.32 

3D 
Inhomogeneous 

G(x,y,z) 
no SRH 27.09 1.3232 84.04 30.13 

3D 
Homogeneous 

G(x,y,z) = <G> 
with SRH 27.28 1.2106 81.32 26.85 

3D 
Inhomogeneous 

G(x,y,z) 
with SRH 27.09 1.2104 81.35 26.68 
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Overall, the electrical simulations using the optical generation profiles, originating from 

the advanced light-trapping structures computed by 3D FDTD, demonstrate the large poten-

tial gain for efficiency improvement of PSCs. Even though the study was not thorough in re-

spect to the materials parameters, it does suggest that such increased surface area between the 

absorber and HTL/ETL does not significantly impact these results. The comparison between 

the 3D simulations based on the semi-prolate structure and the 1D simulation of flat surfaces 

show that the increased interface area has only little impact on VOC, while the different gener-

ation profiles have none at all. Hence, it can be argued that the optical improvements achieved 

by the devices far outweigh the increased surface area.  

The results here presented invite the experimental validation of these novel promising 

concepts. In that respect, recently F. Wang et al. [68] developed an isopropanol-assisted re-

crystallizing treatment for the perovskite. This method allows a practically conformal (pin-

holes-free) coating of the PSC layers onto photonic-textured glass substrates with micron-sized 

surface features having high aspect-ratio, identical to those considered in this work. With this 

conformal deposition, the authors reached 18.6% PCE for a ~300 nm thick perovskite and 

demonstrate that it is possible to overcome the trade-off between the optical enhancements 

and electrical deterioration caused by structured curvatures, thereby enabling the full exploi-

tation of the maximum optical gains.     

5.4 Conclusions 

The outcomes from this study contribute to corroborating and providing a new under-

standing of the underlying physical effects occurring in this emerging type of photovoltaic 

devices. It was shown that photonic-enhanced PSCs with ultra-thin perovskite layer (300 nm) 

outperform state-of-the-art planar PSCs with conventionally thicker perovskite layer (500 nm) 

by a significant margin (25.4% PCE enhancement). It is also demonstrated that the ultra-thin 

photonic-enhanced PSCs can realistically reach remarkable 26.7% PCE values if we consider 

electronic properties similar to those of the state-of-the-art PSCs. 

From an optical standpoint, the less-reflective (although inexpensive) Ni rear metal contact 

also showed higher photocurrent for photonic-structured PSCs compared to the planar PSCs 

with Au or Ag.  

Nonetheless, of particular interest for any application of photonic solutions in PSCs, are 

the full device modelling studies developed here that help understand how light trapping can 

influence the electrical device performance. This study also unveils how the PV performance 

is practically independent of the type of field distribution (homogeneous/inhomogeneous: 

regular/irregular) generated by the optical strategy in the perovskite absorber, as demon-

strated experimentally [68]. Furthermore, 1D and 3D electrical device modelling showed al-
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most identical solar cell performance, which will certainly motivate the PV community to sim-

ulate solar cells with ever complex geometry in a less time-consuming and straightforward 

way, without significantly compromising accuracy.  
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6  

 

CHECKERBOARD LIGHT-TRAPPING STRUCTURES 

AND DESIGN RULES TO MAXIMIZE ABSORPTION  

 

6.1 Introduction 

Broadband absorption of sunlight is key for solar cell technologies, so nanophotonic struc-

tures have emerged as a promising technique for their efficiency improvement. For instance, 

surface textures enable a reduction in surface reflection, enhancement of internal reflections, 

and optical path lengths in the active material [5]. 

One-dimensional surface gratings have become one of the most studied diffractive struc-

tures [222]. Simple grating lines now serve as test vehicles for theoretical concepts and fabri-

cation methods [222], [223]. For example, while their superposition facilitates the analysis of 

more complicated designs [222], [224], gratings are commonly used in monochromators, spec-

trometers, wavelength-division multiplexing, cavity lasers, and sensors [225]. Some studies 

also proved their suitability for broadband mirrors [226] and radiative cooling applications 

[227]. 

Up to now, simple grating lines have only shown marginal absorption improvements in 

solar cell materials. The belief that they cannot be the pillar of advanced photonic concepts 

triggered a new research field to analyze more and more complicated and evermore efficient 

light-trapping schemes [228]–[230], at the expense of their complexity. Yet, the industry 

chooses (random) surface textures based on their easy processing and integration in photovol-

taic devices. Simple grating lines thus could take a leverage position in large-scale implemen-

tations, if they outperform state-of-the-art approaches. 

However, authors so far typically have focused on specific natural textures or computa-

tional algorithms [231]. Even though biological systems show a stunning diversity of surface 

structures [232]–[235], they serve multiple functions and result from complex morphological 

and chemical changes driven by natural selection. To replicate a natural absorption enhance-

ment scheme, we thus first need to translate nature’s idea back into simplified terms that are 

compatible with current fabrication and processing methods. For example, the excellent anti-

reflective properties of foliage surfaces [236], [237], insect wings [238] and the moth-eye [239], 

[240] originate from densely packed, gradual-shaped structural features at the sub-wavelength 
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scale. Similarly, we can mimic these structures with artificially nanostructured arrays of 

domes, pillars, cones, or pyramids on solar cells [18], [19], [119]. 

The focus recently moved from the actual texture to its scattering and diffraction pattern. 

The absorption enhancement by rose petals [241], [242] and tropical butterfly-wings [243]–

[245] originates from refractive and diffractive effects, respectively. Some studies try to link 

the superiority of a structure to the lower symmetry in its diffraction pattern [246], [247], but 

others refrain from conclusions based on symmetry group theory alone [247]. For example, 

the comparison of the dimple and rose structure [246] shows that coupling to higher diffrac-

tion orders does not necessarily translate to a greater current enhancement than coupling to 

lower orders. The actual principle for efficient light-trapping thus remains unclear. 

If structural features cannot explain why some structures perform better than others, the 

research question must be approached from a different perspective. Here, we outline how a 

basic principle empowers grating lines to outperform state-of-the-art literature proposals. Fi-

nally, from a survey of a large and diverse range of structures, we derive four design criteria 

that directly link the Fourier-series of a structure to its implied photocurrent. They enable us, 

in turn, to explain the excellent performance of our design principle. It thus generally applies 

and is not restricted to particular structural features or the material.  

6.2 Theoretical considerations 

6.2.1 Grating lines 

Simple grating lines are often regarded as disadvantageous because one-dimensionality 

(1D) cannot address both polarization states effectively at the same time. Lines mostly affect 

the absorption enhancement of a plane of incident angles instead of the full hemisphere. In 

addition, high periodicity leads to sharp and not broad resonance peaks in the absorption 

spectrum, restricting the absorption enhancement to only narrow wavelength intervals. 

Once we look at two-dimensionality (2D), such as crossed 1D grating lines, we note a 

substantial gain in photocurrent compared to their 1D counterpart. Could 2D-periodicity 

cause this effect? 2D-periodic textures have received much interest due to their potential for 

higher light-trapping improvement over random textures [19], [224], [248]. Gjessing et al. op-

timized seven different 2D-periodic structures [246]. Although they found the lattice period 

that gives optimal light-trapping is comparable for all structures, the light-trapping ability dif-

fers between them [246]. 2D-periodicity thus cannot solely explain the high performance of a 

light-trapping structure. 

However, when an appropriate level of short-range disorder is tuned into the structure 

via its Fourier-space representation, a better light-trapping solution is found [85], [222], [249]. 

Accordingly, the search for the optimum optical scheme has led to apparent-randomly distrib-

uted geometrical features arranged inside a large, periodically repeated unit cell. 
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In principle, the light-trapping problem then appears as solved by quasi-random (QR) 

nanostructures. However, a diffraction pattern does not define the desired structure. The ab-

stract concept of Fourier-space engineering may not give clear guidance to a technologist, par-

ticularly in terms of simple fabrication and processing techniques. The opposite is instead a 

more natural approach, i.e. arranging simple periodic structures in a QR manner. 

This proposal might be the way out for grating lines to overcome the one-dimensionality 

issue and gain a quasi-randomness appearance at the same time. We can show that the two 

approaches are complementary solutions to the light-trapping problem. Yet, gratings show 

distinct advantages for solar cell applications, as we highlight in the discussion section.  

6.2.2 The photonic domain 

Commonly, a unit cell defines the region of interest for optical (electromagnetic) model-

ling. It encloses the surface structure in a square or rectangle, to which periodic boundary 

conditions are applied to ease the simulation. While a convenient technique for computational 

analysis, this method does not highlight the relationship between the geometrical arrangement 

of the diffractive features and their unit cell. 

To simplify the following discussion, we introduce the concept of the photonic domain. 

We define it as the region within a photonic structure in which a basic diffractive element is 

periodically arranged in a one-dimensional fashion. But the domain could comprise just a sin-

gle element, too. For example, Gjessing et al. [246] used a mono-pitched roof as the building 

block, i.e. the photonic domain, for the rose and zigzag structures shown in  Figure 25. Before 

displacing a roof next to another one, it is rotated by 90-degree.   

 

 

 Figure 25: Depiction of different arrangements of diffractive elements (photonic domains) in 
square lattice structures. The rose (left) and zigzag (center) structures are based on the same diffractive 
element, i.e. a mono-pitched roof, which is rotated 90 degrees four times. The checkerboard structure 
(right) results from the simplification of the mono-pitched roof as a non-slanted grating line. Since all 
photonic domains contain one element, the computational unit cell encloses four. 

 

Therefore, it may not be difficult to increase the apparent randomness of a design with 

periodic grating lines. When we replace the mono-pitched roof of the rose or zigzag structure 

with lines, we get the checkerboard pattern shown in  Figure 26c. Such trellised patterns were 
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proposed to control the wetting properties of surfaces [250], but have so far not been analyzed 

for light-trapping applications.  

In addition, changing the shape of the photonic domain increases the design freedom. 

Whereas triangular, rectangular and hexagonal domains have been studied in the field [247], 

[251], [252], only a few authors proposed a pentagonal or heptagonal domain for light-trap-

ping despite their superior characteristics [253]. But as the regular pentagon has a 72-degree 

rotational symmetry, it cannot tile a plane alone [254]. In  Figure 26d, we thus propose an 

irregular pentagon with two different side lengths as the photonic domain for efficient light-

trapping. Curiously, the alternate arrangement of such pentagons enables butterfly wings to 

absorb more sunlight [235], [239], [244]. 

Finally, modulating grating lines with a rotational operator, as in the farrago design ( Fig-

ure 26e), allows for quantifying the introduced level of “randomness” by the number of dif-

ferent domains, e.g. 2 for the zigzag, checkerboard or pentagon, 4 for the rose and 72 for the 

farrago.   

 

 

 Figure 26: The arrangement of a simple diffractive element (a-e) controls the structural disorder. 
While periodicity can be disturbed via restructured photonic domains (bottom), this approach does not 
break mirror symmetry. Superior light-trapping structures repeat a periodic element quasi-randomly 
(e) or a QR element periodically (f). Whereas the former case offers flexibility in its design, fabrication 
and modification, the latter relies on accurate replication techniques. Since the unit cell is also the pho-
tonic domain of the QR supercell, design (f) from Ref. [85] cannot be generated from the quasi-random 
arrangement of a periodic element – in contrast to designs (c-e).    

6.3 Results 

We first optimize the checkerboard structure shown in  Figure 26c. As its photonic domain 

comprises a 1D-grating only, the structure becomes defined solely by three design parameters: 

the side length of the photonic domain, the grating’s line width and its period, see  Figure 27a. 

For a direct comparison of light-trapping performance, we follow the strategy set out in 

previous works [85][252], employing a test solar cell structure composed of crystalline silicon 

(c-Si) absorber material  with an ideal back reflector:  
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• The thickness of the c-Si slab is set to 1 µm. At this thickness, light trapping has a great 

impact on absorption, and differences in photocurrent will manifest noticeably in the 

comparison of different textures [252]. 

• All photonic domains are etched on the front surface, whose depth is fixed at 190 nm 

which was found optimal in previous studies [85] for a 1 µm thickness. 

• The c-Si surface is coated with a transparent dielectric medium of refractive index 1.65 

and 70 nm thickness, conformally. This layer acts both as a passivating film for the 

etched regions as well as an anti-reflection coating.  

 

 

 Figure 27: Representation of the checkerboard’s photonic domain and computational unit cell (a). 
The parameter map shows the computed maximum achievable photocurrent density Jmax as a function 
of the grating period and domain size (b). The inset shows the test cell with the checkerboard structure 
over it. The line width is here kept at half the grating period. The red dot marks the optimal parameter 
set that maximizes the broadband absorption in the 1 µm c-Si layer.  

 

The photocurrent density produced in the c-Si material is taken as the figure of merit. It is 

equivalent to the maximum achievable photocurrent density Jmax that would be generated by 

the cell. Here, we use the software package Lumerical FDTD Solutions to calculate Jmax (the 

details about the procedures are given in Chapter 2) over the main spectral range of the 

AM1.5G solar spectrum, i.e. from 315 nm to 1150 nm wavelength.  

From the parameter scan depicted in  Figure 27b, we identify a high photocurrent region 

for grating periods between 0.3 and 0.9 µm, with the optimum period and domain size around 

575 nm and 0.925 x 0.925 μm2, respectively. Next, as the line width was kept at half of the 

grating period, we now study the impact of the line width on the Jmax. We find 242 nm as the 

best parameter; that matches the line width of the optimized crossed grating design. Surpris-

ingly, the checkerboard arrangement (28.4 mA/cm2) considerably outperforms the crossed 

design (25.2 mA/cm2), as shown in Figure 28, and demonstrates an excellent angular insensi-

tivity up to a 60-degree angle of incidence. The structure surpasses recent proposals and even 
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rivals the exceptional performance of the QR supercell [85], see Table 7 and Table 8. This so-

phisticated design is termed supercell because the superposition of multiple gratings (with the 

same period) controls the phase shift between its diffraction orders [85].  

