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Chapter 1 

Introduction and aim of the thesis 

 

 

 

 

 

 

 

“If you wish to make an apple pie from scratch, you 

must first invent the universe.” 

Carl Sagan 
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1. Introduction and aim of the thesis 

 

1.1  Renewable Energy Paradigm 
 

Humanity needs energy to live and evolve, both as individuals and as a society. 

Energy in the universe is available in many forms and we need to find new 

ways of converting it into something useful efficiently and cleanly. 80% of the 

energy is currently obtained from non-renewable sources (figure 1), which are 

finite and generate by-products such as carbon dioxide or methane that 

contribute to global warming through the greenhouse effect. This is leading to 

an increase in the global temperature, presenting the main anthropogenic risk 

for our civilization.  

Figure 1: Global energy generation by source. Caption from reference 1. 

 

When picturing an endless and clean energy source, the first thing we think of 

is the Sun. With almost 5 thousand million years of non-stop energy 

generation, the Sun obtains its energy from nuclear fusion. We are still far 

from functional artificial power production with this method. Still, we can 

learn something that microorganisms already knew 3000 million years ago: 

the Sun gives us energy for free. Solar energy can be employed from different 

approaches, such as wind farms, thanks to the temperature gradients in our 

atmosphere. Although wind generation and undoubtedly nuclear fission are 

excellent candidates for a transition from fossil fuels towards cleaner 
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alternatives, photovoltaics is the most versatile and adaptative method 

because the amount of available energy per unit area is enormous. 

Photovoltaic solar cells are the most direct way to convert solar energy into 

usable electrical power, transforming photons into an electrical current 

through the photoelectrical effect. Solar cells are such a clear candidate to 

become the primary source of energy generation that solar farms around stars 

(variations of the so-called Dyson spheres) are considered a key footprint of 

advanced alien civilizations.2 

Nowadays, silicon dominates the mainstream market of solar cells, with more 

than 80% of the global annual production.3 Polycrystalline silicon is cheap and 

works as expected, but it is not the most efficient material compared to other 

technologies such as monocrystalline silicon. The latter is much more efficient, 

but the cost and complexity of production is higher. In addition, both have the 

disadvantage of their indirect bandgap, leading to a poorer light absorption, 

and therefore needing to be very thick to absorb enough light. Alternatives 

include amorphous silicon, CdTe and CIGS (Copper Indium Gallium Selenide), 

prepared in thin films due to their higher absorption coefficients. GaAs solar 

cells are more efficient, although the production cost is too high for their 

extended use, being relevant only in very technical fields such as space 

applications where the power generated per gram must be as high as possible. 

There are also emerging photovoltaic technologies with interesting 

properties, such as easiness of deposition, flexibility or potential low cost, yet 

with lower performance and stability compared to the previous technologies 

described. Some examples are copper zinc tin sulfide (CZTS) solar cells, dye-

sensitized solar cells, organic solar cells, quantum dot solar cells, and 

perovskite solar cells.4 Perovskite solar cells stand out from this list due to their 

advantageous properties, such as high absorption coefficient, low exciton 

binding energy, or bandgap tunability, that will be described in detail in the 

following sections. These properties allow them to directly compete with 

silicon solar cells in terms of efficiency and with GaAs solar cells in terms of 

power-to-weight ratio. Not only are they efficient, but also the production 

costs are much lower due to the low prices of the materials and their 

abundance.5 These and many other vital factors that will be addressed during 

this thesis make them an excellent candidate for future applications on earth 

and even in space. 
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1.2  Perovskite solar cells 
 

In a semiconductor, when a photon with enough energy is absorbed, an 

electron is promoted from the valence band to the conduction band. The 

energy difference between the valence band and the conduction band is 

referred to as the bandgap (Eg), described as the minimum amount of energy 

required for a photon to be absorbed by the material. The vacancy left from 

the photogenerated electron in the valence band can be usefully described 

and formalized as a positively charged particle or entity, called a hole. 

Depending on the coulombic interaction between these photogenerated 

charge carriers, photons absorbed by the semiconductor can form a bound 

state called exciton, which can decouple to create free electrons and holes. 

The balance between free carriers and excitons in a semiconductor depends 

on the exciton binding energy. If it is higher than the thermal energy at room 

temperature (kT), the semiconductor is mainly excitonic. Otherwise, free 

carriers will be the dominant species, being the latter advantageous for a solar 

cell as no energy is wanted for separating excitons. 

In perovskite solar cells (PSCs), the photons are absorbed in the photoactive 

material, the perovskite. Photogenerated electron-hole pairs only exist, on 

average, for a finite length of time until they are extracted, producing work, 

or recombining either radiatively or non-radiatively. One way of reducing the 

recombination rate is to induce a concentration gradient to separate the 

carriers. This can be achieved by sandwiching the perovskite absorber 

between charge selective materials, which are permeable for electrons (or 

holes), and block the reciprocal charge carrier generating a gradient that can 

act as the driving force. Typically, these materials are P-type and N-type 

semiconductors, with an excess of negative (N) or positive (P) charge induced 

chemically or by doping, which creates energy states close to the conduction 

or valence band, respectively, forming the so-called P-i-N junction. The 

concentration of carriers determines the Fermi level (EF). The difference 

between the contacts’ EF leads to a “built in” potential (Vbi). Therefore, the 

electrical field induced by this voltage can act as a driving force for the 

photogenerated carriers beyond the diffusion, being extracted to the external 

circuit separately thanks to the selectivity of these semiconductors (figure 2). 
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Figure 2: P-i-N device architecture (a) and potential profile (b). 

 

In open circuit conditions there is no external circuit and hence no flow of 

electrons and holes, which end up recombining in this flat-band situation. At 

short circuit, when applying voltages lower than the built-in, diffusion and drift 

current have the same sign and photogenerated charges are extracted to the 

external circuit. Oppositely, when a voltage larger than the built-in is applied, 

the diffusion current is overtaken by the drift current. The external field 

accelerates charges through the junction, and electrons and holes are injected 

into the absorber.  

 

1.3  Perovskites for solar cell applications 
 

In geology, a perovskite is a mineral composed of calcium titanate (CaTiO3). 

Still, in a more general sense, it is any material that shares this crystal 

structure, generally expressed as ABX3 where A is a monovalent cation, B is a 

divalent cation, and X a monovalent anion. The unit cell, depicted in figure 3, 

comprises a ‘B’ cation coordinated in octahedra with 6 ‘X’ anions, filled with 

the ‘A’ cations at the interstitial holes between 8 octahedra.  
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Figure 3: Perovskite general ABX3 crystal structure. Figure from reference 6. 

 

Not every element can form the perovskite structure. One key parameter to 

determine if a set of elements could form a stable perovskite structure is their 

atomic radius (rA, rX and rM), which enables the determination of the 

Goldschmidt tolerance factor ‘t’, where a tolerance factor of 0.7 < t < 1.1 

typically predicts stable structures. In fact, the different state-of-the-art 

perovskite compositions have their tolerance factors inside this range (figure 

4). 

𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝑀 + 𝑟𝑋)
 

 

Figure 4: Tolerance factors of the most used perovskites for photovoltaic applications. 

 

Focusing on perovskites relevant for optoelectronic applications, the ‘A’ cation 

is a small organic molecule such as methylammonium (CH3NH3
+), 

formamidinium (NH2CHNH2
+), or a small ion such as cesium (Cs+). The ‘B’ 

divalent cation is a metal with stable octahedral coordination such as Pb2+ or 
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Sn2+, and the ‘X’ anion is a halide, generally iodide (I-) and bromide (Br-) but 

also chloride (Cl-) is sometimes used. 

By choosing different A, B, and X ions or molecules, one can change the 

material’s optical and electronic properties in very different ways. The 

conduction band of halide perovskites is formed from the antibonding orbitals 

of the hybridization of Pb p orbitals and halide s orbitals, whilst the valence 

band is formed from the antibonding states of the hybridized Pb s and halide 

p-orbitals. As the conduction band is mostly influenced by the energy of the 

Pb p atomic orbitals, the halide exchange affects mainly the valence band, 

resulting in an increase in the bandgap energy when replacing the I atom for 

Br or Cl. On the other hand, the A site cation does not directly participate in 

the bonding and only influences the electronic structure indirectly by changing 

the volume of the perovskite lattice (figure 5). 7–10 Changing the size of the A 

cation, for example, replacing partly or totally the CH3NH3
+ with Cs+ or 

NH2CHNH2
+, generally increases the volume or distortion of the lattice, which 

leads to a decrease in the Pb energy levels. Varying the A cation leads to small 

changes in volume and structure, and, consequently, the bandgap is only 

slightly affected.7 In contrast, it does have a rather high impact on chemical 

properties of the perovskite such as temperature stability. 

 

 

 

 

 

 

 

 

Figure 5: Band diagram of CH3NH3PbI3. Image from reference 11. 

 

The classical perovskite used for photovoltaic applications is 

methylammonium lead triiodide (CH3NH3PbI3), sometimes abbreviated as 

MAPI3 or just MAPI. Its crystal structure has a reversible tetragonal (β) to cubic 

(α) phase transition at about 56 °C,12,13 although it has been found in a stable 
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cubic structure at room temperature.14 It exhibits suitable properties for a 

solar cell15–19 such as: 

- High optical absorption coefficient over a broad wavelength range, 

comparable to semiconductors used in high efficiency solar cells such as 

GaAs or CdTe,20 allowing the perovskite solar cells to harvest the photons 

efficiently while maintaining a low thickness, which increases the already 

mentioned power-to-weight ratio and opens the possibility of deposition 

on flexible substrates. 

 

- Low exciton binding energy: Upon photon absorption, electron-hole pairs 

are generated, also called excitons. The critical factor for a solar cell is 

separating this quasiparticle into its two components and extracting them 

separately. Hybrid perovskites have high dielectric constants, which has a 

shielding effect, thus reducing the binding energy of the electrons and 

holes, facilitating the generation of free carriers in the perovskite at room 

temperature.21–24 

 

- Long charge carrier diffusion lengths: Diffusion lengths for both electrons 

and holes have been found to be larger than the minimum thickness 

needed to harvest 95% of the photons with an energy above the 

bandgap.25–27 This means an increase in the photon collection and current 

generation without reducing the device’s performance.28–33 

 

- High defect tolerance: One of the key features of metal halide perovskites 

is the fact that defects in their crystal structure have a very low impact on 

the final performance of the device. Although those defects can induce 

electronic states which could act as recombination centers, they generally 

tend to be very shallow or localized in the electronic bands, having no 

negative impact on the overall performance.34 Hence, no single crystals 

are needed, and they can be processed using low-cost techniques. 
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1.4  Deposition techniques 
 

As mentioned before, the perovskites can be deposited with simple 

techniques and without the need of controlling in detail the crystallinity. There 

is a wide variety of low-cost deposition techniques available (figure 6). The 

deposition technique has some impact on the final properties of the film, such 

as the crystallinity, grain size, or maximum thickness.28,35 Thus, the goal when 

preparing a perovskite layer is to maximize all the beneficial properties 

previously described to reach the highest power conversion efficiencies. The 

most used deposition techniques can be separated into two groups: solution-

processed, where a solvent is used to dissolve the perovskite components, and 

dry methods, such as vacuum deposition, which will be addressed more 

deeply in the next section as it is the main technique used in this thesis. 

Solution process methods employ polar solvents such as N,N 

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), or γ-butyrolactone 

(GBL) to dissolve the perovskite components. Then, the solution can be 

deposited using different methods, such as blade coating or spin coating via a 

one-step or two-step deposition. In the one-step method (figure 6, a), the 

perovskite is formed by direct spin-coating of the precursor solution, and the 

process is controlled by the solvent evaporation speed and by the subsequent 

crystallization of the solid perovskite film. Choosing a proper substrate and 

parameters such as the spinning speed of the substrate and annealing 

temperature to remove the excess of solvent is fundamental to achieve the 

desired optoelectronic properties.36 In order to improve the control of the 

crystallinity of the perovskite layer, this method has incorporated the addition 

of a small amount of another solvent in which the perovskite is not soluble 

(antisolvent) during the drying. This step promotes and triggers the 

crystallization, leading to better quality layers with the highest efficiencies 

reported.37–41 For the two-step deposition method (figure 6, b), the metallic 

salt (usually PbX2) is first deposited from a solution, and then it is converted 

into perovskite by exposing it to the rest of the components. This can be done 

by spin coating a solution of the monovalent cation or by simply dipping the 

PbX2 layer into it. The final layer is usually annealed to remove the remaining 

solvents and promote the reaction of the components.42–45 This process can 

also be combined with vacuum sublimation, for example, by depositing the 

PbX2 layer by evaporation and converting it into perovskite with a solution of 

the organic cation, or the opposite, converting the solution processed PbX2 

layer into perovskite by exposing it to the vapor of the cation. When both 
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components are deposited by evaporation, we speak of vacuum deposition, 

described in the next section. 

 

 

Figure 6: Most employed deposition techniques for the preparation of perovskite 

layers. 1 step deposition (a), 2 step deposition via solution processing of both 

components or a combination of solution processing and vacuum deposition (b) and 

co-evaporation (c). 

 

1.5  Vacuum deposition 
 

From all the deposition techniques, vacuum sublimation stands out due to 

several advantageous characteristics. This method consists in subliming in 

high vacuum the required precursor materials for a certain composition, 

depositing the resulting perovskite onto a substrate. It presents some 

advantages with respect to the techniques previously discussed, such as: 

- High purity of the materials: due to the difference in sublimation 

temperature, impurities generally are not sublimed, resulting in a purer 

layer. 

- Fine control of the thickness: By using quartz crystal microbalances 

(QCMs), one can control the thickness of the layer with nanometric 

precision.  

- Compatibility with several substrates: When stoichiometric conditions are 

used, no annealing is required, opening the possibility of deposition on 

plastic foils or any other substrate sensitive to high temperatures. It is also 
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compatible with large area devices due to the homogeneity of the layers 

and the conformality. 

- Intrinsically additive: The absence of solvents allows the deposition of 

materials with similar polarities on top of each other without major 

chemical interactions, being one key property for the preparation of 

multilayer architectures such as tandem solar cells. 

Vacuum deposition can be divided into different categories depending on the 

number of evaporation sources used and how they are employed: 

- Single source vapor deposition: Using only one source is the simplest way 

of obtaining a compact layer of material. It is a widely extended technique 

for non-doped organic molecules, where the powder of the material is 

deposited in a crucible and heated until it starts subliming. It can also be 

used to prepare multicomponent materials such as the perovskites using 

a method called “flash evaporation”, where a mixture of the components 

is placed together in the same crucible.46–48 The temperature increase is 

very intense and fast to avoid compositional gradients due to the 

differences in the sublimation temperature of each component. This is 

achieved by using an aluminum boat to ensure a fast energy transfer to all 

the materials. The components can be found either in fine powder 

(prepared, for example, by ball milling) or in a previously deposited thin 

film with the desired composition. This method leads easily to partially 

degraded films. 

- Multi-source vapor deposition: A multicomponent material with a 

controlled composition can also be achieved with more than one 

evaporation source. Multi-source vapor deposition can be divided into 

two categories, co-evaporation, and sequential deposition. In the former, 

two or more evaporation sources are used at the same time, controlling 

with QCMs the amount of material deposited from each source. This is 

used mainly to obtain doped organic layers, subliming the molecule and 

the dopant at the same time, and for perovskites, subliming each of its 

components at precisely controlled rates. For example, for CH3NH3PbI3, 

one would sublime in one crucible CH3NH3I and in another crucible PbI2, 

in a 1:1 ratio. It is also possible to form the layer by sequential deposition, 

where thin layers (less than 50 nm) of each component are alternated in 

a sandwich structure, and the diffusion is promoted with heat to achieve 

a homogenous and isotropic layer. 
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Coevaporation is the technique used all along this thesis to prepare the 

perovskite layer. The first use of this technique was in 2013 using PbCl2 and 

excess of CH3NH3I as precursors, leading to 15% power conversion efficiency 

with a mixed CH3NH3PbI3-xClx perovskite.49 Also in 2013, our group adapted the 

method to deposit pure iodide CH3NH3PbI3 films.50 In this thesis, we report the 

record efficiency for the pure iodide CH3NH3PbI3 perovskite, with more than 

20% power conversion efficiency, which is shown in chapter 3.32 In the 

experimental section, we will address the basic principles of this technique 

and along the thesis I will describe its advantages. 

