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density, Tbl: barrier layer thickness, T: temperature and U: anodization voltage.....24 

 

Table 3.1. Primary performance parameters values of the best-performing MAPbI3 

devices measured at 1 SUN A.M. 1.5 illumination (100 mWcm-2). Voc: open-circuit 

voltage, Jsc: short circuit current density, FF: fill factor and PCE: power conversion 

efficiency. ......................................................................................................................67 

Table 3.2. Primary performance parameters values of the best-performing 

CsFAMAPbIBr devices measured at 1 SUN A.M. 1.5 illumination (100 mW/cm2). Voc: 

open-circuit voltage, Jsc: short circuit current density, FF: fill factor and PCE: power 

conversion efficiency. ..................................................................................................69 

 

Table 5.1. TiOx-solution volumes deposited on the top of wBL-NAA substrates via 

drop-casting. .................................................................................................................95 

Table 5.2. Conditions of the MAPbI3 perovskite precursor solutions depositions. Sub: 

substrate, Ss: spin speed, Ac: spin acceleration. ........................................................97 

Table 5.3. Conditions of the spiro-OMeTAD solutions deposition. Sub: substrate, Ss: 

spin speed, Ac: spin acceleration. ...............................................................................98 

Table 5.4. Conditions of the solutions depositions. C: concentration, Vd: deposited 

volume, Ss: spin speed, Ac: spin acceleration, T: spin time. ......................................99 

Table 5.5. Primary performance parameters values of the best-performing nPCSs 

devices measured at 1 SUN A.M. 1.5 illumination (100 mWcm-2). Voc: open-circuit 



 
XV 

 

voltage, Jsc: short circuit current density, FF: fill factor and PCE: power conversion 

efficiency. ................................................................................................................... 115 

Table 5.6. Best conditions of the solutions depositions to obtain the appropriate 

nanostructure layer thicknesses. C: concentration, Vd: deposited volume, Ss: spin 

speed, Ac: spin acceleration, T: spin time. ............................................................... 118 

 

Table 6.1. Conditions of the prepared titanium dioxide nanoparticles dispersions. 

Sub: substrate. ........................................................................................................... 124 

Table 6.2. Conditions of the CsFAMAPbIBr perovskite precursor solution deposition. 

Ss: spin speed, Ac: acceleration speed, T: spin time. .............................................. 125 

Table 6.3. Conditions of the spiro-OMeTAD solution depositions. Ss: spin speed, Ac: 

acceleration speed, T: spin time. .............................................................................. 126 

Table 6.4. Conditions of the different solution depositions in a wBL-NAA with a 

nanoporous film thickness of 650 nm. TC: CsFAMAPbIBr, C: concentration, Ss: spin 

speed, Ac: acceleration speed, T: spin time............................................................. 126 

Table 6.5. Conditions of the WAW multilayers proposed as semi-transparent 

electrodes. ................................................................................................................. 128 

Table 6.6. Tavg: measured average transmittance, Rsavg: measured average sheet 

resistance and FoM: Figure-of-Merit values of the WAW multilayer electrodes as a 

function Ag thickness. ............................................................................................... 144 

Table 6.7. Primary performance parameters values of the best-performing nPCS 

device measured at 1 SUN A.M. 1.5 illumination (100 mWcm-2) in comparation with 

the nPSCs fabricated in the previous chapter. Voc: open-circuit voltage, Jsc: short 

circuit current density, FF: fill factor and PCE: power conversion efficiency. ........ 148 

Table 6.8. Best solutions depositions conditions to obtain the appropriate 

nanostructured layer thicknesses. C: concentration, Vd: deposited volume, Ss: spin 

speed, Ac: spin acceleration, T: spin time. ............................................................... 149 



 
XVI 

 

List of Contributions 

Journal Articles 

1. Caterina Stenta; Desiré Molina; Aurelien Viterisi; María Pilar Montero-Rama; 

Sara Pla; Werther Cambarau; Fernando Fernandez-Lázaro; Emilio 

Palomares; Lluis F. Marsal; Ángela Satre-Santos. Diphenylphenoxy-

thiophene-PDI dimers as acceptors for OPV applications with open circuit 

voltage approaching 1 volt. Nanomaterials (Basel). 2018 Mar 30;8(4):211. 

DOI: 10.3390/nano8040211. 

 

2. Michael Bothe; María Pilar Montero-Rama; Aurelien Viterisi; Werther 

Cambarau; Caterina Stenta; Emilio Palomares; Lluis F. Marsal and Max von 

Delius. Second-Generation Azafullerene Monoadducts as Electron Acceptors 

in Bulk Heterojunction Solar Cells. Synthesis. 2018, 50 (4), 764-771, DOI: 

10.1055/s-0036-1591871. 

 

3. Caterina Stenta; María Pilar Montero-Rama; Aurelien Viterisi; Werther 

Cambarau; Emilio Palomares; Lluis F. Marsal. Solution Processed 

Bathocuproine for Organic Solar Cells. IEEE Transactions on 

Nanotechnology. Volume 17, Issue 1, January 2018, Article number 

8126873, Pages 128-132. DOI: 10.1109/TNANO.2017.2779544 

 

4. María Pilar Montero-Rama, Aurelien Viterisi, Josep Ferré-Borrull, Chris 

Eckstein and Lluis F. Marsal; In-situ Removal of Thick Barrier Layer in 

Nanoporous Anodic Alumina by Constant Current Re-anodization. Surface 

and Coatings Technology. 380, 125039. DOI: 

10.1016/j.surfcoat.2019.125039 



 
XVII 

 

Communications to International Conferences 

1. Michael Bothe, María Pilar Montero-Rama, Aurélien Viterisi, Werther 

Cambarau, Caterina Stenta, Emilio Palomares, Lluis F. Marsal and Max von 

Delius, Organic Solar Cells Based on Azafullerene Acceptors, Graduated 

Student Meeting on Electronic Engineering (GSMEE), Tarragona, Spain, 

2017. Poster 

 

2. María Pilar Montero-Rama, José Guadalupe Sánchez, Caterina Stenta, 

Aurelien Viterisi, Josep Pallarès and Lluis F. Marsal, Thin Film Metal Oxides 

as Electron Transport Layer for Efficient Polymer Solar Cells, Nanoscience 

and Nanotechnology International Conference (NanoPT 2018), Lisbon, 

Portugal, 2017. Poster 

 

3. Michael Bothe; María Pilar Montero-Rama; Aurelien Viterisi; Werther 

Cambarau; Caterina Stenta; Emilio Palomares; Lluis F. Marsal and Max von 

Delius. Polymer Solar Cells made from Azafullerene Acceptors, Stability of 

Emerging Photovoltaics: from Fundamentals to Applications (SEPV18), 

Barcelona, Spain, 2018. Poster 

 

4. Caterina Stenta; Desiré Molina; Aurélien Viterisi; María Pilar Montero-

Rama; Sara Pla; Werther Cambarau; Fernando Fernández-Lázaro; Emilio 

Palomares; Lluis F. Marsal and Ángela Sastre-Santos. Diphenylphenoxy-

Thiophene-PDI Dimers as Acceptors for OPV Applications with Open Circuit 

Voltage Approaching 1 Volt, Stability of Emerging Photovoltaics: from 

Fundamentals to Applications (SEPV18), Barcelona, Spain, 2018. Poster 

 



 
XVIII 

 

5. Michael Bothe, María Pilar Montero-Rama, Aurélien Viterisi, Werther 

Cambarau, Caterina Stenta, Emilio Palomares, Lluis F. Marsal and Max von 

Delius, Organic Solar Cells Based on Azafullerene Acceptors, Graduated 

Student Meeting on Electronic Engineering (GSMEE), Tarragona, Spain, 

2018. Poster 

 

6. María Pilar Montero-Rama, Aurelien Viterisi, Josep Ferré-Borrull, Chris 

Eckstein and Lluis F. Marsal Development of Nanostructured Perovskite 

Solar Cells, 12th Spanish Conference on Electron Devices (CDE 2018), 

Salamanca, Spain, 2018. Poster 

 

7. Aurelien. Viterisi, María Pilar Montero-Rama, Chris Eckstein, Josep Ferré-

Borrull and Lluis F. Marsal, Nanoporous Anodic alumina as Cathode for 

Perovskite Solar Cells, Porous Silicon Semiconductors and Technology 

(PSST), Montpellier, France, 2018. Poster. 

 

8. María Pilar Montero-Rama, Aurelien Viterisi, Josep Ferré-Borrull, Chris 

Eckstein and Lluis F. Marsal Electrochemical Method for Removing Thick 

Barrier Layer in Nanoporous Anodic Alumina, NanoSpain2019 conference, 

Barcelona, Spain, 2019. Oral presentation.



 
 

 

 

 

ά!ƴ expert is a person who has made all the mistakes which can be made, in 

ŀ ƴŀǊǊƻǿ ŦƛŜƭŘΦέ  

                                     Niels Bohr



 
XX 

 

Contents 

Acknowledgements ...................................................................................... I 

List of Abbreviations ................................................................................... III 

List of Figures ............................................................................................. VI 

List of Tables ............................................................................................ XIV 

List of Contributions ................................................................................. XVI 

Chapter 1: Introduction ............................................................................... 1 

1.1 Motivation and Background..................................................................... 2 

1.2 Summary ................................................................................................... 4 

Chapter 2: Fundamentals of Nanoporous Anodic Alumina and Perovskite Solar 

Cells ............................................................................................................ 6 

2.1 Fundamentals of Nanoporous Anodic Alumina ...................................... 8 

2.1.1 Brief History ....................................................................................... 8 

2.1.2 Unit Cell Structure and Chemical Composition ............................. 11 

2.1.3 Electrochemistry of Nanoporous Anodic Alumina ........................ 13 

2.1.4 Anodization Methods ...................................................................... 18 

     2.1.4.1 Mild Anodization (Two-Step Anodization) ............................. 18 

     2.1.4.2 Hard Anodization ..................................................................... 18 

2.1.5 Structural Characteristics and Anodization Parameters ............... 19 

     2.1.5.1 Electrolyte Type ....................................................................... 22 

     2.1.5.2 Anodization Voltage ................................................................ 23 



 
XXI 

 

2.2 Fundamentals of Perovskite Solar Cells................................................. 25 

2.2.1 Solar Cell Overview.......................................................................... 25 

2.2.2 Perovskite Solar Cells ...................................................................... 28 

     2.2.2.1 Perovskite Materials ................................................................ 28 

     2.2.2.2 Perovskite Solar Cells Evolution .............................................. 29 

     2.2.2.3 Photovoltaic Parameters ......................................................... 31 

     2.2.2.4 Device Structure and Working Principle of Perovskite Solar        

Cells ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ33 

     2.2.2.5 Perovskite Films Deposition Techniques ................................ 37 

     2.2.2.6 Pre and Post-Deposition Treatments ..................................... 38 

Chapter 3: Manufacture of Nanoporous Anodic Alumina and High-Efficiency 

Perovskite Solar Cells................................................................................. 40 

3.1 Nanoporous Anodic Alumina Manufacture .......................................... 42 

3.1.1 Experimental Anodization Set-Up .................................................. 42 

     3.1.1.1 Electrochemical Cell ................................................................ 42 

     3.1.1.2 Custom-Made Electrochemical Cell ....................................... 43 

3.1.2 Fabrication Process ......................................................................... 45 

     3.1.2.1 Electrochemical Polishing ....................................................... 45 

     3.1.2.2 First Anodization Step ............................................................. 46 

     3.1.2.3 Removal of Unordered Nanopores ........................................ 48 

     3.1.2.4 Second Anodization Step ........................................................ 49 

3.2 Perovskite Solar Cell Manufacture ........................................................ 52 

3.2.1 Materials .......................................................................................... 53 



 
XXII 

 

     3.2.1.1 Electron Transport Layer Materials ........................................ 53 

     3.2.1.2 Absorber Materials .................................................................. 53 

     3.2.1.3 Hole Transport Layer Material ................................................ 54 

3.2.2 Fabrication Process Using MAPbI3 as Absorber Layer ................... 55 

     3.2.2.1 Bottom Contact Cleaning ........................................................ 56 

     3.2.2.2 Titanium Dioxide as Electron Transport Layer ....................... 56 

     3.2.2.3 MAPbI3 Perovskite as Absorber Layer .................................... 58 

     3.2.2.4 Hole Transport Layer and Top Electrode ............................... 59 

3.2.3 Fabrication Process Using CsFAMAPbIBr as Absorber Layer ........ 60 

     3.2.3.1 Bottom contact Cleaning ........................................................ 60 

     3.2.3.2 Tin dioxide as Electron Transport Layer ................................. 61 

     3.2.3.3 CsFAMAPbIBr Perovskite as Absorber Layer .......................... 62 

     3.2.3.4 Hole Transport Layer and Top Electrode ............................... 64 

3.2.4 Basic Electrical Characterization ..................................................... 65 

Chapter 4: Thick Barrier Layer Removal in Nanoporous Anodic Alumina ..... 70 

4.1 Introduction ............................................................................................ 72 

4.2 Experimental ........................................................................................... 74 

4.2.1 Partial Barrier Layer Etching ........................................................... 74 

4.2.2 Re-Anodization Step ........................................................................ 74 

4.2.3 Final Barrier Layer etching .............................................................. 75 

4.3 Results and Discussions .......................................................................... 75 

4.3.1 Partial Barrier Layer Etching ........................................................... 75 



 
XXIII 

 

4.3.2 Re-Anodization Step ........................................................................ 77 

4.3.3 Final Barrier Layer Etching .............................................................. 86 

4.4 Conclusions ............................................................................................. 89 

Chapter 5: Strategies for Infiltrating Solutions in Barrier Layer Free 

Nanoporous Anodic Alumina ..................................................................... 91 

5.1 Introduction ............................................................................................ 93 

5.2 Experimental ........................................................................................... 94 

5.2.1 Titanium Dioxide Infiltration ........................................................... 94 

     5.2.1.1 Titanium Dioxide Infiltration via Drop-Casting Deposition .... 95 

     5.2.1.2 Titanium Dioxide Infiltration via Spin-Coating Deposition .... 96 

5.2.2 MAPbI3 perovskite Infiltration ........................................................ 96 

5.2.3 Spiro-OMeTAD Infiltration .............................................................. 97 

5.2.4 Nanostructured Perovskite Solar Cell Device Fabrication ............. 99 

5.2.5 Semi-Transparent Electrode Characterization............................. 101 

5.3 Results and Discussion ......................................................................... 101 

5.3.1 Titanium Dioxide Infiltration ......................................................... 101 

     5.3.1.1 Titanium Dioxide Infiltration via Drop-Casting Deposition .. 101 

     5.3.1.2 Titanium Dioxide Infiltration via Spin-Coating Deposition .. 103 

5.3.2 MAPbI3 perovskite infiltration ...................................................... 104 

5.3.3 Spiro-OMeTAD Infiltration ............................................................ 109 

5.3.4 Nanostructured perovskite solar cell device ............................... 114 

5.3.5 Semi-Transparent Electrode Characterization............................. 116 

5.4 Conclusions ........................................................................................... 117 



 
XXIV 

 

Chapter 6: Improvement of Solutions Infiltration in Barrier Layer-Free NAA

 ............................................................................................................... 120 

6.1 Introduction .......................................................................................... 122 

6.2 Experimental ......................................................................................... 123 

6.2.1 Titanium Dioxide Infiltration ......................................................... 123 

6.2.2 CsFAMAPbIBr Perovskite Infiltration ............................................ 124 

6.2.3 Spiro-OMeTAD Infiltration ............................................................ 125 

6.2.4 Semi-Transparent Electrode ......................................................... 127 

6.2.5 Nanostructured Perovskite Solar Cell Device Fabrication ........... 128 

6.3 Results and Discussion ......................................................................... 129 

6.3.1 Titanium Dioxide Infiltration ......................................................... 129 

6.3.2 CsFAMAPbIBr Perovskite Infiltration ............................................ 138 

6.3.3 Spiro-OMeTAD Infiltration ............................................................ 139 

6.3.4 Semi-Transparent Electrode Characterization............................. 143 

6.3.5 Nanostructured Perovskite Solar Cell Device .............................. 147 

6.4 Conclusions ........................................................................................... 149 

Chapter 7: Conclusions ............................................................................ 151 

Appendixes ............................................................................................. 157 

Appendix 1. Characterization Techniques ................................................. 158 

Scanning Electron Microscopy (SEM) .................................................... 158 

Energy-Dispersive X-Ray Spectroscopy (EDX) ....................................... 159 

Atomic Force Microscopy (AFM) ........................................................... 159 

Profilometry ............................................................................................ 160 



 
XXV 

 

Optical Transmittance ............................................................................ 161 

Ultraviolet-Visible Spectrophotometry ................................................. 161 

X-Ray Diffraction ..................................................................................... 161 

Appendix 2. Thin-Film Deposition Techniques .......................................... 163 

Drop Casting............................................................................................ 163 

Spin Coating ............................................................................................ 163 

Thermal EvaporationΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ164 

References .............................................................................................. 165 

 



 
 

 

 

 

 

Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
2 

 

1.1 Motivation and Background 

Nanotechnology research has achieved great attention in the last 

decades. Nano-sized materials present excellent and unique optical, 

electrical, magnetic, catalytic, biological, or mechanical properties.[1] 

Therefore, nanomaterials can implicate in several fields such as chemistry, 

sensors, biotechnology, electronics and so on.[2,3] 

Currently, one of the most active nanotechnology research is based on 

nanoporous materials synthesized by electrochemical techniques, such as 

nanoporous anodic alumina (NAA). NAA prepared by aluminium substrates 

anodization possesses exceptional chemical, optical and mechanical 

properties, for example, chemical resistance, thermal stability, hardness, 

biocompatibility and large specific surface area.[4] NAA is an excellent 

platform to develop applications as cell adhesion and culture,[5ς7] 

chemical/biological sensing,[8ς10], drug delivery,[11,12] energy generation 

and storage and template synthesis.[13ς16] 

NAA offering exciting new possibilities in the field of renewable energy 

production/conversion and storage. Focusing on the use of NAA as energy 

generation devices, it is necessary that these devices also meet the same 

requirements of sustainability and efficiency, making the entire process of 

generation and consumption of energy as clean as possible. 

Approximately 80% of global energy consumption, which includes 

supplying 65% of global electricity generation comes from fossil fuels (coal, 

oil and natural gas).[17] Reducing our dependence on these energy sources 

by moving to renewable ones such as wind and solar will enable a notable 

reduction in carbon emissions. If humanity does not act quickly to reduce 

emissions of greenhouse gases, particularly carbon dioxide (CO2) released 
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through the burning of fossil fuels, we face devastating consequences. 

Fortunately, society is increasingly aware of the usage of sustainable energy 

sources that protect the environment, such as solar energy. 

The Sun is the main source of visible light and the most significant source 

of radiant energy that hits the Earth. The total solar irradiance hitting the top 

of the Earth's atmosphere is around 1361 W/m2.[18] This energy can be used 

for heating, by plants for the process of photosynthesis and for generating 

electricity. Nowadays, solar energy is one of the most important renewable 

energy for getting a future sustainable. 

Organic-inorganic hybrid perovskites (OIHPs) have drawn tremendous 

research attention in the past years because of their various advantages for 

photovoltaic (PV) applications such as large absorption coefficient,[19] 

suitable bandgap,[20] excellent crystallinity[21] and long carrier diffusion 

length. To judge the feasibility of the commercialization of photovoltaic 

technology, three factors are usually considered: cost, efficiency and stability. 

The power conversion efficiency (PCE) of a PV device is a measure of the 

percentage of light incident upon it that is converted into usable electricity. 

Perovskite solar cells (PSCs) are predicted to be low- cost because of their low 

material and fabrication costs. In a few years, its PCE almost reaches the value 

of silicon solar cells. However, stability still requires further development. 

This thesis aim is focused on the use of NAA technology to develop 

nanostructured perovskite solar cells. Confining perovskite nanocrystals 

within NAA considerably increases its stability because NAA templates 

propitiously serve as an encapsulation.[22] Therefore, first, the 

familiarization process with the manufacture and characterization of NAA, as 

well as of high-efficiency PSCs, by known standard methods were conducted. 
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NAA has not electric contact between the interior of the nanopores and the 

aluminium substrate. It is due to the as-produced compact oxide layer 

(barrier layer) at the nanopore bottom. So, the first goal achieved is to 

remove this thick barrier layer under controlled anodization conditions. With 

this structural modification, electric contact between the aluminium of NAA 

substrate and the possible infiltrated materials within the nanopores is 

reached. Also, the objective of infiltrating the different materials that form 

the PCSs with a specific height and homogeneous among all the nanopores is 

studied and attained. 

The starting hypothesis in this PhD. dissertation is that by confining the 

PSC structure within the nanopores of NAA, its performance and durability 

can be improved. This hypothesis requires to demonstrate the feasibility of 

such nanostructured PSCs. The goal of this work will be to check this 

hypothesis by achieving full working nanostructured PSC for the first time and 

measuring/studying their properties. In this PhD essay, the design and 

fabrication of an energy generation device founded on nanostructured 

perovskite solar cells based on NAA technology are presented. 

 

1.2 Summary 

The thesis is organized as follows: 

In chapter 2, the fundamentals of the nanoporous anodic alumina are 

explicated. Going through its history, structure, electrochemistry, 

anodization methods, structural characteristics and anodization parameters. 

Also, the fundamentals of the perovskite solar cells are expounded. Giving an 

overview through its history, structure, materials, deposition methods and 

photovoltaic parameters. 
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In chapter 3, the experimental methods employed for preparing 

nanostructures based on anodic aluminium oxide are defined. Additionally, 

the experimental methods used for manufacturing high-efficiency perovskite 

solar cells, which will be the reference cells of this thesis, are described.  

