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Resumen 

Este trabajo consistió en la fabricación y caracterización de celdas solares de 

perovskita (CSP) mesoscópicas basadas en TiO2 con el objeto de ampliar sus aplicaciones y 

mejorar su estabilidad. Se desarrolló un método de baja temperatura (BT), T ≤ 120 oC, para 

fabricar CSP mesoscópicas basadas en TiO2 mediante la incorporación nanopartículas de 

TiO2 a partir de una dispersión en base a alcohol. Las CSP mesoscópicas de BT muestran 

alto desempeño, destacando una celda mesoscópica con eficiencia de conversión del 16.2 %. 

Reportes previos han indicado que el espesor óptimo de la capa mesoporosa (mp) es de 

alrededor de 150 nm, sin embardo en este trabajo se fabricaron celdas de alto rendimiento 

con capa mp de hasta 480 nm de espesor.  

La influencia de la arquitectura y las propiedades electrónicas del material conductor 

de electrones (MCE) en la estabilidad de este tipo de dispositivos se hizo evidente. Las CSP 

mesoscópicas mostraron mayor estabilidad, con un tiempo de vida media (T50) de casi el 

doble que el de las celdas planares. Se encontró que la eficiencia de extracción del MCE 

juega un rol importante en la preservación del desempeño a pesar de la descomposición 

parcial del material de perovskita. 

Para obtener más información de los mecanismos de degradación de las CSP se llevó 

a cabo espectroscopía de impedancia. Dos mecanismos de recombinación dominantes cada 

uno a distintos valores de irradiancia fueron observados: recombinación tipo Shockley-Read-

Hall para (< 10 mW cm-2) y banda a banda para (> 10 mW cm-2). La acumulación de carga 

se observó más acentuada en las celdas planares y, se relacionó con la migración iónica y 

degradación de los electrodos por especies iónicas reactivas en este tipo de celdas. 

Posteriormente, se propuso un modelo para la degradación retardada en CSP mesoscópicas 
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basado en las propiedades electrónicas de la capa nanoestructurada de TiO2 y las diferencias 

del ambiente electrostático en la interfaz mp-TiO2/perovskita. 

Se desarrolló un proceso de optimización para la fabricación de CSP en atmósfera 

controlada. La fabricación de capas delgadas de perovskita se caracteriza por un proceso de 

nucleación que es muy sensible a las condiciones de la atmósfera, lo cual conlleva poco 

control de la cristalización. Se identificaron tres pasos de la fabricación como fuente de 

modificación de la composición de la atmósfera durante la formación de la perovskita: i) las 

condiciones de spin-coating, ii) el tratamiento térmico y iii) el tratamiento anti solvente. Se 

alcanzó un incremento en la eficiencia de conversión del 5% al 12%, demostrando que el 

proceso de optimización fue exitoso. 

La incorporación de materiales nanoestructurados de carbono en las CSP es atractiva 

debido a las propiedades eléctricas de estos materiales. Se incorporaron fuleritas, una mezcla 

de grafeno y fulereno, en la capa activa de perovskita, con la finalidad de pasivar trampas en 

las fronteras de grano y prevenir el transporte iónico. A pesar de que en experimentos 

iniciales la eficiencia de conversión de las celdas solares no mejoró, debido principalmente 

a una aparente generación de derivaciones eléctricas, la estrategia ofrece oportunidades para 

mejorar el desempeño. Además, óxido de grafeno (GO) funcionalizado con guanidina fue 

depositado con éxito sobre la capa de perovskita en CSP mesoscópicas con la finalidad de 

mejorar la extracción de carga y prevenir el transporte iónico a través de la interfaz 

perovskita/Spiro. La inserción de una inter-capa de GO con buen recubrimiento fue lograda 

usando la técnica de pirólisis por pulverización de dispersiones en base a alcohol bajo 

condiciones ambientales. Los depósitos resultaron en capas con buena uniformidad sin causar 

degradación de la perovskita. 



V 
 

Abstract 

This work consisted on the fabrication and characterization of TiO2-based 

mesoscopic perovskite solar cells (PSCs) with the main goal to expand its applications and 

improve its stability. A low-temperature (LT) processing (≤ 120 oC) method to fabricate high-

efficiency mesoscopic TiO2-based PSCs was developed by incorporating a spin-coated 

mesoporous (mp) TiO2 film into a planar PSC architecture.  Low-temperature mesoscopic 

PSCs show comparable performance, highlighted by a champion LT mesoscopic solar cell 

with 16.2% efficiency. Although earlier reports indicate that there is an optimal thickness of 

the mp layer of about 150 nm, this work shows that high-performance cells can be fabricated 

with an mp layer thickness up to 480 nm by carefully tuning the precursor solution chemistry.  

The influence of the architecture and electronic properties of the electron transport 

layer (ETL) on the stability of this type of devices was evidenced. Mesoscopic PSCs were 

found to show better stability with a half-life time (T50) value more than twice than that for 

planar devices. The extraction efficiency of the ETL was found to play an important role in 

the preservation of the performance, even after partial compositional degradation as 

evidenced by X-ray diffraction analysis.  

To gain insight into the degradation mechanism of PSCs, impedance spectroscopy 

at the open-circuit potential was performed on partially degraded planar and mesoscopic 

PSCs. Two recombination mechanisms were observed to dominate depending on the 

irradiance value: the Shockley-Read-Hall recombination at illumination < 10 mW cm-2 and 

the band-to-band at illumination < 10 mW cm-2. An electronic transport mechanism related 

to charge accumulation at the interfaces was found to dominate under high illumination 

intensities. The accumulation of charge was found larger in planar devices, and was related 
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to ionic migration and ion-induced degradation of the electrodes observed in planar PSCs. A 

model accounting for the slower degradation in mesoscopic PSCs is proposed based on the 

better electronic properties of the nanostructured TiO2 scaffold and the different electrostatic 

environment at the mpTiO2/perovskite interface. 

An optimization process for the fabrication of PSCs under controlled atmosphere is 

presented. Solution processing of perovskite thin films is characterized by a nucleation 

process that is very sensitive to the precise atmosphere conditions, which leads to poor 

crystallization control. Three steps were identified as a source of changes in the atmosphere 

composition during perovskite formation: i) the spin coating conditions, ii) the annealing 

process and iii) the anti-solvent treatment. An increment in the average PCE from 5% to 

12% was achieved, demonstrating the successful optimization of the fabrication process. 

The incorporation of carbon nanostructures into PSCs is attractive for a variety of 

reasons, due to the electrical properties of this materials. Fullerites, consisting of a mixture 

of graphene and fullerene were incorporated in the perovskite active layer, in order to 

passivate grain boundary traps, and prevent ionic transport. Although the PCE of the solar 

cells in initial experiments did not improve, mainly due to apparent creation of shunts, the 

strategy still offers opportunities to improve performance. Further, graphene oxide (GO) 

functionalized with guanidine was successfully deposited on top of the perovskite layer on 

mesoscopic PSCs with as main goal to improve charge extraction efficiency, and to prevent 

ionic transport across the interface. The insertion of an interlayer of GO with good coverage 

was achieved through spray pyrolysis of alcohol-based dispersions under ambient conditions. 

The deposits resulted in good conformality films and did not cause any degradation of the 

perovskite material.  
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CHAPTER 1 

 

Introduction  

 

 

1.1  Energy from the Sun 

The production, distribution and usage of energy is fundamental for human society. 

The escalation of energy requirement began with the industrial revolution in the 18th century. 

At present, our industrial civilization runs at a power requirement of around twenty terawatts 

(20 TW) of continuous power consumption, which is half of the power needed to drive the 

tectonic plates of about 40 TW (Morton, 2007). Since industrialization, fossil fuels have been 

the primary source for energy generation. Unfortunately, apart from being a finite resource, 

greenhouse gases are emitted into the atmosphere as a waste product of burning fossil fuels. 

Consequently, the earth is now absorbing more energy than it is emitting, which causes a rise 

in the average global temperature thus unbalancing the ecosystems. Hence, the need to find 

alternative methods for producing energy from clean, renewable sources is clear.  

Astonishingly, the sun illuminates the earth at a continuous rate of 170,000 TW. 

Therefore, it is an attractive source for energy extraction. With a few exceptions, all forms 

of energy that we think of as renewable are solar. Wind power is solar, because the sun’s heat 

transfer drives air currents. Hydroelectric power is solar, because it is the sun that drives the 

hydrological cycle. Biomass is solar, because it is generated by photosynthesis. Photovoltaics 
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(PV) is solar, and is the most straight forward approach, because it is harvesting solar 

radiation and directly converting it into electricity. Figure 1.1 shows the energy generation 

potential of the different renewable sources. Clearly, solar power has the potential to cover 

most of the global energy consumption. However, there are still several issues that must be 

addressed such as energy storage and time and location dependent insolation levels. 

Likewise, an important challenge is to find choices of solar cell technologies with high solar-

to-electrical energy conversion efficiency and the versatility to power from a city to a mobile 

phone.  

 

Figure 1.1. Energy generation potential of renewable sources; figure adapted from 

European Photovoltaic Industry Association Solar Generation (EPIA), 2011 (European 

Photovoltaic Industry Association Solar Generation, 2011). 

 

1.2  Photovoltaic Technologies 

The first device that converted sunlight into electrical power was fabricated in the 

1950s at Bell laboratories in the U.S. For the following years until very recently, the PV 
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research focus has been on silicon technologies. Silicon is one of the most abundant elements 

of the earth’s crust (Suess & Urey, 1956), and has demonstrated to be a robust material for 

solar energy conversion. Intensive research for more than four decades in the field of silicon-

based solar cells has brought great advances in efficiency, material savings, passivation 

strategies and up-scaling. The record efficiencies for laboratory cell and average commercial 

module are 26.7% and 21%, respectively. According to the Fraunhofer Institute for Solar 

Energy Systems, silicon dominates the PV energy market with more than a 90% share 

(Philipps & Warmuth, 2019). Remarkably, due to the introduction of multi-crystalline 

silicon, a lower-purity silicon, the price of modules has decreased from around $1.30 to $0.30 

per watt, from 2010 to 2018 (Liu et al., 2020). The low cost of production of multi-crystalline 

silicon has resulted in a highly competitive market making it difficult for other technologies 

to compete.  

Silicon presents two major drawbacks: i) a large amount of material is required and 

ii) a high energetic production cost. Due to its indirect band gap silicon has a low absorption 

coefficient; thus, in order to absorb sufficient light, thick layers on the order of ~100 µm are 

required. In addition, due to high-energy purification processes, silicon solar cells hold the 

largest energy pay-back time of about 2 to 3 years (Philipps & Warmuth, 2019). A second-

generation of solar cells, which are made of direct band gap semiconductors including 

cadmium telluride (CdTe) and copper indium gallium selenide (CIGS), gained strength in 

the late 1980s. Also known as thin film solar cells, this new generation of PV devices takes 

advantage of materials with good optoelectronic properties to utilize films with a thickness 

on the order of ~ 1 µm thus saving materials’ costs. 



4 
 

Cadmium telluride-based solar cells represent the largest segment of commercial 

thin-film technology, currently representing around 5% of the world market (Philipps & 

Warmuth, 2019). The record efficiency for laboratory CdTe solar cells is 21 % and for its 

average commercial module the efficiency is 18% (Philipps & Warmuth, 2019). One of the 

biggest advantages of thin-film solar cells over silicon technology is the shorter energy pay-

back time of around 1 year for PV systems installed in Germany, Figure 1.2. The reduced 

pay-back time relies on the inexpensive manufacture of thin film PV technologies. 

 

Figure 1.2. Energy Pay-Back time of rooftop PV systems located in Germany; figure 

adapted from ©Fraunhofer ISE: Photovoltaics Report (Philipps & Warmuth, 2019). 

 

1.3  The Emergence of Perovskite Solar Cells 

During the second half of the 20th century, a boom in technology-driven materials 

science was observed. In 1959 Richard P. Feynman gave a talk entitled “There’s Plenty of 

Room at the Bottom”, introducing the enormous potential of controlling things on a small 
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scale: nanotechnology.  In the early 21st century, the scientific revolution achieved in 

synthesis and processing of semiconductor nanomaterials led into a third generation of solar 

cells. ‘Third generation’ solar cells include dye-sensitized, organic, perovskite, quantum dot, 

tandem, and new concept solar cells (Green, 2002). As foreseen by Feynman, novel complex 

phenomena are exploited in this type of solar cells, such as: multiple electron-hole pair 

generation, incorporation of an intermediate band, “hot” charge carriers, and quantum 

confinement (Almosni et al., 2018). These devices moreover can be processed from very 

abundant elements by a great variety of methodologies at relatively low energetic cost. 

 

Figure 1.3. Solar cell efficiency progress showing, the accelerated improvement of perovskite 

containing solar cells is evident. Data taken from NREL efficiency chart, 2020 (NREL, 2020). 

 

Hybrid perovskites are a class of solution-processed, low-cost semiconducting 

materials with excellent optoelectronic properties, i.e. strong absorption and high carrier 

diffusion lengths. Perovskite solar cells (PSCs) emerged from the dye-sensitized solar cells 
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(DSSCs). In 2009 the perovskite material, methylammonium lead iodide (MAPbI3) was first 

used as the sensitizing material in a DSSC (Kojima, Teshima, Shirai, & Miyasaka, 2009), 

and rapidly surpassed the efficiencies of conventional solid state dye cells (J.-H. Im, Lee, 

Lee, Park, & Park, 2011). PSCs have shown astonishingly rapid progress in efficiency 

matching the performance of silicon technology in less than one decade, Figure 1.3. 

Efficiencies are now greater than 25% for PSCs and 29% for perovskite/Si tandem solar cells, 

making them competitive with single-junction GaAs solar cells, a III-V semiconductor third 

generation solar cell, with 29% of efficiency (NREL, 2020). This achievement is principally 

thanks to advancements in the chemical engineering of its components and to optimization 

of the fabrication processes.  Furthermore, the implementation of perovskite materials in 

tandem solar cells such as the recently reported flexible perovskite/CIGS system, with an 

efficiency of 24.6%, has shown potential in applications due to the variety of substrates that 

can be used (Jošt et al., 2019).  

The competitiveness of PSCs relies on its materials usage, energy usage, low cost 

and high-speed production methods. Nonetheless, to become commercially available 

important advances must be achieved regarding the lifetime of the devices. PSC performance 

is notably limited by deterioration that appears to be induced by mobile ions and vacancies 

of perovskite materials, in the presence of light and moisture. 

Initially, PSCs acquired the structure of the DSSCs, with the perovskite material used 

as sensitizer. Later on, a thick film of the material was deposited on a mesoporous (mp) 

scaffold (mesoscopic PSC), which resulted in a boost of the solar cell efficiency (Ito et al., 

2008). In 2012 it was demonstrated that the separation and transport of charges occur inside 

the perovskite absorbing layer without the need of an mp layer in the so-called 
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mesosuperstructured PSC (M. M. Lee, Teuscher, Miyasaka, Murakami, & Snaith, 2012). 

The latter resulted in the introduction of the planar architecture in which the mp layer is not 

included, Figure 1.4.  

Interestingly, the mp-TiO2 film does not seem to be essential, as both planar and 

mesoscopic architectures have reached similar efficiencies. However, reports show that the 

presence of the mp-TiO2 layer often leads to considerable enhancement in reproducibility 

and stability, and suppresses the hysteretic effect in the device (H.-S. Kim et al., 2015; 

Leijtens, Lauber, Eperon, Stranks, & Snaith, 2014; Salim et al., 2015; Zhou et al., 2015). 

Accordingly, the inclusion of an mp layer is advantageous from the functioning point of view. 

Nonetheless, the energetic cost of the conventional fabrication methods for the mp-TiO2 film 

is high: the standard procedure to fabricate a mp-TiO2 layer includes a sintering step at about 

500 °C.  Thus, low-temperature (LT) fabrication methods are required.  

 

 

Figure 2.4. Evolution of perovskite solar cell configuration. a) sensitization concept, b) 

mesosuperstructured PSC, c) mesoporous PSC and d) planar heterojunction PSC; figure 

adapted from N.-G. Park et al. (Park, Grätzel, & Miyasaka, 2016).  

 

  

a)       c)       d)       b)       
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1.4  Low Temperature Perovskite Solar Cells 

Low-temperature (LT) fabrication processes of PSCs have lower energetic cost and 

are compatible with tandem and flexible solar cells, which find many applications. LT PSCs 

have been achieved mainly in the planar configuration by replacing TiO2 with another 

electron transport layer (ETL) material, such as SnO2, ZnO and PCBM (Azmi, Lee, Jung, & 

Jang, 2018; J.-Y. Chen, Chueh, Zhu, Chen, & Jen, 2017; Mahmud et al., 2017; Song, Zheng, 

Wang, Tian, & Miyasaka, 2016; You et al., 2014). Whilst the most efficient PSCs contain a 

mp-TiO2 scaffold combined with a compact TiO2 blocking layer, little effort has been spent 

on alternative low-temperature routes (< 150 °C).  

From the experience in DSSCs it was assumed that an LT mesoscopic device would 

present an increased charge transport resistance, due to low interparticle connectivity at low-

temperature sintering (Holliman et al., 2019). In 2014,  high efficiency LT PSC devices were 

obtained with the addition of a binder to reduce the gaps between the nanoparticles (NPs) 

(Wojciechowski, Saliba, Leijtens, Abate, & Snaith, 2014); nonetheless, the effect of the 

remaining organic residues on the stability of the PSCs was not investigated. More recently, 

a UV curing treatment for the mp-TiO2 scaffold was used to decompose the organic binders 

from the TiO2 paste (Schulze et al., 2017), which resulted in PSCs with high performance.  

In general, very similar photovoltaic parameters have been found for low and high 

temperature devices with a slightly lower photocurrent density for the LT case. However, 

research on the stability of LT processed mesoscopic TiO2-based PSCs is limited. 
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1.5  Motivation and Objectives 

The necessity to use renewable sources to cover our power consumption is 

increasingly evident. The solar power has the potential to cover most of the global energy 

consumption; thus, the advances in these technologies will have a positive impact on the 

planet and on our quality of life. The fabrication of stable, all-low-temperature solar cells 

would allow for a vast number of applications of the photovoltaic technology, which would 

contribute to the production of clean energy. 

In this work, low temperature fabrication and device degradation mechanisms in 

PSCs have been studied. The structure of this thesis is the following: 

 In Chapter 4, a route to obtain LT mesoscopic-TiO2 based PSCs is presented. The 

devices were prepared with three different values for the mesoporous TiO2 (mp-TiO2) layer 

thickness: 120, 300 and 480 nm, and their PV performance was compared to that of LT planar 

PSCs. 

 In Chapter 5, the evolution of the PV parameters of planar and mesoscopic LT PSCs 

upon exposure to light and moisture are discussed in detail. The electrical properties of the 

ETL have been correlated to the preservation of performance despite chemical decomposition 

of the perovskite material.  

In Chapter 6, the degradation dynamics observed in Chapter 5 are studied further 

using impedance spectroscopy (IS). The characteristics of charge recombination and 

accumulation were found different in mesoscopic and planar PSCs. A model involving based 

on the IS analysis and the observations from the stability study is proposed to account for the 

retarded degradation dynamics in mesoscopic PSCs. 
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 In Chapter 7 the main optimization processes for the fabrication of PSCs depending 

on the atmospheric conditions are presented along with a methodology to insert carbon-

allotropes into the devices. The fabrication of high-efficiency devices under specific 

atmospheric conditions is demonstrated. 

Finally, Chapter 8 presents the conclusions of this work. 
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CHAPTER 2 

 

State of the Art of Perovskite Solar Cells  

 

 

2.1  Solar Cells 

2.1.1  The Solar Spectrum 

The energy flux from the sun has a distribution in energy approximately equal to the 

emission of a black body radiation at a temperature TS of ~ 5800 K. Solar radiation is partially 

absorbed during its passage through the atmosphere: narrow spectral bands are filtered out 

by gases in the atmosphere, such as ozone, oxygen, water vapor (H2O) and carbon dioxide 

(CO2). The solar spectrum resulting from the absorption of a layer of air is called AM X, 

where X denotes the distance the light has traveled through the atmosphere in multiples of its 

thickness. A typical spectrum used for solar cell characterization is AM1.5G, which 

corresponds to and angle of incidence of solar radiation of 48° relative to the surface normal, 

Figure 2.1. The integral over this spectrum, the energy current density onto a surface normal 

to the sun, also known as irradiance, for a cloudless sky is jE AM1.5 = 1.0 kW m-2, while the 

average value in one year over the entire earth is 230 W m-2, according to P. Würfel (Würfel, 

2005). 
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Figure 2.1. The AM1.5G spectral irradiance compared with a black body at a temperature of 

5800 K. The photon flux density of the AM1.5G spectrum is shown; adapted from N. -G. 

Park et al. (Park et al., 2016). 

 

2.1.2  Semiconductor-Based Photovoltaics 

  Solar photovoltaic energy conversion is a one-step process which generates 

electrical energy from light energy. In semiconductors, the energy band of valence electrons 

is separated from a band of empty states, the conduction band, by a forbidden zone without 

energy levels known as band gap. If a photon of energy ħω larger than the band gap energy 

Eg is absorbed, a free electron is generated in the conduction band, while a free mobile hole 

remains in the valence band, thus generating a potential difference that drives current 

extraction to an external circuit.  