 

1.6  Main device architectures 
 

Perovskite solar cells can be fabricated in 2 main configurations, planar and 

mesoporous. The mesoporous architecture was the main configuration, 

however later it was found that planar films could also be used due to the 

balanced electron and hole mobilities with long diffusion lengths in perovskite 

solar cells.33 The first demonstration of a PSC reported by the group of 

Miyasaka was similar to a dye-sensitized solar cell (DSSC), where the 

traditional organometallic dye was replaced with the perovskite.20,51 In the 

field of DSSC, it is vital to have the photoactive material infiltrated in a 

mesoporous scaffold in order to maximize the light absorption and facilitate 

the charge transport. In a planar configuration, the perovskite is sandwiched 

between materials with different conduction and valence band energies in 

order to extract one charge carrier to an external circuit while blocking the 

opposite, preventing the recombination and therefore a loss of electrical 

current.  Depending on the deposition order, we can distinguish between P-i-

N and N-i-P configurations, based on the material (P or N) through which the 

sunlight passes first. 

P-i-N configuration for PSCs typically has a planar structure similar to the ones 

used in the organic solar cells field. The commonly used hole transport layers 

(HTLs) are polymers like poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) or Poly[bis(4-phenyl)(2,4,6-

trimethylphenyl)amine] (PTAA), organic molecules like (N4,N4,N4″,N4″-

tetra([1,1′-biphenyl]-4-yl)-[1,1′:4′,1″-terphenyl]-4,4″-diamine (TaTm) and 

metal oxides such as NiO. For electron transport layers (ETLs), stand out the 

fullerene C60 and its derivatives.52–56 This kind of structure is more likely to 

avoid extreme thermal processes, being compatible with flexible and sensitive 
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substrates. Also, it facilitates its implementation into perovskite/silicon 

tandems, as P-N is the dominant configuration in commercial silicon solar 

cells. 

On the other hand, the N-i-P configuration is primarily used in a mesoporous 

architecture, reaching record efficiencies of more than 25%.57 These devices 

normally use a combination of a compact and a mesoporous metal oxide layer, 

generally TiO2 or SnO2, as ETL, and a thick doped organic molecule as HTL, 

generally spiro-OMeTAD (2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-

9,9’-spirobifluorene). Despite this, a planar configuration can also be 

fabricated with high power conversion efficiencies by using only a thin planar 

dense non-mesoporous TiO2 or SnO2 layer. 

 

1.7  Metal oxides as transport layers 
 

Charge transport layers are a fundamental part of a perovskite solar cell. As 

mentioned previously, the general structure in perovskite solar cells is either 

P-i-N or N-i-P. The P and N materials need to be fine-tuned to have a proper 

band alignment with the energy levels of the perovskite. For example, for a 

proper N material, its conduction band must be aligned with the conduction 

band of the perovskite, while its valence band must have an energy barrier 

that ensures a hole blocking character, being the opposite case for the P 

material. 

On the one hand, organic molecules have the advantage of being chemically 

tunable, easily varying their HOMO (highest occupied molecular orbital) and 

LUMO (lowest unoccupied molecular orbital) levels. Other properties must 

also be accomplished, such as suitable charge transport, proper solubility if 

they are deposited by solution processes, chemical and photochemical 

stability, and charge carrier selectivity, among others. On the other hand, they 

should have low absorbance in the visible. This sometimes leads to a trade-off 

since charge transport requires conjugation, which implies increased 

absorption and a certain chemical instability. 

Some metal oxides are excellent transporting materials with advantageous 

properties and a wide variety of alternatives for both P and N contacts (figure 

7). They are chemically more robust than organic molecules, their large 

bandgap leads to minimal parasitic absorption, and they can be formed by a 
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wide range of possible deposition methods, such as atomic layer deposition 

(ALD) or spin coating using a nanoparticle dispersion, to name a few.  

Transition metal oxides (TMOs) can also present relatively high charge carrier 

concentrations. As a result, they generally have an excellent ohmic contact 

with the common cathodes or anodes used in PSCs, providing efficient charge 

injection. Nowadays, transition metal oxides are heavily utilized in many 

optoelectronic devices such as OLEDs,58 organic photovoltaics (OPV),59–64 and 

OFETs,65–71 and they are essential components of many high-efficiency 

perovskite solar cells reported in the literature.72,73 

One key feature of metal oxides is self-doping. Hypothetically, a perfectly 

stoichiometric semiconducting metal oxide would have the Fermi level in the 

middle of the bandgap, but an oxide usually has defects due to its higher 

entropy. The typical defects in metal oxides are oxygen or metal vacancies, 

giving rise to undercoordinated or over coordinated metal centers, leading to 

new occupied or unoccupied states near the conduction band or valence-band 

edges. These defect states make an oxide behave as either a P or N-type 

semiconductor.  

The wide variety of work functions make them very versatile for device 

applications, spanning from extremely low for defective ZrO2 (3.5 eV) to 

extremely high for stoichiometric V2O5 (7.0 eV).74 High work function metal 

oxides are used as hole injection materials, with NiO, V2O5, and MoO3 

examples of oxides used as HTLs in perovskite solar cells, whereas low work 

function metal oxides such as TiO2, ZnO or SnO2 are used as electron injection 

materials.  

 

Figure 7: Valence and conduction bands of different metal oxides used as transport 

layers in perovskite solar cells. Image from reference 71. 
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1.8  Aim of the thesis 
 

This thesis aims to improve vacuum deposited perovskite solar cells, 

enhancing the stability and performance of the devices. To fulfill this objective, 

we explore the substitution of the weakest part of the device, the doped 

transport layers, by implementing the use of transition metal oxides. The 

thesis is structured as follows: 

-Chapter 3: Substitution of doped C60 in N-i-P vacuum deposited perovskite 

solar cells by a TiO2 nanoparticle dispersion, leading to devices with higher 

efficiencies and better reproducibility. 

-Chapter 4: Substitution of doped TaTm in P-i-N vacuum deposited perovskite 

solar cells by MoO3 and then the implementation of this layer in the N-i-P 

configuration, leading to a design with metal oxides on both contacts. 

-Chapter 5: Characterization of the P-i-N architecture with MoO3 from chapter 

4 under space conditions, which was proven to be very stable and opened the 

possibility of using perovskite solar cells in high altitude conditions.  

The substitution of the doped transport layers led to devices with higher 

power conversion efficiencies (more than 20%, among the highest values for 

vacuum deposited CH3NH3PbI3 solar cells to date) and more robustness, 

passing stability tests under space conditions. The work developed in this 

thesis has opened an interesting field for vacuum deposited perovskite solar 

cells and changed the main fabrication routes in our laboratory. 
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Chapter 2 

Experimental and methods 

 

 

 

 

 

 

 

“Extraordinary claims require extraordinary evidence.” 

Carl Sagan 
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2. Experimental and methods 

 

The experimental work carried out in this thesis follows the scientific method, 

building a hypothesis and testing it experimentally to reach the conclusions 

described in the following chapters. Different fabrication and characterization 

tasks were necessary to test the proposed hypotheses, following the standard 

procedures established by the scientific knowledge in the perovskite solar cell 

field. Most of the work was performed in a class 10000 cleanroom to reduce 

the presence of dust particles, which is fundamental in view of the very thin 

film (<1 µm) fabrication. Moreover, almost every fabrication process was done 

in an inert environment inside a N2-filled glovebox to avoid the degradation of 

the materials due to oxygen and moisture. 

In this chapter, we first describe the materials used to fabricate the solar cells, 

specifying their role in the device structure. Then, we describe the fabrication 

process of the perovskite layer and the P-i-N and N-i-P device stacks. To 

conclude, we report the different characterization techniques for the 

individual thin films that compose the devices and also the device 

characterization as a whole, focusing on the electrical properties. 

 

2.1  Materials for solar cell fabrication 
 

In the following section, we describe the materials used to prepare a standard 

perovskite solar cell used in this work. The solar cells are built in a bottom-top 

architecture starting from a commercial glass substrate of 3x3 cm with a 

patterned transparent conductive oxide (TCO) on top. The TCO used in this 

work is indium tin oxide (ITO), deposited by sputtering, with a sheet resistance 

of 13-20 Ω·sq and optical transmittance in the visible range higher than 80%. 

Prior to any other step, those substrates were cleaned following a standard 

procedure using soap, miliQ water, and ethanol supported with sonication 

steps and finished with a UV-O3 treatment to remove organic contamination. 

For the charge carrier transport and injection/extraction, the materials used 

are: 2,2’-(Perfluoronaphthalene2,6-diylidene)dimalononitrile (F6-TCNNQ), 

N4,N4,N4”,N4”-tetra([1,1’-biphenyl]-4-yl)[1,1’:4’,1”-terphenyl]-4,4”-diamine 

(TaTm) and N1,N4-bis(tri-ptolylphosphoranyli-dene)benzene-1,4-diamine 

(PhIm), provided by Novaled GmbH. TaTm is the HTL used to transport the 

holes and block the electrons, F6-TCNNQ is the dopant used in combination 
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with TaTm to allow an ohmic contact with the electrodes, and PhIm is the 

dopant of the ETL for the same purpose. Fullerene C60 was purchased from 

Sigma Aldrich and 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) along 

with Molybdenum oxide (MoO3) from Lumtec. C60 is used as the ETL to 

transport electrons and block holes, BCP is used as the injection layer for 

electrons in substitution of doped C60 and MoO3 is used as the injection layer 

for holes in substitution of doped TaTm. The chemical structures of the organic 

molecules are depicted in figure 8. Finally, a titanium oxide (TiO2) nanoparticle 

dispersion was provided by our collaborator Dr. Hadipour from IMEC 

(Interuniversity Microelectronics Centre) and a tin oxide (SnO2) nanoparticle 

dispersion was bought from Alpha Aesar. Both were used as electron injection 

layers in substitution of doped C60. For the perovskite fabrication, the 

materials used are lead (II) iodide (PbI2), purchased from Tokyo Chemical 

Industry CO (TCI), and methylammonium iodide (CH3NH3I, MAI) from Lumtec. 

 

Figure 8: Chemical structures of the molecules TaTm, F6-TCNNQ, BCP, C60 and PhIm. 

 

2.2  Fabrication of CH3NH3PbI3 perovskite 
 

As mentioned before, there are two possible architectures for a solar cell, P-i-

N and N-i-P, depending on the deposition sequence, always starting from the 

glass/ITO side. There are significant differences between both structures, 

which are addressed below, both having in common the perovskite absorber. 

The MAPI perovskite is prepared by coevaporation of two precursors: PbI2 and 

CH3NH3I in a high vacuum chamber equipped with a turbomolecular pump 

(Pfeiffer TMH 261P, DN 100 ISO-K, 3P) coupled to a scroll pump (figure 9). The 

vacuum chamber is integrated into a nitrogen-filled glovebox and contains six 

temperature-controlled evaporation sources (Creaphys) fitted with ceramic 



37 
 

 
Figure 9: Basic schematic of the evaporation chamber and real picture of a 
similar chamber. 

crucibles. Each source is dedicated to a different type of material to avoid 

contamination. The sources are directed upwards with an angle of 90° with 

respect to the chamber base, and the distance between the substrate holder 

and the evaporation sources is approximately 20 cm. Three quartz crystal 

microbalance (QCM) sensors are used to monitor the deposition rate of the 

materials from each thermal source (PbI2 and CH3NH3I in this case), and a third 

one closer to the substrate holder monitoring the total deposition rate, 

allowing nanometric precision. The perovskite evaporations were carried out 

at a pressure of approximately 10-6 mbar. 

 

 

           

 

 

 

 

 

 

 

 

 

All the sublimed materials must be calibrated with their specific sensor in 

order to have a correct reading of the deposited thickness. This process is only 

required for the first time and is repeated after several months of 

evaporations to verify it is still correct. The calibration for the perovskite 

precursors, PbI2 and MAI (CH3NH3I), includes the following steps: setting the 

material density in the QCM readers (6.16 and 2.22 g/cm3, respectively), 

depositing a layer of an established thickness and measuring it in a 

profilometer to correct the value by using a tooling factor. Repeating this 

process 3-4 times is enough to have a proper reading of the thickness. For MAI, 

the process was similar, but it was necessary to evaporate silver on top to 

protect the film from moisture when measuring it in the profilometer.  
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Once both materials are calibrated, coevaporation can be carried out. The 

powder of the materials is deposited into ceramic crucibles and heated inside 

the Creaphys sources. MAI was set to a temperature of approximately 80ºC 

and PbI2 to 260ºC. The evaporation rate of MAI was kept constant at 1 Å/s and 

the PbI2 rate was adjusted in order to have stoichiometric conditions with a 

small excess of PbI2, which is beneficial according to literature.75 The resulting 

film composition and crystallinity were confirmed by using X-ray diffraction 

and absorbance measurements, which are discussed in section 2.5. Generally, 

the thickness of the perovskite is around 600 nm in order to maximize light 

absorption while ensuring a proper charge transport. 

 

2.3  Fabrication of a P-i-N solar cell  
 

The general structure for a P-i-N solar cell is, from the bottom (substrate) to 

the top (metal contact):  Glass / ITO / HTL / Perovskite / ETL / Ag (figure 10). In 

order to extract the holes and block the electrons, the HTL used is at least a 10 

nm layer of TaTm. For the opposite purpose, as ETL is used a 25 nm layer of 

fullerene C60. The C60 layer can be thicker due to its better electron mobility, 

which can be used to compensate the potential roughness of the perovskite 

layer. Beyond the charge selectivity of the materials in contact with the 

perovskite, injecting or extracting carriers into the TCO and metal contacts 

minimizes the losses when an ohmic contact is formed. A thicker doped 

version of each material previously described was used: TaTm doped with F6-

TCNNQ and C60 doped with PhIm. The doping is achieved by coevaporation of 

the dopant, following the exact same procedure described for the perovskite, 

with small modifications. In this case, it is important considering the cross-

reading between the rate sensors. During the coevaporation, the dopant 

sensor may read not only the dopant evaporation rate, but also partly the 

organic molecule that is being evaporated at the same time in another source. 

This happens due to the small size of the evaporation chamber and the big 

difference between the amount of organic molecule and dopant. To correct 

this parasitic reading we first set the organic molecule rate to 0.8 Å/s and 

check the reading in the dopant sensor. Although it should be 0, generally 

there is a certain X value. Then, we start the evaporation of the dopant until 

its sensor reaches this X value plus a pre-calculated amount that depends on 

the desired doping concentration.  In this thesis, the goal was to replace these 

doped layers due to their chemical instability and reduced optical 

transmittance. For the P-i-N architecture, the doped TaTm was replaced by 
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MoO3, which has a deep conduction band that ensures a proper hole 

extraction. MoO3 requires a post-deposition annealing step in N2 in order to 

have the desired transport conditions by the formation of sub-gap charge 

states. It was also found that substituting the doped C60 layer with a single 

layer of BCP improves the stability and general performance of the device.76 

Thus, I will be using this standard P-i-N solar cell structure: Glass / ITO / MoO3 

(7 nm) / TaTm (10 nm) / CH3NH3PbI3 (600 nm) / C60 (25 nm) / BCP (7 nm) / Ag 

(100 nm). 

MoO3 was sublimed in a different vacuum chamber following a similar 

procedure, but instead of using Creaphys sources, the heating was achieved 

by applying a high current input, around 4 A, through a metal boat (generally 

tungsten, tantalum or molybdenum). TaTm and C60 were sublimed at a rate of 

0.5 Å/s, with temperatures of approximately 300 ºC and 400 ºC, respectively. 

BCP was sublimed at a rate of 0.3 Å/s and a temperature of 150 ºC. Finally, 

100 nm of silver are evaporated as the top electrode in the same vacuum 

chamber as MoO3. 

