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Chapter 1 

Introduction and Aim of the Thesis 

  



 

      

 



 

1. Introduction and Aim of the Thesis 

1.1. The Energy Challenge 

The global energy demand has increased from 10.000 TWh in 1990 to more 

than 20.000 TWh in 2019 (Figure 1).1  The need to produce energy has depleted 

conventional energy sources based on fossil fuels, resulting in an increase in the 

annual mean temperature of Earth due to the production of greenhouse gases. For 

this reason, the need to produce clean and renewable energy instead of traditional 

fossil fuels is imminent.  

 

 

Figure 1. Global energy consumption from 1990 to 2019. 1 

Among the different candidates, solar energy is a promising alternative. This 

is due to the large amount of energy that reaches the Earth in the form of solar 

irradiation, which could provide the whole world with the energy needed to 

continue with its industrial and domestic development. Photovoltaic technologies 

(PV) directly transform solar light into energy. In 2050, PV is expected to increase 

its energy supply to 16% of the total energy demand, which corresponds to 4.5 

TW. However, more ambitious roadmaps expect between 9 and 23 TW of energy 

supplied by solar cells.2,3  

Photovoltaic devices were developed in 1883, when Charles Fritts employed 

selenium and a thin layer of gold obtaining an efficiency of less than a 1%,  in 
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order to harvest all the energy the sun irradiates to the Earth.4 Generally, crystalline 

semiconductors have been employed to generate current from solar energy, such 

as Gallium arsenide (GaAs), silicon (Si), Cadmium telluride (CdTe) or Copper 

indium gallium selenide/sulfide (CIGS). However, recently, a new generation of 

solar cells has emerged.  

 

1.2. Metal Halide Perovskites 

Solar cells based on metal halide perovskites were first reported in 2006 by 

Kojima A. et al, when their efficiency was a modest 2.2%.5 During the last years, 

these devices increased their efficiency up to a certified 25.5% and uncertified 

25.6%.6,7 The evolution of the best research photovoltaic technologies can be 

observed in Figure 2, where the unprecedented increase in efficiency of perovskite 

solar cells can be observed. Perovskite-based photovoltaic devices present several 

advantages over other technologies: their earth-abundant compounds, low-cost 

and easy tunability of the bandgap among others, make them one of the most 

promising technologies to increase photovoltaic efficiency and reach the goal of 

generating renewable competitive energy. 

 

Figure 2. Best research photovoltaic cell efficiencies. 7 

These devices are specifically based on metal halide perovskites, a type of 

perovskite which has a three-dimensional structure known as ABX3. Where A 
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represents a monovalent cation, which can be organic or inorganic (such as 

cesium, methylammonium (MA) or formamidinium (FA)), B represents a divalent 

metal as Pb+2, Sn+2 or Ge+2 and X represents a halide anion such as I-, Br- or Cl-. 

An example of the structure can be observed in  Figure 3, where the simplest 

ABX3 can be seen in the inset and in the center of the graph a more complex 

perovskite is displayed, in which different A and B cations are employed.  

 

Figure 3. Structure of a perovskite composed of methylammonium cesium lead tin iodide and the typical 

ABX3 (inset). 

A parameter commonly employed to estimate how stable this structure is, 

is the Goldschmidt tolerance factor.8 This tolerance factor is phenomenologically 

estimated to be more than 0.8 and less than 1 for a stable compound.9  

The formula that determines the tolerance factor of a compound is shown 

in Equation 1.  

𝑡 =
𝑟𝐴+𝑟𝑋

√2
2

(𝑟𝐵+𝑟𝑋)
    (1) 

Where t attains for tolerance factor and r for the radius of the respective 

components. The effect of tuning the tolerance factor through the introduction of 

different cations in the perovskite structure has already been shown to be an 

excellent technique to enhance the properties of perovskites.10 As an example, 

Figure 4 shows how the introduction of cesium in a formamidinium lead iodide 

(FAPbI3) structure promotes a more stable perovskite through the introduction of 

a smaller cation in the A site of the perovskite.  
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Figure 4. Dependence of the tolerance factor on the A-Site cation. 10 

On the other hand, apart from their structure, composition and stability, 

perovskites present some exciting properties that make them suitable for 

photovoltaic applications. One of the main ones is their high charge carrier 

mobility. This property is related to how much the charge carriers, electrons and 

holes, can move inside a semiconductor.11–13 Carrier diffusion lengths between 0.1 

µm and 10 µm have been reported, which allow the charge carriers to move inside 

the material from highly populated areas to low populated areas.11,14,15 They also 

present high carrier lifetimes of more than 1µs. This property describes the time 

that carriers take to recombine. Higher carrier lifetimes are needed to ensure higher 

open circuit voltages (VOC), as it enables a higher concentration of charge 

carriers.16 Furthermore, from an optical description, they also show significant 

absorption coefficients, in the range of 105 cm-1.15,17 This allows for more efficient 

conversion of the sunlight into electricity and contributes to achieve larger open 

circuit voltages, as it allows to prepare thinner films reducing the total 

recombination rate.18 They also show a sharp absorption onset demonstrating 

small amounts of defects and imperfections.19  

Finally, one of the most critical properties would be the bandgap tunability, as 

it opens a wide range of applications for this kind of compounds, including solar 

cells with higher efficiencies through the development of multijunction devices.20–

22 Multijunction devices consist of a stack of several layers. The combination of 

absorbers with different bandgaps (Egs) reduces the thermalization losses and 

ensures to exploit a larger part of the solar spectrum, with potential efficiencies 

higher than the conventional single junction limit.23–25 Such an approach can 
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combine perovskites with other PV technologies such as silicon or thin film solar 

cells to fabricate multijunction tandems. Developing the capability of multi-

junction devices by the combination of perovskite materials as top cell with 

silicon-based materials as bottom cell is actually one of the main research and 

innovation goals suggested by the  Energy Materials Industrial Research Initiative 

(EMIRI) technology roadmap,  (SP3- Annex I).26 Similarly, the combination of 

two perovskite absorbers with complementary bandgaps can have the same effect. 

Therefore, adjusting the perovskite Eg becomes a key step. The importance of 

bandgap engineering is displayed in Figure 5. This figure shows the combination 

of bandgaps and efficiencies that can be obtained through their use in 

multijunction devices with two absorbers.  

 

Figure 5. Calculations of the efficiency for multijunction devices depending on the bandgap of their 

absorbers.27 

 

1.3. Bandgap Tunability 

Perovskites present the capability of tuning their bandgap by the total or 

partial substitution of their components. As an example, the most studied hybrid 

perovskite methylammonium lead iodide (MAPbI3), presents a Eg of 1.5-1.6 eV.28 

However, when larger FA+ is introduced in its structure, the Eg is narrowed down 

to 1.48 for pure FAPbI3.29 On the other hand, if smaller Cs+ is introduced, the Eg 

can be widened up to 1.73 eV for pure cesium lead iodide (CsPbI3).30 Eg can also 

be tuned by the substitution of the divalent cation, for example, in the perovskite 
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with structure formamidinium cesium lead iodide (FA0.75Cs0.25PbI3) G.Eperon 

et.al. introduced Sn+2 to narrow the Eg down to 1.2-1.3 eV.20 This tunability of the 

bandgap can be seen in Figure 6. 

 

Figure 6.  Tunability of the bandgap through a) Introduction of a monovalent cation in position A. 30 b) 

Introduction of a divalent cation in position B.20 

In this sense, this thesis focuses on the development of narrow bandgap 

(narrow-Eg) and wide bandgap (wide-Eg) perovskites with the aim to fabricate 

efficient, lower cost tandems in the future.  

 

1.3.1. Narrow-Bandgap Perovskites 

One of the main concerns surrounding perovskites has been to enhance their 

efficiency to develop low-cost devices. MAPbI3 perovskite shows a Eg of 1.5-1.6 

eV, far from the theoretically determined to be the “optimum Eg”, of ~1.3 eV, for 

single-junction devices, as estimated by the Shockley Queisser Limit.31 On the 

other hand, for the pure tin perovskite, methylammonium tin iodide (MASnI3), we 

find a bandgap of 1.2-1.3 eV. 32 In contrast, tin-lead perovskites present an 

unconventional behavior called bandgap-bowing. This effect describes a non-

monotonic behavior in the Eg where the constant b in Equation 2 causes a 

deviation on the linear interpolation in the bandgap.  

𝐸𝑔(𝐴1−𝑥𝐵𝑥) = (1 − 𝑥)𝐸𝑔(𝐴) + 𝑥𝐸𝑔(𝐵) − 𝑏𝑥(1 − 𝑥)     (2) 
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In Equation 2, A and B stand for the divalent metals and x for the 

stoichiometry of the compound. Due to this effect, tin-lead perovskites show 

narrower bandgaps in the alloyed compounds than their pure counterparts. For 

example, in the case of methylammonium tin lead iodide (MASn1-xPbxI3) with 

different amounts of tin and lead, the pure lead perovskite presents a Eg of 1.5-1.6 

eV, the pure tin compound has a Eg of 1.2-1.3 eV, and the alloys can vary between 

1.3eV and 1.1 eV, as can be observed in Figure 7. 

 

Figure 7. Bandgap evolution by composition variation for MASn1-xPbxI3. 32 

Some researchers have been trying to achieve the optimum Eg of 1.34 eV by 

means of this effect.31,33–36 In 2017, Yang Z. and co-workers achieved this value 

using a combination of tin and lead as the divalent cation and a combination of 

bromide and iodide as the halide in the perovskite obtaining efficiencies as high as 

17.63%.37 

On the other hand, this bowing of the Eg also allows to prepare even narrower 

perovskites with Egs of around 1.2 eV, suitable for the preparation of 

multijunction devices with wider-bandgap perovskites to achieve efficiencies over 

30%.38,39 These narrower bandgaps were already obtained by Ogomi Y. and co-

workers through the use of MASn0.5Pb0.5I3 perovskite.40 

The combination of tin and lead inside the perovskite structure opens a wide 

range of opportunities for the development of narrow-Eg perovskites. These 

perovskites can be used as the single-junction optimum Eg perovskite or as low-

Eg absorbers in multijunction devices. However, they present several difficulties 

in their preparation, such as the oxidation of Sn+2 to Sn+4. 
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1.3.2. Wide-Bandgap Perovskites 

Perovskites showing a Eg between 1.7 eV and 1.9 eV are commonly 

considered “Wide-Eg”. This feature enables their use as a wide bandgap absorber 

in multijunction devices in combination with Si or narrow-Eg perovskites. 

Normally, this widening of the bandgap is achieved by combining different 

halides.41 For example, through the introduction of bromide inside the MAPbI3 

structure, bandgaps up to 2.23 eV for pure methylammonium lead bromide 

(MAPbBr3) can be obtained.42 On the other hand, the use of inorganic cations 

instead of the commonly used MA and FA increases the Eg and the thermal 

stability of these perovskites.43–45 Furthermore, the introduction of smaller 

amounts of bromide enhances the stability of its black-phase, the one employed 

for solar cell applications.46–49 However, perovskites combining different halides 

present a major detrimental effect which is called halide segregation.50 This occurs 

when, after illumination, regions of lower Eg perovskite and others of higher Eg 

perovskite are formed within the same film. This phenomenon is attributed to the 

presence of mobile halogen vacancies in the structure. When these regions are 

formed, the photogenerated carriers travel to the low-Eg regions that act as 

recombination centers leading to VOC losses.51,52 

 

Figure 8. Comparison of the stability of CsPbI2Br and MAPbI3 perovskite layers.48 
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The perovskite employing cesium lead iodide bromide (CsPbI2Br) has been 

widely studied, which has resulted in current efficiencies of up to 16.79%.53 In 

2016, R. Sutton et al. showed how the introduction of bromide in this perovskite 

enhanced its ambient stability and proved better thermal stability than with 

conventional MAPbI3. A comparison between them is shown in Figure 8. These 

perovskites were synthesized through a two-step method depositing lead bromide 

(PbBr2) and dipping this layer into a solution with the amounts required of cesium 

iodide (CsI) and cesium bromide (CsBr) to form the desired perovskite. The layers 

of CsPbI2Br were employed in devices, achieving efficiencies up to 9.8%.48 In 

2017, C. Chen et al. synthesized both CsPbI3 and CsPbI2Br films, achieving 

efficiencies as high as 9.4% and 11.8% for sublimed and solution-processed 

CsPbI2Br, respectively.54 In 2018, studies on the optimization of the contacts were 

performed. L. Yan et al. demonstrated how they could achieve efficiencies as high 

as 14.6% with improved stability, employing a novel electron transporting material 

(ETM) based on the combination of tin oxide (SnO2) and zinc oxide (ZnO).55 

2019 was an exceptional year for the development of this kind of perovskite. 

During this year, different approaches were employed to manufacture impressively 

well-performing solar cells. The work done by Y. Zhang et al. was key, as they 

achieved the highest power conversion efficiency (PCE) up to date for this 

perovskite: 16.37%. In these studies, they synthesized the perovskite through spin 

coating and annealed it at 280ºC. Afterwards, they evaporated a thin layer of CsBr 

on top to fill the grain boundaries in the perovskite surface, also passivating the 

hole transporting material (HTM). Furthermore, to stabilize the black phase of the 

perovskite they introduced lead acetate (Pb(Ac)2) in the precursor solution, 

improving the crystallization of the film.56 In 2020, Y. Han and co-workers 

synthesized the CsPbI2Br perovskite solar cells (PSC) with the highest efficiency 

(16.79%) up to date. This work was based on the addition of the additive calcium 

chloride (CaCl2) in very small quantities being 0.5% the optimal one, which 

improved the crystallinity and hence the morphology. Furthermore, it passivated 

the trap states in the perovskite leading to higher efficiency devices.53 However, 

the synthesis of these perovskites through sublimation methods yielded lower 

efficiencies than solution-processed counterparts, being the highest the one 

obtained by H. Lin et al. 57 In their studies, they developed a method where they 

separated two sides of the evaporator and constantly evaporated CsBr and lead 

iodide (PbI2). As the sample holder was constantly rotating, they were able to 

achieve perovskites formed by 1560 layers of each precursor. Their best 
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performing solar cells achieved PCE as high as 13% for 660 pairs of precursors. 

This is a modest efficiency compared to the ones obtained through solution 

processing methods, indicating that further studies on the formation of these 

perovskites through sublimation must be done to develop a low-cost method to 

synthesize them.  

 

1.4. Processing Techniques 

Different techniques have been developed to synthesize metal halide 

perovskites. However, several properties may change in the resulting films 

depending on the used technique. Two main branches are found among the 

different techniques in the literature: solution-based methods and vacuum-based 

deposition techniques (Figure 9).58 

 

Figure 9. Processing methods to develop perovskite films divided into solution-based and thermal 

sublimation.58 

The former can be divided into three main methods: 

• One-step deposition:  

This method is based on the preparation of a single solution where all the 

precursors of the perovskite are mixed. After this preparation, the solution is 

deposited through spin-coating or similar methods onto the substrate and requires 

a post-annealing treatment to eliminate the remaining solvent in the film. This is a 
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commonly used method to develop perovskites, and several advances have been 

introduced to obtain better quality films, such as the introduction of different 

additives or the use of different solvents. McMeekin D.P. and coworkers 

employed this method to synthesize formamidinium cesium lead bromide iodide 

FA0.83Cs0.17Pb(Br0.7I0.3)3.23 In previous studies, they demonstrated how the 

employment of hydrohalic acids promotes the formation of nucleation sites 

allowing to obtain morphologies with grains exceeding the micron size.59 

Furthermore, they employed a K+ additive, which has been already used to 

improve the photovoltaic performance through modification of the crystal lattice 

and reduction of the grain boundaries.60 Other additives have been employed on 

perovskites synthesized by one-step solution methods, such as barium or acetate. 

61,62 Furthermore, research on different solvents has been done, obtaining a wide 

variety of options even with green solvents as Polar Clean.63 

• Two-step deposition:  

This technique is based on the initial deposition of part of the perovskite 

precursors and a second deposition of the rest. It has several advantages as it 

allows for better morphology control, determined by the first precursor deposited, 

which are typically the lead-based compounds. The second deposition may be 

done through spin-coating, dipping or vapor-assisted.64–66 Different techniques to 

enhance the properties of the films have been introduced. The incorporation of 

additives such as rubidium, cesium and different alkali metals has been studied.67,68 

• Solvent engineering: 

This method is based on the addition of a solvent where perovskites are poorly 

miscible during the spin-coating of the precursors. This fact changes the 

deposition kinetics of the perovskite triggering a fast film formation. For this 

reason, better morphologies may be achieved.69,70 This technique leads to better 

results. However, the vast number of parameters needed in this method makes 

solvent-engineering a poorly reproducible and non-scalable method. 
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As for the vapor deposition techniques, there are three main methods to 

deposit perovskites: 

• Flash evaporation:  

This technique is based on the initial formation of the perovskite through 

different methods, as for example ball-milling and then a sublimation of the 

already mixed precursors.71 It has shown to be an excellent technique to synthesize 

films, including those combining tin and lead as the divalent cations.72 Decent 

efficiencies were achieved employing this technique for lead-based perovskites.73 

However, this technique shows inferior control on the composition of the films, 

due to the need of subliming all the components at the same time.  