The entire spectrum of sunlight, from infrared to ultraviolet, covers a range of energy 

ħω between 0.5 eV and 5.0 eV. Nonetheless, photons with ħω < Eg cannot excite electrons; 
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they are either transmitted or reflected by the semiconductor. To harvest as many solar 

photons as possible, the bandgap Eg of the semiconductor should be minimized, which allows 

for the highest electron-hole generation rate. The generated photocurrent is given by 

                                         𝐽𝑝ℎ = 𝑒 ∫ Φ𝐴𝑀1.5𝐺(𝐸)𝑑𝐸
∞

𝐸𝑔
,                                           (2.1) 

where Φ𝐴𝑀1.5𝐺 describes the sun’s spectral photon flux. 

However, a large photocurrent is not enough: the relevant parameter is the electrical 

power transferred to an external circuit. This electrical power is the product of the current 

and the potential energy of the extracted electron-hole pair, which is proportional to the 

voltage measurable externally. The potential energy of the electron-hole pair scales with the 

semiconductor band gap, even for absorbed photons with much higher energy, i.e. ħω > Eg. 

The photogenerated carriers with excess energy rapidly (10-12 s) tend to lose it through 

thermalization due to interaction with the lattice vibrations (Park et al., 2016), lowering their  

potential energy.  Therefore, when tuning the bandgap to reach high electrical power, there 

is a compromise between harvesting as many photons as possible and maximizing the energy 

of the extracted charges. 

To determine the optimum bandgap, it is needed to find an expression for the 

electrical energy of an extracted electron-hole pair. After long derivation (Würfel, 2005) it is 

found that the electrochemical potential 𝜂𝑒,ℎ of an electron (hole) in the conduction (valence) 

band, is: 

                                            𝜂𝑒 =  𝐸𝐶 −  𝑘𝐵𝑇 𝑙𝑛
𝑁𝐶

𝑛
,                                             (2.2) 

                                           −𝜂ℎ =  𝐸𝑉 −  𝑘𝐵𝑇 𝑙𝑛
𝑁𝑉

𝑝
,                                           (2.3) 
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where n (p) is the electron (hole) density and NC (NV) is the effective density of states 

available.  

In steady state, one electron is extracted together with one hole to conserve charge 

and obey the continuity equation. The total energy is then the sum of the electrochemical 

potentials,  

   𝑒𝑉 =  𝜂𝑒 + 𝜂ℎ = 𝐸𝐶 − 𝐸𝑉 −  𝑘𝐵𝑇 𝑙𝑛
𝑁𝐶𝑁𝑉

𝑛𝑝
= 𝐸𝑔 −  𝑘𝐵𝑇 𝑙𝑛

𝑁𝐶𝑁𝑉

𝑛𝑝
.                     (2.4) 

Here, the externally measurable voltage V is introduced, which is expressed as the energy of 

one extractable electron-hole pair divided by the elementary charge e.  

In addition, the electrochemical energy of the extracted electron hole-pair is not 

solely determined by the bandgap, but also contains a term that depends on electron and hole 

concentrations. The concentration of charges depends upon photon absorption (the so-called 

charge carrier generation G), it is determined by the condition ħω > Eg and limited by 

recombination R. The rate of band-to-band recombination of an electron with a hole can be 

expressed as, 

                                                                𝑅 =  𝛽𝑛𝑝,                                                           (2.5) 

where β is the radiative recombination constant. In steady state at open circuit under a given 

light intensity all charges recombine and therefore the open-circuit voltage, which is the 

maximum electrical potential attainable in a solar cell under illumination, is: 

        𝑒𝑉𝑂𝐶 = 𝐸𝑔 − 𝑘𝐵𝑇 𝑙𝑛
𝑁𝐶𝑁𝑉𝛽

𝑛𝑝
.                                            (2.6) 

The largest electrical power of a solar cell is at the maximum of the product between 

J and V, so-called maximum power point (MPP). Figure 2.2 shows the ideal power 
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conversion efficiency (PCE) as a function of the band gap calculated using equations 2.1 and 

2.4 (Park et al., 2016). The maximum theoretical efficiency (Schockley-Queisser, SQ limit) 

for a single junction device, is obtained for semiconductors with Eg between 1.1 and 1.4 eV 

allowing a PCE ~ 33%. For small Eg values the low electrical potential of the electron-hole 

pairs limits the efficiency, while the decrease in efficiency for larger Eg is due to low photon 

harvesting, i.e., low Jph according to Eq. 2.6. 

 

Figure 2.2. Maximum power conversion efficiency as a function of bandgap and record 

values experimentally achieved so far; adapted from N. -G. Park et al. (Park et al., 2016). 

 

2.2  Working principles of Perovskite Solar Cells 

The absorption onset of MAPI perovskite in comparison with other solar cell 

materials is shown in Fig. 2.3a (Park et al., 2016). Remarkably, MAPI has an optimum direct 

band gap Eg ~1.6 eV (Kojima et al., 2009; M. M. Lee et al., 2012; W. S. Yang et al., 2015). 

The estimated theoretical PCE (Shockley-Queisser limit) for a 500 nm-thick MAPbI-based 

single junction solar cell has been calculated to be around 30% with JSC = 25 mA cm-2, VOC 

=1.32 V and 90.5% of fill factor (FF) (Park et al., 2016), Fig. 2.3b. 
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Figure 2.3. a) Absorption coefficient of different solar cell materials (De Wolf et al., 2014). 

b) Theoretical J-V curve and power output of an ideal semiconductor with Eg = 1.6 eV  

(Park et al., 2016). 

 

Perovskite solar cells (PSCs) are basically structured as an absorber layer of 

perovskite material sandwiched between the  electron and hole selective layers. The most 

successful and extensively studied configuration is a regular p-i-n heterojunction shown in 

where the TiO2 layer is grown on top of the transparent conducting oxide (TCO)/glass 

substrate, as a mesoporous scaffold on top of a compact layer; then the methylammonium 

lead iodide CH3NH3PbI3 (MAPI) perovskite and subsequently the spiro-OMeTAD 

(2,2’(7,7’)–tetrakis-(N,N–di–p–methoxyphenyl-amine)9,9’-spirobifluorene). Metallic 

electrodes are often made of gold in order to achieve a good ohmic contact for charge 

extraction.  The light crosses through the glass and the TCO, then through the electron 

transporting layer (ETL) to be absorbed by the perovskite, leaving the hole transporting layer 

(HTL) at the end of the light path.  

a) b) 
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In order to separate and collect the electrons from one side and holes from the other, 

it is necessary to create an asymmetry in the transport properties of the structure. A way to 

do this is to use the p-i-n heterojunction: under illumination these structures present a gradient 

in the electrochemical potential of electrons and holes that drive the drift of electrons and 

holes to the n and p region, respectively. Carriers are finally extracted trough a metallic 

contact at energies corresponding to the difference in the electrochemical potentials or quasi 

Fermi levels, Fig. 2.4.  

 

Figure 2.4. Energy band diagram for the regular p-i-n heterojunction used in PSCs. Drift of 

electrons and holes to the n and p regions is shown; adapted from  Olyaeefar et al. 

(Olyaeefar, Ahmadi-Kandjani, & Asgari, 2017).  
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2.3  Crystal Structure of Perovskite Materials   

Perovskite refers to the mineral form of CaTiO3. Its crystal structure consists of 

corner-sharing TiO6 octahedra in three dimensions, with Ca occupying the cuboctahedral 

cavity in each unit cell. The same crystal structure is also found for a wide range of materials 

with ABX3 stoichiometry, Fig. 2.5. For halide perovskites, the oxidation states of the two 

cations must sum to three to achieve charge balancing (qA + qB + 3qX = 0). In hybrid organic-

inorganic lead halide perovskites such as MAPI, a divalent inorganic cation and a monovalent 

organic cation are present, i.e. lead (Pb2+) and methylammonium (MA+) respectively (Park 

et al., 2016).  

 

Figure 2.5 Schematic of the perovskite crystal structure with respect to the A, B and X lattice 

sites (Walsh, 2015). 

 

The redox chemistry of the ABX3 perovskite components can be used to influence 

the bandgap and the crystal structure of the material. The conduction band minimum of the 

perovskite material mainly originates from the metal cation (B), while the valence band 
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maximum mainly originates from the halide anion (X) (Yin, Yang, Kang, Yan, & Wei, 2015). 

As a result, substitution of the halide anion results in significant change in the optical 

bandgap. Reports show that incorporation of the smaller radius ion Br- results in perovskites 

with larger bandgap compared to MAPI: the bandgap for CH3NH3PbBr3 has been measured 

to be around 2.2 eV as compared to 1.5 eV corresponding to MAPI (Davies et al., 2014a; 

Jesper Jacobsson et al., 2016; Noh, Im, Heo, Mandal, & Seok, 2013). On the other hand, the 

cation (A) has an effect on the stability of the crystal structure. Higher stability of the lattice 

has been observed when substituting the generally used methylammonium (MA) with 

formamidinium (FA) and Cs cations (Arora et al., 2016; Saliba et al., 2016).  

In the present work we used a mixed cation, mixed halide perovskite material with 

final estimated composition FA0.71MA0.29PbI2.9Br0.1, following the optimal composition for 

higher photovoltaic efficiency reported by Jacobsson et al. (Jesper Jacobsson et al., 2016). It 

is expected to be more stable than conventional MAPI because of its content of FA. The 

bandgap of this perovskite is between 1.55 and 1.59 eV  (Jesper Jacobsson et al., 2016; 

Ramirez-Rincon et al., 2020). 

 

2.4  Fabrication Method: The Intramolecular Exchange Process 

 Hybrid organic-inorganic lead halide perovskites popularity relies largely on its 

simple fabrication methods. Currently, there is a vast variety of deposition methods that 

includes wet chemical synthesis, vapor-assisted solution processes and vapor deposition 

techniques. However, spin coating the precursor solutions remains among the most used 

deposition techniques (Fedeli et al., 2015). The chemical conversion occurs due to the redox 
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chemistry of the ionic components in solution and the accelerated evaporation of the solvents 

due to the spinning and drying treatment.  

Conversion to perovskite can be obtained in a one or two-step spin coating process, 

which implies a difference in the precursor solution chemistry, Fig 2.6. For one-step MAPI 

conversion, MAI and PbI2 are mixed in a polar aprotic solvent such as N,N-

dimethylformamide (DMF) or N,N dimethylacetamide (DMA) (J. H. Im, Kim, & Park, 

2014). On the other hand, in the two-step spin coating process, a PbI2 precursor solution in 

DMF is first spin coated to form a thin film, followed by immersion in (Burschka et al., 2013) 

or spin coating (sequential two-step deposition method) (J. W. Lee & Park, 2015) of, a 2-

propanol (IPA) solution of MAI. In both processes, complete conversion is obtained by 

subsequent drying at a temperature at around 100 °C. Mixed perovskites like the one reported 

in this work have been obtained with the two-step sequential (STS) spin coating method 

described above (Castro-Chong et al., 2020; Davies et al., 2014b; Qiu et al., 2017). The STS 

deposition method has shown improved reproducibility and performance, due to better 

coverage and infiltration of the perovskite material into the scaffold (Jeon et al., 2014). The 

latter is suggested to arise from a suppressed formation of chemical species, i.e. 

iodoplumbates, that may give rise to recombination centers (Stewart, Grieco, Larsen, 

Doucette, & Asbury, 2016).  
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Figure 2.6. One-step and two-step coating procedures to deposit MAPI perovskite films; 

adapted from Im et al. (J. H. Im et al., 2014).  

 

A breakthrough for the synthesis of hybrid halide perovskite materials was the 

introduction of dimethyl sulfoxide (DMSO) as a solvent in the PbI2 solution (Jeon et al., 

2014). Yang et al. developed the intramolecular exchange process (IEP) consisting on the 

formation of PbI2-DMSO complexes in the precursor solution, in which DMSO can be easily 

replaced during conversion by external organic cations such as MAI or FAI because of their 

higher affinity toward PbI2 (W. S. Yang et al., 2015). The chemical equation can be described 

as follows: 

              𝑃𝑏𝐼2 − 𝐷𝑀𝑆𝑂 + 𝑀𝐴𝐼(𝐹𝐴𝐼) → 𝑃𝑏𝐼2 − 𝑀𝐴𝐼(𝐹𝐴𝐼) + 𝐷𝑀𝑆𝑂 ↑        (2.7) 

To implement the IEP into the STS deposition method, an equimolar amount of DMSO 

relative to the amount of PbI2 is added into the precursor solution containing PbI2 and DMF. 

High-efficiency solar cells with a high degree of reproducibility have been demonstrated 

using this method (Castro-Chong et al., 2020; Qiu et al., 2017; W. S. Yang, Park, Jung, & 

Jeon, 2017).  
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2.5  Origins of instability in Perovskite Solar Cells 

The lifetime of PSCs is a fundamental issue for this technology to be commercially 

viable. Moisture, oxygen, light and ionic migration are some of the degrading factors of the 

photoactive layer in PSCs. Furthermore, the synergy between decomposition of the 

perovskite film and reactivity of the other layers leads to alterations of the device and further 

deterioration of the photovoltaic parameters. Among the alterations observed are, 

decomposition of the perovskite material (Berhe et al., 2016; Niu, Guo, & Wang, 2015), 

reactivity and degradation at the electrodes (Carrillo et al., 2016; Kato et al., 2015), and 

related changes in the electrical properties, such as current-voltage (J-V) curve hysteresis 

variations. 

A  Moisture 

The sensitivity of the hybrid lead halide perovskite material to water has its origin in 

the hygroscopic nature of the amine salt (R. Wang et al., 2019). The methylamine group 

evaporates once bound to a water molecule and PbI2 forms; the hydrolysis reaction is 

represented by the following chemical equations: 

                                    𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3(𝑠) + 𝐻2𝑂 ↔ 𝑃𝑏𝐼2(𝑠) + 𝐶𝐻3𝑁𝐻3𝐼(𝑎𝑞)                (2.8) 

                                             𝐶𝐻3𝑁𝐻3𝐼(𝑎𝑞) ↔ 𝐶𝐻3𝑁𝐻2(𝑎𝑞) + 𝐻𝐼(𝑎𝑞)                            (2.9) 

                                           4𝐻𝐼(𝑎𝑞) + 𝑂2(𝑔) ↔ 2𝐼2(𝑠) + 2𝐻2𝑂(𝑙)                             (2.10) 

           2𝐻𝐼(𝑎𝑞) ↔ 𝐻2(𝑔) + 𝐼2(𝑠)                                    (2.11) 
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Encapsulation is a determining factor in the stability of the devices; however, the 

requirement to improve the intrinsic stability of the hybrid halide perovskite materials to 

water molecules is crucial. Lee et al. investigated the incorporation of cesium in the 

perovskite structure to strengthen the interaction between the cation and iodide (J.-W. Lee et 

al., 2015). Noh et al. explored the substitution of I ions with Br ions and found an enhanced 

moisture stability due to a change in the lattice constant (Noh et al., 2013). Smith et al. 

included a very stable two-dimensional (2D) layered perovskite in the photoactive layer 

forming a hydrophobic barrier (Smith, Hoke, Solis-Ibarra, McGehee, & Karunadasa, 2014). 

The former strategies have demonstrated high potential to reduce moisture induced 

decomposition processes and are currently very popular for their simple implementation at 

the lab scale. However, the scaling-up of the PSCs using these strategies still needs further 

investigation. 

B  Oxygen and Light  

Oxygen can also influence the stability of the PSCs in the presence of light. Aristidou 

et al. showed that when PSCs are exposed to light, photoexcited electrons in the perovskite 

material react with molecular oxygen in air generating a harmful superoxide (O2
-), Fig 2.7. 

The O2
-
 species deprotonates the methylammonium cation yielding methylamine, PbI2 and I2 

as products (Aristidou et al., 2015). The yield of superoxide production appears to be 

influenced by the electron transporting layer (ETL): efficient electron extraction from 

CH3NH3PbI3 precludes the decomposition reaction.  

This finding illustrates the importance of interfacial engineering in the PSCs. An 

interesting approach is the creation of strong interfacial dipole moments at the perovskite 

interfaces to improve the energy band level alignment and facilitate electron injection (W. H. 
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Lee et al., 2017; Lu et al., 2018). Other examples include the insertion of a chemical barrier 

to passivate the perovskite surface and prevent oxygen infiltration (M. Kim, Motti, 

Sorrentino, & Petrozza, 2018; N. Li et al., 2017). Evidently, the need for optimization of the 

device characteristics have spanned the interest in the field of PSCs, leading to highly 

specialized research.  

 

Figure 2.7. Schematic model for the electron transfer of photoexcited electrons in the MAPI 

layer to oxygen resulting in the formation of superoxide. Bryant et al. observed a higher yield 

of superoxide generation was observed in the system with an Al2O3 dielectric scaffold, 

demonstrating the importance of electron transfer in the stability of PSCs; figure adapted from 

Bryant et al. (Bryant et al., 2016).  

C  Ionic Migration  

In hybrid organic-inorganic lead halide perovskite films, charged ions are have been 

observed to be mobile under applied or photogenerated electrical field, Fig 2.8. In addition 

to the redistribution of the built-in electrical field, migrating ions can reduce the device 

performance by forming charge traps and reaction sites at the interfaces causing degradation 

of the electrodes. The degradation is originated by chemical reactions between migrating 

species from either the perovskite material, the charge transport layers (CTLs) or counter 
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electrode. Oxidation of Ag to silver iodide (Kato et al., 2015), reduction of spiro-OMeTAD+ 

by I- ions (Carrillo et al., 2016), soft acid - base reaction between Au and I- (Shlenskaya, 

Belich, Grätzel, Goodilin, & Tarasov, 2018), and diffusion of  4-tert-butyl pyridine (tBP) 

related species into the perovskite layer (Bastos et al., 2018), have all been observed. Two 

major strategies to prevent detrimental reactions are: (i) enhance intrinsic stability of the 

perovskite material (El-Mellouhi et al., 2019), and (ii) implementation of a chemical 

insulating layer (Back et al., 2016). While important advancements have been made, the 

major challenge of these approaches is to obtain a material with the appropriate properties 

but not to create any drawbacks in the device operation.   

 

Figure 2.8. Sketch of ion migration and its impact on the PSC band energy alignment. a) 

shows the separation of the charge carriers driven by the photogenerated potential (EPh), along 

with the even distribution of the ions; b) depicts the migration of ions in response to EPh, and 

the internal potential developed as a consequence (Eint); (c) and (d) show the switchable 

current as a function of the applied external field (poling); figure adapted from Azpiroz et al. 

(Azpiroz, Mosconi, Bisquert, & De Angelis, 2015).  
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A widely observed phenomenon related to ion migration in PSCs is the anomalous 

photocurrent hysteresis effect (Calado et al., 2016; B. Chen et al., 2015; Jacobs et al., 2017; 

W. Tress et al., 2015; Yu, Lu, Xie, Zhou, & Zhao, 2016). The rearrangement of ionic charges 

would change the depletion region at a rate that is dependent on the activation energy. The 

corresponding time scales measured vary from few seconds to hundreds of seconds, which 

affect the J-V sweeps at certain scan rates resulting in the observed hysteretic behavior, Fig 

2.9. J-V hysteresis characteristics of PSCs have been related to ionic migration triggered 

degradation (Rizzo et al., 2019).  

 

Figure 2.9. Current–voltage curves of TiO2 based MAPI devices. Scans with different scan 

rates from 1 V to -1 V and back to 1 V. Sweep rates are from 10 to 100 000 mV s-1, arrows 

denote the sweep direction; figure adapted from Tress et al. (W. Tress et al., 2015).  
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2.6  Impedance Spectroscopy of Perovskite Solar Cells 

Impedance spectroscopy (IS) is a small perturbation frequency domain technique 

that consists in obtaining a linear output response of a system to an input stimulus. IS provides 

information about the electrical properties of the system, which may be ionic, 

semiconducting or even insulating. In photovoltaics, IS has been used to obtain information 

on the electrical characteristics of the devices such as the electrochemical potential 

distribution in the cell, recombination and collection time constants, series internal resistance, 

and charge accumulation (Carnie et al., 2013; Han et al., 2005; Sacco, 2017; van de 

Lagemaat, Park, & Frank, 2000). In the middle of the past decade, an equivalent circuit of a 

DSSC was proposed (Fabregat-Santiago, Bisquert, Garcia-Belmonte, Boschloo, & Hagfeldt, 

2005; Q. Wang, Moser, & Grätzel, 2005), which allowed a very straightforward 

understanding of the electron transfer mechanisms in this type of devices, and extended the 

use of the technique to other technologies such as organic solar cells (Fabregat-Santiago, 

Garcia-Belmonte, Mora-Seró, & Bisquert, 2011; Perrier, De Bettignies, Berson, Lemaître, & 

Guillerez, 2012) and perovskite solar cells (Contreras-Bernal et al., 2019; Pockett et al., 2015; 

Zarazua, Han, et al., 2016). 

