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Abstract 
A new and promising technology has emerged to compete with traditional silicon 

photovoltaic semiconductors. The low material and processing costs and high-power 

conversion efficiencies of organic-inorganic metal halide perovskites make these a 

promising technology for the future. Despite record efficiencies for small-area devices, 

stability remains challenging. Due to rapid progress in the field, avenues for large-area 

commercial production are being explored. One approach is via thermal evaporation, 

which is presented in this work. The focus is on the vacuum-deposition method itself, 

the interface engineering of perovskite layers, and the study of a family of low-cost hole-

transporting materials (HTM).  

To improve reproducibility among research groups in vacuum-deposition 

processes, a better understanding and control of the crystal formation is essential. Of 

the experimental parameters, two were investigated that were not yet considered in-

depth or combined: deposition speed and underlayer material. It was shown that 

perovskite growth rate changes affect preferred crystal orientation. In addition, it was 

found that the final perovskite composition is influenced by its underlayer chemistry.  

Multi-source vacuum deposition of perovskite layers is complex due to the 

laborious calibration process necessary for proper stoichiometry. Single-source 

evaporation of pre-synthesized perovskite powders can reduce effort and time. The 

feasibility of obtaining pure phase films was demonstrated and confirmed by multiple 

analysis methods. 

Interfaces in contact with the perovskite can be a source of defects with a deteri-

orating effect on stability and efficiency. The charge transport processes at the interface 

of electron transport material (ETM) and perovskite were investigated. The results 

showed a synergetic effect between cTiO2 and C60 and the importance of C60 as a charge 

extraction layer. The perovskite-hole transporting material (HTM) interface was also 

systematically studied. Monitoring of dopants showed, for the first time in literature, 
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TFSI anion migration through grain boundaries to the perovskite surface. It was further 

shown that non-radiative recombination pathways are reduced, indicating self-passiv-

ating of crystal defects during migration processes. 

The state-of-the-art HTM 2,2',7,7'-tetrakis (N,N-di-p-methoxyphenylamine)-

9,9'spirofluorene (spiro-OMeTAD) is widely employed in spin-coated PSCs. Developing 

a less costly manufacturing alternative to this material that retains similar properties is 

a key challenge. A new class of Zn (II) and Cu (II)-based phthalocyanine HTMs func-

tionalized with butyl- and ethylhexyl- groups in the periphery was investigated. Devices 

fabricated with the Zn (II)-based HTM (n-butyl functionalization) demonstrated the 

best performance. The device architecture with the highest stability maintained 80% of 

its initial power conversion efficiency (PCE) over 20h of illumination. At 20.2%, the per-

ovskite architecture with the highest PCE also was the least stable, indicating a trade-

off between these two characteristics for this HTM class. 
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Résumé 
Une nouvelle technologie prometteuse est apparue pour concurrencer les semi-

conducteurs photovoltaïques traditionnels à base de silicium. Les faibles coûts de ma-

tériaux et de traitement et les rendements élevés de conversion de puissance des pé-

rovskites d'halogénures métalliques organiques-inorganiques en font une technologie 

prometteuse pour l'avenir. Malgré des rendements records pour les dispositifs de petite 

surface, la stabilité reste un défi. En raison des progrès rapides dans ce domaine, des 

solutions pour une production commerciale à grande échelle sont actuellement étu-

diées. L'une de ces approches est l'évaporation thermique, qui est présentée dans ce 

travail. L'accent est mis sur la méthode de dépôt sous vide elle-même, l'ingénierie de 

l'interface des couches de pérovskite, et l'étude d'une famille de matériaux de transport 

de trous (HTM) à faible coût.  

Pour améliorer la reproductibilité entre les groupes de recherche sur les procédés 

de dépôt sous vide, il est essentiel de mieux comprendre et contrôler la formation des 

cristaux. Parmi les paramètres expérimentaux, deux ont été étudiés qui n'avaient pas 

encore été considérés en profondeur ou combinés : la vitesse de dépôt et le matériau de 

la sous-couche. Il a été démontré que les changements de vitesse de croissance de la 

pérovskite affectent l'orientation préférentielle des cristaux. En outre, il a été constaté 

que la composition finale de la pérovskite est influencée par la chimie de sa sous-couche.  

Le dépôt sous vide à sources multiples de couches de pérovskite est complexe en 

raison du processus laborieux de calibrage nécessaire à une stœchiométrie correcte. 

L'évaporation à source unique de poudres de pérovskite pré-synthétisées peut réduire 

les efforts et le temps. La faisabilité de l'obtention de films de phase pure a été démon-

trée et confirmée par de multiples méthodes d'analyse. 

Les interfaces en contact avec la pérovskite peuvent être une source de défauts 

ayant un effet détériorant sur la stabilité et le rendement. Les processus de transport de 

charge à l'interface du matériau de transport d'électrons (ETM) et de la pérovskite ont 

été étudiés. Les résultats ont montré un effet synergique entre cTiO2 et C60 et l'impor-

tance du C60 comme couche d'extraction de charge. L'interface pérovskite/HTM a 
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également été systématiquement étudiée. Le suivi des dopants a montré, pour la pre-

mière fois dans la littérature, la migration des anions TFSI à travers les joints de grains 

vers la surface de la pérovskite. Il a également été démontré que les voies de recombi-

naison non radiative sont réduites, ce qui indique une auto-passivation des défauts cris-

tallins pendant les processus de migration.     

Le HTM spiro-OMeTAD est largement utilisé dans les PSCs à revêtement par 

centrifugation. Le développement d'une alternative de fabrication moins coûteuse à ce 

matériau et conservant des propriétés similaires est un défi majeur. Une nouvelle classe 

de HTM à base de complexes de phtalocyanine coordonnés par un métal a été étudiée. 

Les dispositifs fabriqués avec la HTM à base de Zn (II) (fonctionnalisation n-butyle) ont 

montré les meilleures performances. L'architecture du dispositif avec la plus grande sta-

bilité a maintenu 80% de son efficacité de conversion de puissance initiale (PCE) sur 

20h d'illustration. À 20,2 %, l'architecture pérovskite présentant le meilleur PCE était 

également la moins stable, ce qui indique un compromis entre ces deux caractéristiques 

pour cette classe de HTM. 

 

 

 

 

 

Mots clés : Pérovskite, évaporation thermique, évaporation à source unique, revête-

ment par centrifugation, très orienté, migration de dopants, passivation de surface, 

spectroscopie d'impédance, phtalocyanines de Cu/ Zn  
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Cg geometrical capacitance 

Cint internal capacitance 

CIGS cadmium indium gallium selenide 

CoTFSI cobalt- bis(trifluoromethanesulphonyl) imide 

CV cyclic voltammetry 
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DFT density functional theory 

DMF dimethylformamide 

DMSO dimethyl sulfoxide 

DSC dye synthesized solar cell 

Eb electron binding energy 

EBSD electron backscatter diffraction 

Eg bandgap 

EQE external quantum efficiency 

ETL electron-transporting layer 

ETM electron-transporting material 

eV electron volt  

EVB valence band value 

FAI formamidinium iodide 

FF fill factor 

FTO fluorine-doped tin oxide 

GBL γ−butyrolactone 

h Planck constant 

h hour 

HI hydrogen iodide 

HOMO highest-occupied molecular orbital 
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HTL hole-transporting layer 

HTM hole-transporting material 

I-V current-voltage 

Iin incident power 

IP ionization potential 

Iph photocurrent 

IS impedance spectroscopy 

ITO indium-doped tin oxide 

J-V current density-voltage 

J0 saturation current density  

Jph photogenerated current density 

JSC short-circuit current density 

K kelvin 

kB Boltzmann constant 

kWh kilo watt-hour 

LiTFSI li-bis(trifluoromethanesulphonyl) imide 

LUMO lowest-unoccupied molecular orbital 

M molar 

MA methylammonium 

MABr methylammonium bromide 
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MAI methylammonium iodide 

MAPbI3 methylammonium lead iodide 

mbar millibar 

mg milligram 

mL milliliter 

min minute 

mM millimolar 

mmol millimole 

MOF metal-organic framework 

mp-TiO2 mesoporous-TiO2 

MPP maximum power point 

MPPT maximum power point tracking 

MS mass spectrometry 

NiOx nickel-oxide 

n-i-p negative-intrinsic- positve  

nm nanometer 

NMR nuclear magnetic resonance 

ns nanosecond 

OFET organic field-effect transistor 

OLED organic-light-emitting device 
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OPV organic photovoltaics 

PCE power conversion efficiency 

PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

p-i-n positive-intrinsic-negative  

PL photoluminescence 

Pmax maximum power 

PSC perovskite solar cell 

PTAA poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] 

PV Photovoltaic 

PVD physical vapor deposition 

q elementary charge 

QCM quartz crystal microbalances 

qxy scattering observed in the plane of the substrate 

qz scattering observed out-of-plane to the substrate 

r radius 

R large organic cation 

RMS root-mean-square 

Rrec recombination resistance 

Rtr transport resistance 

PV photovoltaics 
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r.p.m rotation per minute 

s second  

series resistance Rs 

SEM scanning electron microscopy 

spiro-OMeTAD 2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluo-

rene 

SRH Schockley-Read-Hall 

STC standard test condition 

T temperature 

TAA titanium diisopropoxide bis(acetylacetonate) 

t time 

τL characteristic extra recombination time 

τtr characteristic time for transport of the charges 

τrec characteristic time for recombination of the charges 

TaTm N4,N4,N4″,N4″-tetra([1,1′-biphenyl]-4-yl)-[1,1′:4′,1″-terphenyl]-

4,4″-diamine 

tBP 4-tert-butylpyridine 

TCO transparent conducting oxide 

TEM transmission electron microscopy 

tG Goldschmidt tolerance factor 
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TrPL time-resolved photoluminescence  

UPS ultraviolet photoelectron spectroscopy 

UV ultraviolet 

UV-vis ultraviolet-visible 

v frequency 

V volt 

VB valence band 

VBM valence band maximum  

VMPP voltage at maximum power point 

VOC open-circuit voltage 

W watt 

WAXS wide-angle x-ray scattering 

XPS x-ray photoelectron spectroscopy 

XRD x-ray diffraction 

θ diffraction angle 

λ wavelength 

µ mobility 

µL microliter 

µm micrometer ϕ work function 
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Ψph,λ spectral photon flow incident on the solar cell 
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Introduction 
In combination with a steadily rising world population, global warming entails new 

challenges to provide humankind with energy in an environmentally friendly, sustaina-

ble, and cost-efficient way. The world population will reach 9 billion by 2040, and the 

living standards are expected to increase in highly populated countries like China or 

India, which contain more than a third of the world population.[1,2] In a society still 

highly dependent on fossil fuels, cost-efficient and environmentally friendly alternatives 

are mandatory.[3] 

Global warming is not anymore only a theoretical description. Scientific reports de-

scribe with evidence the effect of industrialization on the wellbeing of our environ-

ment.[4]The atmospheric carbon dioxide levels raised from 300 ppm to over 400 ppm 

within the last 70 years through human-made emissions. Especially the last 35 years 

mark the time where most of the global warming happened, which resulted in an aver-

age increase of the earth’s surface temperature around 0.9°C.[5] Warming oceans, de-

crease in arctic ice sheets, glacial retreat, shrinking snow coverage, rising sea levels, and 

mass extinctions are all results of the current human way of living. Rethinking our eco-

nomic approaches to prevent further damage to the environment is crucial to avoid fur-

ther damage. A circular economy is a new buzzword to describe an alternative to the 

traditional linear economy, which aims to extract the maximum value of each product 

by keeping it as long as possible in use. At the same time, at the end of each service life, 

materials are recovered or regenerated. Fundamental research at Universities or Insti-

tutes gives direction for innovations, which can later lead to new products on the mar-

ket. Is it, therefore, not also the responsibility of the researchers, which are standing at 

the foundation of innovation, to keep the concept of circular economy in mind when 

exploring new ideas, especially in applied science, to contribute towards a more sustain-

able world?  