• Sequential deposition: 

This method is similar to the sequential solution-based one previously 

described, named as two-step deposition. The procedure consists of individually 

subliming the precursors by consecutive steps. However, the technique requires a 

thermal post-treatment to form the desired perovskite. This technique resulted in 

very good efficiencies on photovoltaic devices employing the wide-bandgap 

CsPbI2Br perovskite. As mentioned before, Lin H. and co-workers, employed this 

method to prepare highly efficient sublimed cesium-based perovskites.57  

• Multiple source co-evaporation:  

This technique uses the simultaneous sublimation of all the different 

precursors of the perovskite to form the perovskite in situ onto the substrates. It 

requires control of the stoichiometry which is normally done by monitoring the 

mass deposited on Quartz Crystal Microbalances (QCM). This will be the main 

technique employed in this thesis because of the advantages it presents, especially 

its high control on the composition of the films.  
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Figure 10. 3D design of an evaporator employing 4 sources and 5 QCMs. 

In Figure 10 a scheme of one of the evaporators employed in this thesis is 

displayed. This illustration shows an evaporator chamber where four sources are 

being employed to evaporate four different precursors. On the other hand, five 

sensors employing QCMs can be observed. These sensors were calibrated to 

detect the specific amounts of each precursor through the mass deposited on 

them, and a fifth one to determine the quantity of perovskite formed on the 

substrates. In the upper part of the evaporator a rotating holder holds the 

substrates. The rotative holder is key to achieve a homogeneous formation of the 

perovskite. Furthermore, five shutters may be observed on the design. These 

shutters are employed to control, with high precision, the composition of the 

perovskite, acting as barriers to not deposit the different precursors both in the 

substrates and in the QCMs.   

 The first devices fabricated employing this method in 2013 showed 

efficiencies up to 15%.74,75 However, these devices where employing MAPbI3 as 

the absorber, which is simpler to synthesize as it only requires controlling two 

precursors at the same time. Afterwards, the technique has evolved, obtaining 

efficiencies beyond 20%.76,77 The technique has also proven to be successful both 

for wide-Eg and narrow-Eg perovskites, allowing them to obtain working 

devices.78,79 All of these studies, combined with the advantages that it offers, 

encourage the scientific community to employ it as the method to synthesize low-

cost scalable perovskites.  
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Some of the advantages that this technique presents are: 

 High purity of sublimed materials: sublimation is a purification method 

so the materials that end up in the substrate present higher purity than the 

ones used employing solution-based methods.  

 Large area compatibility: the area depends basically on the size of the 

substrates, as can be seen in Figure 10. 

 Precise control of the thickness, stoichiometry, and morphology of the 

films. 

 Low substrate temperature, no need of thermal post-treatments.  

 Intrinsically additive technique: this technique allows to prepare different 

layers without the use of solvents that affect the layers previously 

deposited.  

 No need to use toxic solvents. 

 Consolidated technique that has already been used in industry.   

 

1.5. Solar Cells Operation 

PSCs can be arranged in several configurations. The sandwiched 

configurations, where the perovskite absorber is between both electron and hole 

conductive layers, can be summarized as p-i-n and in n-i-p structures (depending 

on which contact is the light incidence side).  

 

Figure 11. 3D design of a p-i-n architecture.  
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In the p-i-n structure, sunlight is incident from the hole (positive (p) charge 

carrier) extraction electrode. The n-i-p structure is the reversed architecture, where 

the sunlight is incident from the electron (negative (n) charge carrier) extraction 

contact, ETM is firstly reached then the absorber and finally the HTM. As an 

example of the p-i-n architecture Figure 11 can be observed.  

When illuminated, perovskites generate electron-hole pairs that become free 

electrons and holes due to their generally low exciton binding energies. These 

charge carriers are extracted by the HTM and ETM and collected at the electrodes. 

As discussed in chapter 1.2, perovskites present some intrinsic properties, such as 

high mobility of the charge carriers, that lead to low non-radiative recombination. 

These properties minimize the energetic losses and are key to make efficient solar 

cells.  

Two main methods can be employed to determine how efficient solar cells 

are: 

• External Quantum Efficiency (EQE) or Incident Photon-to-electron 

Conversion Efficiency (IPCE): this technique consists of measuring the 

number of photons that are successfully converted to electrical current 

depending on the wavelength of the incident photons. 

 

• Current density under illumination versus voltage scan (J-V curves): the 

measurement of this feature allows to obtain different values required to 

determine the PCE. PCE is an important parameter of the devices, as it 

represents their capability to convert sunlight into electricity and it is 

calculated as represented in Equation 3.  

𝑃𝐶𝐸 =
𝐽𝑆𝐶·𝑉𝑂𝐶·𝐹𝐹

𝑃𝑖𝑛
     (3) 

Where VOC is the Open Circuit Voltage, or the voltage in the terminals when 

the cell is operated at short-circuit conditions. JSC stands for Short Circuit current 

density, or the current in the terminals when the voltage applied is equal to 0 V. 

FF is the Fill Factor, or the ratio of maximum power point against the product of 

VOC and JSC; and Pin is 100 mWcm-2 when operating at AM 1.5G illumination. 

These measurements are usually performed under AM 1.5G, a standard solar 
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spectrum that allows to characterize solar cells all over the world and compare 

them.80 

Solar cells can present hysteresis in their J-V curves. This effect is observed 

when there are distortions in the curve depending on the measurement direction: 

forward, negative to positive applied voltage, or reverse, positive to negative 

applied voltage.81  

As an example, in Figure 12 both the EQE and J-V curve measuring can be 

observed for a wide-bandgap solar cell.  

 

Figure 12. IPCE, where the integrated current obtained from IPCE is represented in red, and J-V curve 

measurement for a cesium lead europium iodide bromide  CsPb0.95Eu0.05I2Br solar cell. 82 
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1.6. Aim of the Thesis 

The aim of this thesis is the development of narrow-bandgap and wide-

bandgap perovskites through vacuum-based methods and their incorporation into 

devices employing organic charge transport layers. 

As mentioned in section 1.3.1, one of the main issues of tin-lead alloyed 

perovskites preparation is the oxidation of Sn+2 to Sn+4 and the proper formation 

of the perovskite. In chapter 3, the preparation of the first narrow-bandgap 

sublimed perovskite working in efficient devices will be studied. The issue of 

formation and oxidation of the Sn+2 will be tackled through the introduction of a 

SnF2 additive.  

On the other hand, one of the main advantages of sublimation methods is the 

capability of controlling the composition in an efficient way. However, the use of 

small quantities of additives can be challenging. In chapter 4, the preparation of 

reproducible narrow-bandgap perovskites through vacuum deposition methods 

will be carried out by using more controllable cations and lower tin amounts. This 

chapter will be key for the progress of this kind of perovskites, as it aims to prepare 

perovskites showing the optimum bandgap of 1.34 eV.  

Finally, as mentioned in section 1.3.2, one of the main issues of wide-bandgap 

perovskites is halide segregation. In chapter 5, a study on different vacuum-based 

methods to deposit CsPbI2Br is presented. As this kind of perovskites requires 

high temperature thermal post-treatments, with this study we will determine the 

proper routes to fabricate this perovskite without the need for further annealing. 



 

 

  



 

 

  

 

 

 

 

 

Chapter 2 

Experimental Methods 

 



 

 



 

2. Experimental Methods 

2.1. Solar Cell Fabrication 

All the processes required to fabricate and characterize perovskite solar cells were 

carried out in a class 10000 clean room (Figure 13). 

 

Figure 13. Class 10000 clean room situated in Instituto de Ciencia Molecular (ICMol) of the Universitat 

de València.  

Preparation of the devices consisted of the following processes: 

1. Substrate’s preparation: 

Indium tin oxide (ITO) coated glass substrates were cleaned in different steps 

starting by rubbing them with a Mucasol detergent solution, then washed with 

water, milliQ water and isopropanol. After each step, the substrates were sonicated 

for five minutes. Afterwards, the substrates were dried employing a nitrogen gun 

and finally they were exposed to UV-Ozone for 20 minutes.  

2. Organic layers and metal cathode deposition:  

Molybdenum oxide (MoO3), 4,4’,4’’-tris [(3-methylphenyl) phenylamino] 

triphenylamine (m-MTDATA), N4,N4,N4’’,N4’’-tetra ([1,1’-biphenyl]-4-yl)-

[1,1’:4’,1’’-terphenyl]-4,4’’-diamine (TaTm), C60, bathocuproine (BCP) and Ag 
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were deposited in three different evaporation chambers by heating the materials 

to their sublimation temperature. The chambers were evacuated until the pressure 

went down to ≈10-6 mbar. MoO3 was deposited at a rate of 0.1 Å/s to a thickness 

of 5 nm, m-MTDATA was deposited at a rate of 0.5 Å/s to a thickness of 10 nm, 

TaTm was deposited at a rate of 0.5 Å/s to a thickness of 10 nm, C60 was deposited 

at a rate of 0.5 Å/s to a thickness of 25 nm, BCP was deposited at a rate of 0.1 

Å/s to a thickness of 8 nm and Ag was deposited at a rate of 0.15 Å/s to a 

thickness of 100 nm employing a shadow mask with an aperture of 2.1 x 3.1 mm2. 

Poly (triaryl amine) (PTAA) was deposited in solution. This deposition was done 

employing a spin-coater for 30 s at 1500 rpm. The bilayers of MoO3-TATM, 

MoO3-m-MTDATA and MoO3-PTAA were annealed after preparation at 140, 

100, and 100 ºC respectively, for 10 minutes. HTM structures are shown in Figure 

14. 

 

Figure 14. PTAA, m-MTDATA, and TaTm molecular structures. 

3. Perovskite layers deposition: 

• Formamidinium lead tin iodide (FAPb0.5Sn0.5I3): four vapor deposition 

sources employing formamidinium iodide (FAI), PbI2, tin iodide (SnI2) 

and tin fluoride (SnF2) as precursors. 

• Methylammonium cesium lead tin iodide (MA0.9Cs0.1Pb0.75Sn0.25I3): four 

sources vapor deposition employing methylammonium iodide (MAI), 

CsI, PbI2 and SnI2 as precursors.  

• CsPbI2Br: this perovskite was deposited using different methods to study 

how the deposition conditions affected its properties. As a summary, for 

the sublimation methods, the methods can be found in the scheme of 

Figure 15. For the solid-state synthesis stoichiometric amounts of CsBr 

and PbI2 were mixed in a nitrogen-filled glovebox and ball-milled for 99 

min at 30 Hz. 
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Figure 15. Scheme of the different vapor deposition techniques employed to synthesize CsPbI2Br. 

The photovoltaic devices employed in this thesis were based on three 

different main configurations (Figure 16). 

 

Figure 16. Solar cell configurations employed in a) Chapter 3, b) Chapter 4 and c) Chapter 5. 

All three different configurations are p-i-n and employ different HTMs 

adjusted to the various valence bands of the employed perovskites.  

In order to control the perovskites’ stoichiometry, the sublimation rate is 

monitored in situ using QCMs. As commented in chapter 1, the sensors contain a 

QCM. The QCM consists of a quartz crystal between two metal electrodes. These 

microbalances are operated by applying an electrical field that causes a vibrational 

movement. When mass changes are produced because the material is deposited 

onto the QCM, the oscillation frequency is changed. Due to this change in the 

oscillation frequency, the mass deposited onto the QCM can be monitored. An 

initial calibration of each of them is performed to determine the amount of each 

material deposited in the QCM. The calibration was performed through 

evaporation of a known amount of material that can be determined by surface 

profilometry. Then, the calibration factor or tooling factor (TF) (Equation 4) is 

applied to the sensor.  
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𝑇𝐹1 = 𝑇𝐹0 ·
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑄𝐶𝑀
   (4) 

Furthermore, some characteristics of each material, such as density and 

acoustic impedance, are introduced to improve the accuracy. The previously 

explained calibration was done for all the materials that were sublimed in this 

thesis. 

 

2.2. Thin Film Characterization 

As previously discussed, different perovskites were deposited during these 

studies. Several characterization techniques were employed to determine the 

quality of the films produced, which can be divided into structural and optical 

ones: 

• Structural analysis:  the thickness of the films was measured employing a 

contact profilometer (Ambios XP-1).  The measurements were used to 

optimize the deposition conditions and for the specific thickness studies. 

A Hitachi S-4800 scanning electron microscope (SEM) operating at 20 

kV and Veeco Instruments Inc. Atomic Force microscope (AFM) with a 

Si tip were employed to determine the surface morphology of the films. 

The scanning electron microscope was equipped with an X-Ray detector 

(Bruker) and the program QUANTAX 400 for the compositional Energy 

Dispersive X-Ray Analysis (EDAX). The crystalline structure of the films 

was determined by X-Ray Diffraction (XRD) employing an Empyrean 

PANalytical powder diffractometer in Bragg-Brentano geometry. 

 

• Optical analysis: the absorbance of the films was measured employing a 

fiber optic Avantes Avaspec2048 spectrometer. Tauc plots were 

calculated using the formula (αhυ)2 and plotting it vs the wavelength. 

Photoluminesce (PL) characterization was done employing a 

Hyperspectral Imager IMA VIS from Photon etc. coupled to a continuous 

wave laser of 532 nm.  
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2.3. Solar Cell Characterization 

As for the solar cells, several characterization techniques were employed to 

determine their efficiency and performance parameters.  

• Electrical characterization: EQE was calculated through the 

measurement of cell response under different wavelengths. The 

different wavelengths were obtained with a white halogen lamp and 

band-pass filters. J-V curves were obtained employing a solar 

simulator from Abet Technologies, model 10500, with a xenon lamp 

(AM 1.5G) as the light source and a Keithley 2400 source measure 

unit.  The solar spectrum was adjusted employing a calibrated silicon 

reference cell (Minisun Simulator from ECN, Netherlands). All the 

samples were measured using a shadow mask of 2.2 x 1.2 mm2 to be 

able to estimate the current density with precision.  

 

• Sensitive EQE analysis (sEQE): cells were illuminated employing a 

Newport Apex 2-QTH Quartz-Tungsten-Halogen lamp through a 

Newport CS130-USB-3-MC monochromator, a chopper at 279 Hz 

and a focusing lens.  The device current was measured as a function 

of energy using a lock-in amplifier (Stanford Research Systems 

SR830). The solar spectrum was corrected through calibration with a 

silicon reference cell.  

 

• Electrochemical impedance spectroscopy (EIS): the measurements 

were obtained employing a Gamry Interface 1000 potentiostat to 

apply 20 mV perturbation with a frequency from 100 MHz to 100 

mHz AC voltage, at different DC potentials under 1 sun illumination. 

The measurements were fitted with Z-View software to an equivalent 

circuit represented in Figure 17.  

 

Figure 17. Equivalent circuit for the solar cells measured in Chapter 4. 
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3. FAPb0.5Sn0.5I3, A Narrow Bandgap 

Perovskite Synthesized through 

Evaporation Methods for Solar Cell 

Applications. 

3.1. Introduction 

  PSCs have increased their efficiency in the last years from a 3.8% in 2009 

to  25.5 % in 2020.5,7,83,84 This evolution is quickly approaching the Shockley 

Queisser limit. Thus, absorbers with the optimum bandgap of 1.34 eV could help 

enhancing the power conversion efficiency reducing the losses.31,85 Narrower Eg 

perovskites are also a key to develop perovskite-perovskite multijunction solar 

cells, which require a narrow-Eg absorber of 1.1-1.3 eV. As mentioned in section 

1.3.1, the combination of tin and lead as perovskites’ divalent cation results in a 

Eg narrowing, which can be accentuated by the bandgap bowing effect.40,86–89 

Furthermore, the introduction of FA, improves the thermal stability of the 

material.29,90 Through successive optimization of the composition and 

configuration, solution-processed tin-lead perovskites have achieved PCEs up to 

21.1%.25 However,  these solution-processed tin-lead perovskites require 

complicated synthetic routes, making them difficult to upscale. Therefore, new 

fabrication routes are required. In this chapter, we present the work carried out to 

achieve a tin-lead perovskite solar cell by sublimation methods, and discuss the 

main challenges involved. 