Perovskite solar cells as a case study turned out to be rather noteworthy owing to 

their complicated electronic behavior. The IS characterization is not the exception and, 

though some of the mechanisms governing electron transfer are now understood, there 

remain open questions. However, in order to exploit the vast potential of IS a consensus about 

measuring conditions, the origin of the features composing the spectra and a general 

equivalent circuit is still needed. 
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In a typical impedance spectrum of a PSC two semicircles or arcs are the principal 

observed features, one at high frequencies >10 kHz and one at low frequencies <100 Hz 

(Contreras-Bernal et al., 2019; Klotz, Tumen-Ulzii, Qin, Matsushima, & Adachi, 2019; 

Pitarch-Tena, Ngo, Vallés-Pelarda, Pauporté, & Mora-Seró, 2018; Zarazua, Han, et al., 

2016), Fig 2.10a. There is no consensus on the mechanisms underlying these two main 

features but there is a tendency towards a broad explanation. According to most of the 

researchers, the capacitive component of the high frequency response is dominated by the 

perovskite bulk, so-called geometrical capacitance (Pockett et al., 2015; Zarazua, Han, et al., 

2016). The resistive high frequency component has been attributed either to transport 

(Guerrero, You, et al., 2016; C. Wang et al., 2017), or to recombination resistance (Pockett 

et al., 2015; Zarazua, Han, et al., 2016). The interpretation of the low frequency impedance 

response is certainly elusive, and its origin has been ascribed to several processes. These 

include: electron transfer through trap sites (Miyano, Tripathi, Yanagida, & Shirai, 2016), a 

giant dielectric effect (Juarez-Perez et al., 2014), charge accumulation at the electrode 

interfaces (Zarazua, Bisquert, & Garcia-Belmonte, 2016), and ion migration (Bag et al., 

2015). 

Additional features that have been observed in the low frequency range of the 

impedance spectra of PSCs are inductive loops, which can also be described by a negative 

capacitance. A negative capacitance indicates that the current output lags the alternating 

driving voltage. Zohar et al. observed negative capacitances in the IS measurement of 

perovskite films, and they suggest an electrochemical reaction in the material possibly 

involving vacancy and defect migration (Zohar et al., 2016), Fig 2.10b. Guerrero et al. 

observed an inductive feature in their spectra which is strongly dependent on the ETL 
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thickness, thus they suggested that this feature is associated to charge accumulation at the 

perovskite/contact interface (Guerrero, Garcia-Belmonte, et al., 2016). 

 

Figure 2.10. a) Nyquist plots for a MAPI-based PSC at different light intensities and open-

circuit potential conditions, the frequency range is 1 MHz−0.1 Hz. Pitarch-Tena et al. 

(Pitarch-Tena et al., 2018)   b) Nyquist plot for a MAPI film with Au top contact (deposited 

on glass), with residence of 40 minutes in an O2-free environment, as proof of an 

electrochemical process in the perovskite film. Zohar et al. (Zohar et al., 2016). 

 

Ghahremanirad et al. explained the presence of an inductive loop as a slow buildup 

of ionic charge at the perovskite interface; the kinetic relaxation constant would determine 

the rapidity of ion displacement (Ghahremanirad, Bou, Olyaee, & Bisquert, 2017). According 

to their model, the accumulated charge gives rise to an internal surface polarization voltage 

Vs which cannot follow the external bias voltage instantaneously but reacts at a velocity 

imposed by the ion displacement at the specified illumination. The contribution of the excess 

charge to the extracted current would give rise to the negative capacitance in the impedance 

spectra. Since IS measures the electrical response of the device as a whole, it is unfeasible to 

ascribe the observed inductive behavior to ion displacement. Nonetheless, owing to the time 

scale of these specific features it seems likely that the inductive behavior is by some means 

related to ionic charges in the perovskite material.  

a)       b)       
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CHAPTER 3 

 

Methodology 

 

 

3.1  Fabrication Techniques   

3.1.1  Spray Pyrolysis 

Spray pyrolysis (SP) is a process in which a thin film is deposited by spraying a 

solution onto a heated surface. The precursor solution and temperature are selected such that 

the desired compound bonds to the substrate while the other products and solvent are 

evaporated (Bhagyaraj, Oluwafemi, Kalarikkal, & Thomas, n.d.). 

Here, SP was used for the preparation of high-temperature (HT) TiO2 blocking (BL) 

layers. The BL layers were deposited on the surface of the transparent conductive material, 

fluorine-doped tin oxide (FTO): a solution of 1 mL of titanium diisopropoxide bis(acetyl 

acetonate) (75% in 2-propanol, Sigma-Aldrich) in 24 mL of pure 2-propanol was used as 

precursor. Twenty 2 x 2 cm2 FTO-coated glass substrates were kept at 350 °C on a hot plate 

and sprayed with 25 mL of precursor solution. The deposition was performed manually, with 

the distance between the spray nozzle and the substrate set to 40 cm making an angle of 60° 

with the surface of the substrate. The air manometric pressure was set to 0.2 MPa. The 

velocity with which the spray gun was displaced manually to scan the substrate area was 

approximately 1 cm s-1. A cycle consisted on scanning the entire substrate area longitudinally 
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back and forth once and waiting a lapse of 40 s before starting again. The number of cycles 

was repeated until the volume of 25 mL was exhausted. A BL TiO2 layer of 60 nm was 

obtained.  After deposition, the substrates were kept at 350 °C for 15 minutes. 

3.1.2  Atomic Layer Deposition 

Atomic layer deposition (ALD) is a vapor phase technique capable of depositing 

conformal thin films of materials of varying compositions on diverse substrates. ALD film 

growth is based on sequential, self-saturating surface reactions. 

In the present work, low-temperature (LT) TiO2 BL layers were fabricated using the 

ALD method. The ALD process was performed with a Savannah equipment from Cambridge 

NanoTech. Tetrakis(dimethylamino)titanium (TDMAT) and H2O were used as precursors 

for the surface chemical reaction leading to the formation of a TiO2 film. The deposition 

process was performed using a recipe provided by the equipment provider: “G2 Savannah 

TiO2 Thermal, TDMAT & H2O”. The H2O and TDMAT pulse durations were 0.015 and 0.1 

s, respectively; with evacuation time of 10 s each. The temperature of TDMAT and the 

reactor chamber were 75 °C and 100 °C, respectively. The observed growth rate was about 

0.7 Å/cycle. 

3.1.3  Thermal Evaporation Techniques 

Thermal evaporation processes comprise evaporating source materials in a vacuum 

chamber below 2 x 10-6 mbar and condensing the evaporated atoms on a substrate. The 

heating can be resistive, or electron beam (e-beam) assisted. Resistive heating is the most 

commonly used method, while electron beam heating is mainly used to evaporate refractory 

metals. The deposition rate depends on the evaporation rate, source geometry and position 

relative to the substrate (Adachi & Wasa, 2012). These techniques are especially interesting 
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for LT processes since the substrates are prevented from warming up by recirculating water 

from a chiller.  

A  E-Beam Evaporation 

E-beam evaporation was used for the deposition of TiOx compact layers in the 

fabrication of all LT devices. Titanium pellets were evaporated at a rate of 1 Å/s onto indium-

tin oxide (ITO) substrates, using a partial O2 pressure of 1.7 × 10-4 Torr, until a compact TiOx 

layer of 20 nm was obtained.  The deposition was performed with an Angstrom Engineering 

evaporation system with initial pressure smaller than 2 x 10-6 mbar. 

B  Resistive Heating Evaporation 

Resistive heating was used for the evaporation of a 60-90 nm-thick gold layer. A 

delimitation mask was used to obtain both electrode and counter electrode Au films. The 

deposition process was performed with a Tecuum-VCM 600, desktop vacuum evaporator. A 

current of 90 A was applied to a tungsten boat, and the initial pressure was 2 x 10 -6 mbar; 

the growth rate was ~ 0.8 Å/s. 

3.1.4  Sol-Gel Synthesis Method 

The sol-gel method is a chemical synthesis approach to prepare metal oxide 

nanoparticles (NPs) and mixed oxide composites. The formation of the metal oxide involves 

different consecutive steps, (i) hydrolysis to produce a metal hydroxide, (ii) condensation 

and formation of the gel, and (iii) drying processes. 

In this work the sol-gel method was used to obtain TiO2 NPs, in the anatase phase, 

with variations from the standard procedure (Ito et al., 2008): 0.07 mol titanium iso-

propoxide was dropwise added to 0.07 mol acetic acid with stirring at room temperature. The 
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mixture was kept under agitation for 15 min and was then dropwise added to 145 mL water. 

After adding 1.4 mL concentrated nitric acid (65.4%), the mixture was heated to 80 °C in 40 

min, and then peptized for 75 min. After aging for one week with agitation, aliquots from the 

resultant mixture were hydrothermally treated at 200 °C for 30 h in a Teflon-lined titanium 

autoclave (Parr Instruments). The nanoparticulate slurry obtained was centrifuged and 

washed with ethanol three to four times to eliminate remnant water. The washed TiO2 

nanoparticles were dispersed either in butanol or ethanol. Spin coating inks were prepared 

by dispersing the TiO2 nanoparticles at 1.2 wt.%.  

3.1.5  Spin Coating 

Spin coating is a deposition technique used to deposit uniform coating of materials 

on a flat substrate. The substrate is placed on a turntable, the solution is dispensed on the 

substrate surface, and the turntable is spun at a high speed; the applied solution is distributed 

via centrifugal force. The deposit is either ‘static’ or ‘dynamic’ depending on the moment at 

which the solution is dispensed, i.e. before or during turntable spinning. The thickness of the 

deposited layer is controlled by the viscosity of the coating solution and the speed of rotation. 

In the present work, spin coating was used for the deposition of three different 

materials: the mesoporous (mp) TiO2 layer, the hybrid organic-inorganic lead halide 

perovskite film and the spiro-OMeTAD. The conditions of the spin coating process and the 

obtained thickness with one deposit for each material are summarized in Table 3.1 in the next 

section.  
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3.1.6  Perovskite Solar Cell Fabrication 

Glass substrates with either ITO or FTO electrodes were cleaned in an ultrasonic 

bath, using detergent, deionized water, acetone, and iso-propanol. In the case of the FTO 

covered glasses, the substrates were heated to 450 °C for 30 min to activate the surface. For 

the preparation of the compact (c) and mesoporous (mp) layers, two different routes were 

followed depending on the desired process temperature. The LT process consisted in 

depositing a TiOx BL using either e-beam evaporation or ALD (Sections 3.1.2 and 3.1.3A), 

followed by spin coating of the dispersion of TiO2 NPs to obtain the mesoporous layer, 

(Section 3.1.5). The spin coating deposition of the dispersion was repeated several times to 

achieve the desired thickness, and immediately afterwards the film was annealed for 60 min 

at 120 °C. In the HT process a TiO2 BL was achieved using the spray pyrolysis method at 

350 °C. Afterwards, the mp-TiO2 layer was prepared using either the dispersion of TiO2 NPs 

or a dilution of a commercial TiO2 paste (Greatcell Solar, 18NR-T, 150 mg mL-1). The HT 

samples were annealed at 500 °C for 60 min. 

Deposition of the perovskite film was achieved by spin coating using the 

intramolecular exchange process adapted to the two-step spin coating sequential method, as 

described in Section 2.2 in Chapter 2. Standard solutions designed for the fabrication of 

planar PSCs were used (Qiu et al., 2017), and were further optimized for mesoscopic cells. 

Two standard solutions were first prepared:  

• Solution A consisted of 1.25 M PbI2 in a mixture of N, N-dimethyl formamide and 

dimethyl sulfoxide (DMF/DMSO: 90/10, v/v). 

• Solution B consisted of CH(NH2)2I (FAI), CH3NH3I (MAI) and CH3NH3Br (MABr) 

(71:19:10 molar ratio) in isopropanol.  
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The precursor solution chemistry was optimized for each mp-film thickness (Section 

5.3.2, Chapter 5). Precursor solution A was stirred at 75 °C for 10 min and left to cool while 

solution B was stirred for 10 min at room temperature. A sufficient amount of solution A to 

cover the substrate (80-120 µL) was first spin-coated at 3000 rpm for 30 s onto the substrate 

and, immediately afterwards, 70 µL of solution B was deposited at 3000 rpm for 30 s. The 

obtained films were annealed on a hot plate at 100 °C for 30 min to form the crystalline 

perovskite. After cooling to room temperature, 80 µL of an 80 mg/mL spiro-OMeTAD 

solution with 17.5 µL lithium bis(trifluoromethanesulfonyl)imide (520 mg/mL in 

acetonitrile) and 28.5 µL 4-tert-butylpyridine was spin-coated onto the perovskite films. All 

spin-coating processes were performed in an N2-filled glove box (H2O < 10 ppm, O2 < 100 

ppm). After coating with spiro-OMeTAD, the samples were exposed to air overnight (t > 17 

h, 30% R.H.) for oxygen doping of the hole transporting layer. The small area devices were 

completed by thermal evaporation of a 60-90 nm Au layer through a shadow mask. The 

composition and thickness of each layer in the solar cell device is shown in Figure 3.1, and 

Table 3.1 summarizes the spin coating conditions and the thickness obtained with one deposit 

for each material; the volume given was used for a surface area of 4 cm2.  

 

Fig 3.1 Device composition and layer thickness for planar and mesoscopic perovskite solar 

cells. 
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Table 3.1 Spin-coating conditions and thickness obtained for the different materials 

in PSCs. 

Material Type of 

process 

Volume of 

the ink 

[µL] 

Velocity 

[rpm] 

Thickness 

[nm] 

TiO2 mp layer static 60 4500 ~60 

Perovskite 

solution A 

 

static 

 

80-120 

3000 or 

1900* 

 

~400 

Perovskite 

solution B 

 

dynamic 

 

55 

3000 or 

2000* 

 

~480 

spiro-

OMeTAD 

dynamic 60 2000 ~200 

 

*The optimization of the fabrication process for the Nanomaterials lab at Cinvestav 

resulted in lower spin coating speeds than the original recipe reported by Qiu et al. (Qiu et 

al., 2017), see Chapter 4. 
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3.2  Characterization Techniques   

3.2.1  Scanning Electron Microscopy  

Scanning electron microscopy (SEM) is a surface imaging method in which the 

incident beam scans across the sample surface and interacts with the sample to generate 

backscattered and secondary electrons that are used to create an image of the sample. 

Secondary electron image (SEI) are generated when the electron beam strikes the sample and 

ionizes the atoms of the sample. The interaction depth is very shallow thus, SEI provides 

images of the sample surface morphology. Low-angle backscattered electrons (LABE) are 

electrons from the SEM beam that strike the atoms of the sample and are ejected back out of 

the surface of the sample. LABE detector is more sensitive to compositional, representing 

heavier elements with brighter images (Ul-Hamid, 2018). 

In the present work, SEI and LABE micrographs were obtained to study NPs size 

and shape, coverage and thickness of thin films, uniformity of the deposits, and grain size 

and morphology of the fabricated materials. The images were obtained with a JEOL JSM-

7600F scanning electron microscope.  

3.2.2  X-Ray Diffraction 

X-ray diffraction (XRD) is a characterization technique that provides detailed 

information on the crystallographic structure and phase segregation in the materials. 

Information on the crystal planes derives from the elastic scattering of x-ray photons by atoms 

in the periodic lattice; the spacings are obtained using Bragg’s law. In order to identify the 

structure and composition, the diffraction pattern is recorded and compared with standard 

line patterns available in a database (Waseda et al., 2011).  
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XRD was used to identify crystallographic phases and composition of the materials. 

The diffractogram of the obtained TiO2 NPs was recorded to identify the crystalline phase 

obtained in the synthesis. Diffractograms of the hybrid perovskite were recorded to 

investigate the presence of specific compounds, which indicate incomplete chemical 

conversion or degradation of the material. X-ray diffraction patterns were recorded with a 

Siemens D-5000 diffractometer using Cu-Kα radiation. 

3.2.3  External Quantum Efficiency 

The incident photon-to-electron conversion efficiency (IPCE), also called external 

quantum efficiency (EQE) of the solar cell, describes how many of the incoming photons at 

a certain wavelength, , are converted to electrons:  

                                𝐸𝑄𝐸 (𝜆) =
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑜𝑢𝑡 (𝜆)

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 (𝜆)
=

𝐽𝑆𝐶

𝑞𝛷(𝜆)
=

ℎ𝑐

𝑞
∙

𝐽𝑆𝐶(𝜆)

𝜆𝑃𝑠(𝜆)
,                         (3.1) 

where q is the elementary charge, Φ the photon flux, Ps(λ) is the spectral irradiance, and h 

and c Planck’s constant and the speed of light, respectively.  

EQE spectra were measured with a photo spectrometer set-up (Bentham PVE300) 

by illuminating the solar cell with modulated monochromatic light (Xe and quartz halogen 

lamps) at a chopper frequency of 377 Hz, spectral resolution of 5 nm and without light bias. 

3.2.4  UV-Vis Absorbance Spectroscopy 

The optical absorbance of a material depends on the electronic transitions between 

orbitals or bands of atoms, ions or molecules in the material, and is given by, 

      𝛼(𝜆) = 1 − 𝑅(𝜆) − 𝑇(𝜆),                                  (3.2) 
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where 𝑅(𝜆) and 𝑇(𝜆) are the reflectance and transmittance of the material. A standard 

spectroscope measures direct transmittance as a percentage (%T); this represents the 

percentage of the incident beam of light transmitted by the sample. There are two kind of 

reflectance, specular and diffuse. Specular reflectance refers to the part of the incident beam 

reflected at the same angle as the angle of incidence. Diffuse reflectance refers to the part of 

the incident beam reflected in all directions (Perkowitz, 1993).  

In this work, 𝑇(𝜆) and 𝑅(𝜆) have been measured using a spectrometer (AVANTES, 

model AVASpec 2048) and a deuterium-halogen lamp as the light source (AVANTES, 

AvaLight-DH-S-BAL), coupled through optical fibers (AVANTES, FC-UV600-2). The 

configuration for optical reflectance measurements includes an integrating sphere (Ocean 

Optics model ISP-50-8-R-GT; spectral range: 200–2500 nm), which has an optical trap that 

allows us to perform total and diffuse reflectance spectroscopy separately. The optical fibers 

are attached to the integration sphere to illuminate and collect the reflected light by the 

sample (placed at the bottom side), while in the transmittance configuration the optical fibers 

are faced, with the sample placed between them.  

3.2.5  Photoluminescence Spectroscopy 

Photoluminescence (PL) is the spontaneous emission of light from a material under 

optical excitation. Photoexcitation of a semiconductor material promotes an electron from 

the valence band to the conduction band, leaving a ‘hole’ in the valence band. The excited 

electron in the conduction band relaxes through scattering processes and then recombines 

with the hole; if the recombination process is radiative, a photon is emitted. PL spectroscopy 

has shown to be a useful technique to identify electronic transitions that produce radiative 

recombination, providing information about the energy levels in the system. PL spectroscopy 



45 
 

of semiconductors quantifies the radiative recombination providing information about the 

bandgap energy and electron-hole recombination mechanisms (Perkowitz, 1993). PL spectra 

were recorded using an iHR Horiba spectrometer, and a mounted-in OBIS LX/LS laser with 

wavelength at 660 nm. 

3.2.6  Current-Voltage Characterization 

Current-voltage (J-V) characterization is used to test the performance of a solar cell. 

In order to test the response of the device to solar light, it is usually illuminated with an 

irradiance of 1 sun (100 mW cm-2, AM 1.5G) during the measurement. The source of light is 

commonly a xenon arc lamp, and the light passes through several filters that modify the 

intensity and spectrum to better match the solar spectrum. The technique consists in scanning 

a range of voltages, between V < 0 V and V > open-circuit voltage (VOC), while recording the 

generated current. The scan is performed either in reverse direction from VOC to V=0, or in 

forward direction from V=0 to VOC.  

The J-V curve and power-V curves of an ideal solar cell are shown in Figure 3.2. The 

cell power density is given by 

       𝑃 = 𝐽𝑉.                                                            (3.3) 

The maximum power point (MPP) corresponds to a point at which the product of the current 

density and voltage (JMPP, VMPP) is maximum. As shown in Figure 3.2, the VOC is the 

maximum voltage generated by a solar cell, and it occurs at zero current. The short-circuit 

current density (JSC) is the current through the solar cell when the voltage across the solar 

cell is zero. The fill factor is defined as the ratio 

            𝐹𝐹 =
𝐽𝑀𝑃𝑃𝑉𝑀𝑃𝑃

𝐽𝑆𝐶𝑉𝑂𝐶
,                                                        (3.4) 
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and describes the ‘squareness’ of the J-V curve. The power conversion efficiency (PCE) of 

the cell is given by, 

    𝑃𝐶𝐸 =
𝐽𝑀𝑃𝑃𝑉𝑀𝑃𝑃

𝑃𝑠
=

𝐽𝑆𝐶𝑉𝑂𝐶𝐹𝐹

𝑃𝑠
,                                        (3.5) 

where PS is the irradiance or incident light power density (Nelson, 2003). The four quantities: 

JSC, VOC, FF and PCE are the key performance characteristics of a solar cell and will be 

referred to in this work as the photovoltaic (PV) parameters.  