 

 

 

 

 

 

 

 

 

Figure 10: Schematic of the P-i-N structure (not to scale) 
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2.4  Fabrication of an N-i-P solar cell 
 

The general structure for an N-i-P solar cell is symmetrical to the one 

previously described, being: Glass / ITO / ETL / Perovskite / HTL / Au. In this 

case, the materials used as HTL and ETL are the same as in P-i-N, TaTm and C60, 

but the thickness of C60 is reduced to 10 nm in order to reduce parasitic light 

absorption. The injection layers are different than in the P-i-N case. As an 

electron injection layer, we implemented the use of nanoparticles dispersed 

in ethanol deposited by spin coating. First, a TiO2 nanoparticle dispersion 

prepared by a collaborator in IMEC was used, and later I switched to a 

commercial one of SnO2. The SnO2 dispersion was diluted in miliQ water to a 

final concentration of 5% and deposited on top of a Glass/ITO substrate in air. 

Then it was dried by spinning it at 3000 RPM for 30 s, forming a compact layer 

of around 30 nm. The layer was annealed on a hot plate in air at 150 ºC for 30 

min to remove the solvent excess and fully oxidize it. For TiO2, the procedure 

is the same, except for the dilution part, as it was not required. For hole 

injection, the doped TaTm was maintained in chapter 3 and then substituted 

by 1 nm of 2,2',2''-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) 

and 7 nm of MoO3 in chapter 4. Finally, as top contact was used 100 nm of 

gold, that was evaporated in the same vacuum chamber as MoO3 and Ag. 

Thus, the standard N-i-P configuration I used is: Glass / ITO / SnO2 (30 nm) / 

C60 (10 nm) / CH3NH3PbI3 (600 nm) / TaTm (10 nm) / TPBi (1 nm) / MoO3 (7 

nm) / Au (100 nm). 

All the evaporation conditions are the same as in the P-i-N configuration. In 

this case, MoO3 does not require annealing due to the interaction with the 

TPBi layer, explained in chapter 4. This layer is evaporated similarly as the 

other molecules but at a slower rate, around 0.2 Å/s at a temperature of 170 

ºC. 
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2.5  Thin-film characterization  
 

The layer thicknesses were measured using a mechanical profilometer 

(Ambios XP-1). This measurement was particularly important for each 

material’s individual calibration. X-ray diffraction (XRD) patterns were 

collected at room temperature on an Empyrean PANanalytical powder 

diffractometer using the Cu Kα1 radiation. This measurement gives 

information about the crystallinity of the perovskite film, including the 

presence of secondary phases (e.g. PbI2), the exact crystal structure (e.g., cubic 

vs tetragonal MAPI), the average grain size, or the crystalline orientation. 

Absorbance spectra were obtained using a fiber optics based Avantes 

Avaspect 2048 spectrometer. Absorbance can give useful information on the 

bandgap energy, Urbach energy and the general quality of the perovskite film. 

Also, doped layers’ doping concentration can be inferred from the absorbance 

spectra. Scanning Electron Microscopy (SEM) images were collected on a 

Hitachi S-4800 microscope operating at an accelerating voltage of 2 kV over 

samples metalized with platinum. SEM images give useful information about 

the grain size of the perovskite and overall surface morphology. 

 

2.6  Solar cell characterization  
 

In this section, the basic characterization techniques for a solar cell will be 

described, which give information about the diode quality and the solar cell 

power conversion efficiency. We will divide the characterization into 2 

sections: External quantum efficiency and current density versus voltage 

curve, in dark conditions and under illumination. 

 

External quantum efficiency (EQE):  

The external quantum efficiency, also named incident photon to current 

efficiency (IPCE), is the ratio between photons that reach the device of a given 

energy and the extracted charge carrier pairs, plotted as a function of the 

photon wavelength (figure 11). In an ideal case without parasitic light 

absorption, without charge carrier recombination or any other possible losses, 

each photon with energy equal to or higher than the material’s bandgap will 

generate one electron/hole pair. However, that is not the case in real 
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conditions. That is why this measurement can be key to determine the quality 

of the solar cell at each wavelength in terms of charge carrier generation, 

charge carrier extraction, parasitic absorption, reflection losses, and charge 

carrier recombination, among others. The EQE is estimated by measuring the 

cell response at different wavelengths using a white halogen lamp in 

combination with band-pass filters and a MiniSun simulator made by the 

Energy Research Center of the Netherlands (ECN). The spectrum mismatch 

from the lamp and the real sun spectrum at sea level are corrected using a 

calibrated Silicon reference cell.  

 

Figure 11: EQE measurement of a MAPI perovskite solar cell. 

 

Current density-voltage (J-V) curve:  

Perovskite solar cells electrical behaviour is based on a diode, which can be 

modelized with the circuit in figure 12. Their quality depends on different 

parameters: 

- The leakage current: a residual current typically coming from undesired 

imperfections and defects in the diode. Its magnitude is determined by the 

shunt resistance (RSH). Low shunt resistance causes power losses in solar cells 

by providing an alternate current path for the light-generated current. In 
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particular, it reduces the photocurrent flowing through the solar cell and 

reduces the photovoltage. 

- Series resistance: the series resistance (RS) is one of the loss mechanisms 

limiting the performance of a solar cell, which arises from the resistance within 

the device itself. It is a parasitic effect coming from the resistance of the 

absorber, the transport materials, the metal contacts, and the metal 

connections on the device. The main impact of series resistance is a reduction 

of the fill factor, although very high values may also reduce the short-circuit 

current.  

 

Figure 12: Simplified equivalent circuit model of a solar cell (diode). 

 

A J-V curve is based on applying a voltage bias sweep and measuring the 

current flowing through the device. In an ideal diode, the current can only flow 

in one direction (referred to as forward voltage), therefore in dark conditions, 

in an ideal case the current density is negligible until applying a forward 

voltage higher than a threshold value defined by the device characteristics. 

Representing the J-V curve in semilogarithmic scale gives a better insight into 

the parameters previously described (figure 13). At reverse and low forward 

voltages, the J-V curve is ohmic, and this regime is dominated by the leakage 

current, and hence, by the magnitude of the shunt resistance. For lower shunt 

resistances, higher leakage currents will be observed. As mentioned before, 

this part of the curve contains information about the defect density and diode 

quality in general. The second regime is dominated by the diffusion current; 

hence, it is called the diffusion regime. The diffusion current arises from the 

non-uniform concentration of charged particles in a semiconductor. This 

regime gives indications about the electron/hole transport through the device, 

as well as about the electron/hole recombination. Finally, at higher applied 

voltages, the drift current starts to dominate the J-V curve. This current comes 

from the motion of charge carriers under an electric field, and the deviation 
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from the diffusion to the drift regime identifies the built-in potential. The drift 

current can be limited by the injection at the contact or by the transport within 

the active materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: J-V curve under dark conditions of a perovskite solar cell in 

semilogarithmic scale. 

 

When this measurement is performed under illumination, we call it an 

illuminated J-V curve. The measurement concept is similar to the dark curve 

but with an additional source of photogenerated current. This measurement 

is key to determine the solar cell power generation, as well as the quality of 

the device. Several parameters can be obtained from the illuminated J-V curve 

(all depicted in figure 14): 

-Short-circuit current density (Jsc): It is the current flowing through the solar 

cell under illumination when the applied voltage is zero. This current is 

generated in the photoactive material by the absorbed photons. In the 

absence of resistance losses, it is the largest current that may be extracted 

from the solar cell. It depends on several factors, such as the area of the solar 

cell, the photon flux, the absorption spectrum of the material and its ability to 

separate and extract charge carriers. Its value is usually given normalized to 

the effective area, in mA/cm2. 

 -0.2       0.0        0.2        0.4       0.6        0.8         1.0        1.2        1.4 
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-Open-circuit voltage (Voc): It is the maximum voltage available from a solar 

cell when the net current through the device is zero. It is limited by the band 

gap of the absorber and, in some cases, by the energetics of the transporting 

layers, and it is strongly influenced by the charge carrier recombination. 

-Maximum power point (MPP): It is the point in the J-V curve where the 

product of the voltage and the current is maximum, Pmax = (J·V)max. The values 

of current and voltage at the MPP, also defined as JMPP and VMPP, are always 

lower than Jsc and Voc.  

-Fill factor (FF): It is a parameter obtained from the ratio between the 

maximum power obtained from the solar cell (Pmax) and the product of Voc and 

Jsc. Graphically, it is a measure of the “squareness” of the graph. This 

parameter gives information about the efficiency of the charge extraction 

within the device, the resistance of the device and the recombination of the 

charge carriers. 

 

 

-Power conversion efficiency (PCE): It is defined as the ratio of energy output 

from the solar cell to input energy at specific illumination conditions. 

Generally, a reference illumination intensity for Earth applications is the solar 

spectrum considering different atmospheric and geometric conditions 

representative to real photovoltaic applications. This standard spectrum is 

called AM1.5G and its power density is equal to 97 mW/cm2 but has been 

normalized to 100 due to the convenience of the round number and the fact 

that there are inherent variations in incident solar radiation. Consequently, 

the power conversion efficiency formula for an AM1.5G light spectrum is: 
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Figure 14: J-V curves in dark (blue) and under illumination (red) highlighting the Voc, 

Jsc and maximum power points, with common simplified band diagrams for each 

working regime. 

 

Figure 14 depicts a standard J-V curve under illumination in linear scale along 

with simplified band diagrams (assuming that there is no doping at the 

interfaces and therefore no band bending). At short-circuit (V = 0, when the 

Fermi levels of the external contacts M1 and M2 are aligned in steady state), 

electrons are extracted through M2 and holes through M1. When the product 

of current and voltage is maximum, (J·V)max, the maximum power is obtained. 

At the open circuit voltage point, the bands are approximately aligned and 

there is no electric field to extract electrons and holes which consequently 

recombine (current is zero). At voltages higher than the Voc, electrons and 

holes are injected into the device instead of being extracted (positive current) 

in the same way as in the dark J-V measurement. 
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The current density-voltage characteristics of this thesis were obtained using 

a Keithley 2400 source-measure unit under white light illumination. For the 

measurements in this work, two kinds of lamps were used, a tungsten and a 

xenon lamp, for different purposes explained in the corresponding chapters. 

Both were calibrated using a silicon reference cell equipped with an infrared 

cut-off filter (KG-3, Schott). For the measurements performed with the 

tungsten lamp the short circuit current density was corrected considering the 

device EQE. The measurements done with a Xe lamp were performed in air 

using appropriate filters, leading to an AM1.5G emission spectrum. The 

combination of filters and the xenon lamp are referred to as a solar simulator. 

The J-V curves were recorded between -0.2 and 1.2 V with 0.01 V steps, 

integrating the signal for 20 ms after a 10 ms delay. This corresponds to a 

speed of about 0.3 V s-1. The layouts used to test the solar cells have four equal 

areas of 0.04 cm2, (defined as the overlap between the ITO and the top metal 

contact) or 16 equal areas of 0.0825 cm2 and were measured through a 

shadow mask with 0.01 cm2 and 0.05 cm2 aperture, respectively (figure 15). 

 

Figure 15: Solar cell layouts employed in this thesis (not to scale). ITO and top metal 
are the bottom and top contacts, respectively. 
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Chapter 3: 

Interfacial Modification for High-

Efficiency Vapor-Phase-Deposited 

Perovskite Solar Cells Based on a 

Metal Oxide Buffer Layer 

 

 

 

 

“Somewhere, something incredible is waiting to be known.” 

Carl Sagan 
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3. Interfacial Modification for High-Efficiency 

Vapor-Phase-Deposited Perovskite Solar Cells 

Based on a Metal Oxide Buffer Layer 
 

In this chapter, the target was the implementation of a metal oxide as electron 

extraction layer in high-efficiency vacuum-deposited perovskite solar cells. 

Doped organic layers were the dominant extraction materials in vacuum-

deposited PSCs, leading to high PCEs despite their stability, cost and parasitic 

absorption issues. However, functional layers based on metal oxides, 

widespread in the solution-process perovskite devices, do not allow a direct 

implementation in vacuum-deposited devices. We developed a novel way to 

ensure a proper passivation of the metal oxide’s surface states while 

maintaining an adequate substrate for the perovskite growth, leading to PCEs 

higher than 20% and Vocs of more than 1.15 V for a 1.55 eV absorber bandgap. 

 

3.1  Introduction 
 

The use of metal oxides as transport layers is widely extended in the 

perovskite photovoltaic field due to their suitable properties such as low 

parasitic absorption, high electron and hole mobilities, long term stability and 

ease of deposition. Furthermore, metal oxides act not only as charge transport 

layers, but also ensure a proper injection/extraction of charge carriers due to 

their self-doping, arising from defects in the lattice (oxygen and metal 

vacancies, for example). For these reasons, most of the record perovskite solar 

cells employ a combination of mesoporous and planar TiO2 as electron 

transport layers, leading to efficiencies as high as 25%.57 These works, 

however, are focused on solution-processed perovskites, where the solution 

is infiltrated into the pores of the TiO2 layer. TiO2 and SnO2 are currently the 

ETLs of choice for the best performing devices in the perovskite field. Their 

adequate energy levels allow a proper band alignment with the perovskite, as 

the conduction band minimum (CBM) energy is suitable to collect electrons 

and inject/extract them, and the valence band maximum (VBM) is deep 

enough to block holes, as depicted in figure 16. 
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Figure 16: Energy levels of TiO2, SnO2 and MAPI perovskite. 

 

These metal oxides also display high electron mobilities, which can contribute 

to mitigate the charge accumulation at the perovskite interface,77 and have a 

wide bandgap (>3 eV), resulting in adequate transmittances when employed 

in an N-i-P configuration. Apart from that, both can be deposited with a wide 

variety of methods, such as spray pyrolysis,78 thermal oxidation,79 atomic layer 

deposition,80 spin coating and electrochemical deposition,81 among others.  

As it was already said, perovskite vacuum deposition is a competitive process 

which presents significant advantages with respect to other techniques. It was 

used to fabricate solar cells with power conversion efficiencies higher than 

20%,82 rivalling the solution-processed records at that time. The use of doped 

organic materials as injection/extraction layers sandwiching the perovskite 

has typically been a common trait of highly efficient vacuum deposited 

perovskite solar cells, as well as one of the main characteristics of this record 

stack. Organic doped layers are excellent charge transporting materials, as 

they can form ohmic contacts with the electrodes and present good electron 

and hole mobilities along with a reduced series resistance.83 On the other 

hand, they induce parasitic absorption and a certain chemical instability.84  

In contrast, using the excellent potential of metal oxides as transporting 

materials with vacuum deposited perovskites has been elusive. Only a few 

reports exist in which the sublimed perovskites were evaluated. Olthof et al. 

found a PbI2-enriched interface with the metal oxide which they attributed  to 
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a low sticking coefficient of MAI, which would lead to an energy barrier 

hindering the charge transport.85 Adding a self-assembled monolayer helped 

to prevent this interfacial substoichiometry. In these studies, however, no 

photovoltaic devices were prepared from the perovskite films, which leaves 

unanswered questions on the effect of these findings on device 

performance.86 Also, direct use of conventional mesoporous metal oxide 

layers requires a high temperature annealing step (>400 ºC) which excludes 

the use of flexible polymer substrates. In order to maintain the characteristic 

advantages of vacuum deposited perovskites, such as the growth of very 

efficient annealing-free conformal thin-films onto substrates with different 

morphologies, low temperature processed  metal oxide layers need to be 

employed.  

Here, I demonstrate that it is possible to replace the organic doped N layer, 

commonly used at that time in the record vacuum deposited MAPI solar cells, 

with a compact film of TiO2 nanoparticles processed at low temperature. This 

increases the overall performance of the device. A thin C60 interlayer was 

deposited between the metal oxide and the perovskite to passivate the 

surface traps and promote a stoichiometric growth of the perovskite. The 

reduction of parasitic absorption and recombination rates allowed the use of 

a perovskite thickness of almost 1 µm. This enabled a PCE of more than 20%, 

the highest obtained value for a vacuum-deposited MAPI perovskite solar cell 

at that time.  