Sun, wind, and water are natural sources that can transform natural energy into 

electricity. In Switzerland, 60% of the domestic electricity is generated by renewable 

energy, mainly from hydropower stations.[6] Switzerland consumes 58.46 billion kWh 

per year, which results in a total energy consumption per person of 6768 kWh per year.[3] 
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Swisstopo and MeteoSwiss showed that 80% of the Swiss energy consumption could be 

generated if solar panels covered all roofs in Switzerland.[7]    

Solar energy indeed is the only unlimited energy source on earth. The sun’s surface has 

a temperature of 6000 K and emits an irradiance of 1361 W/m2.[8] After passing through 

the atmosphere, it still has an irradiance power of 1000 W/m2 that could be transformed 

into valuable energy.[9] At present, silicon modules dominate the photovoltaic market 

due to their feasible cost, stability, and efficiency. For mono-crystalline silicon wafer-

based technology, a power conversion efficiency (PCE) of 26.7% can be achieved,[10] and 

for multi-crystalline silicon, a PCE of 22.3% is reported for a typical panel on the mar-

ket.[11] Nevertheless, several drawbacks require the development of new generation solar 

cells. Up to now, the photovoltaic market has been controlled by a 95% total production 

share by silicon-wafer-based technology.[12] However, highly pure silicon crystals are re-

quired during manufacturing as small impurities cause deleterious effects on the per-

formance.[13] Additionally, their heavyweight and rigid substrates cannot everywhere be 

installed, and their efficiency can reach at best the Schockley-Queisser limit (max. 

30%).[14] To be competitive or even outperform silicon solar cells, the new generation 

must meet requirements that cannot be reached with today’s conventional ones. Espe-

cially needs such as lower production costs, higher efficiencies, lightweight (flexible), 

and lower material consumption (thin-film technology) should be met. The second gen-

eration of solar cells included amorphous Si-based thin-film solar cells, Cadmium Tel-

luride/Cadmium Sulfide (CdTe/CdS) solar cells, and Copper Indium Gallium Selenide 

(CIGS) solar cells. Compared to the first generation, these solar cells could be produced 

more cost-efficient, are in visual aesthetics more appealing, but have lower efficiencies 

approaching 20%.[14]  

Consequently, the third generation of solar cells was developed to improve fur-

ther. Dye-sensitized solar cells (DSSC) and organic photovoltaics (OPV) were developed 

in this generation. These solar cells are solution-processable and seem to meet all the 

requirements mentioned above. However, with efficiencies, only between 11-14%, and 

problems in the upscaling and commercialization, these solar cells have never reached 



 

Chapter 1 

33 

the market so far.[14] In 2009 a new generation of solar cells based on the DSSC technol-

ogy emerged from the research community. Perovskite solar cell (PSC) technology was 

developed within the last 11 years so far that efficiencies of 25.6% at lab-scale were al-

ready reported, which displays the immense potential of the 4th generation solar cell 

technology.[15] It is thought that PSC can compete with crystalline and thin-film photo-

voltaic systems, mainly because they demonstrated many advantages when considering 

photovoltaic applications. PSCs can be fabricated by different fabrication methods, such 

as solution-process (e. g. inkjet-printing, screen printing, slot-die coating, spin-coating, 

spray-coating) and vacuum-based processes, such as physical vapor deposition (PVD) 

(thermal evaporation) or chemical vapor deposition (CVD).[16–18]  The processing meth-

ods’ versatility enables perovskites to be considered for large-scale fabrication pro-

cesses. Also, the possibility of using different deposition methods enables the deposition 

also on multiple substrates, including flexible substrates, used in wearable devices.[19,20] 

The color-tuning of the perovskite through small changes in the chemical composition 

enables the colorful perovskite films,[21]  precise control of the thickness while still ob-

taining considerable efficiencies plus the possibility of fabricating semi-transparent de-

vices,[22] make perovskite an attractive technology for building integration like windows, 

roofs, or building facades.[21,23,24]  

1.1 Metal Halide Perovskite Material 

The metal halide perovskite`s crystal structure has the unique advantage of tuning 

possibilities, resulting in different dimensional crystal structures, such as zero- (0D), 

one- (1D), quasi-two- and two-(2D), and three- (3D).[25–27] In this thesis, my main focus 

is the 3D perovskite structure.  

Perovskites belong to a broad class of crystalline materials with the general for-

mula ABX3.[28] This simplest crystal structure consists of a 3D network of corner-sharing 

BX6 octahedra (Figure 1.1). The B atom (red in Figure 1.1) is a metallic cation (such as 

Pb2+ or Sn2+), X represents a monovalent anion (blue), typically a halide ( I-, Br-, Cl-).[29–

31] A represents a small cation (A, yellow) that fits into the empty gaps between the 
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octahedra. It can be an organic one (methylammonium (CH3NH3+), formamidinium 

(NH2CH=NH2+), or an inorganic cation such as cesium Cs+.[32]  

 

Figure 0.1. 3D perovskite crystal structure of hybrid organic-inorganic perovskite MAPbI3.The 
inorganic lead iodide-based framework encloses the organic methylammonium cation. 

The Goldschmidt tolerance factor (t) is an empirical measure to describe the fit of the 

A-site cation into the cubic corner-sharing BX6 octahedra, considering that the lattice 

is an array of closed-packed spheres.[33] The factor is a measure to predict the stable 

crystal structure of the perovskite material in terms of ionic packing.  

𝑡 √                          ( 1 ) 
Where rA, rB, and rX are the ionic radii of A, B, X. Cubic crystal structure is pre-

ferred if the t value is between 0.8 and 1.0. If the t-value is higher than 1.0 and smaller 

than 0.8, no perovskite structure is formed.[34–37]  

If considering the simplest perovskite structure methylammonium lead iodide 

(MAPbI3), the perovskite structure was shown to have three different thermodynami-

cally stable crystal phases depending on the temperature.[38] Cubic crystal phase above 

330K, the tetragonal crystal phase from 160K to 330 K and orthorhombic crystal phase 

below 160K.[38]  

Hybrid organic-inorganic perovskites contain in a single material highly desirable 

properties for optoelectronic applications: they are direct bandgap semiconductors with 

a high hole and electron mobility, large charge carrier diffusion length, and a high 
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absorption coefficient, all combined with an incredibly low density of trapping states, 

even if they are processed via solution-based methods.[32,39–43] The first solution-pro-

cessed perovskite solar cell was reported by Miyasaka et al. in 2009, reaching a power 

conversion efficiency of 3.8%.[44] After spending over one decade optimizing the perov-

skite solar cells through compositional engineering,[45,46] solvent engineering,[47] opti-

mization of charge transport layers,[48,49] defect passivation,[50,51] interface modifica-

tions[52,53] and morphology modulation,[54] 25.6%[15] efficiency was finally reached for 

small-area cells.  

The perovskite optical bandgap (Eg) can be easily tuned over the whole visible 

spectrum via different approaches, like using organic cations with varied sizes or other 

halide atoms. Lead (Pb) halide (X) perovskites have a valence band maximum (VBM) 

formed through an antibonding Pb s/X p combination. In contrast, the conduction band 

minimum (CBM) is determined through empty Pb p orbitals.[55] For example, expansion 

of the unit cell via incorporation of larger atoms,[55] or incorporation of different halide 

anions by ionic engineering can quickly shift the bandgap, allowing a change from 

1.55 eV for I- anion to 3.2 eV with a simple Cl- substitution.[56], [57] Consequently, the 

bandgap is defined by the Pb-X bond and the Pb-X-Pb bond-angle, and small changes 

in the lattice parameters can lead to bandgap variations. Besides, the bandgap can also 

be modified through an external stress field, leading to structural deformation of the 

crystal and changes in the Pb-X and Pb-X-Pb bond lengths. [57]  

1.2 Different Deposition Methods of Perovskite Films 

In literature, different deposition methods have been reported employing either 

solution-based techniques or vacuum-based ones. Studies have shown that the perov-

skite film significantly depends on the technique used, in such an extension, that the 

concept “same compound, different material” can be applied.[58] Therefore, it is im-

portant to clearly describe the method used and the environmental conditions (such as 

dry air, humidity, vacuum, dry nitrogen) during the deposition process, as they 
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influence the perovskite layer and its properties.[58] In this thesis, I have used vacuum-

based processing methods and solution-based ones for the perovskite layer.  

1.2.1 Solution-Processed Perovskite Materials 

Organic solvents are used to dissolve the perovskite precursors, and the solution 

is deposited via coating or printing methods such as spin-coating, inject-printing, or 

slot-die coating.[59]  

 

Figure 0.2: Schematics illustrating the spin-coating process of the one-step perovskite deposi-
tion process.  

The most utilized device fabrication technique at lab scale is spin-coating due to 

its easy handling and low costs. Therefore, a small amount of the precursor solution is 

added onto a substrate and rotated at high speed. The deposition of the solution can 

either be static (substrate is not rotating) or dynamic (solution is dropped after a few 

seconds on the rotating substrate). The solution is spread during the high-speed rota-

tion due to centrifugal force while the solvent simultaneously evaporates, resulting in a 

semi-dry uniform film thickness.[59]  

  

MAPbI3

PbI2 + MAI
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There are three different solution-processing methods that can be distinguished:  

• One-step deposition  

• Two-step deposition 

• Antisolvent deposition 

In the first method, the perovskite solution of the precursors is directly deposited. 

Mostly high-boiling polar solvents are therefore used, such as dimethylsulfoxide 

(DMSO), dimethylformamide (DMF), γ−butyrolactone (GBL) are used in the solution 

preparation.[60] Typically, the perovskite is deposited by spin-coating, followed by a 

post-annealing treatment (Figure 1.2). This deposition method is not used often any-

more, as the layer deposited is inhomogeneous, with high roughness, due to uncon-

trolled crystal growth.[61]  

Two-step deposition method 

 

Figure 0.3. Schematics illustrating the spin-coating process of the two-step perovskite deposi-
tion process. 

Two steps are used in this method to obtain the perovskite film. In the simplest 

perovskite MAPbI3 first, a PbI2 layer is spin-coated, followed by either dipping or spin-

coating of the cation/organic salt (MAI) solution (Figure 1.3), which is consequently re-

sulting in a subsequent conversion into perovskite. The diffusion of MAI determines the 

reaction rate in the PbI2 lattice, and the morphology of the spin-coated PbI2 film deter-

mines the final film morphology. Post-annealing of the samples leads to the completion 

of the crystallization. This method showed better potential in reaching highly efficient 

MAPbI3

PbI2 MAI
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perovskite films, but a rough morphology and incomplete PbI2 conversion are chal-

lenges that could not be overcome.[62–64]   

Antisolvent deposition method 

 

Figure 0.4. Schematics illustrating the spin-coating process of the antisolvent deposition pro-
cess. 

Another approach adopted by most groups nowadays adds one additional step 

to the fabrication process. Seok´s group introduced the antisolvent method in 2014 [47], 

which remained up to date as the best method to achieve highly efficient solar cells. 

First, the perovskite precursor solution is deposited in one step on the substrate. Then 

during the last few seconds of the spin-coating process, an antisolvent such as chloro-

benzene, toluene, or diethyl ether, is dropped onto the film, promoting crystallization. 

Finally, a heating step is added to complete perovskite crystallization (Figure 1.4).[47] 

This method was proven to achieve films with large grains and smooth morphol-

ogy.[47,65,66]  

1.2.2 Vacuum based Deposition of Perovskite Materials 

Vacuum-based deposition of perovskite material allows the fabrication of perov-

skite films with high control of the thin film formation. The films are prepared in a high 

vacuum chamber (10-5 to 10-6 mbar), where the perovskite or perovskite precursors are 

loaded in one or separate crucibles (single- or dual-source (co-evaporation) evapora-

tion, respectively) and then heated to their corresponding sublimation temperature. At 

MAPbI3

PbI2 + MAI
Chlorobenzene
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the same time, the substrate is often maintained at room temperature.[67] A thin quartz 

crystal microbalance (QCM) is sandwiched between two metal electrodes, inducing an 

electric field that causes the crystal to vibrate in its resonance frequency. Mass accumu-

lation on the crystal is monitored due to the change in oscillation frequency, allowing 

to control the film thickness at a nanometre scale.[68]  

 

Figure 0.5: Schematics displaying the two different evaporation set-ups a) dual-source evapora-

tion of MAPbI3 b) single-source evaporation of pre-synthesized perovskite powder. 

For the dual-source evaporation (Figure 1.5 a), calibration of each precursor in-

dividually is essential before the perovskite deposition. Therefore, the tooling factor for 

each material must be evaluated first. The tooling factor is a correction factor that con-

siders the differences between the material deposited on the substrate versus the mate-

rial deposited on the QCM by taking into account the different source-to-QCM and 

source-to-substrate distances.[69] Therefore, a film of the material to calibrate is depos-

ited on a flat substrate while recording the apparent thickness measured by the QCM, 

with a previous tooling factor value (Tooling1). After the deposition process, the actual 

thickness of deposited material on the flat substrates is determined by cross-section 

SEM or surface profilometer and compared to the apparent thickness read by the QCM. 