 

 

Figure 28: Photocurrent depth profile, i.e. current generation per unit volume as a function of the 
absorber’s depth x, determined by segmenting the total (1 µm) c-Si slab in thin slices with a step size of 
Δx = 10 nm. All current density profiles are calculated for the AM1.5G solar spectrum. While the current 
J generated in the surface pattern (0 – 190 nm depth) is equal for the checkerboard, photonic crystal and 
crossed grating lines, the current in the flat bulk layer (190 - 1000 nm depth) is the same for the check-
erboard and supercell design from Ref. [85] Although the highest current is found within the QR super-
cell’s surface texture, it will likely suffer the most from surface recombination effects.   

 

To verify that our parameter optimization was indeed unconditional, we extended our 

FDTD calculations to different domain sizes. Furthermore, we also changed the domain ge-

ometry from a square to an irregular pentagon with two different side lengths, as shown in  

Figure 26d, effectively adding a degree of freedom to the design. Yet, we optimized the penta-

gon only tentatively due to computational restraints [190], because we preferred to focus on 

the checkerboard’s simpler geometry. Additional optimization steps thus may well reveal the 

pentagon’s benefit. 

Four parameters thus define our proposed light-trapping solution: the photonic domain 

size, the structural feature size, their periodicity and etching depth. Table 8 summarizes the 

transformative steps undergone by the photonic domain and the resulting quantitative 

changes in the Jmax, which we cross-checked with a different simulation method (Rigorous 

Coupled Wave Analysis).   

 

Table 7: Recent theoretical proposals for light-trapping in thin-film c-Si solar cells. The crossed 
grating lines have a 242 nm width. The Light Trapping Efficiency (LTE) compares the actual current 
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gain via surface structuring to the theoretical current gain via Lambertian scattering [228]. It thus aims 
at assessing the performance of the nanostructure itself, irrespective of the fabrication method and tech-
nology used. Jmax not found in a reference were calculated using the published absorption spectra.   

Structure name 
Total c-Si slab 

thickness (μm) 
LTE 

Maximum current 

(mA/cm2) 

Grating lines [this study] 1.0 0.31 19.5 

Retina’s fovea [255] 3.1 0.65 21.6 

1D Periodic Fourier-series profile [256] 1.3 0.66 24.6 

Crossed lines [this study] 1.0 0.68 25.2 

Photonic Crystal [257] 1.0 0.73 25.9 

Begonia’s spiral [258] 1.5 0.83 26.2 

Leaf-inspired scheme [259] 20.0 0.87 28.0 

Checkerboard [this study] 1.0 0.89 28.4 

QR supercell [259] 1.0 0.96 29.5 

 

Table 8: Potential impact of surface structures on the carrier generation under AM1.5G solar spec-
trum illumination. All grating lines have a 242 nm width. The filling factor FF is defined as the area of 
the etched regions over the entire area of the unit cell. The surface/bulk current refers to carriers gen-
erated within/beyond 190 nm depth. Remarkably, grating lines can enhance the bulk current of a 1 μm 
thin c-Si slab by 125% via the checkerboard arrangement.   

Photonic Structure 

Domain 

length 

(μm) 

Unit cell 

Surface 

current 

(mA/cm2) 

Bulk cur-

rent 

(mA/cm2) 

Size 

(μm2) 

FF 

(%) 

Surface 

Area 

Increase 

(%) 

Planar reference NA NA 0 0 4.6 10.1 

Grating lines 0.575 0.33 58 66 3.6 16.0 

Crossed lines 0.575 0.33 34 77 5.9 19.3 

Checkerboard 0.925 3.42 48 82 5.8 22.7 

Photonic Crystal [257] 0.600 0.36 35 66 6.1 19.9 

QR supercell [259] 1.792 3.21 50 188 6.6 22.9 

6.4 Discussion 

6.4.1 Real-space considerations 

Like hierarchical structures in biological systems often vary a certain building block [234], 

we generate a set of different domains via the modulation of a basic photonic element. As such 

a set defines a unit cell dynamically, our simple principle introduces a new class of light-trap-

ping structures, like the checkerboard, farrago or pentagon patterns shown in  Figure 26. 

Here, we focus on the checkerboard pattern that results from the displacement and π/2-

rotation of periodic grating lines. This alternate arrangement increases the bulk current by 
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twice as much as a crossing of the lines can do. Therefore, the checkerboard light-trapping 

performance is close to that of the QR supercell design. 

However, although both structures use the same silicon volume, the QR supercell has a 

60% larger surface area, see Table 8, which increases surface recombination effects[260], as 

evident from its carrier generation profile[190]. In a preliminary experiment on commercial 

cells, we could also observe how these effects scale with the surface area to volume ratio. 

Therefore, we note the checkerboard’s ability to shift its carrier generation further into the 

bulk, accomplished by [190]: 

• choosing an up to 30% smaller line width, 

• using an up to 30% shallower etching depth, 

• extending its unit cell to three domains via π/3-rotated grating lines. 

Consequently, the tolerance in width and depth of the large rectangular features makes 

the checkerboard structure more robust to fabrication imperfections. Noise in the line width 

may improve its angular response [234], and tapered lines couple better to incident light, as 

the optical density changes more gradually. The checkerboard thus mainly depends on the 

grating period, as shown in  Figure 27b, permitting a fast turnaround from the design to its 

implementation up to potential modifications.  

Since light beyond 600 nm wavelength is not absorbed within a double pass of the 1 µm 

silicon slab, one could select λ0 = 600 nm as the target wavelength which in turn would define 

the grating period P ≈ λ0. If the grating height h and duty cycle D are then chosen such that the 

zero diffraction order cancels out, the light will be transmitted only at odd diffraction orders. 

So, the phase difference Δϕ=2π/λ0*h*Δn of the interfering waves must be equal to π and D=50% 

[261], implicating h = λ0/(2∙∆n) ≈ 130 nm for an index contrast of Δn = nSi – nARC = 2.29 at λ0 = 

600 nm. We note that these preliminary estimates are remarkably close to the outcome of the 

intensive FDTD computations performed in this work. 

In addition, we also analyzed the checkerboard’s performance to non-structural variations 

but found only 3 to 4% differences when the coating and c-Si layer thickness vary by 15% and 

10%, respectively. 

Finally, our study was motivated by the desire to reduce design complexity without loss 

in light-trapping performances. While the small 32 nm pixels of the QR supercell structure can 

rise complications in all the here mentioned lithography approaches, the simplicity of the 

checkerboard structure does not rely on a sophisticated fabrication technique: grating profiles 

are widely manufactured by holographic techniques, such as laser interference lithography, 

but also qualify for high-speed electron (multi) beam lithography [262], [263]. Sub-micrometer 

gratings can also be imprinted [263]. For example, Hamamatsu uses nanoimprinted gratings 

for its ultra-compact mini spectrometers, whereas Canon teamed up with Toshiba to develop 

15 nm nanoimprint lithography for the high-volume manufacturing of semiconductor devices 

[264]. Immersion lithography, deep-UV lithography, and digital planar holography are other 

industrial methods [262]. We like to note that Displacement Talbot Lithography (DTL) [265] 
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could be a very promising large-area lithography technique for the checkerboard structure. 

However, as the current state-of-the-art seems to focus on strictly periodic patterns, it appears 

that only direct writing is capable of generating checkerboard patterns. As such, their feasibil-

ity remains to be tested. While some quasi-random [266] and complex periodic structures [267] 

were already produced via DTL, preliminary simulations seem to indicate that DTL might in 

principle create the checkerboard structure as well. 

6.4.2 Fourier-space considerations  

After highlighting the practical advantages of the checkerboard design, we now turn to 

the question of why its performance rivals the one from the QR supercell approach, whose 

functionality was tuned into its structure via Fourier-space considerations. The Fourier-spec-

trum of the QR supercell is rich, thereby giving the appearance of continuity, and concentrates 

all its energy distribution function ED(kx,ky) in a ring region between 10 µm-1 and 25 µm-1, see 

Figure 29a. In contrast, the checkerboard’s Fourier-spectrum is not very broad and is mainly 

distributed along the principal axis, see Figure 29b. Still, both designs yield high performances.  

 

 

Figure 29: Fourier energy spectrum in k-space for a) the QR supercell, b) the checkerboard and c) 
the crossed lines. For comparison, the energy distribution ED(kx,ky) is normalized to the total diffracted 
intensity, given by the sum of all Fourier components in k-space. Here, each structure covers a 500 µm2 
area in real space; it is sampled at 5 nm resolution and expressed as a binary data matrix (see Appendix 
A3). Its Fourier transformation yields the desired Fourier-series components (after shifting the zero-
frequency component to the center of the array). For their visualization only, they were appropriately 
smoothed.  

 

So, could the supercell concept ignore classes of structures that fail its ring criteria? This 

question inspired us to analyze the Fourier-series of a vast range of diverse structures (see 

Appendix A3), enabling us to identify four criteria that correlate with current gains:  

1. high number Nstrong of strong Fourier-series components, 

2. low contribution of strong components EDstrong to the total diffracted energy EDtot – 

a component is defined as strong (weak) if its Fourier energy exceeds (falls below) 

n% of the series’ peak value; 
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3. low energy spread into the outer k-region EDk>k*, i.e. beyond the wave-number k*, 

4. high surface area factor (SAF) of the pattern – the SAF quantifies the increase in 

surface area compared to an unstructured slab while respecting the periodic bound-

ary conditions of the unit cell. 

It is 𝐸𝐷weak + 𝐸𝐷strong = 𝐸𝐷tot and 𝐸𝐷k<k* + 𝐸𝐷k>k* = 𝐸𝐷tot. Our extensive study reveals a 

direct link between the Fourier-properties of a light-trapping structure and its resulting theo-

retical current enhancement X = Jmax/Jref of a 1 µm c-Si slab, here, empirically defined by 

𝑋 = 1 + (1 − √𝑓)
𝑝

      with   1/𝑓 = 𝑆𝐴𝐹 ⋅ √
𝐸𝐷weak

𝐸𝐷𝑘>𝑘∗
⋅ 𝑁strong

𝑞
⋅ (

𝐸𝐷𝑘<𝑘∗

𝐸𝐷strong
)

𝑝

(6) 

in which the function 1/f evaluates the four criteria in k-space, quantitatively. We find a high 

correlation coefficient R=0.97 between X and Jmax for p=1.87 and q=1.19, which is robust to 

changes in n or k* and is maximal for n=15 and k*=21 µm-1 (see Table A5 and A6 of Appendix 

A3). According to Figure 30, point X=1.7 separates the surface structures with a single domain 

from those that yield the highest Jmax. 

Since our design principle meets the four criteria better than (crossed) grating lines alone, the 

checkerboard rivals the QR supercell structure, whose design does still fulfil them best: 

a) uniformity in k-space increases the number of strong components Nstrong but also 

weakens their contribution (criteria 1 and 2), 

b) limiting the diffraction pattern to k=24.5 µm-1, that is close to k*=21 µm-1 (criteria 3), 

c) the choice of small and squared pixels increases the SAF (criteria 4). 

However, suppressing the lowest orders, as in Figure 29a, is not necessary (shown in Fig-

ure A5 of Appendix A3): their inclusion reduces the surface current by 0.5 mA/cm2 but in-

creases the bulk current by 0.2 mA/cm2 (c.f. QR32_E0-E7 in Table A5 of Appendix A3), result-

ing in only a 0.3 mA/cm2 lower photocurrent than the Jmax of the original QR supercell design 

(c.f. QR32b Table A5 of Appendix A3).   
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Figure 30: The analysis of 84 different surface structures, that are etched 190 nm into a 1 µm thin c-
Si slab (listed in Table A5 of Appendix A3), indicates a link between their Fourier-properties (Eq. 6) and 
the theoretical maximum achievable photocurrent Jmax = X∙Jref, with the planar reference Jref =15 mA/cm2. 
Some selected literature proposals are annotated with their references in brackets. For a fair comparison, 
all Fourier-series are based on the same aperture area of ca. 500 µm2, sampled at 5 nm resolution and 
expressed as a binary data matrix. Although the root-mean-square-error RMSE (grey-toned area) im-
plies a forecast that is often greater than the mean-absolute-percentage-error (4.2%), the correlation co-
efficient R highlights a strong relationship between X and Jmax. The mean-absolute-scaled-error (63%) 
shows that our (red) trendline is almost twice as good as the standard naive model.   

 

Finally, since light-trapping structures inherently boost the surface recombination [238], 

considering this effect in the analysis relies on a full-device modelling approach and, therefore, 

greatly complicates the comparison of multiple proposals. We argue that the best light-trap-

ping structure generates the greatest bulk current with the smallest increase in surface area. 

As such, when using the same surface passivation technology, the checkerboard structure will 

likely outperform the QR supercell design.    

 

6.5 Conclusions 

Surface textures increase the absorption of sunlight in photovoltaic materials. Although 

this strategy led to powerful designs, proposals often neglect their technological practicalities. 

For example, engineering the desired diffraction pattern into a structure via its k-space repre-

sentation may result in its arbitrary appearance in real space, e.g. the QR supercell approach. 

Such a fine-tuned structure then becomes difficult to fabricate on a large scale, to monitor for 

imperfections and to modify, if needed later on. 



 88 

On the other hand, our checkerboard pattern shows much simplicity in design, reduced 

surface area, and high robustness to imperfections but performs similar to the QR supercell. 

While we restricted our work to the cell level, any encapsulation material and protective glass 

cover will unlikely affect our conclusions. We expect their presence to reduce the charge gen-

eration in the surface structures. In addition, our concepts were tested on a 1µm slab of c-Si. 

Therefore, changing the etching depth, absorber thickness or material inevitably changes the 

optimal design parameters in real and Fourier space; both will be subject to a follow-up study. 