 

3.2  Experimental and methodology 
 

In this work I optimized a low-temperature (100 ºC) deposition of TiO2 using a 

nanoparticle dispersion deposited by spin coating. The rest of the layers were 

kept the same to compare the results obtained with the fully evaporated stack 

from reference 82. The architecture of the devices in this section consists in 

an N-i-P planar structure with the following configuration:  ITO / TiO2 (30 nm) 

/ CH3NH3PbI3 (500-600 nm) / TaTm (10 nm) / TaTm:F6-TCNNQ (40 nm)/ Au (100 

nm).  

In this architecture, TiO2 acts as electron transport layer, the perovskite is the 

photoactive material, TaTm acts as electron blocking and hole transport layer 

and TaTM: F6-TCNNQ is a doped layer acting as hole injection layer. 



54 
 

All the materials except ITO and TiO2 were deposited via vacuum deposition. 

More detailed information about the materials and deposition techniques can 

be found in chapter 2 and in the complete publication, available at the end of 

the chapter.  

 

3.3  Results and discussion 
 

The initial analysis of the devices with this configuration revealed a rather poor 

performance, with all the solar cell parameters lower than expected, leading 

to PCEs of less than 10% (figure 17, a). We attributed this to an interfacial 

problem due to a poor formation of the perovskite on top of TiO2. As 

previously mentioned, other works have shown that the MAI sticking 

coefficient on metal oxides is poor, which results in an energy barrier near the 

interface due to the insulating character of PbI2.85 This, along with the high 

surface recombination in the metal oxide trap states leads to a decrease in all 

the PV parameters. Therefore, considering the optimal perovskite co-

sublimation on fullerene derivatives films,82 we incorporated a 10 nm-thick C60 

interlayer between the TiO2 and the perovskite. This led to a drastic 

improvement of all photovoltaic parameters (Table 1). In figure 17 are 

depicted the J-V curves of the solar cells in these two configurations, without 

(a) and with C60 (b), showing the latter higher Voc, Jsc and FF values as a 

consequence of a better charge transport and reduced recombination. 

 

Figure 17: J-V curves of N-i-P solar cells using TiO2 with (b) and without (a) C60 

interlayer measured under a xenon lamp. Arrows indicate scan direction (negative to 

positive voltage bias and vice-versa).  
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Interestingly, all the devices presented an activation process characterized by 

a continuous improvement of FF (all analyzed samples) and Jsc (samples 

without C60 interlayer) after subsequent scans. This process was accelerated 

when the solar cells were measured using a xenon lamp, due to a small UV 

component present in its spectrum. Kelvin probe and impedance spectroscopy 

measurements, both described in the complete publication after this section, 

evidenced the improvement of the band alignment between the TiO2 and the 

perovskite upon UV exposure. This change in the metal oxide work function is 

attributed to the accelerated defect filling on the TiO2, photoactive in the UV 

region.  

 

Table 1: Solar cell parameters under full solar spectrum illumination. The 
measurements were performed first in reverse (from positive to negative bias) and 
immediately afterwards in forward direction (from negative to positive bias). 

Sample Scan number (direction) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

TiO2 

Scan 1 (Reverse) 1.02 14.47 24.5 4 

Scan 1 (Forward) 1.03 14.92 35.1 5 

Scan 3 (Reverse) 1.01 16.30 42.2 7 

Scan 3 (Forward) 1.00 16.18 42.2 7 

TiO2/C60 

Scan 1 (Reverse) 1.15 20.40 54.6 13 

Scan 1 (Forward) 1.15 20.35 71.1 17 

Scan 3 (Reverse) 1.15 20.54 76.1 18 

Scan 3 (Forward) 1.15 20.55 76.3 18 

 

Similar UV activation phenomena in TiO2-based devices has been previously 

described, especially in the organic photovoltaics field, with interpretations 

related to adsorbed molecular oxygen or shallow charge carrier traps that are 

filled upon UV illumination.87 Other works in the perovskite field associate a 

similar activation process to ion migration, in particular to the accumulation 

of MA+ cations at the fullerene/perovskite interface which reduces its energy 

disorder and enhances the Voc.88 
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The solar cells using TiO2/C60 as electron selective contact displayed 

efficiencies between 18 and 19%, with a better reproducibility and less data 

spreading compared with the configuration with doped C60 (figure 18, left). 

The record Voc was 1.17 V, with less than 400 mV deficit with the absorber 

band gap, and only 119 mV lower than the highest achievable value according 

to the Shockley-Queisser limit.89 These high voltage values imply low 

recombination rates, both at the interfaces and in the bulk. This was a 

motivation to increase the perovskite thickness to values close to 1 µm, trying 

to maximize the light harvesting, and consequently, the device short circuit 

current. After optimizing the perovskite deposition to increase the total 

thickness, the resulting devices achieved a higher Jsc while maintaining the 

same the Voc and FF. This led to a champion cell of almost 21% PCE (figure 18, 

right), beating the current efficiency record for vacuum-deposited MAPI 

perovskite. The PV parameters of the record device are summarized in table 

2. Such a good performance with a very thick perovskite film highlights the 

long diffusion lengths of charge carriers achievable by sublimed perovskites, 

at least higher than 1 µm, something challenging to achieve by solution 

process. 
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Figure 18: Statistical distribution of the power conversion efficiency obtained for the 

fully evaporated devices from reference 82 and for our configuration employing 

TiO2/C60 (left) and J-V curve of the best device (right). 
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Table 2: Record device with the corresponding photovoltaic parameters. 

Best cell PCE (%) Voc (V) Jsc (mA/cm2) FF (%) 

TiO2/C60 20.83 1.158 21.91 82.09 

 

3.4  Conclusions 
 

In conclusion, we report the fabrication of high efficiency vacuum-deposited 

perovskite solar cells using a TiO2 electron transport layer fabricated from a 

nanoparticle dispersion. The power conversion efficiencies obtained are over 

20%, being among the highest for CH3NH3PbI3 perovskite. An interlayer of 

fullerene C60 is needed between the TiO2 and the perovskite in order to ensure 

a proper substrate for the perovskite deposition and to passivate the shallow 

trap states of the metal oxide. An activation process is observed, which can be 

boosted by the small UV component present in a full AM1.5G spectrum. In this 

process, electronic traps within the TiO2 are filled and the band alignment is 

improved, thus increasing the FF to values higher than 80%. This is 

demonstrated by kelvin probe measurements showing a clear variation of the 

material’s work function upon UV exposure and by means of impedance 

spectroscopy analysis, finding a clear variation of the capacitance at the 

interfaces. This work opens new avenues for using metal oxides as charge 

extracting materials in vacuum-deposited solar cells overcoming the problems 

of deposition on bare metal oxides and inadequate band alignment. Not only 

that, but also the use of sintered nanoparticles allows the use of low 

temperature deposition, opening the possibility of using sensitive substrates 

such as flexible PET foils or tandem solar cells.  
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3.5  Contribution of the author 
 

The work developed in this chapter was carried out in collaboration with Dr. 

Afshin Hadipour from the Interuniversity Microelectronics Centre (IMEC), 

where the TiO2 nanoparticle dispersion was synthesized. All the fabrication 

and characterization tasks were performed in the Molecular Science Institute 

(ICMol) from the University of Valencia. The author developed the main 

fabrication and characterization tasks along with the writing of the 

manuscript. 

 

Daniel Pérez-del-Rey, Pablo P. Boix, Michele Sessolo, Afshin Hadipour, Henk J. 

Bolink. “Interfacial Modification for High-Efficiency Vapor-Phase-Deposited 

Perovskite Solar Cells Based on a Metal Oxide Buffer Layer”. The journal of 

physical chemistry letters 9 (5), 1041-1046. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



66 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 



68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 
 

 

 

 

 

Chapter 4: 

 Molecular Passivation of MoO3: 

Band Alignment and Protection of 

Charge Transport Layers in Vacuum-

Deposited Perovskite Solar Cells 

 

 

 

 

“Extraordinary claims require extraordinary evidence.” 

Carl Sagan 
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4. Molecular Passivation of MoO3: Band 

Alignment and Protection of Charge Transport 

Layers in Vacuum-Deposited Perovskite Solar 

Cells 
 

The process developed in the previous chapter allowed us to successfully 

implement a metal oxide as the N material in the N-i-P structure. In this 

chapter, I targeted the P side, substituting the molecular P doped layer also 

for a metal oxide. To achieve this, I first optimized the deposition of MoO3 in 

the P-i-N structure with efficiencies higher than 18% and then implemented it 

on top of the N-i-P stack developed in chapter 3, leading to the first 

configuration with two metal oxides in high efficiency vacuum-deposited 

perovskite solar cells. 

 

4.1  Introduction 
 

As discussed in the previous chapters, metal oxides are a promising alternative 

for doped organic layers in perovskite solar cells. Even though the record 

solution-processed N-i-P configurations employ a metal oxide on the N-side, 

they still rely on doped organic-based materials, such as Spiro-OMeTAD, for 

hole injection.57 Similarly, high efficiency P-i-N solar cells commonly use 

polymers such as PEDOT:PSS or PTAA as hole transporting organic layers.90  

For the substitution of doped organic layers, transition metal oxides (TMOs) 

are excellent candidates. This family of metal oxides has attracted interest in 

the field of optoelectronic devices since their first applications in OLEDs in the 

late 1990’s.91 They stand out due to their excellent charge transport 

properties, variable work function, and low parasitic absorption. TMOs can be 

prepared in thin films using  a large variety of deposition techniques and they 

have a wide range of WF values, ranging from 3.5 eV for defective ZrO2 to 7 eV 

for stoichiometric V2O5 (figure 19). 



74 
 

 

Figure 19: Energy levels of the main TMOs for optoelectronic applications (figure 

from reference 92). 

 

As a result, an increasing number of studies have reported their use as hole 

transporting materials for perovskite solar cells. For example, P-i-N solar cells 

using NiO reached remarkable efficiencies higher than 21% and displayed 

long-term stability.93 One negative aspect of NiO is that it generally needs a 

high temperature annealing, which has a negative impact on the N-i-P 

configuration.  

On the other hand, high WF N-type TMOs are also interesting candidates for 

hole-injection. Some examples are MoO3, V2O5 and WO3, where the N-type 

character arises from a slightly non-stoichiometric composition with an 

oxygen deficiency.94 Despite being N-type materials, their deep conduction 

band, and their ionization energies higher than 6 eV, makes them very good 

hole injecting materials. As a consequence, these materials become potential 

alternatives for organic materials such as PEDOT:PSS, widely used in 

OLEDs91,95–97 and solar cells.98,99 

As a particular case, MoO3 is an interesting candidate for the N-i-P 

configuration due to the possibility of being sublimed, avoiding the use of 

solvents that could damage the layers previously deposited. This material 
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cannot directly act as electron blocker due to its deep conduction band, which 

overlaps with the conduction and valence bands of MAPI. However, the band 

bending resulting from its high WF, can lead to an energetic alignment which 

enhances hole extraction.100 Despite this, an organic HTL with a low LUMO is 

still required for a complete electron blocking behaviour and for the proper 

growth of vacuum deposited perovskites in the P-i-N configuration, as we 

discussed in the previous chapter. A simplified band diagram of a MoO3/HTL 

junction is shown in figure 20. Here, the hole injection is mediated from a 

charge transfer between a hole from the HOMO of the organic material and 

an electron at the conduction band of the metal oxide, thus converting hole 

current into electron current. A photo-generated hole from the perovskite is 

transported through the HTL and recombines with the electron at the MoO3 

interface, acting as a charge recombination or buffer layer. For MoO3 

specifically, it has also been suggested a charge transport via sub-gap states 

under some circumstances61,94,101 (figure 20, right). Some interfaces such as 

ITO/MoO3 display a high density of gap states when thin layers are used, which 

can contribute to charge transport reducing the energy barrier for holes. 

These empty states can also be induced by annealing or by organic molecules 

through a chemical charge transfer at the interface inducing on them a P-

doped character in exchange.102 

 

Figure 20: Energy level alignment and band bending between MoO3 and an organic 

HTL and sub-gap defect states of MoO3 (figures from references 102 and 92). 
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For these reasons, in this chapter I aim for the implementation of MoO3 first 

on the P-i-N configuration and, once optimized, on the N-i-P stack developed 

in the previous chapter. By doing this, we achieved the first dual oxide 

configuration with high efficiencies on vacuum-deposited perovskite solar 

cells. 

 

4.2  Experimental and methodology 

 

The device structure for P-i-N is: ITO / MoO3 (7 nm) / TaTm (10 nm) / 

CH3NH3PbI3 (590 nm) / C60 (25 nm) / BCP (7 nm) / Ag (100 nm) (figure 21, a). 

In this architecture the MoO3 layer acts as hole injection layer, TaTm as 

electron blocking layer, the perovskite is the photoactive material, C60 is the 

hole blocking layer and BCP was found to be a proper electron injection layer 

when Ag is evaporated on top of it, following the trends in literature at that 

time. The thickness of the C60 layer was increased from 10 to 25 nm compared 

to the N-i-P configuration in the previous chapter due to its high electron 

mobility and diffusion length, being less problematic the parasitic absorption 

role on the top side of the device.  

A MoO3 layer is sublimed on top of the ITO and then annealed at 100 ºC for 10 

minutes in nitrogen atmosphere in order to induce defects that will contribute 

to the hole transport. For the rest of the layers the experimental procedure 

and characterization is equal as the one described in the chapters 2 and 3. 

For the N-i-P configuration the device structure is: ITO / TiO2 (30 nm) / C60 (10 

nm) / CH3NH3PbI3 (590 nm) / TaTm (10 nm) / TPBi (2 nm) / MoO3 (7 nm) / Au 

(100 nm) (figure 23, a) 

In this case the N side is equal to the one developed in the previous chapter. 

The doped TaTm is substituted for the combination of TPBi/MoO3, which is 

explained in the following section. In this case, C60 thickness is kept at 10 nm 

to avoid parasitic absorption. 
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4.3  Results and discussion 

 

Initially, we aimed for the substitution of the doped HTL for a metal oxide in 

the P-i-N architecture. MoO3 was a direct candidate due to its ease of 

deposition, proper band alignment, low parasitic absorption, and chemical 

stability. We found that a short annealing in nitrogen atmosphere was 

required after its deposition and prior to depositing the rest of the stack in 

order to achieve proper hole transport characteristics. The devices with the 

MoO3 layer annealed at 100 ºC for 10 minutes showed an increase in FF and 

Voc under illumination and current density at forward bias in the dark curve 

(Figure 21, b and c). Without annealing, the cells showed an energy barrier 

that was hindering the hole injection, thus increasing the recombination due 

to a charge accumulation, which led to lower Voc and FF. This phenomenon has 

been previously reported, and it is attributed to the formation of defect states 

in the band gap of the MoO3 layer due to oxygen vacancies.101,103 Although the 

annealing step is not a problem in the P-i-N configuration, if we want to 

implement this layer in N-i-P it might be negative for the already deposited 

layers. Therefore, we aimed for an alternative for the annealing step by 

depositing an interlayer between the MoO3 and the HTL. We used TPBi, a 

molecule with a HOMO level deep enough to pin the fermi level of the MoO3 

with the HOMO of the TaTm which should improve the hole injection 

according to other works.104 By using TPBi we reach almost the same 

performance as for the annealed sample, with the advantage of avoiding this 

treatment, reaching a PCE of 19% (table 3). 

 

Figure 21: P-i-N device architecture (a), dark J-V curve in semilogarithimic scale (b) 
and illuminated J-V curve in linear scale (c) of devices comparing the effects of 
annealing and TPBi on the MoO3 layer. 
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Table 3: Average solar cell parameters for P-i-N solar cells with the MoO3 layer at the 
front contact. 

Samples PCE (%) Voc (V) Jsc (mA/cm2) FF (%) 

MoO3 (not annealed) 15.8 1.034 21.0 73.0 

MoO3 (annealed) 

MoO3 (not 
annealed)/TPBi 

19.3 

19.0 

1.077 

1.080 

21.7 

21.4 

82.5 

82.0 

 

We ascribe this improvement in performance not only to the deeper HOMO 

level of TPBi, but also to the presence of pyridinic nitrogen atoms, that are 

known to react with MoO3 through a charge transfer from the lone electron 

pairs in the nitrogen, which would chemically induce the required gap states 

to improve the hole injection.105,106 To proof this, we used other molecules 

without pyridinic nitrogen atoms but with a similar HOMO energy, which 

should also improve the band alignment and pin the Fermi level (figure 22). 