Source

Sensor

Source 2
MAI

Source 1
PbI2

Sensor 2Sensor 1

a) b)

perovskite
powder
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The following linear relationship provides the new tooling factor (Tooling2) for the ma-

terial of interest.[69]  

Tooling2=Tooling1 x (thicknessactual/thicknessQCM)                 ( 2 ) 

The material’s density (ρ), the acoustic impedance (or Z-ratio), and the tooling 

factor are necessary to determine the correct thickness and the evaporation rate (Å/s) 

of the sublimed material. Therefore, these factors are set in the evaporation system to 

ensure that the evaporation rates of the precursors can correctly control the stoichiom-

etry (chemical deposition) of the deposited film. Different precursors can be 

simultaneously evaporated under precise regulation of their molar ratio (composition) 

through monitoring the deposition rate.[70–73] 

Another approach is the single source evaporation of pre-synthesized perovskite 

powder (schematics Figure 1.5 b). The same evaporator setup described above is used, 

but only one source is filled with the pre-synthesized perovskite powder.[74] The evapo-

ration rate and the average power supply must be held stable throughout the process to 

maintain good perovskite crystallization conditions.  

The successful control of all the above-described parameters, in addition to the 

high purity of the films, raise thermal evaporation as one of the most versatile and ex-

citing technique to fabricate and investigate perovskites. 

In 1997, Era et al. deposited a PbI-based perovskite quantum well, the first attempt 

using dual-source vapor deposition.[73] Then in 2013, a PCE of 15.4% could be reported 

by Liu et al. for the first time for a planar PSC of co-evaporated CH3NH3PbI3−xClx depos-

ited on top of a metal oxide layer.[67] Malinkiewicz et al. published in 2014 the evapora-

tion of perovskite solar cells on organic hole-transporting layers[75], which was followed 

shortly by an article by Roldán-Carmona et al. used the advantage of vapor-deposition, 

that the substrate temperature is at RT, to co-evaporate perovskite on top of rigid and 

flexible substrates.[75,76] Yang et al. (2015) and Momblona et al. (2016) both used in their 

studies the advantage that multilayer devices can be fabricated without any chemical 
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modifications or orthogonal solvents. Yang et al. alternated PbCl2 and CH3NH3I precur-

sors in a bilayer deposition reaching a PCE of 16.03% [77], and Momblona et al. fabricated 

fully sublimed p-i-n and n-i-p devices containing the same materials and layers. Inverted 

deposition order of the materials led to efficiencies of 16.5% for p-i-n and 20% for n-i-

p.[78] Understanding the influence and the importance of the underlayer on the perov-

skite formation during the sublimation process is essential. Olthof et al. demonstrated 

in their research that the underlayer determines which precursor is sticking to the sub-

strate first, starting the crystallization of the perovskite layer.[79] In 2019, the field moved 

from the more simple perovskite MAPbI3 towards more complicated systems, with large 

MAPb(Br0.2I0.8)3 and narrow bandgap perovskites FAPb0.5Sn0.5I3, reaching  15.9% and 

13.98%, respectively.[80,81] Since 2020, the publications employing co-evaporation as the 

primary fabrication technique have been rising. Lead-free bismuth perovskites were ap-

proached for the first time,[82] and multi-source evaporation of  FA0.7Cs0.3Pb(I0.9Br0.1)3 

was approached by Chiang et al., reaching 18.2% efficiency.[83] In 2021, Abib et al. tried 

the single source evaporation of pre-synthesized CsPbBr2 powder for the first time and 

achieved solar cells with max. PCE of 8.95%.[74] The industrialization/commercialization 

of the vacuum-based fabrication method was demonstrated by Wang et al., reaching 

20.28% (21 cm2 ) with mini-modules.[84] Currently, the highest efficiency of 20.6% for 

the small area was reported by Li et al.[85] and with efficiencies now over 20% even in 

mini-modules[84] combined with the advantages of the vacuum-deposition process, in-

cluding avoidance of toxic solvents, give sublimed perovskite devices the promise for 

real applications.  

  



 

Chapter 1 

42 

1.3 Perovskite Solar Cells 

1.3.1 Working Principle of p-n junction Solar Cells 

The working principle of the perovskite solar cell is demonstrated in Figure 1.6. It can 

be simplified into the following steps:  

1) Charge Generation 

2) Charge Separation  

3) Charge Transport and Collection 

 

Figure 0.6: Schematics of the general working principle of the perovskite solar cell. 

1.) Charge Generation 

The perovskite material is the light-collecting material in the solar cell. The more 

incoming light the perovskite can absorb, the more photogenerated charges are created. 

Therefore, the absorption coefficient is the most important property of the material it-

self. The remarkable absorption coefficient compared to other materials makes the per-

ovskite material a good candidate for solar cell applications.[86] Only photons with the 
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same or higher energy than the bandgap (Eg) can be absorbed by the light-collecting 

material. Therefore, the bandgap is essential for the charge generation process.[87] Ad-

ditionally, the wavelength that can be absorbed by the perovskite is also attributed to 

the Eg.[9] Photons with higher energy than the perovskite’s Eg further excite the electrons 

an energy level higher than the conduction band (CB) of the perovskite. These electrons 

relax back to the CB by releasing the excess energy in the form of heat.[9,88]  

Different types of recombination processes can occur in the light harvester dur-

ing the charge generation process, affecting the solar cell performance.[9,88] These four 

recombination processes can be distinguished with the following explanations:  

1. Radiative recombination  

Radiative recombination (Figure 1.7), or band-to-band recombination, is the pri-

mary recombination process of direct bandgap semiconductors.[89,90] During the recom-

bination process, the excited electron in the CB combines with the hole in the valence 

band (VB), and a photon equal to the energy of the semiconductor’s bandgap is re-

leased.[88–90] For very high-quality semiconductors, this recombination process, it the 

limit of the solar cell’s efficiency. However, in perovskite solar cells also non-radiative 

recombination processes limit the efficiency.[88–90]  

 

Figure 0.7: Schematic of radiative recombination.  
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2. Shockley-Read-Hall recombination 

 

Figure 0.8: Schematic of defect or trap assisted recombination a) donor type and b) acceptor 

type trap, r1= electron capture from the CB, r2= electron emission from the CB, r3= hole capture 

from the VB, r4= hole emission from the VB. 

Shockley-Read-Hall (SRH), named after William B. Shockley, T. Read, and Rob-

ert N. Hall, also known as a defect- or trap- assisted recombination, was discovered in 

1952.[9] In this case, the non-radiative process of the recombination of electrons and 

holes does not happen directly from the bandgap (Figure 1.8). Instead, it is caused by 

impurities in the lattice defects in the semiconductor, leading to new recombination 

centers within the bandgap, referred to as trap states.[91] There are two primary types of 

trap states or recombination centers: donor-type and acceptor-type. The donor-type 

trap states trap a hole, followed by the capture of an electron from the CB, while in 

acceptor-type recombination, the electron is trapped, followed by a hole capture of the 

VB. This non-radiative recombination releases the excess energy as phonons (lattice vi-

bration).[9,91] 

3. Auger recombination 

In the non-radiative auger recombination, the energy of the recombining hole 

and electron is transferred to another electron or hole (Figure 1.9). Suppose the energy 

is transferred to an electron. In that case, the electron is excited to the higher level of 

the CB, followed by a relaxation process back to the CB, while releasing its energy in 

phonons and finally in thermal energy (Figure 1.9a). If the particle is a hole, it will be 
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excited to a lower level of the VB, followed by transferring the energy in phonon (Figure 

1.7b).[9,92] Auger recombination generally occurs in semiconductors with indirect 

bandgap, where the direct band to band recombination is limited or impossible.[9,93] 

Auger recombination is the dominant process in indirect bandgap semiconductors, lim-

iting the efficiency in high purity solar cells, such as silicon (Si) and germanium 

(Ge).[88,93]  

 

Figure 0.9: Schematic of Auger recombination a) involving two electrons b) two holes.  

4. Grain boundaries, surface, and interface recombination  

 

Figure 0.10: Schematic of surface recombination.  
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Trap states and recombination occur not only within the bulk of the semicon-

ductor but also due to impurities, dangling bonds, or surface defects on the material's 

surface (Figure 1.10). They also occur between interfaces of two semiconductors or at 

high-angle grain boundaries in polycrystalline materials, leading to a recombination 

process similar to the SRH described before.[9,88]  

2) Charge Separation 

Before the photogenerated charges (excitons or free carriers, depending on ma-

terial permittivity) can be extracted and collected, they need to be separated into elec-

trons (negative charges) and holes (positive charges). The pre-condition for generating 

free electrons and holes is that the photogenerated charges overcome the exciton bind-

ing energy (Eb). Low Eb (Eb=2 meV-75 meV at RT) is preferred in PV applications to 

obtain an efficient charge dissociation of free carriers. The grain size influences the Eb 

value of the simplest perovskite MAPbI3, for example. Single crystals, for example, ex-

hibit the highest Eb value.[43,94]  

3) Charge Transportation and Collection 

The generated free charges, electrons, and holes will move towards the selective 

contacts within the semiconductors. The electrons selective contact named electron-

transport layer (ETL) will selectively transport the electrons and block the holes, and 

the hole selective layer, named hole-transporting layer (HTL), will transport the holes 

and block the electrons. The perovskite layer in device applications is always sand-

wiched between the ETL and HTL. The alignment of the energy levels between the per-

ovskite and the charge transporting layers is hence critical to ensure efficient charge 

transport. Therefore, if considering the ETL, the lowest-occupied molecular orbital 

(LUMO) must be deeper than the conduction band (CB) of the perovskite to assure 

efficient electron extraction. The highest occupied molecular orbital (HOMO) should 

be low enough, so the holes are blocked. For the HTL, the HOMO should be higher than 

the perovskite valence band (VB), so the holes can be efficiently transferred. The LUMO 

should be high enough to block the electrons efficiently. Other important parameters 
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that need to be considered are electron and hole mobility. The conductivity of the ma-

terial describes the product of the number of charges times the mobility of the charges. 

Therefore, electron and hole mobility define how fast the electrons and holes can be 

transported through the selective contact layer. After transporting the charges through 

HTL and ETL, they are collected at the corresponding electrode.  

1.3.2 Device Architectures of PSCs 

Generally, the perovskite layer is sandwiched between the charge carrier selective 

layers (electron-transporting and hole transporting layer) and the electrodes in a solar 

cell. Two main architectures can be distinguished, depending on how the perovskite is 

in contact with the ETL or HTL.[40]  

1) Normal (n-i-p) Configuration 

2) Inverted (p-i-n) Configuration 

3) Other PSCs configurations  

 

Figure 0.11: Schematic of the different device architectures: a) normal (n-i-p) planar configura-

tion b) normal (n-i-p) mesoscopic configuration c) inverted (p-i-n) planar configuration 

1) Normal (n-i-p) configuration 

The normal structure is defined through the contact of the ETL with the front 

transparent conducting oxide (TCO), such as fluorine-doped tin oxide (FTO) or indium-

doped tin oxide (ITO) or (Figure 11 a). The perovskite is sandwiched between the ETL 

and HTL, where the HTL is in contact with the metal top electrode, such as silver (Ag) 

or gold (Au).[95] The light needs to pass first through the ETL in the normal structure 
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before reaching the perovskite layer. It, therefore, is necessary to choose a transparent 

n-type semiconductor, which commonly used are SnO2 or TiO2.[96] The simpler device 

architecture is the planar structure.[97] The mesoscopic architecture is derived from the 

dye-synthesized solar (DSSCs) cell structure (Figure 1.11b). An additional layer of nano-

particles, for example, TiO2, is scaffolded on top of the planar ETL, allowing improve-

ment of the electron collection and reducing the hysteresis effect of the PSCs.[47,98]  

2) Inverted (p-i-n) configuration 

The inverted configuration inverts the structure when considering the normal 

structure. Here the HTL is in contact with the transparent front electrode, and the ETL 

is in contact with the metal electrode (Figure 1.11 c).[97] Normally transparent p-type 

semiconductor layers are employed in this configuration. The light first needs to pass 

this layer before reaching the perovskite layer, without any parasitic absorption, which 

might lead to losses. Typical HTLs are e.g. nickel-oxide (NiOx), poly[bis(4-phenyl) 

(2,5,6-trimethylphenyl)amine (PTAA), or poly(3,4-ethylene dioxythiophene) polysty-

rene sulfonate (PEDOT:PSS).[99,100] The inverted configuration is more versatile. It opens 

the possibility of processing the charge selective layers using low-temperature methods, 

such as vacuum deposition, enabling the cells to be processed on flexible substrates.  