3.2. Formamidinium tin-lead iodide perovskite as 

narrow-bandgap absorber in a solar cell 

We present an innovative method to synthesize tin-lead perovskites working 

as absorbers in solar cells. This method consists in the multisource co-sublimation 

of different precursors to prepare FAPb0.5Sn0.5I3.  This study presents the optical, 

morphological, and structural characterization of the films and integrates them in 

diodes. The as-synthesized perovskite has a bandgap of 1.28 eV, close to the ideal 

one for single absorber solar cells and suitable for the preparation of tandem solar 
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cells with wider bandgap sub-cells.39,91  Furthermore, the solar cells prepared with 

this absorber led to efficiencies of 13.98%, demonstrating vacuum-deposited tin-

lead alloyed perovskite based solar cells for the first time.   

 

3.3. The route to tin-lead perovskites synthesized 

through sublimation 

The development of vacuum-deposited narrow-Eg tin-lead perovskites 

presented several challenges. This approach required a dedicated evaporator 

expressively for the preparation of this kind of material. The need to use a different 

evaporator for this material was based on the use of tin in the composition. Tin 

presents two oxidation states (Sn2+ and Sn4+) being the Sn4+ more stable. Sn4+ can 

contaminate perovskites and be detrimental for their performance. Thus, a new 

evaporator was installed inside the glovebox to completely avoid the precursor 

exposure to oxygen or moisture. All the sensors present in the evaporator were 

carefully calibrated with several materials. Firstly, PbI2 was employed to determine 

how the position of the sensor affected the reading. Then, each material employed 

was evaporated and successively recalibrated to be sure the reading was correct.  

Puzzled by the low reproducibility of the resulting devices, several conditions 

were studied to determine their impact in the final device. Different HTMs were 

employed as substrates, such as TATM, m-MTDATA or PTAA. Also, a series of 

ETMs such as C60, phenyl-C60-butyric acid methyl ester (PCBM), and indene-C60-

acid hexyl ester (IPH) were investigated. Furthermore, a careful study on annealing 

temperatures was carried out. However, no clear correlation was found, which 

pointed towards other factor as the limiting ones. Other possible low 

reproducibility origins were investigated, such as the brand and purity of SnI2 (with 

slightly more reproducible results obtained with SnI2 supplied by Tokio Chemical 

Industries). It was clear that this work would not be easy at all due to the easy 

oxidation of Sn2+ to Sn4+. However, although the results were often unconclusive 

due to the lack of reproducibility, some trends discussed in next pages allowed us 

to extract important information. 
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As a summary in Figure 18, the evolution of our perovskites is presented in 

two J-V curves, the first one for one of our first experiments and the next one for 

the best result achieved.  

 

Figure 18. J-V Curves for tin-lead perovskites before and after optimization through several studies. 

3.4. Experimental methods 

 

Figure 19. Scheme of the evaporator employed to synthesize FAPb0.5Sn0.5I3 including the position of each 

precursor crucible inside the evaporator.   

ITO-coated glasses were carefully cleaned employing the method described in 

chapter 2.1. Afterwards, 5 nm of MoO3 was thermally evaporated at a pressure of 

2x10-6 mbar. A layer of PTAA was spin-coated at 1500 rpm for 30 s and then 

thermally annealed at 100ºC for 10 min in nitrogen atmosphere. Then, the 
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perovskite was synthesized by simultaneous thermal vacuum deposition 

employing the precursors FAI, SnI2, PbI2 and SnF2, as an additive. As explained 

in chapter 2.1, a careful calibration of the QCMs was done to determine the exact 

evaporated quantities of each material. A scheme of the evaporator can be 

observed in Figure 19.  After subliming the perovskite, C60 and BCP were 

evaporated with thicknesses of 25 and 8 nm, respectively. The pressure during this 

evaporation was 3x10-6 mbar. Finally, the metal electrode consisting of Ag was 

thermally evaporated at a pressure of 2x10-6 mbar (thickness of 100 nm). Device 

characterization was performed employing the techniques and equipment 

described in chapter 2.2 and 2.3. 

 

3.5. Results and discussion 

Once certain degree of control was achieved, a careful study on the formation 

of the perovskite introducing SnF2 as an additive was carried out. As previous 

reports based on solution processes showed, this additive improved film 

formation and reduced Sn4+ generation.92–94 In this line, the co-sublimation of this 

additive leads to a better formation of the perovskite in our system, as observed 

in the absorbance spectrum (Figure 20a). XRD spectra in Figure 20b showed 

structural effects when different amounts of SnF2 were introduced. Without the 

additive, the dominant peak is the one centered at 12.7º, normally attributed to 

PbI2. However, when introducing small amounts of the additive, the peaks 

associated to the perovskite become prominent and the peak associated to PbI2 is 

reduced, this implies a better formation of the perovskite.20,95 On the other hand, 

when very high quantities of the additive are introduced, the peak at 12.7º is 

intensified and a new peak at 38.7º appears. This last peak is normally associated 

to SnI2.  Therefore, it seems that the introduction of an excess of SnF2 leads to an 

excess of SnI2 and PbI2 in the final films.23,96 These results led to the conclusion 

that 10% of the additive is the optimum amount of SnF2. 
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Figure 20. a) UV-Vis absorbance spectrum of the perovskite with and without the addition of a 6% of 

SnF2 during sublimation. B) XRD pattern obtained for the perovskite with different amounts of SnF2. 

Furthermore, studies on the morphology of the films with different 

quantities of SnF2 were also performed (Figure 21). As shown in the images, the 

different amounts of the additive on the film did not significantly affect their 

morphology.  

 

Figure 21. SEM images of the surface of FAPb0.5Sn0.5I3 containing a a) 0%, b) 10% and c)20% of 

SnF2. 

The stability of these films under ambient conditions was also evaluated 

over time, by monitoring the UV-Visible absorbance and the conductivity under 

different air exposures. In Figure 22a, the UV-Visible spectrum of samples stored 

in ambient conditions can be observed. After one day of air exposure, the 

perovskite starts to degrade. Furthermore, the results in Figure 22b show how the 

conductivity of the perovskite remains similar for 12 days in nitrogen conditions 

but, after air exposure the conductivity increases one order of magnitude within 3 

hours. This pronounced increase in the conductivity is associated to Sn4+ 

formation and can be interpretated as a clear sign of degradation.  
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Figure 22. a) UV-Visible absorbance measurement up to 12 days in air. b) Conductivity of the samples 

up to 12 days in N2 atmosphere and of the same sample for 3 hours in air (inset).  

The bandgap and morphology of the films with 10% of SnF2 were 

determined using detailed analysis of the absorption spectrum and SEM analysis 

(Figure 23). 

 

Figure 23. a. UV-Visible absorbance, Tauc plot calculations (inset) and b. SEM image of the surface 

on the FAPb0.5Sn0.5I3 containing a 10% of SnF2. 

From the absorbance studies (Figure 23a) it is clear that the film absorbs 

up to 970 nm. Analysis of the calculated Tauc plot leads to a deduction, the 

bandgap to be 1.28 eV through a direct transition (Figure 23a inset).97 Studies on 

the morphology of the films through SEM of the surface (Figure 23b). The image 

shows a very homogeneous surface with no signs of pinholes, ideal for solar cells. 

Although the grains have small sizes (60-100 nm) that are consistent with vacuum 

deposition, this small size has already shown in other studies to not be a limiting 

factor of the achievable PCE.  98  
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Afterwards, to test the performance of these films for photovoltaic 

applications, they were integrated as the absorber in solar cells employing the 

configuration shown in Figure 24a, as discussed in chapter 2.1. First, we measure 

the J-V in the dark to determine the quality of the diode. From Figure 24b we see 

a small leakage current and good diode rectification can be seen. These 

characteristics suggest a suppression of Sn4+ formation during the sublimation in 

inert conditions. In Figure 24c, the IPCE spectrum can be observed. The spectrum 

reaches maximum values of 0.7. These relatively small values indicate that further 

optimization on the thickness and composition of the films should be done to 

achieve the maximum capability to generate hole and electron pairs from photons.  

 

Figure 24. a) Device structure, b) J-V Curve in dark conditions, c) EQE and d) J-V Curve (dotted for 

reverse and solid for forward measurement) under illumination for the best performing device of 

FAPb0.5Sn0.5I3 containing a 10% of SnF2. 

Finally, in Figure 24d the J-V curves under illumination are displayed. It 

can be seen how the solar cell presents no significant hysteresis, high FF values 

and a JSC close to the expected one expected from the IPCE spectrum. However, 

loses on the VOC compared to material Eg indicate recombination issues. The 

values obtained for these curves are presented in Table 1. 
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Table 1. Photovoltaic parameters under AM1.5G illumination measured for the 

solar cell presented in Figure 24.  

Scan Jsc (mA/cm2) Voc (mV) FF (%) PCE (%) 

Forward 24.3 730 73.3 13.42 

Reverse 24.5 720 79.3 13.98 

This vacuum-deposited Sn-Pb perovskite can display encouraging 

performances in solar cells, demonstrating the potential of vacuum deposition 

methods to fabricate tin-lead alloyed perovskites avoiding Sn4+ formation.  

3.6. Conclusion 

A novel method to synthesize FAPb0.5Sn0.5I3 through vacuum deposition was 

developed. The co-evaporation of precursors including SnF2 additive 

demonstrated to be an effective technique to suppress the formation of Sn4+ in 

the films. The process we developed resulted in pinhole-free films with 

homogeneous surface and a bandgap of 1.28 eV, demonstrating the high control 

of this technique to achieve the targeted narrow-Eg perovskite. Furthermore, the 

films were integrated into p-i-n solar cells performing with efficiencies close to 

14%. These studies show the capability of vacuum deposition to synthesize tin-

lead based perovskites with considerable efficiencies opening a new processing 

route to develop optimum-bandgap perovskites and narrow-Eg perovskites to be 

integrated in multijunction devices through a simple and well-known in industry 

technique. However, the results obtained in these studies were very difficult to 

reproduce, as the use of very small quantities of additive required high control 

during the sublimation. Therefore, alternative approaches to produce reproducible 

vacuum-deposited tin-lead perovskites should be carried out.  

3.7. Contribution of the author 

Igual-Muñoz, A. M.; Ávila, J.; Boix, P. P.; Bolink, H. J. “FAPb0.5Sn0.5I3: A Narrow 

Bandgap Perovskite Synthesized through Evaporation Methods for Solar Cell 

Applications” Sol. RRL, 1900283, 1–5 (2019).  
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4. Vacuum-Deposited Multication Tin–

Lead Perovskite Solar Cells 

4.1. Introduction 

High power conversion efficiency is a key factor determining the success of 

any photovoltaic technology. Considering the high soft costs, such as those related 

to the solar cells’ installation, efficiency enhancements represent the most direct 

route to reduce the final energy price. As mentioned in section 1.3.1, two main 

routes can be considered to increase PSCs efficiency: developing more efficient 

absorbers through narrowing the Eg towards the “Optimum bandgap” of 1.34 eV, 

and manufacturing multijunction solar cells where a narrow-Eg absorber is 

required to exploit the potential of the full solar spectrum. 20,31,99 The synthesis of 

tin-lead alloyed perovskites results in narrower bandgap absorbers than their single 

metal counterparts. However, the use of tin needs to deal with the detrimental 

oxidation of Sn2+ to Sn4+. This oxidation leads to p-type doping and compromises 

the stability and performance of devices,92 yet alloyed perovskites are more stable 

than their purely tin-based counterparts.40 Normally, the fabrication of tin-lead-

based perovskites is done through solution-based processing methods that present 

several disadvantages against vacuum-based methods, such as the lack of control 

in the thickness of the absorber. Vacuum co-deposition of the precursors is a 

widely known technique in industry100 that can be employed to prepare large-area 

devices. Also, it is intrinsically additive, a key point for the development of 

multijunction devices.101 In Chapter 3, an efficient tin-lead-based perovskite 

developed through vacuum deposition methods was reported. However, the 

technique required the use of SnF2 additive to suppress the formation of Sn4+ and 

the use of FA as the monovalent cation.94 An accurate introduction of small 

quantities of SnF2 is difficult to achieve through vacuum-based methods, and the 

use of FA cation hinders the phase control since it can result in detrimental yellow 

polymorphs. Therefore, these studies showed a lack of reproducibility, and the 

work served only as a proof of concept. One of the strategies that can be fruitful 

to overcome these problems is the incorporation of two monovalent cations. 

Combining MA and Cs has shown the capability to form Sn-based perovskites 

working as absorbers without the need for additional additives.102 As an added 
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advantage, the introduction of Cs has been shown to enhance perovskites’ thermal 

stability, photostability and efficiency.103,104 In addition, MA has shown to be more 

stable and controllable than FA through sublimation methods, resulting in more 

reproducible perovskites.  However, their combination on tin-lead alloyed 

perovskites synthesized via sublimation remained unexplored, thus this perovskite 

became an excellent candidate to prepare lower bandgap perovskites by vacuum 

deposition. 

 

4.2. Studies on the thickness and solar cell 

performance of vacuum-deposited 

methylammonium  cesium tin-lead iodide. 

In this chapter, we explored the partial replacement of Pb by Sn in 

MA0.9Cs0.1PbI3 to develop narrow-Eg perovskites through vacuum-based methods 

without the use of a SnF2 additive. The study pursued the composition based on 

75% of Pb and 25% of Sn employed in previous studies that displayed enhanced 

stability and higher efficiencies.103 The obtained perovskite presented a narrower 

Eg than its Pb-based counterpart, close to the optimum single-junction bandgap 

of 1.34 eV. The development of the improved absorbers included a study on the 

film characteristics, which were adjusted by modifying deposition parameters such 

as the monovalent to divalent cation rate. Finally, a conscientious study on the 

thickness of the perovskite in sandwiched devices was done to obtain higher and 

reproducible efficiencies. 

 

4.3. Achieving a reproducible tin-lead perovskite by 

sublimation 

The efforts to prepare tin-lead perovskites by sublimation, detailed in Chapter 

3, lead to the following conclusion: the capability to prepare tin-lead perovskites 

by sublimation methods is a real option. However, the low reproducibility of the 

perovskites represented a major issue. Part of these problems were attributed to 

the need to control the deposition of small amounts of SnF2 in a steady and 
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accurate way along the whole perovskite formation. For this reason, we decided 

to start a new study searching for a new Pb-Sn perovskite that avoids the use of 

SnF2. In this aspect, the main objective was to include the Cs and MA cation to 

circumvent the SnF2 deposition. To do so, four evaporation sources had to be 

concurrently operated as MAI, CsI, SnI2 and PbI2 were the precursors. A scheme 

of the evaporator can be observed in Figure 25.   

 

Figure 25. Scheme of the evaporator employed to prepare MA0.9Cs0.1Pb0.75Sn0.25I3. 

In our first studies, the temperature required to evaporate the same 

quantity of MAI in source four, the one that is presented for CsI in Figure 25, was 

higher. A perovskite with a whitish aspect was being obtained regardless of the 

hole transporter employed as a substrate. These observations indicated an excess 

of MAI in the films. Solar cells prepared with this perovskite were showing low 

IPCEs, VOCs and JSCs. For this reason, absorbance and XRD studies were 

performed, and they indicated a clear excess of MAI in the films. These results can 

be observed in Figure 26. From these results and further studies on the HTL 

employed with our optimized perovskite, we concluded the best HTL to employ 

for this perovskite was m-MTDATA, as the rest of HTLs tried were showing the 

same S-Shape in their J-V curves as PTAA in  Figure 26. Furthermore, as MAI 

was the precursor that is most difficult to control in the evaporation process. We 

evaluated different MAI’s originating from different suppliers. Our results clearly 

indicated the best MAI to employ was the one obtained from Lumtec.  

 



 
44 

      

  

Figure 26. J-V curves, UV-Vis absorption spectrum and XRD diffractogram obtained for the first trial 

on synthesizing MA0.9Cs0.1Pb0.75Sn0.25I3. 

Although these first results may not seem encouraging, this perovskite 

presented higher reproducibility than the one in the previous chapter (based on 

FA and SnF2 additive). For this reason, we were able to observe some trends and 

adjust different controllable variables during the synthesis to obtain the results 

presented in the next pages.  