We found that these molecules also improve the FF and Voc but do not reach 

the same performance as the sample with annealing or the one with TPBi. This 

shows that, although the band alignment can contribute to reduce charge 

accumulation and recombination at the interface, the presence of MoO3 sub-

gap states, induced either chemically with TPBi or by annealing, remains very 

important to achieve higher FF values. 

 

Figure 22: J-V curves under AM1.5G illumination and energy levels of P-i-N solar cells 
using molecules with different HOMO energies on top of MoO3 not annealed. The 
sample of MoO3 annealed works as a reference. Dashed lines stand for reverse scan. 
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Once we found a way to use MoO3 without annealing by chemical passivation, 

we implemented it into the N-i-P architecture developed in the previous 

chapter, leading to a double-oxide structure depicted in figure 23. The 

structure is ITO / TiO2 (50 nm) / C60 (10 nm) / CH3NH3PbI3 (590 nm) / TaTm (10 

mn) / TPBi (0, 2 or 5 nm) / MoO3 (7 nm) / Au (100 nm). When TPBi is not 

present we observe a different behaviour than in P-i-N. Although here the hole 

injection is not hindered, there is an increase in charge carrier recombination, 

with the subsequent reduction in Voc. This is attributed to the infiltration of 

MoO3 into TaTm, reducing its electron-blocking behaviour (figure 23, b). The 

high kinetic energy of MoO3 sublimed onto soft organic molecules enhances 

its diffusion into the organic material, inducing a P-doping by forming charge 

transfer states.107 Interestingly, when we incorporated a 2 nm thick layer of 

TPBi onto the TaTm, this penetration is prevented. As a result, solar cells based 

on this stack present a full recovery in Voc while maintaining a high FF, leading 

to more than 18% PCE. Increasing the thickness of TPBi to 5 nm completely 

hinders the charge transport, reducing the FF due to a series resistance 

enhancement (table 4 and figure 23, c). This strong dependence between the 

conductivity and TPBi thickness indicates that MoO3 interacts only with the 

surface of the layer and does not penetrate beyond, emerging the insulating 

behaviour of TPBi when its thickness is higher than 2 nm.  

 

Figure 23: Schematic device architectures of n-i-p devices with (a) and without (b) TPBi 
interlayer. (c) J−V curves under AM1.5G illumination corresponding to devices with 0, 
2, and 5 nm-thick TPBi interlayers. Dashed lines stand for reverse scan. 
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Table 4: Average PV parameters of N-i-P solar cells with MoO3 on top of TaTm and on 
top of TaTm/TPBi.  

Sample PCE (%) Voc (V) Jsc (mA/cm2) FF (%) 

TaTm/MoO3 13.0 0.898 20.7 70.0 

TaTm/TPBi (2 nm)/MoO3 18.8 1.084 21.3 81.4 

TaTm/TPBi (5 nm)/MoO3 11.0 1.015 21.2 51.0 

 

To demonstrate this protective behaviour based on the chemical interaction 

of TPBi and MoO3 we performed 2 experiments, explained in detail in the 

complete publication after this section. In the first experiment, the total 

thickness of TaTm was varied from 12 to 25 nm instead of using 10 nm of TaTm 

+ 2 nm of TPBi. At least 20 nm were required to compensate the effect of the 

MoO3 diffusion, showing that the protection of TPBi is not coming from just 

the increase in total thickness. Secondly, to proof that the protective 

behaviour is coming from the pyridinic nitrogen atoms, we deposited on top 

of TaTm two molecules that are similar to TPBi in terms of energy levels, BCP 

(2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline) and TCTA (Tris(4-carbazoyl-

9-ylphenyl)amine), where the first one has the same characteristic nitrogen 

chemistry, but the latter does not (figure 24, right). Again, depositing just 2 

nm of BCP on top of TaTm was enough to protect it from the diffusion of MoO3, 

reproducing the best photovoltaic results obtained with the TPBi. In contrast, 

cells with 2 nm of TCTA still showed an increased recombination, slightly 

reduced by the increased thickness, but confirming the importance of the 

molecule’s chemistry (figure 24 and table 5). 

 

Figure 24: J-V curves of N-i-P solar cells under AM1.5G illumination with different 

molecules on top of TaTm and their chemical structures. 



81 
 

Table 5: Photovoltaic parameters of N-i-P solar cells with different interlayers 
between TaTm and MoO3.  

Sample PCE (%) Voc (V) Jsc (mA/cm2) FF (%) 

TaTm/MoO3 10.7 0.727 20.1 73.0 

TaTm/TCTA/MoO3 13.6 0.920 20.3 72.5 

TaTm/BCP/MoO3 16.7 1.106 20.4 74.0 

TaTm/TPBi/MoO3 17.2 1.121 20.5 75.0 

 

4.4  Conclusions 

 

In conclusion, the insertion of an ultrathin layer of a molecule with high IE and 

pyridinic nitrogen atoms permits the use of MoO3 as hole injection layer in the 

P-i-N structure without requiring an annealing step. This molecule chemically 

induces the charge states needed for hole injection/extraction and its deep 

HOMO level causes a band bending and Fermi level pinning that improves the 

band alignment between MoO3 and TaTm. When using MoO3 in the N-i-P 

configuration a different case is observed. The high kinetic energy of MoO3 

clusters causes the penetration into TaTm reducing its electron blocking 

character and increases the charge carrier recombination. Using just 2 nm of 

TPBi is enough to achieve a full protection of the underlying layers by forming 

a TPBi-MoO3 surface species that stops the further diffusion of the metal 

oxide, leading to a double oxide architecture with PCEs close to 19%, the 

highest reported for vacuum deposited CH3NH3PbI3 solar cells employing a 

double oxide structure. 
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4.5  Contribution of the author 
 

The work developed in this chapter was entirely carried out in the Molecular 

Science Institute (ICMol) from the University of Valencia. The author 

developed the main experiments and characterization steps, along with the 

writing of the manuscript. 
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MoO3: Band Alignment and Protection of Charge Transport Layers in 

Vacuum-Deposited Perovskite Solar Cells” Chem. Mater. 2019, 31, 17, 6945–

6949. 
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Chapter 5:  

Perovskite Solar Cells: Stable under 

Space Conditions 

 

 

 

 

 

“The cosmos is within us. We are made of star-stuff. We are 

a way for the universe to know itself.” 

Carl Sagan 
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5. Perovskite Solar Cells: Stable under Space 

Conditions 
 

The development of vacuum-deposited perovskite solar cells based on metal 

oxide transport layers presented in previous chapters is a valuable tool to 

expand the stability of these devices. In this work, our target was testing the 

P-i-N structure developed in chapter 4 under space conditions. The P-i-N 

architecture was chosen due to its better compatibility with a P-N silicon solar 

cell in a tandem configuration, increasing the overall efficiency, key for space 

applications. We exposed more than 60 cells to high doses of 1 MeV electron 

radiation simulating high altitude and space conditions. Under these 

conditions, even up to an accumulated fluence of 1016 e-/cm2, no significant 

changes in the solar cell performances were observed. Within the statistical 

spreading of the devices, I noticed that the below average performing devices 

would improve after the electron beam exposure, indicating that some “self-

healing” effects occur under the influence of the high energy electron 

irradiation. The use of a metal oxide as the front layer was found to be 

fundamental for the device robustness, with virtually no changes in the 

injection and extraction of charge carriers after irradiation.  

 

5.1  Introduction 
 

Over the last years, perovskites have evolved from simply being a raw mineral 

on earth’s crust as calcium titanate (CaTiO3) to becoming the photoactive 

material in advanced solar cells as methylammonium lead triiodide 

(CH3NH3PbI3), with power conversion efficiencies higher than 25%.20,108,109 The 

rapid efficiency evolution combined with the very thin complete stack (< 1 

micrometer) situates this photovoltaic technology as a promising candidate 

for space applications. As such it may have the potential to meet the 

requirements to provide safe and durable energy, for satellites and space 

stations. The main solar cell technologies used in space to-date are III-V 

compound and crystalline silicon solar cells, which need to resist high-energy 

cosmic radiation due to the reduction of earth’s magnetic field at high 

altitudes.110 Although these technologies have proven to be very efficient, 

their main drawbacks are the low power to weight ratio, the cost of 

production, and their durability in the harsh conditions of space.111,112  
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Perovskites can result in efficient and lightweight solar cells due to their high 

absorption coefficient,20 and their long charge carrier diffusion lengths31 which 

leads to an impressive high power to weight ratio of 26 W/g113 with a thickness 

in general below 1 micrometre.15 More interestingly, vacuum-deposited solar 

cells can stand out thanks to their specific advantages, most importantly the 

complete lack of volatile solvents in the finished stack. Additionally, there are 

reports mentioning that some fundamental properties, such as their even 

longer charge carrier diffusion lengths of more than 1 µm are better than in 

solution processed analogous.114 It is expected that perovskite  can dissipate 

the high generation of carriers due to cosmic electrons and Cerenkov 

radiation. Metal halide perovskites’ low defect density115 is also useful for 

space applications, as it has been demonstrated to be a key factor for radiation 

hardness when perovskite single crystals were exposed to electron 

beams.116,117 Additionally, the versatility of vacuum processes is appealing, for 

instance, in the possibility of flexible substrate deposition, the high purity of 

the material and its high robustness due to the stable cubic structure at room 

temperature.14 

According to the standard space solar cell qualification and quality 

requirements, AIAA S-111A-2014/A1-2019, the tests to predict degradation in 

space require the use of high energy electron irradiation. Seminal reports have 

shown a moderate to high impact of electron radiation on the general 

performance of perovskite solar cells, yet they never start from high efficiency 

devices.116,118,119 Additionally, several of these studies used lower energy (keV) 

electron beams, in general those used in scanning electron microscopy, 

showing structural changes in solution processed perovskite films.120 Recently, 

highly efficient solution processed PSCs were tested under electron 

irradiation.121 In that study, the initial PCE was around 20 %, and upon 

exposure to 1 MeV e-beam with an accumulated fluence up to 1015 e-/cm2, a 

significant reduction in the PCE of the solar cells was observed. This was 

caused by a strong reduction in the short circuit current (Jsc), caused by a 

combination of irradiation induced darkening of the substrate (soda lime 

glass) and perovskite degradation. 

Additional FF deficits observed for the highest electron doses might be 

attributed to the presence of a doped system as front layer for the irradiation. 

Metal oxides are known to be more robust than doped organic materials 

under electron beams. Knock-on damage, ionization, and inelastic scattering 

are the main damage effects of high energy electrons. Exposing metal oxides 

to different electron doses leads to defects in the metal oxide crystal 

structure, generally beneficial for the charge transport, increasing their 
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conductivity.122,123 Moreover, doped systems tend to suffer more damage 

from electron exposure, according to several works testing both organic and 

inorganic materials for electron microscopy.124 

 

For these reasons, in this work I tested the effects of electron irradiation on 

vacuum-deposited perovskite solar cells employing a metal oxide as front 

layer, showing the robustness of the P-i-N structure developed in chapter 4. 

The electron irradiation was performed in TU Delft, in the Netherlands, by the 

group of Prof. Ferdinand Grozema following a procedure described in the 

following section. I prepared the devices and characterized them before and 

after the electron exposure. As a result, the combination of a TMO as front 

layer and vacuum-deposited perovskites as light absorber led to a very robust 

system which displayed minimal changes upon the electron exposure for the 

first time in literature. As a result, new applications for PSCs are currently 

being tested, with several space flights scheduled for the coming years. 

 

5.2  Experimental and methodology 
 

The preparation and characterization of the samples in this chapter follows a 

similar procedure than the one reported in chapter 4, being the only 

difference the type of substrate used. Here, we employed ITO-coated quartz 

substrates to avoid the darkening of the substrate under the electron beam, 

which happened when using standard soda lime glass due to the presence of 

impurities. The ITO on the quartz substrate was patterned using HCl gas as 

etching agent. The devices were encapsulated using an aluminium plate 

coated with a UV-curable resin on the edges as encapsulant. The irradiation 

experiments were performed at Delft university using 1 MeV electrons from a 

Van de Graaf electron accelerator, at 20 ºC, for approximately 200 and 2000 s 

(5 x 1011 e- s-1cm-2), for the 1014 and 1015 e-/cm2, respectively. The device 

structure is: Glass or quartz / ITO / MoO3 (7 nm) / TaTm (10 mn) / CH3NH3PbI3 

(600 nm) / C60 (25 nm) / BCP (7 nm) / Ag (100 nm).  
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5.3  Results and discussion 
 

The first irradiation experiments were performed on our standard device 

stack, which used ITO coated soda lime glass as substrate. As it was said 

before, the material turned into a dark brown colour due to the presence of 

impurities, which act as traps for electrons, leading to colour centres in the 

material.125 As a consequence, Jsc was reduced due to the parasitic absorption 

of the glass and therefore the overall efficiency, going from 18% to 12 and 10% 

for fluences of 1014 and 1015 e-/cm2, respectively. 

To reliably measure the Jsc of the devices I used ITO-coated quartz substrates, 

which do not react under the electron flux. This second batch of cells was 

irradiated under fluences of 1014, 1015 and 1016 e-/cm2. 1014 e-/cm2 is equal to 

10 years in low orbit conditions. More than 20 cells were irradiated at each 

fluence to have enough data points. In figure 25 all the results are 

summarized. We show, for each fluence, the solar cell parameters measured 

before (dark colour and closed symbol) and after irradiation (light colour and 

open symbol). On average, the solar cell parameters after irradiation are: Jsc 

of 21.5 mA/cm2 , Voc of 1.105 V and  FF of 80%, leading to a PCE of ~19 %. It 

was found that, even for the highest dose, the solar cell parameters remained 

unchanged, which is surprising and shows how robust these devices are. Only 

the FF shows a general decrease for all the doses, but independent on the 

electron fluence, which discards a possible degradation coming from the 

irradiation and points more towards general ageing of the devices. 
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Figure 25: Quartz substrate-based PSCs. a) Representative J–V curves obtained 
under 1 sun illumination for solar cells exposed to different accumulated fluences. 
b–e) PCE, Jsc, Voc, and FF versus accumulated electron fluence, respectively, of the 
quartz substrate-based solar cells. Closed symbols are the values before irradiation 
and open symbols are after irradiation 

 

We found that samples with the initial performance below the average 

displayed a recovery after irradiation (figure 25, red). All of them have very 

similar performances after irradiation. This healing effect was observed mainly 

in Voc and Jsc and we ascribe it to the passivation of possible traps in the 

perovskite. To confirm this, we measured the photoluminescence of the 

irradiated devices. The steady state photoluminescence was measured using 

an excitation wavelength of 350 nm with a bandwidth of 7 nm and a wide 

emission range from 380 to 910 nm (Figure 26). The photoluminescence signal 

of the HTL used, TaTm, appears around 450 nm and is identical in shape for all 

irradiation doses. Hence, no detectable damage can be observed for this layer. 

The typical photoluminescence of MAPI is observed at 769 nm. When plotted 

in a logarithmic scale (figure 26, b) an additional emission can be observed at 

650 nm for the cells irradiated with accumulated fluences of 1015 and 1016 e-

/cm2. A similar higher energy emission was observed by Xiao et al., after 

exposing solution processed MAPbI3 films to electron beams with keV 

energies. They attributed that emission to the formation of perovskite phases 

with an excess of PbI2.120 We hypothesize that these perovskite phases may 

passivate the traps in the defective samples, increasing charge collection and 

reducing recombination, therefore increasing Jsc and Voc. We found that the 

a) 

b) c) 

d) e) 
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intensity of that higher energy emission is two orders of magnitude lower than 

the primary emission from MAPI and hence, this is only a marginal effect in 

our sublimed perovskite films. As it was said before, electron-beam damage 

observed on solution processed films was much higher compared with single 

crystal samples.116,117 This would indicate that the vacuum sublimed 

perovskite are more stable under high energy irradiation due to their lower 

trap density.115  

 

Figure 26: Fluorescence spectrum of devices irradiated at different electron doses in 
linear (a) and logarithmic scale (b). An excitation wavelength of 350 nm was used. 