In chapter 4, a new method for the removal of the thick barrier layer in 

nanoporous anodic alumina without removing the aluminium substrate is 

bestowed.  

In chapter 5, a novel type of perovskite solar cell device on a metallic 

substrate, using nanoporous anodic alumina as a enclosure, is presented. The 

experimental methods used for infiltrating distinct kinds of materials within 

the nanoporous anodic alumina membrane, which barrier layer was 

previously removed, are explained. A nanostructured perovskite solar cell 

device is manufactured, and its current density-voltage characteristics are 

measured. 

In chapter 6, the optimization of the nanostructured perovskite solar cell 

device obtained in the preceding chapter is investigated. Several changes 

were introduced to achieve a solar cell with better current density-voltage 

characteristics. The experimental part of this chapter was carried out in the 

CIDEMAT group of the University of Antioquia from Medellin (Colombia) 

In chapter 7, the general conclusions of the thesis and the overall results 

achieved during this research are summarized. Also, future works related to 

this research are added. 

Following, there are two appendixes. The appendix I and II, in which the 

characterization and the thin-film deposition techniques used in this thesis 

are briefly explained, respectively. At the end of the document, there is a list 

of the references used to carry out this work. 
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Fundamentals of Nanoporous Anodic 

Alumina and Perovskite Solar Cells 
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In the following chapter, the fundamentals of the nanoporous anodic 

alumina are explicated. Going through its history, structure, 

electrochemistry, anodization methods, structural characteristics and 

anodization parameters. Also, the fundamentals of the perovskite solar cells 

are expounded. Giving an overview through its history, structure, materials, 

deposition methods and photovoltaic parameters. 
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2.1 Fundamentals of Nanoporous Anodic Alumina 

2.1.1 Brief History  

Aluminium exposed to the atmospheric air creates a natural protective 

layer of aluminium oxide (Al2O3, alumina). At the beginning of the 20th 

century, the aluminium anodization process (an electrochemical process in 

which the chemistry surface of the aluminium is changed via oxidation using 

an electrolyte to produce an anodic oxide layer that is thick enough to avoid 

further oxidation) was used by industry mainly to protect metal components 

from corrosion[23] and with decorative proposes.[24] 

However, with the discovery of the electron microscopy, Keller et al.[25] 

characterized the anodic alumina structure for the first time in 1953. They 

describe the nanoporous anodic alumina (NAA) structure such as a 

hexagonally arranged arrays of pores in the nanometre range (nanopores). In 

which, the diameter of the nanopores (Dp) and the interpore distance (Dint, 

the distance between the centres of adjacent pores) are proportional to the 

anodization voltage (U), which led to an increased interest in research on 

NAA. 

Several theoretical models about pore nucleation and growth in NAA 

have been suggested,[26ς31] but the actual mechanism of NAA growth has 

yet to be completely clarified. The first theoretical models were developed by 

Diggle et.al in 1968.[26] Subsequently, Thomson and Wood provide a better 

understanding of the growth mechanism of NAA.[27,28] In 1995 Masuda and 

Fukuda[32] developed a two-step anodization process, this fabrication 

process is a cheap way of fabricating nanoporous structures based on 

aluminium oxide, which marked an inflexion point in NAA history. In 2002, 

Nielsch et al. proposed an empirical rule that self-ordering of porous alumina 
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requires a porosity (P) of about 10% irrespective of the anodizing potential, 

electrolyte composition and anodization conditions.[33] Later many different 

types of anodization techniques have been established.[34ς36] 

Depending on the electrolyte chemical nature (neutral or acid) used in 

the anodization process a different type of Al2O3 can be formed: a non-porous 

also called barrier type and a porous also called nanoporous anodic alumina 

(NAA). In the non-porous, the anodic oxide layer is compact, thin, amorphous, 

wear-resistant and behaves as an electrical insulator. In the porous, the 

anodic oxide layer is thick and porous.[37] Figure 2.1 displays the formation 

diagram of both types of membranes.  

 
 

 
Figure 2.1. Formation diagram of non-porous and porous NAA by aluminium through 

the anodization process. 
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In the last decades, many researchers have focused on studying NAA for 

its use as templates in a great variety of nanotechnology applications.[38ς42] 

Due to its stability, cost-effective scalable production and highly tuneable 

properties can be obtained templates for nanofabrication with desired 

geometrical features.[43ς45] 

NAA has attracted scientific attention in its use not only as a template for 

fabricating structurally well-defined nanostructures (nanowires,[46] 

nanotubes[47] and nanodots)[48] via electrochemical, physical and chemical 

deposition methods into NAA, which allows the enhancement of magnetic, 

electric, catalytic, optical and sensing properties of the deposited materials, 

due to the small size and high-aspect-ratio of the obtained 

nanostructures.[49] But also, NAA is a starting material for developing high-

performance sensors, photonic, energy harvesting and memory devices.[50ς

54]  

Nanostructured materials have opened a promising way to future 

renewable energy sources with high conversion efficiency, especially 

nanostructured solar cells.[55ς57] This kind of solar cell uses the advantages 

of nanostructured gratings for the improvement of light trapping or capturing 

capacity into the substrate.[58,59] The nanostructured devices reduce the 

volume of semiconductor materials and enable beneficial optical 

management, novel conversion mechanisms and improvement of carrier 

generation and collection.[60ς62] These technologies are expected to 

contribute significantly to a sustainable future for the next generation.[63] 
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2.1.2 Unit Cell Structure and Chemical Composition  

NAA has a honeycomb-like structure in which the hexagon is the unit cell, 

NAA is formed by numerous hexagonal cells. Figure 2.2 a) shows 

schematically an idealized NAA honeycomb-like structure. In figure 2.2 b) the 

main parameters (explained in more detail in section 2.1.5) which describe 

NAA structure[25,37,64,65] are marked: Interpore distance (Dint), pore 

diameter (Dp), pore wall thickness (Tw) NAA thickness (L), pore density (́p), 

porosity (P) and barrier layer thickness (Tbl).  

 

 

Figure 2.2. a) NAA honey-comb structure b) NAA structure main parameters: L: NAA 

thickness, Dp: pore diameter, Dint: interpore distance, Tbl: barrier layer thickness and 

Tw: pore wall thickness. 

 

Every cell encloses, as can be seen in figure 2.3 three parts: An inner layer 

(which can be considered the skeleton) which consists of a hexagonal layer 

formed by the bordering internal walls. An outer layer between the central 

pore and the inner layer and an interstitial rod inside the inner layer at the 

triple cell junction. The inner layer is composed of pure Al2O3 and the outer 

layer is composed of Al2O3 contaminated with impurities (anionic species i.e. 
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phosphate, sulphate, oxalate, etc.) from the electrolyte.[66] Figure 2.3 b) 

exhibits the scanning electron microscopy (SEM) picture of NAA top view. 

 

 

Figure 2.3. a) Top and b) cross-sectional views of NAA pore showing the chemical 

composition distribution inside the nanopore walls. c) Top SEM view of NAA. The 

scale is indicated in the picture. 

 

The thickness ratio of inner and outer layers (ri/o) depends on the 

electrolyte in the order: sulphuric acid (H2SO4) < oxalic acid (H2C2O4) < 

phosphoric acid (H3PO4) < chromic acid (H2CrO4).[67] Also, Han et al. 

demonstrated that the anionic impurities incorporated depend on the 

anodization time and the electrolyte concentration.[68] They reported that 

electrolyte concentration decrease along the pore, so the contaminated area 

will be thicker on the top of the pores. Besides, one important property of 

these layers is that the outer layer is less resistant to chemical etching than 
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the inner layer, which prevents the structure from collapsing even at high 

porosity. 

 

2.1.3 Electrochemistry of Nanoporous Anodic Alumina 

Aluminium oxidation can be controlled by the electrochemical aluminium 

anodization process. Anodic films are formed on aluminium by passing a 

direct voltage (U) through an electrolytic solution (aqueous solution of acid, 

e.g., H2SO4, H2C2O4 and H3PO4). Aluminium works as the anode and a material 

that will not be affected by the electrochemical process (usually a platinum 

wire) is used as the cathode.  

The applied U generates a high electric field (E) across the pre-existing 

thin oxide film on the surface of aluminium (natural protective layer). Under 

E, the negatively charged anions (O2- and OH-) of the solution migrate to the 

anode in which aluminium will be positively charged with consequent 

electrons lost. If a U, which is different depending on the electrolyte used, is 

applied between the cathode and anode, pores nucleate and start to grow 

on the aluminium surface. NAA membranes are generally formed under 

constant U or constant current density (J) conditions. Under a constant U, a 

typical anodization J versus time (t) curve, as is showed in figure 2.4 can be 

divided into four NAA growth stages.[30,31,69ς71]  
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Figure 2.4. Current density vs time curve during nanopores formation, which is 

divided into four stages. I) A film of Al2O3 starts to grow and forms a compact barrier 

layer, II) pores start to grow, III) the anodizing process continues and IV) 

arrangement of pores occurs and continues to grow. 

 

Stage I, the compact oxide (also known as barrier layer) grows as a result 

of the field-assisted migration of O2- ions through the compact oxide itself. 

But this process reduces the growth rate gradually with increasing thickness, 

as for increasing thickness and fixed potential, the electric field is reduced. (I, 

figure 2.4 and figure 2.5) 

Stage II, as the compact oxide thickness reaches a relatively big value and 

the current is greatly reduced, the electric field becomes too weak to 

promote ion migration. However, the compact oxide is not completely 

uniform and has points where the thickness is smaller. At those points, the 

electric field is enhanced concerning the average value for the complete 
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barrier layer. This enhanced electric field can permit the ion migration and at 

the same time to promote oxide dissolution, localized at the thickness 

inhomogeneities. These two processes produce the nucleation of the pores: 

the formation of concavities at random points on the oxide surface. (II, figure 

2.4 and figure 2.5) 

Stage III, at the beginning of the pore growth, the rate of the local 

dissolution of the oxide at the nucleation sites is bigger than the rate of oxide 

formation. This is probably caused by a local increase of the temperature at 

the nucleation sites, because of the higher current at those sites. Some 

authors also mention that the higher local electric field improves the local 

dissolution of the oxide. As a consequence, the thickness of the oxide is 

reduced, increasing the observed current. The concavities become deeper 

forming a pore. (III, figure 2.4 and figure 2.5) 

Stage IV, the increase in current causes, in turn, an increase in the rate of 

oxide formation at the bottom of the concavity.  When the two rates become 

equal two dynamic processes happen at the same time: i) local dissolution of 

the barrier layer at the oxide/electrolyte interface at the bottom of the pore 

and ii) local production of barrier layer oxide at the metal/oxide interface at 

the bottom of the pores. These two simultaneous processes are the 

responsibility of the steady growth of the pores starts. (IV, figure 2.4 and 

figure 2.5). 
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Figure 2.5. Schematic of NAA growth process under constant voltage condition. I to 

IV Morphology development with anodization time increasing. 

 

The growth mechanism in steady-state (IV) is the result of competing 

oxidation (Al2O3 formation at the aluminium-oxide interface) and dissolution 

(Al2O3 dissolution at the oxide-electrolyte interface) through the anodization 

process. Although it is not clarified, some possible reactions that are probably 

taking place have been reported.[72ς76] 

 

Equation 2.1 shows the overall oxidation-reduction (redox) reaction that 

takes place during anodizing, it is the sum of the separate reactions at each 

electrode. 
 

ςὃὰ σὌὕ ᴼὃὰὕ σὌ    (2.1) 
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The process starts with the heterolysis dissociation of water, equation 

2.2).  
 

ςὌὕ ᴼὕ ὕὌ σὌ     (2.2) 

 

The O2- and OH- anions, under the influence of the electric field (E), leave 

the oxide-electrolyte interface and migrate through the barrier layer until the 

aluminium-oxide interface. When O2- arrives at the aluminium-oxide 

interface, the metallic aluminium is oxidized (equation 2.2) and forms Al2O3 

(equation 2.3). The Al3+ and O2- ionic transport at the anode is illustrated in a 

schematic diagram in figure 2.6. 

  

       ὃὰ O  ὃὰ  σὩ                 (2.3) 

ςὃὰ σὕ  O  ὃὰὕ       (2.4) 

 

H+ in contact with e- released from the dissociation of water forms H2 

(equation 2.4). 

 

φὌ  φὩ ᴼ σὌ      (2.5) 

 

 

Figure 2.6. Schematic diagram illustrating the ionic transport in porous anodic films 

on aluminium. 
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2.1.4 Anodization Methods 

Porous NAA membranes can be manufactured using different anodization 

methods to obtain membranes with specific characteristics. In this section, 

the most used methods are described: hard anodization (HA) and mild 

anodization (MA).  

 

2.1.4.1 Hard Anodization 

For a given anodizing electrolyte, there is a breakdown potential (Ub) 

value (27 V, 50 V and 197 V for H2SO4, H2C2O4 and H3PO4, respectively)[77ς

79] above which anodization is difficult to maintain due to the local current 

flow and consequent Joule heating which produces local burning. HA uses 

voltages above Ub[70]. This anodization produces NAA films faster and with a 

higher porous anodic layer growth rate than using MA.[80] However, the 

substrate can be damaged because of the high voltage employed. For this 

reason, HA is not used for nanotechnology research. 

 

2.1.4.2 Mild Anodization (Two-Step Anodization) 

Masuda and Fukuda developed in 1995 the so-ŎŀƭƭŜŘ άǘǿƻ-step 

ŀƴƻŘƛȊŀǘƛƻƴέ ǇǊƻŎŜǎǎ[32] for fabricating NAA membranes with a highly 

ordered arrangement of uniform nanopores. They found that a long 

anodization process produces an almost ideally arranged honeycomb 

structure since the pores at the bottom start to be ordered in hexagonal 

arrays. In the first anodization step, NAA membrane with disordered pores at 

the top but with ordered pores at the bottom is obtained [figure 2.7 b)]. After, 

NAA membrane (disordered pores) is removed resulting in a pre-patterned 

aluminium surface with a self-arranged array of concavities (which will act as 
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the nucleation points in the second step) [figure 2.7 c)]. In the second 

anodization, carried out at the same conditions as the first one, the pores 

start to nucleate at these concavities and form a self-arranged array [figure 

2.7 d)]. With this method is possible to obtain uniform pore diameter (Dp) and 

interpore distance (Dint) that can be easily tuned by the selection of 

appropriate anodization conditions.[70,80] 

 

 

Figure 2.7. Conventional two-step MA process for self-ordered porous NAA a) 

Aluminium substrate, b) disordered nanopores, c) patterned aluminium surface and 

d) ordered nanopores.  

 

2.1.5 Structural Characteristics and Anodization Parameters  

The structural characteristics of NAA template: interpore distance (Dint), 

pore diameter (Dp), pore wall thickness (Tw), NAA thickness (L), porosity (P), 

pore density (́p) and barrier layer thickness (Tbl), can be controlled by the 

following anodization parameters: electrolyte type, total current charge (Q) 

and anodization voltage (U).[25,37,64,65] For ideally ordered NAA, the 

following relationships can be drawn by simple geometric consideration: 
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Ὀ Ὀ ςὝ ὲά    (2.6) 

Ὀ Ὗ ὲά     (2.7) 

Ὀ Ὗ ὲά    (2.8) 

 

ὖ
Ѝ

ρππ Ϸ    (2.9) 

 

”
Ѝ

ρπ ὲά     (2.10) 

 

Ὕ Ὗ ὲά     (2.11) 

  

The Interpore distance (Dint) is the distance between the centres of 

adjacent pores. It is directly correlated with the pore diameter (Dp) and the 

pore wall thickness (Tw) by equation 2.6. Dp is the diameter of the pores. Dp 

and Dint are linearly proportional to the anodizing voltage (U) by equations 2.7 

and 2.8, respectively, with proportionality constants (┐) of approximately ☻p = 

1.29 nm/V and ☻int = 2.5 nm/V.[30,70] Dp and Dint values depend on the 

anodization conditions. Dp can range from 20 to 200 nm and Dint from 50 to 

500 nm under MA conditions, depending on the applied voltage as figure 2.8 

shows. 
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Figure 2.8. Relationship between Dint and U (deep-red line) and between Dp and U 

(grey line) under MA. In sulphuric (green circles), oxalic (blue circles) and phosphoric 

(orange circles). 

 

NAA thickness (L) is proportional to the total current charge (Q) involved 

in the electrochemical oxidation.[81,82] Therefore, the depth of oxide 

nanopores is easily tuneable from a few tens of nanometres up to hundreds 

of micrometres by controlling Q.[30,83]  

The Porosity (P) can be defined as the ratio of the surface occupied by the 

pores of the total substrate surface. Under MA conditions, porosity follows 

rule and is always about 10%.[66] P can be correlated with Dp and Dint by 

equation 2.9. The pore density ( ṕ), is the number of pores that can be found 

in a specific area. The relationship between ṕ and Dint can be expressed by 

the equation 2.10. 
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During the aluminium anodization, a very thin, dense and compact 

dielectric layer is formed at the pore bottoms. This layer called barrier layer 

(Tbl) is one of the most important structural parameters of NAA for 

understanding the kinetics of the electrochemical oxidation of aluminium. 

Like other structural parameter is directly proportional to U by equation 2.11 

with a proportionality constant (☻bl) of approximately 1.3 nm/V for 

MA.[30,70].  

The pore diameter, wall thickness, as well as the barrier layer thickness of 

the as-produced NAA can be easily altered by post-treatment procedures 

involving chemical etching, it is known as pore widening. It consists of 

immersing the anodized substrates into a phosphoric acid solution (5% wt. 

concentration) at 35°C for a controlled period. This acid will dissolve the pore 

oxide walls. [84,85] 

 

2.1.5.1 Electrolyte Type 

NAA can be easily fabricated by anodization of aluminium in different 

kinds of electrolytes, such as sulphuric acid (H2SO4)[86], oxalic acid 

(H2C2O4)[87], phosphoric acid (H3PO4).[88], and chromic acid (H2CrO4).[27] 

However, for neutral electrolytes with pH in the range of 5ς7, only barrier-

type alumina thin film can be formed. This work is only focused on the former 

porous-type. The temperature, concentration and pH of the electrolyte affect 

strongly to NAA structural characteristics. 

The electrolyte temperature (T) is a crucial parameter take into account 

since during the anodizing process an increase in temperature is probable to 

occur because of local heating.[89,90] This temperature increase can result 

in the rapid dissolution of the pore walls due to the burning phenomenon. 
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Besides, the pore growth rate and pore diameter are affected by this 

parameter, decreasing as T is reduced. High temperatures lead not only to 

faster growth rates but also to a high dissolution rate of formed Al2O3 which 

promotes larger pores.[91,92] For high anodization voltages, the electrolyte 

temperature can be kept below 0 °C by adding a certain quantity of ethanol 

(C2H5OH) to the acid aqueous solution. Another parameter that affects the 

pore growth rate is the stirring rate of the acid electrolyte since this ensures 

that the diffusion of the ionic species and the temperature inside the pores 

are homogeneous during the anodization process. 

The pore diameter (Dp) is mainly affected by the electrolyte pH in which 

value is given by the acid type and its concentration. Low pH values need low 

anodization voltages, which implies a reduced dissolution of Al2O3 which 

induce smaller pores. For this reason, pores are wider using H3PO4 and 

thinner using H2SO4.[93]  

 

2.1.5.2 Anodization Voltage  

The pore diameter (Dp) and interpore distance (Dint) can be varied from 

several to hundreds of nanometres mainly by changing the anodization 

voltage (U).[32,37,65,94,95] It is restricted for a given electrolyte and its 

concentration since if U is excessively high, the oxide barrier layer usually 

burns and the pore growth is not homogeneous. This phenomenon occurs 

due to the conductivity increase in the oxide barrier layer at the pore bottom 

tips produced by local heating, ionization of atoms that generate more 

electrons due to energy from the electric field and breakdown of the oxide 

barrier layer from pre-existing cracks. 
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To summarize, in table 2.1 the most usual anodization parameters for the 

three kinds of acid electrolytes most applied for MA are reported. Besides, 

the average values of the resulting geometric characteristic are included. In 

table 2.2 the relation between the anodization parameters and NAA 

structural characteristics are indicated. 

 

 

 

  

 

 

 

 
Table 2.1. MA parameters for the mostly used anodizing electrolytes. 

 

 

 Dint Dp P ṕ Tbl 

pH  h  h  h мκʰ  h

T -  h мκʰ  h мκʰ 

U  h  h мκʰ  h  h

Table 2.2. Qualitative relationship indicating the direct όʰύ ƻǊ ƛƴǾŜǊǎŜ όмκʰύ 

dependence between anodization parameters and structural characteristics of the 

resulting NAA. Dint: interpore distance, Dp: pore diameter, P: porosity, ṕ: pore 

density, Tbl: barrier layer thickness, T: temperature and U: anodization voltage.  

 

 

 

 

 

 H2SO4 H2C2O4 H3PO4 

Voltage [V] 20  40  195  

Temperature [°C] 5 5 -5 

Concentration  0.3 M 0.3 M 1% wt. 

Pore diameter [nm] 20 40 195 

Interpore distance [nm] 50 100 500 
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2.2 Fundamentals of Perovskite Solar Cells 

2.2.1 Solar Cell Overview 

A solar cell, also called photovoltaic (PV, photo means "light" and voltaic 

mean "electric potential") cell is any device that generates electricity directly 

from the visible light through the photovoltaic effect.[96] Since the PV effect 

was discovered by A. E. Becquerel in 1839[97] a process where a photon of 

energy is directly converted into electricity, scientists have developed 

different technologies and have used different materials to leverage this 

sustainable energy. The first operational solar cell, based on selenium or 

copper-gold junction, was reported by C. Fritts in 1885.[98] They obtained a 

device with less than 1 % efficiency. However, the PV mechanism was not 

understood since the sunlight was not perceived as a fuel. It came out in the 

following years that the photovoltaic effect had the same origin as the 

photoelectric effect: the quantum nature of light, chiefly introduced by A. 