3) Other PSCs configurations  

Other device configurations that are reported in the literature are based on the 

two conventional ones (n-i-p and p-i-n) described above. Mostly they were explored to 

simplify the architecture towards a more cost-efficient fabrication process. An ETL-free 

PSC was reported with a power-conversion efficiency (PCE) of 21% by interface engi-

neering.[101] An HTL-free device was also demonstrated by passivating the perovskite-

gold interface sufficiently to reach a PCE of 15%.[102] Another approach is the use of car-

bon-based material instead of a metal back electrode, which enables depositing of the 

solar cell with large-scale methods, such as doctor blade or printing method.[103]  
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1.3.3 PSCs Characterization 

 

Figure 0.12: J-V characteristics of solar cells in light and dark conditions.  

The photovoltaic characteristics are determined by the parameters of the PSCs measured 

under light and dark conditions. Pre-condition of the measuring setup in light is that the spec-

trum of the light source (often xenon) is matching the air mass (AM) of 1.5 spectra (defined as 

the sun is tilted 37° to the horizontal plane) and that the measurement is carried out under the 

standard test conditions (STC). This includes calibrating the light source before measuring to 

1000 W/cm2 and keeping the cell at room temperature (25°C) throughout the measurement.[9]  

The main parameters that define the J-V characteristics are short-circuited current den-

sity (Jsc), open-circuit voltage (Voc), fill factor (FF), and power conversion efficiency (PCE) (Fig-

ure 1.12).[94] The Jsc is obtained using a mask with a fixed aperture typically used to comply with 

the STC. The Jsc is a measure that describes the current density flowing through the external 

circuit when the electrodes are shorted. The Voc is a measure for the maximum voltage the solar 

cell can reach, and it is defined as the voltage when no current is flowing. The Voc is linked to 

the saturation current density (J0) and the photogenerated current density (Jph). J0 is affected by 

the recombination processes and can change in magnitude, whereas the Jph typically only shows 

slight variation. The Voc is defined following the equation:[9,94]  

𝑉 =  ln( )                                     ( 3 ) 

kB is the Boltzmann constant, T is the temperature, and q is the elemental charge. 
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The FF is a measure that describes the ratio between the maximum power (Pmax) and the product 

of the Voc and Jsc as described in the following equation:  

𝐹𝐹 =  =                       ( 4 ) 

 

VMPP and JMPP are voltage and current at maximum power point (MPP), defined 

as the J-V curve where the maximum power output is reached. The power conversion 

efficiency (PCE) is calculated based on the parameters defined above.[9]  

The PCE is defined to be the ratio between the Pmax generated at the incident power (Iin) 

by the solar cell, which is incident light with AM 1.5 spectrum as defined above:[9]  

𝑃𝐶𝐸 = =                           ( 5 ) 

External Quantum Efficiency (EQE) 

The external quantum efficiency is defined by the number of incident photons 

converted into electron-hole pairs that are collected at the electrodes. The EQE is meas-

ured by illuminating the solar cell with monochromatic light at a specific wavelength 

(λ), while the photocurrent (Iph) is recorded and expressed as a function of a wavelength 

(λ). [104]The EQE is also defined by q, the elementary charge, Ψph,λ the spectral photon 

flow, which is obtained by measuring the EQE of a calibrated diode under the same light 

source.[9]  

𝐸𝑄𝐸 (λ) = ( ),                              ( 6 ) 

 

The EQE spectrum gives information about the optical and electrical losses of 

the solar cell due to parasitic absorption and recombination. It can be used to calculate 

the Jsc of the solar cell, and if the measurement was performed under short circuit con-

ditions, the EQE can also be used to calculate the Jsc value obtained from the J-V 
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measurement. The Jsc from the EQE can be obtained by integrating the EQE with respect 

to the photon flux of the AM 1.5 spectrum across all wavelengths.[9,104]  

𝐽 = −𝑞 𝐸𝑄𝐸 (𝜆)𝜙 ,  . 𝑑𝜆             ( 7 ) 

 

1.4 General Limiting Factors in Perovskite Solar Cells  

Contemporarily, although hybrid lead halide perovskites are considered one of the 

most prominent alternatives for optoelectronics, many milestones still need to be 

achieved to realize the full potential of hybrid perovskite absorbers. The Shockley-

Queisser limit (see Figure 1.15) indicated that the highest possible efficiency is 31% for 

direct bandgap materials.[105] Besides, the material toxicity and the long-term stability 

are challenges that still need to be solved. When analyzing the solar cells, they are tested 

in a strictly controlled environment. The cells reported with the highest PCE are at a 

laboratory scale. When considering upscaling the laboratory scale to a solar panel work-

ing in actual conditions, not operating in a controlled environment, one must consider 

the stability, environmental impact, and commercialization process in all weather con-

ditions. These factors go beyond solving all the questions about toxicity, stability, costs, 

and the theoretical efficiency limit after Schockley-Queisser.  

1.4.1 Toxicity 

The hybrid inorganic perovskite material employed in today’s most efficient per-

ovskite solar cell has one disadvantage. PbI2, one of the precursor materials, is highly 

toxic for human health and the environment. Its water solubility makes it extremely 

dangerous when leaching from a solar cell into the environment.[106] Lead is so toxic that 

the European Union has recently decreased the maximum lead content in drinking wa-

ter to 5 mg/L, ten times less than the lethal doses in the blood, indicating lead poison-

ing.[107] Lead poisoning leads to severe illnesses such as kidney damage or neurological 

disorders, especially in children and pregnant women.[108] Antonio Abate has studied 

the impact of perovskite by monitoring the uptake of lead into plants. Interestingly, he 
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could demonstrate that the cation and the PbI2 act as an amplifier for this reaction. The 

cation first changes the pH of the soil, which then leads to higher absorption of PbI2 

into the plants.[106] As one hindrance of commercialization is the risks involved with 

lead, researchers are exploring different options to either replace the lead in the material 

crystal structure or find other ways to prevent lead leakage into the environment from 

solar panels. Therefore, lead-free perovskite solar cells seem to be an alternative. How-

ever, lead-free perovskites based on other metals such as silver (Ag)[109,110], indium 

(In)[111,112], bismuth (Bi)[113], or germanium (Ge)[114,115] have not yet shown sufficient effi-

ciencies to be considered as an option for replacing lead-based perovskite solar cells. 

When employed in perovskite, the only metal showing good PCE values is tin (Sn). Tin-

based perovskite has shown 10.6% efficiencies.[116] However, this material class is not 

entirely harmless, considering SnI2, the precursor used, forms hydrogen iodide (HI) un-

der acidic conditions, which is even more toxic. Nevertheless, tin-based perovskites 

have one advantage. The oxidation from Sn2+ to Sn4+ and later tin-oxide (SnO2) is fast, 

making them less toxic than Pb-based perovskites but more sensitive towards degrada-

tion in ambient air conditions.[117,118] The Abate´s group demonstrated this by treating 

the soil with Sn-perovskite. They could conclude that only a minimal amount of Sn is 

absorbed by the plants, probably due to the fast degradation from Sn4+ to Sn2+. As tin-

based perovskite solar cells are not yet comparable in their performance, other solutions 

to solve the toxicity challenges were explored. The uptake of lead by a porous scaffold, 

like a metal-organic framework, was investigated by Huckaba et al..They demonstrated 

that contaminated water with lead can be cleaned by metal organic frameworks (MOF) 

treatment, resulting in drinking water following the regulations.[119] Another approach 

is also to encapsulate the perovskite module with a self-healing polymer, reducing the 

leakage from the module upon breakage.[120] The perfect solution to prevent environ-

mentally harm by lead leakage is not yet found, but will if the safety aspect is already 

considered during the design process.  
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1.4.2 Cost 

Bringing perovskite solar panels to the market needs competitive pricing com-

pared to other technologies. Up-scaling is more complicated if the material costs are 

high, as these materials will dominate the pricing range. The typical metal electrode 

employed in highly efficient solar cells is gold (1g= 58.74).[121] Gold has excellent electri-

cal conductivity, appropriate work function, and superior long-term stability compared 

to other metal options.[122] These less expensive options, such as silver, copper, chro-

mium, and aluminum, have high conductivity and low stability. For example, sil-

ver[123,124] and aluminum [122,125] react with the halides of the perovskite,[126–129] inducing a 

halide, mainly iodide deficiency in the perovskite layer. These metal halide species ad-

ditionally hinder charge transfer from the adjacent layer.[130] Replacing, therefore, the 

metal electrode is essential for the upscaling of the perovskite solar cells. Therefore, 

employing carbon-based electrodes is not only cheaper but also more environmentally 

friendly, a promising alternative, given that efficiencies of 19.2% could already be 

achieved.[131]  

Another cost factor at the moment is the state-of-the-art hole-transporting ma-

terial spiro-OMeTAD (1g=403 CHF)  or PTAA (1g=2550 CHF), which are both very ex-

pensive.[132–134] Therefore, several attempts were made to find new comparable perform-

ing HTMs with shorted synthesis pathways and low-cost starting materials.[135,136] A 

more detailed study on alternative cost-effective HTMs will be explored in Chapter 7 of 

this thesis.  

1.4.3 Stability 

One remaining challenge in the commercialization of perovskite solar modules is 

the stability of the material itself, intrinsically, and the stability of the layer in ambient 

air. One, therefore, needs to consider photostability, thermal stability, and moisture 

stability when designing a solar cell. I will focus only on thermal stability and moisture 

stability because I have further evaluated them in my research.  
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Thermal stability  

In operating conditions, a solar panel should be able to restrain high tempera-

tures over 85°C or even shallow temperatures up to -40°C depending on the location of 

the solar module installations.[130,137] These extreme temperatures should not impact any 

solar cell material, preventing loss in performance over a short time. The simplest per-

ovskite structure, MAPbI3, is known to degrade under heat and stress at 85°C, even in 

N2 atmosphere. Hydroiodic acid HI and gaseous methylamine (MA) are produced dur-

ing degradation, leaving a pure PbI2 film behind.[138] Therefore, usage of MAPbI3 in large-

scale applications is less suitable, and more stable materials under these harsh condi-

tions are desired. Therefore, replacing the organic cation MA+ with the heavier organic 

formamidinium cation FA+ is suitable, as FAPbI3 has improved stability under thermal 

stress.[139]  

 

Figure 0.13: Illustration of transition between δ-FAPbI3 and α-FAPbI3. 

The lower bandgap of this material at 1.47 eV in comparison to MAPbI3 with a 

bandgap of 1.6 eV enables the material to absorb a broader wavelength range, leading 

to enhanced PV performance compared to MAPbI3.[140,141] Nevertheless, also FAPbI3 has 

some drawbacks. At room temperature, the δ-phase, is not photoactive. Only the high-

temperature α−phase is photoactive but only stable at temperatures between 150°C-

180°C (Figure 1.13).[142,143] The equilibrium reaction will always convert the perovskite 
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material to the δ phase at room temperature. Introduction of multiple cations in the A 

site of the crystal structure, such as double cation (MA+ and FA+)[144], triple cation (MA+, 

FA+, Cs+),[145] quadruple cation (FA+, MA+, Cs+, Rb+),[146] has been proven to stabilize the 

back phase of FAPbI3, also leading to better PV performance (Figure 1.14). In Chapter 5, 

I will study the single-source evaporation of pre-synthesized FAPbI3 and CsFAPbI3 more 

thoroughly, highlighting if the structures can be stabilized by vacuum sublimation tech-

niques.  

 

Figure 0.14: Illustration of transition between δ-CsFAPbI3 and α-CsFAPbI3. 