Whereas the supercell lacks a suitable parameter set to track such modifications, because its 

design must always be visualized and cannot be read off a current map, the checkerboard’s 

optimal parameters can be listed in a look-up table or even intuitively found experimentally. 
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7  

 

PHOTON SHIFTING AND TRAPPING IN 

PEROVSKITE SOLAR CELLS FOR IMPROVED 

EFFICIENCY AND STABILITY  

7.1 Introduction  

One area of particular interest for PSCs is consumer-oriented portable devices [42], [196]. 

The important requirements of such technologies, such as extremely low absorber thickness 

— for flexible and lightweight devices — are mitigated by the outstanding optoelectronic 

properties of perovskite absorbers, especially when compared with conventional materials 

such as c-Si and a-Si [7], [19], [190]. Nevertheless, the small absorber thicknesses required by 

these applications do negatively impact the optical performance of PSCs. Therefore, advanced 

light-management techniques can play a pivotal role in ultra-thin (potentially bendable) PSCs 

[44], [84], [94], by allowing the usage of physically thin but optically thick absorbers that have 

the flexibility benefits without the optical losses [11]. Furthermore, reducing the absorber 

thickness is also important to reduce the usage of hazardous/toxic elements, such as Pb, pre-

sent in common perovskite compositions [20].   

In PSCs, efforts have been devoted to improving light harvesting using advanced LT 

schemes at the expense of their complexity and implementation cost, for instance via micro-

structured morphologies [51], such as a coarse surface [268] and periodic nanostructures, 

nanocone arrays, random pyramids, structured transport layers, corrugated substrates [61] 

and by periodic structuring of the perovskite layers [20]. Most of these features require sophis-

ticated (expensive) fabrication processes, and can inevitably introduce defects in perovskite 

films (or in other cell layers) resulting in the electrical deterioration of the PV performance, 

and thereby hindering the achievable optical gains in real devices.  

As presented in the previous chapter, smartly-designed 1D crossed-grating structures 

composed of checkerboard and/or penta-like arrangements were shown to provide photocur-

rent enhancements similar to the most sophisticated photonic strategies, such as quasi-random 

supercell structures, in thin-film silicon cells, but using much simpler and industrial-friendly 

geometries [190]. In addition, since the structures are top-coated as a final processing step, 

they do not lead to the structuring of the cells’ absorber and, therefore, this creates a conducive 

path for optical enhancement in PSCs without electrical degradation.  
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PSCs also suffer from reduced stability due to different factors such as moisture, UV ra-

diation, and elevated temperatures, as well as intrinsic instability due to the environmental-

unfriendly composition of perovskites compounds [15], [269], [270]. Particularly, titanium di-

oxide (TiO2), which is widely used as an electron transport layer (ETL) in high-performing 

PSCs, has been shown to trigger interfacial photocatalytic reaction to the perovskite films under 

UV radiation, which severely degrades the span of the device stability [25], [271]. In addition, 

combined oxygen vacancies with titanium interstitials can form non-stoichiometry defects in 

this ETL, which create deep sub-bandgap trap states that also reduce the PSCs performance 

[271].  

One straightforward way to circumvent this photostability problem is by avoiding UV ra-

diation from reaching the interface of TiO2/perovskite layers, using a UV-shielding encapsul-

ant layer in PSCs [25], [269]. However, a better solution can be realized with luminescent down-

shifting (LDS) materials employed to convert these unwanted UV photons into lower energy 

photons that can be absorbed by the perovskite layer, but without affecting the device stability, 

as well as simultaneously functioning as front sealants [25], [60], [150], [152].  

LDS coatings are mainly applied on the PV cell top surface in order to interact with the 

incident radiation and spectrally adjust it for improved power convertion at the solar cell [272], 

as illustrated in Figure 31. In this process, high-energy photons absorbed by the luminophores 

are converted to an equal number of low-energy photons, thereby potentially enhancing pho-

tocurrent since the active materials of the solar cells present a lower response in the UV spec-

tral region (300–400 nm) than in the visible one [61], [272]. Thus, adding a LDS layer able to 

absorb the incident UV photons and convert them to visible ones is beneficial, by increasing 

the number of available visible photons for absorption by the cell (where the external quantum 

efficiency, EQE, of the PV device is higher, as is the case of PSCs [25]).  

 

 
Figure 31: Operating principles and primary processes and losses occurring in downshifting layers: 

1) emission from the optical center (luminophore), 2) Fresnel reflection, 3) surface scattering, 4) wave-
guide attenuation, 5) transmitted radiation, 6) re-absorption by neighbor centers, 7) non-radiative relax-
ation, 8) emission within escape cone, and 9) radiation lost through the sides. Image adapted from [272].   
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Table 9: Overview of improvement in PV performance using luminescent down-shifting (LDS) 
coatings reported in the literature.   

LDS composition PV absorber Results 
Ref. 

(year) 

CaF2 single crystals/Eu2+ a-Si  PCE increase from 10% to 15% 
[273] 

(1997) 

PVA/Eu(phen)2](NO3)3 c-Si 0.8–1% increase of total power (AM0) 
[274] 

(2006) 

PVA/Eu(dbm)3phen/Eu(tfc)3 c-Si 0.5% increase of total power 
[275] 

(2009) 

PMMA/ Lumogen 570 or 

Lumogen 083 

or Lumogen 300. 

c-Si EQE ≈40 % enhancement (<400 nm)   
[149] 

(2009) 

KMgF3:Sm CdS/CdTe 
PCE increased 5% relative to pure 

KMgF3 

[276] 

(2009) 

CdS QD-embedded silica film c-Si Jsc increase by 4.0% 
[277] 

(2010) 

Lu2O3:(Tm3+, Yb3+) DSSC PCE increase by 11.1% 
[278] 

(2011) 

EVA/Lumogen-F Violet 570 c-Si 
EQE increase of 10% (300–400 nm); 

0.18% higher module efficiency  

[279] 

(2011) 

PMMA/ Violet 570/ Yellow 083 CdTe PCE Increase of 10% 
[280] 

(2012) 

PMMA/Eu(DPEPO)(hfac)3 

(EuDH) 
InGaP Current density increase of ≈ 3.5%. 

[281] 

(2013) 

PMMA/CdSe/CdS/ZnS QDs CdTe EQE increase of 16% (at 300-430 nm) 
[282] 

(2013) 

PMMA/Eu(DPEPO)(hfac)3 

(EuDH) 
InGaP Current density increase of ≈ 3.5%. 

[281] 

(2013) 

YVO4: 

Bi3+, Eu3+ 
c-Si 

EQE increase of ≈28% (UV); PCE in-

crease from 16.6% to 17.3%; 4% re-

flectance decrease (UV) 

[283] 

(2013) 

PVA/Eu(TTA)3∙2H2O with a 

bispinene-containing 

bipyridyl ligand 

c-Si PCE increase from 16.05% to 16.37% 
[284] 

(2013) 

Ba2SiO4:Eu2+/SiO2/Ag NPs c-Si 
Jsc from 41.18 to 42.04 mA/cm2 (4% 

gain); PCE increase by 0.7%; 

[285] 

(2013) 

ZnO c-Si 

2.9% EQE enhancement (525-875 

nm); 8.5% EQE enhancement (875-

1100 nm), due to antireflective effect 

[286] 

(2014) 

Green and red emitting 

CdSe/ZnS and CdSe QDs 
p-type Si 

PCE enhancement 

for green emitting QDs by 0.93% and 

for red-light emitting QDs by 0.55% 

[287] 

(2014) 

CdTe QDs CdTe/CdS short-circuit current increase of 16% 
[288] 

(2015) 

YAG:Ce3+ c-Si PCE increase from 15.30% to 15.46% 
[289] 

(2015) 
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Eu3+-doped tri-ureasil (tU5Eu) 

 

c-Si 
Power and maximum EQE increase 

of 14% and 27%, respectively 

[290] 

(2019) 

Eu-PMMA c-Si 

PCE enhancements of ~5% (single-

use of LDS layer) up to ~13% com-

paring with bare PV cell 

[92] 

(2020) 

Eu3+-doped di-ureasil (dU6Eu) 

Organic PV 

based on 

PTB7-Th:ITIC 

bulk hetero-

junction  

PCE enhancement of ∼22% (from 3.1 

to 3.8%)  

[291] 

(2021) 

 

Among distinct luminescent materials[292], such as organic dyes [279], [293], quantum 

dots (QDs) [293] and lanthanide metal ions/complexes [90], [92], as shown in Table 9, lantha-

nide-based beta-diketonate complexes stand out. The well-known Ln3+ luminescence sensiti-

zation, or antenna effect, may be seen as efficient light-conversion molecular devices. The lig-

and-induced large Stokes’ shift and the ligand-to-Ln3+ energy transfer processes ensure effi-

cient UV-downshifted emission towards the visible spectral range [294]. For instance, lantha-

nide (Ln3+) based (such as, Ln = Eu and Tb) materials have shown significant potential acting 

as UV absorbers (absorbing maximum UV radiation at wavelengths around 300-400 nm) and 

efficiently shifting these photons into useful lower-energy visible photons [272], [291], [295]–

[297]. This way, the otherwise lost UV light can be utilized for photo-current generation. LDS 

layers made of doped organic–inorganic hybrid materials with Eu3+ and Tb3+ displayed an 

absolute increase of the external quantum efficiency of ∼27% in c-Si-based PV cells [90]. Re-

cently, these materials have been also applied in PSC technology to improve PV response 

while protecting the cells from UV-induced degradation [298]–[300]. In particular, Rahman et 

al. [300] demonstrated ~14% enhancement of PCE in PSCs in combination with improved de-

vice stability by using LDS layers composed of Eu3+. 

  

This work explored a combination of two breakthrough optical strategies in PSCs using 

coupled optical and electrical modelling, grounded on experimental results.  

First, the simple, yet powerful, checkerboard (CB) grating arrangement, with broken-sym-

metry in quasi-random fashion, was for the first time optimized for integration as LT structure 

in PSCs, which demonstrated pronounced broadband absorption and remarkable photocur-

rent gains over a large angular range (0–70º) with ultra-thin (250 nm, for superior flexibility) 

perovskites. Apart from higher short-circuit current, the LT-enhanced ultra-thin PSCs also re-

vealed improved open-circuit voltage and fill factor, and thereby an unprecedented PCE en-

hancement (28%) was achieved. In addition, as the CB pattern is applied on the front (top) 

contact of the PSCs, this LT strategy is realized without causing morphological defects in the 

PSC layers [19]. Furthermore, the simple CB design can be fabricated in a highly-scalable fash-

ion, for instance using a nano-imprinting technique [67], [193], [301] which is a high-resolution 
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low-cost micro-patterning method compatible with high throughput and with integration in 

PSCs technology.  

Secondly, we studied the coupling of the optimized CB photonic front structure with an 

LDS encapsulant material composed of a tri-ureasil modified by lanthanides (t-U (5000)/Eu3+). 

The ureasil is formed by a siliceous-based skeleton covalently grafted to the polymeric chain 

by urea bridges, as shown in Figure 32. The siliceous backbone provides compatibility with 

current microelectronics and confers enhanced thermal stability (onset of the decomposition 

temperature at ∼339 °C) [302]. The tri-ureasils are processed using environment-friendly green 

solvents with tuneable viscosity, which makes them ideal low-cost inks to be easily printed in 

virtually any substrate (paper, plastic, and textile) similar to what occurred in printable elec-

tronic circuits [302]. In addition, the low refractive index n ∼ 1.5 in UV/visible is preferable 

for reducing surface reflection [25], [94], [303]. The ureasils are intrinsically photoluminescent 

and can function as active hosts to tune the emission from luminescent dopants such as con-

jugated polymers, organic dyes and lanthanide complexe through energy transfer, leading to 

reduced re-absorption losses and harvesting a broader wavelength range of the solar spectrum 

[89], [90], [272], [291], [303]. Their facile sol–gel synthesis facilitates the controlled placement 

of luminophores within the ureasil matrix (host) via covalent grafting to the siliceous back-

bone, which can be used to both inhibit aggregation and/or promote specific packing (PFO-

OH chains within the ureasil matrix) [303]. As mentioned, Eu3+ ions are widely used  due to 

their potential for red emission, caused by their predominant 5D0→7F2 transition emission [90], 

[291], but also excellent thermal and chemical stability as well as a desirable absorption in the 

UV region by Eu3+ [90]. Recently, Eu ions in a fiber waveguiding luminescent solar concentra-

tor have shown the potential to convert 16% of the sunlight intensity available for down-shift-

ing conversion, as a consequence of the wide overlap between the AM1.5 emission spectrum 

and their excitation spectra [78].   
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Figure 32: Molecular structures of the non-hydrolyzed organic−inorganic hybrid precursor, d-

UPTES; and of the (b) Eu(tta)3·2H2O complex (tta=thenoyltrifluoroacetone).  

 

The relevant optical features experimentally-obtained from such LDS coating materials 

are the refractive index, absorption and emission profiles, as detailed below. It was found that 

the luminescent layer blocks almost ~94% of the entire UV radiation in the spectral region of 

300-400 nm. Subsequently, it was observed from our coupled optical and electrical modelling 

that the optical gains from the t-U (5000)/Eu3+ LDS can translate into the electrical domain in 

PSCs.    

7.2 Methodology 

The authors developed coupled optical and electrical simulations to model the response 

of PSCs and optimize the CB pattern for LT, as shown in Figure 33. Moreover, an LDS material 

composed of t-U (5000)/Eu3+ has been experimentally synthesized and its optical response 

was measured, inputting these results to the optoelectronic model to explore the addition of 

the LDS effect in the LT-enhanced PSCs.  