Einstein in 1905.[99] In 1941[100], Bell telephone's laboratories patented the 

first silicon solar cell. In the following years, Bell's laboratories developed an 

intense research activity to increase the efficiency of the solar cells. The first 

silicon solar cell which converted solar radiation into electrical energy was 

reported with an efficiency of 6% by D.M. Chapin et.al. in 1954.[101]  

The development of solar cell technology has gone through three stages, 

which are known as three generations: 

1. First-generation, based on silicon wafers (mono and polycrystalline). 

Most solar cells and modules sold today are made of crystalline silicon, single-

crystalline and polycrystalline silicon wafers with high purity. Nowadays, 

technologies based on silicon has reached 27.6% of efficiency with silicon 

single crystals.[102] 
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2. Second-generation, based on thin-film technology. In this approach, a 

thin layer of active material, for example, amorphous silicon (a-Si), cadmium 

telluride (CdTe) or copper indium gallium selenide (CIGS) is deposited onto a 

substrate, which not only reduces the usage of the active material and 

consequently the cost, but also makes the cells more flexible and lower in 

weight. Currently, technologies based on thin-film technology has reached 

23.4% of efficiency.[103] 

3. Third-generation refers to different emerging technologies which aim 

is to produce solar cells with lower cost and higher efficiency. The third-

generation technologies normally include organic solar cells (OSCs), quantum 

dots solar cells, dye-sensitized solar cells (DSSCs), perovskite solar cells (PSCs) 

as well as multi-junction solar cells such as tandem solar cells, with a record 

efficiency of 17.4%[104], 16.6%[105], 12.3%[106], 25.2%[107] and 

47.1%[108], respectively. 

In recent years, PSCs have become a promising PV technology, most 

notable for their high-power conversion efficiencies and potential for cheap, 

solution-processable, roll-to-roll compatible module production.[109ς112] 

The increase in world-record performance of all solar cell technologies is 

given in figure 2.9, as tracked by the National Renewable Energy Laboratory. 

PSCs are the fastest-developing solar technology to date with an efficiency 

that surpassed 25% the last year, which is already really close to the values 

obtained for silicon. 
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Figure 2.9. Record efficiencies reached by different solar cell technologies during the 

last decades.[107]  
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2.2.2 Perovskite Solar Cells 

2.2.2.1 Perovskite Materials 

In recent years, a crystalline material called perovskite has attracted a lot 

ƻŦ ŀǘǘŜƴǘƛƻƴ ŦƻǊ ǳǎŜ ƛƴ ǎƻƭŀǊ ŎŜƭƭǎΦ ¢ƘŜ ǘŜǊƳ ΨǇŜǊƻǾǎƪƛǘŜΩ ǊŜŦŜǊǎ ǘƻ ŀ ŎǊȅǎǘŀƭ 

structure originally found for CaTiO3.[113] The same crystal structure is 

present in materials with the generic chemical formula ABX3, in which an A 

cation is located at the eight corners of the cubic cell and a B cation, which is 

smaller than A, resides at the body centre, surrounded by six X anions 

(located at the face centres), forming a BC6 octahedron, as illustrated in figure 

2.10[114] Such materials are also called perovskites.  

 

Figure 2.10. Perovskite crystal structure with the generic chemical formula ABX3. 

 
Perovskite has been investigated in the past few decades for their 

interesting and unique properties. Perovskite solar cells (PSCs) have become 

the most promising alternative to replace silicon-based solar cells by more 

cost-effective PV technologies with attractive properties such as 

transparency, colour control, flexibility, low weight and so on.[115,116] 

Hybrid inorganic-organic metal halide perovskites, in particular, have been 

intensively studied as promising materials for next-generation efficient, 

lightweight and low-cost thin-film solar cells.[117] In these hybrid perovskites 

A = organic or inorganic cation (i.e., MA+: CH3NH3
+, FA+: CH3(NH2)2

+, Rb+ and 



 
29 

 

Cs+), B = metal cation (i.e., lead: Pb2+, tin: Sn2+) and X =halogen anion (i.e., Cl-

, Br- or I-). The main advantage of this materials is their direct bandgap, low 

exciton binding energy (~2 meV), large absorption coefficient (5.7x104cm-1) 

(enabling efficient light absorption in thin films, long diffusion length (~1 µm 

in thin films), high electron and hole mobility (10-2320 cm2/Vs), simple and 

easy fabrication techniques.[118,119] Also, the replacement of A and X 

positions by different species allows tuning the optical and electronic 

properties of perovskite films make them suitable for a variety of applications 

and device structures[120]. Thus, organic-metallic mixed halide perovskites 

represent an ideal material for photovoltaics. 

 

2.2.2.2 Perovskite Solar Cells Evolution 

PSCs efficiencies have increased from 2.2%[121] in 2006 to above to 

24.8%[122] in 2020 in single-junction architectures. Therefore, PSCs are 

currently fastest-advancing solar technology. With the potential of achieving 

even higher efficiencies and very low production costs. The hybrid perovskite 

made its debut in PVs in 2006 when Kojima et.al employed CH3NH3PbBr3 as a 

sensitizer on nanoporous TiO2 in a liquid electrolyte based on DSSC[123], 

realizing efficiency of 2.2%.[121]  In 2009, a power conversion efficiency (PCE) 

of 3.8% was achieved by replacing Br with I[124], the methylammonium lead 

iodide perovskite with the chemical structure of CH3NH3PbI3 (MAPbI3) was 

incorporated into to act as the light absorber. In 2011, Im et al. achieved an 

efficiency of 6.5% by employing perovskite nanoparticles on titanium dioxide 

(TiO2) for improved absorption over conventional dyes.[125] In 2012, a 

breakthrough came when two different papers were published almost at the 

same time. The first one, by Kim et al. used spiro-OMeTAD as hole transport 
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layer (HTL), which increased the PCE up to 9.7%.[126] The second one, by Lee 

et al., replaced the mesoporous TiO2 with aluminium dioxide (Al2O3) as a 

scaffold, leading to a PCE of 10.9%.[127] These reports revealed the 

ambipolar nature of perovskites, the perovskite layer can not only absorb 

light but also transport electrons out of the device.[128,129] In 2014, 

DǊŅǘȊŜƭΩǎ ƎǊƻǳǇ ǊŜǇƻǊǘŜŘ ŀ ƳƛȄŜŘ-cation perovskite (double cation 

composition) based on mixed organic cations of MA+ and FA+. It was found 

that the band-gap of perovskite (MA)x(FA)1-xPbI3 can be tuned by changing 

the FA+ content in the composition. The optimal absorption was obtained 

from MA0.6FA0.4PbI3, with the best efficiency of 14.9%.[130] The report by 

Correa-Baena et al. demonstrated in 2015, that a PCE of 18% could be 

achieved for planar architectures with SnO2 as the ETL using a double cation 

composition.[131] Saliba and co-workers further added a small amount of Cs+ 

(A position) into the binary mixed cations in 2016, forming a triple cation 

configuration Csx(MA0.17FA0.83)(100-x)Pb(I0.83Br0.17)3. The triple cation cells 

provided PCEs up to 21.1%.[132] In 2019, PCE was raised to 23.7%[133] by 

improving the open-circuit voltage (VOC) and photocurrent. Currently, the 

highest efficiency of single-junction PSC has exceeding 24.8%.[122] 

In the last decade, several investigations have explored the effect of 

solution concentration[134,135], precursor composition[136], solvent 

composition[137], post-deposition annealing temperature[138], the 

presence of additives[139] and deposition method[134,140] on the 

morphology of perovskite thin films. So, the crystal size, morphology, and 

orientation of perovskites in the active layers of PSCs have all been found to 

affect overall PSC efficiency.[141ς143] For example, nanoconfinement of 

perovskite crystallization in mesoporous enclosures likely plays a role in 
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guiding the crystallization process during PSC fabrication. Nanoconfined 

crystals exhibit, for example, depressed melting points[144ς146] and 

preferential orientations compared to bulk crystals.[147ς149] By controlling 

the size and shape of semiconducting nanocrystals, have been achieved 

advances nanoelectronics and photonics. Alumina thin-films can be used as 

templates for the growth of perovskite nanocrystallites directly within device 

relevant architectures.[150,151]  

 

2.2.2.3 Photovoltaic Parameters  

The primary performance parameters of solar cells are the open-circuit 

voltage (VOC), the short circuit current density (JSC), the fill factor (FF) and the 

power conversion efficiency (PCE), which can be obtained from the typical JV 

curve (figure 2.11) in the dark and under standard illumination (1SUN 

intensity, 1000 W/m2 illumination with AM1.5G spectrum) conditions.  
 

 
Figure 2.11. Typical JV curve with the solar cell photovoltaic parameters in the dark 

and under standard illumination at 1 SUN. The ratio between the areas of the small 

and large rectangle is the fill factor. 
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An external potential bias (V) is applied to the cell while measuring the 

current (J) response. Voc is the maximum voltage of a solar cell. It is defined 

as the V at which the measured current is 0 mA/cm2. Jsc is the maximum 

current density of a solar cell. It is the J at which the applied potential is 0 V.  

FF measures the amount of power available to be extracted from the 

device. It is defined by equation 2.12 in which the maximum power point 

(Pmax) is the point at which voltage (Vmax) and current density (Jmax) product 

result in maximum power output from the device[112,115].  

 

ὊὊ     (2.12) 

 

The PCE is the most important parameter since it describes the fraction 

of maximum electric power output generated to the incident power. PCE 

evaluates the device capacity to convert the incident photons in electrons 

and can be defined by equation 2.13, in which Pin is the incident light power 

density (100 mW/cm2, 1 SUN AM1.5G.)  

 

ὖὅὉ
  

    (2.13) 

 

The measurement of the JV curve can be done with two different scan 

sweeps, forward, which means from JSC to VOC conditions, and reverse, from 

VOC to JSC. Due to PCSs present the so-called JV hysteresis, is important to 

perform the JV measurement in both ways, forward and reverse. The JV curve 

taken with decreasing voltage (reverse scan) tends to exhibit higher currents 

at each voltage than the curve taken with increasing voltage (forward scan). 
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Several ideas have been proposed as the cause of this phenomenon.[152ς

154] The idea that it is caused by ion migration is being accepted by more and 

more researchers, but more work is still needed for better understanding and 

the avoidance of hysteresis.[155ς158]  

 

2.2.2.4 Device Structure and Working Principle of Perovskite Solar Cells 

The PSCs devices fabrication is very similar to organic solar cells, with the 

main difference being that the organic electron accepting material is replaced 

by an inorganic material. Typically, PSCs present a structure in which the 

perovskite layer (light-absorbing photoactive layer containing the donor and 

acceptor material) is sandwiched between two electrodes with different work 

functions, an anode and a cathode. One of which is transparent (glass or PET) 

to allow the incoming light to reach the photoactive/absorber layer and the 

other one of which is a metal electrode to collect the free charge 

carriers.[159,160] Commonly, materials used for transparent electrodes are 

based on transparent conductive oxides (TCOs), such as fluorine-doped tin 

oxide (FTO) or indium tin oxide (ITO). The metal electrode usually consists of 

a thin metallic film like gold (Au) or silver (Ag).[161] Besides, the perovskite 

surface is covered with selective charge transport layers. An n-type electron 

transport layer (ETL), e.g. titanium dioxide (TiO2) and tin dioxide (SnO2) and a 

p-type hole transport layer (HTL), normally 2,2',7,7'-Tetrakis[N,N-di(4-

methoxyphenyl)amino] - 9,9' spirobifluorene, spiro-OMeTAD). To transport 

only one type of carrier (and block the other) to the respective electrode for 

extraction. Depending on whether the perovskite is deposited on an n-type 

(ETL) or p-type (HTL) semiconductor, the structure receives the name of n-i-
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p (normal) or p-i-n (inverted) PSC, respectively.[162,163] Both structures are 

represented in figure 2.12. 

 
 

  

Figure 2.12. PSCs structure types a) n-i-p and b) p-i-n PSCs architectures. TCO: 

transparent conductive oxide, ETL: electron transport layer and HTL: hole transport 

layer. The dimensions of the layers do not correspond to their actual thicknesses. 

 

The n-i-p typed PSC can be further categorized into mesoporous or planar 

configurations based on the structure of ETL.[164] Both device configurations 

in general consists of five different layers which are: (1) TCO, (2) planar or 

mesoporous ETL, (3) light-absorbing layer based on perovskite materials 

(400-600 nm), (4) HTL (100-300 nm) and (5) a metal electrode (50-150 

nm).[117,165]  

The mesoporous n-i-p configuration presents spaces within the ETL which 

allow the infiltration of perovskite materials. The oxide compact layer (20-80 

nm) works as the hole blocking layer and the mesoporous layer (100-300 nm) 

forms the so-called meso-superstructure PSC, which is filled with the 

perovskite material The oxide compact layer is essential in both planar and 

mesoporous PSCs to ensure highly efficient electron extraction and 
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transporting from perovskite absorber to TCO.[164] The advantage of 

employing this configuration is that it can provide a larger contact between 

ETL and the perovskite absorber layer which latter enables faster charge 

transfer kinetics.[166] The mesoporous ETL provides spaces for the 

penetration of perovskite precursors and confines the perovskite crystallites 

in the small volume of nanopores. This will enhance the absorption of the 

incident photon and subsequently, boosts the photocurrent generation and 

increase device efficiency.[167] 

In the planar n-i-p configuration, the mesoporous scaffold layer is 

removed and typically uses a compact ETL (20-80 nm). In this configuration, 

the perovskite layer is sandwiched between the compact ETL and HTL.[127]. 

As already mentioned, PSCs are manufactured between two electrodes (a 

transparent and a back-metal electrode). Most of them are prepared on a 

glass/plastic substrate covered with a TCO and the metal electrode is 

deposited on top of the structure. Alternatively, metal substrates can be a 

viable alternative to TCO substrates, offering advantages such as high-

temperature control without the use of expensive ITO.[168] When opaque 

metal electrodes (metal foils) are used as substrates, a semi-transparent 

electrode is deposited as the last layer of the solar cell.[169,170] This semi-

transparent electrode should have high transmission to let light to be 

absorbed by the solar cells, especially they should be transparent in a broad 

wavelength range of 380-700 nm, high electrical conductivity to efficiently 

collect carriers and soft preparation method in to not damage the below 

perovskite and charge transport layers.[171] The most common semi-

transparent electrodes are transparent conductive oxides prepared by 

sputtering. However, in the case of PSCs, the sputtering process affects the 
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properties of the underneath layers.[172,173] A dielectric-metal-dielectric 

(DMD) multilayer has been developed as the top electrode for PSCs. The DMD 

consist of a combination of transition metal oxides (WO3, MoO3, V2O5, etc) 

and a metal (Au, Ag). Metal oxides and metals are thermally evaporated on 

the top of the substrate.[174ς178] Currently, PCSs on opaque metal 

substrates have reached a PCE of 15%, by Heo et al., who used an anodized 

Ti foil as the bottom electrode and laminated grapheneς

polydimethylsiloxane transparent top electrode.[179] 

As figure 2.13 shows, light (photon) is absorbed by perovskite and it 

promotes the generation of an electron-hole pair, then carriers are separated 

by the internal electric field and diffuse to proper direction due to charge 

selective materials: ETL or HTL. Finally, the extraction of those carriers to an 

external circuit is obtained by the metal contact electrodes. 

 

 
Figure 2.13. Band diagram and main processes and PSC: (1) Absorption of photon 

and free charges generation, (2) Charge transport and (3) Charge extraction.[180] 
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2.2.2.5 Perovskite Films Deposition Techniques 

The deposition of the perovskite films is mainly based on the reaction of 

their precursors: organic ammonium (MAX) and inorganic lead halide (PbX2) 

where X= I, Cl, Br. The most common deposition technique is the spin-coating 

via one or two-step method or anti-solvent method.[120]  

 

ὖὦὢ ὓὃὢO ὓὃὖὦὢ   (2.12) 

 

The one-step method is based on the co-deposition of both, organic and 

inorganic, precursors through a solution. The perovskite films are deposited 

by spin-coating a mixed solution of PbX2 and MAX in anhydrous organic 

solvents, e.g. N,N- dimethylformamide (DMF) and dimethyl sulfoxide 

(DMSO), followed by thermal annealing.[181]  

The two-step method is based on the formation of PbX2 films, normally 

by spin-coating and their subsequent transformation into perovskite films. 

The transformation process can be done in different ways: dipping the PbX2 

films into MAX solution[182,183] and spin-coating MAX solution on top of the 

PbX2 films.[184,185]  

The anti-solvent method is based on dripping a solvent (in which the 

perovskite is poorly soluble) while the substrate is still spinning. A poor 

solvent is poured onto the precursor perovskite film during spin coating, 

causing the salts to precipitate out of solution into a smooth and compact 

film. The use of anti-solvents enhances crystallinity and allows us to have 

better control of the perovskite morphology.[137,186] 

It is crucial to take into account the fact that perovskites films are very 

sensitive to degradation in the presence of water and oxygen. Therefore, the 
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ŀōǎƻǊōŜǊ ŀƴŘ ǘƘŜ ǇƻǎǘŜǊƛƻǊ ƭŀȅŜǊǎΩ ŘŜǇƻǎƛtions and annealing steps should be 

carried out under specific conditions in a glove-box or a dry-box. 

The glove-box consists of a large box in which the air was removed and 

replaced with an inert gas as pure nitrogen (N2) or argon (Ar).[187] 

The dry-box is a large box in which the humidity is kept less than 20 % 

under a constant dry-airflow. 

 

2.2.2.6 Pre- and Post-Deposition Treatments 

The wettability of solutions and adhesion of evaporation can be improved 

by the cleaning of surfaces and surface energy modification caused by an 

Ultraviolet-ozone (UVO) treatment. Here, a substrate is illuminated with UV 

in air, leading to the formation of individual oxygen radicals that go on to form 

O3 when combined with other O2 molecules. Contaminants on the irradiated 

substrates can undergo photoexcitation followed by a reaction with ozone, 

liberating any organic material from the surface of the substrate.[188]  

At the most basic level, most PSCs are based upon a commercial thin-film 

transparent conductive oxide (TCO) coated glass substrates, like fluorine-

doped tin oxide (FTO) and indium tin oxide (ITO). ITO thin-film of the 

commercial ITO glass substrates is covering the full glass surface. These thin 

films can be selectively patterned with a fibre laser.[189] The laser technology 

is a process that uses a high-intensity laser beam to vaporize the thin layer of 

a film directly from the surface substrate. Removing a thin film from a 

substrate creates a circuit that can be used in solar cells, liquid crystal 

displays, plasma displays, and touch-sensitive panels.  

Most solvents will not be completely liberated from a thin-film until the 

thin-film has been heated (annealing treatment), placed under a vacuum, or 
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a combination of both. This heating is typically done in an oven or on a 

hotplate. In the context of perovskite solar cells, the same processes are used 

to extract solvent from the film and to grow perovskite crystal grains. Upon 

drying, stoichiometric perovskite solutions will often immediately convert to 

black film.[190]  
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In the following chapter, the experimental methods employed for 

preparing nanostructures based on anodic aluminium oxide are defined. 

Additionally, the experimental methods used for manufacturing high-

efficiency perovskite solar cells, which will be the reference cells of this thesis, 

are described. Furthermore, a special focus on critical experimental details is 

devoted. 
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3.1 Nanoporous Anodic Alumina Manufacture 

In this section, the experimental methods employed for preparing 

nanostructures based on anodic aluminium oxide are described. The 

experimental methods are based on a two-step anodization process to obtain 

alumina layers of self-organized nanopores with specific structural 

features.[32] The nanoporous anodic alumina (NAA) substrates were 

manufactured with a nanoporous layer thickness of 1 µm and 650 nm. 

 

3.1.1 Experimental Anodization Set-Up 

3.1.1.1 Electrochemical Cell  

NAA structures were prepared by the electrochemical aluminium 

anodization process described in section 2.1.3 of the previous chapter. This 

process is based on electrochemical cell working. As figure 3.1 shows a basic 

electrochemical cell can be divided into the following parts: two electrodes, 

an anode (aluminium (Al)) and a cathode (platinum (Pt) wire), an electrolyte 

(acid aqueous solution) and a power supply, which provides the driving force.  
 

 

 

Figure 3.1. Basic schematic diagram of the electrochemical cell for anodizing 

aluminium substrates. Al: aluminium. Pt: platinum. 
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The anode (Al) and the cathode (Pt) are immersed in the acid aqueous 

solution (oxalic, sulphuric, phosphoric acid) which is the transport medium of 

the ionic species between both electrodes: H+, Al3+ and O2-. The power supply 

provides the electrical potential (U) to ionize aluminium at the aluminium-

oxide interface (anode) and generates electrons (e-). Once the anodization 

potential is reached the pores nucleate and grow on the aluminium 

surface.[71,191] 

 

3.1.1.2 Custom-Made Electrochemical Cell 

To fabricate NAA structures and for their posterior structural modification 

(expounded in chapter 4), different voltages (U) and currents (i) profiles 

needed to be applied. To do so, several custom-made LabVIEW programs 

were developed. These programs control and monitor the anodization 

process, using several parameters such as anodization time (t) and total 

current charge (Q). The communication between the software, the computer 

and the anodizing hardware (i.e., power supplies and mustimeters) was 

established employing a high-speed GPIB-USB interface. 