Moisture stability  

Moisture is present in the ambient air and is one of the external influences that 

degrades the perovskite material fast. Therefore, moisture influences the most the long-

term stability of the perovskite solar cells.[128] Nevertheless, encapsulation technologies 

that are mature for perovskite solar cells were developed throughout the last years, even 

though when compared with silicon modules, challenges are still to be solved due to the 

unstable properties of the perovskite material in moisture.[147] Moisture can penetrate 

the perovskite, leading to the formation of a hydrated phase, further dissolving the or-

ganic species, leading to the evaporation of the volatile species, which finally decom-

poses the material.[130] However, the moisture influences the perovskite layer negatively 

and the hole-transporting material, especially when the state-of-the-art dopant such as 
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Li-bis(trifluoromethansulphonyl) imide (Li-TFSI) is used to improve the hole mobility 

and conductivity of the HTM spiro-OMeTAD.[148,149] Its hygroscopic nature attracts 

moisture which interacts with Li-TFSI resulting in the formation of pinholes. These pin-

holes enable water to penetrate the perovskite layers, leading to degradation.[148] In 

Chapter 7, a more detailed study is described to understand the role of the dopants in 

spiro-OMeTAD and their influence on p-i-n co-evaporated perovskite layers. The design 

of hydrophobic hole-transporting layers can also be an option to prevent moisture dam-

age to the perovskite solar cells. For example, Zheng et al. has demonstrated an oligothi-

ophene with a contact angle of 107.4°, successfully repelling moisture from the solar 

cell.[150] In Chapter 8, I am introducing a class of HTM materials showing exceptional 

hydrophobic properties, leading to good device stability.  

1.4.4 Towards Schockley-Queisser Limit 

The most critical limit that cannot be overcome by a single junction solar cell is the 

Schockley-Queisser limit. William Schockley and Hans-Joachim Queisser defined this 

limit for the first time for a p-n junction cell in 1961.[151]  It describes the maximum PCE 

a solar cell can achieve when considering a single junction solar cell under a specific 

light illumination spectrum.[152] To simplify the definition of the maximum PCE, several 

assumptions were made.  

• Only radiative recombination is considered, which therefore determines the up-

per limit of the minority carrier lifetime[153] 

• Only photons with an energy higher than the bandgap will be converted into 

electron-hole pairs, while photons with energy lower than the bandgap will not 

be considered[153] 

Following these assumptions, a max PCE of 31% can be reached for solar cells, having 

a bandgap around 1.4-1.6 eV (for example, for FAPbI3 and MAPbI3), considering the 

standard AM 1.5G illumination.[154,155] See bandgap max PCE dependence summarized in 

Figure 1.15.[152] Nevertheless, other factors that limit the solar cell’s performance are not 
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considered in the Schockley-Queisser limit, like non-radiative recombination through 

a defect, or trap sites are, for example.[156–160]  

 

Figure 0.15: Schockley Queisser limit for maximum PCE in relation with the bandgap, consider-

ing AM 1.5G illumination at 25°C. The data was plotted from the reference data reported by Sven 

Rühle.[152] 

Defect passivation was demonstrated as an efficient technique, and it has become a 

popular approach within the research community. Interface passivation can be achieved 

in various ways, such as adding small organic molecules, polymers, introducing an in-

terlayer, and constructing a gradient perovskite layer.[159,160] Further discussion on inter-

face engineering will be presented in Chapter 2, and insight into the role of fullerene 

(C60) as an interlayer will be explored in Chapter 6.  
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Advantages and Limiting Factors of Vac-
uum-deposited Perovskite Layers 

Vacuum deposition is an available industry technique that has many advantages 

compared to the solution process. Toxic organic solvents are used in perovskite precur-

sor solutions, and operating these toxic solvents at an industrial scale would impose 

negative impacts on human health and environmental balance. Recent studies on the 

human health and environmental impacts of solvents used in PSCs fabrication showed 

that the solvents strongly impact human health and the environment.[161,162] In this con-

text, the minimal chemical wastage, solvent-free processing, large scale compatibility, 

thickness precision in the nm range, lower intermixing of different layers at the inter-

faces, and the low-temperature annealing of thin films, highlights vacuum deposition 

as an energy-efficient green contender for well-explored solution-process tech-

nique.[163,164] In vacuum deposition, the materials are heated in high vacuum conditions 

(p≤ 10-6 Pa) and sublimed on substrates. When heated in the source, the evaporated 

particles move away in a deposition cone to reach the substrate. The longer the mean 

free pathway from source to substrate, the more uniform the deposition, but also the 

more parasitic material deposition in the vacuum chamber walls. The variety of materi-

als that can be evaporated is wide. Metals and organic materials are only limited by the 

molecular weight and size or the required sublimation temperature.[165] Another ad-

vantage is the possibility of depositing multilayers of perovskite materials in combina-

tion with electron/hole-transporting materials without intermixing the different lay-

ers.[166] Additionally, thermal annealing of the layers is unnecessary, making the method 

suitable for the fabrication of flexible electronics.[167] Vacuum deposition is also suitable 

for large-scale applications, demonstrated by its successful usage in the OLED indus-

try.[168] Hence, it is also suitable for tandem applications, and it can be used for more 

complex perovskite compositions.[169] Nevertheless, evaporation from more than two 

sources simultaneously is challenging due to the complex composition and stoichiom-

etry that must be reached in the final film.[170] However, different challenges in vacuum-
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deposition still need a solution. First, vacuum deposition cannot be performed in any 

laboratory as it needs an expensive and complex vacuum system.[171] Second, the fabri-

cation of the perovskite solar cells is far slower, with a low throughput method due to 

substrate holder limitations. Even with identical conditions, it is challenging to repro-

duce and achieve the same results, as the precursor material on the walls may lead to 

trace contamination during the process.[172] Only a handful of groups are dedicated to 

the thermal deposition of perovskites, which still leaves a lot of room for improvement, 

optimization, and research.[172] Vacuum deposition can be used for perovskites in differ-

ent ways: by co-evaporation of different precursors, evaporation from a single source, 

flash evaporation, or sequential evaporation. In my work, I have focused mainly on the 

co-evaporation and single-source evaporation of perovskites. I address in Chapters 4 

and 5 the issue of morphology, composition, and irreproducibility by advising new 

standards that should be considered in the evaporation community. 

Table 0.1: Advantages and disadvantages of the vacuum-deposition method 

Advantages Disadvantages 

 uniform deposition  ultra-high vacuum (cots intensive) 

 evaporation of a large range of materi-
als 

 parasitic condensation at chamber 
walls 

 no post-annealing step necessary  difficult to control vapor pressure 
of MAI 

 coating on flexible substrates  challenging if more than two 
sources are used simultaneously 

 thickness control in the nm range  few research reported for perov-
skites 

 highly pure layers 
 

 large-area compatible 
 

 adequate for the tandem application 
 

  toxic solvent-free  

 no intermixing of different layers  
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1.5 Controlling the Perovskite Composition 

The composition of the perovskite material cannot be readily determined, espe-

cially when considering multi-source evaporation. Tuning of the perovskite composi-

tion can be made by selecting the evaporation rates carefully for each of the perovskite 

precursors. Nevertheless, especially for mixed halide perovskite, these experiments re-

quire multiple reference experiments to determine and calibrate each precursor. Essen-

tial for the calibration is to know the density, acoustic impedance, and geometric factors 

for each material as above-mentioned, which are not always available.[173] Another diffi-

culty, especially for the perovskites using methylammonium iodide as a precursor, is 

the uncontrollable and reproducible evaporation of methylammonium iodide due to its 

high vapor pressure.[165] Easy deprotonation during the evaporation to HI and CH3NH3 
[174] and low sticking coefficient on different substrates, or even decomposing to CH3I 

and NH4 [175], are challenges one must consider. During the first few nanometres, non-

stoichiometric thin layers can be formed, which block the charge extraction and result 

in lower device performance.[79] In principle, the evaporation of small molecules as ad-

ditives in parallel to the evaporation of the perovskite could be feasible, but not many 

reports have been so far made. Therefore the positive effect seen with additives in spin-

coating considering defect passivation, stabilization of the perovskite crystal phase, or 

elimination of hysteresis effect, which all lead to superior device performance has not 

jet been investigated deeper in the community.[176,177] Only one report in this direction 

was made by Wu et al., who co-evaporated fullerenes with perovskite precursors 

demonstrating a significant improvement in device performance.[178]  

1.5.1 Controlling the Perovskite Morphology 

Controlling the grain sizes and the morphology is more complicated in thermally 

evaporated perovskite layers than in solution-processed ones. Contrary to previous 

studies of solution-processed perovskite, Lohmann et al., Kim et al., and Jiang et al. re-

ported that the sublimation technique results in smaller crystal sizes which can also 

lead to high efficient perovskite devices.[179–181] Parott et al. published in 2019 the first 
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study, describing the perovskite growth modes on glass substrates, reporting that the 

perovskite layer is first formed by crystalline islands of 8 nm in height before full cover-

age is achieved.[182] Johnston et al. has shown that the perovskite grains can be controlled 

by varying the substrate temperature from tens of nanometres (nm) to micrometers 

(µm). They also found that the grain size depends on the substrate used in the evapora-

tion.[179] The same was confirmed by Albrecht et al., who investigated the effect of sub-

strate temperature and hole-transporting material on the microstructure of the perov-

skite layer. They have observed a subtler change in microstructure than what was re-

ported by Johnston et al. but also concluded that the perovskite’s morphology influences 

the device performance.[183] Understanding, therefore, the crystallization process on a 

more profound and standardized level is important when considering vacuum deposi-

tion as the technique for upscaling. 

1.6 Interface Engineering in Perovskite Solar Cells  

Interface engineering is important for improving the stability and the device per-

formance of perovskite solar cells. Perovskite solar cells are constructed of a multilayer 

structure (see Chapter 1.3.2), with a minimum of 5 layers, resulting in 4 different inter-

faces within the device. Any imperfection between the contact of two layers or on the 

surface of each layer can lead to the formation of defects. The introduction of these non-

radiative recombination centers is disadvantageous to the photovoltaic performance. 

The introduction of a new interlayer between two surfaces has been used to relieve the 

surface defects in PSCs. The introduction of an additional passivation layer on top of 

the perovskite surface to encapsulate the perovskite layer can be an interesting ap-

proach to stabilize the perovskite at ambient air.[184] Therefore, the ideal interfacial layer 

will improve the device efficiency through the passivation of non-radiative recombina-

tion centers and also the stability. Interface engineering will be discussed in this thesis 

for devices in p-i-n and n-i-p architecture for vacuum-deposited perovskite. 
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Photovoltaic Performance Improvement 

Perovskite layers have shown to have a high defect tolerance compared to other 

light-collecting materials.[87] However, defects are produced during the fabrication pro-

cess of the layers. As described above, many parameters can influence the perovskite 

crystallization when deposited via vacuum deposition. Therefore, the formation of de-

fects cannot be excluded during the evaporation process. The most common defects 

include halide or Pb vacancy, antisite substitution of halide or Pb, interstitial halide or 

Pb-site defect, dangling bonds, and grain boundary defects (see Figure2.1).[184,185]  All 

defects introduce a non-radiative recombination process, leading to lower PCE perfor-

mance of the cell. In addition, the interface between the perovskite and an adjunct layer 

has been proven to be the most likely for defect formation. This is especially critical, as 

the interface itself has a very important role in the device.[186] All charge dynamics such 

as charge separation, charge collection, charge injection, and charge recombination pro-

cesses are happening at the interface after the charge generation in the perovskite 

layer.[187] The interface between the perovskite/HTM is especially vulnerable, as the 

presence of defects at this interface have a direct influence on the hole extraction pro-

cess, which with increasing series resistance, results in lower Jsc and FF values.[184] De-

fects at interfaces are more deep-level defects, which give a larger contribution to the 

non-radiative recombination than shallow-level defects in the bulk of the perovskite.[187] 

It is, therefore, necessary to suppress the interfacial defects by interface engineering of 

the perovskite/HTM interface to boost the efficiency and stability.  
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Figure 0.1 Illustration of the defects in the perovskite lattice: a) non-defect lattice b) B-site va-
cancy c) X-site vacancy d) B-X antisite substitution, e) interstitial of A f) interstitial of X g) dan-
gling bonds h) grain boundary.  