 

4.4. Experimental methods 

ITO-coated glasses were cleaned employing the method described in chapter 

2.1. Afterwards, 5 nm of MoO3 were thermally evaporated at a pressure of 2x10-6 

mbar. That layer was annealed at a temperature of 100ºC for 10 minutes in 

nitrogen atmosphere. 10 nm of m-MTDATA were sublimed at a pressure of 3x10-

6 mbar to complete the hole selective layer. The perovskite was synthesized by 

simultaneous thermal vacuum deposition employing the precursors MAI, SnI2, 

PbI2 and CsI. Again, a careful calibration of the QCMs was done to determine the 

exact quantity of each material being evaporated.  C60 and BCP were sequentially 
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evaporated onto the perovskite with thicknesses of 25 and 8 nm respectively, at a 

pressure of 3x10-6 mbar. Finally, 100 nm of Ag were thermally evaporated at a 

pressure of 2x10-6 mbar. Films and device characterization were performed 

employing the techniques and equipment described in chapter 2.2 and 2.3. 

 

4.5. Results and discussion 

The targeted composition in this study was MA0.9Cs0.1Pb0.75Sn0.25I3. A study 

on the precursor’s ratio was done. To maintain the monovalent ratio and the 

divalent ratio, MA:Cs and Sn:Pb ratios were kept constant while the MACs:SnPb 

ratio was changed. Perovskite films with the ratios 1.2:1 to 2.3:1 were synthesized 

and analyzed through XRD and absorbance.  

 

Figure 27. Studies on the (a) XRD and (b) absorbance for different precursor ratios of 

MA0.9Cs0.1Pb0.75Sn0.25I3. 

In the XRD diffractogram of the composition containing less divalent 

cation (1.2:1 in Figure 27a), a peak centered at 11.4º is observed. This peak is 

related to the formation of low-dimensional perovskites. Low-dimensional 

perovskites appear when there is an excess of monovalent cation, as MA, in the 

films. Thus, we concluded these films were containing a huge excess of MA. 105–

107 Therefore, formulations introducing more divalent cations were introduced, 

labeled in Figure 27 as 2:1 and 2.3:1. Both showed a well-formed perovskite. 

However, the one with a formulation of 2.3:1 (SnPb:MaCs) showed a peak which 

is commonly attributed to PbI2, indicating a small excess of divalent cation. In 

previous studies, it has been reported that a small excess of divalent cations 
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enhances the performance of these perovskites and avoids the need to employ 

additives to suppress Sn4+ formation.23 On the other hand, absorbance studies 

(Figure 27b) show an absorption onset of 850 nm for the 1:1 perovskite (green 

line), implying the perovskite was not well-formed, as the expected onset for this 

perovskite was approximately 950 nm. However, for the 2:1 and 2.3:1 ratios, the 

perovskite shows the expected onset and higher absorption for the 2.3:1 ratio. To 

further investigate these ratios, solar cells with these unoptimized compositions 

were developed. The EQE measurements and J-V characteristics are shown in 

Figure 28 a and b, respectively. Furthermore, the representative values can be 

found in Table 2. 

 

Figure 28. (a) EQEs and (b) J-V curves for the solar cells prepared with different ratios of MACs and 

SnPb.  

Table 2. Values obtained for the efficiency parameters from the J-V curves for solar cells prepared with 

different ratios of MACs and SnPb. 

Ratio (SnPb:MACs) FF (%) Jsc (mA/cm2) Voc (mV) PCE (%) 

1.2:1 57 3.7 477 1.0 

2.0:1 66 13.7 681 6.1  

2.3:1 59 21.1 673 8.4  

From the EQE plots (Figure 28a) we concluded the 1:1 ratio did not form the 

expected perovskite because the IPCE was very low and only present in some of 

the expected wavelengths, this observation correlates well with the conclusions 

obtained before for XRD and absorbance measurements. On the other hand, for 

the ratios of 2:1 and 2.3:1, the IPCE was showing charge carrier generation in all 

the expected wavelengths for this perovskite. However, as in absorbance 
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measurements, the IPCE was more intense for the composition with a 2.3:1 

(SnPb:MACs) ratio. For this reason, as observed in  Figure 28b, the measured JSC 

for this composition was higher.  Therefore, the ratio of 2.3:1 was chosen to be 

the one employed in further optimizations, including a comprehensive study on 

the effect of thermal post-treatment (Figure 29 a and b) and stability of the films 

(Figure 29 c and d). Studies on thermal post-treatment confirmed that no 

beneficial result was obtained from thermal annealing on sublimed perovskites, 

which implies a stochiometric perovskite formation during the deposition (Figure 

29a,b). The formation of Sn4+ is the main origin of losses in Sn-containing 

perovskites, and it is also a determining source of degradation. Thus, the stability 

of our films deposited without SnF2 is a key aspect. We prepared solar cells and 

measured them before and after three days of storage in N2 atmosphere, 

conditions comparable with optimal sealing. The results show a stable perovskite 

where the efficiency does not decrease although FF and JSC are slightly 

affected(Figure 29c,d). 

 

 

Figure 29. Thermal post-treatment studies (a) EQE and (b) J-V Curves. Stability studies (c) EQE and 

(d) J-V curves on devices prepared with the perovskite MA0.9Cs0.1Pb0.75Sn0.25I3. 

To identify the optimum thickness of the perovskite film for the solar cell 

efficiency, a study on the thickness of the perovskite was performed. The thickness 
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of this layer affects the final performance as it can absorb more light. However, 

there is more distance for the charge carriers to travel.  

 

Figure 30. Surface morphology and crystallinity studies performed by (a-d) Scanning electron microscopy 

and (e) XRD of MA0.9Cs0.1Pb0.75Sn0.25I3 with different thicknesses.  

Top-view SEM images of the surface of the perovskite with different 

thicknesses are shown in Figure 30a-d. All the images suggest a high degree of 

crystallinity in the film. In addition, a homogeneous surface without pinholes was 

obtained. A slight increase in the grain size can be observed for thicker samples. 

This effect was attributed to a decrease in the MAI rate during longer sublimation 

times. The XRD patterns are shown in Figure 30e. Patterns displayed correspond 

to the expected ones for this perovskite, with the additional 12.7º peak attributed 

to an excess of divalent cations.20 It can be observed how, when the thickness of 

the film is increased, the intensity of the (220) plane is also increased. However, 

this can be an artifact of the measurement, as in thicker perovskites in this angle, 

a bigger quantity of material is reached.  

The Eg dependence on the film thickness can be explored by the absorbance 

measurements in Figure 31a. To further understand the changes in Eg, the 

composition of these films was studied by EDAX. A plot representing the 

composition and Eg variations with films’ thickness is shown in Figure 31b. The 

obtained compositions with this methodology are very close to the targeted ones, 

with slight variations during different sublimations. The resulting Eg is also 

maintained in the range of 1.2 eV to 1.4 eV, confirming the significant degree of 

compositional control of the technique. It is also worth remarking that these values 

are very close to other studies previously reported for this perovskite.103 
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Figure 31. (a) Absorbance with Tauc plots in the inset and (b) Bandgap and composition vs thickness 

obtained for the films of MA0.9Cs0.1Pb0.75Sn0.25I3. 

As the morphological, structural, optical and compositional studies indicated 

the fabricated perovskites were of high quality, they were integrated into p-i-n 

devices. In this study, m-MTDATA was employed as the hole transporter because 

its highest occupied molecular orbital (HOMO) aligned well with this perovskite’s 

energy levels, also the use of this hole transporter didn’t show to provoke the 

formation of whitish films. 103,108 Representative J-V curves obtained for these 

devices are shown in Figure 32a along with the EQEs (Figure 32b) obtained for 

the same devices.  

 

Figure 32. (a) J-V curves and (b) EQEs of representative devices with different thicknesses employing the 

perovskite MA0.9Cs0.1Pb0.75Sn0.25I3. 

For a better comprehension of the values obtained from the J-V curves 

Table 3 and Figure 33 are shown. Whereas Table 3 shows the values obtained for 

these curves and an average value, Figure 33 shows the statistics obtained for all 

the samples prepared with these configurations.  
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Table 3- Photovoltaic parameters under AM1.5G illumination measured for the representative solar cells 

of each thickness (Averaged values in Brackets). 

Thickness (nm) FF (%) Jsc (mA/cm2) Voc (mV) PCE (%) 

200 62 (63) 14.0 (14.9) 686 (671) 6.0 (6.2) 

300 60 (57) 15.3 (14.6) 677 (673) 6.2 (5.6) 

400 59 (59) 20.4 (19.4) 680 (674) 8.2 (7.7) 

600 53 (51) 25.0 (23.6) 677 (660) 8.9 (7.9) 

650 49 (48) 12.5 (11.8) 704 (699) 4.3 (3.9) 

700 47 (46) 13.7 (13.4) 592 (595) 3.8 (3.6) 

 

Figure 33. Photovoltaic parameters obtained from the J-V curves of devices with different perovskite 

thicknesses under AM1.5G illumination. (a) FF (b) JSC (c) VOC (d) PCE. 

Devices with the best photovoltaic efficiency were the ones employing a 600 

nm thick absorber, reaching PCEs as high as 8.9% with reproducible 

characteristics. Furthermore, JSC is enhanced with increasing thickness, in good 

agreement with the absorbance results (Figure 31a) and EQEs (Figure 32b). When 

films are thinner, an EQE deficit is observed at longer wavelengths. This is 
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attributed to the lower absorption coefficient of this composition, requiring 

thicker films to absorb less energetic photons. When thicker films are employed, 

this deficit is not observed. 37,109 On the other hand, for films with thickness >600 

nm, the EQE response is diminished in the whole spectrum, which indicates 

hindered charge extraction, due to higher distance to travel for the charge carriers. 

Further optimization on these films could lead to higher responses, as the 

theoretical current calculated for this bandgap should reach 35.8 mA/cm2 and our 

best film presented 25 mA/cm2. Figure 33a displays a FF decrease with increasing 

thickness. FF deficits are usually attributed to impaired charge transport or high 

carrier recombination. However, as a similar trend is not observed in VOC (Figure 

33c), it was attributed to charge transport deficits in our case.  

In order to gain further insight on this FF reduction, we analyzed EIS 

response and the J-V curves in dark conditions. 

 

Figure 34. (a) Combination of recombination and transport resistances obtained through EIS 

measurements, (b) representative Nyquist plot of the sample with a thickness of 600 nm and (c) J-V curves 

in dark conditions obtained for the devices with different thicknesses. 

The Nyquist plots (Figure 34b) display two regions at high and low frequency. 

These two regions have also been observed in previous reports for Pb-based 

perovskites,110 and contain information about charge recombination and transport 

in the devices.111 These spectrum were fitted employing the equivalent circuit 

shown in chapter 2.3.112 In Figure 34a, the resistance accounting for recombination 
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and transport is plotted against de applied voltage.  The trend of the resistances, 

which is aligned with the Voc rather than with the FF, suggests that the parameter 

is determined by the recombination. Therefore, this increase in recombination rate 

(decrease in recombination resistance) with the thickness suggests a bulk 

recombination process.79,102 Furthermore, in the J-V curves measured in dark 

conditions (Figure 34c), there is a resistance trend with thickness at higher 

injection potentials, which indicates larger series resistance in thicker films.113  

Finally, an investigation on the ideality factor was performed by analyzing the Voc 

values at different light intensities,114 obtaining an ideality factor of 2.25, as shown 

in Figure 35. This ideality factor, ~2 is associated with trap-mediated 

recombination, in line with bulk-dominant recombination processes. Normally, 

smaller grain sizes observed for vacuum-deposited perovskites are not detrimental 

to devices’ efficiency. However, in this case, as the perovskite also contains Sn2+ 

that can be oxidized to Sn4+, probably the enhancement of this recombination 

should be attributed to the smaller grain sizes obtained. 

 

Figure 35. VOC vs logarithm of the light intensity to determine the ideality factor of a sample with 600 

nm’s thickness.  
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4.6. Conclusion 

A vacuum deposition technique was employed to synthesize tin-lead 

perovskites with close-to-ideal bandgaps with reproducible results. Reproducibility 

was achieved by combining MA and Cs cations, and by avoiding the need for 

additives to suppress Sn2+ oxidation. A careful study on perovskites’ thickness was 

done and both films and devices were characterized. Perovskites were integrated 

into sandwiched devices achieving reproducible efficiencies up to 8.9%. Limiting 

factors of efficiency were analyzed through EIS and dark current-voltage 

measurements, indicating the main recombination processes were dominated by 

trap-mediated recombination in the bulk.  
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5. Room-Temperature Vacuum 

Deposition of CsPbI2Br Perovskite 

Films from Multiple Sources and Mixed 

Halide Precursors 

5.1. Introduction 

In the previous chapters, we demonstrated the fabrication of narrow-Eg tin-

lead alloyed perovskites by sublimation and its use in solar cells. The next objective 

of our research was to develop a wide-Eg perovskite employing this method. 

Usually, perovskite solar cells that employ only organic MA and FA cations do not 

have high thermal stability 115,116 in contrast to those containing Cs 117–119 or even 

those using only Cs, that do reach high temperature stability.43–45 CsPbI2Br 

presents a Eg of 1.9 eV, very suitable for tandem applications, and has reached 

single-junction efficiencies over 16% when synthesized through solution-process 

techniques.53,56,120,121 However, the preparation of inorganic perovskites has 

several difficulties, as their stable phase at RT can only be achieved after annealing 

at high temperatures. For example, 300ºC is required for CsPbI3 formation, as this 

composition is unstable due to its small Goldschmidt tolerance factor.10,122–124 

Introducing bromide in the composition can help to solve this issue, as it allows 

to stabilize the black phase.46,48,49,125 The inorganic perovskite CsPbI2Br has also 

been synthesized by solution-process methods, and the process requires high-

temperature annealing of 150-300ºC. Sublimation has been a successful approach 

to prepare other perovskites, such as those based on MA without thermal post-

treatment.74 Vacuum deposition has also been used for the preparation of 

CsPbI2Br perovskites, achieving record efficiencies of 13%,57 these films still 

required high-temperature thermal post-treatment. This limited their applicability 

on temperature-sensitive substrates and on other perovskites in multijunction 

devices.126 For this reason, further studies on the formation of this perovskite 

through sublimation are required.   
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5.2. Studies on the formation of CsPbI2Br through 

different vacuum-deposition methods and mixed-

halide precursors and its integration in 

photovoltaic devices 

In this chapter, we evaluate solvent-free synthesis methods for wide-Eg 

CsPbI2Br perovskite, including vacuum-based methods and the solid-state 

technique of mechanochemistry. We focus on strategies that avoid thermal post-

treatments or employ low temperatures of less than 150ºC.  

5.3. Experimental methods 

Solid-state mechanochemical synthesis of the compounds was carried out 

employing a ball-mill (MM-40 shaking ball mill from Retsch). CsPbI2Br was 

synthesized by mixing CsBr and PbI2 in a N2 filled glovebox and introducing the 

materials in zirconia ball-mill jars with two zirconia beads. Jars were closed in N2 

atmosphere to avoid oxidation, and ball-milling was performed at 30 Hz for 99 

min. The same procedure was employed for the mixed-halide precursors, although 

the precursors were CsBr/CsI for cesium mixed-halide precursors and 

PbBr2/PbI2 for lead mixed-halide precursors, in a ratio of 1:2 for both. Synthesis 

by melting was also investigated. The same precursors as in mechanochemical 

methods were weighted in a microbalance and introduced in a ceramic crucible. 

The crucible was heated in inert atmosphere and ambient pressure until 650ºC for 

CsPbI2Br and cesium mixed-halide precursors and 420ºC for lead mixed-halide 

precursors. Finally, for sublimation techniques, four different ways of synthesizing 

the perovskite were studied. A summary of these methods can be found in chapter 

2.1 (Figure 15). In this case, the evaporator employed was a custom-made one 

represented in Figure 10 from chapter 1.4. The evaporator was evacuated up to 

10-6 mbar. For the preparation of the perovskite with two sources and mixed-

halide precursors, melted precursors were employed.  

Sandwiched p-i-n solar cells were prepared with the sublimed perovskites. The 

solar cells were prepared as follows: ITO-coated glasses were cleaned employing 

the method described in chapter 2.1. Afterwards, 5 nm of MoO3 were thermally 

evaporated at a pressure of 2x10-6 mbar. The layer of TATM, that functions as the 

hole extraction layer, was sublimed at a pressure of 3x10-6 mbar. Then, both layers 
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were annealed at a temperature of 140ºC for 10 minutes in a nitrogen atmosphere. 

Afterwards, the perovskite was synthesized as previously described. Calibration of 

all the materials was done by adjusting the real sublimed thickness in the QCMs. 

On top of the perovskite, C60 and BCP, that function as the electron extraction 

layer, were evaporated with thicknesses of 25 and 8 nm, respectively, at a pressure 

of 3x10-6 mbar. Finally, 100 nm of Ag were thermally evaporated at a pressure of 

2x10-6 mbar.  