The optoelectronic simulations were performed by a two-step process. Firstly, the optical 

(electromagnetic) modeling was carried out via a 3D FDTD formalism using Lumerical FDTD 

[200] to solve Maxwell’s equations in arbitrary geometries, to explore all the relevant optical 

responses of both planar and photonic-enhanced PSCs. FDTD was chosen due to its capability 

to straightforwardly simulate complex 3D object configurations, being a method widely used 

in the literature [94]. The complex refractive indices (N=n+ik) of the materials were chosen 

from the experimentally verified literature [19], [94], [176] and shown in Appendix A1. Here 

we take a standard PSC layer structure (see Figure 33), composed of a common MaPbI3 per-

ovskite material by considering the refractive index of Eerden et al. [176], whose spectral re-

sponse is significant in the 300–800 nm wavelength range, so this was the spectral window 

considered for the optical modeling. However, the measured dataset (n, k) of PSCs varied with 
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different fabrication conditions and process materials used. Given that, we calculated PSCs 

response in the 300–1000 nm wavelength range in previous Chapters, considering the meas-

ured refractive index provided by Phillip et al. [14].   

Population-based stochastic optimization methods, such as the PSO algorithm, are ideal 

for rapidly screening a highly complex multi-variable system to determine a maximum/min-

imum state [18]. Here, such smart-search method was incorporated in the optical solver to de-

termine the optimal parameter configuration — geometrical CB parameters, described in Fig-

ure 33 and Table 10 — that maximizes the overall device optical current, i.e. the useful absorp-

tion occurring in the perovskite material. Further details regarding the optical modeling and 

the PSO method are provided in Chapter 2 and in previous contributions [7], [19], [94].  

In the second step, the electrical simulation was carried out using a FEM employing Lu-

merical-CHARGE solver [202]. For that, the optical output (photo-generation profile) of both 

planar and photonic-enhanced PSCs from FDTD was used as input to compute their PV re-

sponse, i.e. the current density–voltage (J-V) characteristic curve of the solar cells for distinct 

perovskite thicknesses studied here. To perform a realistic prediction, a set of electronic 

transport properties about the bulk and surfaces of the materials were considered in the elec-

trical simulations, which were taken from the state-of-the-art literature (see Chapter 6) and 

summarized in Appendix 2.   

A detailed description of the electrical simulation methodology is given in Chapter 6.     
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Figure 33: Sketch of the layer architecture of planar (a) and photonic-enhanced (b) PSCs with an 
LDS encapsulant coating composed of t-U (5000)/Eu3+. An innovative LT design is applied on the front 
contact of the PSCs (b), consisting of a symmetry-broken Escher-like checkerboard (CB) arrangement 
patterned in the TiO2 electron transport layer (ETL). The geometrical parameters (h, w, g, l) for the CB 
patterns (b) considered for optimization are indicated by the arrows. Two distinct thicknesses (250 and 
500 nm) were considered for the perovskite absorbers, which are compared with the corresponding 
planar reference cells (a, no LT), with and without the LDS layer. The thicknesses of the remaining layers 
in the PSCs are indicated in Table 10.      

 

As mentioned earlier, the LDS layer can perform a dual function in PV, improving UV 

photostability by blocking UV radiation while enhancing PV response by shifting these pho-

tons to the visible spectral region. Several materials have been studied for the LDS application, 

such as organic dyes [279], [293], quantum dots (QDs) [293], and lanthanide ions (Ln3+) [90], 

[92]. The Ln3+ complexes (Ln3+= Eu3+, Tb3+ ) have demonstrated to be better candidates, since 

they exhibit preferable absorption (absorbing maximum in UV radiation around 300-400 nm) 

and emission in the red and green spectral region, respectively [90]. Furthermore, the LDS 

layers composed of such Eu3+ and Tb3+ materials manifested larger ligands-induced Stokes 

shifts in comparison to other LDS materials, such as organic dyes or QDs, thereby posing 

smaller losses from self-absorption [90].  
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Therefore, to investigate the effects of an LDS encapsulant, a state-of-the-art LDS material 

(t-U (5000)/Eu3+ LDS ) was considered, whose optical properties were experimentally ob-

tained.  Subsequently, to incorporate the LDS effect into the optoelectronic simulations a con-

version procedure was applied to translate the experimentally measured data (absorption and 

emission profiles), as illustrated further below in Figure 37. Namely, the absolute absorption 

given by 1-10-A (A is the absorbance) of the developed t-U (5000)/Eu3+ LDS material was mul-

tiplied by the solar photon flux (i.e. ASTM G-173 global irradiance spectra)[25], yielding the 

absorption flux of the LDS layer. Subsequently, this absorbed flux is subtracted from the orig-

inal incident spectrum to account for the blocked absorption by the t-U (5000)/Eu3+ film. 

Lastly, the emission flux was added to this modified AM1.5G spectrum to output the “LDS-

converted” spectrum incident on the PSC. 

Afterwards, the CB pattern of the photonic-enhanced PSCs was again re-optimized in the op-

tical solver using this spectrally-adjusted incident light, recalculating as well the response of 

the reference planar cells, followed by the electrical simulations of their PV response with the 

LDS effects.    

7.3 Results and Discussion 

The novel photonic CB design, presented for the first time by the authors [190] as de-

scribed in Chapter 6, amazed the optics-for-PV community as it demonstrated unprecedented 

LT levels (>100% photocurrent gains) in ultra-thin (1 um) c-Si solar cells, which are quite close 

to the ideal Lambertian limits and, advantageously, realizable with quite simple cross-grating 

structures as depicted in Figure 33. 

The application of these CB structures in PSC technology further benefits from the fact 

that they can be built atop the absorber material keeping it intact. This prevents the increase 

of surface roughness in the absorber and, thus, recombination — a common problem of many 

LT schemes. Another advantageous factor concerning the implementation of top-coated LT 

structures in PSCs is the propinquity of the real parts of the refractive indices (n~2.5) of the 

perovskite and the photonic-structured ETL contact (i.e. TiO2/ITO as considered here, and in 

previous designs [19]), especially when compared with higher-n absorbers such as Si (n~3.5), 

which favors index matching and, therefore, lower reflection losses. In this work, we consider 

two different background index values (n=1 and n=1.5) of practical relevance. The case of n=1 

corresponds to a substrate-type PSC configuration where the light is incident on the cell-side 

(transparent conductive oxide, TCO) without an encapsulant layer on the front [94]. Con-

trastingly, n=1.5 emulates the presence of a thick (hundreds of m) encapsulant film (in this 

case embedded with LDS compounds) applied on the front TCO, since the n value of common 

encapsulant materials ([e.g.; doped Eu3+] [304]) is ~1.5 [25]. The detailed results of coupled 

optical and electrical simulations of planar and photonic-enhanced PSCs with and without 

LDS are described in the following section 7.3.1 and 7.3.2, respectively.   
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7.3.1 Photonic-enhanced PSCs with checkerboard pattern   

Considering the application of photonic-enhanced PSCs for flexible devices in portable 

electronics, we begin with optimizing the set of geometrical parameters of quasi-random CB 

patterns on the front contacts of PSCs, as depicted in Figure 33. The thicknesses of PSCs layers 

for TCO, ETL, HTL and metal contact (tITO, tTiO2, tSpiro and tAg) were restricted to a range that 

can easily be fabricated using low-cost process as shown in Table 10, thus flexible applications 

can benefit from being lower cost. The results of photonic-enhanced PSCs with optimized CB 

patterns are presented in Figure 34 and compared to those planar counterparts with double-

layer ARC, for both ultrathin perovskite (250 nm) and conventional perovskite (500 nm) ab-

sorbers. 

Figure 34 a1,2a2 show the absorption profiles for the reference planar cells as well as LT-

enhanced cells (250 and 500 nm). Here, three main areas of interest can be emphasized. Firstly, 

for the UV range — 300–400 nm — both cells exhibit a strong absorption drop, mostly from 

reflection losses and parasitic absorption of the front contact. Secondly, for the visible range 

— 400–700 nm — the device shows its peak performance, where, even for the smaller thick-

ness, it can consistently reach ~80 % absorption. Nevertheless, some limitations of the 250 nm 

cell can also be seen at ~650 nm, where there is a significant absorption drop, this reinforces 

the need for advanced light management techniques that mitigate these losses. Lastly, in the 

NIR region — 700–800 nm — the absorption drops, much like for the UV range, however, here 

the reason is the bandgap of the device. Upon optimization, a clear structure-aided absorption 

increase was obtained, as depicted in the cumulative photocurrent density profiles in Figure 

34c. 

The innovative design of optimized CB pattern on the front contacts in PSCs can enhance 

broadband light absorption by providing an improved ARC effect and strong light scattering. 

Here, there are several notable differences, in the optimized parameters, between the 250 and 

500 nm cells. In the former, the structures tend to have smaller/thicker geometries (smaller h 

and bigger w, in Table 10), while the latter tends to have taller/thinner geometries (higher h 

and smaller w, in Table 10). This could indicate a preference for light in-coupling (taller struc-

tures) instead of AR for the thicker perovskite— the effective medium of the structures gets 

closer to the device refractive index as w increases and closer to vacuum otherwise — while 

the thinner cell prefers the AR effect in detriment of light in-coupling. This is reinforced by the 

power absorption density profiles in Figure 34b and the Fast Fourier Transform (FFT) profiles 

in Figure 34d1 and d2. The former shows visually, especially for longer wavelengths, that the 

possible horizontal maneuvering of light is much more limited in the thinner device, while the 

latter reinforces this by indicating that, in the 250 nm cell, these structures do not scatter light 

significantly. The FFT of the structures indicates the different scattering modes to which light 

can be dispersed, such that taller off-center peaks imply a stronger horizontal dispersion of 

light. In the case of Figure 34 d1 and d2, it is evident that the thinner perovskite shows a much 
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smaller sideways light scattering (less light in-coupling), when compared to the 500 nm cell. 

Concurrently, the cumulative photocurrent values from Figure 34c) show a bigger decrease in 

overall reflection for the 250 nm cell (from ~5 to ~2 mA/cm2) in comparison to the 500 nm cell 

(from ~3.7 to ~1.6 mA/cm2), stating thus that the structures are giving preferential treatment 

to AR in the smaller cell.  

 

Table 10: Maximum JPH values obtained for the optimized CB arrangement placed on the two dis-
tinct PSCs, for 250 or 500 nm perovskite layer thickness, with and without a LDS layer, considered in 
this work. The geometrical optimization parameters (h, w, g, l) are defined in Figure 33 and the standard 
thicknesses of the cells’ layers (tlayer) were fixed in the simulation. The results are compared with the 
reference ARC-patterned cases, for both with and without a LDS layer. 

Perovskite Solar 

Cells 

Absorber layer: 250 nm perovskite Absorber layer: 500 nm perovskite 

Optimized 

parameters 

JPH , mA/cm2 

(enhancement) 

Optimized 

parameters 

JPH , mA/cm2 

(enhancement) 

N
o

 e
n

ca
p

su
la

n
t 

(n
 =

 1
) 

Planar ARC 

(ref.) 

tITO = 350 nm 

tTiO2 = 400 nm 

tSpiro = 150 nm 

tAg = 100 nm 

18.0 

tITO = 350 nm 

tTiO2 = 400 nm 

tSpiro = 150 nm 

tAg = 100 nm 

19.9 

CB pattern 

(with LT) 

h = 283.1 nm 

w = 84.6 nm 

g  = 577.2 nm 

l = 648.3 nm 

tITO = 350 nm 

tTiO2 = 400 nm 

tSpiro = 150 nm 

tAg = 100 nm 

22.7 

(25.9%) 

h = 251.6 nm 

w = 153.7 nm 

g  = 532.0 nm 

l = 653.9 nm 

tITO = 350 nm 

tTiO2 = 400 nm 

tSpiro = 150 nm 

tAg = 100 nm 

23.6 

(18.9%) 

W
it

h
 L

D
S

 e
n

ca
p

su
la

n
t 

(n
 =

 1
.5

) 

Planar ARC 

(ref.) 

tITO = 350 nm 

tTiO2 = 400 nm 

tSpiro = 150 nm 

tAg = 100 nm 

19.2 

tITO = 350 nm 

tTiO2 = 400 nm 

tSpiro = 150 nm 

tAg = 100 nm 

21.3 

CB pattern 

(with LT) 

h = 270.5 nm 

w = 70.4 nm 

g  = 435.6 nm 

l = 498.9 nm 

tITO = 350 nm 

tTiO2 = 400 nm 

tSpiro = 150 nm 

tAg = 100 nm 

22.3 

(16.1%) 

h = 277.6 nm 

w = 42.6 nm 

g  = 432.1 nm 

l = 426.1 nm 

tITO = 350 nm 

tTiO2 = 400 nm 

tSpiro = 150 nm 

tAg = 100 nm 

24.0 

(12.7%) 

 

The pitch and finger size (g and l in Table 10, respectively) do not show a noticeable dif-

ference between devices. This could be due to their more preponderant effect being limited to 
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defining the wavelength range of action, i.e. the structure size and pitch is related to the range 

of wavelengths where the structures will be active. In this case, since both wavelength ranges 

and both starting absorptions (reference) are quite similar, the structures do not need to zone 

in a particular area to improve absorption and, instead, just have a global effect.   

The light in-coupling effect, seen for the thicker perovskite, is most noticeable for longer 

wavelengths (600–700 nm) and is the chief responsible for the absorption gains seen in Figure 

34 a2 (dashed and blue lines for planar and optimized configurations, respectively). The nature 

of the broken-symmetry of the quasi-random pattern and the optimized CB arrangement of 

the front contacts (ITO+TiO2) causes a strong far-field scattering, which increases the optical 

path length, thereby boosting the absorption in perovskite material in the longer wavelengths. 

Figure 34 2d2 reiterates this scattering effect by showing several high-intensity off-center 

peaks.   

Another fundamental component of ultrathin devices is the overall parasitic absorption 

from the other cell materials, as any loss mechanism should be mitigated to achieve an ideal 

device behavior. This unwanted absorption can be categorized into two different sections. 