 

The common term used in the solar cell community, which describes the elimi-

nation of non-radiative recombination centers, is called passivation. Different materials 

have been explored as passivation materials, for example, excess PbI2, organic ammo-

nium salts, Lewis base, Lewis acid, organic molecules with improved hydrophobicity, 

wide bandgap materials, and low-dimensional perovskites.[159,184,187]  
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Stability Improvement 

The degradation processes of the perovskite have been reported to start at grain bound-

aries and the interface. The presence of both types of defects are therefore influencing 

the stability in a negative way, especially as the interaction between the perovskite layer 

and the adjunct layer is contributing to the device stability.[187] Unwanted kinetic pro-

cesses such as ion or molecule migration can be triggered by defects and are not desir-

able when considering the long-term stability, as an accumulation of ions or charges at 

the interfaces is not favorable for the device's stability and performance.[187] Therefore, 

the passivation of these defects is essential for the improvement of the perovskite de-

vice.  

The device stability is also influenced negatively by the moisture from ambient 

air, which also accelerates the degradation mechanism. Interface engineering is recently 

also used to provide a hydrophobic barrier on top of the perovskite layer. Therefore, the 

idea to create both a passivating later and a moisture resistive layer has attracted a lot 

of attention in the field. Organic passivation materials such as hydrophobic molecules 

and low-dimensional perovskite have been developed to enhance efficiency and stabil-

ity.[184] 

1.6.1 Interface Engineering in Thermally Evaporated Perovskite Cells 

Interfaces are essential in perovskite solar cells, as efficient extraction layers and 

passivated interfaces[188,189] are leading to the suppression of ion migration,[190,191] inter-

facial reactions[192–194], and compensations for unfavoured energetic alignment.[194,195] 

However, most strategies for interface engineering used in the solution process cannot 

be adopted in thermal evaporation because of the lack of molecules that are efficient 

transport layers and that can be evaporated. Small molecular weight molecules usually 

have a low conductivity, and therefore are not suitable as efficient charge transport lay-

ers. One strategy for interfacial engineering is the introduction of dopants into the hole-

transporting layers. Polander et al. were the first to implement spiro-OMeTAD deriva-

tives as hole-transporting materials in fully vacuum-deposited perovskite devices, who 
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doped the materials with F6-TCNNQ which was leading to a PCE of 10.6%.[196] In another  

strategy a combination of the intrinsic and molecularly doped charge transport layers 

was used by Momblona et al. in 2016. They reported the combination of a thin, pristine 

layer of the hole-transporting material N4, N4, N4″, N4″-tetra([1,1′-biphenyl]-4-yl)-

[1,1′:4′,1″-terphenyl]-4,4″-diamine (TaTm) with a thicker layer of doped HTM, TaTm: F6-

TCNNQ, where F6-TCNNQ oxidizes the hole-transporting layer. They also employed 

first a thin electron-transport layer C60 combined with a thicker doped layer of C60 with 

Phlm. Both doping strategies enhanced the conductivity of the layers significantly, 

reaching in p-i-n configuration as PCE of 15% and n-i-p configuration a PCE of 18%.[78] 

Pérez-del-Rey et al. reported highly efficient perovskite solar cells using an intrinsic 

MoO3 layer in combination with the HTM TaTm.[197]  

There are not many options for highly conductive charge-transport layers currently 

available. Therefore, most studies in thermal evaporation use a mixture of spin-coated 

charge extraction layers and vacuum-deposited perovskite layers. Olthof et al. reported 

in 2017 an extensive work analyzing the interface between the hybrid perovskite MAPbI3 

and various substrates, including solution-processed ones.[79] She demonstrated that 

before the perovskite growth, an induction period is present where volatile compounds 

catalyzed by the substrate are formed. The length of this period of time is dependent on 

the nature of the substrate. For inorganic materials, this period can take up to 20-30nm 

of precursor deposition before the surface is passivated, for organic substrate, the period 

is shorter, and perovskite formation can be observed already after 3nm of precursor 

deposition. They also found that the composition of the 2-3 nm thin passivation layer is 

different from the expected perovskite composition, mainly being decomposition prod-

ucts of the organic cation. The regular growth of the perovskite also shows a deviation 

from the commonly assumed one. Band bending and dipole formation dominate the 

interface. Therefore, the substrate does not only influence the energy levels of the per-

ovskite but can also introduce gap states and influence the composition and perovskite 

morphology.[79] Therefore, careful selection of the underlayer is necessary to provide an 

interface suitable for fast perovskite formation during the evaporation process. The 
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importance of the interface will be discussed further in Chapters 4 and 6, where a more 

deep investigation of the influence of interfaces is carried out.[79]  
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Motivation and Strategy 
Perovskite material is a fascinating technology that could be implemented in future 

applications such as light-emitting diodes[198], photodetectors[199], solar cells, quantum 

lasers[200], or transistors[201]. Overcoming the challenges mentioned in chapter 2.1 is cru-

cial for the up-scaling and commercialization of the technology. In the first part of my 

thesis, I tackle some challenges the vacuum-deposition method still faces: reproducibil-

ity of the perovskite crystallization and ensuring the correct composition.  

Vacuum deposition is already used in the organic light-emitting device (OLED) 

technology, and it can also be used when up-scaling perovskite solar cells.[168] Neverthe-

less, as explained in chapters 1.4 and 2.1, the perovskite material has different limitations 

that must be overcome; therefore, optimization of the deposition method is crucial for 

commercialization. I focused on understanding the reproducibility challenges in co-

evaporated perovskites, using the most straightforward structure MAPbI3, a benchmark. 

Perovskite films commonly form polycrystalline films with multiple grain sizes and sur-

face defects. The evaporation of homogenous, defect-free large-area films is, therefore, 

a challenge. Understanding on a deeper level the perovskite crystallization and how 

crystal growth can be controlled is therefore interesting. Hence, this work is focused on 

two different variables that influence crystallization: evaporation speed and underlayer 

selection (interface engineering). Interestingly, we could observe that the preferred 

crystal orientation is substantially affected by the evaporation speed. Further, we found 

that different underlayers' chemistry greatly influences the composition and energy 

level of the perovskite material formed. Combining these two factors helped us fabricate 

a reproducible and highly oriented perovskite film with a micrometer-sized grain fea-

ture.  

However, the simplification of the multi-source evaporation process is significant 

when considering the vacuum-deposition processes for up-scaling. I have described in 

Chapter 2 that the vacuum deposition method is work-intensive, especially if evaporat-

ing from simultaneously multi-sources. Each material must be calibrated independently 
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first and later in the perovskite to obtain the correct stoichiometry. Evaporating, there-

fore, a pre-synthesized perovskite material from a single source could shorten the effort 

in the evaporation processes and could be interesting for commercial application, espe-

cially as toxic solvents could be completely avoided. Therefore, in my subsequent work, 

I focused on the single-source evaporation of CsFAPbI3 and FAPbI3, both attractive per-

ovskite candidates due to their lower bandgap and stable high-temperature phase. In 

this work, I demonstrate the preparation of α-phase perovskite thin films from pre-syn-

thesized α-CsFAPbI3 and δ-FAPbI3 powders, indicating the feasibility of this approach. 

In my subsequent research, I focused on understanding the dopants' influence in 

the state-of-the-art HTM spiro-OMeTAD on the co-evaporated perovskite material. For 

the first time, I identified that bis(trifluoromethanesulfonyl)imide (TFSI-), an anion em-

ployed in p-type dopants for spiro-OMeTAD, is migrating through the perovskite ma-

terial via the grain boundaries and finally accumulating at the interface to the electron-

transporting material. Interestingly, the migrating TFSI- is self-passivating the crystal 

defects in the perovskite layer and reduces non-radiative recombination pathways. In 

addition, the TFSI- anion is also leading to enhanced stability, retaining 90% of the de-

vice performance after 1600h of testing.  

Interface engineering is still very limited in vacuum deposition. So far, the only en-

gineering that can be applied is by selecting the chemical groups of the underlayer care-

fully to ensure good interaction with the perovskite layer. To better understand the in-

terface's importance between the electron-transport layers and the perovskite, I chose 

to analyze the effect of the thermally evaporated electron-transport layer C60 via imped-

ance spectroscopy. In this work, it was found that selecting the optimum C60 layer thick-

ness is essential for the charge extraction resulting in improvement of the short circuit 

current (Jsc).  

After investigating the stability and performance improvements of co-evaporated 

solar cells by interface engineering, I was curious to explore the option of stability im-

provement from a solution-process point of view. A new class of HTM materials was 
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used to investigate their influence on the device's long-term stability of solution-pro-

cessed perovskite devices. Implementing phthalocyanines with Zn (II) and Cu (II) coor-

dination metals (ZnPcs and CuPcs) and differing in the alkyl side chains in devices was 

investigated. Interestingly in comparison to spiro-OMeTAD, ZnPcs featuring four n-

butoxy side chains molecules demonstrated superior long-term stability under contin-

uous 1-sun-illumination.  
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Crystallographically Oriented Perovskites 
via Thermal Vacuum Codeposition 

As discussed in Chapter 2, one limiting factor of the vacuum deposition method is 

the reproducibility of the perovskite quality. In this chapter, I focus on the reasons 

behind this challenge by first investigating the influence of the evaporation speed on 

perovskite crystallization. Second, I investigate the influence of the underlayer on the 

perovskite composition and energetic profile. It could be shown that the evaporation 

speed influences the perovskite morphology as well as the preferred crystallization. 

Further, varying the underlayer interfaces greatly influences the composition of the final 

perovskite and again in its energetic profile. We highlight that the correct combination 

of these two factors, speed, and underlayer, lead to the reproducible fabrication of 

vertically aligned and micrometer-sized grain features.  
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1.7 Introduction 

Organic-inorganic perovskite materials have emerged as powerful alternatives for 

low-cost, highly efficient third-generation solar cells. The combination of optimal opto-

electronic properties, low processing costs, and high tolerance to crystal defects could 

overcome current limits on photovoltaic manufacturing by using a large variety of solu-

tion and vapor-based routes. [40,41,43,202–204] To date, the leading limitation of perovskite 

technology is the high instability under heat and light soaking conditions. Although 

early studies neglected the effect of crystal defects in highly efficient formulations, re-

cent investigations on trap-mediated decomposition indicate a different scenario in 

which bulk and surface defects strongly impact long-term stability.[205–207] This opens 

the question of the role of crystallization and processing routes on operational stability 

and the possibility of fine-tuning the film deposition towards low-defect crystals. Un-

fortunately, techniques targeting film morphology and orientation to improve stability 

without sacrificing efficiency are still insufficient. The efficiency records achieved so far 

use fast depositions via solution-based processing at laboratory scales.[10] Consequently, 

there is a considerable lack of understanding of crystal formation obtained from non-

conventional processes, which might become crucial to producing efficient and stable 

devices. In this context, thermal co-evaporation is a technique with great potential. Us-

ing a solvent-free methodology allows precise monitoring of the precursor’s stoichiom-

etry, film thickness, and the crystal-growth rate at the nanometre scale. Vacuum depo-

sition was first employed in the perovskite field in 2013 when Liu et al. demonstrated for 

the first time a planar PSC of CH3NH3PbI3−xClx deposited on top of a metal oxide layer 

reaching a power conversion efficiency (PCE) of 15.4%.[67] In 2014 Malinkiewicz et al. 

and Roldán-Carmona et al. demonstrated the versatility of the co-evaporation method 

by evaporating MAPbI3 sandwiched between both organic charge transport layers on 

top of rigid and flexible substrates.[75,76] Yang et al. developed an alternating vacuum 

deposition method by alternating PbCl2 and CH3NH3I precursor layers, reaching a PCE 

of 16.03%.[77] Then, in 2016, Momblona et al. presented a direct comparison between 

fully sublimed n-i-p and p-i-n devices, containing the same materials and layers but with 
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inverted deposition order leading to efficiencies exceeding 16.5% for p-i-n and 20% for 

n-i-p.[78] Also, in 2019, the group of Lohmann et al. published a first study targeting the 

crystal growth modes in the co-evaporation of MAPbI3.[179] Vacuum-deposition tech-

niques are not limited to MAPbI3-based perovskites. In 2017, Borchert et al. used the 

scalable co-evaporation method to fabricate formamidinium- based perovskite devices 

reaching efficiencies of 14.2% (8 cm2).[124] Zhu et al. demonstrated co-evaporated 

CsMAPbI3 devices reaching efficiencies as high as 20.13%.[208] Hutter et al. reported in 

the same year the sequential vapor-deposition of all inorganic CsPbI3, reaching a PCE of 

8%.[209] Multi-cation and multi-halide perovskite has been demonstrated to be depos-

ited by vacuum-based techniques. For example, large bandgap perovskite devices of 

MAPb(Br0.2I0.8)3 were for the first time demonstrated in 2018 from the group of Bolink 

et al., reaching 15.9%, which was followed then by the demonstration of narrow-

bandgap FAPb0.5Sn0.5I3 reaching a PCE of 13.98% in 2019.[80,81] In 2020, the publications 

employing co-evaporation as the primary fabrication technique was significantly rising. 