An important feature in perovskite solar cells is the hysteresis in current-voltage 

measurements. In theory the measured J-V curve should be independent of the sweep 

direction, nonetheless hysteresis occurs due to deviations from the steady state. In order to 

quantify the hysteretic behavior, a hysteresis index (HI) can be calculated at the MPP using 

the formula, 

(𝐽𝑀𝑃𝑃)𝑟𝑒𝑣−(𝐽𝑀𝑃𝑃)𝑓𝑤𝑑

(𝐽𝑀𝑃𝑃)𝑟𝑒𝑣
,                                               (3.6) 

Where the reverse direction of the sweep is from open-circuit to short-circuit and the 

forward direction is the inverse. 

 

Figure 3.2 Current-voltage and power-voltage curves of an ideal solar cell. 
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The PV parameters were measured under two different conditions, depending on the 

place of fabrication of the devices. Within the TFPV group at imec, the devices were 

measured under a nitrogen atmosphere using a Keithley 2602A Source-Measure Unit and an 

Abet solar simulator with 100 mW cm-2 simulated AM 1.5G illumination, using a calibrated 

ISE Fraunhofer certified Si photodiode equipped with a KG-5 band pass. In the 

Nanomaterials’ lab at CINVESTAV, the measurement was performed under ambient 

atmosphere using an Autolab PGSTAT302N and a xenon arc lamp, Oriel 66924 equipped 

with AM 1.5G and water filters; the calibration is performed with a Newport calibrated 

reference Si solar cell with an incorporated KG-5 optical filter. 

3.2.7  Impedance  

Impedance spectroscopy (IS) has demonstrated to be a powerful tool to characterize 

electrochemical systems, providing information about its electrical properties. IS consists of 

the measurement of the AC electrical current, 𝐼(𝜔, 𝑡), as a function of the angular frequency, 

𝜔, when a certain AC voltage, 𝑉̂(𝜔, 𝑡), is applied to the system. During an impedance 

measurement, the steady state of the system is achieved by applting a DC offset and fixed 

illumination intensity, and superimposing a small amplitude AC voltage signal. The 

impedance 𝑍(𝜔, 𝑡) is measured by scanning the frequency at a range typically from 1 mHz 

to 10 MHz, and is calculated through Ohm’s law, i.e. 𝑍 = 𝑉 𝐼⁄ .  

The sinusoidal input and output signals are given by, 

  𝑉 =  𝑉0𝑒𝑗𝜔𝑡,                                     (3.7) 

𝐼 = 𝐼0𝑒𝑗(𝜔𝑡−𝜃),                                  (3.8) 
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where 𝑉0 and 𝐼0 are the amplitudes, 𝜔 is the angular frequency given by 𝜔 = 2𝜋𝑓, where 𝑓 

is the frequency, and 𝜃 is the phase angle between input and output signals. Using the 

complex number notation, the impedance is found to be, 

𝑍(𝜔, 𝑡) =
𝑉0

𝐼0
𝑒𝑗𝜃 = |𝑍(𝜔)|𝑒𝑗𝜃.                                            (3.9) 

Graphically, the impedance can be represented in the complex plane reporting 𝑍′′ as 

a function of 𝑍′, referred to as a Nyquist plot. Additionally, in Bode plots, log|𝑍| and 𝜃 are 

graphed as a function of log(𝑓).  

An impedance spectrum is composed of separate features distinguishable in the 

frequency domain; each of them is related to an electrical process with a characteristic time 

constant. The most commonly used method of analysis consists in applying equivalent 

circuits to model the system response to the input signal and to obtain the electrical element 

values of each feature. The simplest circuit element is the resistor: in this case the current 

response is in phase with the excitation (𝜃 = 0), and Eq. 3.8 becomes, 

𝑍𝑅(𝜔, 𝑡) =
𝑉0

𝐼0
= 𝑅.                                (3.10) 

For a capacitor, the current can be expressed as a function of the voltage as 𝐼(𝜔, 𝑡) =

𝐶(𝑑𝑉(𝑡) 𝑑𝑡⁄ ) = 𝐶𝜔𝑉0𝑒𝑗(𝜔𝑡+
𝜋

2
)
, hence, the current response is out of phase with respect to 

the voltage with 𝜃 = − 𝜋 2⁄ . The capacitor is a purely imaginary component and its 

impedance in the complex form becomes, 

𝑍𝐶(𝜔, 𝑡) =
1

𝑗𝜔𝐶
.                                (3.11) 
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Similarly, for an inductor, the voltage can be expressed as a function of the current 

as 𝑉(𝑡) = 𝐿(𝑑𝐼(𝑡) 𝑑𝑡⁄ ). The inductor results in a purely imaginary component with phase 

angle 𝜃 = 𝜋 2⁄  and its impedance is given by, 

                 𝑍𝐿(𝜔, 𝑡) = 𝜔𝐿𝑒
𝑗𝜋

2 = 𝑗𝜔𝐿.                                           (3.12) 

The impedance response of a real system often shows non-ideal capacitive behavior. 

In these situations, the circuit can be modelled using a constant phase element (CPE). The 

impedance of a CPE is therefore given by, 

𝑍𝑄(𝜔, 𝑡) =
1

𝑄(𝑗𝜔)𝑃.                       (3.13) 

Where Q is the CPE pre-factor and P is the CPE index with value between 0 and 1; i.e., if 

P=1, the CPE behaves like a capacitor (Sacco, 2017). 

A simple electrical circuit often found is the Voigt element, which consists of a of a 

resistance and a capacitor in parallel, Fig 3.3a. The impedance response in a Nyquist plot is 

in the form of a semicircle centered at R/2. In practice the semicircle in the Nyquist plot 

appears displaced with center at Rs + R/2, Fig 3.3b. In this case the Voigt element is used in 

addition of a series resistance, and the equivalent impedance is given by, 

𝑍 = 𝑅𝑠 +
𝑅

1+𝑗𝜔𝑅𝐶
.                       (3.14) 

In Eq. 3.13 the product RC has the dimension of time and is a characteristic time constant. 

At the same time, the inverse is the characteristic frequency associated to the process, 

    𝜏 =
1

𝜔
= 𝑅𝐶.                     (3.15) 

Bode plots of log|𝑍| and 𝜃 as a function of log(𝑓) are shown in Fig. 3.3b.  
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Figure 3.3.  a) Electrical circuit of a resistance in series with a Voigt element. Impedance 

response of the shown electrical circuit: b) Nyquist plot, and c), d) Bode plots. 
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CHAPTER 4  

 

Insertion of a Low Temperature TiO2 Mesoporous Layer 

in Planar Mixed Hybrid Perovskite Solar Cells  

 

 

Abstract 

We used low temperature (LT) processing (≤ 120 oC) to fabricate high-efficiency 

planar and mesoscopic TiO2-based hybrid perovskite solar cells with comparable 

performance, highlighted by a champion LT mesoscopic solar cell with 16.2% efficiency. 

Comparison of LT and high temperature (HT) devices suggest that a HT treatment (≤ 500 

oC) of the mesoporous (mp) layer is not essential in this type of devices. Photovoltaic 

efficiencies of 14% - 16% have been achieved for a mp film thickness ranging from 120 to 

480 nm by fine-tuning the precursor solution chemistry.  

 

4.1  Introduction 

LT processed organic-inorganic halide perovskite solar cells (PSCs) are promising 

for semi-transparent and flexible photovoltaics, combining the remarkable optoelectronic 

characteristics of these hybrid perovskites with scalability and low energetic cost. Although 

the light-absorbing and hole-conducting materials in PSCs do not require HT treatments, the 

electron transport layer (ETL) usually does, particularly when a mesoporous (mp) film, 

typically consisting of TiO2 nanoparticles (NPs), is included in the mesoscopic configuration.  
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We developed a route to prepare mesoscopic TiO2-based PSCs at low temperature 

(LT) (T ≤ 120 °C). The results show high-efficiency mesoscopic PSCs in the range of 14% 

to 16% for a  mp film-thickness ranging from 120 nm up to 480 nm; this is to our knowledge 

the first report where a high solar cell efficiency is maintained for thick mp-films. Generally, 

cells with thicker metal oxide supports are reported with lower power conversion efficiency 

(PCE), for example, by Yang et al.  and Lee et al. (D. G. Lee et al., 2017; J. Yang, Fransishyn, 

& Kelly, 2016), Fig. 4.1. The decrease in PCE has been related to charge transport limitations 

of the electrode thus, a mp layer of limited thickness of up to 150 nm is generally 

recommended. 

 

Figure. 4.1. a) Reported J-V curves of perovskite solar cells with mp-TiO2 layer thicknesses 

of 150 nm, 250 nm, and 400 nm (D. G. Lee et al., 2017). b) Reported power conversion 

efficiency of mesoscopic PSCs as a function of mp-TiO2 layer thickness; adapted from Yang 

et al. (J. Yang et al., 2016). 

 

In this Chapter, a route to obtain optimized LT mesoscopic-TiO2 PSCs is presented. 

LT mesoscopic PSCs were prepared with three different values for the mp-TiO2 thickness: 

120, 300 and 480 nm, and compared to LT planar PSCs. The importance of adjusting the 

mixed hybrid perovskite precursor solution chemistry for different mp-TiO2 layer thicknesses 

is demonstrated. The results show that when proper infiltration of the mixed hybrid 
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perovskite into the mp layer is achieved, the latter’s thickness has a minimal influence on the 

PCE of the devices.  

4.2  Experimental 

Both LT planar and mesoscopic PSCs were prepared. The 20 nm TiOx compact (c-

TiOx) layer was prepared using e-beam physical vapor deposition. The mp layer was obtained 

by depositing a film of TiO2-anatase NPs with particle size between 15-25 nm. The NPs were 

prepared using a variation on the standard sol-gel method reported by Ito et al. (Ito et al., 

2008), as described in Section 3.1.4, Chapter 3. A spin-coating ink was prepared by 

dispersing the TiO2 NPs in butanol at 1.2 wt.%, and by adjusting the pH to control the ζ-

potential at a value of 8 mV; the dispersion was stable for 8 to 12 weeks. The mp-TiO2 film 

was prepared by spin coating 60 μL of the ink onto the compact TiO2 underlayer at 4500 rpm 

for 30 s until a 60 nm-thick layer was obtained. The number of repetitions was adjusted to 

achieve the desired thickness and the film was finally annealed for 60 min at 120 °C. The 

obtained ITO/c-TiOx and ITO/c-TiOx/mp-TiO2 electrodes were used for the preparation of 

PSCs. Both LT mesoscopic and planar PSCs were fabricated with the intermolecular 

exchange method as reported by Seok et al.  (W. S. Yang et al., 2015) (Section 2.2 in Chapter 

2), using a mixed perovskite containing methyl ammonium iodide (MAI) and formamidinium 

iodide (FAI) and methyl ammonium bromide (MABr) (FA/MA-Pb-I/Br) with the final, 

estimated composition of FA0.71MA0.29PbI2.9Br0.1. Details on the experimental procedure to 

obtain the solar cell devices are given in Section 3.1.6, Chapter 3. 
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4.3  Results 

4.3.1  Insertion of the mesoporous TiO2 layer 

One of the main differences between planar and mesoscopic PSCs is the larger 

surface area at the perovskite/ETL interface, which would provide a better electron extraction 

capability.  Even though the need of a conducting material for the mp layer has been 

discarded, anatase TiO2 is still the most used material because of the high efficiencies 

achieved (Mahmood, Sarwar, & Mehran, 2017). Its effectiveness relies on the higher 

photocurrent obtained compared to other materials such as Al2O3 that may result in a higher 

open-circuit voltage (VOC) (Listorti et al., 2015). However, it is important to obtain anatase 

NPs with good crystallinity and of the optimal particle size. The corresponding X-ray 

diffraction pattern and a representative SEM image of the anatase NPs prepared in this work 

are shown in Fig. 4.2. The XRD patterns agrees with the JCPDS card no. 21-1272 (anatase 

TiO2). There are no spurious diffraction peaks found in the pattern. According to the SEM 

micrography, the obtained NPs are round shaped with particle size between 15-25 nm. 

 

Figure. 4.2. a) X-ray diffraction spectroscopy (XRD) pattern of anatase TiO2 NPs obtained 

by the sol-gel method. b) SEM (SEI: secondary electron imaging) image of anatase TiO2 NPs. 
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The performance of PSCs in both the planar and mesoscopic configurations has been 

shown to depend on the thickness of the mixed hybrid perovskite overlayer. In addition, for 

mesoscopic PSCs the performance has been reported to vary with the mp-layer thickness, 

with optimum values anywhere between 150 – 280 nm, depending on the size and structure 

of the NPs (Abdi-Jalebi et al., 2016; H. S. Kim & Park, 2014; D. G. Lee et al., 2017; J. Yang 

et al., 2016). Hence, in order to maximize performance, the thickness of both layers needs to 

be optimized.  

Mesoscopic PSCs were prepared with four different values for the mp-TiO2 

thickness: 60, 120, 300 and 480 nm, where the thickness was controlled by the number of 

spin-coating cycles. For comparison, planar PSCs were also prepared with every batch of 

mesoscopic cells, corresponding to the “0 nm” system. In Figure 4.3a the current-voltage (J-

V) curves of the highest performing devices are presented. The curves show that the 

photovoltaic (PV) performance decreases with increasing mp-layer thickness: both the fill 

factor (FF) and short-circuit current density (JSC) decrease significantly. Nonetheless, the 

VOC is higher for devices with mp-layer thickness ≥ 120 nm.  The solar cells with the 60 nm 

mp-layer demonstrate a performance very similar to planar devices with a somewhat lower 

VOC, possibly due to uncovered pinholes on the compact layer. The results show that the 

decrease in JSC might be originated by an increased series resistance; shunting paths are only 

present for the thicker (480 nm) mp-TiO2 layer. These results are in accordance with what 

has been reported before  relating a decrease in PV performance of thick mp-layers to an 

increased interfacial series resistance with increasing TiO2-TiO2 interfacial area (D. G. Lee 

et al., 2017; J. Yang et al., 2016).  
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It is known that a high temperature treatment of the mp layer results in a film of 

interconnected NPs with improved electrical characteristics (Zardetto et al., 2013). 

Therefore, in order to determine if the decrease of the photocurrent was caused by a lack of 

NP interconnection, mesoscopic devices were prepared with annealing treatment at 500 °C 

using the NP dispersion. Mesoscopic HT PSCs exhibited higher performance than LT 

devices, as shown in Figure 4.3b. In particular, the value of JSC is higher in the HT devices, 

although it decreases with increasing mp film-thickness. Interestingly, HT devices with a 480 

nm-thick mp-TiO2 film displayed a JSC only slightly higher than obtained for LT PSCs. 

Comparison of JSC vs. mp-TiO2 film thickness for both LT and HT PSCs are shown in Figure 

4.3c. Both, the HT and LT devices show a decrease in photocurrent. However, for the HT 

devices the decrease follows a lineal tendency, while the LT devices seem to decrease 

exponentially. 

 

Figure. 4.3. J-V curves of the highest performing devices with mp-TiO2 thickness: 0, 60, 120, 

300 and 480 nm: a) LT mesoscopic PSCs and b) HT mesoscopic PSCs. c) JSC vs mp-TiO2 

thickness for both LT and HT devices. The PV characteristics of the cells were measured in 

the reverse scan direction from -1.2 to 0.25 V with scan rate 0.1 V s-1. 

 

a) b) c) 
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The functions of a mp-TiO2 layer are: i) to separate electrons and holes in the 

perovskite layer by fast electron injection to the TiO2 layer, and ii) to transport the injected 

electrons to the electrode. From this, it follows that charge transport and recombination 

properties of the devices should be affected by the mp film-thickness. In mesoscopic PSCs, 

an increased effect of recombination is mainly related to an increased number of trap sites as 

the mp-TiO2 thickness increases, and is reflected in VOC decline. On the other hand, charge 

transport depends on the electrical properties at both TiO2/TiO2 and perovskite/TiO2 

interfaces, affecting the diffusion length, and is reflected in a decrease of both JSC and FF. 

LT devices showed relatively stable VOC thus, a change in the recombination kinetics 

is not likely to be important. At the same time, both JSC and FF decrease (from 22 to 18 mA 

cm-2 and from 74% to 60%, respectively). This implies a high contact resistance, either due 

to bad TiO2 NPs interconnection or to bad contact at the perovskite/TiO2 interface. On the 

other hand, HT devices also showed a decrease in both JSC and FF for thicker films, which 

points to a phenomenon that is not related to the TiO2 NPs interconnection.  

4.3.2  Optimization of the perovskite infiltration 

In the mesoscopic configuration two different grain domains of perovskite coexist:  

pore-infiltrated and of the capping layer (Listorti et al., 2015). The mp scaffold might be 

filled with the PbI2 solution prior to the formation of an overlayer during the spin coating 

process. To investigate the effect of the mp-TiO2 thickness on the perovskite/TiO2 interface, 

careful control of both domains is essential. SEM images in Figure 4.4 illustrate that 

incomplete infiltration is obtained for a mp film of 200 nm if a 1.15 M PbI2 solution is used, 

while full infiltration is observed using a 1.25 M PbI2 solution. These results indicate that the 

mixed hybrid perovskite precursor solution chemistry is critically important for the 
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infiltration of the PbI2, in agreement with a previous report (Bi, El-Zohry, Hagfeldt, & 

Boschloo, 2015), and that poor infiltration might cause high interfacial resistance. It was 

found that complete infiltration can be achieved for mp-layer thickness up to 480 nm using 

adjustments in the spin-coating solution chemistry as shown in Table 1. The concentration 

of DMSO was kept constant to properly use the intramolecular exchange method. The 

reactant concentrations in solution B were also adjusted, maintaining the concentration ratios 

the same.  

 

 

Figure. 4.4. SEM-LABE images of mp-TiO2 scaffolds with a spin-coated FA/MA-Pb-I/Br 

hybrid perovskite layer deposited on top; a) 1.15 M PbI2 solution (glass/ITO/c-TiO2/mp-

TiO2/perovskite); b) 1.25 M PbI2 solution (glass/c-TiO2/mp-TiO2/perovskite). The scale bars 

correspond to 200 nm. 

 

4.3.3  Optimization of the perovskite overlayer 

With increasing mp-TiO2 film thickness, a concomitant decrease of thickness of the 

FA/MA-Pb-I/Br overlayer was observed, which is also an important parameter to optimize. 

To achieve the desired thickness of the perovskite over layer the spin-coating velocity was 

varied, the used velocities for each case are presented in Table 4.1. Figure 4.5 shows the JSC 

and VOC values of LT mp-TiO2 (120 nm) PSCs as a function of the thickness of the mixed  
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Table 4.1: Optimized concentrations of solutions A and B used for the deposition of the 

FA/MA-Pb-I/Br mixed hybrid perovskite film on mp-TiO2 scaffold layers of different 

thickness. 

mp-TiO2 

thickness 

(nm) 

[PbI2] 

(M) 

[FAI] 

(mM) 

[MAI] 

(mM) 

[MABr] 

(mM) 

Spin-coating 

velocity 

[rpm] 

0 1.25 314   90 68 3000 

60 1.25 314 90 68 3000 

120 1.25 314   90 68 2500 

300 1.35 330   94 71 2800 

480 1.50 367 105 79 3500 

 

hybrid perovskite overlayer in the range between 150 and 600 nm.  The JSC reaches a 

maximum value of about 22 mA cm-2 for a device with a 385 nm overlayer and remains 

constant for thicker films. The open circuit voltage reaches a maximum of 0.99 V for an 

overlayer thickness of 480 nm and decreases significantly for thicker films.  

Hence, the optimum thickness of the overlayer for a LT mp-TiO2 (120 nm) PSC was 

defined to be 480 nm. Remarkably, in planar devices the perovskite optimum film thickness 

is also 480 nm (Qiu et al., 2017). This observation is in accordance with previous reports of 

the overlayer thickness determining the performance of the device (Listorti et al., 2015), 

independent of the architecture used, and is consistent with the impedance spectroscopy (IS) 

results obtained in this work, which are discussed in Chapter 6.  
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Fig. 4.5. Dependence of JSC and VOC of LT mp-TiO2 PSCs on the FA/MA-Pb-I/Br mixed 

hybrid perovskite overlayer thickness, using a 120 nm mp-TiO2 layer.  

 

4.3.4  Optimized mesoscopic devices with various mp-layer thicknesses 

After carefully tuning the spin coating solution chemistry, for good infiltration and 

proper capping layer thickness, the optimized devices displayed stable values of photocurrent 

and FF. To our knowledge, there are no previous reports of mesoscopic cells maintaining a 

high FF at these large values of the mp-TiO2 film thickness, with particle size > 20 nm. The 

J-V curves of representative optimized devices show that the most important difference 

between these devices is a decrease in JSC that is not related any more to shunting paths, and 

seem to be little influenced by an increased series resistance in thicker devices (Fig 4.6). 
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Figure. 4.6. J-V curves of representative devices with mp-TiO2 thickness: 0, 120, 300 and 

480 nm after optimization of the perovskite overlayer and infiltration. The PV characteristics 

of the cells were measured in the reverse scan direction from -1.2 to 0.25 V with scan rate 0.1 

V s-1. 