Firstly, UV parasitic absorption (300–400 nm), which is most relevant in the top part of the cell, 

is thus mostly influenced by ITO and TiO2, as seen in Figure 34a1. Secondly, NIR-IR parasitic 

absorption (>650 nm) from the HTL layer (Spiro-OmeTAD) and ITO, as seen in Figure 34a2. 

Interestingly, the structures act to reduce these unwanted absorptions, which reinforces the 

light trapping effect. This happens, since, by trapping light inside the absorber material, the 

structures mitigate lossy internal reflections that would lead to further absorption by the top 

layers. This can be seen in the cumulative photocurrent absorption plot (Figure 34c), where 

the topside parasitic absorptions (ITO and TiO2) are reduced by adding the structures in both 

cases — lossy internal reflection mitigation — while the Spiro-OMeTAD parasitic absorption 

increases slightly, from the improved light travel path.    
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Figure 34: a1, a2) Absorption spectra attained with the optimized CB pattern in PSCs, without LDSs 
layer, and with the reference cases of a cell with double-layer anti-reflection coating, for perovskite ab-
sorber layers with distinct thickness: a1) 250 nm and a2) 500 nm. Colors bar shows the absorption in 
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different materials as well as reflection in PSCs with optimized CB pattern and the grey lines depict the 
absorption that occurred only in perovskite for the reference cases of planar cells without LT. b) Log-
scale distributions of the absorption density, pABS, along the xz plane of the CB arrangement passing by 
the center of y plane, at the wavelengths of the interested absorption peaks on the 250 nm and 500 nm 
perovskites. The cumulative photocurrent density was calculated from the absorption profiles for the 
cells with and without LT present in c). d) illustrates the fast Fourier transform (FFT) analysis of CB 
patterns in PSC for perovskite thickness 250 nm (d1) and 500 nm (d2). e1) represents the angle-resolved 
unpolarized photocurrent density, JPH determined for both planar and LT cells with 250 and 500 nm 
perovskite thickness and e2) shows the photocurrent improvement achieved with LT in respect to pla-
nar reference for oblique angles.        

 

Figure 34 f1,f2 show photocurrent (total and relative, respectively) for both planar and 

photonic-enhanced PSCs for angles up to 70º, as determined from the JPH values of Table 10. 

The most notable factor here is the stable angular response, even when the structures are 

added to the device, shown by the near constant photocurrent behavior up to 40º. Beyond that 

there is a significant drop in photocurrent. Furthermore, it is quite interesting how the ul-

trathin 250 nm cell outperforms the conventional 500 nm even for different incidence angles, 

which can offer a potential 3-fold improvement in the device flexibility as well as a 2-fold 

reduction in the costs and toxic lead consumption due to the reduced perovskite (absorber) 

material usage.  Furthermore, it is found that the attained maximal photocurrent changes only 

1–3% with a large (± 10%) variations of the optimized parameters of CB patterns. This high 

tolerance around optimal parameters provide high feasibility for fabrication imperfections, 

which is a key benefit from an industrial standpoint.      

Figure 35 a,b summarizes the electrical results obtained from the previously optimized 

structures. Figure 35a shows the overall band structure, fundamental for these types of simu-

lations, as it will define the drift electric field — one of the two major components of transport, 

along with diffusion. It is important to note that the electric field remains mostly unchanged 

when adding the structures, since it only depends on the materials properties (like, affinity 

and bandgap). The band structure can also be used to infer some of the final J-V curve behav-

ior, for instance, in the perovskite layer, the long constant Ec/Ev region (~300–600 nm) reveals 

a weak electric field (constant potential) that could negatively impact charge transport, since 

the drift component is weaker. Ultimately, this effect is mostly bypassed by the excellent car-

rier lifetimes in perovskite [305], thus simply leading to a minor decrease in fill factor for the 

500 nm cell when compared to the 250 nm cell (87.8 and 88.7, respectively). The most notable 

detail of Figure 35c,d is the significant Jsc increase in the LT-enhanced devices, which is the 

chief responsible for the PCE increase (28% for the 250 nm cell and 22% for the 500 nm cell). 

Interestingly, the PCE increases are very similar, percentage-wise, to the optical gains (26% 

and 19% for the 250 and 500 nm cells, respectively). The final short circuit current values are 

still smaller than their optical counterparts as result recombination losses. Lastly, the opti-

mized CB structuring seems to have a more significant impact on the 250 nm cell (noted by 



 103 

the bigger PCE increase) when compared to the 500 nm cell. This could be a direct result of the 

photonic-aided optical loss mitigation.    

 

 

Figure 35: a, b) show the band diagram for PSC with 250 and 500 nm perovskite thickness and c, 
d) display the comparison of electrical simulations results of photonic-enhanced and planar PSC. The 
inset tables show PV performance of electrical simulations of PSCs.   

7.3.2 Luminescent down-shifting properties in PSCs    

The detailed mechanisms behind TiO2 photocatalytic effects reveal that UV radiation can 

create deep trap states that capture photogenerated carriers from the perovskite (in the 

TiO2/perovskite interface), leading to the formation of I2 that then leads to the degradation of 

the perovskite structure [25]. Furthermore, the creation of I2 from the photolysis of PbI2 — pre-

sent in the perovskite compound — can also lead to the evaporation of volatile compounds. 

These degradation processes mainly originated from, in the first case, the created deep trap 

states in TiO2 that capture photogenerated electrons in the perovskite, leading to a decrease in 

cell performance [139]; in the second case, the generation of I2 from the photocatalysis in TiO2, 

which then reacts with the perovskite ions and leads to the evaporation of volatile compounds, 
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ultimately ending up degrading the crystalline structure of the perovskite [137]; and for the 

third case, there is the photolysis of residual PbI2 that exists in the perovskite, turning it into I2, 

which then leads to an equal decomposition of the perovskite [140] by the process mentioned 

in previous case. 

These UV-generated degradation mechanisms can be mitigated by either blocking UV ra-

diation (which completely loses these photons) or by converting it to lower — less harmful —  

energies. One such method for the latter is by using the LDS materials that convert high energy 

UV radiation into lower energies. Based on data from the lietrature [25], the t-U (5000)/Eu3+ 

LDS coating was applied to PSCs. Figure 37 a1,a2,a3 shows the experimental characterization 

of this LDS material: refractive index (a1) measured using spectroscopic ellipsometry and ab-

sorption (a2) and emission (a3) spectra. The averaged refractive index (n=1.5) was considered 

based on the dispersion curve shown in Figure 37a1, as considered above.  

Figure 37 a2,a3 show the experimental absorption and emission profiles for t-U 

(5000)/Eu3+, respectivelly, being the emission spectrum composed of the typical Eu3+ 5D0→7F0-

4 transitions, as studied in previous work [90]. The spectral characteristics of the t-U 

(5000)/Eu3+ LDS coatings allow for anticipating UV filtering in combination with downshift-

ing to spectral regions where the PSCs exhibit higher spectral response. The absence of intrin-

sic emission from ligands and hybrids indicates effective energy transfer to the Eu3+ ions, as 

demonstrated in the excitation spectra that reveal three main components, peaking at ~280, 

~330 and ~420 nm as shown in Figure 36, mainly ascribed to the hybrid host [87] and to the 

tta excited states [306], [307], respectively. The 330 and 420 nm components resemble those 

already observed for isolated Eu(tta)3.2H2O [308] and for organic–inorganic hybrids incorpo-

rating Eu3+ complexes, being ascribed to the π-π* electronic transition of the organic ligands 

[309]. Apart from changes in the relative intensity, the absorption spectrum reveals the same 

components detected in the excitation spectra [90], [291].      
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Figure 36: The excitation spectra taken for the t-U (5000)/Eu3+ LDS material. 

 

Nevertheless, from the photocurrent generation perspective, it can be seen that there is a 

significant absorption for 300–400 nm followed by a clear emission peak for longer wave-

lengths (600–630 nm). The profiles also show an unwanted parasitic absorption for wave-

lengths above 400 nm, that could lead to negative impacts for the perovskite absorber. The 

performance of the LDS material can ultimately be determined by its conversion capabilities. 

On this note, it was determined that - considering an AM1.5G spectrum incidence -  from 300-

400 nm the amount of radiation that can be converted corresponds to a maximum current of 

1.14 mA/cm2, while in the 400-800 nm range the amount of parasitic absorption by the LDS 

coating corresponds to 0.73 mA/cm2. In the case of the emission profile, it accounts for the 

photocurrent of 0.85 mA/cm2. As such, it can be seen that there is still room for improvement 

in this material, namely by minimizing the absorption beyond 400 nm, and also maximizing 

the emission profile in the visible spectrum. Nevertheless, for the UV stability factor, this ma-

terial is shown to be highly promising as it can mitigate most unwanted absorption. 
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Figure 37: a1, a2, a3) shows the optical properties of experimentally developed LDS material, t-U 
(500)/Eu3+: refractive index (a1), normalized absorption (a2) and normalized emission (a3). b1, b2, b3, 
b4) illustrating the method used to emulate the process of the down-shifting feature of t-U (500)/Eu3+ 
in PSC.   

 

To incorporate the LDS effect of the t-U(5000)/Eu3+ material into the simulation a simple 

flux conservation scheme, consisting of 3 different steps, is proposed, based on previous work 

by Alexandre et. al. [25], also explained in section 3.2 of chapter 3, and summarized in Figure 

37 b1,b2,b3,b4. Firstly, the absorption flux was obtained by multiplying the absorption of t-

U(5000)/Eu3+ with the solar photon flux, based on the ASTM G-173 global irradiance spectra 
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provided by NREL. Then the absorption flux was subtracted from solar photon flux to imple-

ment the blocked UV absorption by t-U(5000)/Eu3+. Lastly, the emission flux was acquired by 

multiplying the emission of t-U(5000)/Eu3+ with the solar photon flux, and subsequently was 

added to the subtracted solar photon flux to execute the shifted photons into higher wave-

lengths by t-U(5000)/Eu3+.  

The photocurrent values presented in Table 10 were calculated using the original and 

modified AM1.5 G irradiance for planar and photonic-enhanced PSCs without/with the t-U 

(5000)/Eu3+ LDS effect, respectively. For the photonic-enhanced PSCs, the CB geometry was 

again reoptimized using the modified AM1.5 G irradiance by employing same PSO algorithm 

for both perovskite thicknesses studied here (250 and 500 nm).  

In a parenthesis, it should be noted that the optimal thickness for such LDS layer was 

found to be 90 nm, for both 250 and 500 nm perovskite absorbers. However, there is no signif-

icant variation in photocurrent observed for thicknesses of t-U (5000)/Eu3+ above ~200 nm. 

Since the typical thickness of LDS coatings in practical devices is in the range of several mi-

crons (much thicker than the cells' structure), it was found preferable to consider such coatings 

as a background index (n=1.5) over the PSCs, instead of a layer on top of the front contact, to 

account for realistic LDS effects. 

Figure 38 shows the photo-generation profiles for planar and photonic-enhanced PSCs with 

and without LDS layer, for two distinct perovskite absorbers (250 and 500 nm). The optimized 

photocurrent values and geometrical parameters are summarized in Table 10. For the planar 

cells with t-U (5000)/Eu3+, the photocurrent increased by 1.2 and 1.4 mA/cm2 for perovskite 

absorbers of 250 and 500 nm, respectively. For the photonic-enhanced PSCs with t-U 

(5000)/Eu3+, it is observed a much smaller increase in photocurrent (0.4 mA/cm2) with the 500 

nm perovskite, while no improvement was shown for the 250 nm perovskite.  
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Figure 38: Log-scale distributions of the optical generation profiles, G, along the xz plane of the 
PSC passing by the center of y plane for planar references (a) and LT-cells with CB pattern (b), with and 
without a LDS layer of t-U (500)/Eu3+, for distinct perovskite thickness (250 and 500 nm). c, d) demon-
strate the electrical simulation results for planar (c) and photonic-enhanced (d) PSCs with a LDS layer, 
for 250 and 500 nm perovskite thickness. The inset tables show PV performance of electrical modeling 
of PSCs.     

 

Nevertheless, it is demonstrated that the usage of an LDS layer can generally be advanta-

geous for prolongued operation of the cells under illumination, since it clearly shows a reduc-

tion in UV absorption in the PSCs, particularly in the top layers (Figure 38a,b top arrows), due 
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to the red-shifting of such high-energy radiation. Notably, TiO2 sees a massive photogenera-

tion decrease, while ITO still shows some generation, which is mostly attributed to parasitic 

absorption from longer wavelengths (Figure 34a).  The LDS effect can also be seen in the per-

ovskite layers, particularly in planar cells, as depicted in the photo-generation profiles, owing 

to the converted photons in the visible wavelengths by the emission flux of t-U (5000)/Eu3+. 

Therefore, it is ascertained that the overall PV performance can benefit from this higher bulk 

generation from UV photons conversion to higher wavelengths in PSCs by such LDS material.     

Figure 38c,d summarizes the electrical results attained from planar and photonic-en-

hanced PSCs with the previously mentioned LDS layer composed of t-U (5000)/Eu3+. It should 

be mentioned that the parameter settings used here for the electrical modelling are the same 

as those employed in the previous section. It is observed that the optical gains from the LDS 

layer in fact translate into the electrical domain in PSCs. The relative PCE gain (6.9%) was 

found almost the same as the optical enhancement (7.1%) for ultrathin planar PSCs (perov-

skite: 250 nm), whereas for 500 nm thicker perovskite, the PCE gain (3.4%) is slightly lower 

compared to the optical counterpart (6.7%), due to slight low Voc and FF with respect to the 

ultrathin perovskite, as shown in Figure 38c. As the optical gain is quite small for photonic-

enhanced PSCs with LDS layer, this results in low PCE enhancements (no gain for 250 nm 

perovskite, whereas 2% optical/1.6% PCE improvement attained for 500 nm perovskite), as 

seen in Figure 38d. The optical and PCE gains due to the LDS layer of t-U (5000)/Eu3+ were 

calculated for planar and photonic-enhanced PSCs in comparison to their respective cells with-

out the LDS layer presented in Table 10 (optical) and Figure 35c,d (PCE), and also shown in 

Figure 39a.  