In 2020 Momblona et al. demonstrated that co-evaporation is also an interesting 

method for fabricating lead-free perovskites, such as methylammonium bismuth io-

dide.[82] In the same year, Chiang et al. demonstrated the multisource evaporation of p-

i-n FA0.7Cs0.3Pb(I0.9Br0.1)3 reaching 18.2% efficiency.[83] Wang et al. demonstrated the fab-

rication of mini-modules reaching efficiencies of 20.28% (21 cm2).[84] 

  Unfortunately, reproducing this level of performance exceeding 20% remains 

elusive. Indeed, a deeper understanding of the evaporation process and resulting per-

ovskites is still limited compared to those reported from the solution. For example, it is 

unclear if thermally co-evaporated methylammonium lead iodide (MAPbI3) can crystal-

lize in the cubic phase with alternating PbI2 amount, therefore altering the thermody-

namic equilibrium established for the crystal phase.[210] Ávila et al. also reported unusual 

values in the refractive index, suggesting optical properties distinct from those prepared 

from solution.[211] In addition, contrary to previous studies of solution-based processes, 

Lohmann et al., Kim et al., and Jiang et al. observed that smaller crystals prepared via 

sublimation have a positive impact on device efficiency.[179–181] Additionally, little 
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attention has been given to the surface of deposition and the possible interactions oc-

curring via sublimation.[79,212,213] Therefore, despite the apparent simplicity and increas-

ing effort to understand the deposition process, thermal co-evaporation of hybrid per-

ovskites remains unclear, and only a limited number of research teams report satisfac-

tory results[78,84,179,182,208], which could be due to the influence of the substrate co-evap-

orated perovskite that Olthof et al. described for the first time. [79] 

Here, we present a systematic study investigating fundamental aspects in 

the thermal co-evaporation of MAPbI3, the benchmark system with the simplest 

hybrid organic-inorganic composition. While many variables influence the vac-

uum deposition (film thickness, chamber pressure, substrate temperature, or pre-

cursors ratio), they are very well established within the field and considered in 

every deposition process.  

However, here we investigate the crystallization speed and surface chemistry and 

their effect on perovskite work function, morphology, and crystal orientation. 

Our results demonstrate that these two variables, often neglected, are critical to 

obtaining reproducible results. They determine the crystal formation, orienta-

tion, and film morphology, having an outsized impact on the structural and op-

toelectronic features. This enables the fine-tuning of crystal formation towards 

vertically monolithic crystals, providing for the first-time high control on crystal 

growth and orientation on a large-area compatible technique, which is an imper-

ative requirement to move forward towards commercialization. 

1.8 Results and Discussion 

Figure 4.1 provides a schematic overview of the dual evaporation process and the 

different charge transport materials used in this study (HTM, for holes-, and ETM, for 

electrons-). In brief, MAPbI3 films were prepared by co-evaporating the two starting 

precursors, CH3NH3I and PbI2, in a 1:1 molar ratio, forming the typical 3D perovskite 

with tetragonal phase (Figure A.1, Appendix A).[124] We investigated the effect of the 

evaporation rate and, therefore, the speed of crystal growth on perovskite formation. 
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The evaporation rate for PbI2 was monitored by a quartz crystal microbalance situated 

above the PbI2 source. A perovskite growth-rate of 0.18 Å·s-1 (see specifications in device 

fabrication) was initially fixed as reference (C), and increased by a factor of two (2C = 

0.36 Å·s-1), three (3C = 0.54 Å·s-1) and four (4C = 0.72 Å·s-1) (Figure 4.1a).  

MAPbI3 films were deposited under different deposition rates while maintaining 

the same precursor ratio in all cases (Figure A2, Appendix A). State-of-the-art semicon-

ductors were employed as charge transport materials. 2,2′,7,7′-Tetrakis[N,N-di(4-meth-

oxyphenyl)amino]-9,9′-spirobifluorene (spiro-OMeTAD), poly(3,4-ethylene dioxythio-

phene)-poly(styrene sulfonate) (PEDOT:PSS) and NiOx were chosen as HTMs, and TiO2 

(planar- or mesoporous) were used as ETMs (Figure 4.1b).  

 

 

Figure 0.1: Dual-source evaporation process and device configuration. a) Co-evaporation of 
MAPbI3 from PbI2 and MAI precursors at several deposition rates (from C-4C) and substrate 
architecture. b) p- and n-type semiconductors (HTM and ETM, respectively) employed as un-
derlying charge transport materials. 

To initiate the study, we employed FTO substrates covered with NiOx as HTM 

and deposited MAPbI3 films (∼ 1 µm thick) at increasing crystal growth rates, ranging 

from C to 4C. We analyzed the film morphology, surface coverage, and roughness using 

scanning electron microscopy (SEM) and atomic force microscopy (AFM). The SEM im-

ages, illustrated in Figure A.3 (Appendix A), show a polycrystalline morphology, with 

the estimated grain size distribution varying slightly according to the perovskite growth 
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rate (Figure A.4, Appendix A). Films deposited at a low rate (C) show homogeneous 

SEM features along with the entire film, with an average value of ~ 237 nm. Similar grain 

distribution has typically been reported for vacuum co-evaporated perovskites.[78] Yet, 

using faster deposition rates (4C) increases the mean value to ~ 340 nm and induces the 

formation of prominent grains over 1 µm in diameter (see top-surface SEM, Figure A3a, 

Appendix A). A similar trend is observed for the film roughness, as the root-mean-

square (RMS) value increases from ~ 58 to 78 nm under faster growing rates (C to 4C) 

(Figure A5, Appendix A). This suggests that the roughness of vacuum-deposited perov-

skites is not necessarily similar to the underlayer, as would generally be expected from 

a conformal deposition of the film (see also Figure A12, Appendix A). Still, it rather de-

pends on the growing condition selected for the process.  

We further investigated the electronic structure by using ultraviolet photoelec-

tron spectroscopy (UPS) (Figure A.6, Appendix A). This technique is a powerful tool to 

access the electronic profile providing relevant information like work function (ϕ) or 

injection barrier between specific materials. The results, summarized in the energetic 

profile illustrated in Figure 4.2 a, reveal pronounced changes in the perovskite’s elec-

tronic levels motivated by the different sublimation speeds. As we increase the perov-

skite growth rate, a small shift in the Fermi level occurs of up to 0.07 eV for 3C, and a 

prominent change in the valence band values (EVB) from -5.37 eV (C) to -5.54 eV (3C) 

(Figure A.6, Appendix A). Given that MAPbI3 has a bandgap value of 1.6 eV, this implies 

that the perovskite gradually changes from p-type to an intrinsic semiconductor char-

acter as the growth rate increases from C to 3C. A faster growth rate (4C) induces a 

reverse valence band shift of 0.11 eV, towards higher binding energy, making the mate-

rial gain more p-type characteristics. Note that such differences, emerging exclusively 

from the various deposition speeds, are paramount for achieving optically aligned elec-

tronic levels and efficient charge extraction within the device. We also characterized 

the materials by UV-visible absorption and photoluminescence (PL) spectroscopy. Con-

trary to UPS, these techniques are less sensitive to surface effects and instead provide 

rich information about the bulk material, facilitating a more complete picture of the 
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layer. The results, shown in Figures 4.2b and 4.2c, reveal significant changes in the shape 

of the spectra and a tiny shift in the absorption onset consistent with the UPS trend (see 

full spectra in Figure A.7, Appendix A). In particular, we highlight the strong redshift 

occurring in the PL emission for faster depositions, from 1.65 eV (C) to 1.59 eV (3C), 

which again reverses for very fast crystallization (4C). We note here that in literature, 

perovskite is co-evaporated at a fixed precursor rate and on top of underlayers with 

similar functional structures such as PTAA, MoO3/TaTm so that such differences that 

we observe could not be noted before. Therefore similar effects have been previously 

ascribed to small changes altering the lattice strain and orbital hybridization of the in-

organic skeleton.[57,78,83,214–217] In our case, the crystallization dynamics during crystal for-

mation affect the photophysical scenario, which may alter factors such as charge disso-

ciation, charge transport, diffusion length, and consequently, device performance.[218] 

To shed light on the origin of such variations, we further explored the crystallin-

ity of the perovskites by X-ray diffraction (XRD) measurements. Figure A.8 Appendix A 

contains the diffraction patterns of NiOx/MAPbI3 films grown at increasing crystalliza-

tion speeds. All films exhibit intense diffraction signals typical from the crystalline te-

tragonal MAPbI3 phase (theoretical pattern is included for reference). Still, there are 

strong differences in the relative intensity between peaks for the different growing con-

ditions, e.g. (200) crystal plane disappears with increasing perovskite growth rate in 2C, 

3C, and 4C. This phenomenon denotes a non-uniform distribution of the crystallites in 

the angular space, suggesting plausible film growth along preferred crystal orientations. 

We verified the out-of-plane reflections by using wide-angle X-ray scattering (WAXS), 

which allows the investigation of crystal planes not accessible by conventional powder 

XRD.[219] In the WAXS 2D images, illustrated in Figure 4.2d, the azimuthal intensity dis-

tribution correlates to the orientation of the planes, therefore uniform intensity along 

the Debye-Scherrer ring (e.g., 4C at qz = 1.0, 2.0 Å-1) indicates no preferred crystal orien-

tation. By contrast, the high intensity red-spots at qz = 1.0, 2.0 Å-1 for C, 2C and 3C sug-

gest specific out-of-plane orientations. To better visualize these changes, we selected 

the Debye-Scherrer ring corresponding to (220) lattice plane at qz = 2.0 Å-1 (Figure 4.2e) 



 

Chapter 4 

80 

and integrated the intensity along the azimuthal angle between qz = 2.00−2.03 Å-1 (see 

Supplementary Notes). The intensity profile, shown in Figure 4.2e, consists of an intense 

peak for C, 2C, and 3C, suggesting a large portion of crystals oriented along with χ values 

of 75o – 78o (see specific values in the inset).  

 

 

Figure 0.2: MAPbI3 films grown on NiOx. a) Energy levels extracted from UPS measurements of 
films grown at several deposition rates (from C to 4C). b) UV-visible absorption and c) PL spec-
tra of films shown in an (excitation wavelength λ = 450 nm) d) WAXS images of films shown in 
a. e) Integration of the azimuthal intensity along the 220 reflex in WAXS. Inset: schematic of 
220 lattice plane orientation showing out-of-plane orientation relative to the substrate (cubes 
in different brown shading: 220 lattice plane tilted 78° (C), 75° (2C), 80° (3C) from the substrate). 
Note the apparent trend in 4C of intensity between 80-90°. Fewer white cubes indicate a more 
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preferred orientation. d) UV-visible absorption and PL spectra of films (excitation wavelength 
λ = 450 nm). 

Contrary to that expected from crystal growth theory,[220] faster perovskite 

growth rates (3C) decreases peak broadness and induce more prominent orienta-

tions up to 4C, the latest with broader distribution of crystals aligning between 

70o – 90o (see the schematic number of brown (oriented) versus white (non-ori-

ented) cubes in the inset). Interestingly, the changes in orientation follow a sim-

ilar trend to that observed for the UPS, suggesting strong correlations between 

the optical properties and the crystallization kinetics. 

We performed similar experiments on perovskite films deposited on TiO2 to 

compare with a metal oxide semiconductor with a very different work function value. 