Characterization of both films and solar cells was carried out employing the 

methods described in chapters 2.2 and 2.3. 

 

5.4. Results and discussion 

These studies started with the mechanochemical synthesis of CsPbI2Br, and 

its deposition through flash evaporation, which has the potential to generate high-

quality perovskite films without the need to use toxic solvents, as is the case for 

sublimation.127,128 However, the CsPbI2Br synthesis was not successful, 

reproducing the same problems the technique presents for CsPbI3 fabrication. In 

Figure 36a, the XRD diffractograms of the powders prepared by mixing CsBr and 

PbI2 by ball-mill and melting are shown.  A mixture of different phases was found 

in the XRD pattern of the ball-milled sample. Whereas the 3D structure of 

CsPbI2Br can be observed, a peak centered at 10º cannot be ascribed to the 

perovskite phase. This phase consists of PbX6 partially disconnected octahedra, as 

shown in Figure 36b, which has been previously attributed to the as-called yellow 

phase of this perovskite. Indeed, at room temperature (RT) it is the most 

commonly found phase of CsPbI2Br.129  Nevertheless, the synthesized powder 

was not a mixture of CsPbBr3 and CsPbI3, as the lattice constants were larger than 

for the bromide counterpart and smaller than the iodide counterpart, indicating 

the introduction of both halides into the structure. A similar effect is observed for 

the non-perovskite phase. Also, a melting process was employed to investigate the 

formation at high temperatures, but a pure perovskite phase was not obtained. 

However, a new phase corresponding to Cs4PbX6 was obtained, labelled as 4-1-6. 

There have been previous reports studying this phase and its conversion to the 

perovskite phase.130–132  
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Figure 36. a) XRD characterization of ball-milled (bottom) and melted (top) CsBr:PbI2 1:1 powders. b) 

Crystal structures of the distorted perovskite and non-perovskite phases. Where the colors represent red, 

blue and gray for Cs+, halide and Pb+2 respectively. 

On the other hand, to confirm the existence of the perovskite phase in the 

powders, UV-Vis Absorbance studies were carried out, as the color of the powders 

was the expected one (Figure 37). For the ball-milled and melted powders, the 

presence of CsPbI2Br in its perovskite phase is confirmed by the absorption onset 

at 1.85-1.90 eV.  

 

Figure 37. UV-Vis absorbance studies of melted and ball-milled perovskite and picture of the powders 

prepared by mechanochemical methods.  

The next step of these studies was to evaluate the formation of CsPbI2Br 

through different methodologies of sublimation. Therefore, we started from the 

simplest to the most complicated. Initially, a 1-source method was tested. This 

method consisted of flash evaporation of the melted powders shown before. After 

the evaporation chamber was evacuated, the crucible was heated to 750ºC at the 
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highest rate, corresponding to 5ºC/s. The rate was set at the highest possible to 

minimize changes in the composition as the different compounds present in the 

sample have different sublimation temperatures.133 Films were analyzed by XRD, 

as shown in Figure 38a.  

 

Figure 38. Characterization results of the flash evaporated sample (1 source) through (a) XRD and (b) 

SEM. Scale bar is 500 nm. 

XRD pattern of the flash evaporated sample showed the coexistence of 

different phases, the most dominant was PbI2, as observed in the peak centered at 

12º. Other phases were characterized as perovskite, Cs4PbX6, and CsPb2X5. In 

summary, flash evaporation led to impure films. Flash evaporated films were also 

studied through SEM and UV-Vis absorbance. SEM of the sample (Figure 38b) 

showed homogeneous films with small grains of 50 nm. On the other hand, UV-

Vis absorbance and Tauc Plot calculations showed a bandgap energy of 1.94 eV 

(Figure 39). This bandgap is slightly wider than the expected one due to the PbI2 

segregation caused by the high temperatures achieved during sublimation.  
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Figure 39. (a) UV-Vis absorbance spectra and (b) Tauc plot calculations for the as-prepared films.  

Then, we proceeded with 2-sources evaporation. Firstly, the co-evaporation of CsBr 

and PbI2 was studied. XRD of these films can be observed in Figure 40a. The 

pattern showed a film composed mainly of the perovskite phase without any 

preferential orientation, commonly observed for this kind of films.129 Lack of 

orientation is also characteristic of vacuum-deposited films and can be related to 

the porosity observed in SEM studies (Figure 40b).134,135 

 

Figure 40. Characterization results of the sample prepared by co-evaporation of CsBr and PbI2 (2 sources) 

through (a) XRD and (b) SEM, and of the sample prepared by co-evaporation of the mixed-halide 

precursors (2 sources MHP) through (c) XRD and (d) SEM. Scale bar is 500 nm in all images. 

However, from these studies, we concluded that phase pure CsPbBr2I could 

be obtained by 2-sources co-evaporation, although the films had high porosity and 

some pin-holes. Vacuum-deposition requires the atomization of the precursors, 

which condense on a cold surface forming the final structure. This results in well-

mixed compounds. Although XRD studies showed a well-mixed halide 
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composition, we proceeded to study another 2 sources method employing mixed 

halide precursors, as the pre-alloying could lead to a more homogeneous insertion of 

the halides in the structure. XRD patterns of pre-alloyed mixed-halide precursors 

can be seen in Figure 41.  

 

Figure 41. XRD patterns of mixed-halide precursors. Prepared by (a) ball mill of CsI:CsBr (2:1), (b) 

melting of CsI:CsBr (2:1), (c) ball mill of PbI2:PbBr2 (2:1) and (d) melting of PbI2:PbBr2 (2:1). 

During the solid-state reaction of cesium, the incorporation of bromide into 

CsI was confirmed by the peak shifts. In Figure 41a,b the peaks for CsI were 

presented in orange, and for CsBr in blue. On the other hand, the measurement 

of our sample is represented in green where we can see how the peaks are always 

shifted between the pure CsI and CsBr, meaning a new compound is formed. On 

the other hand, an alloy of lead mixed-halide precursors is also obtained, although 

in its XRD diffractograms (Figure 41c,d) it is more difficult to observe the mixing 

because this pattern presents a higher amount of peaks. As the patterns obtained 

through melting presented more shifted peaks, indicating a better mixing between 

halides, this technique was the chosen one for the co-evaporation of mixed-halide 

precursors.  
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XRD pattern of the co-evaporated mixed-halide precursors’ perovskite can be 

observed in Figure 40c. Here, a phase-pure perovskite with preferential orientation 

on the (110) and (002) planes was obtained. From the surface studies, the detailed 

morphology is obtained (Figure 40d), with well-defined grains of 50 nm. 

Furthermore, a Eg of 1.9 eV, as expected for well-mixed halides, is obtained 

(Figure 39b). Therefore, previous halide alloying is a good technique to enhance 

the quality of this perovskite.  

 

Figure 42. Characterization results of the sample prepared by co-evaporation of CsBr, CsI and PbI2 at a 

fast rate (3 sources fast) through (a) XRD and (b) SEM, and of the sample prepared by co-evaporation 

of CsBr, CsI and PbI2 at a slow rate (3 sources slow) through (c) XRD and (d) SEM. Scale bar is 500 

nm in all images. 

To obtain a more thorough comprehension on the introduction of more 

precursors during the synthesis, the deposition with 3 sources was done by co-

evaporation of CsI, CsBr and PbI2. During vacuum deposition, the rate of precursors 

plays an important role, as a very fast deposition rate can originate an amorphous 

material. Therefore, different total rates of sublimation were studied. The first one, 

called “fast” for 2 Å/s, and the second one, called “slow” for 0.5 Å/s. XRD patterns 

of the two compounds are shown in Figure 42 a,c. Both, slow and fast, show a 

phase-pure perovskite with high crystallinity and preferential orientation on the 

(110) and (002) planes. However, the slowly deposited one shows narrower peaks 

indicating larger crystallites. This can be correlated to its improved morphology 

(Figure 42 b,d). Both show a similar bandgap of 1.88 and 1.89 eV for slow and 
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fast films, respectively. However, for the same thickness of 250nm, the slower one 

presents a more intense absorption (Figure 39a). 

To understand better this 3 sources technique, we also tried halide mixing by 

co-evaporation of CsI, PbI2, and PbBr2 (employing two lead halides instead of 

cesium halides). This sublimation led to unstable films in air, with fast degradation 

of the sample (Figure 43). This fact can be observed in UV-Vis absorbance after 

air exposure (Figure 43a) and in the XRD pattern that was collected in air 

atmosphere (Figure 43c).   

 

Figure 43. Measured (a) UV-Vis absorbance before and after air exposure, (b) Tauc plot calculations, 

(c) XRD pattern and (d) surface morphology through SEM of a sample prepared with CsI, PbI2, and 

PbBr2. 

To conclude, the last experiment employing 4 sources was performed to check 

if improved quality films were obtained when subliming all the possible starting 

precursors at the same time, which where CsI, CsBr, PbI2 and PbBr2. XRD patterns 

(Figure 44a) showed a phase-pure perovskite again. However, in this case, no 

preferential orientation was found.  Surface morphology (Figure 44b) showed a 

homogeneous film with small grains of 50 nm and cuboids of 100 nm, similar to 

the structures observed for the 3 sources at a slow rate. This indicates that the 
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formation of these structures is favored when better halide alloying is achieved. 

Finally, its absorption onset (Figure 39b) showed the expected bandgap of 1.92 

eV. 

 

Figure 44. Characterization results of the sample prepared by co-evaporation of CsBr, CsI, PbI2 and 

PbBr2 (4 sources) through (a) XRD and (b) SEM. Scale bar is 500 nm. 

As a summary, RT vacuum-deposited films showing phase-pure perovskites, 

homogeneous morphology and the expected Eg were successfully obtained for all 

the techniques (2 sources, 3 sources “fast” and “slow” and 4 sources) but for the 

flash evaporation (1 source). In view of the good quality of these films, they were 

integrated into sandwiched p-i-n devices to see how their performance in solar 

cells was. Their structure can be seen in Figure 45a.  
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Figure 45. (a) Device structure of the PSCs and measurements done for the (b) J-V curves and (c) EQEs 

of the PSCs prepared with different vacuum-deposition methods. (d) Comparison between the as-deposited 

and annealed J-V curve of the perovskite prepared with 3 sources and a fast rate.  

Furthermore, these devices were also annealed. The EQE and J-V curves 

of these devices can be seen in Figure 46.  

 

Figure 46. (a) J-V curves and (b) EQEs for the samples prepared by different vacuum-methods after a 5 

min annealing at 150ºC. 

 For a better understanding of the performance parameters of these 

devices, Figure 47 is introduced.  
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Figure 47. Performance parameters obtained for the samples prepared by different vacuum-deposition 

methods with and without thermal post-treatment. In the abscissa axis 2 sources (2S), 2 sources mixed-

halide precursors (2S MHPs), 3 sources fast (3S fast), 3 sources slow (3S slow) and 4 sources (4S). 

From the parameter studies, it can be noticed how the sample prepared with 

only 2 sources (2S) underperforms against the rest of them. 2 sources vacuum-

deposition is the only one reported in the literature, and it only led to efficient 

devices after annealing at high temperatures of >260ºC. Improving halide alloying 

through mixed-halide precursors (2S MHPs) leads to better FFs of >65% and 

VOCs of 970 mV (Figure 46b). Furthermore, its photocurrent is also enhanced 

because of its constant high spectral response (Figure 46c). For the solar cells 

prepared with 3 sources, the performance parameters were similar. However, a 

higher FF was obtained for the sample prepared with slow rates (3S slow), 

suggesting slower crystallization favors the charge transport due to the formation 

of larger crystallites. Their final efficiencies were 7.7 and 7.3% for slow and fast 

rates, respectively. However, it can be seen that when annealing the sample of 3 

sources “fast” (3S fast) (Figure 46d), it improves its photovoltaic behavior, leading 

to the highest efficiencies of 10%. The efficiencies obtained for the 4 sources (4S) 

deposition were similar, although a higher VOC was obtained. This increment 

suggests a reduction of the non-radiative recombination.  
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As a conclusion of the PSCs studies, improved alloying of the metal halides, 

either by the use of more sources or by pre-alloying, improves the formation of 

this perovskite at RT.  

After this, the stability of the perovskite showing the best PCE, being 3 

sources “fast”, was evaluated under illumination (Figure 48a) and thermal stress in 

dark conditions (Figure 48b).  

 

Figure 48. (a) Maximum power point under illumination and (b) PCE variations during thermal stress 

for the sample prepared with 3 sources and a fast rate. 

The maximum power point (MPP) of this solar cell was found to be stable 

over an hour of measurement, and the efficiency under thermal stress retained 

90% of its initial value over the 10 days.  

Finally, although the performance of these PSCs was promising, it was clearly 

far from the maximum one expected theoretically (25% for an Eg of 1.9 eV). 31 To 

gain insight on the limitations of these PSCs, sensitive EQE (sEQE) 

measurements and photoluminesce (PL) response of the 3-sources and a fast rate 

were studied (Figure 49). From the sEQE the Eg was estimated to be 1.870 eV, 

and the maximum values of the parameters of the PSCs prepared with this Eg can 

be extracted.31,85 Furthermore, radiative VOC and Urbach energy can be 

extracted.136,137 Table 4 is presented for a comparison of the values obtained. 
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Figure 49. sEQE and PL measurements for the sample prepared with 3 sources and a fast rate after 

annealing.  

Table 4. Solar cell parameters in the radiative limit and comparison with obtained for the sample prepared 

with 3 sources and a fast deposition rate. FF without resistive losses in brackets. 

Eg/q (V) 1.870 EU (meV) 17.96 

VOC rad (V) 1.563 VOC/ VOC rad (%) 61.3 

JSC max (mA/cm2) 17.7 JSC/ JSC max (%) 80.8 

FF max (%) 91.7 (86.9) FF/FF max (%) 79.7 (84.1) 

PCE max (%) 25.4 PCE/PCE max (%) 39.4 

From the comparison of the obtained and the maximum values, one can 

extract that the main limitations are the VOC and FF. The FF is rather high for the 

3 sources fast deposition but for the rest of the samples it is lower. JSC also suffers 

these resistive effects, nevertheless, in these studies, the thickness was not 

optimized, and we attribute its losses to this fact. High losses in VOC are a 

widespread problem among wide-bandgap perovskites and they are normally 

attributed to photoinduced phase segregation or energy levels misalignment.138 In 

Figure 49, an extra component can be observed at 1.7-1.78 eV. This component 

might be the responsible for the voltage loss. In the PL, this feature can be a sign 

of phase segregation. However, this feature is only present in some regions, as can 

be seen in Figure 50.  
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Figure 50. PL maps of the sample prepared with 3 sources in a fast deposition rate illuminated at (a) 660 

nm, for the main emission, and (b) 700 nm, for the extra feature.  

Finally, as the feature remains at a lower absorption than the one for pure 

CsPbI3, and the sEQE was obtained at low illumination intensities, we can 

conclude the feature is originated from a misalignment of the energy levels 

between perovskite and transport layers.  

 

Figure 51. sEQE of the same perovskite employing SnO2 as the ETL. 

Another possible explanation for the feature was that it was generated by C60. 

As this material can generate photocurrent at these energy levels.139 To confirm 

this, devices employing SnO2 as ETL were studied through sEQE, and the feature 

was not observed (Figure 51). Hence, a further investigation on the transport 

layers for this perovskite should be done in future studies.  
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5.5. Conclusion 

Several methods to synthesize CsPbI2Br were employed to elucidate if it could 

be successfully formed at RT. Perovskite formation was obtained through several 

methods. Single source deposition led to a mixture of phases, while the rest of 

vacuum-based methods led to phase-pure perovskites. The higher quality of the 

films obtained through mixed-halide precursors evaporation indicated the 

importance of halide mixing during the synthesis. This effect could also be 

achieved by increasing the number of sources and diminishing the speed of 

evaporation. In the end, PCEs as high as 8.3% were obtained for the samples as-

prepared, and they could be enhanced up to 10% with a low-temperature annealing 

process of 150ºC, which is compatible with the use of flexible substrates. The main 

limitation for the performance of these PSCs was found to be the electron 

transport layers, indicating further studies on them should be done.  
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6. Conclusions 

The aim of this thesis was the development of narrow and wide-bandgap 

perovskites through vacuum-based methods. The synthesis of three different 

materials with the targeted bandgaps of 1.28, 1.34 and 1.9 eV has been carefully 

studied.  

In chapter 3, a novel method to deposit tin-lead perovskites was presented. 

The formation and stability of FAPb0.5Sn0.5I3 were enhanced by suppressing the 

formation of Sn4+ with the co-evaporation of a SnF2 additive. These films were 

integrated into solar cells achieving impressive efficiencies close to 14%.  