Figure 3.2 displays the custom-made electrochemical cell. Given the 

deadly nature of the voltages used in the process (up to 200 V), PVC was used 

as the material for the body of the cell. Indeed, PVC possesses very good 

electrical insulation properties as well as good chemical resistance to weak 

acids. To avoid energizing the chassis of the cooling apparatus (1), the 

temperature and cooling control of the electrolyte was carried out through a 

glass serpentine (2), in this way maximum cooling efficiency and complete 

isolation between the deadly potentials of the electrochemical cell and the 

cooling apparatus chassis are achieved. The anode was made from a 
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stainless-steel plate electrically insulated by the bottom part of the cell´s body 

(3). The aluminium substrates (4) were simultaneously placed in contact with 

the anode and the electrolyte via the container (5). A platinum wire (6) 

immersed in the electrolyte (5) works as the cathode. As the temperature and 

stirring in the anodization steps are very important,[192,193] a  custom-made 

stirrer controller (7) and a thermometer sensor (8) were assembled with the 

help of a programmable microcontroller board (Arduino Uno) (9) and a 

computer (10). A high voltage capability (up to 200V) power supply (11) was 

used for the anodization, keithley2400 (k2400). 

 

 
Figure 3.2. Experimental equipment used to fabricate NAA templates. a) (3) Stainless 

steel plate cover by Teflon and (4) aluminium substrates placed in a Teflon container. 

b) (5) Teflon container with the electrolyte. c) (2) cooling glass serpentine, (6) 

platinum wire, (7) home-made stirrer controller and (8) home-made thermometer 

sensor. d) (10) Computer and (11) k2400. e) (1) Cooling apparatus. 
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3.1.2 Fabrication Process 

To obtain hexagonally ordered nanoporous alumina membranes, NAA 

substrates were prepared following the well-established two-step 

anodization process described by Masuda et al.[32] After each step, a SEM 

study of NAA substrates was carried out. 

 

3.1.2.1 Electrochemical Polishing 

To achieve a homogenous NAA layer the commercial aluminium 

substrates underwent a pre-treatment before anodization. Several processes 

of aluminium pre-treatment exist, however, one the most known is the 

electrochemical polishing (electropolishing).[194,195] Pure aluminium discs, 

which were used as substrates, were cleaned with acetone, deionised water 

and ethanol (C2H5OH) to remove all the impurities and traces of residual 

grease. In the electropolishing process, the aluminium substrate (anode) and 

platinum wire (cathode) are submerged in an electrolyte solution, a voltage 

is applied between them and the aluminium is oxidized. The electric field 

generated on the aluminium surface is higher at the surface protuberances 

than at the basins between adjacent protuberances, so the former dissolves 

faster than the latter. The electrolyte solution used to electropolish the 

aluminium substrates was an acid solution 4:1 v/v of C2H5OH and per-chloric 

acid (HClO4) at 20 V. The aluminium substrates and a platinum wire were 

submerged in the electrolyte for 6 min under a constant stirring rate of 450 

rpm and at a temperature between 5 and 10 °C.[196] It is very important to 

note that temperature control is crucial in this process since the oxidation 

reaction is extremely exothermic and can be explosive. Besides, if the 

temperature reaches 20 °C can appearance defects on the aluminium surface 
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[figure 3.3 d)]. Finally, the electropolished aluminium substrates were rinsed 

with deionised water and C2H5OH to remove the acid solution. The result is a 

mirror-like aluminium surface as can be seen in figure 3.3. Figure 3.3 a) and 

b) show a commercial aluminium substrate photo before and after the 

electropolishing process, respectively.  

 

 
Figure 3.3. Commercial aluminium substrate photos a) before and b) after the 

electro-polishing step. c) Electro-polished aluminium photo in which can see the 

reflex of the mobile phone with which the photo was taken. (mirror-like surface) d) 

Aluminium substrate photo after the electropolishing at a temperature around 20°C. 

 

3.1.2.2 First Anodization Step 

NAA can be prepared using several different electrolytes. As is explained 

in section 2.1.5.1 NAA morphology and optical characteristics depend on the 

choice of this electrolyte.[66,197] 

The first anodization step was carried out using a phosphoric acid (H3PO4) 

(1% wt.) solution as the electrolyte. The first step was started at an 

anodization potential of 175 V and an electrolyte temperature of -5 °C. After 

3 h, the anodization voltage was ramped up to 195 V (0.01 V/s). The 

anodization was continued for 12 h at 195 V at the same temperature. 



 
47 

 

In this step, the anodization conditions are very important since is a long 

process in which the substrate is subjecting a high potential. If the 

anodization potential is 195 V from the very start of the process, current 

builds up too fast and electric breakdown (Ub) occurs, burning the substrates. 

For this reason, anodization was started at 175 V, since first induce the 

formation of a protective oxide layer that prevents the burning substrates at 

the beginning of the anodization. Also, it is observed that if the anodization 

started at a temperature of less than -5 °C the substrates will be burned by 

heat generated at the pore bottom tips.[192,193] In figures 3.4 a) and b) 

measured applied voltage vs time and measured current vs time are plotted.  

 

 
Figure 3.4. a) Measured applied voltage vs time and b) Measured current vs time 

corresponding to the first anodization step. 

 

 

 

 

 

 

 



 
48 

 

In the initial step, as can be seen in figure 3.5, the nanopores grow in an 

unordered way. Figures 3.5 a) and b) exhibit the top and cross-section SEM 

views of the formation of unordered nanopores, respectively. Figure 3.6 a) 

displays the electropolished aluminium surface and b) the anodized alumina 

surface after the first step. 

 

 
Figure 3.5. a) Top and b) cross-section SEM pictures of NAA after the first step. The 

scale bars are indicated in each picture. 

 

 

Figure 3.6. a) Substrate photos before and b) after the first anodization step. The 

scale bar is indicated in the picture. 

 

3.1.2.3 Removal of Unordered Nanopores 

To achieve an ordered pattern of the nanopores, when the first 

anodization step finished, the aluminium oxide (Al2O3) film with unordered 

pores on the top and ordered pores on the bottom was selectively dissolved. 

NAA layer was completely removed by chemical etching in a solution 
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consisting of an acid mixture of chromic acid (H2CrO7, 1.8% wt.) and H3PO4 

for 1 h at 70 °C. Figure 3.7 shows NAA substrate a) before and b) after the 

removal of the unordered nanopores. 

 

 

Figure 3.7. Substrate photos a) before and b) after the chemical etching. The scale 

bar is indicated in the picture. 

 

3.1.2.4 Second Anodization Step  

NAA can be prepared with different thicknesses, diameters and interpore 

distances. In this thesis, substrates with two different nanoporous film 

thicknesses were fabricated, 1 µm and 650 nm. The final nanoporous film 

thickness depends on the total amount of charge that has circulated through 

the electrochemical cell in this step. The total charged needed was 

determined via the linear relationship of total anodization charge and NAA 

thickness.[81]  

The second anodization step was conducted in a solution of H3PO4 (1% 

wt.) at an anodization potential of 195 V and -6.5 °C. In contrast to the first 

anodization step, in the second anodization step, the pores grow in an 

organised way guided by the concavities on the patterned aluminium surface. 

The area of a substrate exposed to the electrolyte was 1.76 cm2. To obtain 

nanopores with a thickness of 1 µm and 650 nm, the total charge employed 

in this second anodization step was of 2.63 C and 1.71 C per substrate, 
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respectively. In figure 3.8 a) measured applied voltage vs time and b) 

measured current vs time are plotted. Figures 3.9 a) and b) exhibit the top 

SEM views of NAA after the second step.  

 

 

Figure 3.8. a) Measured applied voltage vs time and b) measured current vs time 

corresponding to the second anodization step.  

 

 

Figure 3.9. a) and b) top SEM pictures of NAA after the second step. The scale bars 

are indicated in each picture. 
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Figure 3.10 displays the cross-section SEM views of NAA after the second 

step using a total charge of a) 2.63 C and b) 1.70 C. From them, a nanopores 

thicknesses of 1 µm and 650 nm, respectively, can be estimated.  

 

 

Figure 3.10. Cross-section SEM pictures of NAA after the second step using a total 

charge of a) 2.63 C and b) 1.70 C. The scale bars are indicated in each picture. 
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3.2 Perovskite Solar Cell Manufacture 

In this section, the materials used for fabricating high-efficiency 

perovskite solar cells (PSCs) and NAA-based perovskite solar cell devices 

(nanostructured perovskite solar cells, nPSCs) are described. Also, the device 

fabrication process of two different PSCs and their basic electrical 

characterization is reported. These PSCs will be the reference devices of this 

thesis. The most common n-i-p architecture for fabricating PSCs is 

related.[198] The different layers that form the n-i-p PSCs are a transparent 

conductive oxide (TCO), an electron transport layer (ETL), an absorber layer 

(AL), a hole transport layer (HTL) and a metal contact.[199] Figure 3.11 

displays a schematic diagram of the previously listed layers for manufacturing 

the n-i-p PSCs. 

 

 

Figure 3.11. N-i-p perovskite solar cell basic architecture scheme. TCO: transparent 

conductive oxide, ETL: electron transport layer and HTL: hole transport layer. The 

dimensions of the layers do not correspond to their actual thicknesses. 
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3.2.1 Materials 

3.2.1.1 Electron Transport Layer Materials 

PSCs fabricated in this thesis were based on two different electron 

transport layer (ETL) materials, titanium dioxide (TiO2) and tin dioxide (SnO2). 

For the conventional flat PSCs devices (reference devices) fabrication, TiO2 

was employed for mesoporous devices structure while SnO2 was chosen for 

planar devices structure. For nPSCs devices manufacture, only TiO2 was used. 

TiO2 is the most frequently ETL material used in the most common 

reported PSCs, due to its suitable energy level, good optical transparency, 

relatively high electron mobility and environmental stability.[164,200,201] It 

is also a very good hole blocking layer due to its low lying valence band 

edge.[202] TiO2 has several phases where the anatase phase has more 

research significance for PSCs fabrication.[203]  

Recently, SnO2 has been evaluated as another promising ETL due to its 

wide bandgap, high transparency and high electron mobility  [204ς206] Also, 

SnO2 nanoparticles have the advantages of possessing good anti-reflective 

properties and thermal stability.[207] The phase of SnO2 currently applied in 

PSCs is the tetragonal rutile structure, which is the most important form of 

naturally occurring SnO2.[204]  

 

3.2.1.2 Absorber Materials 

PSCs devices prepared in this thesis were based on two different absorber 

materials, methylammonium lead iodide perovskite (CH3NH3PbI3, MAPbI3) 

and caesium formamidinium methylammonium lead iodide bromide 

perovskite (triple cation perovskite, CsFAMAPbIBr). 
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MAPbI3 is the simplest and most widely used perovskite absorber.[208] It 

has a high optical absorption coefficient, good electrical transport properties, 

favourable bandgap which is close to the optimum value for a single-junction 

solar cell.[201] It has become one of the leading compounds for the 

preparation of organic-inorganic hybrid perovskite solar cells.  

Triple cation perovskite films are thermally more stable and less affected 

by fluctuating surrounding variables such as temperature, solvent vapours or 

heating protocol[209,210] In this thesis, the triple cation perovskite 

stoichiometry used is (FAPbI3)0.78(MAPbBr3)0.14(CsPbI3)0.08. 

In this thesis, for the conventional flat PSCs devices manufacture, MAPbI3 

perovskite was employed for mesoporous devices structure while 

CsFAMAPbIBr perovskite was chosen for planar devices structure. For nPSCs 

devices fabrication, both perovskites were used. 

 

3.2.1.3 Hole Transport Layer Material 

Normally, most highly efficient PSCs employ the small organic molecule 

2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]- 9,9'spirobifluorene 

(spiro-OMeTAD) as hole transport layer (HTL) material, which has a high hole 

conductivity, mobility and a suitable HOMO energy level.[211] In this thesis, 

the PSCs and nPSCs devices were prepared using spiro-OMeTAD as HTL. 

The spiro-OMeTAD has been optimized by incorporating some additives, 

such as bis(trifluoromethylsulfonyl)amine lithium salt solution (LiTFSI) and 

tert-butylpiridine (TBP).[212ς214] In addition to completing the function of 

HTL, the spiro-OMETAD serves the purpose (in the case of nPSCs devices) of 

covering and levelling the rough NAA surface.  
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Figure 3.12 displays an energy-level diagram of the distinct materials 

mentioned previously. 

 

 

Figure 3.12. Energy-level diagram showing the valence band (VB) and conduction 

band (CB) levels of the different materials employed in this thesis for fabricating PSC 

and nPSC. TC: triple cation perovskite, (FAPbI3)0.78(MAPbBr3)0.14(CsPbI3)0.08. 

[175,201,204,215ς220] 
 

3.2.2 Fabrication Process Using MAPbI3 as Absorber Layer 

MAPbI3 perovskite solar cells were fabricated using modifications of 

standard recipes.[127,221] Several mesoporous PSCs devices were prepared 

using fluorine-doped tin oxide (FTO) as the TCO, TiO2 as ETL, MAPbI3 

perovskite as absorber layer, spiro-OMeTAD as HTL and Ag as back electrode 

contact.[222] Figure 3.13 displays a schematic diagram of the mesoporous 

device structure. 
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Figure 3.13. Schematic diagram of the mesoporous device using MAPbI3. The 

dimensions of the layers do not correspond to their actual thicknesses. 

 

3.2.2.1 Bottom Contact Cleaning 

In a cleanroom, pre-patterned 1.5 × 1.5 cm FTOs were employed as 

substrates. All the substrates were carefully cleaned. First, they were brushed 

with a solution of Hellmanex soap in deionized water, and following they 

were cleaned with ultrasonication in three different solutions for 15 min 

each. The solutions were Hellmanex soap in deionized water, isopropanol and 

acetone. Then, the substrates were treated with a UVO cleaning system for 

15 min. The substrates cleaning is a critical step as it could lead to 

unfavourable consequences in the final operation of the device and should 

be done carefully.  

 

3.2.2.2 Titanium Dioxide as Electron Transport Layer 

Over the previously cleaned FTOs substrates, three different TiO2 layers 

were deposited.[223]  
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Compact Titanium Dioxide  

First, a compact TiO2 (c-TiO2) layer was formed. A titanium diisopropoxide 

bis-(acetylacetonate) (0.3 M, Ti(i-PrO)2(acac)2) solution was prepared diluting 

0.3 mL of Ti(i-PrO)2(acac)2 in 1.7 mL of anhydrous isopropanol and filtered 

όt¢C9Σ лΦн ˃Ƴύ Ƨǳǎǘ ōŜŦƻǊŜ ƛǘǎ ǳǎŜΦ пл ҡ[ ƻŦ ǘhe filtered Ti(iPrO)2(acac)2 solution 

were deposited by spin-coating on the top of the previously cleaned FTO 

substrates at 4000 rpm (1000 rpm/s) for 25 s to obtain a c-TiO2 film thickness 

between 20 nm and 30 nm. Then, the substrates were dried at 125 °C for 5 

min and subsequently calcined at 450 °C for 30 min in a titanium hotplate. 

 

Titanium Tetrachloride Solution  

When the substrates had cooled down, after the previous calcination, 

ǘƘŜȅ ǿŜǊŜ ƛƳƳŜǊǎŜŘ ƛƴ ǘƘŜ ŦƛƭǘŜǊŜŘ όлΦнн ˃ƳΣ t9{ύ пл Ƴa ǘƛǘŀƴƛǳƳ 

tetrachloride (TiCl4) solution in 9% hydrochloric acid (HCl) at 70 °C for 30 min 

into a muffle oven. Then, the substrates were rinsed with water and C2H5OH 

and dried with a strong airflow.  

 

Mesoporous Titanium Dioxide 

Finally, to deposit the mesoporous TiO2 (m-TiO2) layer, a solution was 

prepared by diluting a commercial paste (30 nm particle size) in C2H5OH, with 

1:7 weight ratio. It was left under stirred overnight to obtain a good solution. 

40 µL of the m-TiO2 solution were spin-coated at 6000 rpm (1000 rpm/s) for 

30 s to obtain a m-TiO2 film thickness between 100 nm and 150 nm. Then, 

the substrates were dried at 125 °C for 5 min and subsequently were calcined 

at 450 °C for 30 min in a titanium hotplate. 
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3.2.2.3 MAPbI3 Perovskite as Absorber Layer 

A 1.25 M MAPbI3 precursor solution was prepared, in a N2-filled glovebox, 

from its two precursors: lead iodide (PbI2) and methylammonium iodide 

(MeNH3I, MAI) using anhydrous dimethyl sulfoxide (DMSO) as the 

solvent.[224] To help the lead salt dissolution, 288.1 mg of PbI2 were 

dissolved in 500 µl of DMSO heating it at 150 °C for 10 min in a hotplate, when 

the solution was a room temperature 99.35 mg of MAI were added. 

MAPbI3 prŜŎǳǊǎƻǊ ǎƻƭǳǘƛƻƴ ǿŀǎ ŦƛƭǘŜǊŜŘ όлΦн ˃ƳΣ t¢C9ύ Ƨǳǎǘ ōŜŦƻǊe its use. 

It was deposited, in a N2-filled glovebox, by the anti-solvent method.[137] 40 

µl of the MAPbI3 precursor solution were dropped on the top of the 

previously deposited layer and the substrates were spin-coated with a two-

step program. First, at 1000 rpm (500 rpm/s) for 10 s and then at 4000 (500 

rpm/s) rpm for 30 s. 10 s before the spinning process ends 100 µl of 

anhydrous chlorobenzene were spin-coated right on the centre of the 

substrate. The substrates were moved directly from the spin coater to a 

hotplate at 100 °C and they were annealed for 45 min. The substrates turned 

dark brown during the first minute of the annealing process as can be seen in 

figure 3.14. The MAPbI3 film thickness obtained was between 400 nm and 

450 nm. The perovskite layer formation is the most critical step in PSCs 

fabrication. The deposition method requires practice since the anti-solvent 

step is crucial. The solvent deposition should be not done too fast or too slow 

since it could lead that some rings appear in the substrate.  
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Figure 3.14. MAPbI3 perovskite film photo. 

 

3.2.2.4 Hole Transport Layer and Top Electrode 

First, an additive solution was prepared. The additives used were the tert-

butylpiridine and a bis(trifluoromethylsulfonyl)amine lithium salt (LiTFSI) 

solution, which was prepared by mixing 520 mg of LiTFSI in 1 mL of anhydrous 

acetonitrile. The additive solution was made by adding 38.7 µL of tert-

butylpiridine to 1 mL of anhydrous chlorobenzene, then 23.7 µL LiTFSI 

solution were added. Secondly, a 60 mM spiro-OMeTAD solution was 

prepared by dissolving 73 mg of spiro-OMeTAD in 1 mL of the additive 

solution.[225] Subsequently, the solution was vigorously stirred and filtered 

όлΦн ˃Ƴ PTFE filter) before its deposition. Finally, the solution was deposited 

dynamically by spin-coating.[226] 30 µL of 60 mM spiro-OMeTAD solution 

were dropped, in a N2-filled glovebox, on the top of the previous layer 

deposited and the substrates were spin-coated at 4000 rpm for 30 s, to obtain 

a thickness between 150 nm and 200 nm.[225] Subsequently, FTO contact 

was cleaned on two edges scratching away spiro-OMeTAD and MAPbI3, then 

the edges were further cleaned with swabs lightly wet with anhydrous DMSO 

and immediately with anhydrous acetonitrile to remove DMSO vapours since 

they can damage the perovskite layer. To increase the oxidative doping of the 

HTL, substrates were kept in dark in a dry air chamber overnight before the 
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thermal evaporation of the top electrode.[227]The next day the substrates 

were placed into the thermal evaporation chamber (vacuum pressure < 5x10-

6 torr, in an N2-filled glovebox) and 120 nm of silver (Ag) were thermally 

evaporated using a shadow mask leading to 4 diodes for substrate each with 

an active area of 9 mm2. 

 

3.2.3 Fabrication Process Using CsFAMAPbIBr as Absorber Layer 

CsFAMAPbIBr perovskite solar cells were manufactured employed 

variations of standard recipes.[228,229] Several mesoporous PSCs devices 

were produced using ITO as TCO, SnO2 as ETL, CsFAMAPbIBr perovskite as 

absorber layer, spiro-OMeTAD as HTL and Au as back contact. Figure 3.15 

displays a schematic diagram of the planar device. 

 

 
Figure 3.15. Schematic diagram of the planar device. The dimensions of the layers 

do not correspond to their actual thicknesses. 

 

3.2.3.1 Bottom contact Cleaning 

In a cleanroom 2.54 x 2.54 cm ITO (indium tin oxide) coated glasses were 

uses as substrates. The commercial ITO substrates were undergone pre-

treatment before the cleaning. The ITO thin film was patterned by laser 



 
61 

 

scribing lines. The pattern was performed with these conditions: 50 % power, 

1000 mm/s, 55 kHz, to remove an ITO portion of each cell. Afterwards, the 

substrates should be blown with airflow to remove the generated dust in this 

process. Figures 3.16 a) and b) exhibit a commercial ITO coated glass pictures 

before and after the annealing pattern, respectively. The ITO film is 

represented by green and the removed ITO portion by white. Subsequently, 

all the substrates were carefully cleaned as is explained in section 3.2.2.1. 

 

 

Figure 3.16. Commercial ITO coated glass a) before and b) after annealing pattern. 

The ITO film is represented by green. 