 

Figure 4.7 shows the photovoltaic parameters of both non-optimized and optimized 

mesoscopic PSCs as a function of mp-TiO2 film thickness, illustrating the improvement of 

the solar cell performance for the optimized devices.  The resulting devices demonstrated a 

PCE of 14% or larger, even for a 480 nm LT mp-TiO2 film. Interestingly, the insertion of the 

LT mp layer into the planar configuration results in an increase of VOC from 0.98 V to 1.1 V. 

The combined results suggest that the inclusion of a mp-layer decreases the recombination 

kinetics, either by decreasing the effect of pin holes in the blocking layer or by more efficient 

electron extraction. It is important to notice that the bandgap of TiOx has been reported to be 

larger than that of TiO2 by 0.2 - 0.3 eV (Ju, Li, Wu, & Jiang, 2011; S. H. Lee, Yamasue, 

Ishihara, & Okumura, 2010), which might be at the origin of the VOC improvement.  The 

improved FF also indicates more efficient electron extraction and shows that the electrical 

properties of the LT mp-TiO2 film are adequate for an optimized PSC. Accordingly, the 
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decrease in JSC seems to be related to a parasitic absorption of light from thicker mp-TiO2 

films. Based on the photovoltaic measurements, we conclude that the mp-TiO2 interlayer 

thickness has a minimal detrimental effect on charge transport properties if good interfacial 

contact at the perovskite/TiO2 interface is guaranteed.  
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Fig. 4.7. Solar cell parameters versus the mp-TiO2 film thickness for LT PSCs before and 

after optimization of the mixed hybrid perovskite layer. At x=0, the parameters for the planar 

devices fabricated at the same time are shown.  

 

4.3.5 Photovoltaic and Optical Characterization 

Optimum mesoscopic TiO2-based LT-PSCs were prepared using a 120 nm LT mp-

TiO2 film and 480 nm FA/MA-Pb-I/Br hybrid perovskite overlayer, with a reproducible 

conversion efficiency of 15.6 ± 0.5% (n = 72 cells). Figure 4.8 shows a cross-sectional SEM-
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LABE image of a mesoscopic LT PSC optimized in this study, the stack consists of a 20 nm-

thick c-TiOx prepared by e-beam evaporation, a LT mp-TiO2 layer of 120 nm, a 480 nm-

thick layer of FA0.71MA0.29PbI2.9Br0.1, a spiro-OMeTAD layer of 200 nm and an evaporated 

Au layer of 90 nm. In addition, the J-V curve of the best performing device is shown in Figure 

4.8 with a PCE of 16.2%, JSC = 22.3 mA cm-2, VOC = 1.00 V, and FF = 72.8 %, in the reverse 

scan. The hysteresis index (HI) was calculated using Eq. 3.6 with a value of the is 0.3, which 

is in accordance with values reported in the literature (H. S. Kim & Park, 2014; Yu et al., 

2016). 

  

Figure 4.8. a) Scanning electron microscope (SEM-LABE) image of a mesoscopic perovskite 

solar cell fabricated by the LT process with a 120 nm mp-TiO2 layer. b) J-V curves of the 

champion LT mp-TiO2 PSC; the scan rate is 0.1 V s-1.  
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External quantum efficiency (EQE) and absorptance spectra of planar, and 

mesoscopic LT and HT (500 °C) are shown in Figure 4.9a. The reduced EQE in the “blue” 

region of the spectrum (λ < 350 nm) indicates a certain degree of front surface recombination. 

At the “red” portion of the spectrum, the EQE of mesoscopic and planar devices present 

differences that do not appear to be originated from a difference in the absorptance. This has 

been observed before in simulated QE values of devices with different TiO2 thicknesses 

(Qarony et al., 2015). However, the integrated current density results in very similar values 

for the three different types of devices. 

 

Figure 4.9.  a) External quantum efficiency (solid line) and absorptance spectra (squares) of 

the record planar and mesoscopic cells; the integrated EQE current is indicated. b) Current – 

voltage curves of the champion planar and HT mesoscopic PSC, reverse scan; the scan rate is 

0.1 V s-1.  

 

J-V curves of planar, and mesoscopic LT and HT (500 °C) are shown in Figure 4.9b. 

The best planar device gave a PCE of 16.6% with JSC of 22.9 mA cm-2, VOC of 0.98 V, and 

FF of 73.8 %, in the reverse scan. The best mesoscopic HT device gave a PCE of 15.0% with 

JSC of 21.3 mA cm-2, VOC of 1.01 V, and FF of 69.7 %, in the reverse scan; note that the 
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electrical conductivity of ITO is affected by the HT treatment, which affects the FF. These 

results illustrate the successful insertion of the LT mp-TiO2 layer into the solar cells. Please 

note that the difference on the extracted JSC from the EQE and J-V curves might be due to an 

error in measuring the active area. 

In Figure 4.10, the steady-state photoluminescence (PL) spectra of FA/MA-Pb-I/Br 

hybrid perovskite deposited on top of mp-TiO2, c-TiO2 and Al2O3 films are shown. It can be  

observed at the PL spectra of the perovskite deposited on compact TiO2 and alumina films 

an emission peak centered at 790 nm; the peak matches the absorption onset of the FA/MA-

Pb-I/Br hybrid perovskite (Jesper Jacobsson et al., 2016). The spectrum of the mixed hybrid 

perovskite deposited on the mp film presents strong quenching.  

PL quenching has been related to efficient electron (hole) extraction by the electron 

(hole) transport material (Azmi et al., 2018; Q. Jiang et al., 2016; Valadez-Villalobos et al., 

2019; M. Wang et al., 2018); accordingly, for the alumina ETL where electron extraction 

does not occur, the PL emission presents the stronger intensity. The observed PL emission 

of the mixed hybrid perovskite in the different configurations demonstrate the superior 

electron extraction efficiency of the mp-TiO2 layer. This result agrees with the superior 

electrical properties attributed to crystalline TiO2 (Zardetto et al., 2013).   

4.4  Conclusions 

 We demonstrate that mp-TiO2 layers with good electrical properties can be prepared 

with low temperature processing (≤ 120 oC). It was found that optimization of the perovskite 

solution chemistry leads to proper infiltration of the PbI2 solution into the mp scaffold, 

resulting in high efficiency PSCs with mp-TiO2 layer-thickness up to 480 nm  
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Figure 4.10. Photoluminescence spectrum of FA/MA-Pb-I/Br hybrid perovskite deposited on 

mp-TiO2 (blue), c-TiO2 (red) and Al2O3 (green), the excitation wavelength is 660 nm. 

 Increased values for the FF and JSC were obtained after the optimization; these properties 

were interpreted as related to a reduced electrical resistance due to a better interfacial contact 

at the perovskite/TiO2 interface. The optimum perovskite capping layer thickness in 

mesoscopic PSCs was found to be 480 nm, which is equal to the optimum thickness of the 

perovskite layer in planar PSCs, this suggests that the electrical properties of this type of 

devices are dominated by the bulk of the absorbing material. We observed an enhanced 

electron extraction when using a mp scaffold as ETL, seemingly related to more adequate 

optoelectronic characteristics of TiO2 vs TiOx. The influence of these better electrical 

properties on the stability of the devices will be discussed in Chapters 5 and 6.  
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CHAPTER 5 

 

Mesoporous TiO2 Layer in Low-Temperature Perovskite 

Solar Cells: Study of the Stability 

 

 

Abstract 

A critical issue for the viable commercialization of the perovskite solar cell (PSC) is 

the performance stability under conditions of high relative humidity and exposure to light. 

There is evidence that PSCs containing a mesoporous (mp) electron transport layer (ETL) 

benefit from the nanoparticle/perovskite heterojunction, but the origin remains unclear. In 

this chapter the evolution with time of the photovoltaic (PV) parameters upon exposure to 

light and moisture is studied in detail. As expected, mesoscopic devices show better stability 

with half-life time (T50) almost twice than that of planar devices. The decomposition of the 

hybrid perovskite material is examined for both types of configuration. It is demonstrated 

that the extraction efficiency of the ETL plays an important role in the performance 

preservation, despite some chemical decomposition of the perovskite material. 
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5.1  Introduction 

Organic- inorganic hybrid lead halide PSCs are a potentially low cost and efficient 

PV technology; however, the instability of the hybrid perovskite represents a major 

drawback. In the early stages of research on PSCs two main configurations emerged: 

mesoscopic and planar. Advantages of using either of these architectures is still under debate 

since both have demonstrated certified efficiencies in excess of 20% (Green et al., 2018). 

Nonetheless, there are indications that PSCs containing a mp-TiO2 layer exhibit improved 

stability under exposure to moisture and light when compared to planar heterojunction TiO2-

based devices.  

Yang et al. (J. Yang et al., 2016) reported a longer time of retained optical 

absorbance upon exposure to a 98% relative humidity (RH) environment for CH3NH3PbI3 

(MAPI) films deposited onto mp-TiO2 as compared to deposited directly onto the compact 

TiO2 layer (c-TiO2). Haque et al. (Bryant et al., 2016) compared planar and mesoscopic HT 

PSCs aged in dry air under 1 sun illumination, and obtained a T50 of 0.6 and 2.2 hours, 

respectively. The improved stability of the solar cells in the mesoscopic configuration is in 

many cases attributed to a better electron extraction capability, which prevents light-induced 

degradation processes. On the other hand, in addition to the well-known decomposition 

pathways of the hybrid perovskite material (D. Wang, Wright, Elumalai, & Uddin, 2016), it 

is now understood that devices present degradation caused by ionic mobility and redox 

chemistry (Bastos et al., 2018; Carrillo et al., 2016; Eames et al., 2015; Shlenskaya et al., 

2018; W. Tress et al., 2015). Moreover, there are indications that interfacial ion accumulation 

at the mp-TiO2/perovskite interface can lower degradation (Gagliardi & Abate, 2018).  
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In Chapter 4, both planar and mesoscopic low temperature (LT) PSCs using the 

hybrid organic-inorganic mixed lead halide perovskite FA0.71MA0.29PbI2.9Br0.1 were prepared 

showing comparable PV performance. In this chapter, experimental results for a degradation 

test of both type of devices are presented. Correlation of the performance of planar and 

mesoscopic cells after ageing and chemical decomposition of the mixed hybrid perovskite 

indicates that the presence of the mp-TiO2 film enhances the lifetime of the device despite 

some degradation of the perovskite material. Specifically, the half-life time, T50, which is the 

time it takes for the solar cell to present 50 % if its initial PCE, almost doubles for mesoscopic 

PSCs. 

5.2  Experimental 

The PV response of as-prepared, non-encapsulated planar and mesoscopic LT PSCs 

was recorded, and the cells were then exposed to air in conditions of relatively high humidity 

(60% ± 5% R.H.), either under illumination (0.2 sun; AM 1.5G) or in dark; we used a 

relatively low light intensity to be able to better monitor the degradation. Subsequently, 

current-voltage (J-V) curves were recorded after a continuous period of aging of either 20 h 

or 40 h. The characterization was performed in the TFPV group lab, as described in Section 

3.2.6, Chapter 3. 
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5.3  Results 

5.3.1  Evolution of the Photovoltaic Parameters with Degradation 

Figure 5.1 shows the solar cell parameters of the devices as-prepared, after 20 h, and 

after 40 h of ageing. At least 3 separate substrates containing 12 pixels each were used in 

each experiment for both configurations. It can be seen that the non-encapsulated cells 

exposed to 60% R.H. in the dark only exhibit a slight decrease in efficiency, maintaining a 

power conversion efficiency (PCE) ≥ 12% for both configurations. On the other hand, under 

illumination, a significant decrease in the solar cell performance is observed, especially for 

the planar devices, while maintaining PCE < 8% for exposure up to 40 h. This result confirms 

previously reported observations of light-induced degradation (Ahn et al., 2016; Bryant et 

al., 2016). 
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Figure 5.1. Short-circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF) and 

efficiency of planar and low temperature mesoscopic solar cells at 0, 20 and, 40 h of exposure 

to humidity (60 ± 5 % R.H.) under illumination (closed symbols) or in dark (open symbols): 

50% of the data points are within the boxes and 80% within the whiskers. The horizontal line 

and the point in the boxes represent the median and the mean value, respectively. Two sets of 

cells were prepared for each configuration, one for the experiments in the dark and the other 

under illumination; for the as-prepared samples (0 h), the specific sets of cells used in each 

type of experiment are shown separately although all cells represent the same starting 

conditions. Half of the as-prepared cells were exposed for 20 h, and the other half for 40 h. 
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In Table 5.1 the percentages of retained JSC, VOC, FF, PCE and T50 for both 

configurations aged under illumination are summarized. When examining the PV parameters 

individually, there are significant differences between both planar and mesoscopic cells. For 

the planar cells, all PV parameters decrease with ageing time, while for LT mesoscopic cells 

both the JSC and the VOC are remarkably stable. In both configurations a significant decrease 

of the FF is observed, indicating that degradation may induce an increased cell series 

resistance or new recombination processes and pathways at the interfaces.  

Table 5.1. Retained percentages of the PV parameters for planar and LT mesoscopic PSCs 

after 20 and 40 h of exposure to 60±5% R.H. in air under illumination at 0.2 sun, AM1.5G.  

 

Representative J-V curves of as prepared and degraded (20 and 40 hours at 60 ± 5% 

R.H.) devices are shown in Figure 5.2. Besides deterioration of the PV parameters, the 

hysteretic features of the curves change with the ageing time. In fresh devices, a more 

pronounced hysteresis is observed in mesoscopic PSCs compared to planar devices, with 

hysteresis indexes (HI) 0.3 and 0.1 respectively, contrary to what has been reported 

previously (H. S. Kim & Park, 2014). On the other hand, for the planar configuration, as the 

cell degrades the hysteresis becomes more pronounced (HImeso=0.3 and HIplan ≥0.5). 

Hysteresis has been related to the rearrangement of ionic charges, which changes the 

 Configuration Retained 

Jsc (%) 

Retained 

Voc (%) 

Retained 

FF (%) 

Retained 

PCE (%) 

T50 

20 h Planar 76 ± 5 92 ± 2 66 ± 9 46 ± 9  

 LT-mp-TiO2 94 ± 5 100 ± 2 77 ± 7 72 ± 8  

40 h Planar 58 ± 17 93 ± 3 55 ± 14 32 ± 15 20 h 

 LT-mp-TiO2 84 ± 10 97 ± 2 48 ± 9 40 ± 12 > 40 h 
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depletion region at a rate that is dependent on the activation energy; this affects the J-V 

sweeps giving rise to the observed hysteretic behavior (Calado et al., 2016; B. Chen et al., 

2015; Jacobs et al., 2017; W. Tress et al., 2015; Yu et al., 2016). Interestingly, hysteresis in 

PSCs has been related to charge accumulation at the interfaces, that may lead to long-term 

degradation (Rizzo et al., 2019). Thus, it is reasonable to think that the faster degradation of 

the planar PSCs might be related to mobile ionic species accumulating at the perovskite 

interfaces. 

 

Figure 5.2. Representative J-V curves of planar and mesoscopic devices: a) as-prepared; b) 

degraded for 20 h; and c) degraded for 40 h at 60% R.H. and under illumination. The scan 

rate is 0.1 V s-1.  

5.3.2  Decomposition of the Hybrid Perovskite Material  

To examine the decomposition of the hybrid perovskite material due to air and 

humidity exposure, X-ray diffraction (XRD) analysis and absorbance spectroscopy were 

performed on FA0.71MA0.29PbI2.9Br0.1 films deposited on both c-TiOx and LT mp-TiO2. 

Formation of PbI2 is expected as the principal degradation product of the decomposition of 

the hybrid perovskite (Asghar, Zhang, Wang, & Lund, 2017; Berhe et al., 2016; Niu et al., 

2015), which causes reduction of the optical absorption yield. Figure 5.3a shows the 

diffraction patterns of the hybrid perovskite films: after 80 h in the dark no PbI2 was detected; 

however, under illumination, a PbI2 peak was detected for both the planar and mesoscopic 



78 
 

configuration. This result was confirmed for completed, aged PSCs, as shown in Figure 5.3b. 

From the relative intensity of the PbI2 (001) peak at 12.5° with respect to the 

FA0.71MA0.29PbI2.9Br0.1 (110) peak at 13.9°, it seems that the amount of lead iodide is even 

higher in the mesoscopic case.  

 

 

 

 

 

 

Figure 5.3. XRD diffraction patterns of: a) degraded (80 h @60% R.H. & 0.2 sun AM 1.5G) 

FA0.71MA0.29PbI2.9Br0.1 perovskite: ITO/c-TiOx/perovskite (red) and ITO/LT mp-

TiO2/perovskite (blue), and b) XRD degraded (40 h @60% R.H. & 0.2 sun AM 1.5G) planar 

and LT mesoscopic PSCs. The pattern of a pristine PbI2 film is shown for comparison. c) 

Transmittance spectra of as-prepared and aged planar and LT mesoscopic PSCs. 

UV-Vis absorption was recorded for planar and mesoscopic as-prepared and aged 

devices; the transmittance spectra are shown in Figure 5.3c. The results show that the 

formation of PbI2 is accompanied by a decreased absorbance; nonetheless, both device 
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configurations present alike increased transmittance in the 500-800 nm range. It is important 

to mention that a measurement of the reflectance of aged devices is missing; however, 

changes in optical absorbance have previously been used to highlight degradation of the 

hybrid perovskite, and specifically accompanied by a change in PbI2 composition (Du et al., 

2017; Jacobsson et al., 2016).  

Figure 5.4 shows SEM images of the perovskite films deposited on compact (Figures 

5.4 a, c, e) and mp scaffolds (Figures 5.4 b, d, f), which reveal a different change in 

morphology if films are exposed to humidity, either under illumination or in the dark. When 

kept in the dark, growth of the grains indicates an effect of coarsening due to humidity, 

nonetheless, there is no evidence of degradation or PbI2 formation. In contrast, when exposed 

to light, PbI2 crystals of about 300 nm can be observed on the perovskite surface of the ITO/c-

TiOx/perovskite configuration. The ITO/mp-TiO2/perovskite configuration do not show PbI2 

formation on the surface, however surface degradation is evident. Photographs of completed 

devices are shown in Figures 5.4 g, h, i, j. In the dark, none of the two configurations present 

apparent degradation. Nonetheless, planar devices present strong apparent degradation that 

seems to be affecting the gold counter electrode which is not the case for mesoscopic devices. 

Deterioration of the metallic electrodes has been observed as a result of chemical reactions 

with mobile species of the perovskite material (Kato et al., 2015; Shlenskaya et al., 2018). 

Henceforth, the observation of a decreased performance in the planar configuration 

cannot be ascribed to a more severe decomposition of the mixed hybrid perovskite material 

in this type of devices. It is proposed that, even if chemical degradation occurs, the 

mesoscopic configuration can retain higher performance, which is due to a larger 

photocurrent density.  
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Figure 5.4. SEM (SEI: secondary electron imaging) top-images of FA0.71MA0.29PbI2.9Br0.1 film 

morphology. As-prepared films: a) ITO/c-TiOx/perovskite and, b) ITO/mp-TiO2/perovskite. Partially 

degraded films after 80 h @ 60 ± 5 % R.H.: c) ITO/c-TiOx/perovskite in the dark; d) ITO/mp-

TiO2/perovskite in the dark; e) ITO/c-TiOx/perovskite exposed to room illumination; f) ITO/mp-

TiO2/perovskite exposed to room illumination; g), h), i) and j) photographs of planar and mesoscopic 

PSCs degraded in the dark or under illumination. 
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5.3.3  Higher JSC Retention in Mesoscopic PSCs  

According to the steady-state continuity equation for JSC, the current density is 

determined by the balance between the generation rate (Gn) and the recombination rate (Rn), 

which can be expressed as a function of the excess carrier density (𝛥n) and the carrier lifetime 

(𝜏n):   

                                           𝐽𝑛(𝑥) =  𝑞 ∫ (𝐺𝑛(𝑥) −  
𝛥𝑛(𝑥)

𝜏𝑛

𝑑

0
) 𝑑𝑥.                                         (5.1) 

The generation rate is mainly determined by absorption, which decreases with the same 

magnitude for both, planar and mesoscopic PSCs, as shown in Figure 5.3c. Therefore, the 

decrease of JSC in aged planar devices would be originated by an increase in the 

recombination rate, either because of a reduced carrier lifetime or due to an increased excess 

carrier density, both causing a deficient carrier extraction efficiency at the interfaces. 