 

Analysis of the irradiated MAPI films using XRD and SEM did not reveal any 

significant change in the crystallinity or grain morphology (Figure 27). Other 

characterization techniques were done in Delft university, such as time 

resolved microwave conductivity (TRMC), explained in detail in the complete 

publication after this section. These measurements, again, only showed a 

minimal impact of the irradiation on the perovskite charge carriers’ lifetime. 



101 
 

 

Figure 27: XRD spectra (a) and SEM images (b) of perovskite samples deposited on 

glass and capped with PMMA as encapsulation, which were exposed to different 

electron doses. 

 

5.4   Conclusions 
 

In conclusion, we expose vacuum-deposited perovskite solar cells developed 

in the previous chapter to high doses of 1 MeV electrons, we chose this 

configuration which use a metal oxide in the front side for hole injection to 

check the robustness of these PSCs in conditions that simulate in an 

accelerated way the exposure to cosmic electrons. Such an analysis is 

fundamental for future space applications. We demonstrate beyond any 

doubt that these samples can survive high doses of 1 MeV electrons, which 

simulate  decades in low orbit. The samples can retain power conversion 

efficiencies of more than 18% for the first time, and even improve their 

performance when the values are lower than the average. We attribute this 

to a passivation of defects by the formation of rich PbI2 phases in the 

perovskite induced by the electron’s kinetic energy, demonstrated by 

photoluminescence and TRMC experiments.  
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5.5  Contribution of the author 
 

The work developed in this chapter was carried out in collaboration with Dr. 
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Chapter 6: 

Conclusions 

  

 

 

 

 

 

 

“The good thing about science is that it is true, whether or 

not you believe in it.” 

Neil Degrasse Tyson 
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6. Conclusions 
 

This thesis aimed to substitute doped organic layers by transition metal oxides 

in highly efficient vacuum-deposited perovskite solar cells to increase their 

stability and performance. We achieved a functional and efficient N-i-P 

structure with metal oxides in both contacts and a stable and efficient P-i-N 

design under space conditions using a metal oxide as the front layer. 

In chapter 3, I substitute the N layer, based on a doped organic material, for 

TiO2 in an N-i-P structure. Changing the thick doped C60 layer for a thin TiO2 

layer reduced the parasitic absorption and the charge carrier recombination, 

which led to an overall increase in all the solar cell parameters. We achieved 

a PCE > 20% and the highest Voc for MAPI absorbers at that moment, close to 

the thermodynamical limit. We found an interesting activation behaviour 

magnified under certain simulated illumination regimes, attributed to an 

initial poor charge transport within the metal oxide layer. The small UV-

component of AM1.5G illumination was enough to overcome this problem, 

adjusting the band alignment of the metal oxide with the perovskite and 

leading to FFs higher than 80%. Finally, by depositing a 1 µm-thick perovskite 

layer, we achieved very high PCEs, close to 21%, a new record for vacuum-

deposited MAPI perovskites. 

In chapter 4, I continued this work, targeting the complete substitution of the 

doped organic layers in the newly developed N-i-P architecture. The 

substitution of the doped P layer for MoO3 was firstly optimized on the P-i-N 

standard configuration, with the main finding that an annealing step of the 

metal oxide layer was required to induce charge states that contribute to the 

charge transport. I developed a method to chemically induce those states by 

depositing on top a 1.5 nm layer of TPBi. This interlayer circumvents the need 

for any heat treatment, which might be detrimental in multilayer stacks such 

as the N-i-P configuration. By using this MoO3/TPBi bilayer, we achieved a P-i-

N design with a PCE > 19%. When the MoO3 extraction layer was then 

implemented on N-i-P, the diffusion of MoO3 into the already deposited layers 

was causing a decrease in Voc. A thin TPBi interlayer introduced prior to the 

MoO3 deposition protected the underlying layers, stopping the MoO3 diffusion 

completely with just 1.5 nm of TPBi due to this chemical interaction. Using 

MoO3 we achieved an N-i-P configuration with metal oxides on both sides of 

the device, with a PCE higher than 18%. This was the first double-oxide 

configuration in vacuum-deposited perovskite solar cells with high PCEs. 
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Finally, in chapter 5 I tested the robustness of the P-i-N configuration 

developed in the previous chapter under different accumulated 1 MeV 

electron doses, simulating several decades in space conditions. We chose this 

configuration due to its future compatibility with a silicon-perovskite tandem 

cell. By using a quartz substrate I avoided the darkening of the material due to 

the high energy electrons, achieving PCEs of more than 18% after irradiation 

for fluences of 1014, 1015, and even 1016 e-/cm2. Besides the unaffected PCEs in 

the best pixels, those with performances below the average also displayed a 

“self-healing” effect, increasing their Voc and Jsc. We attributed these 

improvements to the formation of PbI2-rich phases in the perovskite induced 

by the electron’s kinetic energy, which act as a passivator for defects and 

traps, as we confirmed by means of photoluminescence and TRMC. With this 

we demonstrated the potential of vacuum-deposited perovskite solar cells 

with a metal oxide as front layer for space applications. 

In conclusion, in this thesis I have successfully implemented the use of 

transition metal oxides on vacuum-deposited solar cells with record power 

conversion efficiencies and proved their stability in harsh conditions such as 

space. For the first time, we achieved PCEs higher than 20% for sublimed MAPI 

perovskite using metal oxides as transport layers, with Vocs higher than 1.15V. 

I also found a novel method to deposit a metal oxide on top of the stack, 

leading to a double-oxide configuration, and tested the devices under extreme 

conditions with successful results for the first time in the perovskite field, 

opening the possibility of interesting space applications for vacuum-deposited 

perovskite solar cells with metal oxides. 
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Chapter 7:  

Resumen en castellano 

 

 

 

 

 

 

 

“The Universe is under no obligation to make sense to you.” 

Neil Degrasse Tyson 
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7. Resumen en castellano 
 

7.1  Capítulo 1: Introducción 
 

La humanidad precisa energía para vivir y evolucionar, como individuos y 

como sociedad. El 80% de la energía obtenida actualmente proviene de 

fuentes no renovables (figura 1), las cuales generan subproductos como el 

dióxido de carbono y el metano, los cuales contribuyen al efecto invernadero. 

La energía fotovoltaica es una gran candidata para sustituir estas fuentes de 

energía dada su versatilidad y adaptabilidad, dado que el sol ofrece una 

cantidad de energía por unidad de área muy grande. A través de la conversión 

de esta energía solar en electricidad a través del efecto fotoeléctrico mediante 

el uso de placas solares nos puede ayudar en esta transición hacia las energías 

limpias.  

Actualmente el silicio domina el mercado de las placas solares, con más de un 

80% de producción anual.3 El silicio policristalino es barato y funciona 

adecuadamente, pero no es tan eficiente como el monocristalino, el cual tiene 

un mayor coste y complejidad de fabricación. Además, ambos coinciden en el 

inconveniente de tener un ancho de banda o bandgap indirecto, lo cual 

conlleva una peor absorción de la luz y consecuentemente la necesidad de 

fabricar capas de un grosor superior a otros materiales para absorber 

suficiente luz. Existen alternativas como el silicio amorfo, telururo de cadmio 

y CIGS (Seleniuro de Cobre Indio y Galio), preparadas en capas finas dados sus 

altos coeficientes de absorción. Las células solares de arseniuro de galio son 

las más eficientes de esta lista, aunque sus costes de producción son tan altos 

que su aplicación se ciñe a campos muy específicos como el espacial.  

También existen tecnologías emergentes con propiedades interesantes como 

la versatilidad en la deposición, flexibilidad o bajo coste, aunque hoy en día la 

mayoría tienen eficiencias menores en comparación con las anteriores. 

Algunos ejemplos son las células de sulfuro de cobre estaño zinc (CZTS), las de 

colorantes sensibilizados, las células solares orgánicas, las de puntos cuánticos 

y las de perovskita.4 Estas últimas destacan dadas sus ventajosas propiedades 

como el alto coeficiente de absorción, baja energía de unión de los excitones 

o facilidad para modificar la energía del bandgap. Además, los costes de 

producción son bajos y sus productos abundantes.5 Por ello, en esta tesis nos 

centraremos en esta tecnología, explicada en profundidad en las siguientes 

secciones. 
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7.1.1 Células solares de perovskita 
 

Cuando un fotón con una energía suficiente es absorbido en un 

semiconductor, un electrón de la banda de valencia pasa a la banda de 

conducción. La diferencia de energía entre estas dos bandas es lo que se 

conoce como bandgap. La ausencia de ese electrón en la banda de valencia es 

una partícula o entidad conocida formalmente como hueco. En función de la 

interacción coulómbica entre el electrón y el hueco se puede o bien formar un 

excitón o electrones y huecos libres, lo cual depende de la energía de esta 

unión. Si esta energía es mayor a la energía térmica (kT) se dice que el material 

es excitónico, lo cual no es ideal para una célula solar, ya que se requiere una 

energía extra para separar las cargas fotogeneradas. 

En las células solares de perovskita (PSCs), los fotones son absorbidos en el 

material fotoactivo, la perovskita. Los pares de electrones-huecos generados 

pueden terminar recombinando o ser aprovechados en forma de trabajo si 

son extraídos a un circuito externo. La recombinación puede ser radiativa, 

generando un fotón, o no radiativa, generando calor. Una forma de reducir 

esta pérdida de energía es induciendo un gradiente para separar estas cargas. 

Esto se consigue colocando la perovskita entre dos materiales selectivos para 

electrones y huecos, los cuales dejan pasar los electrones mientras bloquean 

los huecos y viceversa, lo cual genera un gradiente que actúa como fuerza 

motriz para su transporte y separación. Estos materiales son generalmente 

semiconductores con un exceso de carga negativa (tipo N) o carga positiva 

(tipo P), la cual se induce químicamente o dopando los materiales. Al colocar 

la perovskita entre estos dos materiales se forma una estructura conocida 

como P-i-N. La concentración de cargas positivas o negativas en cada material 

determina la densidad de estados energéticos, y con ello el conocido nivel de 

Fermi (EF). En un material intrínseco este se encuentra en la mitad del bandgap 

mientras que en un material tipo P se encuentra más cercano a la banda de 

valencia, por ejemplo. La diferencia entre el EF de los contactos genera una 

diferencia de potencial (Vbi). El campo eléctrico inducido actúa como fuerza 

motriz que permite que los electrones y huecos sean extraídos 

separadamente gracias la selectividad de los materiales P y N (figura 2). 

En circuito abierto, los electrones y huecos no tienen un circuito externo a 

donde ser extraídos y terminan recombinando. En cambio, en circuito cerrado 

y aplicando un voltaje externo menor que el Vbi, la difusión por diferencia de 

gradiente de los electrones y huecos fotogenerados y su flujo debido al campo 

eléctrico interno tiene el mismo signo, siendo extraídos al circuito externo. En 
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cambio, si el voltaje es superior al Vbi, la corriente de difusión es superada por 

la corriente del campo eléctrico inducido por el voltaje y los electrones y 

huecos son, en este caso, inyectados en la perovskita. 

 

7.1.2 Perovskitas para uso fotovoltaico 
 

Perovskita es cualquier mineral cuya estructura puede expresarse como ABX3, 

donde A es un catión monovalente, B un catión divalente con coordinación 

octaédrica, y X un anión monovalente. Así, se forma una estructura octaédrica 

con un catión B coordinado por 6 aniones X y con aniones A rellenando los 

intersticios de 8 octaedros (figura 3). Para determinar si un elemento podrá 

formar una estructura de perovskita se usa la fórmula del factor de tolerancia 

de Goldschmidt, el cual predice estructuras estables siempre que se encuentre 

entre 0.7 y 1.1 (figura 4). 

Para que una perovskita tenga aplicaciones fotovoltaicas debe tener un catión 

‘A’ orgánico y pequeño como el metilamonio (CH3NH3
+), formamidinio 

(NH2CHNH2
+) o un ion como el cesio (Cs+). El catión ‘B’ debe ser un ión 

metálico, generalmente Pb2+ o Sn2+, y el anión ‘X’ debe ser un haluro, 

generalmente yoduro o bromuro, aunque también puede usarse el cloruro.  

Variando estos elementos A, B y X se pueden modificar totalmente las 

propiedades ópticas y electrónicas del material. Modificar el haluro afecta 

principalmente a la banda de valencia y por ello se incrementa la energía del 

bandgap al pasar de yoduro a bromuro o cloruro. El catión A no participa 

directamente en la banda de valencia ni en la de conducción, pero afecta al 

volumen de la celda unidad de perovskita (figura 5).7–10 Modificar el tamaño 

de este catión A reemplazando por ejemplo el CH3NH3
+ por Cs+ conlleva a una 

disminución de los niveles energéticos del plomo de manera indirecta. Ello 

implica cambios menores en la energía del bandgap, pero puede tener un gran 

impacto en la estabilidad química de la perovskita, siendo por ejemplo más o 

menos estable a altas temperaturas. 

La perovskita más empleada en usos fotovoltaicos es la de triyoduro de 

metilamonio y plomo (CH3NH3PbI3), también abreviada como MAPI. Su 

estructura puede pasar de tetragonal a cúbica sobre los 56 ºC12,13 aunque 

también se ha encontrado en fase cúbica a temperatura ambiente.14 Es un 

material muy adecuado para su uso en células solares ya que posee 

propiedades tales como: 
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1. Alto coeficiente de absorción en un rango amplio de longitudes de 

onda, comparable con tecnologías usadas en células solares de alta 

eficiencia como las de GaAs o CdTe.20 

2. Baja energía de unión del excitón. La energía necesaria para separar 

los electrones y huecos es inferior a la energía térmica, facilitando la 

generación de portadores de carga libres a temperatura ambiente.21–

24 Esto es debido a la alta constante dieléctrica de la perovskita, que 

tiene un efecto amortiguador en la interacción entre electrones y 

huecos. 

3. Largas distancias de difusión de los portadores de carga. Los 

electrones y huecos pueden recorrer distancias superiores al propio 

grosor de la perovskita sin recombinar.25–27 Esto permite usar grosores 

mayores sin reducir la eficiencia del dispositivo, incrementando así la 

recolección de fotones.28–30,32,33,126 

4. Alta tolerancia a los defectos. Los defectos en la estructura cristalina 

de la perovskita tienen un impacto muy bajo en la eficiencia final del 

dispositivo. Aunque estos defectos pueden inducir estados 

electrónicos que derivarían en centros de recombinación, suelen estar 

localizados en las propias bandas electrónicas y no en el bandgap, 

teniendo así un impacto mínimo. 

 

7.1.3 Técnicas de deposición 

 

Existe una gran variedad de técnicas de deposición de bajo coste para las 

perovskitas (figura 6). Elegir la adecuada es importante, ya que tendrá un gran 

impacto en las propiedades finales de la capa, como la cristalinidad, tamaño 

de los granos o el grosor final.28,35 Los métodos por disolución usan 

generalmente disolventes polares como la N,N dimetilformaamida (DMF), 

dimetil sulfóxido (DMSO) o γ-butirolactona (GBL) para disolver los 

componentes de la perovskita. Una vez disueltos, se deposita la disolución por 

blade-coating o spin-coating, controlando la velocidad de evaporación del 

disolvente para conseguir la cristalización deseada, además de seleccionar la 

velocidad de deposición, rotación y temperatura de secado.36 También se 

puede promover la cristalización usando un anti-disolvente, o disolvente en el 

que la perovskita es insoluble. Si se añade antes del secado total una pequeña 

cantidad de este se puede controlar mejor la velocidad de cristalización, 

mejorando la calidad de las capas de perovskita. Existen también métodos en 

dos pasos, donde primero se deposita el haluro de plomo a partir de una 
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disolución de éste y a continuación se convierte a perovskita exponiéndolo al 

resto de los componentes. Esto se puede hacer depositando los componentes 

restantes por spin-coating o sumergiendo la capa de PbX2 en una disolución 

de estos. Finalmente se aplica temperatura para promover la reacción de los 

componentes y evaporar los restos de disolvente.42–45 Este proceso se puede 

combinar con técnicas de disolución y de evaporación, donde por ejemplo se 

puede evaporar una capa de PbX2 y convertirla a perovskita depositando los 

demás componentes por disolución o viceversa.  