 

3.2.3.2 Tin dioxide as Electron Transport Layer 

Over the previously cleaned ITOs substrates, a tin dioxide (SnO2) thin layer 

was deposited by a two-step method described by Anaraki et al.[230] 

 

Tin Dioxide Chemical Bath Deposition  

First, Tin (II) chloride dehydrate (0.048 M, SnCl2·2H2O) solution was 

prepared by diluting 28 mg of SnCl2·2H2O in 2.54 mL of isopropanol previously 

filtered. 80 µl of the filtered SnCl2·2H2O solution were spin-coated on the top 

of previously cleaned ITO substrates at 3000 rpm (1000 rpm/s) for 30 s to 

obtain a SnO2 film thickness about 30 nm. Afterwards, they were annealed at 

180 °C for 1 h in a hotplate. Subsequently, the substrates were submerged 

for 3 h in a chemical bath at 70 °C (muffle oven) composed of 2.5 g of urea, 

рл ˃[ ƻŦ о-mercaptopropionic acid, 2.5 mL of HCl and 540 mg of SnCl2·2H2O 



 
62 

 

in 200 mL of deionized water. Then, substrates were washed with deionized 

water and dried with an airflow. It is crucial to wash the substrates with a lot 

of water and dry it well to avoid the appearance of white spots on the 

substrate surfaces. Finally, the substrates were annealed at 180 °C for 1 h in 

a hotplate. 

 

3.2.3.3 CsFAMAPbIBr Perovskite as Absorber Layer 

The triple-cation caesium formamidinium methylammonium lead iodide 

bromide (CsFAMAPbIBr) perovskite was prepared in a N2-filled glovebox, 

following the method described J.Tirado et al.[229], from its precursors: lead 

iodide (PbI2), lead bromide (PbBr2), formamidinium iodide (FAI), 

methylammonium bromide (MABr) and caesium iodide (CsI). The solvents 

used were anhydrous DMF and anhydrous DMSO. 

A 1.3 M CsFAMAPbIBr perovskite precursor solution was prepared as it is 

summarized in figure 3.17. In a vial (V1) 636 mg of PbI2 and 85 mg of PbBr2 

were mixed in 1 mL of a mixture of DMF and DMSO with a volume ratio of 

4:1. In a vial (V2) 226 mg of FAI and 26 mg of MABr were added. Then, V1 was 

dropped in V2 (solution a, Sa). In a vial (V3) 265 mg of PbI2 were stirred in 500 

µL of DMSO and in a vial (V4) 149 mg of CsI were weighed. After, V3 was 

dropped in V4 (solution b, Sb). Finally, in a vial (V5) 1.2 mL of Sa and 0.12 mL of 

Sb were mixed to have the triple-cation perovskite precursor solution. The 

resulting stoichiometry is (FAPbI3)0.78(MAPbBr3)0.14(CsPbI3)0.08.  
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Figure 3.17. Steps diagram to prepare a 1.3 M CsFAMAPbIBr perovskite precursor 

solution. 

 

Before the CsFAMAPbIBr perovskite precursor deposition, the substrates 

were treated with a UVO system at 50 °C for 15 min. The CsFAMAPbIBr 

perovskite precursor solution was deposited, in a dry-box, by the anti-solvent 

method[137] ŀƴŘ ƛǘ ǿŀǎ ŦƛƭǘŜǊŜŘ όt¢C9Σ лΦн ˃Ƴύ Ƨǳǎǘ ōŜŦƻǊŜ ƛǘǎ ǳǎŜΦ пр ҡ[ ƻŦ 

the solution were dropped on the top of the previously deposited layer and 

the substrates were spin-coated with a two-step program, first at 2000 rpm 

(200 rpm/s) for 12 s and then 5000 rpm (2000 rpm/s) for 25 s. In this step, 

120 µL of anhydrous chlorobenzene were dropped 9 s before the end of the 

process. Then, the substrates were moved directly from the spin coater to a 

hotplate and they were annealed at 100 °C for 1 h. The substrates turned 

dark brown during the first minute of the annealing process as can be 

observed in figure 3.18. The CsFAMAPbIBr film thickness obtained was about 

500 nm. The perovskite layer formation is the most critical step in PSCs 
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fabrication. The deposition method requires practice since the anti-solvent 

step is crucial. The solvent deposition should be not done too fast or too slow 

since it could lead that some rings appear in the substrate. 

 

 

Figure 3.18. CsFAMAPbIBr perovskite film photo. 

 

3.2.3.4 Hole Transport Layer and Top Electrode 

First, an additive solution was prepared by adding 28 µL of tert-

butylpiridine to 1 mL of anhydrous chlorobenzene, then 16 µL LiTFSI solution 

were added. Secondly, a 70 mM spiro-OMeTAD solution was prepared by 

dissolving 70 mg of spiro-OMeTAD in 1 mL of the additive solution.[229] 

Subsequently, the solution was vigorously stirred and filtered (0.2 ˃Ƴ t¢C9 

filter) before its deposition. Finally, the solution was deposited dynamically 

by spin-coating. 50 µL of 70 mM spiro-OMeTAD solution were deposited, in a 

N2-filled glovebox, on the top of the previous layer deposited and the 

substrates were spin-coated at 4000 rpm for 20 s to obtain thickness between 

100 nm and 300 nm.[229]  Subsequently, the substrates were patterned by 

laser scribing to remove all the layers of the device except the ITO in a specific 

area of the substrate, to facilitate the contact with the metal electrode. The 

conditions of the laser scribing were 5% power, 3000 mm/s, 55 kHz. To 

increase the oxidative doping of the HTL, substrates were kept in dark in a dry 
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air chamber overnight before the thermal evaporation of the top 

electrode.[227] The next day the substrates were placed into an ultra-high 

vacuum chamber and 70 nm of gold were deposited by thermal evaporation 

using a shadow mask leading to 5 diodes for substrate each with an active 

area of 0.19 cm2. 

 

3.2.4 Basic Electrical Characterization 

The current density-voltage (JV) characteristics of PSCs were measured in 

dark and under simulated AM1.5G illumination (100 mW/cm2). The MAPbI3 

and CsFAMAPbIBr best-performing devices J-V characteristics are shown in 

the figures 3.19 and 3.20, respectively. All the J-V measurements were carried 

out under light and nitrogen conditions (O2 < 0.1 ppm and H20 < 0.1 ppm). 

As expected, some hysteresis (difference between forward and reverse 

scan) is observed for all evaluated systems. This phenomenon has been 

reported elsewhere for n-i-p PSC and is attributed to ion migration inside 

perovskite material and especially to the formation and the release of 

interfacial charges in both electron and hole transporting layer 

contacts.[231,232] Also, as expected the performance values measured with 

devices prepared under identical conditions present a small difference. This 

phenomenon has been informed elsewhere for n-i-p PSC and is attributed to 

the sensibility of the drying and crystallization steps of the perovskite 

absorber synthesis.[233ς235] The performance parameters values of the 

MAPbI3 and CsFAMAPbIBr devices are summarized in tables 3.1 and 3.2, 

respectively. 
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Figure 3.19. Current density vs voltage (JV) characteristics of the best performing 

MAPbI3 devices in dark (hollow markers) and under simulated A.M. 1.5G illumination 

(100 mW/cm2). The solid and dashed lines correspond to the reverse and forward 

scans, respectively. 
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Table 3.1. Primary performance parameters values of the best-performing MAPbI3 

devices measured at 1 SUN A.M. 1.5 illumination (100 mWcm-2). Voc: open-circuit 

voltage, Jsc: short circuit current density, FF: fill factor and PCE: power conversion 

efficiency.  

 

 

Device Sweep Voc [V] Jsc [mA/cm] FF [%] PCE [%] 

Green 

Reverse 1.04 20.5 72 15.3 

Forward 0.99 21.6 50 10.6 

Red 

Reverse 1.04 23.2 71 17.2 

Forward 0.99 24.2 71 12.3 

Purple 

Reverse 0.99 23.6 69 16.2 

Forward 0.99 23.5 48 11.2 
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Figure 3.20. Current density vs voltage (JV) characteristics of the best performing 

CsFAMAPbIBr devices in dark (hollow markers) and under simulated A.M. 1.5G 

illumination (100 mW/cm2). The solid and dashed lines correspond to the reverse 

and forward scans, respectively. 
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Table 3.2. Primary performance parameters values of the best-performing 

CsFAMAPbIBr devices measured at 1 SUN A.M. 1.5 illumination (100 mW/cm2). Voc: 

open-circuit voltage, Jsc: short circuit current density, FF: fill factor and PCE: power 

conversion efficiency. 

 

Device Sweep Voc [V] Jsc [mA/cm] FF [%] PCE [%] 

Green 

Reverse 1.01 19.22 66 12.73 

Forward 0.98 19.07 77 14.61 

Red 

Reverse 0.96 21.68 64 13.31 

Forward 0.96 21.36 66 14.01 

Purple 

Reverse 0.88 21.07 33 6.19 

Forward 0.96 21.36 69 13.89 



 
 

 

 

 

 

 

Chapter 4 

Thick Barrier Layer Removal in 

Nanoporous Anodic Alumina  
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In the following chapter, a new method for the removal of the thick 

barrier layer in nanoporous anodic alumina without removing the aluminium 

substrate is bestowed. It is based on a re-anodization step at a constant 

current density combined with chemical etchings. This chapter is based on 

published work: M.P. Montero-Rama, et al. 2019, In-situ removal of thick 

barrier layer in nanoporous anodic alumina by constant current Re-

anodization. Surface and Coatings Technology, 380, 125039. DOI: 

10.1016/j.surfcoat.2019.125039.  
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4.1 Introduction 

Nanoporous anodic alumina (NAA) has attracted a great deal of interest 

in the last decades, due to its stability, cost-effective scalable production and 

the ability to fabricate nanopores with a wide range of thicknesses, diameters 

and interpore distances, allows to easily adapt them to new 

applications.[236,237] One remarkable NAA application is its use as a 

template for nanostructuring materials by infiltration of a specific 

material[238ς240] (organic, inorganic, metallic, etc.) into NAA and following 

of removing NAA, can be obtained an inverse replica of NAA.[241,242] For 

example, NAA templates have been successfully used for nanostructuring 

polymer solar cells resulting in improved conductivity as compared with thin 

films of the same polymer.[243,244] 

Since NAA is obtained by anodizing aluminium, the aluminium substrate 

can be used as an electrode. However, the presence of a continuous 

insulation barrier layer between the material infiltrated in the nanopores and 

the aluminium substrate, limits its applications for energy storage devices 

(batteries, supercapacitors), energy generation devices (photovoltaic solar 

cells), optoelectronic devices (LEDs, photodetectors), electrodeposition of 

metals where the materials infiltrated in NAA layer need to be electrically 

connected to the electrode. 

In previous works, researchers have described procedures based on 

successive re-anodization (constant current density or stepwise voltage 

decrease) and chemical etching steps, that partially address this 

problem.[245,246] However, only procedures for the selective barrier layer 

removal in NAA with nanopores diameters up to 100 nm (NAA obtained with 

oxalic and sulphuric acid electrolytes) have been published to date. These 
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methods fail for NAA obtained with phosphoric acid electrolytes. This is 

because phosphoric acid electrolytes (as well as other electrolytes that 

require higher anodization voltages) lead to barrier layer thicknesses of more 

than 200 nm. 

Therefore, our attention was turned to a constant current re-anodization 

process originally described by Gösele and co-workers.[247] In their work, 

they achieved thinning the barrier layer of oxalic acid-made NAA by applying 

a chemical etching procedure after the second anodization step to decrease 

the thickness of the barrier layer and subsequently, applying two consecutive 

constant current anodization steps. Fixing the anodization current induces 

pore growth under out-of-equilibrium conditions, resulting in branchings at 

the bottom of the pores without reaching steady pore growth. This produced 

a sufficiently branched barrier layer allowing for the AC electrodeposition of 

metals. However, although the current is assumed to cross the porous layer 

no attempt was made to fully remove it. 

In this work, a complete procedure to obtain mechanically stable NAA on 

aluminium substrates without a barrier layer and electrical contact between 

aluminium and the interior of the nanopores is presented. The procedure is 

based on a constant current re-anodization that results in the formation of 

branchings into the barrier layer that permits its selective removal in a final 

etching step.  
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4.2 Experimental 

4.2.1 Partial Barrier Layer Etching  

NAA samples, prepared in the previous chapter (section 3.1.2), were used 

as substrates to remove its barrier layer. NAA substrates were immersed in 

an etching solution (H3PO4, 4% wt.) for 1 h and at a temperature of 35 °C. 

With this chemical etching, the thickness of the barrier layer was reduced 

from 200 nm in the as-produced samples to a final thickness of approximately 

80 nm. This step is crucial for the subsequent re-anodization step to ensure 

the establishment of the current through the barrier layer at an anodization 

potential smaller than the first and second step. Notice that this process also 

results in a reduction of the pore wall thickness, but only partially to maintain 

the structural stability of the porous structure.  

 

4.2.2 Re-Anodization Step 

The re-anodization step consists in a third anodization step in the same 

electrolyte as the first and second anodization steps (H3PO4, 1% wt.) at -3,5 

°C, but at a constant anodization current density (re-anodization current 

density, Irndz) instead of a constant anodization voltage. 

The area of a sample exposed to the electrolyte was 1.76 cm2. The effect 

of this re-anodization step on the morphology of the barrier layer is analysed 

and the optimal conditions that allow the removal of the barrier layer while 

maintaining the porous structure in contact with the aluminium substrate are 

determinate. For this reason, five different re-anodization current densities 

were tested: Irndz = 568.2 µA/cm2, Irndz = 170.5 µA/cm2, Irndz = 113.6 µA/cm2, 

Irndz = 56.8 µA/cm2, Irndz = 5.7 µA/cm2. After these tests, the procedure was 
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further optimized by testing two more re-anodization current densities 

values: Irndz = 28.4 µA/cm2 and Irndz = 17.0 µA/cm2.  

 

4.2.3 Final Barrier Layer etching  

As it will be demonstrated in the results and discussion section, at certain 

re-anodization current densities branchings were created through the barrier 

layer. Such branchings permit a fast dissolution of the remaining barrier layer 

after a final etching step, consisting in immersing the sample in H3PO4 (4% 

wt.) solution at 35 °C for a controlled time of 38 min to remove completely 

the barrier layer. The time length of this step is important to keep the porous 

structure and its contact with the aluminium substrate. For etching times 

bigger than this value, pore walls are dissolved by the etching procedure. 

To demonstrate that the barrier layer was removed and there is an 

electric contact between the aluminium and the pore bottom the current-

voltage characteristics of two distinct substrates (with and without barrier 

layer) were measured in an electrochemical cell with a conductive 

electrolyte. 

 

4.3 Results and Discussions 

4.3.1 Partial Barrier Layer Etching 

The barrier layer thickness of the nanopores obtained with the H3PO4 

electrolyte after the second anodization step was found to be too thick to be 

removed directly after pore growth using any reported procedure. To reduce 

the barrier layer, the samples were etched in a solution of H3PO4 at 4% wt. at 

a temperature of 35 °C and for 1 h. The etching conditions were established 
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after several tests and found to give optimum results when the barrier layer 

was reduced to 80 nm. 

Figure 4.1 a) and b) show the cross-section SEM views of NAA obtained 

after the second anodization step. From figure 4.1 b) the thickness of the 

barrier layer was estimated to be about 200 nm while the pore diameter was 

estimated to be about 150 nm. Figure 4.1 c) and d) show the cross-section 

SEM views of NAA after the chemical etching step, where the thickness of the 

barrier layer and the pore diameter were now about 80 nm and 350 nm 

respectively. 

 

 
Figure 4.1. a) Cross-section SEM view of a phosphoric NAA after the second 

anodization step. c) Cross-section SEM view of a phosphoric NAA after the partial 

chemical etching. b) and d) are the magnification views of a) and b) respectively. The 

scale bars are indicated in each picture. 
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For etching times bigger than 38 min, nanopore walls are dissolved by the 

etching procedure as figure 4.2 exhibits. 

 

 

Figure 4.2. a) Cross-section SEM view of the nanopores dissolves after the final 

barrier layer etching with a time over than 38 min. b) Magnification view of a) The 

scale bars are indicated in each picture. 

 

4.3.2 Re-Anodization Step 

To determine the optimal conditions for the re-anodization step, several 

experiments were conducted for different values of current density. The first 

experiment was conducted at a constant current density about one order of 

magnitude lower than the current density reached at the end of the second 

anodization step (constant anodization voltage of 195 V). Thus, since the 

current density at the end of the second anodization step is 5682.1 µA/cm2 

the first re-anodization experiment was conducted at Irndz = 568.2 µA/cm2. 
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Figure 4.3 shows the measured voltage for Irndz = 568.2 µA/cm2. The 

voltage undergoes a small transient decrease for 1 s, followed by an increase 

with an almost constant rate of 162 mV/s. Since the objective of this re-

anodization is the reduction of the measured voltage, this experiment was 

stopped after 46 s. 

 

Figure 4.3. Measured voltage vs time for Irndz = 568.2 µA/cm2. 

 

The behaviour of the measured voltage for Irndz = 170.5 µA/cm2 (figure 

4.4) and 113.6 µA/cm2 (figure 4.5) is similar to the previous result with the 

only difference that the rates of voltage increase are 47 mV/s and 9 mV/s, 

respectively. 
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Figure 4.4. Measured voltage vs time for Irndz = 170.5 µA/cm2 

 

 
Figure 4.5. Measured voltage vs time for Irndz = 113.6 µA/cm2. 
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When the re-anodization current density was further reduced, however, 

i.e., Irndz = 56.8 µA/cm2 (figure 4.6), the measured voltage shows a completely 

different trend: first, the potential shows a fast increase from 78 V to 96 V in 

1.2 s, then drops to 95 V in 0.9 s and finally starts to decrease slowly, with a 

rate almost constant of 14 mV/s. 

 

Figure 4.6. Measured voltage vs time for Irndz = 56.8 µA/cm2 

 

If the constant re-anodization current density is further reduced, for Irndz 

= 5.7 µA/cm2 [figure 4.7 a)] the measured voltage experiences a sharper 

increase at the beginning in a brief period (from 10 V up to 65 V in 7.1 s) and 

then it decreases with a constant rate of 29 mV/s until stabilizes reaching 

values close to zero in 7 h. Figure 4.7 b) shows the cross-section SEM view of 

a sample after re-anodization performed with Irndz = 5.7 µA/cm2. The picture 

shows that small branchings have grown through the barrier layer. The 

branchings appear distributed non-homogeneously at the bottom of the 

pores.  
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Figure 4.7. a) Measured voltage vs time and b) cross-section SEM view of NAA for 

Irndz = 5.7 µA/cm2. The scale bar is indicated in the picture. 

 

The previous tests can be classified into two main groups: for re-

anodization current densities above 56.8 µA/cm2 the measured voltage 

increases with the application of a constant re-anodization current density, 

while for current densities below 56.8 µA/cm2 the trend is opposite i.e. the 

measured voltage decreases. 
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Taking into account that the barrier layer thickness is proportional to the 

anodization voltage,[94,237] the increase in measured voltage for the current 

densities higher than 56.8 µA/cm2 (figures 4.3, 4.4 and 4.5) is indicating that 

the barrier layer thickness is increased. This can be explained by the fact that 

the current density applied is high enough to produce the generation of oxide 

at the oxide-metal interface at a higher rate than the dissolution at the 

electrolyte-oxide interface. On the other hand, when the current density is 

small enough [figures 4.6 and 4.7 a)] the rate of oxide generation is limited 

by the current density applied and the dissolution is promoted. The SEM view 

in figure 4.7 b) indicates that the dissolution of the alumina takes place locally 

at points distributŜŘ ƻƴ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ǇƻǊŜǎΩ ōƻǘǘƻƳΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ǘƘŜ 

formation of small branchings that penetrate through the barrier layer. 

The procedure was further optimized by testing two more re-anodization 

current densities values: Irndz = 28.4 µA/cm2 and Irndz = 17.0 µA/cm2.  

Figure 4.8 a) corresponding to Irndz = 28.4 µA/cm2 shows a measured 

voltage increases over a short period, and then it decreases to values close to 

0 V. The behaviour of the measured voltage is similar to that recorded for Irndz 

= 5.7 µA/cm2, with the difference that the measured voltage reaches a 

constant threshold after 9 h instead of 7 h. The voltage decrease has an 

average rate of 12 mV/s. The process was carried out over 12 h. Interestingly, 

SEM views [figure 4.8 b) and c)] of the corresponding re-anodization process 

show similar branchings as those formed for Irndz = 5.7 µA/cm2 with the 

difference that in this case, the branchings go through the barrier layer and 

continue growing into the aluminium substrate [Shown by the red arrows in 

figure 4.8 c)]. 
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Figure 4.8. a) Measured voltage vs time corresponding to Irndz = 28.4 µA/cm2. b) 

Cross-section SEM view for this value of current density. c) Magnification view of b) 

with the growth of the branchings into the aluminium, which is mark by red 

arrows. The scale bars are indicated in each picture. 
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In figure 4.9 a), the measured voltage for Irndz = 17.0 µA/cm2 shows a 

similar behaviour as in the previous Irndz = 5.7 µA/cm2 and Irndz = 28.4 µA/cm2. 

It increases up to about 80 V and then decreases with a constant rate of 0.96 

mV/s. The process was stopped after 5.5 h to avoid the growth of additional 

oxide, as observed in figure 4.8 c). SEM views [figure 4.7 b) and 4.8 c)] for Irndz 

= 5.7 µA/cm2 and Irndz = 28.4 µA/cm2 respectively, show branchings in the 

alumina barrier layer. The main difference with the Irndz = 5.7 µA/cm2 current 

density is that in this case branchings are uniformly distǊƛōǳǘŜŘ ƻƴ ǘƘŜ ǇƻǊŜǎΩ 

bottom. On the other hand, if compared with Irndz = 28.4 µA/cm2, branchings 

grow only through the barrier layer and do not penetrate on the aluminium 

substrate. It is also important to point out that the re-anodization at this 

current density, for such time, leaves points of contact between the oxide 

and the metallic aluminium substrate. (indicated by blue arrows in figure 4.9 

c). Such points are crucial to avoid the detachment of the porous oxide from 

the aluminium substrate when the subsequent etching step is applied. 
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Figure 4.9. a) Measured voltage vs time for Irndz = 17.0 µA/cm2. b) Cross-section SEM 

view of NAA for this value of current density. c) Magnification view of b) with the 

point of contact between the oxide and the aluminium marked by the blue arrows. 