In addition to deterioration of the counter electrode, reduced carrier extraction might 

be affected by the electrical properties of the ETL. In order to study the relation between the 

JSC decrease and the carrier extraction capacity of the scaffold, Al2O3-based mesoscopic 

PSCs were prepared and tested under the same conditions of light and moisture. The J-V 

curves and retained percentages are shown in Fig. 5.5a; after exposure to light and moisture 

for 80 h the PV performance is lost, while there is no severe damage in the performance for 

PSCs aged in the dark. In Fig. 5.5b, the XRD patterns of FA0.71MA0.29PbI2.9Br0.1 films are 

shown for as-prepared films, and after 80 h in the dark and under illumination. A PbI2 peak 

was detected in the film exposed to light; the peak corresponds to the (001) reflection of PbI2. 

SEM images of the surface of ITO/Al2O3/perovskite after exposure to 60% R. H. under 

illumination or in the dark are shown in  Fig. 5.5c, d, e. Accordingly, grain coarsening and 
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the formation of PbI2 crystals is evident on the surface of the film aged under illumination. 

The resulting pronounced degradation of the Al2O3-based mesoscopic PSCs is clear evidence 

of a light induced degradation mechanism related to the electron extraction capacity of the 

ETL material. 

 

 

  

 

 

 

Figure 5.5. a) J-V curves of Al2O3-based mesoscopic PSCs, as prepared (lemon), and aged 

under illumination (green) and in the dark (dark green), for 80 h @60% R.H. b) XRD 

diffraction patterns of as-prepared and degraded FA0.71MA0.29PbI2.9Br0.1 films deposited on 

Al2O3. SEM (SEI) top-images of ITO/Al2O3/perovskite: c) as-prepared, d) aged in the dark, 

e) aged under illumination.  
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The superior extraction efficiency of the mesoporous scaffold as compared to that of 

the compact film was demonstrated from the photoluminescence spectra shown in Fig. 4.9, 

in Chapter 4. The PL spectrum of FA0.71MA0.29PbI2.9Br0.1 deposited on an Al2O3 layer was 

also included, showing the reduced extraction capacity of this material.   

In Figure 5.6, XRD diffractograms show the evolution of principal peaks of 

FA0.71MA0.29PbI2.9Br0.1 (110 at 13.9°) and PbI2 (001 at 12.5°), and the evolution of the J-V 

curve after degradation for devices based on Al2O3, c-TiOx, LT mp-TiO2 and HT mp-TiO2. 

The device based on Al2O3 presents strong decomposition of the perovskite material with 

high relative intensity of the principal peak of PbI2 with respect to the principal peak of the 

perovskite material, and after 80 h of ageing the PV parameters are null. The device based 

on c-TiOx presents low relative intensity of the PbI2/perovskite XRD peaks, however, after 

40 h of ageing the J-V curve show an increased shunt current which according to the 

observations might be related to the formation of PbI2 crystals at the surface; after 80 h of 

ageing degradation is complete. The device based on LT mp-TiO2 presents high relative 

intensity of the PbI2/perovskite XRD peaks, interestingly, in this case, after 40 h of ageing, 

the series resistance is mostly affected which suggests a deficient contact at the 

ETL/perovskite interface; after 80 h degradation is not complete. The device based on HT 

mp-TiO2 presents low decomposition, according to the relative intensity of the 

PbI2/perovskite XRD peaks, series resistance seems slightly affected after 40 of ageing and, 

after 80 h this device retains a higher yield of the PV parameters as compared to the other 

configurations. 

From the results, it can be hypothesized that despite chemical decomposition of the 

hybrid perovskite material in a PSC, a high yield of short-circuit current density might be 
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retained in devices using selective layers with enhanced electron extraction efficiency, as the 

LT mp-TiO2 scaffold used in this study (Chapter 4, Fig 4.10). On the other hand, lower 

decomposition and increased PV performance is observed in the HT mp-TiO2 based devices, 

which suggests that the better electronic properties of this mesoporous scaffold prevent the 

decomposition of the material. The latter result is in accordance with the work of Bryant et 

al., in which a reduced decomposition after light and moisture of the perovskite material 

results from an enhanced electron extraction by the ETL (Bryant et al., 2016). The work is 

discussed in the Section 2.5B of the Chapter 2.  

 

 

Figure 5.6. XRD diffraction patterns of as-prepared and degraded (80 h @60% R.H. & 0.2 

sun AM 1.5G) FA0.71MA0.29PbI2.9Br0.1 perovskite deposited on Al2O3 (green), c-TiOx (red), 

LT mp-TiO2 (blue) and HT mp-TiO2 (pink).  J-V curves of TiO2-based PSCs as prepared and 

aged under illumination for 40 h and 80 h @60% R.H. Note that the J-V curve of the alumina-

based device after 40 h of ageing could not be measured. 

  



85 
 

5.1  Conclusions 

A decrease in performance has been observed for PSCs exposed to both light and 

moisture; specifically, after ageing the JSC is affected in devices with reduced electron 

extraction capacity of the ETL material. Comparing planar and LT mesoscopic PSCs 

chemical decomposition of the FA0.71MA0.29PbI2.9Br0.1 results somewhat stronger in LT 

mesoscopic PSCs, as seen from the relative intensity between the PbI2 and the 

FA0.71MA0.29PbI2.9Br0.1 principal XRD peaks. However, despite the stronger chemical 

decomposition of the perovskite, LT mesoscopic devices retain higher percentage of its initial 

JSC, i.e., 84% vs 58% in planar PSCs; resulting in T50 values of ~ 40 h and 20 h for LT 

mesoscopic and planar devices, respectively. The results suggest that the preserved 

performance in LT mesoscopic devices is due to superior electron extraction, which 

according to the continuity equation (Eq. 5.1) is at the origin of lower yield of charge 

recombination. On the other hand, we observed a prevented degradation of the perovskite 

material in HT mesoscopic PSCs in accordance with previous works relating high charge 

injection and precluded degradation (Bryant et al., 2016). Deterioration at the counter 

electrodes was observed for planar PSCs, which might be an indication of larger ionic 

mobility in this type of devices, as reported by other authors (Kato et al., 2015; Shlenskaya 

et al., 2018). Accordingly, a more pronounced hysteretic behavior was observed in planar 

PSCs, which has been related to ionic mobility (Calado et al., 2016; B. Chen et al., 2015; 

Jacobs et al., 2017; W. Tress et al., 2015; Yu et al., 2016). Our findings demonstrate the 

importance of including crystalline TiO2 in LT TiO2 based PSCs in order to improve the 

stability of the devices.  



86 
 

Acknowledgment 

 The author would like to thank Dora Huerta Quintanilla and Daniel Aguilar Treviño 

from LANNBIO at CINVESTAV-Mérida for their technical support and training in scanning 

electron microscopy and X-ray diffraction analysis.  

  



87 
 

CHAPTER 6 

 

Insights into the Degradation of Planar and Mesoscopic 

PCSs through Impedance Spectroscopy Analysis  

 

Abstract ................................................................................. 89 

6.1  Introduction  ................................................................ 90 

6.2  Experimental  .............................................................. 92 

6.3  Results  ........................................................................ 92 

6.3.1  Ideality Factor from VOC Measured at Different Light 

Intensities .......................................................................... 93 

6.3.2  Analysis of the electrical properties of PSCs using IS  95 

6.3.3  Inductive Loops in the Impedance Spectra of PSCs  ... 99 

6.3.4  Model of the Mechanism of Retarded Degradation in 

Mesoscopic PSCs .............................................................. 101 

6.4  Conclusions  ................................................................ 103 

Acknowledgement  ............................................................... 103 

 

 

 

 



88 
 

  



89 
 

CHAPTER 6 

 

Insights into the Degradation of Planar and Mesoscopic 

PCSs through Impedance Spectroscopy Analysis  

 

 

Abstract 

Impedance spectroscopy (IS) at the open-circuit potential (VOC) was performed on 

partially degraded planar and LT mesoscopic perovskite solar cells (PSCs). The frequency-

dependent response of the two configurations was compared. Two recombination 

mechanisms depending on the irradiation intensity were elucidated for the two types of PSCs: 

the Shockley Read Hall recombination mechanism dominates at low light intensities (< 10 

mW cm-2), whilst at higher light intensities the band-to-band recombination dominates. 

Furthermore, the recombination resistance was observed to be higher in mesoscopic PSCs in 

accordance with the higher VOC observed in thus type of devices. On the other hand, a higher 

magnitude of the capacitive element in planar PSCs indicates larger charge density 

accumulated at the interfaces. An inductive loop is observed in mesoscopic PSCs, which 

suggests stabilization of ionic charges in these devices. The IS analysis along with the 

observations from the stability study were used to develop a model accounting for the delayed 

degradation in mesoscopic PSCs. 
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6.1  Introduction 

In photovoltaics, impedance spectroscopy has been used to obtain information on the 

electrical characteristics of the devices. It is now widely employed for the characterization of 

PSCs and  allows a more detailed understanding of some of the mechanisms governing the 

charge dynamics such as recombination resistance, geometric capacitance and ideality factors 

(Almora et al., 2018; Contreras-Bernal et al., 2019; Pockett et al., 2015). IS is applied to 

characterize full solar cells while they are being operated under technically relevant 

conditions, which makes this technique an interesting tool to study charge transport, transfer 

and recombination mechanisms. Among the most studied phenomena is the dependence of 

charge collection and recombination on the nature of the perovskite/transport layer interface 

(Contreras-Bernal et al., 2017; Correa-Baena et al., 2017; Pockett et al., 2015; Zarazua, Han, 

et al., 2016). Surprisingly, relatively limited research has been done on the degradation 

mechanisms in PSCs using IS analysis, which is a topic of utmost importance.  

Guerrero et al. reported the energetic properties at the perovskite/cathode interface 

of ITO/PEDOT:PSS/Perovskite/PCBM/Metal solar cells before and after degradation 

(Guerrero, You, et al., 2016). They observed an additional resistance in the IS measurements 

of degraded devices, which was related with the extraction of carriers at the contact. 

According to the authors, poor extraction would result in the formation of an interfacial dipole 

due to the accumulation of photogenerated carriers producing the displacement of iodide 

atoms towards the interface, resulting in further degradation. Klotz et al. observed a 

reversible increase of the electrical resistance and a reduction of the capacitance with ageing 

time of PCSs (Klotz et al., 2019). They ascribed the observed behavior to a temporary 

reduction of the electronically active area caused by accumulation of charged ions at the 
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perovskite/transport layer interfaces. The ionic charges would act as recombination centers 

inhibiting charge carrier injection into the electrodes. Interestingly, both studies coincide in 

a degradation mechanism due to a reduced carrier extraction capacity in the presence of ionic 

charge accumulation at the interfaces. 

In Chapter 5, the degradation of planar and LT mesoscopic PSCs after exposure to 

light and moisture was compared. Decomposition of the perovskite absorbing layer was 

observed in both type of devices, according to the XRD diffraction analysis. Nonetheless, LT 

mesoscopic PSCs retained 84% of its initial JSC, as compared to 58% retained by planar PSCs 

(Table 5.1, Chapter 5). It was possible to conclude that the deterioration of the planar devices 

occurred due to a reduced charge extraction capacity of the electron transport layer (ETL), 

The conclusion was supported by an observed stronger degradation for PSCs containing a 

less conductive ETL, i.e., Al2O3. According to the JSC continuity equation (Eq 5.1), the 

decrease of JSC in aged planar devices would be originated by an increase in the 

recombination rate (R), either because of a reduced carrier lifetime or due to an increased 

excess carrier density, both causing a deficient carrier extraction efficiency at the interfaces. 

Here, we employed IS to compare the electrical response between aged planar and 

LT mesoscopic TiO2-based PSCs. We observed two domains of recombination depending 

on the irradiation value, for both types of devices. A charge transport mechanism related to 

accumulation at the interfaces dominates at high illumination intensities, with larger charge 

accumulation presented by planar devices. Additionally, an inductive loop is observed in 

mesoscopic PSCs, which suggests stabilization of ionic charges, therefore delaying ion-

induced degradation. 
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6.2  Experimental 

To cast light on the degradation mechanisms, IS was performed on partially degraded 

low temperature (LT) planar and mesoscopic PSCs, with PCE ≥ 10% for both configurations. 

The impedance response of three planar and three mesoscopic PSCs was investigated at the 

open-circuit potential (VOC) using a Gamry electrochemical workstation. The VOC was set by 

controlling the light intensity of a Xe-arc lamp with an AM 1.5G optical filter and a 10 cm 

water filter. Impedance measurements were performed at different illumination intensities: 

0.5, 1, 3, 5, 10, 20, 40 and 100 mW cm-2. The spectra were recorded from 105 Hz to 1 mHz, 

using an amplitude of 10 mV(rms). A protocol similar to the one reported by Pitarch-Tena et 

al. (Pitarch-Tena et al., 2018) was used to minimize the effect of degradation and pre-

conditioning of the devices in the analyzed results, which consisted in monitoring the VOC 

and the J-V curve before and after each recorded spectrum and, discharging the cell (Vapplied 

= 0) before starting to record each spectrum. 

6.3  Results 

In Chapter 5, it was shown that planar PSCs present faster degradation dynamics 

than mesoscopic PSCs under exposure to light and moisture. The PV performance of each 

device was tested before the IS measurement; Figure 6.1 shows representative J-V curves of 

the devices used for the IS analysis. As expected, the two configurations show differences 

due to their dissimilar response to light and moisture exposition; i.e. there is an important 

decrease in the photocurrent for planar PSCs accompanied by an increased hysteresis with 

HI values of 0.3 and 0.5 for LT mesoscopic and planar devices, respectively. 
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Figure 6.1. Representative current density – voltage curves of partially degraded planar and 

mesoscopic PSC used for the IS analysis; the scan rate is 0.05 V s-1. 

 

6.3.1  Ideality Factor from VOC Measured at Different Light Intensities  

The generated VOC at the different illumination intensities: 0.5, 1, 3, 5, 10, 20, 40 and 

100 mW cm-2 are shown in Figure 6.2a. The VOC at 1 sun (100 mW cm-2) is 1.02 and 1.07 V 

for planar and mesoscopic PSCs, respectively. The VOC depends logarithmically on the light 

intensity (I), as expected from the diode equation: 

        𝑒𝑉𝑂𝐶 = 𝐸𝑔 − 𝑛𝐼𝐷𝑘𝐵𝑇 𝑙𝑛
𝐼0

𝐼
                                          (6.1) 

where Eg is the bandgap of the absorbing material, e is the elementary charge, kB is the 

Boltzmann constant, T is the absolute temperature, I0 is a constant with the same units as I 

and nID is the so-called ideality factor. For a Schottky junction nID = 1 for recombination in a 

highly doped material (Wolfgang Tress et al., 2018), i.e. 𝑁𝐷
+ = 𝑛 ≫ 𝑝, generally observed in 

the quasi-neutral region, whereas nID around 1.4 to 2 is assigned to the Shockley-Read-Hall  

(SRH) recombination mechanism (Almora et al., 2018; Contreras-Bernal et al., 2017; 

Wolfgang Tress et al., 2018; Zarazua, Han, et al., 2016).  
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Interestingly, in this work two different behaviors of the VOC are observed, depending 

on the illumination intensity. For low light intensity (< 10 mW cm-2) nID = 1.3 - 1.4, while 

for high light intensity nID = 0.7. Values for nID < 1 due to surface recombination have been 

observed before, contrary to common belief (Wolfgang Tress et al., 2018). According to the 

results, the recombination is originated by the same mechanism in both type of cells, since 

both PSC configurations show the same values of nID. Nonetheless, in mesoscopic devices a 

higher VOC is generated at the same light intensity, by a constant difference of about 0.05 V. 

According to Eq. 6.1, if nID is equal for both configurations Eg must be 0.05 eV larger in 

mesoscopic PSCs. In both types of devices, the absorbing material is identical, i.e., Eg is the 

same; thus the change in photovoltage must be produced by a more favorable position of the 

conduction band (CB) of the electron transport layer (ETL) with respect to that of the 

perovskite in  LT mesoscopic devices, as compared to planar devices (C. Ding et al., 2018).  

 

Figure 6.2 a) VOC vs light intensity, lines show a logarithmic fit and the numbers indicate the 

nID obtained from the slope. b) Nyquist plots at VOC=0.95 V. The equivalent electrical circuit 

is displayed in the inset.   
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6.3.2  Analysis of the electrical properties of PSCs using IS 

Representative Nyquist plots of both types of devices at VOC = 0.95 V are shown in 

Figure 6.2b. The impedance response is characterized by two semi-circles, one at high 

frequency (hf) from 103 to 105 Hz, and a second one at low frequency (lf) from 10-1 to 103 

Hz. In addition, an inductive loop is observed in the very low frequency range (< 1 Hz). 

Interestingly, for mesoscopic PSCs the imaginary component crosses over to positive values. 

The impedance spectra were fit using the equivalent circuit shown in Figure 6.2b, comprising 

a resistance Rs in series with two Voigt elements. The capacitive elements were modeled as 

a constant phase element CPE, with ZCPE = 1/Q(j)P, Eq. 3.11 in Chapter 3. The high 

frequency arc has a shape that is close to a semicircle with P ranging from 0.9 to 1, while for 

the low frequency arc, P is between 0.75 and 0.85. According to Brug et al., in order to obtain 

a physically relevant interpretation of the capacitive response, the P value should be between 

0.8 and 1 (Brug, van den Eeden, Sluyters-Rehbach, & Sluyters, 1984).  

In Figure 6.3 the elements of the electrical analysis of the IS spectra are displayed as 

a function of the VOC generated at different light intensities. In general, both Rlf and Rhf 

decrease exponentially as the VOC increases (Figs 6.3a, b), as expected for a recombination 

resistance (Contreras-Bernal et al., 2017; Correa-Baena et al., 2017). The recombination 

resistance can be described by 

                             𝑅ℎ𝑓,𝑙𝑓 = (
𝜕𝐽𝑟𝑒𝑐

𝜕𝑉
)

−1

= 𝑅00𝑒𝑥𝑝 [−
𝑒𝑉𝑂𝐶

𝑛𝐼𝐷 𝑘𝐵𝑇
]                                  (6.2) 

where Jrec is the recombination current density, R00 is the resistance at zero potential, and nID 

is the diode ideality factor. In contrast, the capacitive component shows different behaviour 

at high and low frequency. Figure 6.3c shows the capacitive element, CPEhf, which is 
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generally ascribed to the bulk dielectric response of the perovskite layer (Almora et al., 2015; 

Guerrero, Garcia-Belmonte, et al., 2016), in accordance with its independent response with 

light intensity. On the other hand, CPElf is associated with charge accumulation processes at 

the interfaces, including ionic interactions at the surface (Almora et al., 2015; Contreras et 

al., 2016; Juarez-Perez et al., 2014). The lf capacitance has been described by the following 

expression (Almora et al., 2018) 

                                                     𝐶𝑙𝑓 =
𝑑𝑄

𝑑𝑉
∝ 𝑒𝑥𝑝 [

𝑞𝑉𝑂𝐶

𝛾 𝑘𝐵𝑇
]           (6.2) 

where Q is the charge per unit surface, and γ is an exponential coefficient that serves as a 

fitting parameter. The time constant (𝜏 ) is the characteristic time associated to the process 

and is obtained from the product RC according to Eq. 3.14 (Fig. 6.3d). However, specifically 

in the hf domain, it cannot be properly considered as a carrier lifetime since the nature of the 

CPE is dielectric and not chemical (Pockett et al., 2017; Zarazua, Han, et al., 2016).  

In detail, Rhf yields two different values of nID consistent with the behaviour observed 

in the dependence of VOC with light intensity: nID ~ 2 for SRH recombination at intensity < 

10 mW cm-2 and nID ≤ 1 for high light intensity. In addition, Rlf for planar PSCs displays nID 

= 1.3 with no apparent dependence on light intensity, which is also in the regime of a SRH 

recombination (Almora et al., 2018). On the other hand, for mesoscopic PSCs in the lf domain 

nID is dependent on light intensity with nID = 1.6 and 0.9, in accordance with the two 

recombination mechanisms so far observed. The magnitude of the resistive elements in the 

hf domain is similar for both types of devices at low light intensity values, while it is one 

order of magnitude larger for LT mesoscopic devices at high light intensity, evident at 

V~1.02 V. In the lf domain it is again very similar for all light intensities. 
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Figure 6.3 IS electrical elements obtained from the equivalent circuit of aged planar and 

mesoscopic PSCs. a) and b) Resistive elements obtained in the high and low frequency 

domains, respectively. c) and d) Capacitive elements and time constant (𝜏). The lines 

correspond to logarithmic fits and the numbers indicate nID deduced from the slope.   

The CPElf exhibits an exponential increase with VOC, which has been ascribed to 

charge accumulation at the interfaces (Almora, Guerrero, & Garcia-Belmonte, 2016; Correa-

Baena et al., 2017; Zarazua, Bisquert, et al., 2016). Interestingly, CPEhf changes from being 

linear to an exponential behavior for light intensities > 10 mW cm-2, indicating that at high 
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light intensity a process related to charge accumulation at the interfaces dominates. In 

addition, the capacitive element of planar devices appears larger at high irradiation 

intensities: in the hf domain the tendency line indicates larger capacitance. These results are 

a strong indication of charge accumulation at the interface that is more pronounced in planar 

PSCs at high light intensity.  

The time constant 𝜏 is found to be independent of the light intensity in the hf regime 

at high light intensity, which is consistent with charge accumulating at the interface. 