Furthermore, this study demonstrated the capability of vacuum-based methods to 

synthesize working tin-lead alloyed perovskites in PSCs. However, the efficiencies 

were not easy to reproduce due to difficulties in achieving the required control of 

the small quantities of additives needed. On the other hand, the uncontrollable 

partial oxidation of Sn2+ to Sn4+ affected the final efficiencies. 

The issue of reproducibility of this method to synthesize narrow-bandgap tin-

lead-based perovskites was addressed in chapter 4. In this work, cations more 

controllable during sublimation were employed. Furthermore, the introduction of 

higher quantities of lead in the structure led to more stable perovskites. 

MA0.9Cs0.1Pb0.75Sn0.25I3 was synthesized without the need for additional SnF2 

additives. A careful study on the thickness of this perovskite was done to optimize 

the morphology, structure, and optical properties. In addition, the obtained films 

were integrated into p-i-n devices leading to reproducible efficiencies as high as 

8.9%. The limiting factors of these devices were studied through EIS and J-V 

curves in dark conditions to elucidate which further studies should be done to 

enhance this perovskite’s efficiency. In the end, the study led to the conclusion of 

a dominant bulk recombination process due to smaller grain size and Sn+2 

oxidation.  

Finally, once reproducible narrow-bandgap perovskites were achieved, the 

formation of wide-bandgap perovskites through sublimation methods was carried 

out in chapter 5. An inorganic perovskite (CsPbI2Br) was chosen for this study 

due to its exceptional thermal stability and suitable bandgap for tandem 
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applications, 1.9 eV. CsPbI2Br was synthesized through several solid-state and 

vacuum-based methods to elucidate if its formation at room temperature or 

employing low-temperature annealing processes could be successful.  This study 

highlights the importance of halide-mixing. Perovskites employing mixed-halide 

precursors prepared by melting, a higher number of co-evaporation sources, or a 

slow evaporation rate showed enhanced properties. Furthermore, all the layers, 

except for the flash-evaporated one, were integrated into solar cell devices.  The 

study demonstrated the preparation of post-treatment-free working solar cells 

which achieved PCEs up to 8.3%. In addition, a low-temperature annealing 

process of 150ºC for 5 minutes was investigated, showing enhanced PCEs up to 

10%. Limitations for the development of this perovskite as an absorber in a solar 

cell were investigated, with the transport layers being the main one, indicating 

further studies on the transport layers should also be done for this perovskite. 

To conclude, during this thesis, we successfully synthesized two narrow-Eg 

and a wide-Eg perovskite integrating them into PSCs with organic transport layers.  

The results obtained were promising, as decent efficiencies were achieved for all 

the perovskites, remarking sublimation methods are a promising technique, not 

only for MAPbI3 but for different kinds of perovskites. In addition, a fully-

inorganic perovskite was deposited without the need of further annealing to work, 

opening a wide new range of applications, such as its integration in flexible devices.
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7. Resumen en Castellano 

Capítulo 1: Introducción y objetivo de la tesis. 

1.1.  El desafío de la energía 

La demanda de energía global ha incrementado desde los 10.000 TWh en 

1990 a más de 20.000 TWh en 2019. Este aumento en la producción   de energía 

ha resultado en un incremento en la generación de gases de efecto invernadero 

provocando un aumento de la temperatura media de la tierra. De este modo, la 

necesidad de producir energía limpia es inminente.  

Entre los distintos candidatos para producir energía limpia encontramos 

la energía solar. Gracias a la gran cantidad de energía en forma de irradiación solar 

que llega a la Tierra podríamos continuar con el desarrollo de nuestras actividades 

industriales y domésticas. Por este motivo, en 1883 ya comenzaron a desarrollarse 

dispositivos fotovoltaicos. Generalmente, se han empleado dispositivos con 

materiales del tipo GaAs, silicio, CdTe o CIGS. Sin embargo, una nueva 

generación de dispositivos ha comenzado a estudiarse en los últimos diez años.  

1.2.  Perovskitas de metal y haluro 

Desde 2002, las células solares basadas en perovskitas han aumentado su 

eficiencia de conversión energética, pasando de un 2.2% hasta un 25.5% 

certificado. Estos dispositivos fotovoltaicos presentan muchas ventajas respecto a 

las tecnologías fotovoltaicas tradicionales, como la abundancia de sus 

componentes en la corteza terrestre, su bajo coste o la posibilidad de ajustar su 

banda prohibida químicamente. Las perovskitas deben su nombre a la estructura 

ABX3, donde A representa a un catión monovalente, B a un metal divalente y X a 

un haluro. Uno de los parámetros que determinan su estabilidad es el Factor de 

tolerancia de Goldschmidt, que se estima entre 0.8 y 1 para compuestos estables y 

depende del tamaño de los átomos de la estructura. Éste también se puede 

controlar mediante la introducción de distintos componentes en la estructura. Las 

razones que explican el excelente funcionamiento de las perovskitas en 

dispositivos optoelectrónicos se basan en las propiedades semiconductoras de 

estos materiales, como la alta movilidad o las altas longitudes de difusión de sus 
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portadores de carga. Una de las características más interesantes que presentan es 

el anteriormente mencionado control de la banda prohibida, ya que permite 

obtener ajustar los materiales a aplicaciones concretas como la obtención de altas 

eficiencias mediante el desarrollo de dispositivos tándem, que emplean varios 

absorbedores para utilizar todo el espectro solar. Éste es uno de los principales 

objetivos planteados en la hoja de ruta desarrollada por EMIRI.  

1.3.  Control de la banda prohibida 

Las perovskitas presentan la interesante característica de poder variar su 

banda prohibida mediante la variación de su composición. Por ejemplo, 

introduciendo formamidinio, la banda se estrecha, e introduciendo cesio, la banda 

se amplía. En este sentido, la presente tesis basa sus estudios en la síntesis de 

perovskitas de banda prohibida estrecha y de banda prohibida ancha con el 

objetivo de fabricar, en el futuro, tándems de alta eficiencia.  

1.3.1.  Perovskitas de banda prohibida estrecha 

Las perovskitas comúnmente empleadas, como el MAPbI3, presentan 

bandas prohibidas lejos del óptimo estimado por el límite de Schockley Queisser. 

Sin embargo, las basadas en aleaciones de estaño y plomo presentan un efecto 

poco convencional denominado arqueamiento de la banda prohibida. Este efecto 

permite sintetizar perovskitas con bandas prohibidas más estrechas, de hasta 1.1 

eV. Gracias a este efecto ya se han preparado perovskitas con la banda prohibida 

óptima. Por otro lado, este efecto permite desarrollar perovskitas con bandas 

prohibidas adecuadas para su uso como absorbedores de banda prohibida estrecha 

en tándems.  

1.3.1.  Perovskitas de banda prohibida ancha 

Estas perovskitas presentan bandas prohibidas de entre 1.7 y 1.9 eV. Así, 

se pueden usar como absorbedores de banda prohibida ancha en tándems. 

Normalmente, este efecto se consigue mediante la introducción de diferentes 

haluros. Sin embargo, las perovskitas que combinan diferentes haluros presentan 

un efecto negativo llamado segregación de haluros. Este efecto se da cuando, tras 

la iluminación, se produce una segregación de los haluros debido a las vacantes de 

haluro que están presentes en la estructura, dando lugar a dos fases con una banda 

prohibida ancha y la otra estrecha. Cuando estas regiones se forman, los 
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portadores se acumulan en las regiones de banda prohibida estrecha que actúan 

como centros de recombinación, dando lugar a pérdidas en el voltaje. Por otro 

lado, también se puede obtener un efecto similar al variarse los cationes 

monovalentes. Aunque los más empleados son el metilamonio y el formamidinio, 

la introducción de cationes inorgánicos como el cesio mejora la estabilidad de las 

perovskitas. Tanto es así, que las perovskitas puramente inorgánicas presentan una 

estabilidad superior. Sin embargo, las perovskitas inorgánicas presentan problemas 

para mantener su fase de perovskita, que pueden solucionarse mediante la 

introducción de bromo en su estructura. Por ese motivo, esta tesis basa su estudio 

en la perovskita CsPbI2Br. Esta perovskita ha sido sintetizada mediante diversos 

métodos, obteniendo eficiencias de hasta un 16.79%. Sin embargo, los métodos 

que emplean técnicas de vacío no han sido optimizados, dando lugar a eficiencias 

más bajas.  

1.4.  Técnicas de deposición 

Existen muchas técnicas para la deposición de perovskitas con características 

similares, entre ellas encontramos dos grandes variantes: 

Métodos por disolución: 

• Deposición en un solo paso. 

• Deposición en dos pasos. 

• Ingeniería de disolventes. 

Métodos por sublimación: 

• Evaporación instantánea. 

• Evaporación secuencial. 

• Evaporación mediante múltiples fuentes.  

La evaporación mediante múltiples fuentes se basa en la sublimación conjunta 

de distintos precursores para formar la perovskita y requiere del uso de múltiples 

sensores para controlar con precisión la cantidad de cada precursor sublimada. Sin 

embargo, presenta gran cantidad de ventajas frente a otros tipos de deposición. 

Entre ellas encontramos: 

▪ Alta pureza de los materiales sublimados. 
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▪ Compatibilidad con áreas grandes.  

▪ Control preciso del espesor, la estequiometría y la morfología. 

▪ Bajas temperaturas de uso sin necesidad de tratamientos térmicos 

posteriores.  

▪ Técnica intrínsecamente aditiva. Permite depositar capas encima de otras 

sin afectar a las anteriores.  

▪ No precisa de uso de disolventes tóxicos. 

▪ Técnica consolidada y empleada en la industria.  

Debido a todas las ventajas anteriormente señalas, los estudios de la presente tesis 

se basan en el uso de esta técnica.  

1.5.  Funcionamiento de las células solares 

Las células solares se pueden preparar empleando distintas 

configuraciones, como son la llamada p-i-n o la n-i-p. En la p-i-n encontramos que 

la luz pasa primero por el electrodo transparente, atraviesa la capa transportadora 

de huecos, después al absorbedor y finaliza en el transportador de electrones y el 

metal. La disposición n-i-p es la inversa de la p-i-n. 

Cuando las perovskitas se iluminan generan pares de electrones y huecos que 

se separan en electrones y huecos libres debido a su energía de unión relativamente 

baja. Éstos son los que se transportan en la estructura de la célula solar dando lugar 

a la energía eléctrica generada. Para determinar la eficiencia de las células solares 

se emplean principalmente dos métodos:  

• Eficiencia cuántica externa: mide la cantidad de fotones que se convierten 

a corriente eléctrica dependiendo de la longitud de onda empleada.  

• Curvas de voltaje y corriente bajo iluminación: esta medida permite 

obtener los parámetros que determinan la eficiencia de la célula solar. Se 

realiza bajo iluminación AM1.5G, un estándar empleado para que sea 

representativo de las condiciones de iluminación de la tierra.  

La eficiencia de las celdas consiste en la multiplicación de la corriente de 

cortocircuito, el voltaje en circuito abierto y el factor de llenado y la división por 

la potencia introducida, que en AM1.5G es de 100 mWcm-2. Por otro lado, las 
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células solares pueden presentar histéresis en sus curvas, ya que se miden en varias 

direcciones, directa y reversa.  

 

1.6.  Objetivo de la tesis 

Como se comentó en la sección 1.3.1., dos de los principales problemas 

de las perovskitas de estaño y plomo es la oxidación del Sn+2 y la dificultad de 

formación de la perovskita en sí misma. En el capítulo 3 se lleva a término la 

preparación de la primera perovskita de banda prohibida estrecha mediante 

sublimación dando lugar a dispositivos eficientes. Para conseguirlo, el aditivo SnF2 

se incluye en la perovskita para dificultar la oxidación de Sn+2.  

Aunque una de las ventajas del método de sublimación es el alto grado de 

control de la composición de las perovskitas, el uso de aditivos en pequeñas 

cantidades es difícil de controlar. En el capítulo 4, la preparación de perovskitas 

de banda estrecha con eficiencias reproducibles mediante sublimación será llevada 

a término mediante el desarrollo de un método de fabricación que evita el uso de 

aditivos. Por otro lado, este capítulo será determinante para las perovskitas de 

banda prohibida estrecha, ya que pretende preparar perovskitas con la banda 

prohibida de 1.34 eV, óptima para dispositivos fotovoltaicos de una sola capa 

recolectora. Además, las perovskitas se integrarán en dispositivos dando lugar a 

resultados reproducibles y, gracias a los mismos, se hará un estudio del efecto del 

espesor de la perovskita.  

Finalmente, como se mencionó en la sección 1.3.2., uno de los problemas 

principales de las perovskitas de banda prohibida ancha es la segregación de 

haluros. En el capítulo 5 se plantea un estudio de diferentes métodos de 

sublimación para depositar CsPbI2Br y estudiar su formación. Debido a que uno 

de los principales problemas de las perovskitas inorgánicas es su formación a 

temperatura ambiente, uno de los objetivos principales del capítulo será 

determinar las mejores rutas para la fabricación de esta perovskita sin necesidad 

de tratamiento térmico. De este modo, se integrarán las perovskitas en dispositivos 

sin tratamiento térmico y con un tratamiento térmico a temperatura moderada 

compatible con el uso de sustratos flexibles. 
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Capítulo 2: Métodos experimentales 

2.1.  Fabricación de células solares 

Todos los procedimientos empleados se realizaron en una sala limpia de 

clase 10000 (Figura 13). La preparación de los sustratos consistió en el siguiente 

procedimiento:  

• Limpieza de los sustratos:  

Se comenzó con un frotado empleando un detergente, los sustratos se 

introdujeron en agua, agua milliQ e isopropanol. En cada paso se sonicaron 

durante 5 minutos. Finalmente, se introdujeron en una lámpara ultravioleta con 

ozono durante 20 minutos.  

• Deposición de las capas orgánicas y el electrodo metálico.  

Las capas orgánicas empleadas fueron MoO3, m-MTDATA, TATM, C60 y 

BCP, sintetizadas mediante sublimación a una presión de ≈10-6 mbar. También se 

empleó PTAA sintetizado mediante “Spin coating” a una velocidad de 1500 rpm 

durante 30 s. Como electrodo metálico se empleó Ag sintetizada mediante 

sublimación a una presión de ≈10-6 mbar.  

• Deposición de la capa de perovskita: 

Se emplearon diversos procedimientos para las distintas perovskitas: 

▪ FAPb0.5Sn0.5I3: se realizó la sublimación coordinada en cuatro fuentes 

empleando como precursores FAI, PbI2, SnI2 y SnF2. 

▪ MA0.9Cs0.1Pb0.75Sn0.25I3: se realizó la sublimación a cuatro fuentes 

empleando como precursores MAI, CsI, PbI2 y SnI2.  

▪ CsPbI2Br: esta perovskita se depositó mediante distintos métodos. Para 

la síntesis en estado sólido se introdujeron cantidades estequiométricas de 

CsBr y PbI2 en un molino de bolas, que se utilizó durante 99 min a 30Hz. 

Para las técnicas de deposición por sublimación encontramos un resumen 

en la Figura 15.  
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Para depositar las perovskitas con la estequiometría deseada se realizó una 

calibración de cada precursor en su respectivo sensor mediante la medición del 

espesor realmente depositado en el QCM y el espesor medido por el mismo, y se 

aplicó un factor de calibración. Para la perovskita de CsPbI2Br también se calibró 

la cantidad de perovskita depositada en un quinto sensor al lado del soporte para 

los sustratos. 

Los dispositivos fotovoltaicos emplearon distintos HTM, según su HOMO, 

siendo las configuraciones empleadas las representadas en la Figura 16. 

2.2.  Caracterización de las capas finas 

Para determinar la calidad de las láminas se emplearon dos tipos de análisis: 

▪ Análisis estructural: se realizó mediante medida del espesor con 

perfilómetro, de la morfología superficial mediante SEM y AFM, de la 

estructura cristalina mediante XRD y de la composición mediante XPS y 

EDAX. 

▪ Análisis óptico: se midió la absorbancia de las capas, se calcularon los 

gráficos de Tauc mediante la fórmula (αhυ)2, y la fotoluminescencia.  

2.3.  Caracterización de las células solares 

Para determinar la calidad de las células solares se emplearon distintas 

técnicas de caracterización: 

▪ Caracterización eléctrica: se obtuvieron los espectros EQE mediante 

iluminación a distintas longitudes de onda y medida de la respuesta de la 

célula. También se empleó un EQE pulsado de alta sensibilidad. Las 

curvas de corriente y voltaje en iluminación se obtuvieron empleando un 

simulador solar con iluminación AM1.5G y midiendo la respuesta de la 

célula. Las muestras fueron medidas empleando una máscara de 2.2 x 1.2 

mm2 para asegurar el área iluminada.  