The scale bars are indicated in each picture. 
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4.3.3 Final Barrier Layer Etching 

Figure 4.10 shows SEM views of the resulting NAA after applying a 

chemical etching step as described in the experimental section to a sample 

produced by a re-anodization current density of Irndz = 17.0 µA/cm2. For this 

sample, the re-anodization process was stopped after 5.5 h and the chemical 

etching was applied for 38 min. Figure 4.10 a) and b) correspond to a cross-

section from different view angles, while the figure 4.10 c) corresponds to a 

top-view. Finally, figure 4.10 d) and e) show the cross-section SEM view of 

NAA together with the aluminium substrate. In figure 4.10 a) the green 

arrows point to the ǇƻǊŜΩǎ ōƻǘǘƻƳ ǎƘƻǿƛƴƎ ǘƘŀǘ ǘƘŜ ōŀǊǊƛŜǊ ƭŀȅŜǊ Ƙŀǎ ōŜŜƴ 

removed. Figure 4.10 b) corresponds to a flake detached from the aluminium 

surface, allowing for a high-contrast picture of the lower part of the pores 

clearly showing the absence of the barrier layer aǘ ǘƘŜ ǇƻǊŜǎΩ ōƻǘǘƻƳΦ ¢ƘŜ 

top-view SEM view in figure 4.10 c) shows that the pore wall thickness has 

been also reduced by the final chemical etching step, but it is thick enough to 

ensure structural stability. Finally, the cross-section views in figures 4.10 d) 

and e) show that the nanopores are completely open at their bottoms 

permitting the electric contact of any substance in the pore interior with the 

aluminium substrate while maintaining adhesion with the substrate. 
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Figure 4.10. a) and b) cross-section and c) top SEM view of NAA after a chemical 

etching of NAA samples obtained with a Irndz = 17.0 µA/cm2. d) and e) Cross-section 

SEM view of the porous anodic alumina together with the aluminium substrate. The 

scale bars are indicated in each picture. 
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Figure 4.11 exhibits the measured current vs applied voltage of several 

NAA substrates with and without barrier layer. Measured current values of 

NAA are almost 0 mA while measured current values of wBL-NAA vary 

between -5 and 8 mA. Thus, demonstrating that there is an electric contact 

between aluminium and the pore bottom and therefore will be an electric 

contact between a conductor material infiltrated within wBL-NAA and the 

aluminium. 

 

 
Figure 4.11. Measured current vs applied voltage of NAA substrates with and 

without barrier layer. 
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4.4 Conclusions 

It is presented a new method for the removal of the thick barrier layer in 

NAA without removing the aluminium substrate based on a re-anodized step 

at a constant current density and chemical etchings. The best condition for 

removing the barrier layer is to fix a constant density current of 17.0 µA/cm2 

in the constant current re-anodization step, using as electrolyte a solution of 

H3PO4 (1% wt.) Previous methods for removing the barrier layer from NAA 

are designed for thin barrier layers and cannot apply in samples obtained in 

H3PO4 (1% wt.) electrolytes with barrier layers of more 200 nm. Our method 

was tested for NAA samples obtained by two-step anodization process and 

using an H3PO4 electrolyte and keeping a constant voltage of anodization of 

195 V. In this kind of NAA, the thickness of the barrier layer is about 200 nm. 

Before dissolved the barrier layer, it is necessary to reduce the thickness of 

the barrier layer with H3PO4 (4% wt.). Now, under specific anodization at 

constant current density, the barrier layer can be dissolved. Several values of 

re-anodization current densities were tested to optimize the process of 

dissolution of the barrier layer. A re-anodization at a low current density such 

as 17.0 µA/cm2 leads completely barrier layer-free NAA without detachment 

of the aluminium substrate. For higher re-anodization current densities, the 

measured anodization voltage shows an initial decrease followed by a steady 

increase. This indicates that the pore growth process continues by adjusting 

the barrier layer thickness to a new equilibrium state. In contrast, for re-

anodization current densities below 17.0 µA/cm2, measured anodization 

voltage shows a steady decrease and stabilization at a value close to 0 V. This 

behaviour is related to the creation of non-homogenous branchings within 

the barrier layer. This barrier layer with the branchings can be removed with 



 
90 

 

a final chemical etching step of H3PO4 (4% wt.) at 35 °C. If the re-anodization 

step is carried out for a long time, the branchings continue to grow into the 

aluminium substrate creating a highly nanoporous layer between the original 

NAA and the aluminium substrate. If the final chemical etching step is applied 

to such a layer, NAA separates from the aluminium substrate. To avoid such 

detachment, it is crucial to stop the re-anodization before such highly 

nanoporous layer is formed. However, this process can be useful in the 

fabrication of nanoporous membranes. 

Finally, the formation of barrier layer-free NAA allows for the infiltration 

of the nanopores and the establishment of electric contact between the 

resulting material the nanopores are filled in with and the aluminium 

substrate. Although this method has been developed for NAA obtained with 

H3PO4 electrolytes, it could be extended to NAA fabricated with different 

electrolytes at high voltage anodization. Further research to study the 

infiltration of different materials into the barrier-free NAA and the study their 

electrical characteristics is underway. 
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In the following chapter, a novel type of perovskite solar cell device on a 

metallic substrate, using nanoporous anodic alumina as enclosure, is 

presented. The experimental methods used for infiltrating distinct kinds of 

materials within the nanoporous anodic alumina membrane, which barrier 

layer was previously removed, are explained. A nanostructured perovskite 

solar cell device is manufactured, and its current density-voltage 

characteristics are measured. 
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5.1 Introduction 

Perovskite solar cells (PSCs), as is explained in chapter 2 section 2.2.2.2, 

have received a great deal of attention owing to their photovoltaic (PV) 

properties and because in a few years, its power conversion efficiencies (PCE) 

have experimented a high improvement. However, one of the disadvantages 

of the PSCs is the very poor stability of the perovskite layer in the presence of 

humidity, radiation and temperature.[217,248] Due to that, in this chapter, 

the fabrication of a nanostructured PSC based on nanoporous anodic alumina 

(NAA) technology is investigated. NAA provides the advantage of enhancing 

perovskite stability since the perovskite layer will be surrounded by the other 

layers and the nanopore walls. 

To reach this aim, several challenges should be overcome: 1) Obtain an 

electrical contact between the aluminium and the first infiltrated material. 2) 

Achieve that the first infiltrated material diffuses until the nanopores bottom. 

3) The different layers which compound the PSCs should have a specific 

thickness to work correctly, so each layer infiltrated must have the right 

height. 4) The infiltrated materials should fill the nanopores up to a certain 

height. It is also very important that the height of each material should be 

homogeneous among all the nanopores. 5) Finally, it is also crucial to find a 

semi-transparent electrode which does not damage the perovskite layer and 

deposited it on top of the solar cell structure.  

In this chapter, a novel type of PSC device on a metallic substrate is 

presented. In our design, barrier layer-free NAA (wBL-NAA) is used as an 

enclosure and the aluminium of the wBL-NAA substrate will work as the 

opaque metal electrode. We expected that NAA to have the role of enclosure, 

in which monocrystals will grow, as a result of confinement. First, typical 
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aluminium anodization using phosphoric acid was carried out to obtain the 

pattern for an ordered nanoporous substrate.[246] (chapter 3, section 3.1.2) 

Secondly, a procedure in which a partially widened nanoporous layer is 

subjected fixed-current anodization to remove the barrier layer was 

conducted.[249] (chapter 4) Finally, different layers corresponding to the 

structure of the PSC devices testes in chapter 3 section 3.2, for preparing the 

most used PSC device were infiltrated into the nanopores of NAA to obtain a 

nanostructured perovskite solar cell (nPSC) device. 

 

5.2 Experimental  

5.2.1 Titanium Dioxide Infiltration  

To achieve the aim of having a nanostructured titanium dioxide (TiO2) 

layer thickness below 100 nm and with a homogeneous height among all the 

nanopores, different tests were carried out. 

First, a titanium dioxide (TiOx) solution was prepared, in a N2-filled 

glovebox, via the sol-gel method described by Kim et al.[215,250] mixing 0.2 

mL of titanium (IV) isopropoxide (Ti[OCH(CH3)2]4) with 0.1 mL of 2-

methoxyethanol (CH3OCH2CH2OH) and 1 mL of ethanolamine 

(H2NCH2CH2OH). The TiOx-solution was heated to 120 °C for 90 min under 

magnetic stirring to obtain a clear solution. Subsequently, the TiOx-solution 

ǿŀǎ ŦƛƭǘŜǊŜŘ όлΦн ˃Ƴ t¢C9 ŦƛƭǘŜǊύ ŀƴŘ ŘƛƭǳǘŜŘ ƛƴ anhydrous methanol (CH3OH) 

with a volume ratio of 1:3 (TiOx-solution:CH3OH). The diluted TiOx-solution 

ǿŀǎ ǎǘƛǊǊŜŘ ŦƻǊ м Ƙ ŀƴŘ ŦƛƭǘŜǊŜŘ όлΦн ˃Ƴ t¢C9 ŦƛƭǘŜǊύ ōŜŦƻǊŜ ƛǘǎ deposition. 

Secondly, the diluted-TiOx solution was deposited on the top of different 

wBL-NAA substrates, prepared in the same conditions, via drop-casting and 

spin-coating. 
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Finally, after each deposition, to convert the precursors in TiO2 by 

hydrolysis, the substrates were left in ambient conditions for 1 hour, heated 

at 150 °C for 10 min and heated at 500 °C for 30 min. The final temperature 

was reached by increasing the temperature with 20 °C/min heating rate. 

Since aluminium is the base of the wBL-NAA substrates, is very important to 

note that the aluminium melting point is 660 °C. The temperature at which 

the substrates must be heated for the TiO2 anatase crystalline formation (500 

°C) is very close to the aluminium melting point. This can cause the metallic 

aluminium substrate softening and can cause stress due to the difference in 

coefficients of thermal expansion between metallic aluminium and the 

porous aluminium oxide layer. Such stress can cause bending of the 

substrate. Therefore, once the TiO2 formation temperature is reached, the 

substrates are quickly cooled by placing them on a base of material that is a 

good conductor of heat. 

 

5.2.1.1 Titanium Dioxide Infiltration via Drop-Casting Deposition 

Several diluted TiOx-solution volumes (Vd) Vd1 Ґ млл ˃[Σ ±d2 Ґ рл ˃[Σ ±d3 = 

ол ˃[ ŀƴŘ ±d4 Ґ нл ˃[ ǿŜǊŜ ŘǊƻǇ-casted on the top of four wBL-NAA 

substrates. The wBL-NAA substrate area exposed to Vd was 1.76 cm2. 

 

Substrate 1 2 3 4 

Vd [µL] 100 50 30 20 

Table 5.1. TiOx-solution volumes deposited on the top of wBL-NAA substrates via 

drop-casting. 
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5.2.1.2 Titanium Dioxide Infiltration via Spin-Coating Deposition 

Various wBL-NAA substrates were placed in a spin-ŎƻŀǘƛƴƎ ŘŜǾƛŎŜΦ млл ˃[ 

of the diluted TiOx-solution were deposited on the top of the wBL-NAA 

substrates. After waiting for 30 s to let the diluted TiOx-solution infiltrates 

nanopores, the wBL-NAA substrates were spin-coated at 4000 rpm (2160 

rpm/s) for 90 s, to obtain the desired nanostructured TiO2 layer thickness 

below 100 nm. 

 

5.2.2 MAPbI3 perovskite Infiltration  

To reach the goal of having a nanostructured methylammonium lead 

iodide (MAPbI3) perovskite layer thickness between 400 nm and 600 nm and 

with a homogeneous height among all the nanopores, diverse experiments 

were conducted. 

First, several MAPbI3 perovskite precursor solutions were prepared, in an 

N2-filled glovebox, from the two precursors as is explained in chapter 3 

ǎŜŎǘƛƻƴ оΦнΦнΦоΦ {ǳōǎŜǉǳŜƴǘƭȅΣ ǘƘŜ ǎƻƭǳǘƛƻƴǎ ǿŜǊŜ ŦƛƭǘŜǊŜŘ όлΦн ˃Ƴ t¢C9 ŦƛƭǘŜǊύ 

before its deposition.  

Secondly, a wBL-NAA substrate was placed in a spin-coating device which 

was positioned in a N2-ŦƛƭƭŜŘ ƎƭƻǾŜōƻȄΦ млл ˃[ ƻŦ ŜŀŎƘ a!tōL3 perovskite 

precursor solution were dropped on the top of different wBL-NAA substrates 

prepared in identical conditions. After waiting for 60 s to let the solutions 

infiltrates nanopores, the substrates were spin-coated at 4000 rpm (3996 

rpm/s) for 45 s, to obtain the desired nanostructured MAPbI3 perovskite layer 

thickness between 400 nm and 600 nm. 

Finally, the substrates were placed in a hotplate and they were annealed 

at 100 °C for 1 h to obtain crystalline perovskite (MAPbI3) films. The 
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conditions of the MAPbI3 perovskite precursor solutions depositions are 

summarized in table 5.2. 

 

Sub MAPbI3 [M] Solvent Ss [rpm] Ac [rpm/s] Time [s] 

5 1.5 DMF 4000 3996 45 

6 2 DMF 4000 3996 45 

7 2.5 DMF 4000 3996 45 

Table 5.2. Conditions of the MAPbI3 perovskite precursor solutions depositions. Sub: 

substrate, Ss: spin speed, Ac: spin acceleration. 

 

5.2.3 Spiro-OMeTAD Infiltration 

To realise the target of having a 2,2',7,7'-Tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) layer with a 

homogeneous height among all the nanopores and to provide additional 

properties to its hole conduction, such as a complete levelling of NAA pores 

openings, distinct tests were performed. 

Diverse solutions were prepared, in an N2-filled glovebox, by dissolving 

different amounts of spiro-OMeTAD in 1 mL of anhydrous chlorobenzene. 

{ǳōǎŜǉǳŜƴǘƭȅΣ ǘƘŜ ǎƻƭǳǘƛƻƴǎ ǿŜǊŜ ǾƛƎƻǊƻǳǎƭȅ ǎǘƛǊǊŜŘ ŀƴŘ ŦƛƭǘŜǊŜŘ όлΦн ˃Ƴ t¢C9 

filter) before its deposition. 100 µL of each solution were deposited on the 

top of several wBL-NAA-TiO2-MAPbI3 substrates prepared in identical 

conditions via spin-coating. The spiro-OMeTAD layer thickness was adjusted 

via concentration solution and spin-coating speed. 

First, a 72 mg/mL spiro-OMeTAD solution was spin-coated at two 

different spin speeds (Ss): Ss1 = 1000 rpm and Ss2 = 1500 rpm. After these 

tests, the spiro-OMeTAD layer infiltration was optimized by testing two more 

spiro-OMeTAD solution concentrations (C): C1 = 105 mg/mL and C2 = 140 
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mg/mL, using the same spinning conditions in its deposition. The conditions 

of the spiro-OMeTAD solutions depositions are summarized in table 5.3. 

 

Sub Spiro-OMeTAD [mg/mL] Ss [rpm] Ac [rpm/s] Time [s] 

8 72 1000 1080 90 

9 72 1500 1080 90 

10 105 1000 1080 90 

11 140 1000 1080 90 

Table 5.3. Conditions of the spiro-OMeTAD solutions deposition. Sub: substrate, Ss: 

spin speed, Ac: spin acceleration. 

 

To perform the first test, a 72 mg/mL spiro-OMeTAD solution was made 

by dissolving 72 mg of spiro-OMeTAD in 1 mL of anhydrous chlorobenzene. 

млл ˃[ ƻŦ ǘƘŜ тн ƳƎκƳ[ ǎǇƛǊƻ-OMeTAD solution were dropped on the top of 

two wBL-NAA-TiO2-MAPbI3 substrates and they were spin-coated at two 

different spin-coating speeds:  Ss1 = 1500 rpm (1080 rpm/s) and Ss2 = 1000 

rpm (1080 rpm/s) for 90 s. Afterwards, both substrates were placed into a 

thermal evaporation chamber (vacuum pressure < 5x5-6 torr, in an N2-filled 

glovebox) and the semi-transparent electrode described by Jun Hee Han et 

al.[175] was deposited over the spiro-OMeTAD layer using a thin-film mask 

to pattern the electrode. It was composed by tungsten trioxide (WO3) and 

silver (Ag). The structure consists of two thin Ag films surrounded by WO3 

layers. The semi-transparent electrode was deposited sequentially: WO3 (50 

nm)/Ag (12 nm)/WO3 (105 nm)/Ag (12 nm)/WO3 (50 nm). 

Secondly, two more spiro-OMeTAD solutions were prepared with 

concentrations (C) greater than 72 mg/mL, C3 = 105 mg/mL and C4 = 140 

mg/mL, by dissolving 105 mg and 140 mg of spiro-OMeTAD in 1 mL of 
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anhydrous chlorobenzene. 100 µL of each spiro-OMeTAD solution were 

dropped on the top of two wBL-NAA-TiO2-MAPbI3 substrates and they were 

spin-coated at 1000 rpm (1080 rpm/s) for 90 s. 

 

5.2.4 Nanostructured Perovskite Solar Cell Device Fabrication 

To fabricate a nanostructured perovskite solar cell (nPSC) device several 

wBL-NAA substrates, prepared under identical conditions, with a nanoporous 

film thickness of about 1 µm, were placed in a spin-coating device which is 

positioned in an N2-filled glovebox. Some of the previously prepared solutions 

were filtŜǊŜŘ όлΦн ˃Ƴ t¢C9 Ŧƛlter) before its deposition and they were 

deposited under nitrogen conditions (O2 < 0.1 ppm and H20 < 0.1 ppm). The 

conditions of each solution deposition are summarized in table 5.3. 

 

Material C [M] Vd [µL] Ss [rpm] Ac [rpm/s] T [s] 

TiOx  100 4000 2160 90 

MAPbI3 2 100 4000 3996 45 

s-OMeTAD 0.114  100 1000 1080 90 

Table 5.4. Conditions of the solutions depositions. C: concentration, Vd: deposited 

volume, Ss: spin speed, Ac: spin acceleration, T: spin time. 

 
CƛǊǎǘΣ млл ˃[ ƻŦ ǘƘŜ ŘƛƭǳǘŜŘ ¢ƛhx-solution were dropped on the top of the 

wBL-NAA substrates. After waiting for 30 s to let the diluted TiOx-solution 

infiltrates nanopores, the wBL-NAA substrates were spin-coated at 4000 rpm 

(2160 rpm/s) for 90 s. Then, to convert the precursors in TiO2 by hydrolysis, 

the substrates were left in ambient conditions for 1 hour, heated at 150 °C 

for 10 min and heated at 500 °C for 30 min. 
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{ŜŎƻƴŘƭȅΣ млл ˃[ ƻŦ ǘƘŜ н a a!tōL3 perovskite precursor solution were 

dropped on the top the previously deposited layer. Following, after waiting 

for 60 s to let the solution infiltration, the substrates were spin-coated at 

4000 rpm (3996 rpm/s) for 45 s. Subsequently, the substrates were placed in 

a hotplate and they were annealed at 100 °C for 1 h. The surface of the 

substrates turned black during the first minute of the annealing process. 

Thirdly, 100 µL of the 140 mg/mL spiro-OMeTAD solution were dropped 

on the top of the previously deposited layer and the substrates were spin-

coated at 1000 rpm (1080 rpm/s) for 90 s. 

Finally, the substrates were loaded into the thermal evaporation chamber 

(vacuum pressure < 5x10-6 torr, in an N2-filled glovebox) and using a thin-film 

mask the semi-transparent electrode was thermally deposited sequentially: 

WO3 (50 nm)/Ag (12 nm)/WO3 (105 nm)/Ag (12 nm)/WO3 (50 nm). 

Afterwards, the thin-film mask was changed and 150 nm of Ag were thermally 

deposited. In all cases, the effective device area of the nPSC was 0.28 cm2.  

Figure 5.1 a) shows a schematic diagram and b) displays a photo of the 

prepared nPSC device.  

 

 

Figure 5.1. a) nPSC basic architecture scheme. b) nPCS device photo. Layers are not 

to scale in the basic architecture scheme. 
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5.2.5 Semi-Transparent Electrode Characterization 

To measure the transmittance and sheet resistance of the proposed semi-

transparent electrode composed of WO3 (50 nm)/Ag (12 nm)/WO3 (105 

nm)/Ag (12 nm)/WO3, several glasses were placed in the thermal evaporation 

chamber (vacuum pressure < 5x10-6 torr, in an N2-filled glovebox and the 

alternative layers of WO3 and Ag were evaporated under the same 

conditions. 