According to Zarazúa et al., a 𝜏 independent of the light intensity would contain information 

of surface recombination processes occurring and not from the bulk, since bulk carrier 

density is dependent on light intensity (Zarazua, Han, et al., 2016).  

The ideality factor is a parameter that characterizes the predominant recombination 

process, nonetheless its interpretation might vary according to the specific characteristics of 

the device (Wolfgang Tress et al., 2018). According to Tress et al., a nID value close to 1 can 

be attributed either to surface recombination via intragap defects in devices displaying low 

VOC, or to band to band recombination if the VOC is high. The devices studied in this work 

displayed VOC > 1 V with 1 sun illumination, which is considered high photovoltage. Thus, 

it is possible to think that at high illumination intensities the SRH recombination is 

suppressed and the band to band recombination dominates. The latter would be explained by 

trap filling due to a higher population of minority carriers at the ETL/perovskite interface 

(Péan, De Castro, & Davies, 2019). 
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6.3.3  Inductive Loops in the Impedance Spectra of PSCs 

An additional observation in the IS spectra of both planar and mesoscopic PSCs is 

the appearance of an inductive loop at the end of the low-frequency arc (< 1 Hz). In Figure 

6.4, these features are highlighted. Inductive loops in the mid-frequency range are familiar 

features in PSCs; possible explanations include carrier accumulation at the interfaces, 

injection through intermediate surface states, ion/vacancy drift and accumulation, and 

electrochemical reactions (El Kamel, Gonon, Jomni, & Yangui, 2008; Ghahremanirad et al., 

2017; Guerrero, Garcia-Belmonte, et al., 2016; Zohar et al., 2016).  In figure 6.4, for 

mesoscopic PSCs the imaginary part crosses over to positive values, indicating that the 

current in the device exhibits a delay with respect to the driving voltage, while for the planar 

configuration the imaginary part of the impedance remains negative. Ghahremanirad et al. 

have proposed that a shift of the imaginary part to positive values occurs when a kinetic 

relaxation constant related to a slow buildup of ionic charge increases (Ghahremanirad et al., 

2017).  

 

Figure 6.4 Zoom of the low frequency region of Nyquist plots measured under open-circuit 

conditions at different irradiation values for planar and mesoscopic PSCs, highlighting the 

inductive-loop features. 
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The results of the IS analysis can be summarized as follows: 

❖ The VOC vs light intensity measurements revealed that the difference in photovoltage 

(~ 0.05 V) is the result of a more favorable position of the CB of the mp-TiO2 scaffold 

with respect to that of the perovskite in mesoscopic devices, as compared to planar 

devices. 

❖ Two different recombination mechanisms are observed depending on the light 

intensity:  at irradiance < 10 mW cm-2 the SRH recombination seems to dominate, 

with nID ~ 2, and at irradiance > 10 mW cm-2 trap-filling would allow band-to-band 

recombination to dominate, with nID ≤ 1.  

❖ Lower recombination processes are observed in mesoscopic PSCs, supported by the 

larger magnitude of the Rhf at high light intensity and larger values of 𝜏lf, pointing to 

better electronic properties of the mp-TiO2 scaffold.   

❖ Larger charge accumulation at the interfaces appears to occur in planar PSCs. In 

addition, the CPEhf, which is generally ascribed to the bulk dielectric response of the 

perovskite layer, changes from being linear to an exponential behavior for light 

intensities > 10 mW cm-2, indicating that under high irradiation a process related to 

charge accumulation at the interfaces dominates in both types of devices.   

❖ The inductive loop in mesoscopic PSCs is associated to a negative capacitance which 

origin is not clear. However, due to the frequency dependence of IS, it is reasonable 

to think that in mesoscopic devices the charges move at slower speed, possibly due 

to a different electrostatic environment at the nanostructured mp-TiO2 as compared 

to the compact surface in planar PSCs. 
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6.3.4  Model of the Mechanism of Retarded Degradation in Mesoscopic PSCs 

Based on the IS analysis and the observations from the stability study experiments, 

a mechanism accounting for the slower degradation dynamics in LT mesoscopic PSCs as 

compared to planar PSCs is proposed (Fig. 6.5): 

i. A build-up of charge at high light intensities (> 10 mW cm-2) is accumulated at the 

compact-TiO2 electrode surface in planar PSCs accompanied by a more pronounced 

hysteretic behavior. This latter can be attributed to ionic charges accumulating at the 

surface inducing the observed electrode degradation in this type of devices.  

ii. In the presence of a nanostructured TiO2 films an electric field is generated across the 

perovskite film, providing beneficial conditions for the stabilization of harmful ionic 

charges far enough from the interface to delay degradation in LT mesoscopic PSCs, 

as suggested from the inductive loop observed in the spectra of these devices.  

iii. In LT mesoscopic PSCs the mp-TiO2 ETL provide the device with higher 

recombination resistance due to its better electronic properties and more favorable 

CB alignment. This would account for the higher VOC observed and higher JSC 

retention after degradation of the perovskite material. 
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Figure 6.5. Schematic band diagram illustrating the proposed mechanism for delayed 

degradation in mesoscopic PSCs as compared to planar PSCs. The quasi Fermi levels splitting 

and the beneficial electrostatic ambient at the mp-TiO2/perovskite interface are depicted. 

Boosting of the charge extraction and delayed degradation would result from such conditions. 
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6.4  Conclusions 

In general, the IS response of planar and mesoscopic PSCs present differences. At 

low light intensities (< 10 mW cm-2) the charge carrier dynamics are mainly determined 

mainly by SRH recombination in the bulk of the perovskite. On the other hand, at high light 

intensities (> 10 mW cm-2) the SRH mechanism would be disabled by trap-filling, giving 

place to domination of the band-to-band recombination mechanism. The larger magnitude of 

the capacitive element of planar PSCs indicate a more pronounced charge accumulation in 

these types of devices; it is likely to think that this charge is of ionic nature due to the 

observation of a pronounced hysteretic behavior in this type of devices. In contrast, the 

inductive loop in the spectra of mesoscopic PSCs suggests that the generated electric field 

across the perovskite film in this type of devices slows down the ion-related degradation 

through the stabilization of the ionic species far from the interface. Finally, it became clear 

that the better electronic properties of the mp-TiO2 scaffold would be at the origin of the 

higher photovoltaic performance retention observed in mesoscopic PSCs.  
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CHAPTER 7 

 

Fabrication Method of PSCs under Controlled 

Atmosphere 

 

 

Abstract 

The procedure to fabricate perovskite solar cells (PSCs) have demonstrated to be 

highly sensitive to the specific laboratory conditions. Three specific processes were identified 

as source of changes in the atmosphere composition during perovskite crystallization: i) spin 

coating conditions, ii) annealing process and iii) anti-solvent treatment. The optimization 

course to achieve proper processing conditions of mesoscopic perovskite solar cells under 

controlled atmosphere is presented. Mesoscopic PSCs with FA0.71MA0.29PbI2.9Br0.1 

perovskite as absorber layer where successfully fabricated at Cinvestav-Mérida with a record 

PCE of 15.5 %. Additionally, the insertion of certain carbon-allotropes into PSCs is reported. 

 

7.1  Introduction 

In 2009, methylammonium lead iodide, a member of the hybrid organic-inorganic 

lead halide perovskite family best known as MAPbI3 was first used as the light absorbing 

material in a solar cell (Kojima et al., 2009). Since then, the remarkable physical properties 

of this type of materials have gained interest for optoelectronic and photovoltaic applications. 

For instance, MAPbI3 has a high optical absorption coefficient of α  ~ 1.5 x 104 cm-1 at 550 

nm, long diffusion length of L > 100 nm, and exciton binding energy in the range 14-25 meV 
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(Galkowski et al., 2016; Park et al., 2016). Such advantageous properties make the hybrid 

halide perovskite an attractive candidate for the development of highly efficient solar cells. 

Consequently, a significant number of research groups in the materials field have studied this 

family of semiconductors in the recent years. 

The most common method to obtain hybrid organic-inorganic lead halide 

perovskites is based on a simple wet chemical process (Burschka et al., 2013; M. M. Lee et 

al., 2012). Nonetheless, the crystallization dynamics of the hybrid halide perovskite are 

highly sensitive to the processing atmosphere (Pathak et al., 2015; Sheikh et al., 2015), 

adding challenge to the manufacture. Typical issues to the fabrication include incomplete 

conversion (C. Jiang, Lim, Goh, Wei, & Zhang, 2015), defect formation (Fedeli et al., 2015), 

poor crystallinity (Cohen & Etgar, 2016) and phase segregation (Patel, Milot, Wright, Herz, 

& Johnston, 2016). All these defects directly affect the optoelectronic properties of the 

perovskite and the device performance, making it necessary to design a strategy to control 

the crystallization. Furthermore, highly controlled processes to deposit the selective 

conductive materials and enhance the electrical contacts are also crucial for optimizing the 

device performance.  

In this chapter, the optimization process to obtain high-quality hybrid halide 

perovskite films with final estimated composition FA0.71MA0.29PbI2.9Br0.1 is presented. In 

addition, optimization of the fabrication methods of the blocking and mesoporous layers are 

also described. Please refer to Chapter 3 for a full description of the complete device structure 

and functioning. At the end of the chapter, the photovoltaic characteristics of PSCs in the 

course of the optimization process are presented, demonstrating the reliability of the study. 

The methodology to insert carbon-allotropes in PSCs is presented along with degradation 

and photovoltaic tests. 
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7.2   Optimization of PSCs 

7.2.1  Blocking Layer Fabrication 

The blocking layer (BL) constitutes an energetically favorable path for the photo-

generated electrons, preventing recombination and enhancing charge collection at the 

contacts. TiO2 has been the most widely used material since it provides a correct band 

alignment with the hybrid halide perovskite active layer and its synthesis is quite standardized  

(Mahmood et al., 2017). In order to obtain a good BL, the fabrication method should 

guarantee a pin-hole free and conformal layer, with the minimum thickness possible to ensure 

collection. The ideal thickness reported for a TiO2 BL varies between 30 to 60 nm (Gouda et 

al., 2017). In this work, TiO2 blocking layers were fabricated following two different 

methods: atomic layer deposition (ALD) and spray pyrolysis (SP).   

A  Atomic Layer Deposition 

Atomic layer deposition of TiO2 from tetrakis(dimethylamino)titanium (TDMAT) 

and water was performed using a recipe provided by the equipment vendor Savannah, the 

experimental details are addressed in Section 3.1.2 in Chapter 3. The number of cycles and a 

post thermal treatment were adjusted to obtain conformal films.   

SEM images of the FTO and a 50 nm-thick TiO2 blocking layer fabricated by ALD 

on FTO substrates are shown in Fig. 7.1 The profile image shows that the TiO2 grows 

following very tightly the topography of the FTO grains (Fig 7.1b), as expected from the 

working principle of the technique. On the other hand, the top-view image shows that the 

grain boundaries of the FTO remain very well defined, which indicates weak interconnection 

in the as-prepared film (Fig7.1c). It was found that a post thermal treatment at 500 °C was 

required to sinter the material, resulting in good interconnection. The optimum BL thickness 
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prepared by ALD was found to be 60 nm achieved with 900 cycles (growth rate of ~ 0.66 

Å/cycle). 

 

Figure 7.1. SEM (LABE: low angle back scattering) micrographies of: a) top view of  

glass/FTO, and b) cross section and c) top view of glass/FTO/c-TiO2 deposited with ALD.   

 

B  Spray Pyrolysis 

TiO2 blocking layers were obtained using a solution of titanium diisopropoxide 

bis(acetylacetonate) in isopropanol at a concentration of 4% v/v and the pyrolysis was 

performed at 350 °C, according to the recipe reported by Watson et al. (Charbonneau et al., 

2016). Nonetheless, in the SP technique, the central task is to achieve reproducibility. When 

the technique is implemented manually, as in this case, reproducibility relies on controlling: 

a) the position of the spray nozzle relative to the substrate, b) pulverization of the liquid into 

droplets, and c) time lapses between deposition cycles. Proper separation from the substrate 

prevents undesired solvent evaporation and contributes to the uniformity of the deposition. 

On the other hand, moderated pulverization and spraying velocity prevents agglomerations 

and allows the material to arrange neatly, favoring a better coverage of the substrate 

topography. In addition, the thickness of the film is controlled by the volume of precursor 

solution per covered area. In Fig. 7.2a a picture of the SP experimental arrangement is 

presented. The distance between the spray nozzle and the substrate was set to 40 cm making 

an angle of 60° with the surface of the substrate. The air manometric pressure was set to 0.2 
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MPa. The velocity with which the spray gun was moved to scan the substrate area was set to 

0.01 m/s. A volume of 25 mL of the precursor solution was used to cover 20 FTO substrates 

with an area of 2 x 2 cm2. SEM images of a compact TiO2 film fabricated by SP are presented 

in Figs. 7.2b, c. The profile image (Fig 7.2b) shows a TiO2 film of homogeneous thickness 

of 60 nm. The top-view (Fig 7.2c) reveals uniform coverage of the FTO grains as compared 

to the ALD films, indicating good interconnection within the film. On the other hand, a 

typical defect found on these films is also observed (upper left corner), which might be 

related to an unexpected droplet in the pulverized solution.  

 

  

Figure 7.2. a) Picture of the manual spray pyrolysis arrange with distance and velocity 

indicated. SEM (LABE) b) cross section and c) top view micrographies of a 60 nm-thick TiO2 

blocking layer deposited with SP. FTO was used as substrate. 
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7.2.2  Blocking Layer Characterization 

Electrochemical experiments were performed to evaluate the electrical rectifying 

characteristics of the TiO2 films deposited by either ALD or SP. TiO2 films deposited on 

FTO were used as working electrodes in a solid-liquid cell, using a cobalt (II/III) redox 

couple as electrolyte and a thin film of platinum as counter electrode. The blocking function 

of the TiO2 layer, which is an n-type semiconductor, prevents the flow of an anodic current 

corresponding to oxidation of the redox couple.  Fig. 7.3 shows a cyclic voltammetry of solid-

liquid cells containing three different working electrodes: bare FTO (dotted line), FTO/ALD-

TiO2 (purple line) and FTO/SP-TiO2 (blue line). At the bare FTO two pronounced peaks are 

observed, one at 0.24 V corresponding to the anodic current due to oxidation of the cobalt II 

to cobalt III at the FTO surface, and another at 0.14 V corresponding to the reduction of 

cobalt III to cobalt II; quality compact layers are expected to reduce the anodic current.  
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Figure 7.3. Cyclic voltammetry of the ferri/ferro-cyanide system using three different 

working electrodes: FTO (dotted line), FTO/ALD-TiO2 (purple) and FTO/SP-TiO2 (blue); an 

Ag/AgCl electrode was used as reference electrode. 
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The ALD-TiO2 blocking layer reduces the anodic current two orders of magnitude, 

whilst the SP-TiO2 blocking layer reduces it four orders of magnitude. The results show that 

both techniques produce high quality BL capable of rectifying the current. The TiO2 BL also 

affects the reduction current shifting the peak to more negative potentials, which indicates 

that the kinetics of electron transfer to the solution at the TiO2 film are slower than at FTO. 

 

7.2.3  Mesoporous Layer 

In PSCs, the mesoporous (mp) layer is a noteworthy component. It has been 

demonstrated that its insertion is not needed to achieve highly efficient devices (Heo, Song, 

& Im, 2014), yet important improvements have been reported in: a) reproducibility and b) 

stability (Eperon, Burlakov, Docampo, Goriely, & Snaith, 2014; J. Yang et al., 2016). A high-

quality mesoporous layer should present good porosity and surface coverage, homogeneous 

layer thickness, and excellent electrical properties. In the present work, we focus on the use 

of TiO2 anatase nanoparticles (NPs), a material that has been widely used in the n-i-p 

mesoscopic PSC configuration (Mahmood et al., 2017). One of the novelties of this work is 

the  low-temperature fabrication of the mesoporous layer with appropriate electrical 

conductivity from a NP dispersion (Castro-Chong et al., 2020). The optimization process for 

the implementation of a low-temperature mesoporous layer is presented in Chapter 4. 

 

7.2.4  Photoactive Layer 

In order to take advantage of the optoelectronic properties of the hybrid lead halide 

perovskite, well-crystallized and pinhole-free films must be obtained. Reproducibly 

fabricating perovskite solar cells is quite challenging. Solution processing of perovskite thin 
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films is characterized by a nucleation process that is very sensitive to the precise conditions, 

which leads to poor crystallization control. For instance, the atmosphere significantly affects 

the perovskite film formation, as was observed in this work and reported elsewhere (J. Chen 

et al., 2017). Several parameters of the fabrication process influence chemical conversion, 

crystallization and defect formation; hence, careful design of the process is needed.  In this 

work, three main aspects were identified: i) spin coating conditions, ii) annealing process, 

and iii) anti-solvent treatment.  

i  Spin Coating Conditions 

One major criterion to evaluate the quality of the hybrid halide perovskite film is the 

complete conversion of the precursors into perovskite, which depends strongly on the 

fabrication method. Here, the two-step spin coating method, is adopted in combination with 

the intramolecular exchange process (IEP) (W. S. Yang et al., 2015). The method is detailed 

in Section 2.2 in Chapter 2. The IEP facilitates the incorporation of the organic halides into 

the Pb-I lattice and promotes the conversion to perovskite. Nonetheless, the deposition 

conditions need to be optimized.  

We departed from the two-step spin coating recipe reported by Qiu et al. (Qiu et al., 

2017). Two standard solutions were prepared:  

• Solution A consisted of 1.25 M PbI2 in a mixture of n,n-dimethyl formamide and 

dimethyl sulfoxide (DMF/DMSO: 90/10, v/v). 

• Solution B consisted of CH(NH2)2I (FAI), CH3NH3I (MAI) and CH3NH3Br (MABr) 

(71:19:10 molar ratio) in isopropanol.  
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Fig. 7.4 shows the X-ray diffractogram (XRD) of the obtained hybrid halide 

perovskite. Along with the perovskite corresponding peaks, the principal peaks of the PbI2: 

(001), (002) and (003) are observed, which indicates incomplete conversion. The conversion 

process requires the replacement of DMSO molecules by the external organic halides during 

the second spin coating step; at this point the dynamic forces promote the interdiffusion while 

at the same time the solvent evaporates. An incomplete conversion might be caused by an 

excessive spinning speed that reduces the mobility of the species by a rapid evaporation, 

Figure 7.4 (green line). Thus, the spin coating speed was reduced from 3000 rpm to 2000 

rpm. The XRD of hybrid halide perovskite with reduced spinning speed show that the 

strategy leads to complete conversion of the hybrid halide perovskite, Figure 7.4 (blue line). 

The latter is in agreement with previous reports that show that slow solvent evaporation 

favors the crystallization process (J. Chen et al., 2017). 
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Figure 7.4. X-ray diffractograms of the mixed lead halide perovskite films: original recipe 

(light blue) and optimized recipe (blue). The main peaks of the perovskite material are 

assigned, the asterisks (*) indicate the PbI2 peaks. 
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ii  Annealing Process 

Poor morphological control and bad surface coverage is known to induce efficiency 

variations in PSCs. Attempts to reduce pinholes and improve the grain morphology of the 

perovskite film have been mostly focused on solvent and precursor engineering (Gardner et 

al., 2016; Ye et al., 2018). However, a significant influence of the processing atmosphere on 

crystallization and grain size of hybrid halide perovskites has been observed.  

Pathak et al. found that large grain domains were obtained when the annealing 

process of the perovskite films was performed in air rather than in nitrogen (Pathak et al., 

2015). Interestingly, perovskite dissolves readily in H2O. Investigations show that moisture 

promotes perovskite crystallization by conferring mobility to the ionic salts (Patel et al., 

2016). However, under ambient conditions, a delicate control of the moisture level in the 

atmosphere is required since H2O is a highly polar molecule which can incorporate into the 

PbI2 : MAI complex (Aranda et al., 2017). Hence, the synthesis process is preferably 

performed under inert atmosphere to lower the moisture and oxygen content.  

From the observations explained above it is possible to think that the availability of 

any high polar molecule in the surrounding atmosphere during perovskite crystallization can 

improve the film quality. Here, slow evaporation of the solvents is proposed to favor the 

crystal growth under a moisture-free atmosphere. The procedure consists in a retarded 

annealing process to enhance the solvent availability during crystallization. Originally, the 

films were annealed for 30 minutes at 100 °C inside the glovebox under nitrogen atmosphere. 

A novel treatment to slow evaporation consisted in annealing for 15 minutes at 70 °C 

followed by 30 minutes at 100 °C, performed inside the glovebox.  
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Figure 7.5. SEM (SEI) images of FA0.71MA0.29PbI2.9Br0.1 films with different annealing 

treatments. (a-c) Fast evaporation inside the glovebox: 30 min @100 °C in N2, (d-f) Slow 

evaporation inside the glovebox: 15 min @70 °C + 30 min @100 °C in N2, and (g-i) Fast 

evaporation in air: 30 min @100 °C with 30% R.H.   