▪ Espectroscopía de impedancia: se realizaron las medidas de impedancia a 

distintas frecuencias y se ajustaron las curvas al circuito equivalente 

presentado en la Figura 17.  
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Capítulo 3: FAPb0.5Sn0.5I3, una perovskita de banda prohibida estrecha 

sintetizada mediante métodos de evaporación para aplicaciones 

fotovoltaicas.  

3.1.  Introducción 

En la actualidad, la evolución de las células solares de perovskita se ha 

aproximado mucho al límite de Schockley Queisser. Para aumentar aún más su 

eficiencia, se requiere de células solares con la banda prohibida óptima de 1.34 eV. 

Además, la necesidad de producir células solares con bandas prohibidas estrechas 

también es limitante para la producción de tándems, ya que éstos requieren de 

absorbedores con bandas prohibidas de entre 1.1 y 1.3 eV. La combinación de 

estaño y plomo en la perovskita resulta en un estrechamiento de la banda prohibida 

acentuado por el efecto de arqueamiento de la banda prohibida. Por otro lado, 

como se comentó previamente, también la introducción de formamidinio en la 

perovskita disminuye esta banda prohibida y aumenta su estabilidad térmica.  

3.2.  La perovskita de yoduro de formamidinio estaño y plomo como 

absorbedor en células solares de banda prohibida estrecha 

En el presente estudio se desarrolla un método innovador para sintetizar 

perovskitas de estaño y plomo para su uso como absorbedores en células solares. 

El estudio presenta sus propiedades ópticas, morfológicas y estructurales, y las 

integra en dispositivos. La perovskita sintetizada presenta una banda prohibida de 

1.28 eV cercana a la óptima y válida para su uso en tándems. Además, los 

dispositivos llegaron a eficiencias cercanas al 14%, demostrando la capacidad de la 

sublimación como método de síntesis de perovskitas de estaño y plomo.  

3.3.  Métodos experimentales 

Los sustratos cubiertos con ITO se limpiaron siguiendo el método 

descrito en el capítulo 2. Posteriormente, se evaporaron las siguientes capas: 5 nm 

de MoO3 y una capa de PTAA sintetizada mediante disolución, que se trataron 

térmicamente a 100ºC durante 10 min en atmósfera de nitrógeno. Sobre ellas, se 

evaporó la perovskita mediante sublimación simultánea de FAI, SnI2, PbI2 y SnF2 

como aditivo. Para la deposición de la perovskita se calibraron cuidadosamente las 

microbalanzas de cuarzo cristalinas. Finalmente, se evaporaron las siguientes 
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capas: 25 nm de C60, 8 nm de BCP y 100 nm de plata. La caracterización siguió la 

metodología descrita en el capítulo 2.  

3.4.  Resultados y discusión 

En primer lugar, se realizó un estudio de la formación de la perovskita 

analizando el efecto de la adición de SnF2. Los estudios de absorbancia indicaron 

que la perovskita con SnF2 daba lugar a un compuesto de mayor calidad (Figura 

20a). Además, los espectros de difracción de rayos X (Figura 20b) mostraron que, 

sin aditivo, el pico predominante era el asociado al PbI2. Sin embargo, al introducir 

pequeñas cantidades del aditivo, los picos predominantes observados fueron los 

de la perovskita. Finalmente, con cantidades muy altas de aditivo el pico asociado 

al PbI2 vuelve a intensificarse y aparece uno nuevo normalmente asociado a SnI2. 

Los resultados observados llevaron a la conclusión de que la cantidad óptima del 

aditivo era del 10%. Además, se realizaron estudios acerca de la morfología de las 

láminas (Figura 21) donde se observó que la adición de aditivo no tenía ninguna 

repercusión en la morfología.  

Para comprobar la estabilidad de las láminas se realizaron estudios de 

absorbancia (Figura 22a) y de conductividad (Figura22b). Las absorbancias 

mostraron cómo, tras un día de exposición al aire la perovskita comienza a 

degradarse. Por otro lado, los estudios de conductividad mostraron cómo, en 

nitrógeno, la perovskita no parece degradarse tras 12 días y, sin embargo, en 3 

horas de exposición al aire la conductividad aumenta un orden de magnitud. Esto 

indica que se está formando Sn+4 en la capa. 

Escogida la cantidad óptima de aditivo de un 10%, se prepararon más 

láminas y se caracterizaron más concienzudamente para determinar su banda 

prohibida y morfología con precisión. En la Figura 23a se muestra el espectro de 

absorbancia y el cálculo del gráfico de Tauc para la determinación de la banda 

prohibida. En ellos puede observarse una banda prohibida de 1.28 eV. La 

morfología se determinó mediante microscopía electrónica de barrido (Figura 

23b). Se observaron granos pequeños característicos de la metodología de 

sublimación de entre 60 y 100 nm.  

Finalmente, para determinar la eficiencia como absorbedor de la 

perovskita ésta se integró en dispositivos de tipo “sándwich” empleando la 
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configuración mostrada en la Figura 24a. La medida de las curvas J-V en oscuridad 

(Figura 24b) muestra una corriente de fuga pequeña y una buena rectificación que 

dan lugar a pensar que se está suprimiendo la formación de Sn4+. Los estudios de 

conversión de fotones a electrones incidente (IPCE) (Figura 24c) muestran valores 

relativamente bajos de 0.7, que indican que se debe optimizar el espesor de las 

láminas. Finalmente, en la Figura 24d se observa la curva J-V en iluminación. En 

la misma no se observa histéresis, pero si valores altos de FF y JSC, muy cercanos 

a los esperados del IPCE. Para comprender mejor los valores obtenidos se muestra 

la Tabla 1. En la tabla podemos observar cómo el PCE obtenido es de 13.98%, 

demostrando que la perovskita actúa de manera eficiente como absorbedor. Éste 

estudio da lugar a la conclusión de que las técnicas de sublimación son aptas para 

la síntesis de perovskitas de estaño y plomo suprimiendo la formación de Sn4+. 

3.5.  Conclusión 

En el presente estudio se desarrolló un método para la síntesis de 

FAPb0.5Sn0.5I3 mediante sublimación. La co-evaporación de los precursores 

empleando el aditivo SnF2 demostró ser una técnica efectiva para la supresión del 

Sn4+. Las láminas mostraron bandas prohibidas estrechas de 1.28 eV y una 

superficie uniforme sin poros. Además, las láminas se integraron en dispositivos 

dando lugar a eficiencias cercanas al 14%. En conclusión, este estudio demuestra 

la capacidad del método de sublimación para sintetizar perovskitas funcionales de 

estaño y plomo con eficiencias considerables. Así, abre una nueva ruta de 

procesado de este tipo de perovskitas tan interesantes debido a su capacidad de 

poseer la banda prohibida óptima y la necesaria para la preparación de tándems.  

  



 
89 Resumen en Castellano 

Capítulo 4: Células solares multicatión de estaño y plomo depositadas 

mediante vacío.  

4.1.  Introducción 

Como se comentó en la sección 1.3.1, existen dos rutas principales para 

incrementar la eficiencia de las células solares de perovskita. El desarrollo de 

absorbedores con la banda prohibida óptima de 1.34 eV y la preparación de 

tándems. Sin embargo, la síntesis de perovskitas de banda prohibida estrecha 

mediante la aleación de estaño y plomo continúa presentando la dificultad de la 

formación de Sn4+. Normalmente, estas perovskitas se sintetizan por disolución, 

aunque este método presenta desventajas como la falta de control en el espesor. 

Las técnicas de sublimación ya han demostrado ser eficientes en la preparación de 

estas perovskitas, como se observó en el capítulo 3. No obstante, la técnica 

requirió de la adición de SnF2 en pequeñas cantidades, que es difícil de controlar y 

da lugar a una baja reproducibilidad. Por otro lado, se empleó formamidinio como 

catión, el cual también ha demostrado ser difícil de controlar mediante 

sublimación. Otros estudios han demostrado la capacidad del método de sintetizar 

estas perovskitas, pero también requirieron del uso de SnF2 como aditivo. En este 

sentido, el uso de dos cationes monovalentes como son el metilamonio, altamente 

controlable mediante sublimación, y el cesio, que aumenta la estabilidad térmica y 

la fotoestabilidad, ha demostrado la capacidad de sintetizar estas perovskitas sin 

necesidad de usar aditivos.  

4.2.  Estudios en el espesor y el funcionamiento de la perovskita de yoduro 

de metilamonio cesio estaño y plomo depositada mediante vacío.  

En este trabajo, se realiza la sustitución parcial del plomo por estaño en la 

perovskita MA0.9Cs0.1PbI3 desarrollada mediante técnicas de vacío sin necesidad 

de emplear el aditivo SnF2. La perovskita mostró bandas prohibidas más estrechas 

que la basada en plomo llegando a valores cercanos a 1.34 eV. Se estudiaron las 

características de las láminas cambiando los parámetros de evaporación y el 

espesor de las mismas para obtener eficiencias más altas y reproducibles.  

4.3.  Métodos experimentales  

Los sustratos cubiertos con ITO se limpiaron siguiendo el método 

descrito en el capítulo 2. Sobre los mismos se evaporaron: 5 nm de MoO3 y 10 nm 
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de m-MTDATA que se trataron térmicamente a 100ºC durante 10 min en 

atmósfera de nitrógeno. Sobre ellas, se evaporó la perovskita mediante 

sublimación simultánea de MAI, CsI, SnI2 y PbI2. Para la deposición de la 

perovskita se calibraron las microbalanzas de cuarzo cristalinas. Finalmente, se 

evaporaron: 25 nm de C60, 8 nm de BCP y 100 nm de plata. La caracterización 

siguió la metodología descrita en el capítulo 2.  

4.4.  Resultados y discusión 

La composición objetivo de este estudio fue MA0.9Cs0.1Pb0.75Sn0.25I3. Para 

obtenerla se desarrollaron tres perovskitas variando el ratio de catión monovalente 

frente a catión divalente desde 1.2:1 a 2.3:1 (SnPb:MACs). Las láminas obtenidas 

se analizaron mediante rayos X y absorbancia. Los espectros de rayos X (Figura 

27a) mostraron que para el menor de los ratios se formaban perovskitas de baja 

dimensionalidad, comúnmente asociadas al exceso de catión monovalente. Para el 

ratio 2:1 se observó una perovskita bien formada y al introducir más catión 

divalente se observó un exceso del mismo que ha reportado ser beneficioso para 

el funcionamiento de la perovskita en células solares. Por otro lado, en los 

espectros de absorbancia (Figura 27b) se observa que, con bajas cantidades de 

catión divalente, la perovskita no se forma bien y con las cantidades más altas tiene 

un mayor espectro de absorción. Para investigar mejor estos ratios se estudió su 

funcionamiento en células solares, observándose un IPCE mayor para la mayor 

cantidad de catión divalente (Figura 28a), así como una JSC mayor en las curvas J-

V (Figura 28b). Estos resultados se resumen en la Tabla 2.  De este modo, el ratio 

escogido para los estudios posteriores fue el mayor, de 2.3:1. Para comprobar el 

efecto de tratamientos térmicos posteriores se prepararon dispositivos con y sin 

los mismos, en los cuales (Figura 29 a y b) se observa que los tratamientos térmicos 

no son necesarios. Además, se estudió la estabilidad de la perovskita integrada en 

dispositivos (Figura 29 c y d), que demostró ser satisfactoria tras tres días en 

atmósfera de nitrógeno. 

Posteriormente, se realizaron estudios sobre el espesor de la perovskita. 

La calidad de las láminas se evaluó mediante estudios morfológicos, estructurales 

y ópticos para determinar el espesor óptimo. En las imágenes de microscopía 

electrónica de barrido (Figura 30a-d) se observan superficies homogéneas de alta 

cristalinidad sin poros. Además, se observa un aumento en el tamaño del grano 

para muestras de mayor espesor. Este efecto se atribuyó a la disminución de la 
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velocidad de evaporación del MAI a lo largo de la misma, dando lugar a un defecto 

de MAI en láminas de mayor espesor. Los difractogramas de XRD (Figura 30e) 

muestran el pico asociado a exceso de cationes divalentes buscado y además un 

incremento en la intensidad del plano (220) con el espesor, que puede asociarse a 

un artefacto de la medida ya que el haz incide más en láminas más gruesas. Para 

finalizar con los estudios de caracterización se realizaron medidas de absorbancia 

y composición mediante EDAX. En la Figura 31a observamos los espectros de 

absorción, que muestran un incremento en la misma con el espesor. El estudio de 

la banda prohibida en función de la composición (Figura 31b) pone de manifiesto 

el alto control del método, obteniéndose composiciones muy cercanas a la objetivo 

y con variaciones de la banda prohibida muy ligeras entre 1.2 y 1.4 eV.  

Finalmente, puesto que las perovskitas demostraron poseer una alta 

calidad, se implementaron en dispositivos de tipo sándwich para estudiar su uso 

como recolectores de luz en células solares. Las curvas J-V e IPCE significativos 

se muestran en la Figura 32. Para entender mejor estos valores se preparó una 

estadística que se muestra en la Figura 33 y también una tabla (Tabla 3) que muestra 

los valores obtenidos de las medidas de la Figura 32 y los valores medios de 

eficiencia de los dispositivos. Tras un concienzudo estudio empleando diversos 

dispositivos, se determinó que el espesor óptimo para esta perovskita era de 600 

nm, llegando a valores de PCE de 8.9%. En la estadística preparada se puede 

observar como la JSC aumenta con el espesor, así como en el EQE se observa un 

déficit para espesores bajos, ya que esta perovskita presenta un menor coeficiente 

de absorción que las que emplean cantidades más altas de estaño. Se observa 

también que el FF disminuye con el espesor, lo que se explicaría debido a un 

transporte desapareado de portadores o a una recombinación alta. Sin embargo, 

esta tendencia no se observa en el VOC, por ello se atribuyó a un déficit en el 

transporte. Para elucidar mejor la causa de estas pérdidas se realizaron medidas de 

espectroscopía de impedancia electroquímica y de las curvas en oscuridad. Los 

valores obtenidos para las resistencias mediante EIS (Figura 34a) indican una 

recombinación en el grosor de la perovskita, en contraposición a la superficie. 

Además, en las curvas en oscuridad (Figura 34b) también se observa una tendencia 

en las resistencias a altos potenciales de inyección.  Para confirmar la suposición 

de que la recombinación se daba en el grueso de la perovskita se investigó el factor 

de idealidad de la misma, que se muestra en la Figura 35. El factor de 2.25 obtenido 
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confirma que la recombinación se ve mediada por trampas, en línea con la 

suposición de recombinación en el grueso de la perovskita.  

4.5.  Conclusión 

La técnica de sublimación se empleó para preparar perovskitas de aleación 

de estaño y plomo dando lugar a bandas prohibidas estrechas cercanas a la ideal 

con resultados reproducibles. Esta reproducibilidad se consiguió mediante el uso 

de MA y Cs como cationes monovalentes, además de la disminución de la cantidad 

de estaño, evitando la necesidad de introducir aditivos poco controlables mediante 

el método. Las perovskitas se integraron en dispositivos dando lugar a eficiencias 

que llegaron al 8.9% gracias al estudio del espesor del absorbedor. Los factores 

limitantes para la eficiencia de la perovskita se estudiaron mediante EIS, medidas 

en oscuridad y factor de idealidad, dando lugar a la conclusión de que los procesos 

de recombinación eran dominados por el grueso de la perovskita.  
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Capítulo 5: Deposición mediante vacío de láminas de perovskita CsPbI2Br 

empleando múltiples fuentes y precursores mixtos de haluro, a temperatura 

ambiente.  

5.1.  Introducción 

Normalmente, las células solares de perovskita emplean cationes como el 

MA y el FA que disminuyen su estabilidad térmica. Sin embargo, la introducción 

de Cs la aumenta, siendo las perovskitas que emplean solo Cs como catión más 

estables. En particular, la perovskita CsPbI2Br presenta una banda prohibida de 

1.9 eV, compatible con su aplicación como absorbedor de banda prohibida ancha 

en tándems. De este modo, las células solares que emplean esta perovskita han 

sido ampliamente estudiadas llegando a eficiencias del 16%. Sin embargo, la 

preparación de perovskitas inorgánicas presenta grandes dificultades, como la 

estabilidad de su fase funcional a temperatura ambiente, que solo se consigue tras 

tratamientos térmicos a temperaturas muy altas. La introducción de bromo en la 

estructura estabiliza la fase funcional y ensancha la banda prohibida, pero como se 

ha comentado previamente, requiere de tratamientos térmicos de entre 150 y 

300ºC. Como alternativa, la sublimación ha demostrado ser capaz de sintetizar 

perovskitas que no requieren tratamiento térmico posterior y ya ha sido estudiada 

para la preparación de CsPbI2Br, aunque para alcanzar una perovskita funcional 

ésta requirió de tratamiento térmico. Los tratamientos térmicos suponen una gran 

desventaja, ya que, a tan alta temperatura, no permiten el uso de sustratos flexibles 

ni su combinación con otras capas sensibles a la temperatura.  