 

5.3 Results and Discussion 

5.3.1 Titanium Dioxide Infiltration 

5.3.1.1 Titanium Dioxide Infiltration via Drop-Casting Deposition 

To measure the nanostructured TiO2 layer thickness within the nanopores 

an SEM study of the wBL-NAA-TiO2 substrate was carried out. Figures 5.2 a), 

b), c) and d) show the top SEM pictures of the wBL-NAA substrates after the 

TiOx diluted-solution deposition via drop-casting. The volumes deposited 

were 100 ˃L, 50 ˃ L, 30 ˃ L and 20 ˃L, respectively. For Vd1 = 100 ˃ L [figure 5.2 

a)] the nanopore structure of the wBL-NAA surface can be observed without 

any traces of deposited TiO2 on top of them. For Vd2 = 50 ˃ L, Vd3 = 30 ˃ L and 

Vd4 = 20 ˃ L [figures 5.2 b), c) and d), respectively] big TiO2 islands with 

characteristic sizes between 5 and 10 µm can be observed on top of the wBL-

NAA nanopore structure, marked by the blue arrows. Among the TiO2 islands, 

nanopores pathways can be seen. These pathways become more narrows as 

the amount of deposited TiO2 decreases.  
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Figure 5.2. a), b), c) and d) top SEM views of the wBL-NAA substrates after the TiOx 

diluted-solution deposition via drop-casting. The volumes deposited were 100 ˃L, 

50 ˃ L, 30 ˃ L and 20 ˃L, respectively. The scale bars are indicated in each picture and 

the TiO2 is marked by blue arrows. 

 

Figure 5.2 demonstrates a clear tendency of the TiO2 precursor solution 

to infiltrate better into the nanopores for bigger deposited volumes. This is 

probably due to the speed at which the solvent used in the dilution it 

evaporates since methanol anhydrous is very volatile. When the solution is 

dropped, it starts to fill the nanopores, but at the same time, it evaporates 

very fast. If the volume of deposited TiO2 precursor solution is not big enough, 

it will not have time to infiltrate the nanopores, therefore, TiO2 instead of 

infiltrating the nanopores is covering them. If the droplet volume is smaller, 

evaporation will take a smaller time, and consequently, the solution has not 

enough time to infiltrate the nanopores. For Vd1 = 100 L˃ [figure 5.2 a)] TiO2 
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has infiltrated the nanopores without filling them. For Vd4 = 20 µL [figure 5.2 

d)] there are more TiO2 covering the nanopores than for Vd3 = 30 µL and Vd2 

= 50 µL [figure 5.2 c) and b), respectively] and in turn in for Vd3 = 30 µL [figure 

5.2 c)] there are more TiO2 covering the nanopores than Vd2 = 50 µL [figure 

5.2 b)]. There is a great amount of TiO2 covering the nanopores, therefore, 

the TiO2 is not within the nanopores. 

 

5.3.1.2 Titanium Dioxide Infiltration via Spin-Coating Deposition 

To estimate the nanostructured TiO2 layer thickness within the nanopores 

a cross-sectional SEM study of the wBL-NAA-TiO2 substrate was conducted. 

Figure 5.3 exhibits the cross-section SEM picture of the wBL-NAA substrate 

after the diluted TiOx-solution infiltration via spin-coating deposition. The 

double blue arrow is pointing the TiO2 amount on the nanopores bottom. The 

simple blue arrows are marking the actual TiO2 thickness. The double purple 

arrow denotes the MAPbI3 perovskite layer, which was deposited after the 

diluted TiOx-solution, now we focus on the TiO2 layer. Figure 5.3 shows as the 

TiO2 layer is homogeneously distributed on the nanopores bottom covering 

the aluminium surface. The nanostructured TiO2 layer thickness was 

estimated at 40 nm. 
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Figure 5.3. Cross-section SEM view of the wBL-NAA substrate after the diluted TiOx-

solution infiltration via spin-coating deposition. The scale is indicated in the picture 

and the TiO2 is marked by the blue arrows.  

 

5.3.2 MAPbI3 perovskite infiltration 

To estimate the nanostructured MAPbI3 layer thickness within the 

nanopores a cross-sectional SEM study of the wBL-NAA-MAPbI3 substrates 

was performed. Figures 5.4, 5.5 and 5.5 a) and b) display the top and c) and 

d) exhibit the cross-section SEM pictures of the wBL-NAA substrates after the 

MAPbI3 perovskite precursor solutions infiltrations with a concentration of 

1.5 M, 2 M and 2.5 M, respectively. 
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From figure 5.4 a) nanopores with different colours can be distinguished, 

some are black and others are white. The nanoporous layer thickness is about 

1 µm. The differences in the colour observed in the SEM pictures is given by 

the different filling degree of the nanopores. If the nanopores are partially 

filled (it is means less than 500 nm) they will be black. If the nanopores are 

almost filled (it means more than 500 nm and less than 1 µm) they will be 

white. In figure 5.4 b) a grey layer of about 7 µm over the nanopores can be 

observed (marked by the purple arrow). It is a MAPbI3 layer. In figure 5.4 c) 

and d) the double purple arrows are marking the MAPbI3 thickness and the 

yellow one denotes the nanopores thickness. From these pictures, the 

nanostructured MAPbI3 layer thickness was estimated at 700 nm. 
 

 

Figure 5.4. a) and b) top; c) and d) cross-section SEM views of the wBL-NAA substrate 

after the MAPbI3 (1.5 M) infiltration via spin-coating deposition. The MAPbI3 layer is 

marked by purple. The yellow double arrow denotes the nanopores thickness. 

Pictures a) and c) were taken in backscattering mode. The scale bars are indicated in 

each picture.  
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In figures 5.5 a) and b) nanopores with a uniform grey tone across the 

surface can be observed. It is because the filling degree is homogeneous 

through the nanoporous layer. Following the same reasoning from figure 5.4 

a) the nanopores are partially filled. In figure 5.5 d) the double purple arrows 

are marking the MAPbI3 thickness and the yellow one denotes the nanopores 

thickness. From these pictures, the nanostructured MAPbI3 layer thickness 

was estimated at 500 nm. 

 

 

Figure 5.5. a) and b) top; c) and d) cross-section SEM views of the wBL-NAA substrate 

after the MAPbI3 (2 M) infiltration via spin-coating deposition. The MAPbI3 layer is 

marked by purple. The yellow double arrow denotes the nanopores thickness. 

Pictures c) and d) were taken in backscattering mode. The scales are indicated in 

each picture.  
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In figures 5.6 a) and b) a kind of needles can be seen, marked by purples 

arrows. These needles are the MAPbI3 crystals, which grows over NAA surface 

instead of growing inside the nanopores as it is expected. In figures 5.6 c) and 

d) the double purple arrows are marking the MAPbI3 thickness and the yellow 

one denotes the nanopores thickness. From these pictures, the 

nanostructured MAPbI3 layer thickness was estimated at 1000 nm. 

 

 

Figure 5.6. a) and b) top; c) and d) cross-section SEM views of the wBL-NAA substrate 

after the MAPbI3 (2.5 M) infiltration via spin-coating deposition. The MAPbI3 layer is 

marked by purple. The yellow double arrow denotes the nanopores thickness. 

Pictures a), c) and d) were taken in backscattering mode. The scales are indicated in 

each picture.  
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Figure 5.7 a) shows the X-Ray diffractograms for MAPbI3 perovskite 

precursor solution deposited over an electropolished aluminium (black line) 

and wBL-NAA substrates (purple line). Figure 5.7 b) displays the XRD of 

MAPbI3 perovskite magnified in the region ƻŦ όнʻ Ґ млΦлς16.0ύ ŀƴŘ όнʻ Ґ 

26.0ς30.0). In figure 5.7 a) several diffraction peaks can be observed. In 

agreement with reported literature, the peaks at 14.0, 20.0, 23.5, 24.5, 

28.2, 31.7, 35.0, 40.5 and 43 in the XRD pattern corresponding to (110), 

(200), (211), (202), (220), (310), (312), (224) and (330) diffraction planes of 

MAPbI3 perovskite, respectively.[251,252] Those diffraction peaks are 

assigned to the crystal planes of the tetragonal lattice of the mixed halide 

perovskite, indicating that the tetragonal MAPbI3 perovskite structure is 

formed.[253] In figure 5.7 b) two strongest intensities centred about 14.0 

and 28.0 can be seen, corresponding to the more characteristic peaks of the 

tetragonal MAPbI3 perovskite structure. Also, there are two more diffraction 

peaks at 38.5 and 44.8, corresponding to pure aluminium, due to the 

aluminium is the base of the electropolished and wBL-NAA substrates.  
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Figure 5.7. a) Measured X-ray diffraction patterns of MAPbI3 perovskite deposited 

over an electropolished aluminium (black line) and wBL-NAA (purple line) substrates. 

b) magnified in thŜ ǊŜƎƛƻƴ ƻŦ όнʻ Ґ млΦлς16.0ύ ŀƴŘ όнʻ Ґ нсΦлς30.0). 

 

5.3.3 Spiro-OMeTAD Infiltration 

To calculate the spiro-OMeTAD height and check if it has infiltrated the 

nanopores filling them and levelling the rough NAA surface an SEM study of 

the wBL-NAA-MAPbI3-spiroOMeTAD substrate was carried out. Figures 5.8 a) 

and b) exhibit the cross-section and figures 5.8 c) and d) show the top SEM 

pictures of wBL-NAA-MAPbI3 substrate after the 72 mg/mL spiro-OMeTAD 

solution deposition, at the spin-coating speeds of 1500 rpm and 1000 rpm, 

respectively. Figures 5.8 e) and f) correspond to the same substrates as 

figures 5.8 e) and f) at a higher magnification. 
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In figures 5.8 a) and b) three layers can be distinguished, the MAPbI3 layer 

marked by a purple double arrow, the spiro-OMeTAD layer marked by a green 

double arrow and the semi-transparent electrode marked by an orange 

double arrow. The yellow double arrow denotes the nanopore thickness. 

From Ss1 = 1500 rpm [figure 5.8 a)] and Ss2 = 1000 rpm [figure 5.8 b)] the total 

thickness of the different infiltrated layers is estimated at 862 nm and 924 

nm, respectively. Both thicknesses are less than the nanopores thickness (1 

µm), therefore, part of the semi-transparent electrode is infiltrated into the 

nanopores, and part of it covers NAA surface.  

In figure 5.8 it can be seen as the nanopores were not filled with the spiro-

OMeTAD for any of the tested spinning speeds. The spiro-OMeTAD layer 

should fill the nanopores and form a flat film which covers NAA surface. 

Although for Ss2 = 1000 rpm [figure 5.8 b)] the spiro-OMeTAD can fill the 

nanopores to a greater depth than for Ss1 = 1500 rpm [figure 5.8 a)], the 

reached depth is not enough. The spiro-OMeTAD layer thicknesses were not 

enough to fill the nanopores and cover NAA surface, therefore a thicker spiro-

OMeTAD layer is necessary. In figures 5.8 c) and d) and their magnifications 

figures 5.8 e) and f), the semi-transparent electrode surface, marked by 

orange arrows, can be observed. This layer shows roughness on the semi-

transparent electrode film.  
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Figure 5.8. a) and b) cross-section; c) and d) top SEM views of wBL-NAA-MAPbI3 after 

the spiro-OMeTAD deposition at the spin-coating speeds of 1500 rpm and 1000 rpm, 

respectively, and the posterior electrode thermal evaporation. The MAPbI3, spiro-

OMeTAD and the semi-transparent electrode layers are marked by purple, green 

and orange arrows, respectively. The yellow double arrow denotes the nanopores 

thickness. Pictures a) and b) were taken in backscattering mode. The scales are 

indicated in each picture. 
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Figures 5.9 a) and b) show the cross-section and figures 5.9 c) and d) show 

the top SEM pictures of the wBL-NAA-MAPbI3 substrates after 105 mg/mL 

and 140 mg/mL spiro-OMeTAD solutions infiltration, respectively. Figures 5.9 

e) and f) display the magnification pictures of c) and d), respectively. In figures 

5.9 a) and b) two layers can be distinguished, a MAPbI3 layer marked by a 

double purple arrow and the spiro-OMeTAD layer marked by a double green 

arrow. The yellow double arrow denotes the nanopores thickness (1 µm). For 

C1 = 105 mg/mL [figure 5.9 a)] and C2 = 140 mg/mL [figure 5.9 b)] the total 

thickness of the different infiltrated layers is estimated at 1.03 µm and 1.45 

µm, respectively. In figures 5.9 c) and d) and their magnifications, figures 5.9 

e) and f), the spiro-OMeTAD film surface can be observed. Figures 5.9 c) and 

e) show roughness on the spiro-OMeTAD film. On the other hand, figures 5.9 

d) and f) exhibit a flat spiro-OMeTAD film. 

In figure 5.9 it can be seen as the nanopores were filled for both deposited 

spin speeds, however, in figure 5.9 a) the spiro-OMeTAD only is filling the 

nanopores while in figure 5.9 b) the spiro-OMeTAD is not only filling the 

nanopores but also is covering them and forming a flat film over the wBL-NAA 

surface. The nanopores structure of the wBL-NAA surface cannot be 

observed on the top-view picture. This indicates that spiro-OMeTAD has 

infiltrated the nanopores filling them and also it is levelling the rough NAA 

surface. The overall thickness of the layer resulted to be somehow higher 

than optimum (~900 nm vs 100-300 nm) and could incur resistive losses. 
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Figure 5.9. a) and b) top and c) and d) cross-section SEM views of wBL-NAA-MAPbI3 

after 105 mg/mL and 140 mg/mL spiro-OMeTAD solutions deposition, respectively. 

e) and f) magnifications views of c) and d) respectively. The MAPbI3 and spiro-

OMeTAD layers are marked by purple and green arrows, respectively. The yellow 

double arrow denotes the nanopore thickness. Pictures a), c), e) and f) were taken 

in backscattering mode. The scales are indicated in each picture. 
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5.3.4 Nanostructured perovskite solar cell device 

To measure the height of each infiltrated material and check if their 

height is homogeneous through the wBL-NAA substrate a SEM study of the 

nPSC device was conducted. Figure 5.10 presents the cross-section SEM 

picture of one of the obtained nPSC devices, in which each material is 

highlighted with a different colour as is indicated in the picture. From figure 

5.10 the thicknesses of the TiO2, MAPbI3, spiro-OMeTAD and semi-

transparent electrode are estimated at 40 nm, 500 nm, 900 nm and 230 nm, 

respectively. 
 

 

Figure 5.10. Cross-section SEM view of the nPCS device highlighting each material. 

The picture was taken in backscattering mode. 
 

The Current density vs voltage (JV) characteristics of the best performing 

nPSCs devices measured in dark and under simulated AM1.5G illumination 

are shown in figure 5.11. The Primary performance parameters values of the 

devices are summaries in table 5.5, open-circuit voltage (Voc), short-circuit 
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current density (Jsc), fill factor (FF) and power conversion efficiency (PCE). 

Results demonstrate that a working nanostructured perovskite solar cell 

using barrier layer-free NAA as enclosure is obtained. 

 

 
Figure 5.11. Current density vs voltage (JV) characteristics of the best performing 

nPSCs devices in dark (hollow markers) and under simulated A.M. 1.5G illumination 

(100 mWcm-2).  

 

Table 5.5. Primary performance parameters values of the best-performing nPCSs 

devices measured at 1 SUN A.M. 1.5 illumination (100 mWcm-2). Voc: open-circuit 

voltage, Jsc: short circuit current density, FF: fill factor and PCE: power conversion 

efficiency. 

 

 Voc [V] Jsc [mA/cm2] FF [%] PCE [%] 

Purple 0.49 0.006 38 0.01 

Green 0.53 0.011 36 0.02 

Red 0.56 0.014 36 0.03 
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The effective active area of the devices was calculated with the area of the 

illuminated device (0.28 cm2). However, alumina is an insulating material, it 

should be taken into account to calculate the theoretical effective active area 

of the devices. The porosity of alumina is about 10%[66]. So, the theoretical 

density current and efficiency values can be corrected in a 10 factor.  

The low J-V characteristics are probably due to a combination of factors 

linked to the morphological complexity of the device. The extremely thick 

layer of HTM, necessary to level the barrier layer free NAA, is most probably 

responsible for significant losses. The high density of structural defects 

together with the great thickness of the overall device are likely responsible 

for a great amount of charge trapping as well as fast rates of recombination 

dynamics with respect to charge percolation/sweep out to the respective 

electrodes.  

 

5.3.5 Semi-Transparent Electrode Characterization 

To check if the proposed semi-transparent electrode has good proprieties 

as electrode its optical and electric properties were assessed. The measured 

average transmittance (Tavg) and measured average sheet resistance (Rsavg) 

ǾŀƭǳŜǎ ŀǊŜ нм҈ ŀƴŘ нΦу Ҡκǎǉ ǊŜǎǇŜŎǘƛǾŜƭȅΦ Figure 5.12 shows the 

transmittance spectra of the proposed electrode and the reference glass 

substrate as a function of wavelength (300-800 nm). 
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Figure 5.12. Optical transmittance spectra of the proposed semi-transparent 

electrode and the reference glass substrate. 

 

The very low photovoltaic effect can be attributed to the strong 

absorbance of the anode. The UV-Visible characterisation of the alternating 

WO3/Ag layers showed that the layer possesses a stronger absorbance than 

that expected from the literature. Further optimisation would be necessary 

in order to find a better trade-off between high conductivity and low 

absorbance. 

 

5.4 Conclusions 

In this chapter, the existing electrical contact between the aluminium and 

the first infiltrated material, since a nPSC with PV effect is achieved, is 

corroborated. So, the fact that aluminium can be used as electrical contact is 

demonstrated. 

The infiltration of different materials, e.g., oxides (TiO2), hybrid organic-

inorganic (MAPbI3), organics (spiro-OMeTAD), within the nanopores of wBL-
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NAA (with a nanoporous film thickness of about 1 µm) via simple deposition 

methods such as spin-coating is demonstrated. Also, figure 5.3 shows as TiO2 

diffuses until the nanopores bottom. Several tests to find the optimal 

nanostructured layer thickness of each layer were carried out. In the case of 

the spiro-OMeTAD layer, the main aim was to level the rough NAA surface. 

These tests consist of deposit a precursor solution or a solution of the 

material, with distinct concentrations, via spin-coating method under 

different deposition conditions, i.e., spin speed, spin acceleration and spin 

time. In this way, the height of the material infiltrates can be controlled by 

the spinning conditions and the material concentration, has been 

demonstrated. Besides, cross-section SEM pictures exhibit as the height of 

each material is homogeneous among all the nanopores. The best conditions 

to obtain the appropriate nanostructure layer thicknesses of each material 

are summarized in table 5.6 

Finally, a semi-transparent electrode which does not damage the 

perovskite layer, based on WO3 and Ag, is thermally deposited on top of the 

solar cell structure. 

 

Material C [M] Vd [µL] Ss [rpm] Ac [rpm/s] T [s] 

TiOx  100 4000 2160 90 

MAPbI3 2 100 4000 3996 45 

s-OMeTAD 0.114  100 1000 1080 90 

Table 5.6. Best conditions of the solutions depositions to obtain the appropriate 

nanostructure layer thicknesses. C: concentration, Vd: deposited volume, Ss: spin 

speed, Ac: spin acceleration, T: spin time. 
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Results show that this methodology permits the preparation of fully 

working nanostructured perovskite solar cells using barrier layer-free NAA as 

enclosure. The devices displayed modest values of VOC, JSC, FF and power PCE 

with respect to state-of-the-art PSC devices, however, and most importantly, 

the shape of the J-V characteristics provide unequivocal confirmation that an 

ohmic contact is present between the aluminium substrate and the 

successive layers. Indeed, the rectifying behaviour demonstrates that 

electrons are injected into the aluminium cathode and that a built-in field is 

present under open circuit conditions. Therefore, it marks a starting point for 

making cells with nanoporous structures. Further research will be underway 

to improve the results. For example, it is needed to avoid the thermal 

treatment of TiOx, decrease the height of the spiro-OMeTAD layer, use its 

dopants and increase the transmittance of the electrode semi-transparent. 

Also, different perovskites can be used.



 
 

 

 

 

 

Chapter 6 

Improvement of Solutions Infiltration 

in Barrier Layer-Free NAA 
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In the following chapter, the optimization of the nanostructured 

perovskite solar cell device obtained in the preceding chapter is investigated. 

Several changes were introduced to achieve a solar cell with better current 

density-voltage characteristics. The experimental part of this chapter was 

carried out in the CIDEMAT group of the University of Antioquia from 

Medellin (Colombia) 
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6.1 Introduction 

In the previous chapter, a fully working nanostructured perovskite solar 

cell (nPSC) based on nanoporous anodic alumina (NAA) was performed. For 

the first time, a photovoltaic effect in this kind of device was achieved. 

However, the results obtained were very modest. Therefore, this work aimed 

is to manufacture a nPSC with better results. To reach this aim several 

changes on the materials infiltrated were carried out.  

1) As is explained in the preceding chapter, NAA substrates which barrier 

layer was previously removed and in which the TiOx-solution is infiltrated 

(wBL-NAA-TiOx) should be heated at 500 °C to obtain a TiO2 anatase 

crystalline formation. To avoid this thermal treatment, which can damage 

NAA, in this chapter the TiOx-solution was replaced by commercial 

nanoparticles of TiO2 which already present an anatase crystalline form.  

2) The perovskite employed (MAPbI3) was substituted by a more stable 

perovskite: the caesium formamidinium methylammonium lead iodide 

bromide perovskite (CsFAMAPbIBr) with stoichiometry 

(FAPbI3)0.78(MAPbBr3)0.14(CsPbI3)0.08. 

3) In the device manufactured in chapter 5, the spiro-OMeTAD layer was 

very thick, this can produce resistive losses, so one of the most important 

optimizations need is to reduce the thickness of this layer. Also, the 

bis(trifluoromethylsulfonyl)amine lithium salt solution and tert-butylpiridine 

(dopants more commonly used for optimizing the performance of the spiro-

OMeTaD) were added. 

4) Another important change is the semi-transparent electrode used. The 

transmittance of the WO3 (50 nm)/Ag (12 nm)/WO3 (105 nm)/Ag (12 
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nm)/WO3 electrode was very low, therefore, several tests to optimizes the 

transmittance were carried out. 