SEM images of FA0.71MA0.29PbI2.9Br0.1 films with the different annealing treatments 

are shown in Fig. 7.5. For comparison, images corresponding to annealing treatment of 30 

minutes at 100 °C under air with 30 % R.H. are also shown. Upon fast crystallization inside 

the glovebox small perovskite grains with diameter of ~ 100 nm are observed and the film 

present holes in the order of microns. The slow evaporation treatment inside the glovebox 

allows the formation of larger grains with diameter of ~ 300 nm, and pinhole-free films are 

observed. In comparison, larger grains with diameter of ~ 500 nm and pinhole-free films are 
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obtained upon fast crystallization in air. The effect of the annealing atmosphere on the quality 

of the films is evident. The results confirm that the slow solvent evaporation process fosters 

the grain growth and is an appropriate strategy to obtain pin-hole free perovskite films under 

a controlled, moisture-free atmosphere. In addition, the good quality of the perovskite films 

obtained in air indicates the importance of the solvent availability in the atmosphere during 

crystallization. 

iii  Anti-solvent Treatment 

A common observation when processing perovskite thin films is a difference in color 

from one sample to another within the same batch (same precursor solutions and apparent 

atmosphere conditions). The latter is representative of incomplete conversion: dark brown to 

dark orange films are obtained, which turn into orange pale within a minute. It was observed 

that this evolution in the composition of the films is related to a change in the atmosphere 

throughout the film processing. Specifically, during the spin coating step DMSO and DMF 

evaporate, increasing their concentration in the working atmosphere. When this 

concentration is too high, film formation is affected by the organic content in the atmosphere, 

and the crystallization of the perovskite phase is hindered. Here, we implemented the anti-

solvent treatment as a strategy to modify the atmosphere content and impede the re-

dissolution of the perovskite by solvent vapors. The anti-solvent treatment consists in 

dripping a non-polar solvent during the spin coating process to induce controlled 

crystallization (Jeon et al., 2014). The technique is mostly focused on the removal of solvents 

from the film; here, we extend this method as a purification process of the atmosphere. The 

difference relies on the volume of anti-solvent used, 500 µl of toluene are poured as compared 

to 20 µl reported by Kara et al. (Kara et al., 2016). After the implementation of the modified 

anti-solvent treatment no difference in color was observed among different samples.  
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7.2.5  Photovoltaic and Optoelectronic Properties 

In Figure 7.6 the improvement in the performance of the perovskite solar cells 

during the optimization period is depicted. The PV parameters of PSCs after optimization 

of three different parameters of the photoactive layer: i) spin-coating conditions (Dec 

2018), ii) annealing process (Feb 2019) and iii) anti-solvent treatment (Sep 2019), are 

shown. An increment in the average PCE from 5 to 12% was achieved, demonstrating the 

successful optimization of the fabrication process. 

 

Figure 7.6. The photovoltaic parameters: short-circuit current (JSC), open-circuit voltage 

(VOC), fill factor (FF) and power conversion efficiency (PCE) of three batches of PSCs 

fabricated on different dates: December 2018 (purple), February 2019 (green) and September 

2019 (blue). 
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Through optimization of the spin-coating conditions, functional devices were 

obtained depicted by an average PCE of ~ 5%. After implementing the slow annealing 

and anti-solvent treatments the average PCE was increased to 12%, due to an increment 

in VOC and JSC, in accordance with the obtention of pinhole-free films.  

The optoelectronic properties of the FA0.71MA0.29PbI2.9Br0.1 perovskite obtained 

in this work have been characterized. The absorptance spectrum shows an onset of the 

absorption at 790 nm and a maximum absorption at 550 nm (Fig. 7.7a), in accordance 

with previous reports of similar perovskites (Jesper Jacobsson et al., 2016). A band gap 

of 1.57 eV was calculated using the Kubelka-Munk method. It has been demonstrated 

before that replacing the iodide with a larger ion would cause a change in the lattice 

parameters and thus result in a change in the band gap (Filip, Eperon, Snaith, & Giustino, 

2014).  

Steady-state photoluminescence (PL) spectroscopy has been used to characterize 

the perovskite films deposited on glass. One distinct PL-peak centered at the band gap 

energy is observed, which corresponds to direct recombination from the conduction band 

edge to the valence band edge, as shown in Fig. 7.7b. The external quantum efficiency 

(EQE) has been measured as a function of wavelength and shown for a high-performing 

PCE in Fig. 7.7c. The integrated current (green line) results in a lower JSC than the one 

extracted from the J-V curve, possibly due to an error in calculating the active area.  

The J-V curve of the champion 15.5% efficient (reverse scan) PSC fabricated with 

the optimized process is depicted in Fig. 7.7d. Short-circuit current and open-circuit voltage 
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are both very near the values reported for the record cells (NREL, 2020), while the fill factor 

is below the highest values reported, which is likely due to a series resistance at the contacts. 

 

 

Figure 7.7. a) Absorptance spectrum of a FA0.71MA0.29PbI2.9Br0.1 film, b) Steady-state 

photoluminescence (PL) of a perovskite film deposited on glass, c) External quantum 

efficiency (EQE) of a high-efficiency perovskite solar cell, and d) J-V  curve of a high-

efficiency PSC, scan rate 0.1 V s-1. 

 

7.3  Insertion of Carbon-Allotropes into PSCs 

Degradation of PSCs has been observed to be strongly related to poor electron and 

hole extraction efficiencies and to ionic mobility towards the interfaces. Insertion of carbon 

allotropes in PSCs is now widely studied due to their potential application in highly 
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conductive and functionalized layers (Acik & Darling, 2016; Bouclé & Herlin-Boime, 2016; 

Fang, Bi, Wang, & Huang, 2017; Hu, Chu, Zhang, Li, & Huang, 2017; Meng et al., 2019). 

In the present work we study the insertion of graphene-derived materials with the main goal 

to improve the electron and hole extraction efficiencies at the respective interface, and to 

prevent ionic transport across the interface.  

Graphene and graphene-derived materials present properties that make them 

attractive for solar cell applications. Some of these properties are: large theoretical specific 

surface area (2630 m2 g-1), high intrinsic charge carrier mobility (200 000 cm2 V-1 s-1), high 

optical transmittance (~97.7%), and good electrical conductivity (Acik & Darling, 2016). On 

the other hand, the 0D structure of fullerene enables its use as a building block to construct 

functional materials and, in particular, its electron-accepting ability makes it a good candidate 

to hybridize with other materials (M. Chen, Guan, & Yang, 2019). Graphene has been applied 

in PSCs as conductive electrode, hole/electron transporting material, and to improve the 

stability of the photovoltaic devices (Agresti et al., 2017; Bouclé & Herlin-Boime, 2016; 

Liang Lim, Chin Yap, Hafizuddin Hj Jumali, Asri Mat Teridi, & Hoong Teh, 2015). 

Fullerene has been used as electron transporting material in inverted PSCs, in interfacial 

modification layers, and as additive in the absorbing perovskite film (Castro, Murillo, 

Fernandez-Delgado, & Echegoyen, 2018; Fang et al., 2017; Shao, Xiao, Bi, Yuan, & Huang, 

2014).  

In the present work the incorporation of two types of graphene-derived materials into 

PSCs is studied: (i) fullerites and (ii) guanidine (Gu) functionalized graphene oxide (GO). In 

the following sections, the methodologies for the insertion of this materials are presented. In 

the case of the fullerites, degradation and photovoltaic performance tests are presented. 
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7.3.1  Insertion of Fullerites into the Perovskite Film 

Fullerites are hybrid nano-allotropes formed from a mixture of graphene sheets and 

fullerenes (C60). These materials are defective graphene sheets with modified Van der Waals 

stacking interactions (Tapia, Larios, Bittencourt, Yacamán, & Quintana, 2016), in which 

surface functionalities can be exploited to improve the electrical properties (Sierra-Castillo 

et al., 2018).  

Fullerites were synthesized by ultrasonication with the addition of C60 to previously 

exfoliated few layer graphene (FLG), according to the method reported by Tapia et al. (Tapia 

et al., 2016). The use of ultrasonication techniques allows control over size, morphology and 

composition of the nano-allotropes, in contrast to other commonly used techniques. The 

nano-allotropes were incorporated as an additive in the perovskite film by substituting 10% 

of the volume of DMF in solution A (Section 7.2.4i) with a solution of fullerites with 

concentration of 1 mg/mL in DMF. Pristine FA0.71MA0.29PbI2.9Br0.1 perovskite and 

perovskite + fullerite films are shown in Fig. 7.8a, b. The SEM images reveal smaller grain 

size and a smoother surface in the films containing fullerites. 

 

Figure 7.8. SEM (SEI) images of, a) pristine perovskite film and b) mixed perovskite + 

fullerite film.  
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Degradation of the perovskite material upon exposure to light and moisture was 

studied using XRD. Both pristine perovskite and perovskite + fullerite films were exposed 

for 12 h to ambient conditions, i.e. ~ 1000 W m-2 and 75% R.H. The diffractograms presented 

in Figure 7.9 a, b show differences in the crystallinity and composition of the perovskite 

before and after ageing. The perovskite peaks exhibit size broadening changes, evidenced 

from the change in height of the principal peak (110) at 2ϴ = 14° (Park et al., 2016). The 

augmentation in the full-width at half-maximum (FWHM) of the principal peak indicates an 

increment in the crystallite dimensions for the degraded samples. However, the changes are 

not as strong in the films containing fullerites as they are in the pristine films. On the other 

hand, formation of lead iodide (PbI2) and methyl ammonium bromide (MABr) occurs in both 

types of material, as indicated from the observed (001) PbI2 peak at 12.7 ° and a peak at 20.2 

°corresponding to MABr (J. Ding et al., 2017). 

J-V curves of PSCs fabricated using perovskite + fullerite as the absorbing material 

are shown in Figure 7.9c. JSC of these devices are somewhat lower than that of PSCs without 

fullerites: 20.3 mA cm-2 versus 22.7 mA cm-2, respectively. However, both the VOC and FF 

values strongly decline from 0.98 V to 0.91 V, and from 63% to 51%. A low shunt resistance 

can be inferred from the J-V curve shape, indicating alternate paths for the photogenerated 

carriers, which would explain the reduction in current and voltage. Apparently, the insertion 

of the carbon-allotropes induces the formation of defects where the generated current might 

be lost. This could be related to the smaller grain size with the fullerite preventing grain 

interconnection.  
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Figure 7.9. X-ray diffractograms of, a) pristine perovskite and b) perovskite + fullerite films. 

As prepared and aged (12 h @ under ambient conditions) films are shown. c) J-V curves of 

PSCs prepared with perovskite + fullerite as the absorbing material; the scan rate is 0.1 V s-1. 

 

7.3.2  Deposition of Graphene Oxide on the Perovskite Film 

A functionalized graphene oxide (GO) was produced using a modified Hummers 

method (Eda & Chhowalla, 2010). The obtained GO was dispersed in water and guanidine 

hydrochloride (2 molar equiv. per GO) was added and stirred for 12 hours and finally rinsed. 

Figure 7.10a shows a transmission electron microscopy (TEM) image of a GO flake and the 

Raman spectrum. The micrography demonstrates the proper exfoliation of the graphite to 
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few-layer graphene and the Raman spectrum presents the principal peaks of the graphene 

oxide, in accordance with the literature (Kaniyoor & Ramaprabhu, 2012). The adequate 

functionalization of the material was studied through Fourier-transform infrared 

spectroscopy (FTIR), Figure 7.10b. In comparison with pristine GO, the FTIR spectrum of 

GO + Gu shows a peak appearing at 1660 cm-1, which is mainly attributed to the -NH 

stretching in the Gu molecule (Kuppusamy et al., 2018; P. Li et al., 2017), confirming the 

presence of Gu. 

 

Figure 7.10. a) TEM image and Raman spectrum of the obtained GO, and b) FTIR spectrum 

of pristine GO (red) and GO functionalized with guanidine (Gu), Gu molecule is shown in 

the inset. 

 

Thin layers of GO + Gu were deposited on top of perovskite films through spray 

pyrolysis of an ethanol-based dispersion (2 mg/mL) at 65°C, with the main idea to generate 

a chemical insulating layer that would interact with detrimental migrating species. The 

deposits were performed under air atmosphere at 30% R.H. without any apparent degradation 

of the perovskite films. Low roughness and conformal coverage are desired characteristics 

of these films, which has presented important challenges for the incorporation of this type of 
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materials (Agresti et al., 2017; D. H. Wang et al., 2013). In order to observe the evolution in 

film coverage, three different volumes of the dispersion were used to spray an area of about 

25 cm2: 1.5 mL, 3.0 mL and 6.0 mL. Figure 7.11 shows atomic force microscope (AFM) 

images of the perovskite film and the three different GO + Gu deposits. The images show 

that 1.5 mL of the GO + Gu dispersion is not enough to obtain a complete layer. With a 

volume > 3 mL a layer of GO + Gu is formed, and good coverage of the perovskite grains is 

obtained using > 6 mL of the dispersion. In addition, stacking of the material is observed to 

occur with larger volume, which limits the amount of material that can be deposited in order 

to keep the roughness low. 

 

 

Figure 7.11. AFM images of plain perovskite and GO + Gu material deposited on top of the 

perovskite, using different volumes of the dispersion: 1.5 mL, 3.0 mL and 6.0 mL 

 



128 
 

7.4  Conclusions 

The optimization process for the successful fabrication of high-efficiency perovskite 

solar cells is presented. Each strategy presented here is accompanied by relevant literature 

and observations that supported the process. The high sensitivity of the formation process of 

the perovskite material was depicted and the importance of a precise control on the 

crystallization process was demonstrated. The accomplishment of the optimization was 

demonstrated trough the improvement of the photovoltaic parameters along the process. 

Finally, the high quality of the FA0.71MA0.29PbI2.9Br0.1 films obtained were characterized 

showing optoelectronic properties that are in accordance with the literature. 

Preliminary results on the incorporation of fullerites in the perovskite layer are 

presented, showing that the current remains high, but that both the VOC and FF decrease, 

possibly related to the ability of the very fine NPs to generate shunts, which point to defects 

in the BL layer. In order to take full advantage of the fullerites, a careful study of the 

interaction between fullerites and perovskite is needed. On the other hand, it was 

demonstrated that the insertion of an interlayer of GO with good coverage can be achieved 

through spray pyrolysis of alcohol-based dispersions under ambient conditions. The main 

goal is to improve the electron and hole extraction efficiencies at the respective interface, and 

to prevent ionic transport across the interface, thus preventing degradation reactions.  
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CHAPTER 8 

 

Conclusions and Outlook  

 

 

8.1  Summary 

This thesis is focused on the fabrication and characterization of perovskite solar cells 

(PSCs) with the purpose of increasing its applications and improving its stability. Reducing 

the energy pay-back time and enlarging the lifetime of the devices is of utmost importance 

to improve the commercial viability of this technology. Considerable research has been done 

in recent years on these topics; however, there remain open questions to be assessed in order 

to fully exploit the potential of PSCs. 

A low temperature (LT) fabrication route for the insertion of a mesoporous (mp) 

TiO2-based scaffold was developed. Photovoltaic efficiencies of 14% - 16% were achieved 

for mesoscopic devices with mp film thickness ranging from 120 to 480 nm by fine-tuning 

the PbI2 solution chemistry in each case. Unlike in DSSCs, it was observed that neither 

particle interconnection nor layer thickness of the mp scaffold is crucial if a proper infiltration 

of the perovskite material is achieved. This result is in accordance with suggestions of the 

charge carrier transport properties being dominated by the bulk of the absorbing material 

(Contreras-Bernal et al., 2017; Correa-Baena et al., 2017; Guerrero, Garcia-Belmonte, et al., 

2016). The PV performance of planar and mesoscopic PSCs was compared. A difference in 
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the open-circuit voltage, VOC, for the two configurations was observed: 0.97 V and 1.1 V for 

planar and mesoscopic PSCs, respectively. The latter seems to be caused by a difference in 

the electronic characteristics of the compact and mesoporous scaffolds.  

A detailed study of the degradation dynamics of the PV parameters under exposure 

to light and moisture revealed that the incorporation of a LT mp layer into the planar PSCs 

almost doubles the half-life time of the devices. A larger decrease in the photocurrent of 

planar PSCs with respect to that of mesoscopic PSCs indicates that degradation is related to 

an increased recombination rate. Comparison of the perovskite film degradation and PV 

performance of PSCs prepared using different scaffolds demonstrated that the electronic 

properties of the ETL play an important role in the stability of the devices. Furthermore, 

detailed analysis of the optical and compositional analysis of the perovskite absorbing layer 

show that in the presence of a mp-TiO2, the PV performance is preserved despite 

deterioration of the perovskite material.  

Impedance spectroscopy analysis revealed a mechanism of charge accumulation at 

high light intensities, which is more pronounced in mesoscopic PSCs. The high and low 

frequency resistive components were shown to be dominated by two different recombination 

mechanisms, which to our knowledge was not observed in previous IS analysis. It appears 

that Shockley-Read-Hall recombination dominates at low light intensity (< 10 mW cm-2), 

which strongly suggests that photogenerated charge recombines within the bulk of the 

absorbing material at such irradiance values. On the other hand, an ideality factor nID between 

0.6 and 1.0 was observed for high light intensities, which has been related to a recombination 

mechanism at the interfaces (Wolfgang Tress et al., 2018). From the analysis of the capacitive 

element it was shown that charge accumulation is occurring at the interfaces and that this is 
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more pronounced in planar devices. These results along with an inductive feature indicating 

charge stabilization in mesoscopic devices are clear evidence of a different electrostatic 

environment at the mp-TiO2/perovskite interface. The observed difference was related to the 

slower degradation dynamics in mesoscopic PSCs. A model accounting for a mechanism of 

enhanced charge extraction was proposed. The main idea is that charge stabilization in 

mesoscopic PSCs and a more favorable band alignment gives place to better performance 

even if degradation of the perovskite material has occurred.  

Development of high-efficiency PSCs is of utter importance for the study of the 

working principles. Thus, a complementary study of the optimization process for the 

fabrication of PSCs under controlled atmosphere has been developed. The hybrid lead halide 

perovskite material has been observed to be extremely sensitive to solvent composition of its 

surroundings (Pathak et al., 2015; Sheikh et al., 2015). In this work, three specific processes 

were identified as source of changes in the atmosphere composition: i) spin coating 

conditions, ii) annealing process and iii) anti-solvent treatment.  Through morphological and 

composition analysis of the different films in the solar devices, mesoscopic PSCs where 

successfully fabricated in the Nanomaterias laboratory at Cinvestav-Mérida with a highest 

PCE of 15.5%. 

Degradation of PSCs has been observed to be strongly related to poor electron and 

hole extraction efficiencies and to ionic mobility towards the interfaces. Insertion of carbon 

allotropes in PSCs is now widely studied due to their potential application in highly 

conductive and functionalized layers (Acik & Darling, 2016; Bouclé & Herlin-Boime, 2016; 

Fang et al., 2017; Hu et al., 2017; Meng et al., 2019).  In this work, preliminary results on 

the incorporation of fullerites and functionalized graphene oxide (GO) in PSCs are presented. 
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In the case of fullerites PV performance of the devices is lower upon insertion, which is 

possibly related to the ability of the very fine NPs to generate shunts. On the other hand, it 

was demonstrated that the insertion of an interlayer of GO with good coverage can be 

achieved through spray pyrolysis of alcohol-based dispersions under ambient conditions.  

 

8.2  Outlook 

The results presented in this thesis have helped to increase the understanding of the 

impact of the interfaces on the performance of PSCs. The study on the degradation dynamics 

shows very clearly that the stability of PSCs is improved when a crystalline mesoporous layer 

is inserted. Thus, the incorporation of such material through the low temperature process 

developed in this work is of high potential for the fabrication of low cost and stable PSCs. 

The importance of adequate electronic properties of the electron transport layer (ETL) for 

both performance and stability is highlighted; although this had been assessed before by other 

authors, nonetheless the contribution of this work is the deduction of the beneficial 

electrostatic interactions at the ETL/perovskite interface for slowing down the degradation 

dynamics.  

Further research is needed on the relation of charge accumulation and the charge 

extraction mechanism. It appears that charge accumulation is critical to generating a 

mechanism of enhanced electron injection through splitting of the quasi Fermi levels in 

mesoscopic PSCs. It has been hypothesized that the accumulated charge is of ionic nature, 

supported by the hysteretic behavior observed. However, the nature of such charge along 

with the electron injection mechanism needs to be studied more directly.  
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The careful assessment of the electrical properties could be applied to studying 

changes in the charge transport dynamics under different bias conditions at different stages 

of degradation. It is likely that degradation and built-in electrostatic field will be linked, thus 

it would be interesting to monitor the device at different operating points. Furthermore, the 

present analysis could be complemented very well with time-resolved spectroscopies to 

investigate the rapid dynamics of electron injection, which appears to be critical to 

controlling the stability of PSCs. 

The methodology for the insertion of the graphene-derived materials developed in 

this work could be applied to a wide range of different carbon allotropes and further study 

their effect on the ionic and electrical conductivity of the perovskite material. This might be 

done through electrochemistry characterization of this systems.  
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