 

 

Figure 39: Summary of main results. a) Comparison of the absolute PCE and photocurrent values 
attained with the planar (without LT) and photonic-enhanced (with LT) PSCs, with and without the 
LDS layer, for 250 and 500 nm perovskite thicknesses. b) Photocurrent generated only by the UV light, 
in the wavelength range of 300 to 400 nm, penetrating in the different perovskite absorbers for the planar 
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and photonic-enhanced cells, comparing the results for a normal encapsulant layer (original AM1.5 il-
lumination) and the LDS encapsulant (t-U (5000)/Eu3+) layer (modified illumination spectrum).  

 

From this analysis, it can be stated that planar PSCs can benefit more from the LDS en-

capsulant of t-U (5000)/Eu3+ in comparison to the LT-enhanced PSCs. Nonetheless, both pla-

nar and photonic-enhanced cells can highly benefit in terms of stability, due to the near abso-

lute reduction of UV penetration caused by the LDS coating. It is observed that the LDS layer 

of t-U (5000)/Eu3+ can reduce 81-83% more the UV photocurrent in the perovskite absorbers 

in comparison to traditional encapsulant layers (without LDS), as presented in Figure 39b. 

Moreover, by considering total available UV photocurrent (~1.35 mA/cm2), this LDS layer 

showed to be capable of blocking up to 91-94% of the harmful UV radiation from reaching the 

cells.         

7.4 Conclusions 

In this study an optimized quasi-random checkerboard (CB) pattern grating structure was 

applied and then coupled with the LDS on the front contacts of PSCs. It is demonstrated that 

ultrathin photonic-enhanced perovskite (250 nm) cells can particularly benefit from higher 

open circuit voltage and fill factor, thus reaching absolute PCEs as high as 24.1%, despite hav-

ing a big portion of the UV radiation blocked by the front CB grating structure (which can lead 

to higher stability), since an unprecedented PCE improvement (>28%) is shown compared to 

their counterpart reference planar cell without the CB pattern.  

Owing to its simple design, the CB grating pattern can be fabricated on the front contact 

of the PSCs by scalable micro-patterning techniques such as nanoimprint (NIL). This litho-

graphic method does not use water in its process, unlike other soft-lithography processes (e.g. 

colloidal lithography), which is highly advantageous for perovskite-based PV since they are 

highly sensitive to moisture.   

The experimentally developed LDS material (t-U(5000)/Eu3+) is hereby shown to have 

potential in PSC technology, as a means of improving perovskite stability without sacrificing 

PV performance. From the analysis with this LDS material, it is shown that one can obtain a 

complete reduction (91-94%) in the harmful photo-generation in the TiO2, as well as in the 

interface of perovskite/TiO2 layers, coupled with an increase in the bulk photogeneration 

within the perovskite absorber. 

The LDS materials theoretically studied here for PSC application were already experimen-

tally verified, yielding a PCE increase in c-Si (~27% enhancement) [79] and in PTB7-Th:ITIC–

based organic solar cells (~22% enhancement) [90], [291]. As such, similar gains are expected 

in perovskite-based PV using t-U(5000)/Eu3+.    
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8  

CONCLUSIONS AND FUTURE PERSPECTIVES 

The high absorption coefficient and direct bandgap at appropriate energy of perovskite-

based materials allow them to act as effective sunlight absorbers in thin film solar cells, thus 

having less need for absorption enhancement via LT solutions relative to Si-based thin-film 

PV. This explains why there have been little advances so far on photonic strategies applied to 

PSCs. Nevertheless, the novel optimized photonic designs presented here, based on different 

optical strategies, demonstrated unprecedented optical and electrical gains in PSCs.     

In a first work (Chapter 2), the wave-optical TiO2 front structures incorporated in the usual 

TiO2 ETM of PSCs, were shown to improve substantially the absorption in the perovskite ab-

sorber for wavelengths above 600 nm, due to the strong anti-reflection (mainly in VIS) and 

light scattering (in NIR) effects. This allows remarkable photocurrent gains, which should 

translate into similar efficiency enhancements since the LT structures are patterned over the 

cells, therefore they are not expected to degrade the electric performance. These enhancements 

become increasingly pronounced with decreasing perovskite thickness, thereby allowing thin-

ning the cell absorber while increasing its photocurrent. For instance, the optimized void struc-

tures, which were shown to be more optically favorable than the domes, enable a PSC with a 

thin (250 nm) Perovskite thickness to supply a 28.62 mA/cm2 photocurrent density, which is 

10.3% higher than that (25.95 mA/cm2) attained with the conventional perovskite thickness 

(500 nm) coated with an optimized planar double-layer ARC.   

In addition to their strong optical role, the developed front-located LT structures can allow 

important improvements in the operational stability of perovskite solar cells. On one hand, 

their TiO2 material blocks almost all the UV light from entering the cell, thus protecting the 

device against degradation from such harmful radiation. On the other hand, the high aspect 

ratio of the photonic microstructures renders the top surface super-hydrophobic (i.e. water-

repellent), allowing water droplets to easily roll-off, carrying away dust or other particles. This 

can therefore contribute to the outdoor robustness of the device, by improving the cell encap-

sulation against water ingress and allowing a self-cleaning functionality [104].   

The second work (Chapter 3) consisted in a preliminary study of the coupling of LDS with 

the previously-optimized LT structures, which was important for a first analysis of the perov-

skite stability, as one obtained a significant reduction in the TiO2 harmful photo-generation by 

one order of magnitude, coupled with an increase in the perovskite’s bulk generation. The LT-

enhanced cells revealed a further decrease in the TiO2 photo-generation near the perov-

skite/TiO2 interface due to the UV shading effect provided by the LT structures. By assessing 

the perovskite UV photocurrent for the different simulated cells, reductions up to 86% were 
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obtained when comparing Jph values for the pristine and LDS-changed spectrum. Therefore, 

from these analyses, we found that the use of LDS avoids the unwanted effects of UV radiation 

on the perovskite, demonstrated by the hefty decrease in UV absorption coupled with the di-

minished TiO2 photoactivity resulting from lower photo-generation.  

In the third work (Chapter 4), we demonstrated the optical advantages of using photonic-

structured substrates to fabricate electrically thin but optically thick solar cells, applied to per-

ovskite PV. In the investigated LT design, the active cell materials are taken to be conformally 

deposited over the photonic substrates. This avoids the otherwise necessary costs associated 

with front-textured photonics applied to the device, as well as the deterioration of the cell 

layers during the implementation of such LT structures in post-processes. For instance, front-

patterned TiO2 LT coatings were proposed in the previous works described in chapters 2 and 

3, and demonstrated high potential for efficiency and even UV stability improvement when 

integrated in the ETL of substrate-type PSCs[19]. This approach, however, requires an addi-

tional manufacturing step that can degrade the highly-sensitive PSC materials located under-

neath, thus posing challenges for its practical realization. 

Furthermore, the solution presented in Chapter 4 can be an extremely cost effective ap-

proach due to the low material usage (no extra material is used in the photonic structuring), 

compared to those reported in the literature[19], [135], as well as being compatible with indus-

trially-attractive processes as soft-lithography and roll-to-roll[119], since the PSCs are depos-

ited with the established fabrication methods onto previously patterned substrates. To accom-

modate state-of-the-art fabrication procedures for the cells, different ETL and HTL materials 

were considered in the superstrate and substrate configurations[170]. Here, it is notable the 

resulting small thickness of the optimized ETL, HTL and TCO layers, since the optical (film-

based) index-matching provides a smaller optical impact than the geometrical index-match-

ing, thence creating a situation where smaller parasitic absorption is preferred.   

We show that by carefully tuning the geometrical features on the substrates one can 

achieve levels of LT enhancement (up to 24.4% with 300 nm and 20.3% with 500 nm perovskite) 

comparable to those of the previous method[19], with the added benefit of a more omni-direc-

tional angular response  (up to 70º) which is of paramount importance for flexible devices. In 

addition to the superior photocurrent (thus efficiency) improvements, the LT solutions de-

signed here reveal that the perovskite thickness can be substantially reduced while maintain-

ing high performance, as the Jph values attained with the 300 nm LT-enhanced cells are con-

siderably higher than those of the conventional 500 nm planar references (see Table 5). Such 

reduction in perovskite thickness from 500 to 300 nm can bring important competitive ad-

vantages: 1) an almost 2-fold reduction in the amount of the environmentally-toxic lead (Pb) 

compound, as well as in the material costs associated to the perovskite material (with no ad-

ditional material costs for the LT structures since they are incorporated in the substrates); 2) a 

potential 3-fold increase in the device flexibility due to the reduced absorber thickness. 
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Lastly, photonic substrates as those investigated here can also be straightforwardly 

adapted to different types of thin-film solar cells (e.g. Si-based, CIGS, CZTS, Organic, etc.) via 

a fine-tuning of the geometrical parameters using a similar methodology.    

Next, in Chapter 5 we extended our modelling methodology to account for the electrical 

mechanisms of PSCs, and thereby simulate their full optoelectronic response. The outcomes 

from this study contribute to corroborating and providing a new understanding of the under-

lying physical effects occurring in this emerging type of photovoltaic devices. It was shown 

that photonic-enhanced PSCs with ultra-thin perovskite layer (300 nm) outperform state-of-

the-art planar PSCs with conventionally thicker perovskite layer (500 nm) by a significant mar-

gin (25.4% PCE enhancement). It is also demonstrated that the ultra-thin photonic-enhanced 

PSCs can realistically reach remarkable 26.7% PCE values if we consider electronic properties 

similar to those of the state-of-the-art PSCs. 

From an optical standpoint, the less-reflective (although inexpensive) Ni rear metal con-

tact also showed higher photocurrent for photonic-structured PSCs compared to the planar 

PSCs with Au or Ag.  

Nonetheless, of particular interest for any application of photonic solutions in PSCs, are 

the full device modelling studies developed here that help understand how light trapping can 

influence the electrical device performance. This study also unveils how the PV performance 

is practically independent of the type of field distribution (homogeneous/inhomogeneous: 

regular/irregular) generated by the optical strategy in the perovskite absorber, as demon-

strated experimentally [68]. Furthermore, 1D and 3D electrical device modelling showed al-

most identical solar cell performance, which will certainly motivate the PV community to sim-

ulate solar cells with ever complex geometry in a less time-consuming and straightforward 

way, without significantly compromising accuracy.  

In another remark, although carrier recombination effects can significantly reduce the per-

formance of PSCs, the increase in surface recombination arising from the higher surface area 

of the photonic structures is more than compensated from the photocurrent gain; further sup-

porting the case towards the adoption of high efficiency and flexible PSCs fusing LT structur-

ing. Moreover, this also indicates that the prospective design of powerful optical strategies for 

PSCs should primarily focus on the optimization of the broadband absorption in the perov-

skite material via industrially-viable LT designs, without imposing electrical-based constraints 

that restrict the photonic domains. 

In summary, this work constitutes an unprecedented step for the rigorous modelling of 

PSCs, contributing to the development of accurate simulation tools that can be of great use by 

the PV industry - where the prediction of the full optoelectronic response of the devices is of 

extreme importance. Besides, the build-up of tools to import and simulate arbitrary device 

geometries and generation profiles opens new pathways to investigate novel design concepts.    

Chapter 6 presents an exploration of unprecedented LT designs, which deserved strong 

attention by the photonics and PV community. It is known fact that surface textures increase 
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the absorption of sunlight in photovoltaic materials, therefore, the optical strategies leading to 

powerful LT often neglect their technological practicalities. For example, engineering the de-

sired diffraction pattern into a structure via its k-space representation may result in its arbi-

trary appearance in real space, e.g. the QR supercell approach. Such a fine-tuned structure 

then becomes difficult to fabricate on a large scale, to monitor for imperfections and to modify, 

if needed later on. 

Here, we moved the focus from the structure to the arrangement of its basic element. We 

outlined how arranging grating lines yields the same high performance of sophisticated de-

signs but with practical advantages. We thereby introduced the concept of the photonic do-

main and show how the combination of Fourier analysis and current depth profile allows to 

fully assess all relevant aspects of light-trapping designs for solar cells. For example, the check-

erboard pattern shows much simplicity in design, reduced surface area, and high robustness 

to imperfections. We expect our simple design principle to impact not only in the solar cell or 

LED sector but also in applications where a disruptive function is required on large areas, such 

as acoustic noise shields, wind break panels, anti-skid surfaces, liquid control devices, bio-

sensors and atomic cooling [310].    

In the last work (Chapter 7), motivated by the previous results of Chapter 6 and Chapter 

3, an optimized quasi-random checkerboard (CB) pattern grating structure was applied and 

then coupled with an LDS coating on the front contacts of PSCs. The structures showed both 

an important increase in photocurrent (25%) and an omnidirectional response over large 

oblique angles (0–70 degrees). Electrically, it is also shown that the ultra-thin devices also ben-

efit from an increased open circuit voltage and fill factor, leading to an absolute PCE as high 

as 24.1% — corresponding to a >28% gain compared to the reference planar cell. Regardless, a 

large portion of UV radiation is being blocked by the front CB grating — thus also contributing 

to the perovskite stability. 

This study demonstrates how the experimentally developed LDS material (t-U 

(5000)/Eu3+) has the potential to improve perovskite stability without sacrificing PV perfor-

mance. It is shown that this LDS material can reduce by ~94% the harmful photo-generation 

in the TiO2 layer as well as in the interface of perovskite/TiO2 layers. Despite t-U (5000)/Eu3+ 

acting as a perfect UV encapsulant layer, the overall device performance is expected to even 

improve slightly. The gain in PCE is more noticeable for planar PSCs without LT (+6.9%) com-

pared to LT-enhanced PSCs (+1.6%). The improvements demonstrated in our theoretical anal-

ysis for the studied LDS layer in PSCs are expected to be attained experimentally in real solar 

cells, as the LDS layer composed of such materials has already allowed pronounced gains in 

c-Si and PTB7-Th:ITIC–based organic solar cells shown experimentally.  