 

6.2 Experimental 

6.2.1 Titanium Dioxide Infiltration 

To reach the goal of having a nanostructured titanium dioxide (TiO2) layer 

thickness below 100 nm and with a homogeneous height among all the 

nanopores, distinct tests were carried out. Several titanium dioxide 

nanoparticles (TiO2-NPs) dispersions were prepared with different 

concentrations and employing diverse solvents. The solvents used for the 

TiO2-NPs dispersions were a mixture of deionized water (H2O) and ethanol 

(C2H5OH) at different volume fractions). Following, the effect of these 

variables (TiO2-NPs concentration and solvent) in the TiO2-NPs infiltration 

within the nanopores was studied. 

Initially, six TiO2-NPs dispersions were tested at three concentrations (C): 

C = 2 mg/mL, C = 5 mg/mL and C = 10 mg/mL and employing a mixture of 

H2O:C2H5OH with a volume ratio of 1:1 and 1:3 as solvents. After these tests, 

the procedure was further optimized by testing four more TiO2-NPs 

dispersions: C = 3 mg/mL, C = 1.5 mg/mL, C = 1 mg/mL and C = 0.5 mg/mL, 

employing a mixture of H2O: C2H5OH with a volume ratio of 1:1. To carry out 

these tests 2 mg, 5 mg, 10 mg and then 3 mg, 1.5 mg, 1 mg and 0.5 mg of 

TiO2-NPs were dispersed in 1 mL of the solvent and subsequently, they were 

vigorously stirred to achieve a good NPs dispersion. 

The commercial TiO2-NPs presented an anatase crystalline form. 

Therefore, a temperature treatment after each TiO2-NPs dispersion 

deposition was not necessary. The TiO2-NPs dispersions summarized in table 
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6.1 were prepared and 100 µL of each solution were drop-casted on the top 

of several wBL-NAA substrates elaborated under the same conditions. 

Table 6.1. Conditions of the prepared titanium dioxide nanoparticles dispersions. 

Sub: substrate. 

 

6.2.2 CsFAMAPbIBr Perovskite Infiltration 

To achieve the aim of having a nanostructured caesium formamidinium 

methylammonium lead iodide bromide (CsFAMAPbIBr) perovskite layer 

thickness between 400 and 600 nm, and with a homogeneous height among 

all the nanopores, a 1 M CsFAMAPbIBr perovskite precursor solution was 

prepared, in a N2-filled glove-box, as is explained on chapter 3 (3.2.3.3). The 

precursor solution was filtered before its deposition. The wBL-NAA-TiO2 

substrates, made under identical conditions, were loaded in a spin-coating 

which is positioned in a dry-box. 100 µL of CsFAMAPbIBr perovskite precursor 

solution were dropped on the top the substrates. After waiting for 60 s to let 

the CsFAMAPbIBr perovskite precursor solution infiltration in the nanopores, 

Sub TiO2-NPs concentration [mg/mL] Volume ratio [H2O: C2H5OH] 

1 2 1:1 

2 2 1:3 

3 5 1:1 

4 5 1:3 

5 10 1:1 

6 10 1:3 

7 3 1:1 

8 1.5 1:1 

9 1 1:1 

10 0.5 1:1 
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the substrates were spin-coated at 4000 rpm (3996 rpm/s) for 45 s, to obtain 

the desired nanostructured CsFAMAPbIBr perovskite layer thickness between 

400 nm and 600 nm. Later, the substrates were placed in a hotplate and they 

were annealed at 100 °C for 1 h. 

 

Substrate CsFAMAPbIBr [M] Ss [rpm] Ac [rpm/s] T [s] 

11 1.0 4000 3996 45 

Table 6.2. Conditions of the CsFAMAPbIBr perovskite precursor solution deposition. 

Ss: spin speed, Ac: acceleration speed, T: spin time. 

 

6.2.3 Spiro-OMeTAD Infiltration 

To reach the target of having 2,2',7,7'-Tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9' spirobifluorene (spiro-OMeTAD) with a height 

between 100 nm and 300 nm a 70 mM spiro-OMeTAD solution was prepared, 

in a N2-filled glovebox, as is described on chapter 3 (3.2.3.4). Subsequently, 

the solution was vigorously stirred and filtered όлΦн ˃Ƴ t¢C9 filter) before its 

deposition. 

The conditions of the spiro-OMeTAD solution depositions are 

summarized in table 6.3. млл ˃[ ƻŦ ǘƘŜ тл Ƴa ǎpiro-OMeTAD solution were 

dropped, in a dry-box, on the top of two wBL-NAA-TiO2-CsFAMAPbIBr 

substrates prepared under similar conditions. Each substrate was spin-coated 

at a different spin speed: Ss1 = 2500 rpm and Ss2 = 1500 nm, (2000 rpm/s) for 

30 s, to obtain the desired spiro-OMeTAD height between 100 nm and 300 

nm.  
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Substrate Spiro-OMeTAD [mM] Ss [rpm] Ac [rpm/s] T [s] 

12 70 2500 2000 30 

13 70 1500 2000 30 

Table 6.3. Conditions of the spiro-OMeTAD solution depositions. Ss: spin speed, Ac: 

acceleration speed, T: spin time. 

 

Following, several NAA substrates with a nanoporous film thickness of 

about 650 nm, which barrier layers were previously removed were used as 

substrates. The TiO2-NPs, CsFAMAPbIBr perovskite precursor solution and 

the spiro-OMeTAD solution were deposited as is indicated in table 6.4. 

 

Material C [M] Vd [µL] Ss [rpm] Ac [rpm/s] T [s] 

TiO2-NPs 0.5 100 - - - 

TC 1 100 4000 3996 45 

s-OMeTAD 0.70  100 2500 2000 30 

Table 6.4. Conditions of the different solution depositions in a wBL-NAA with a 

nanoporous film thickness of 650 nm. TC: CsFAMAPbIBr, C: concentration, Ss: spin 

speed, Ac: acceleration speed, T: spin time. 

 

First, 100 µL of the TiO2-NPs dispersion number 10, (C = 0.5 mg/mL 

employing a mixture of H2O:C2H5OH with a volume ratio of 1:1) were drop-

casted on the top of the wBL-NAA substrates, to obtain the desired 

nanostructured TiO2 layer thickness below 100 nm. Secondly, 100 µL of the 1 

M CsFAMAPbIBr perovskite precursor solution were deposited, in a dry-box, 

on the top of the previously deposited layer. After waiting for 60 s to let the 

CsFAMAPbIBr perovskite precursor solution infiltration in the nanopores, the 

substrates were spin-coated at 4000 rpm (3996 rpm/s) for 45 s, to obtain the 

desired nanostructured CsFAMAPbIBr perovskite layer thickness between 

400 nm and 600 nm. Then, the substrates were placed in a hotplate and they 
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were annealed at 100 °C for м ƘΦ CƛƴŀƭƭȅΣ млл ˃[ ƻŦ ǘƘŜ тл Ƴa ǎǇƛǊƻ-OMeTAD 

solution were dropped, in a dry-box, on the top of the previously deposited 

layer. The substrates were spin-coated at 2500 rpm (2000 rpm/s) for 30 s, to 

obtain the desired spiro-OMeTAD height between 100 nm and 300 nm. It is 

very important to consider that to increase the oxidative doping of the spiro-

OMeTAD, substrates were kept in dark in a dry air chamber overnight before 

the thermal evaporation of the semi-transparent electrode. 

 

6.2.4 Semi-Transparent Electrode  

To achieve the goal of having a highly conductive semi-transparent 

electrode, the indium tin oxide-coated glasses (ITO) were used as substrates. 

The ITO films of the ITO glasses were removed and then a 

dielectric/metal/dielectric (DMD) multilayer was thermally evaporated over 

the glasses substrates. The DMD multilayer was composed of tungsten 

trioxide (WO3) and silver (Ag).  

Figure 6.1 shows the semi-transparent electrode structure which consists 

of one thin Ag film surrounded by WO3 layers (WO3/Ag/WO3, WAW). 
 

 

Figure 6.1. Structure of the semi-transparent WAW electrode. 

 

First, various ITO glasses were immersed in a mix of hydrochloric acid 

(HCl) and zinc (Zn) to remove the ITO film by chemical etching. Subsequently, 

the glass substrates were carefully brushed with Hellmanex soap in deionized 
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water solution and following they were cleaned by ultrasonication in the 

Hellmanex soap deionized water solution, then in isopropanol and finally in 

acetone for 15 min each. Afterwards, the substrates were placed in a UVO 

cleaning system for 10 min to remove the remaining organics and to increase 

their wettability.[188] 

Secondly, the glasses substrates were positioned in a thermal evaporation 

chamber (vacuum pressure < 5x3-6 torr, in an N2-filled glovebox) and diverse 

WAW multilayers were thermally deposited over the glasses substrates. To 

find the optimal structure of the WAW multilayer several semi-transparent 

electrodes with Ag thicknesses varying between 8 nm and 14 nm were 

studied (table 6.5).[254]  

 

 Table 6.5. Conditions of the WAW multilayers proposed as semi-transparent 

electrodes. 
 

6.2.5 Nanostructured Perovskite Solar Cell Device Fabrication 

To fabricate a nanostructured perovskite solar cell (nPSC) device, several 

wBL-NAA substrates, prepared under identical conditions, with a nanoporous 

film thickness of about 650 nm, were used as substrates. The TiO2-NPs, 

CsFAMAPbIBr perovskite precursor solution and the spiro-OMeTAD solution 

were deposited as is explained at the end of the section 6.2.3 (table 6.4). 

Following, the wBL-NAA-TiO2-CsFAMAPbIBr-spiro-OMeTAD substrates were 

Number Conditions 

1 WO3 50 nm/Ag 8 nm/WO3 50 nm 

2 WO3 50 nm/Ag 10 nm/WO3 50 nm 

3 WO3 50 nm/Ag 12 nm/WO3 50 nm 

4 WO3 50 nm/Ag 14 nm/WO3 50 nm 
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placed in the thermal evaporation chamber and using a thin-film mask the 

semi-transparent electrode was thermally deposited sequentially: WO3 50 

nm/Ag 12 nm/WO3 50 nm. Afterwards, the thin-film mask was changed and 

150 nm of Ag were thermally deposited. The effective active area of the 

devices is 0.19 cm2. 

 

6.3 Results and Discussion 

6.3.1 Titanium Dioxide Infiltration 

In this section, the results from SEM studies of the distinct TiO2-NPs 

dispersion infiltrations are summarized and conclusions about the optimal 

conditions to achieve a uniform pore bottom filling are obtained. 

Initially, the dispersions number 1 (C = 2 mg/mL), 3 (C = 5 mg/mL) and 5 

(C = 10 mg/mL), employing a mixture of H2O:C2H5OH with a volume ratio of 

1:1 were tested. 

Figures 6.2 a), c) and e) display the top SEM pictures and figures 6.2 b), d) 

and f) exhibit the EDX spectra of the wBL-NAA substrates infiltrated with TiO2-

NPs dispersions in H2O:C2H5OH (1:1) with a 2 mg/mL, 5 mg/mL and 10 mg/mL 

concentrations, respectively. Inserted in each EDX spectra there is an 

elemental mapping of the wBL-NAA-TiO2 substrates.  

From figures 6.2 a), c) and e) nanopores with different grey tones can be 

distinguished. Some nanopores are black, others look cloudy and others are 

grey. For C = 2 mg/mL [figure 6.2 a)] nanopores with distinct grey tones can 

be seen, most of them are black and the nanopores circled by blue look 

cloudy. While for C= 5 mg/mL [figure 6.2 c)] and C = 10 mg/mL [figure 6.2 e)] 

there are only nanopores with one grey tone, but with the difference that the 

nanopores are black and grey, respectively. 



 
 130   
 

 

 

Figure 6.2. a), c) and e) top SEM views and b), d) and f) EDX elemental analysis of the 

wBL-NAA substrates infiltrated with different TiO2-NPs dispersions in H2O:C2H5OH 

(1:1) with concentrations of 2 mg/mL, 5 mg/mL and 10 mg/mL, respectively, via spin-

coating deposition. There is a mapping inserted in each EDX spectra. The scale bars 

are indicated in each picture.  
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In figures 6.2 b), d) and f) the EDX elemental analysis demonstrates a 

strong peak corresponding to the aluminium (Al) since the wBL-NAA 

substrate base is aluminium. Two further peaks can be observed 

corresponding to the titanium (Ti) whose intensity depends on the amount of 

Ti. The mappings show the Ti distribution (therefore the TiO2 distribution) 

represented by the blue dots. For C = 2 mg/mL [figure 6.2 b)] the highest 

concentration of blue dots in the middle of the picture can be seen. While for 

C= 5 mg/mL [figure 6.2 d)] and C = 10 mg/mL [figure 6.2 f)] the blue dots are 

distributed for all the area, but with the difference that the number of blue 

dots in figure 6.2 f) is bigger than in figure 6.2 d). 

The nanoporous layer thickness is about 1 µm. The differences in grey 

tone observed in the SEM pictures is given by the different filling degree of 

the nanopores. If the nanopores are partially filled (it is means less than 500 

nm) they will be black. If the nanopores are almost filled (it means more than 

500 nm and less than 1 µm) they will be cloudy. If the nanopores are filled (it 

is means 1 µm or more) they will be grey. Taking into account the previous 

comments, from figure 6.2 it can be learned the following: 

For C = 2 mg/mL [figure 6.2 a)] the nanopores circled by blue are almost 

filled and the rest of the nanopores are not. This can be confirmed with the 

mapping inserted in figure 6.2 b). The highest concentration of blue dots is in 

the middle of the picture, this means that there is a high amount of Ti and 

therefore TiO2 within these nanopores. 

For C = 5 mg/mL [figure 6.2 c)] most of the nanopores are partially filled. 

The mapping inserted in figure 6.2 d) exhibits how the blue dots are 

distributed for all over the area, this means that the Ti and therefore TiO2 is 

homogeneously dispersed within the nanopores. 
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For C = 10 mg/mL [figure 6.2 e)] the nanopores are filled with TiO2. In the 

mapping inserted in the figure 6.2 f) there is a high concentration of blue dots 

in all the area, this means that there is a high amount of Ti and therefore the 

TiO2 is filling the nanopores. 

Figure 6.2 a) demonstrates a non-homogeneous TiO2 distribution within 

the nanopores since some nanopores are partially filled and others are not. 

Figures 6.2 c) and e) display a distribution more homogeneous than figure 6.2 

a) since most of the nanopores are partially filled and filled, respectively.  

The results of this test show that to achieve a nanostructured TiO2 layer 

thickness below 100 nm homogeneously deposited on the whole wBL-NAA 

area, dispersions number 1 (C = 2 mg/mL) and 5 (C = 10 mg/mL) should be 

discarded as they tend to have nanopores partially filled and filled, 

respectively. 
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A cross-section SEM of the wBL-NAA corresponding to the dispersion 

number 3 (C = 5 mg/mL) was obtained to estimate the actual amount of 

infiltrated TiO2. Figures 6.3 a) and b) display the cross-section SEM pictures 

of NAA-wBL substrate infiltrated with a TiO2-NPs dispersion in H2O:C2H5OH 

(1:1), with a concentration of 5 mg/mL. The blue arrows mark the TiO2. From 

figures 6.3 a) and b) the nanostructured TiO2 layer thickness was estimated 

at 500 nm. 

 

 

Figure 6.3. a) and b) cross-section SEM views of NAA-wBL substrate infiltrated with 

a TiO2-NPs dispersion in H2O:C2H5OH (1:1) with a concentration of 5 mg/mL, via spin-

coating deposition. The scale bars are indicated in each picture and the TiO2 is 

marked by blue arrows. 

 

Secondly, the dispersions number 2 (C = 2 mg/mL), 4 (C = 5 mg/mL) and 

6 (10 mg/mL), employing a mixture of H2O:C2H5OH with a volume ratio of 1:3 

were tested. Figures 6.4 a) and c) exhibit the top and figures 6.4 b) and d) 

demonstrate the cross-section SEM pictures of the wBL-NAA substrates 

infiltrated with the TiO2-NPs dispersions in H2O:C2H5OH (1:3) with a 2 mg/mL 

and 5 mg/mL concentrations, respectively. The blue arrows are marking the 

TiO2. 
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In figures 6.4 a) and b) two zones can be distinguished. A zone in which 

the nanopores are black and a zone in which there is a grey film on top of 

NAA structure. While from figures 6.4 c) and d) only nanopores with a grey 

colour can be seen. Following the same analysis as for the dispersions number 

1, 3 and 5, for C = 2 mg/mL [figure 6.4 a) and b)] it can be seen as a high 

portion of the nanopores are filled with the TiO2. For C = 5 mg/mL [figure 6.4 

c) and d)] it can be observed as the nanopores are filled with the TiO2. 

Comparing the pictures corresponding to C = 2 mg/mL [figure 6.4 a)] and 

C = 5 mg/mL [figure 6.4 c)] in H2O:C2H5OH (1:3) with the pictures 

corresponding to C = 2 mg/mL [figure 6.2 a)] and C = 5 mg/mL [figure 6.2 c)] 

in H2O:C2H5OHOH (1:1) exhibit a similar TiO2 distribution within the 

nanopores. But, a difference in the nanopores filling can be noticed, figure 

6.4 a) displays most of the nanopores filled while the figure 6.4 c) displays all 

the nanopores filled, instead, figure 6.2 a) demonstrates most of the 

nanopores partially filled and the figure 6.2 c) shows all the nanopores almost 

filled. 

This result can be caused by the fact that C2H5OH is more volatile than 

H2O, consequently, C2H5OH evaporates faster than H2O. When the solution is 

dropped on the substrate, if the droplet volume is smaller, evaporation will 

take a shorter time and the solution has not enough time to infiltrate the 

nanopores. Therefore, the TiO2-NPs will be covering the nanopores. In this 

case, the substrates corresponding to the concentration of 10 mg/mL was not 

characterized by SEM because employing the 5 mg/mL concentration 

dispersion the nanopores are already filled. With these results, it can be 

concluded that the most homogeneous TiO2 distribution was achieved with 

the number 3 dispersion: 5 mg/mL in H2O:C2H5OH (1:1). Nevertheless, the 
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nanostructured TiO2 layer thickness is estimated at 500 nm, which is too 

thick, since the aim is to achieve a nanostructured TiO2 layer thickness below 

100 nm.  

 

 

Figure 6.4. a) and b) top and c) and d) cross-section SEM views of the wBL-NAA 

infiltrated with TiO2-NPs dispersions in H2O:C2H5OH (1:3) with a concentration of 2 

mg/mL and 5 mg/mL, respectively, via spin-coating deposition. The scale bars are 

indicated in each picture and the TiO2 is marked by blue arrows.  

 

Finally, dispersions number 7 (C = 3 mg/mL), number 8 (C = 1.5 mg/mL), 

number 9 (C = 1 mg/mL) and number 10 (C = 0.5 mg/mL), employing a mixture 

of H2O:C2H5OH with a volume ratio of 1:1 were tested.  

Figures 6.5 a), b), c) and d) display the top SEM pictures of the wBL-NAA 

substrates infiltrated with a TiO2-NPs dispersion in H2O:C2H5OH, with a 

volume ratio 1:1 and with TiO2-NPs concentrations of 3 mg/mL, 1.5 mg/mL, 1 

mg/mL and 0.5 mg/mL, respectively. In figure 6.5 nanopores with a distinct 

colour can be distinguished. Some nanopores are black and others are grey. 
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Following the same analysis as for the dispersions number 1 to 6, for C = 3 

mg/mL [figure 6.5 a)], C = 1 mg/mL [figure 6.5 c)] and C = 0.5 mg/mL [figure 

6.5 d)], it can be seen as most of the nanopores are partially filled, on the 

other hand, for C = 1.5 mg/mL [figure 6.5 b)] most of the nanopores are 

almost filled. Figures 6.5 a), c) and d) exhibit a homogeneous TiO2 distribution 

while b) demonstrates a no homogeneous distribution. Therefore, a cross-

section SEM of the wBL-NAA substrates infiltrated with C = 3 mg/mL, C = 1 

mg/mL and C = 0.5 mg/mL were obtained to estimate the actual amount of 

infiltrated TiO2.  

 

 

Figure 6.5. a), b), c) and d) top SEM views of the wBL-NAA infiltrated with different 

TiO2-NPs dispersions in H2O:C2H5OH (1:1) with concentrations of 3 mg/mL, 1.5 

mg/mL, 1 mg/mL and 0.5 mg/mL, respectively, via spin-coating deposition. The scale 

bars are indicated in each picture. 
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Figures 6.6 a), b), and c) display the cross-section SEM pictures of the 

wBL-NAA substrates infiltrated with the TiO2-NPs dispersion in H2O:C2H5OH 

(1:1) and with concentrations of 3 mg/mL, 1 mg/mL and 0.5 mg/mL 

respectively. The blue arrows are marking the TiO2. From figure 6.6 a) 

nanostructured TiO2 layer thickness was estimated at 300 nm, which is still 

too thick and from figures 6.6 b) and c) nanostructured TiO2 layers 

thicknesses were estimated lower than 100 nm. Also, TiO2-NPs are covering 

the aluminium surface. As a consequence of the method to open the cross-

section for the SEM investigation. 

 

 

Figure 6.6. a), b), and c) cross-section SEM views of the wBL-NAA infiltrated with 

different TiO2-NPs dispersions in H2O:C2H5OH (1:1) with concentrations of 3 mg/mL, 

1 mg/mL and 0.5 mg/mL, respectively, via spin-coating deposition. The scale bars are 

indicated in each picture and the TiO2 is marked by blue arrows. 

 

 


























