 

7.1.4 Deposición a vacío 
 

La deposición a vacío consiste en sublimar en alto vacío los materiales 

necesarios para la formación de la perovskita con una composición concreta 

sobre un sustrato. Tiene ciertas ventajas con respecto a las técnicas ya 

descritas: 

-Alta pureza de los materiales debido a la mayor temperatura de sublimación 

de las impurezas. 

-Control preciso del grosor a través de microbalanzas de cristal de cuarzo 

(QCM), las cuales permiten un control nanométrico. 

-Compatibilidad con multitud de sustratos, ya que si se usan condiciones 

estequiométricas no es necesario aplicar una temperatura para la conversión. 

Esto permite usar sustratos sensibles a la temperatura como plásticos. 

-Intrínsecamente aditivo, siendo posible depositar materiales con polaridades 

similares consecutivamente dada la ausencia de disolventes en el proceso. 

Podemos dividir la deposición a vacío en función del número de fuentes de 

evaporación empleadas: 

-Deposición con 1 fuente de evaporación: Es el método más simple de obtener 

una capa compacta de un material dado. Se usa generalmente para depositar 

moléculas orgánicas, simplemente depositando el material en un crisol y 

aplicando temperatura hasta su evaporación o sublimación. Este método 

también permite preparar materiales multicomponente como la perovskita a 

través del método “evaporación flash”, donde se añade al crisol una mezcla 

de todos los componentes juntos.46–48 Se incrementa la temperatura muy 

rápidamente para conseguir una evaporación homogénea. 



126 
 

-Deposición multi-fuente: Para preparar un material multicomponente lo ideal 

es poder controlar con precisión la cantidad de cada material evaporada. Este 

apartado se puede dividir en co-evaporación y deposición secuencial. En la 

primera (figura 6, c), se evaporan dos o más materiales al mismo tiempo 

controlando la cantidad de cada uno de ellos con QCMs. Este método se usa 

principalmente para la preparación de capas orgánicas dopadas, evaporando 

el material orgánico y el dopante al mismo tiempo, y para perovskitas, 

evaporando cada componente de manera controlada. En cambio, en la 

deposición secuencial se evaporan los distintos componentes uno detrás de 

otro en forma de capas finas (menos de 50 nm) y a través de calor y difusión 

se obtiene una capa homogénea e isótropa.  

 

7.1.5 Óxidos metálicos como capas transportadoras 
 

Algunos óxidos metálicos tienen excelentes propiedades transportadoras 

tanto para huecos como para electrones (figura 7). Son muy robustos 

químicamente, tienen poca absorción parásita de luz y se pueden depositar 

en una amplia variedad de métodos. Los óxidos de metales de transición 

concretamente forman un buen contacto óhmico con los cátodos y ánodos 

usados generalmente en las PSCs, lo cual implica una inyección de cargas más 

eficiente. Una de sus principales características es el auto-dopaje, donde a 

través de defectos en su estructura tridimensional (vacantes de metal o de 

oxígeno, por ejemplo), se da lugar a nuevos estados electrónicos ocupados y 

desocupados cerca de la banda de valencia o de conducción, dando así lugar 

a un dopaje de tipo N o tipo P. 
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7.1.6 Objetivos de la tesis 

 

Esta tesis apunta hacia la mejora de las células solares de perovskitas 

preparadas por evaporación, mejorando su estabilidad y eficiencia. Para 

conseguirlo exploramos la sustitución de las capas orgánicas dopadas 

implementando como sustituyente óxidos de metales de transición. La tesis 

se estructura de la siguiente forma: 

-Capítulo 3: Sustitución del C60 dopado en las células solares N-i-P usando una 

dispersión de nanopartículas de TiO2, desarrollando así dispositivos de alta 

eficiencia y con mayor reproducibilidad. 

-Capítulo 4: Sustitución del TaTm dopado por MoO3 en células solares P-i-N y 

su posterior implementación en la configuración N-i-P del capítulo anterior, 

desarrollando así un diseño con óxidos metálicos en ambos contactos. 

-Capítulo 5: Caracterización de la estructura P-i-N del capítulo anterior bajo 

condiciones espaciales, donde se demostró la alta estabilidad de estas células 

solares de perovskita a gran altitud. 

 

7.2  Capítulo 2: Metodología experimental 
 

Todo el trabajo experimental ha seguido el método científico y se ha 

desarrollado en una sala limpia de clase 10000 para reducir la presencia de 

polvo y otras partículas contaminantes, dado el fino grosor de los dispositivos 

(<1 µm).  

 

7.2.1 Materiales 
 

Los principales materiales empleados son el óxido de indio y estaño sobre un 

sustrato de cristal a modo de contacto transparente, sobre el cual se depositan 

el resto de materiales, los cuales son generalmente N4,N4,N4”,N4”-

tetra([1,1’-biphenyl]-4-yl)[1,1’:4’,1”-terphenyl]-4,4”-diamine (TaTm) y MoO3 

como HTL, y TiO2 y C60 como ETL. Todos son comerciales y han sido 

previamente purificados (figura 8).  
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7.2.2 Fabricación de la perovskita de CH3NH3PbI3 

 

La perovskita se prepara por co-evaporación de sus dos precursores, PbI2 y 

CH3NH3I en una cámara de alto vacío (figura 9). Los materiales se depositan en 

crisoles cerámicos calentados con fuentes Creaphys. Estas se sitúan a 20 cm 

de los sustratos, los cuales se encuentran bocabajo en un ángulo de 90º. Se 

usan sensores de microbalanzas de cristal de cuarzo QCMs para monitorizar la 

cantidad de cada material que se evapora en cada fuente y otro sensor extra 

más arriba para la deposición total. Toda la evaporación se lleva a cabo a 

aproximadamente 10-6 mbar. Las temperaturas para cada material son 

aproximadamente 80 ºC para el CH3NH3I y 260 ºC para el PbI2. El CH3NH3I se 

mantiene a un ritmo de evaporación de 1 Å/s y se ajusta el PbI2 para tener 

condiciones estequiométricas. El grosor final de la perovskita es de unos 600 

nm. 

 

7.2.3 Fabricación de los dispositivos 
 

La estructura general para una célula solar P-i-N se muestra en la figura 10 y 

consta de: Vidrio / ITO / MoO3 (7 nm) / TaTm (10 nm) / CH3NH3PbI3 (600 nm) 

/ C60 (25 nm) / BCP (7 nm) / Ag (100 nm), donde el C60 y el TaTm actúan como 

capas transportadoras de electrones y huecos, respectivamente, MoO3 y BCP 

como capas inyectoras de huecos y electrones, respectivamente, y la plata es 

el contacto superior. TaTm y C60 se sublimaron a una velocidad de 0.5 Å/s y las 

temperaturas oscilaron entre 300-400 ºC. BCP fue sublimado a una velocidad 

de 0.3 Å/s y a 150 ºC. MoO3 y Ag fueron sublimados en una cámara de vacío 

distinta, la cual funciona aplicando una corriente muy alta (unos 4 A) para 

alcanzar la temperatura requerida. 

Para la célula solar N-i-P la estructura es: Vidrio / ITO / SnO2 (30 nm) / C60 (10 

nm) / CH3NH3PbI3 (600 nm) / TaTm (10 nm) / TPBi (1 nm) / MoO3 (7 nm) / Au 

(100 nm), donde la única diferencia con la P-i-N es el orden de deposición y 

que en este caso se usa SnO2 como capa inyectora de electrones y la 

combinación TPBi/MoO3 como capa inyectora de huecos. El TPBi fue 

sublimado de la misma manera que el TaTm y el C60, pero a una velocidad 

menor al ser sólo 1 nm, sobre unos 0.2 Å/s y 170 ºC. 
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7.2.4 Caracterización de las células solares 
 

-Eficiencia cuántica externa (EQE): Es el ratio entre el número de fotones que 

llegan al dispositivo y el número de pares electrón/hueco generados, 

representado en función de la longitud de onda de los fotones (figura 11). 

-Curva de densidad de corriente-voltaje (J-V): Se basa en aplicar un barrido a 

distintos voltajes y medir la corriente que pasa por el dispositivo. Se puede 

realizar en oscuridad o en iluminación. En oscuridad se obtienen parámetros 

como la corriente de fuga o la resistencia en serie del diodo, mientras que en 

iluminación se obtienen los principales parámetros de la célula solar como 

son: 

-Densidad de corriente en circuito cerrado (Jsc): Es la corriente fotogenerada 

que fluye por el dispositivo cuando el voltaje aplicado es 0. 

-Voltaje en circuito abierto (Voc): Es el máximo voltaje disponible en la célula 

solar cuando la corriente es 0. 

-Factor de llenado (FF): Es un parámetro obtenido del ratio entre la potencia 

máxima de la célula solar y el producto de Voc y Jsc. Da información acerca de 

la eficiencia de extracción de las cargas, la resistencia y la recombinación. 

-Eficiencia de conversión energética (PCE): Se define como el ratio entre la 

energía incidente y la energía generada bajo unas condiciones de iluminación 

específicas. 

 

7.3  Capítulo 3: Modificación interfacial en células solares de 

perovskita evaporadas basada en un óxido metálico 
 

7.3.1 Introducción 
 

El uso de óxidos metálicos como capas de inyección está muy extendido en el 

campo de las células solares de perovskita por sus propiedades ventajosas 

tales como: baja absorción parásita, altas movilidades de electrones y huecos, 

buena estabilidad y facilidad de deposición. Óxidos metálicos como el TiO2 o 

el SnO2 son actualmente los más empleados debido a sus adecuados niveles 
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energéticos para el transporte de electrones y bloqueo de huecos (figura 16) 

y la gran variedad de métodos de deposición disponibles.  

La deposición a vacío en perovskitas presenta un gran número de ventajas, 

citadas anteriormente. Células solares totalmente evaporadas han superado 

el 20% de eficiencia, compitiendo con los récords por disolución.127 Una 

característica de este tipo de células solares es el uso de capas orgánicas 

dopadas para la inyección y extracción de electrones y huecos a los contactos. 

Este tipo de sistemas tiene un gran número de ventajas, ya que pueden formar 

contactos óhmicos con los electrodos y tienen una excelente movilidad de 

huecos y electrones junto con una resistencia en serie baja. Por otro lado, en 

ellas se produce una absorción parasítica de la luz y tienen una cierta 

inestabilidad química.83,84 

Por ello, el uso de óxidos metálicos en sustitución de estas capas podría ser 

interesante en células solares de perovskita evaporada. Algunos estudios 

sugieren que la deposición de perovskita por evaporación sobre óxidos 

metálicos promueve una interfaz enriquecida en PbI2 debido al bajo 

coeficiente de adhesión del MAI, lo cual es negativo para el transporte de 

cargas dada la naturaleza aislante del PbI2. Añadir capas finas 

autoensambladas (SAM) ha demostrado evitar este efecto de falta de 

estequiometría, aunque no se han llegado a fabricar dispositivos 

funcionales.85,86 

Por todo ello y motivado por las tendencias de las células solares de perovskita 

depositadas por disolución, en este trabajo sustituyo la capa dopada de tipo 

N en la estructura N-i-P de las células solares evaporadas de alta eficiencia. 

Para ello, empleo una capa compacta de nanopartículas de TiO2 depositadas 

a baja temperatura, con la que consigo reducir la absorción parásita de la luz 

y reducir la recombinación de electrones y huecos. Una capa fina de C60 fue 

depositada entre el TiO2 y la perovskita para pasivar las trampas electrónicas 

superficiales y promover un crecimiento estequiométrico de la perovskita. Por 

todo ello, se pudo depositar la perovskita con un grosor cercano a 1 µm, 

consiguiendo así una eficiencia superior al 20%, la mayor obtenida en células 

solares de perovskita MAPI evaporada en aquel momento.  
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7.3.2 Resultados y discusión 
 

La estructura de los dispositivos de este capítulo consiste en: ITO / TiO2 (30 

nm) / CH3NH3PbI3 (500-600 nm) / TaTm (10 nm) / TaTm:F6-TCNNQ (40 nm)/ 

Au (100 nm). Donde el TiO2 se depositó por spin coating siguiendo un proceso 

a baja temperatura (100 ºC) y el resto de las capas se depositaron por 

evaporación a vacío, proceso descrito en el apartado 7.2.  

Inicialmente, las eficiencias de los dispositivos revelaron un funcionamiento 

pobre de los dispositivos, siendo menores al 10% (figura 17, a). Atribuimos 

esto a una mala formación de la perovskita sobre el óxido como otros trabajos 

ya han demostrado anteriormente. Añadimos una capa fina de 10 nm de C60 

entre el TiO2 y la perovskita para paliar este efecto negativo. Con ello 

conseguimos mejorar drásticamente todos los parámetros fotovoltaicos 

(figura 17, b), mostrando una menor recombinación y mejor transporte de 

cargas. Además, se observa en ambos casos un proceso de activación, 

mejorando la eficiencia tras sucesivas mediciones. Este proceso se vio 

acelerado cuando la lámpara empleada para las medidas en iluminación era 

de xenón, la cual posee una componente ultravioleta (tabla 1). Medidas de 

Kelvin probe e impedancia evidenciaron que la luz ultravioleta modifica la 

función de trabajo del TiO2, mejorando el alineamiento de las bandas y con 

ello el transporte de cargas con la perovskita. 

Así, las células solares que empleaban TiO2/C60 como capa selectiva de 

electrones alcanzaron eficiencias del 18-19%, mostrando una mejor 

reproducibilidad que los dispositivos con C60 dopado (figura 18, izquierda). Se 

obtuvo voltajes de circuito abierto récord, de hasta 1.17 V, y cercanos al límite 

teórico. Esta baja recombinación fue una motivación para incrementar el 

grosor de la perovskita hasta 1 µm, maximizando así la absorción de la luz. Con 

ello obtuvimos un dispositivo récord cercano al 21% de eficiencia (figura 18, 

derecha). 

En conclusión, en este trabajo se reporta la fabricación de células solares de 

perovskita evaporada de alta eficiencia, empleando TiO2 como capa 

transportadora de electrones. Gracias al uso de un óxido metálico depositado 

a baja temperatura se obtienen eficiencias superiores al 20%, siendo las más 

altas de su momento para la perovskita CH3NH3PbI3. Una capa fina de C60 es 

depositada sobre el TiO2 para pasivar las trampas electrónicas y ofrecer un 

buen sustrato para la deposición de la perovskita evaporada. Se observa un 

proceso de activación acelerado por la luz UV presente en el espectro AM1.5G 

completo. Este trabajo abre nuevos caminos para el uso de óxidos metálicos 
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en dispositivos que emplean perovskitas evaporadas y además usa procesos 

de baja temperatura, lo cual es interesante para el uso de sustratos flexibles 

como láminas de PET o en células solares de tipo tándem. 

 

7.4  Capítulo 4: Pasivación molecular del MoO3: Alineamiento 

de bandas y protección de las capas transportadoras en 

células solares de perovskitas evaporadas. 
 

7.4.1 Introducción 

 

Como ya discutimos en capítulos anteriores, los óxidos metálicos son 

alternativas muy prometedoras de las capas orgánicas en células solares de 

perovskita. A pesar de que los dispositivos récord de tipo N-i-P emplean un 

óxido metálico en la parte N, siguen dependiendo de una capa dopada en la 

parte P para la inyección de huecos, generalmente Spiro-OMeTAD.57 De 

manera similar, las mejores células solares de tipo P-i-N usan polímeros como 

el PEDOT:PSS o PTAA en la parte P.90  

Los óxidos de metales de transición (TMOs) son candidatos excelentes para 

sustituir a estos materiales moleculares dado su excelente transporte de 

cargas, facilidad de deposición, función de trabajo variable y baja absorción 

parasítica. Por ejemplo, el NiO es ampliamente utilizado en células solares P-

i-N alcanzando eficiencias superiores al 21%,93 aunque debido a la alta 

temperatura de sinterizado necesaria no es un buen candidato para la 

estructura N-i-P. 