Considering all the benefits demonstrated by the innovative photonic schemes studied 

throughout this thesis, the next step for this work is to test them in real PSC devices with a 

highly promising potential to boost efficiency and stability. As a future prospect, these optical 



 115 

micro-structures (particularly the CB gratings) also offer the possibility to realize different 

structural colors, which would improve the aesthetic appeal of PV technology.    
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A  

 

APPENDIX 

A.1 Material data 

The complex refractive indices (N=n+ik) of the materials considered in FDTD simulations 

performed in this work were taken from literature databases [19], [175] and are plotted in Fig-

ure A1.  

 

 

Figure A1: Spectra of the real, n (a), and imaginary, k (b), parts of the complex refractive indices of 
the materials used in this work.    

 

The perovskite absorber material is taken to be methylammonium lead iodide, MAPbI3, 

with a widely-used refractive index function fitted from measured values provided by L. J. 

Phillips et al.[175], [311]. However, the measured dataset (n, k) of PSCs are varied with different 

fabrication conditions and process materials used. Given that, the optical simulations also per-

formed considering a different measured refractive index provided by M. V. Eerden et al. [176], 

in this work.     
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A.2 Supporting material for optoelectronic modelling 

Table A1: Geometrical parameters of the photonic-structured PSCs as sketched in Chapter 5 that 
allow the maximum photocurrent (JPH) determined by the optical PSO optimizations. The values of the 
photocurrent gain relative to the reference (planar) PSCs are indicated in brackets. R, Rz and p define 
the geometry of the designed LT structures patterned on the substrates, and the t values represent the 
thickness of specific layers. These quantities were chosen as variables in the optimization algorithm that 
iteratively searched for the optimal set of parameters that maximizes the photocurrent produced by the 
perovskite material. 

Light Trapping 

Structures 

300 nm Perovskite layer 500 nm Perovskite layer 

Optimal 

Parameters 

JPH , mA/cm2 

(LT 

enhancement) 

Optimal 

Parameters 

JPH , mA/cm2 

(LT 

enhancement) 

Superstrate Configuration 

Optimized Planar 

PSCs with Au 

metal contact   

tITO = 350 nm 

tSnO2 = 25 nm 

tSpiro = 150 nm 

tAu = 200 nm 

23.5  

tITO = 350 nm 

tSnO2 = 25 nm 

tSpiro = 150 nm 

tAu = 200 nm  

25.1  

Optimized Struc-

tured PSCs with Au 

Metal Contact   

tITO = 350  nm 

tSnO2 = 25 nm 

tSpiro = 150 nm 

tAu = 200 nm  

R = 518.4 nm 

Rz = 627.4 nm 

p = 1100.6 nm 

27.2  

(15.3%) 

tITO = 350 nm 

tSnO2 = 25 nm 

tSpiro = 150 nm 

tAu = 200 nm 

R = 445.4 nm 

Rz = 669.7 nm 

p = 907.3 nm  

30.3 

(20.7%) 

Optimized Planar 

PSCs with Ag 

Metal Contact   

tITO = 350 nm 

tSnO2 = 25 nm 

tSpiro = 150 nm 

tAg = 200 nm 

23.6 

tITO = 350 nm 

tSnO2 = 25 nm 

tSpiro = 150 nm 

tAg = 200 nm  

25.2  

Optimized Struc-

tured PSCs with Ag 

Metal Contact   

tITO = 350  nm 

tSnO2 = 25 nm 

tSpiro = 150 nm 

tAg = 200 nm  

R = 527.1 nm 

Rz = 627.4 nm 

p = 1096.8 nm 

27.3 

14.7% 

tITO = 350 nm 

tSnO2 = 25 nm 

tSpiro = 150 nm 

tAg = 200 nm 

R = 263.0 nm 

Rz = 655.4 nm 

p = 526.0 nm  

30.6  

(21.4%) 

Substrate Configuration 

Optimized Planar 

PSCs with Au 

Metal Contact 

tITO = 350 nm 

tZnO = 100 nm 

tNiO = 50 nm 

tNi = 200 nm 

22.6  

tITO = 350 nm 

tZnO = 100 nm 

tNiO = 50 nm 

tNi = 200 nm 

24.6  
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Optmized Struc-

tured  PSCs with 

Au Metal Contact 

tITO = 350 nm 

tZnO  = 100 nm 

tNiO  = 10 nm 

tAu = 200 nm  

R  = 254.2 nm 

Rz = 662.8 nm 

p = 508.4 nm 

27.6  

(22.1%) 

tITO = 350 nm 

tZnO  = 100 nm 

tNiO  = 10 nm 

tAu = 200 nm  

R  = 420.8 nm 

Rz = 677.1 nm 

p = 920.2 nm 

28.8 

(14.7%)  

 

 

Subsequently, as described in Chapter 5, three different software packages were used for 

the electrical simulations: TiberCAD [201], Lumerical-CHARGE [202] and Sentaurus Tcad 

[203], for the realistic prediction of the PV performance of PSCs. Each solver requires adapting 

the simulation environment differently, as explained next for each case.      

 

• TiberCAD 

 

The transport simulations presented in sub-section 5.3.2.1 employed the drift-diffusion 

model implemented in the simulation software TiberCAD [201], discretized with FEM and 

employing a Newton method with line search for the solution of the non-linear equations. The 

model follows the previously-described formalism, based on the generalized van Roosbroeck 

equations consisting of a system of partial differential equations, namely the Poisson equation 

and the continuity equation for each carrier is considered. However, here the Poisson equation 

determines the electrostatic potential V from the sum of charge densities resulting from all free 

charged carriers (n, p) as well as from ionized donors (𝑁𝑑
−) and acceptors (𝑁𝑎

+). The continuity 

equations describe the transport of carriers included in the system. The carrier fluxes are writ-

ten in terms of the gradient of quasi-Fermi potentials. Mobilities are assumed to be constant, 

with values used as fitting parameters. For the recombination terms, we use standard models, 

in particular bi-molecular (radiative) recombination and trap-assisted (Shockley-Read-Hall, 

SRH) recombination. The latter can be parameterized via explicitly introducing trap states, or 

via fixed SRH life times. In our fitting procedure, we used SRH lifetimes to keep the number 

of parameters small, and because trap density and capture cross-section are highly correlated 

(only their product enters the lifetime). 
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Table A2: Parameters used for the electrical simulations in sub-section 5.3.2.1, considering the PSC 
structure in Chapter 5 with a 300 nm thick perovskite absorber. 

Material Parameters Value Unit 

Perovskite 

Absorber 

Conduction band minimum -3.93 eV 

Valence band maximum -5.53 eV 

Bandgap 1.6 eV 

Effective density of states of the conduction band 1.5x1018 cm-3 

Effective density of states of the valence band 1.8x1018 cm-3 

Dielectric permittivity (relative) 25  

Electron mobility 5 cm2 (Vs)−1 

Hole mobility 10 cm2 (Vs)−1 

Radiative recombination coefficient 2x10-9 cm3 s-1 

SRH lifetime bulk 2.0x10-7 s 

Absorber/HTL 

Interface 
Interface recombination parameter, C 10-19 cm4 s-1 

 

In an intermediate step, the optical generation files are read in Matlab and rewritten into 

an ASCII text file in column format “x y z G”, which is read by TiberCAD. Based on the data 

points, a FEM mesh is generated, on which the data can be interpolated. Then, the transport 

simulation is performed on the device mesh, taking the generation data on the integration 

points by interpolation. The implementation is parallelized, which considerably accelerates 

the 3D simulations. In these simulations, a speedup factor of 11 and 19 has been measured, for 

16 and 32 processes, respectively. A critical issue in such coupled simulations is the translation 

of the generation rate from the optical to the electrical modeling, due to the grid change. For 

that, to minimize interpolation errors, we accurately matched the optical grid with the electri-

cal grid.  

The list of electronic properties that were used is presented in Table A2. Our simulation 

accounts for two main bulk recombination mechanisms: radiative and SRH, whose profiles 

along the planar and structured PSCs are shown in Figure A2 and commented in sub-section 

5.3.2.1 of Chapter 5. As expected, it can be seen that higher recombination occurs in the regions 

of higher carrier generation. In addition a bimolecular interface recombination rate at the per-

ovskite/HTL interface is included, given by 𝑅 = 𝐶 ∙ 𝑛𝑃𝑆𝐾𝑝𝐻𝑇𝐿, with parameter C given in units 

of cm4 s-1, and 𝑛𝑃𝑆𝐾 and 𝑝𝐻𝑇𝐿 being the electron and hole densities in the two layers at the 

interface. 
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Figure A2: Radiative (a,c) and SRH (b,d) recombination profiles, obtained from the 3D electrical 
simulations in TiberCAD, for the cases of optimized planar and structured  PSCs, respectively, in sub-
strate configuration with perovskite thickness of 300 nm and Au metal contact (see Table A1).  

  
 

• Lumerical-CHARGE 

 

As described in Chapter 5, 1D electrical simulations are sufficient to rigorously model 

conventional solar cells composed of a flat multi-layered structure, as the reference PSCs with-

out LT features. In such common planar cases, the photo-generation profile varies only along 

the vertical direction (z axis), but is constant along the in-plane axes (x and y). 

Nevertheless, when micro-structuring is applied to create the LT effects, the photo-gener-

ation profile varies along the 3 spatial directions. In such cases, the use of 3D simulations 

would be the most realistic/exact procedure, to avoid spatially averaging the 3D photo-gen-

eration profiles in the x and/or y planes. However, 3D simulations require heavy time and 
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memory costs when performed with the fine meshes used for the accurate FEM electrical mod-

elling of photonic-structured PSCs. To circumvent this without significant loss of computa-

tional accuracy, 2D simulation routines were implemented which can be computed within a 

reasonable time and with the available processing/memory capabilities. 

 

Table A3: Electrical parameters considered for the materials (ITO/SnO2/PSK/Spiro/Au) compos-
ing the planar and LT-enhanced PSCs with the geometrical parameters listed in Table A1 with Au and 
Ag metal contacts. 

 

The electrical simulations performed in section 5.3.2.2 employed the Lumerical-CHARGE 

FEM solver [202]. This package receives the photo-generation distribution, G(x,y,z), across the 

unit cell of the PSCs structure computed in the 3D optical simulations performed with the 

Lumerical-FDTD solver. The 3D photo-generation is then spatially averaged along the y axis 

to convert it to a 2D distribution, G(x,z), which is imported to the 2D Lumerical-CHARGE 

program. The FEM calculations are then performed by first applying a 2D coarse mesh (with 

30 nm maximum length constraints), and auto-mesh refinements (typically <10 times smaller 

than the geometrical sizes) across the regions with the highest E-field variations, as those 

where there are changes in doping density. A boundary condition controlling the bias is set 

on both Au metal (emitter contact) and TCO (base contact) where a steady-state DC sweep is 

run from 0.0 to 1.5 V applied voltage (0.025 V interval). Newton’s numerical method was used 

for a self-consistent control of the calculation, iterating between calculating the drift-diffusion 

equation and using it as an input to solve Poisson’s (electrostatic potential) equation, and vice 

versa. This iteration was carried out until an absolute tolerance <10-6 V is reached for conver-

gence. The output containing the spatial information of the electrostatic potential, the electron-

hole distribution, recombination rates, and mobility is used to compute the PSC characteristic 

JV curves. The list of electronic properties used in this simulation is represented in Table A3.   

 PSK SnO2 Spiro+ ITO Au Ag 

Intrinsic properties       

dc permittivity 6.5 9.0 3.0    

Φ (eV) 3.93 4.9 3.80 4.50 5.1 4.9 

Eg (eV) 1.55 3.7 2.30    

#m*
e 0.104 1.18 0.05    

#m*
h 0.104 0.81 1.00    

oµe (cm2/V s) 30.0 0.2 2.0    

oµh (cm2/V s) 30.0 0.1 0.001    

XSRHh (s) 5-9 5x10-9 1x10-10    

XSRHe (s) 5-9 1x10-9 1x10-10    

Doping properties       

Dopant type n p p 

Conc.  (cm-3) 7x1016 1x1012  2x1020  
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In what concerns the recombination processes, the dominant recombination pathway in 

PSCs is found to be trap-assisted (SRH), as shown in Figure A2. Therefore, to simplify the 

simulations and minimize the number of involved parameters to the most fundamental ones, 

SRH was the only recombination process considered here, while the other two recombination 

processes (radiative and Auger) were taken to be negligible relative to SRH. 

 

• Sentaurus Tcad  

 

The electrical simulations presented in sub-section 5.3.2.3 employed the drift-diffusion 

model implemented in the commercial semiconductor software Sentaurus Tcad (from Synop-

sys Inc.) [203]. It is based on solving the drift-diffusion partial differential equations together 

with the Poisson equation (eqs. S3-5) in spatial dimensions with a finite volume method. Here 

we considered the list of electronic properties presented in Table A4.   

The simulations performed using this tool focused on the interplay of interfaces and spa-

tial distribution of the generation profiles, which is a crucial aspect for structured devices such 

as those analyzed here (see Chapter 5) patterned with the light-trapping features. To this end, 

we created 2D, planar 3D (Cuboid) and 3D-structures representing the superstrate configura-

tion with Au contacts. A decisive question addressed here is whether a 3D-structure really 

requires a complete 3-D electrical simulation (with its corresponding CPU and Memory de-

mand) or whether 1- or 2-D electrical simulations based on homogenized optical data could 

lead to very similar results, thus reducing the computational effort significantly. 