5.2.  Estudios sobre la formación de CsPbI2Br mediante distintas técnicas 

de sublimación y el uso de precursores de haluro mixtos y su integración 

en dispositivos fotovoltaicos 

En el presente trabajo, se estudiaron distintos métodos de sublimación 

para la síntesis de CsPbI2Br sin necesidad de tratamiento térmico. También se 

emplearon tratamientos térmicos a baja temperatura (150ºC). El objetivo principal 

del mismo fue comparar las propiedades obtenidas mediante distintos métodos de 

preparación. Además, se estudió la síntesis en estado sólido, mostrando las 

dificultades para sintetizar la perovskita.  
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5.3.  Métodos experimentales 

Como primer paso, se estudió la síntesis mediante molino de bolas. La 

perovskita CsPbI2Br se sintetizó empleando CsBr y PbI2 en una caja de guantes 

de nitrógeno. Los materiales se introdujeron en jarras de zirconio con bolas del 

mismo material dentro de la caja seca para evitar la oxidación y se realizó la 

molienda a 30 Hz durante 99 min. El mismo procedimiento se empleó para los 

precursores mixtos, mezclando CsI y CsBr, y PbI2 y PbBr2 en concentraciones de 

1:2 (Br:I). La síntesis por fundición se realizó introduciendo los materiales en un 

crisol que se calentó a 650ºC para la perovskita y el precursor de cesio, y a 420ºC 

para el precursor de plomo. Finalmente, para las técnicas de sublimación se 

emplearon las 5 configuraciones resumidas en la Figura 15. Las células solares se 

prepararon limpiando los sustratos como se describe en el capítulo 2, evaporando 

una capa de MoO3 de 5 nm y una capa de TATM de 10 nm, que se calentaron a 

140ºC durante 10 min en atmósfera de nitrógeno. Posteriormente, se depositó la 

perovskita, a la que, en caso de emplearlo, se le hizo el tratamiento térmico de 

150ºC durante 5 minutos. En este caso, se calibraron tanto las microbalanzas de 

los precursores, como la de los sustratos, para obtener el espesor deseado. Encima 

de la perovskita se depositaron 25 nm de C60, 8 nm de BCP y 100 nm de plata 

mediante sublimación. La caracterización se realizó siguiendo las técnicas descritas 

en los apartados 2.2 y 2.3. 

5.4.  Resultados y discusión 

Los estudios comenzaron mediante la síntesis mecanoquímica de 

CsPbI2Br. Como resultado de esta técnica, en la Figura 36a se observa una mezcla 

de distintas fases mediante XRD. A pesar de observarse la estructura 

tridimensional de perovskita también se observa un pico a 10º que indica la 

presencia de una fase adicional formada por octaedros de PbX6 parcialmente 

desconectados como se muestra en la Figura 36b. Esta fase es la llamada fase 

amarilla de la perovskita, que es la más común a temperatura ambiente y no es 

activa fotovoltaicamente. Cabe destacar que no se encontró que el preparado fuera 

una mezcla de la perovskita de yodo y la de bromo, ya que las constantes del 

entramado eran mayores que para el caso de iodo. Para el caso de los compuestos 

fundidos, de nuevo no se obtuvo una fase pura de perovskita, si no la amarilla y 

una nueva correspondiente al compuesto con fórmula Cs4PbX6. Para confirmar la 

existencia de fase de perovskita en los preparados se realizaron estudios de 
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absorbancia (Figura 37), ya que el color indicaba que la perovskita se había 

formado. Así, se observó una caída a 1.85-1.90 eV que indicaba la presencia de 

esta.  

El siguiente paso del estudio fue estudiar las técnicas de sublimación. Se 

comenzó por el más simple hasta llegar al más complicado. La síntesis mediante 

una fuente se realizó haciendo una evaporación instantánea del preparado de 

perovskita mediante los métodos anteriormente descritos. Las láminas se 

analizaron mediante XRD (Figura 38a). En el espectro se observa que coexisten 

distintas fases con predominancia de PbI2, como conclusión esta técnica no fue 

fructuosa. También se estudió su morfología mediante SEM (Figura 38b), donde 

se observa homogeneidad. Sin embargo, en los estudios mediante absorbancia con 

cálculo del gráfico de Tauc (Figura 39), se observa una banda prohibida más ancha 

de la esperada, como consecuencia de la segregación del PbI2. Así, se procedió a 

hacer el estudio mediante dos fuentes, co-evaporando CsBr y PbI2. En el 

difractograma de XRD (Figura 40a), se observa una lámina compuesta por 

perovskita sin ninguna fase predominante. Esta falta de orientación se puede 

asociar a la morfología porosa observada mediante SEM (Figura 40b). 

Posteriormente, se realizó la síntesis mediante precursores de haluro mixtos, ya 

que la pre-aleación de los haluros podía dar lugar a una estructura más homogénea. 

Para tomar la decisión de qué haluros mixtos emplear se muestran los patrones de 

XRD obtenidos para los precursores en la Figura 41. Ya que los precursores 

fundidos presentaban mejores características, éstos fueron los precursores de 

haluro mixtos empleados para la sublimación. Los patrones de XRD se pueden 

observar en la Figura 40c. En ellos se observa una clara fase de perovskita con 

orientación preferencial en el plano (110) y (002). De los estudios de superficie 

(Figura 40d) se extrae que la perovskita posee una morfología con granos 

claramente definidos. Por otro lado, de los estudios de absorbancia (Figura 39a), 

se extrae una banda prohibida de 1.9eV que indica una buen mezclado de los 

haluros. Así, esta técnica demuestra ser muy fructuosa para la síntesis de CsPbI2Br, 

aunque puede llevar a un gradiente composicional, ya que los materiales tienen 

distintas temperaturas de sublimación. De este modo, se procedió a estudiar la 

síntesis mediante 3 fuentes. Durante la sublimación, la velocidad de evaporación 

es un factor decisivo para la formación de la perovskita. Por este motivo, se estudió 

la formación mediante 3 fuentes a dos velocidades distintas, la llamada “rápida” a 

2 Å/s y la llamada lenta, a 0.5Å/s. En los patrones de XRD (Figura 42 a,c) se 
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observan perovskitas bien formadas, aunque la deposición lenta da lugar a picos 

más estrechos que indican una mayor cristalinidad, lo que se correlaciona con la 

morfología (Figura 42 b,d). Ambas muestran bandas prohibidas similares de 1.88 

y 1.89 eV, aunque la depositada lentamente muestra una absorción más intensa 

(Figura 39a). También se trató de sintetizar la perovskita implementando la mezcla 

de haluros mediante los compuestos plomados. Sin embargo, las láminas no eran 

estables en aire (Figura 43). Para concluir el estudio se realizó la sublimación 

mediante 4 fuentes. El difractograma de XRD mostró una perovskita pura, aunque 

sin orientación preferencial (Figura 44a). La morfología observada (Figura 44b), 

también fue homogénea, aunque presentaba algunos cuboides de 100 nm. Estos 

cuboides también se observaron en las muestras de precursores de haluro mixtos 

y 3 fuentes lenta, lo que parece indicar que estas estructuras se forman cuando se 

obtiene una mejor aleación de los haluros. Finalmente, la caída de su absorción 

indicó una banda prohibida de 1.92 eV (Figura 39b).  

Como resumen, se obtuvieron láminas a temperatura ambiente formadas 

por perovskitas de alta calidad. Para comprobar su desempeño como recolectores 

fotovoltaicos, éstas se integraron en dispositivos empleando la estructura mostrada 

en la Figura 45a. Además, como se ha comentado previamente, también se 

estudiaron las mismas perovskitas empleando un tratamiento térmico sutil de 

150ºC. El desempeño de los dispositivos obtenidos puede observarse en la Figura 

46. Para una mayor comprensión de los parámetros de desempeño de los 

dispositivos estudiados se muestra la Figura 47, donde puede observarse 

claramente que la muestra sintetizada mediante dos fuentes sin precursores de 

haluro mixtos no funciona correctamente. Este tipo de deposición es la única que 

ha sido estudiada en la literatura existente y tan sólo da lugar a dispositivos 

eficientes tras tratamientos térmicos de más de 260ºC. La mejora de la aleación de 

haluros mediante el uso de precursores de haluro mixtos da lugar a un mejor 

desempeño de los dispositivos (Figura 45b) debido a una respuesta constante en 

todo el espectro (Figura 45c). Un funcionamiento similar se muestra en las células 

con el absorbedor de 3 fuentes, aunque el FF mejora con deposición lenta, dando 

lugar a eficiencias de 7.7%, en contraposición al 7.3% obtenido para la deposición 

rápida. Sin embargo, tras el tratamiento térmico se observa que el funcionamiento 

de la perovskita sintetizada rápidamente mejora, dando lugar a las eficiencias que 

superan el 10%. Finalmente, la perovskita sintetizada mediante 4 fuentes da lugar 

a eficiencias parecidas a las anteriormente descritas, aunque muestra un VOC más 
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alto que sugiere una reducción de la recombinación no radiativa. Como conclusión 

de estos estudios, el uso de más fuentes o precursores de haluro mixtos da lugar a 

una mejor aleación de los haluros que lleva a perovskitas funcionales sin necesidad 

de tratamiento térmico.  

Posteriormente, se estudió la estabilidad en iluminación (Figura 48a) y 

bajo estrés térmico (Figura 48b) de la perovskita con la mejor eficiencia, la 

denominada 3 fuentes rápida. Se observó un MPP estable durante una hora y una 

gran tolerancia al estrés térmico, manteniéndose la eficiencia en un 90% durante 

10 días.  

Finalmente, a pesar de obtenerse eficiencias prometedoras, éstas estaban 

lejos de las esperadas teóricamente, ya que para una banda prohibida de 1.9 eV se 

espera una eficiencia del 25%. Por tanto, se realizaron estudios de sEQE y 

fotoluminescencia empleando de nuevo la perovskita de 3 fuentes rápida (Figura 

49). Del sEQE se estimó una banda prohibida de 1.870 eV y se extrajeron los 

parámetros máximos para esta banda prohibida, para realizar una comparativa. La 

Tabla 4 presenta los valores obtenidos para la comparación. De la comparativa de 

valores teóricos y obtenidos se extrae que los factores limitantes son el VOC y el 

FF. En esta muestra, se observa un FF alto, aunque para el resto de la serie ésta 

sería la mayor limitación, indicando posibles barreras resistivas. La JSC también 

sufre de estas barreras resistivas, aunque cabe indicar que no se estudió el espesor 

de la perovskita. Las altas pérdidas de VOC son comunes en el caso de las 

perovskitas de banda prohibida ancha y se atribuyen a la segregación de fase 

fotoinducida o a la desalineación de los niveles de energía. En la Figura 49, se 

puede observar un pequeño componente extra a 1.7-1.78 eV, éste podría ser el 

responsable de la pérdida de voltaje. Para los estudios de PL, la existencia de este 

artefacto puede ser indicador de segregación de fase. Sin embargo, como vemos 

en la Figura 50, sólo está presente en algunas regiones de la superficie. Puesto que 

este artefacto presenta una caída de absorción más baja que la perovskita pura de 

iodo se pudo concluir que era debido a la mala alineación de los niveles de energía 

entre la perovskita y las capas de transporte.  

Por otro lado, también se estudió la posibilidad de que el componente 

fuera generado por el C60, ya que éste puede generar fotocorriente a esos niveles 

de energía. Para comprobarlo, se preparó una célula solar empleando SnO2 como 

transportador de electrones y el componente no fue observado en la medida de 
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sEQE (Figura 51). De este modo, se concluye que se ha de realizar una 

investigación en las capas de transporte empleadas para esta perovskita en estudios 

futuros.  

5.5.  Conclusión 

Se emplearon distintos métodos para sintetizar CsPbI2Br sin necesidad de 

tratamiento térmico. La sublimación mediante una fuente dio lugar a una mezcla 

de fases, mientras que el resto dieron lugar a perovskitas puras. La alta calidad de 

las perovskitas que empleaban precursores de haluro mixtos remarcó la 

importancia de una buena aleación de los haluros para la síntesis. Este efecto 

también se consiguió empleando un mayor número de fuentes o disminuyendo la 

velocidad de la sublimación. Finalmente, se obtuvieron eficiencias de 8.3% para 

las muestras sin tratamiento térmico, y de 10% para muestras con un tratamiento 

térmico de baja temperatura compatible con el uso de sustratos flexibles y otras 

perovskitas en tándems. La principal limitación en los dispositivos de este estudio 

son las capas de transporte, indicando que en el futuro deberían hacerse estudios 

concienzudos sobre este tema.  
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Capítulo 6: Conclusiones.  

El objetivo de esta tesis era el desarrollo de perovskitas de banda 

prohibida estrecha y ancha mediante el método de la sublimación. La síntesis de 

tres materiales diferentes con las bandas prohibidas objetivo de 1.28, 1.34 y 1.9 eV 

ha sido cuidadosamente estudiada.  

En el capítulo 3, un nuevo método para depositar perovskitas de aleación 

de estaño y plomo ha sido presentado. La formación y estabilidad de la perovskita 

FAPb0.5Sn0.5I3 se mejoró mediante la supresión de la formación de Sn4+ gracias al 

uso del aditivo SnF2. Las capas se integraron en células solares consiguiendo 

eficiencias cercanas a un 14%. Además, el estudio demostró la capacidad del 

método de la sublimación para sintetizar perovskitas de estaño y plomo 

funcionales en células solares. Sin embargo, las eficiencias no fueron fácilmente 

reproducibles debido a la dificultad de controlar la deposición de cantidades tan 

pequeñas de aditivo.  

La cuestión de la reproducibilidad del método se abordó en el capítulo 4. 

En este trabajo se emplearon cationes más controlables durante la sublimación. 

Además, se introdujeron cantidades más altas de plomo en la estructura que dieron 

lugar a perovskitas más estables. MA0.9Cs0.1Pb0.75Sn0.25I3 se sintetizó sin la 

necesidad de adicionar SnF2. Un cuidadoso estudio acerca del espesor de la 

perovskita se llevó a cabo para optimizar las propiedades morfológicas, 

estructurales y ópticas. Por otro lado, las capas se integraron en dispositivos de 

tipo p-i-n dando lugar a eficiencias reproducibles de hasta un 8.9%. Los factores 

limitantes de los dispositivos se estudiaron mediante EIS y medidas en oscuridad 

para elucidar los estudios futuros a realizar para mejorar la eficiencia de estas 

perovskitas. Finalmente, el estudio concluyó que los procesos de recombinación 

se daban principalmente en el grueso de la perovskita debido a los granos más 

pequeños y la oxidación del Sn+2.  

Finalmente, una vez que se habían conseguido sintetizar perovskitas de 

banda prohibida estrecha mediante sublimación, en el capítulo 5 se procedió a 

estudiar la formación de las perovskitas de banda prohibida ancha mediante el 

mismo método. Una perovskita inorgánica fue escogida para el estudio, debido a 

su banda prohibida compatible con la aplicación en tándems y a su excepcional 

estabilidad térmica. CsPbI2Br fue sintetizada mediante diversos métodos en estado 
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sólido y de sublimación para elucidar si su formación a temperatura ambiente y 

con tratamientos térmicos de baja temperatura podía ser llevada a término. Este 

estudio remarca la importancia del mezclado de haluros. Las perovskitas que 

emplearon precursores de haluro mixto preparados mediante fundición, un mayor 

número de fuentes o una velocidad baja de evaporación presentaron propiedades 

mejoradas. Además, todas las capas, excepto la preparada por sublimación 

instantánea debido a sus peores propiedades, fueron integradas en dispositivos 

fotovoltaicos. El estudio demostró, no solo la formación, si no la preparación de 

células solares tan eficientes como un 8.3% a temperatura ambiente. Además, se 

realizaron tratamientos térmicos moderados a 150ºC que mostraron eficiencias 

mejoradas hasta un 10%. Las limitaciones para la preparación de esta perovskita 

se investigaron y se concluyó que la principal fueron las capas de transporte, 

indicando que para futuros estudios este sería un punto por optimizar.  
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