Por otra parte, TMOs de tipo N como el MoO3 son también candidatos 

interesantes dada su alta función de trabajo que permite una inyección 

eficiente de huecos.100  Al ser un material de tipo N, el MoO3 no puede actuar 

como bloqueador de electrones y debe ir acompañado de un material 

orgánico con un LUMO bajo que, a su vez, permita un crecimiento adecuado 

de la perovskita en la estructura P-i-N, como ya discutimos en el capítulo 

anterior. Los huecos fotogenerados pasan al HTL y recombinan con un 

electrón en la banda de conducción del MoO3, actuando así como capa 

inyectora de huecos (figura 20). También se ha sugerido que el MoO3 

transporta las cargas a través de estados electrónicos en el bandgap que 

pueden ser inducidos mediante temperatura o químicamente.61,94,102 
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Por ello, en este capítulo implementamos el uso de MoO3 en células solares 

de perovskita evaporada. En primer lugar, en la estructura de tipo P-i-N y, una 

vez optimizada su deposición, en la N-i-P desarrollada en el capítulo anterior. 

Así, conseguimos la primera configuración de alta eficiencia que emplea 

óxidos metálicos en ambas capas N y P en células solares de perovskita 

evaporada. 

 

7.4.2 Detalles experimentales y metodología 
 

La estructura de los dispositivos P-i-N es: ITO / MoO3 (7 nm) / TaTm (10 nm) / 

CH3NH3PbI3 (590 nm) / C60 (25 nm) / BCP (7 nm) / Ag (100 nm) (figura 21, a). 

El MoO3 y el TaTm actúan como capas de inyección y transporte de huecos. El 

C60 y el BCP como transporte e inyección de electrones. La capa de MoO3 fue 

evaporada sobre el ITO y calentada a 100 ºC durante 10 minutos en atmósfera 

inerte. El resto de capas se prepararon siguiendo los procesos descritos en las 

secciones 7.2 y 7.3. 

La estructura N-i-P es: ITO / TiO2 (30 nm) / C60 (10 nm) / CH3NH3PbI3 (590 nm) 

/ TaTm (10 nm) / TPBi (2 nm) / MoO3 (7 nm) / Au (100 nm) (figura 23, a) 

La parte N es idéntica a la de la sección 7.3, mientras que el TaTm dopado es 

sustituido por la combinación TPBi/MoO3. 

 

7.4.3 Resultados y discusión 
 

En primer lugar, se optimizó la deposición de MoO3 en la estructura P-i-N. Se 

observó que era necesario aplicar un tratamiento térmico tras la deposición 

de la capa para aumentar el FF y el Voc bajo iluminación y la densidad de 

corriente en voltajes positivos en la curva en oscuridad (figura 21, b y c). Esto 

está atribuido a la formación de estados electrónicos por debajo del bandgap 

fruto de la creación de defectos en la estructura del MoO3.101,103 Para tratar de 

evitar el tratamiento térmico de la capa, potencialmente perjudicial en la 

estructura N-i-P, depositamos TPBi entre el MoO3 y el TaTm. Su profundo nivel 

HOMO puede mejorar la inyección de huecos, como han mostrado otros 

trabajos.104 Usando TPBi conseguimos eficiencias casi idénticas a los 
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dispositivos donde se ha tratado térmicamente la capa de MoO3 (tabla 3), con 

eficiencias cercanas al 19%. 

Se atribuye esta mejora, no solo la alta energía de ionización del TPBi, sino a 

la presencia de nitrógenos piridínicos, los cuales pueden reaccionar con el 

MoO3 a través de una transferencia de carga de los electrones solitarios del 

nitrógeno, induciendo así químicamente los estados electrónicos antes 

descritos.105,106 Para comprobar esto se usaron moléculas con un HOMO 

similar pero químicamente distintas al TPBi (figura 22). Se observó que, a pesar 

de que hay una mejora del FF y del Voc, no llegan a ser tan altos como con el 

uso de TPBi o con el tratamiento térmico del MoO3, mostrando así la 

importancia de la naturaleza química de la molécula usada y no sólo sus 

niveles energéticos. 

Una vez optimizada la deposición sin tratamiento térmico en la arquitectura 

P-i-N, se implementó el uso de MoO3 en N-i-P. Cuando no se usa TPBi se 

observa una recombinación muy elevada, disminuyendo el Voc drásticamente. 

Esto se atribuye a la penetración del MoO3 en el TaTm, acabando así con su 

selectividad a los huecos y el bloqueo de electrones. Al incorporar tan sólo 2 

nm de TPBi se previene esta penetración del MoO3, obteniendo valores 

normales de Voc y FF, con eficiencias superiores al 18%. Aumentar el grosor del 

TPBi de 2 a 5 nm aumenta considerablemente la resistencia en serie y reduce 

drásticamente el FF, mostrando que el MoO3 parece reaccionar solamente con 

la superficie del TPBi (figura 23 y tabla 4).  

Para demostrar el efecto protector del TPBi a través de esta interacción 

química con el MoO3 se llevaron a cabo dos experimentos. En uno se aumentó 

el grosor total del TaTm, variándolo de 12 a 25 nm en lugar de usar 10 nm + 2 

nm de TPBi. Fueron necesarios al menos 20 nm totales de TaTm para conseguir 

el mismo efecto protector que 2 nm de TPBi, mostrando que la protección no 

proviene del aumento de grosor total. En el segundo experimento, se depositó 

sobre el MoO3 dos moléculas similares al TPBi en términos de niveles 

energéticos, BCP y TCTA, donde la primera posee nitrógenos piridínicos 

mientras que la segunda no. Se observó que al usar 2 nm de BCP se obtiene el 

mismo efecto protector que con TPBi, aumentando el Voc y el FF, mientras que 

con TCTA se sigue observando un aumento en la recombinación al no bloquear 

la penetración del MoO3, mostrando así la importancia de la naturaleza 

química de la molécula usada (figura 24 y tabla 5).  

En conclusión, la inserción de una capa ultrafina de una molécula con alta 

energía de ionización y nitrógenos piridínicos nos ha permitido el uso de un 

óxido metálico, particularmente MoO3, como capa inyectora de huecos en la 
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estructura P-i-N sin la necesidad de tratamiento térmico. Esta molécula induce 

químicamente estados electrónicos en el bandgap del MoO3 necesarios para 

el correcto transporte de huecos y su alta energía de ionización permite un 

mejor alineamiento en las bandas electrónicas. Cuando el MoO3 se usa en la 

configuración N-i-P se observa como éste penetra en las capas depositadas 

previamente dada la alta energía cinética de la evaporación. Con tan sólo 2 

nm de TPBi se previene esta penetración gracias a la formación de especies 

TPBi-MoO3 en la superficie que protegen las capas subyacentes, consiguiendo 

así una eficiencia cercana al 19%, siendo ésta la primera estructura con dos 

óxidos metálicos de alta eficiencia usada en células solares de perovskita 

evaporada. 

 

7.5  Capítulo 5: Células solares de perovskita: estables en 

condiciones espaciales 
 

En este trabajo se pone a prueba la estructura de tipo P-i-N desarrollada en el 

capítulo anterior en condiciones espaciales. Elegimos esta configuración dada 

su compatibilidad con dispositivos tándem silicio-perovskita, fundamental 

para futuras aplicaciones espaciales. Exponemos más de 60 células solares a 

dosis de radiación electrónica de 1 MeV, simulando condiciones de gran 

altitud. No se observan cambios en la eficiencia de las células solares incluso 

usando dosis acumuladas de 1016 e-/cm2. Además, si los dispositivos presentan 

un funcionamiento por debajo de la media, se observa una mejora tras la 

irradiación. El uso de un óxido metálico como capa frontal fue fundamental 

para conseguir una robustez superior, sin prácticamente cambios observados 

en la inyección y extracción de cargas tras la irradiación. 

 

7.5.1 Introducción 
 

La rápida evolución en la eficiencia de las células solares de perovskita las sitúa 

como prometedoras candidatas para el uso espacial. Actualmente, las 

principales tecnologías usadas en el espacio son los compuestos de los grupos 

III-V y las células solares de silicio cristalino, las cuales deben resistir radiación 

cósmica de alta energía debido a la reducción del campo magnético terrestre 

con la altura.110 A pesar de ello, estas tecnologías tienen inconvenientes, como 
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el bajo ratio de potencia/peso, el coste de producción, y su durabilidad en el 

espacio.111,112  

El uso de perovskitas permite la fabricación de células solares ligeras gracias a 

su alto coeficiente de absorción20 y la gran distancia de difusión de los 

portadores de carga,126 consiguiendo así un impresionante ratio de potencia 

por peso de 26 W/g128 con un grosor en general menor a 1 micrómetro.15 

Además, las células solares de perovskita evaporada destacan gracias a la 

ausencia de disolventes volátiles y su aun mayor distancia de difusión de los 

portadores de carga114 y han demostrado cuán importante es la baja densidad 

de defectos de la perovskita para una mayor resistencia a los electrones de 

alta energía.117,119 

Por todo ello, en este trabajo pongo a prueba las células solares de perovskita 

de tipo P-i-N desarrolladas en el capítulo anterior bajo irradiación de 

electrones, simulando condiciones espaciales. La combinación de un óxido 

metálico como capa frontal y perovskita evaporada lleva a la creación de un 

sistema muy robusto con mínimos cambios en la eficiencia tras ser expuesto 

a dosis altas de electrones de 1 MeV, por primera vez en la literatura científica.  

 

7.5.2 Detalles experimentales y metodología 
 

La preparación y caracterización de los dispositivos se hizo siguiendo un 

método análogo al de la sección 7.4, con la única diferencia del sustrato 

empleado. Usamos sustratos de cuarzo con ITO depositado para evitar el 

oscurecimiento de este por el efecto de los electrones. Se realizó el patrón de 

ITO deseado usando HCl gas como agente de grabado químico. Los 

dispositivos se encapsularon usando una placa de aluminio con una resina 

curable con luz ultravioleta en los bordes a modo de agente encapsulante. Los 

experimentos de irradiación se llevaron a cabo en la universidad de Delft 

usando electrones de 1 MeV generados en un acelerador de Van de Graaf, a 

20 ºC. Así, se generaron dosis acumuladas de 1014 a 1016 e-/cm2. La estructura 

de los dispositivos es: Vidrio o cuarzo / ITO / MoO3 (7 nm) / TaTm (10 mn) / 

CH3NH3PbI3 (600 nm) / C60 (25 nm) / BCP (7 nm) / Ag (100 nm).  
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7.5.3 Resultados y discusión 
 

Los primeros experimentos de irradiación se realizaron en la configuración 

clásica con vidrio como substrato. Los electrones de alta energía indujeron una 

coloración marrón debido a la presencia de impurezas.125 Ello conllevó a una 

reducción de la corriente del dispositivo por absorción parásita. Por ello 

usamos sustratos de cuarzo para evitar este inconveniente. Este segundo 

grupo de células se irradió con dosis acumuladas de 1014, 1015 y 1016 e-/cm2. 

En la figura 25 se muestran los resultados obtenidos para cada dosis de 

electrones. De media, tras la irradiación se obtuvieron los siguientes 

resultados: Jsc de 21.5 mA/cm2, Voc de 1.105 V y FF de 80%, dando una PCE de 

~19 %.  

Los dispositivos con un funcionamiento por debajo de la media mostraron una 

mejora significativa tras la irradiación, aumentando el voltaje y la corriente. 

Esto se atribuye a la pasivación de trampas en la perovskita. Esto se confirmó 

mediante medidas de fotoluminiscencia, mostrando una señal de emisión 

extra a 650 nm dependiente de la dosis de irradiación (figura 26, b). Otros 

trabajos ya han reportado anteriormente que se debe a la formación de fases 

ricas en PbI2 por la energía cinética de los electrones.120 Nuestra hipótesis es 

que estas fases son las que pasivan las trampas electrónicas en la perovskita, 

incrementando así la recolección de cargas y reduciendo la recombinación.  

Análisis de la superficie de la perovskita y de la cristalinidad también muestran 

que no hay cambios en la perovskita tras la irradiación (figura 27). Otras 

técnicas se llevaron a cabo en la universidad de Delft, como medidas de 

conductividad por microondas en el tiempo (TRMC), mostrando cambios 

mínimos en el tiempo de vida de los portadores de carga. 

En conclusión, en este trabajo exponemos las células solares de perovskita 

evaporada desarrolladas en el capítulo anterior a dosis altas de electrones de 

1 MeV. Demostramos sin ninguna duda que esta configuración con un óxido 

metálico como capa frontal es muy robusta ante estas condiciones extremas, 

alcanzando eficiencias superiores al 18% e incluso mejorando el 

funcionamiento y recuperándose tras la irradiación. Esto se atribuye a la 

pasivación de defectos y trampas por la formación de fases ricas en PbI2 

inducidas por la energía cinética de los electrones, demostrado mediante 

medidas de fotoluminiscencia y TRMC. 
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7.6  Capítulo 6: Conclusiones 

 

El trabajo desarrollado en esta tesis persigue la sustitución de las capas 

orgánicas dopadas por óxidos de metales de transición en células solares de 

perovskita evaporada de alta eficiencia, con el fin de aumentar su estabilidad 

y eficiencia. Así, conseguimos una estructura N-i-P funcional y eficiente basada 

en óxidos metálicos en ambos contactos y una estructura P-i-N estable y 

eficiente diseñada para sobrevivir a condiciones espaciales gracias al uso de 

un óxido metálico como capa frontal. 

En el capítulo 3 sustituyo la capa dopada de tipo N por TiO2 en la estructura 

N-i-P. Ello reduce la absorción parásita y la recombinación de los portadores 

de carga, incrementando así la eficiencia a valores superiores al 20%, con uno 

de los voltajes más altos para la perovskita MAPI. Se encontró un proceso de 

activación, acelerado bajo iluminación AM1.5G con una ligera componente 

UV, mejorando el alineamiento de las bandas entre el óxido metálico y la 

perovskita. Gracias a ello y depositando la perovskita con un grosor 

aproximado de 1 micrómetro se consiguen eficiencias cercanas al 21%. 

En el capítulo 4 continúo este trabajo buscando la sustitución total de las 

capas orgánicas dopadas en la estructura N-i-P. El uso de MoO3 se optimizó 

primero en la estructura P-i-N, encontrando la necesidad de aplicar un 

tratamiento térmico a este óxido para conseguir un transporte de huecos 

óptimo a través de la formación de estados electrónicos. Desarrollo un 

método para inducir estos estados químicamente depositando 1.5 nm de TPBi 

encima del MoO3. Así, consigo evitar el tratamiento térmico, que puede ser 

perjudicial para la estructura N-i-P, obteniendo así eficiencias superiores al 

19%. Al implementar el MoO3 en la estructura N-i-P se observa que este 

difunde sobre las capas ya depositadas, disminuyendo el Voc. El uso de TPBi, 

antes de depositar el MoO3 frena la difusión de éste debido a la interacción 

química antes descrita. Así, se consigue una estructura N-i-P con óxidos 

metálicos en ambos contactos con eficiencias superiores al 18% por primera 

vez en perovskita evaporada. 

Finalmente, en el capítulo 5 pongo a prueba la estabilidad de la estructura P-

i-N desarrollada en el capítulo anterior bajo distintas dosis acumuladas de 

electrones de 1 MeV, simulando décadas en el espacio. Usando sustratos de 

cuarzo resistentes a altas dosis de electrones se obtuvieron eficiencias 

superiores al 18% tras la irradiación bajo dosis acumuladas de 1014, 1015, e 

incluso 1016 e-/cm2. También se observó un efecto de recuperación de las 
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células solares con eficiencias por debajo de la media. Esto se atribuye a la 

formación de fases ricas en PbI2 por el efecto de la energía cinética de los 

electrones, actuando como agente pasivante de defectos electrónicos y 

trampas, confirmado por TRMC y PL. Así, demostramos el potencial de las 

células solares de perovskita evaporada con un óxido metálico como capa 

frontal en condiciones espaciales. 
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