To work on the 3D structure, the simulation flow had to be adapted to be able to synthe-

size the discrete topography from the provided geometric descriptions (see Table A1) and to 

integrate the provided 3D-generation data [G(x,y,z), see Chapter 5]. Especially the integration 

of the optical generation data proved challenging to align correctly. As the generation data 

was provided in a cubic voxel grid, but the geometric structure is continuous, simple overlay-

ing would lead to aliasing effects at the interfaces, reducing the generated current. To coun-

teract this problem, the generation data was pre-processed to constantly extrapolate the gen-

eration values at the interfaces outwards, to later intersect the data with the continuous geo-

metric structure (see Figure A3). 

The aliasing effects also play a role in the vertex-centered simulation mesh. Specifically, 

the discontinuous generation profile leads to problems of current over-accounting at the inter-

faces. The 1D simulations can be executed with a mesh resolution of 1000 steps per nanometer 

which does not lead to measurable over-accounting. However, this resolution cannot be main-

tained for the present 3D-simulations, in which the mesh resolution drops to 1 step per every 

2 nanometers at the interfaces and 1 step every 20 nanometers in the bulk.  
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Figure A3: Impact of extrapolation on the interface generation rate (G). a) - with extrapolated gen-
eration. b) - without extrapolated data. 

 
 
The resolution of the discretized mesh was increased until the numerical integration of 

the generation rate JPH converged. This provided a sufficiently accurate spatially resolved rep-

resentation of the generation data provided by the optical simulations (see Chapter 5) while 

keeping the required computational effort to run the simulations manageable. To focus on the 

effect of the interfaces between the absorber and HTL / ETL, the physical parameters were 

chosen such as to minimize effects due to other factors impacting the device performance, e.g. 

band energy mismatch or low mobility in the ETL. Outside the perovskite layer, the device 

can be considered idealized, except for a serial resistance of 3.3 mΩcm-2.  

 

 

Figure A4: The normalized 1D generation profiles (a) across the absorber thickness, as well as the 
SRH recombination profile (b) at the maximum power point obtained in Sentaurus Tcad electrical mod-
elling.      

 

Figure A4,a shows an example of the normalized 1D generation profiles of the inhomoge-

neous and homogeneous (averaged constant field) generation functions that were created 

from the 3D-optically computed G(x,y,z) data, by first planarizing the 3D generation profile, 

G, and then integrating along the in-plane directions (x,y). Such profiles were used for the 1D 

electrical simulations in Sentaurus Tcad in sub-section 5.3.2.3 of Chapter 5. Figure A4,b depicts 

the cross-section of the SRH recombination profile across the perovskite absorber, and in the 
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HTL/ETL interface surfaces, resulting from the 3D electrical simulations in Sentaurus Tcad in 

sub-section 5.3.2.3.     

 

Table A4: Parameters used for the electrical simulations in sub-section 5.3.2.3, considering the PSC 
structure of Chapter 5 with a 300 nm thick perovskite absorber. 

Material Parameters Value Unit 

Perovskite 

Absorber 

Conduction band minimum -4.0 eV 

Valence band maximum -5.6 eV 

Bandgap 1.6 eV 

Effective density of states of conduction band 5x1018 cm-3 

Effective density of states of valence band 5x1018 cm-3 

Dielectric permittivity (relative) 25  

Electron mobility 10 cm2 (Vs)−1 

Hole mobility 10 cm2 (Vs)−1 

Radiative recombination coefficient 10-11 cm3 s-1 

SRH lifetime bulk 2.5x10-7 s 

Absorber/HTL or 

ETL Interface 
SRH surface recombination velocity, S0 140 cm s-1 
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A.3 Fast Fourier Transform analysis  

The Fourier-series of a surface structure is based on its aperture function, defined as a 

binary matrix A whose non-zero elements (alias apertures) are 1. If one pixel stands for a 5 nm 

width in real space, A contains as many copies of the unitcell-array in its rows and columns as 

necessary to span an area of ca. 500 µm2. After a fast Fourier transform of 𝑒𝑖𝜋𝐴, the Fourier-

components are found by shifting the zero-frequency to the center of the array. For instance, 

the following FFT profile of modulated grating lines by 60-degree rotation is shown in Figure 

A5.    

 

Figure A5: Modulating grating lines not by a 90-degree rotation, as the checkerboard pattern in 
Chapter 6, but by a 60-degree rotation yields a star-like diffraction pattern. Here, the optimised param-
eters of the checkerboard pattern are adopted: 242 nm line width, 575 nm grating period and 925 nm 
domain length; the unit cell thus has a size of 2.775 x 2.775 µm2. The increase in surface area is 85% with 
respect to the flat 1 µm c-Si reference slab. The short-circuit currents are 5.37 mA/cm2 for the surface 
structure and 22.81 mA/cm2 for the bulk layer, generated by carriers within and beyond 190 nm depth, 
respectively.  

 

The following two tables were used to identify four criteria that correlate with current 

gains for CB pattern in thin film silicon solar cells (see Chapter 6).  

 
Table A5: The Fourier-series of a surface structure defines a diffraction pattern in k-space. Here, 

the energy distribution (ED) quantifies the components’ contribution to the total diffracted energy. We 
list the contribution by the strong components as EDstrong and the contribution of the inner k-region as 

EDk<21/µm with 𝑘 = √𝑘𝑥
2 + 𝑘𝑦

2. A strong component contains at least 15% of the global peak value. The 

surface area factor (SAF) quantifies the increase in surface area compared to the unstructured slab while 
respecting the periodic boundary conditions. The bulk- and surface-current refer to the carriers gener-
ated only beyond and within the etching depth d of a textured crystalline silicon slab with 1 µm total 
thickness, respectively. The X-factor is given by Eq. 6.  
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 *peak height  *surface area factor - - - - - - - - mA/cm2 - - - - - - - - 

Name 

# strong com-
ponents 

EDstrong EDk<21 SAF* X bulk surface total 

≥15% PH* strong only Ɐk < 21 factor factor d > 190nm d < 190nm 1 µm 

Planar Ref     0.98 10.10 4.63 14.73 

2D-0.96 1 0.992 0.993 1.053 1.00 10.20 4.70 14.90 

2D-0.92 1 0.970 0.972 1.106 1.01 10.25 4.72 14.98 

2D-0.88 1 0.942 0.948 1.159 1.01 10.47 4.78 15.25 

2D-0.84 1 0.894 0.915 1.211 1.03 10.83 4.90 15.74 

2D-0.80 1 0.846 0.888 1.264 1.06 10.31 6.03 16.35 

1D-0.04 1 0.834 0.849 1.661 1.08 14.86 0.58 15.44 

1D-0.96 1 0.834 0.849 1.661 1.08 11.85 5.14 16.99 

2D-0.76 1 0.777 0.861 1.317 1.10 11.83 5.17 17.00 

1D-0.08 1 0.682 0.741 1.661 1.12 14.95 1.05 16.00 

1D-0.92 1 0.682 0.741 1.661 1.12 12.84 5.34 18.18 

2D-0.72 1 0.714 0.845 1.370 1.16 12.51 5.33 17.84 

2D-0.04 1 0.689 0.716 2.269 1.16 16.16 1.17 17.33 

1D-0.12 1 0.572 0.685 1.661 1.17 14.96 1.84 16.80 

1D-0.88 1 0.572 0.685 1.661 1.17 13.55 5.61 19.16 

PhC_a300_0.1 1 0.896 0.901 2.791 1.19 10.57 4.83 15.41 

2D-0.08 1 0.445 0.545 2.216 1.24 16.52 2.02 18.55 

2D-0.68 1 0.629 0.834 1.423 1.25 13.30 5.57 18.86 

1D-0.48 2 0.807 0.809 1.661 1.26 15.98 3.99 19.96 

1D-0.52 2 0.807 0.809 1.661 1.26 15.76 4.40 20.16 

1D-0.44 2 0.785 0.798 1.661 1.28 15.80 3.92 19.72 

1D-0.56 2 0.785 0.798 1.661 1.28 14.70 5.61 20.31 

1D-0.42 2 0.757 0.785 1.661 1.29 15.95 3.57 19.52 

PhC_a300_0.2 1 0.605 0.674 3.228 1.29 12.44 5.53 17.97 

1D-0.24 5 0.854 0.652 1.661 1.30 15.51 2.70 18.21 

1D-0.76 5 0.854 0.652 1.661 1.30 15.29 5.43 20.72 

1D-0.28 5 0.870 0.674 1.661 1.30 15.34 2.97 18.32 

1D-0.72 5 0.870 0.674 1.661 1.30 15.71 5.45 21.16 

PhC_a300_0.4 4 0.624 0.312 4.276 1.30 14.83 5.76 20.59 

1D-0.40 2 0.733 0.773 1.661 1.31 15.52 3.92 19.45 

1D-0.60 2 0.733 0.773 1.661 1.31 15.76 4.78 20.54 

1D-0.20 5 0.824 0.640 1.661 1.33 15.90 2.33 18.23 

1D-0.80 5 0.824 0.640 1.661 1.33 14.81 5.45 20.27 

1D-0.32 5 0.873 0.709 1.661 1.33 15.73 3.13 18.86 

1D-0.68 5 0.873 0.709 1.661 1.33 15.86 5.24 21.10 

2D-0.64 1 0.538 0.831 1.476 1.35 14.10 5.69 19.79 

1D-0.16 5 0.798 0.648 1.661 1.36 15.71 2.18 17.89 

1D-0.84 5 0.798 0.648 1.661 1.36 14.37 5.55 19.93 

2D-0.12 1 0.295 0.472 2.163 1.38 17.20 3.50 20.69 

1D-0.36 5 0.860 0.747 1.661 1.39 15.95 3.27 19.21 
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1D-0.64 5 0.860 0.747 1.661 1.39 15.77 5.02 20.79 

2D-0.60 1 0.462 0.832 1.529 1.45 15.20 5.91 21.11 

QR32_E8-E12 174 0.477 0.033 3.884 1.47 18.23 6.44 24.67 

PhC_a300_0.3 9 0.824 0.442 3.752 1.47 13.79 5.85 19.64 

2D-0.16 13 0.769 0.443 2.110 1.50 18.94 3.98 22.92 

2D-0.20 13 0.776 0.457 2.057 1.50 19.43 4.23 23.66 

2D-0.24 9 0.698 0.504 2.005 1.52 18.86 4.76 23.62 

2D-0.28 8 0.702 0.556 1.952 1.53 18.87 5.15 24.02 

QR32_E6-Einfi 560 0.535 0.020 4.756 1.55 16.50 6.45 22.94 

PhC_a300_0.5 5 0.615 0.444 4.713 1.56 13.51 6.60 20.11 

2D-0.32 12 0.771 0.627 1.899 1.62 19.39 5.45 24.84 

2D-0.56 5 0.677 0.831 1.582 1.64 16.33 6.12 22.45 

2D-0.48 9 0.810 0.810 1.687 1.65 18.44 6.14 24.58 

2D-0.52 5 0.664 0.826 1.634 1.65 17.52 6.19 23.71 

2D-0.44 9 0.786 0.786 1.740 1.65 18.78 6.27 25.05 

2D-0.42 9 0.761 0.761 1.765 1.65 19.31 5.91 25.22 

2D-0.40 9 0.741 0.741 1.793 1.66 18.69 6.28 24.96 

2D-0.36 13 0.786 0.694 1.846 1.66 19.43 5.61 25.04 

Spiral 17 0.610 0.387 2.993 1.68 19.50 5.03 24.54 

QR-inverse 236 0.551 0.087 3.634 1.76 18.40 6.32 24.72 

CBx2-0.54 17 0.735 0.769 1.822 1.78 20.83 6.15 26.98 

CBx2-0.57 17 0.763 0.802 1.822 1.78 19.86 6.23 26.09 

CBx2-0.51 21 0.765 0.754 1.822 1.78 21.52 6.17 27.69 

CBx2-0.48 21 0.748 0.748 1.822 1.79 22.18 6.04 28.22 

CBx2-0.60 5 0.452 0.861 1.514 1.79 18.61 6.09 24.70 

CBx2-0.45 25 0.762 0.753 1.822 1.80 22.44 5.95 28.39 

CBx2-0.42 24 0.751 0.763 1.823 1.81 22.66 5.76 28.42 

CBx2-0.39 22 0.734 0.771 1.823 1.81 22.91 5.38 28.29 

CBx2-0.36 23 0.747 0.783 1.822 1.81 22.86 5.21 28.07 

CBx2-0.30 23 0.740 0.780 1.822 1.81 22.73 4.57 27.30 

CBx2-0.33 23 0.744 0.784 1.822 1.81 22.94 4.87 27.81 

QR8b-V 13 0.554 0.822 1.716 1.84 22.29 4.18 26.47 

QR32_E0-
E3_Real 

29 0.719 0.785 1.914 1.85 21.50 4.64 26.14 

CBx3 24 0.603 0.742 1.850 1.85 22.81 5.37 28.18 

QR32_E3-Einfi 514 0.500 0.085 4.529 1.87 19.01 6.88 25.89 

QR8b 58 0.632 0.667 2.219 1.90 21.83 6.86 28.70 

QR8b-VI 47 0.605 0.751 1.861 1.90 22.16 6.18 28.34 

QR32b 128 0.640 0.473 2.925 1.91 22.85 6.67 29.52 

QR32_E0-E7a 131 0.676 0.559 2.502 1.92 23.03 6.18 29.21 

QR32_E0-E7b 137 0.682 0.569 2.479 1.92 22.78 6.17 28.95 

QR32_E0-E6 119 0.668 0.640 2.503 1.93 22.98 6.00 28.97 

QR54-Random 967 0.447 0.097 4.472 1.93 19.33 6.71 26.04 

L Limit     2.24 23.28 10.38 33.65 
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Table A6: The correlation coefficient R between X (Eq. 1) and the FDTD-calculated Jtot/Jref of 83 
different structures is greater than 0.96 for all n<21 and k*<22. The #-marked columns also include five 
additional photonic crystal structures with a square unit cell size of 300 nm only. 
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