Figures A.9 and A10, Appendix A, demonstrate similar changes to those observed in 

NiOx for the optoelectronic properties after varying perovskite growth rate, providing 

strong variations in the Fermi level bandgap and PL peak position. It can also be noted 

that a varying deposition rate on both metal oxides, NiOx and TiO2, promotes a similar 

change in the orientation of the 220-lattice plane and could potentially induce specific 

crystal orientations. Such effects, promoted by the deposition speed, have not been pre-

viously observed and point out the perovskite growth rate as a key parameter affecting 

vacuum-deposited perovskites. We note that given that vacuum deposition allows easy 

control of this parameter, it could be plausibly used to minimize the morphological and 

energetic disorder of the films. Interestingly, spiro-OMeTAD, the archetypal organic 

HTM employed in PSCs, showed a rather different behavior (Figure 4.3a). We fabricated 

films using the same conditions as described before (C to 4C) and integrated the azi-

muthal intensity of the Debye-Scherrer ring at about 2.0 Å-1 of the WAXS data. The 

crystal orientation was barely affected by the perovskite growth rate (Figure 4.3a, from 

C to 4C), and films exhibit pronounced out-of-plane crystal-alignments centered at χ = 

72° (see inset). Similar to the previous results, increasing growth rate produces a sharper 

peak for the 220-lattice plane, providing the strongest preferred orientations for perov-

skites grown at 3C. Interestingly, a second Debye-Scherrer ring at 1.97-2.00 Å-1 (corre-

sponding to (004) lattice plane, Figure A11, Appendix A) revealed an additional 
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orientation appearing only for 2C and 3C, which is perpendicular to the prior. We note 

that the tetragonal (220) diffracts at very close 2θ angles than that of (004), and there-

fore both peaks frequently overlap. This is the situation observed in Figure 4.2 for films 

grown on NiOx. However, if we inspect the qz ~ 2.0 Å-1 region in Figure A.11, diffraction 

lines always appear at either 1.99 Å-1or 2.01 Å-1, or both of them, depending on the grow-

ing conditions. These lines are assigned to (220) and (004), respectively, and can be used 

to identify the planes in the 2D-WAXs images.  

 

Figure 0.3: MAPbI3 films grown on spiro-OMeTAD. a) Integration of the azimuthal intensity 
along the 220 reflex (2.0 Å-1) in WAXS for films crystallized at different deposition rates (from 
C to 4C). Inset: schematic of grains with 220 lattice plane showing out-of-plane orientation (in-
dicated by cubes with purple shading: tilted 76° (C), 72° (2C), 72° (3C) from the substrate). 
Grains with 004 lattice plane showing in-plane orientation (indicated by cubes with grey shad-
ing: tilted 72° (C), 76° (2C), 76° (3C) from the substrate). Note the apparent trends for peak 
intensity angles between 70-90° of 220-lattice plane (4C). Fewer white cubes indicate more pre-
ferred orientation b) Cross-section and top-view (inset) SEM images of MAPbI3 formed on spiro-
OMeTAD substrates. c)  Estimated grain-size distribution of the perovskite layers. 

Therefore, films made under such conditions exhibit highly oriented crystals 

with both out-of-plane and in-plane crystal orientations at χ220 = 72° and χ004 = 76°. 

Noteworthy, the top and cross-section SEM images (Figure 4.3b) also show strong 



 

Chapter 4 

83 

variations in film morphology and grain size, according to the speed of crystallization. 

Despite a deeper analysis via electron backscatter diffraction (EBSD) or transmission 

electron microscopy (TEM) has not been performed, in the following lines, we will refer 

as grains to the features observed in SEM, as commonly used in literature. Therefore, 

the grain sizes here are estimations used to describe a general trend that we see in mor-

phology.  Starting with smaller grains (C), a striking difference appears for 2C and 3C, 

providing uniform and large crystals of over ~ 1 µm diameter (see Figure 4.3c). In par-

ticular, we highlight the monolithic growth of the crystal in the out-of-plane direction, 

especially remarkable for layer 3C, in which the grains align perfectly in the vertical 

direction (see Figure 4.3b, rate 3C). Only at the highest speed (4C) do grain sizes become 

smaller and more randomly oriented, forming a uniform nano rod-like morphology 

lined up along the substrate (see grain size distribution in Figure 4.3c). We note that 

obtaining such morphology and homogeneous distribution is challenging in vacuum 

co-deposited films, and comparable morphologies have only been acquired under very 

severe temperature treatments (-2ºC).11 The AFM measurements, shown in Figure A.12, 

Appendix A, also showed different roughness according to the deposition rate (1C, 

RMS= 63.08nm; 2C, RMS=50.05nm; 3C, RMS= 38.62nm; 4C, RMS=46.81nm), differing 

substantially from that of the underlayer (RMS = 2.96 nm). These changes reveal for the 

first time the dual impact of crystal growth rate and interfacial chemistry on vacuum-

deposited perovskites, which calls for deeper analysis to explore their origin and reper-

cussions on thin films. 

To specifically target the effects induced by the interface, we investigated the 

crystallization dynamics on several underlying materials under fixed deposition rate and 

thickness (3C = 0.54 Å·s-1, 500 nm) and extended the investigation to alternative state-

of-the-art semiconductors like PEDOT: PSS and meso-TiO2. Due to the versatility of 

thermal evaporation, several substrates could be targeted in single evaporation, there-

fore ensuring that the interface is the unique variable between films. The electronic 

structure, optical properties, and elemental composition of the resulting films are sum-

marized in Figure 4.4. Results show that perovskites undergo pinning in the Fermi level 
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with the valence band onset determined by the substrate, but contrary to previous re-

ports using different semiconductors, the changes barely deviate according to the p- or 

n-type character, while they mostly do according to the chemical nature of the contact-

ing material (see values for metal oxides in Figure 4.4a).[221–223] Specifically, perovskites 

grown on p-type semiconductors with similar ϕ values but different surface chemistry 

(Figure 4.4a) exhibit large changes on the Fermi level and valence band onset even for 

500 nm films. We observed values of ϕPer/NiOx = 4.82 eV, ϕPer/spiro-OMeTAD = 4.67 eV, ϕPer/PEDOT: PSS = 4.88 eV, showing differences of > 0.2 eV between spiro-OMeTAD and 

PEDOT:PSS (see ϕ values for the bare underlayer in Figure A.13, Appendix A). Similarly, 

the valence band onsets shift by 0.72, 0.81, and 0.69 eV to the Fermi level for NiOx, spiro-

OMeTAD, and PEDOT: PSS, respectively. 

 

 

Figure 0.4: MAPbI3 films deposited on several semiconductors. a) Energy levels extracted from 
UPS data of perovskites formed on top of n- and p-type underlayers prepared under the same 
evaporation condition (3C). b) Compositional data extracted from XPS for the elements lead 
(Pb 4f), nitrogen (N 1s), and iodide (I 3d). c) PL spectra recorded for all conditions. d) Integration 
of the azimuthal intensity distribution of the 220 reflex in the WAXS data. Inset: schematic of 
grains with 220 lattice plane showing out-of-plane alignment relative to the substrate (for per-
ovskite on meso-TiO2, red cube 220 lattice plane 80° from the substrate; for perovskite on PE-
DOT: PSS, blue cube 220 lattice plane 90° from the substrate).  

Such strong variations are in line with previous reports describing plausible 

chemical interactions at the perovskite/metal-oxide interface.[79] However, these 
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interactions are expected to affect the first 30 nm of the seeding layer, leading to iden-

tical perovskite composition and crystal growth over 30 nm exclusively. In our case, the 

effects extend to the whole perovskite material (500 nm), thus affecting also the bulk 

optical and electronic features (Figure 4.4c and Figure A.14, Appendix A). We further 

investigated the chemical environment of nitrogen (N 1s), iodine (I 3d5/2), and lead (Pb 

4f7/2) signals by X-ray photoelectron spectroscopy (XPS) (Figure A.15, Appendix A). To 

avoid any surface contamination, we transferred the fresh samples directly from the 

glovebox into the XPS machine via a transfer vessel. We observe the typical photoemis-

sion peak attributed to NH3+ group in methylammonium (402.6 eV), sharp double peaks 

assigned to I 3d (~ 619.5 eV for I 3d5/2, ~ 631 eV for I 3d3/2) and Pb+2 (~ 138.6 eV for Pb 

4f7/2, ~ 143.4 eV for Pb 4f5/2) which confirm the formation of Pb–I bonds. No metallic 

lead (~136.5 and ~141.5 eV) is detected on any layer. Despite this confirmation, the per-

ovskite composition at the surface shows significant changes with respect to the under-

layer: while perovskites form similarly on metal-oxides, big differences appear in those 

grown on organic p-type layers (Figure 4.4b, Table 1). 

Table 0.1:Compositional analysis of MAPbI3 deposited on p- and n-type semiconductors. Atomic 
ratios extracted from the XPS data are shown in Figure A.15 (Appendix A). 

Type of Under-

layer 

Atomic Ratio 

I: Pb N: Pb 

Experimental Theoretical Experimental Theoretical 

Meso-TiO2 3.05   0.99   

Planar-TiO2  3.29   1.19   

NiOx 3.24 3 1.19 1 

Spiro-OMeTAD 2.86   0.87   

PEDOT: PSS 3.13   1.08   

 

Comparing the three types of HTMs presented in Figure 4.4 (organic and inor-

ganic), the relative I: Pb ratio varies by 3.24, 3.13, and 2.86 for NiOx, PEDOT: PSS, and 

spiro-OMeTAD, respectively, suggesting an excess of PbI2 dominating the perovskite on 

spiro-OMeTAD. As perovskites crystallize in the same evaporation process with a 1:1 
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fixed precursor ratio, it is the underlayer, which determines the final chemical compo-

sition and energetic features of the co-evaporated perovskite. We note that in other 

techniques, like vacuum flash evaporation or layer-by-layer precursor deposition, such 

strong changes in perovskite composition were not observed on top of different under-

layers as the perovskite crystallized in stoichiometric ratios.[224,225]  

Such results, which could stem from the various crystallographic changes and 

surface properties induced by each underlayer, have important implications in device 

optimization and upscaling of fabrication, as well as device reproducibility from differ-

ent laboratories.[226]  

Indeed, strong variations in crystal orientation (500 nm) are detected from the azi-

muthal integration of the 220lattice plane for each underlayer (Debye-Scherrer ring at 

2.0 Å-1) (Figure 4d). While the meso-TiO2 favors a uniform random crystal distribution, 

few preferred orientations emerge on planar metal-oxides but do become apparent on 

the organic semiconductors. As discussed in Figure 4.3, such preferred crystal orienta-

tions observed for spiro-OMeTAD and PEDOT: PSS does not heavily depend on the 

perovskite growth rate, denoting a key role of the surface chemistry of the underlayer 

on dictating specific crystal alignments, paramount to controlling the crystallization via 

thermal co-evaporation (see also Figure A16, Appendix A). Interestingly, strong interac-

tions at the interfaces with methoxy anchors (present in spiro-OMeTAD) (Figure4.1b) 

and thiophene derivatives (present in PEDOT: PSS) (Figure 4.1b) have been previously 

reported for perovskites processed via solution.[227] We, therefore, believe that such in-

terfacial interactions could become crucial on vacuum-deposited perovskites, providing 

an effective tool to fine-tune the crystal growing into specific lattice orientations. 

To gain insight into this phenomenon, we investigated the WAXS images for per-

ovskite seeding layers of 35 nm, exclusively targeting the region in direct contact with 

the interface. Figure 4.5a (and Figure A.17a, Appendix A) show evidence of ring patterns 

without preferred crystal orientations for layers grown on metal-oxides but a clear out-

of-plane orientation for the two organic interfaces. Importantly, a single crystalline 
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orientation emerges on spiro-OMeTAD, denoting a very consistent crystal growth in-

duced by methoxy groups. We note that having such strong out-of-plane crystal orien-

tation remains to date of high interest for many optoelectronics, offering the oppor-

tunity to more closely approach the Shockley-Queisser limit in photovoltaics, as com-

pared to polycrystalline layers.[43,204,227–230] This also provides additional support to our 

previous assessment, demonstrating interfacial-guided orientations induced by the un-

derlying surface. 

 

Figure 0.5: Evolution of vacuum deposited MAPbI3 layers. a) WAXS images of 35 nm films grown 
on NiOx, spiro-OMeTAD, and PEDOT: PSS. Diffractions related to FTO and PbI2 are indicated 
in the label. b) Evolution of XRD patterns with increasing film thickness. 

Our data also suggests that the seeding composition highly depends on the type 

of underlayer, showing preferential accumulation of PbI2 precursor on the organic in-

terlayers. Moreover, these seeding layers will determine the upcoming crystal growth 

and film composition obtained during the deposition process, as also revealed by the q-

pattern evolution in Figure 4.5b. We note that previous reports based on glass surfaces 

have proposed initial nucleation of MAPbI3 islands (with 8nm height) via Volmer-We-

ber type growth, which explains the formation of multiple small grain sizes in the film. 
[182] However, here we see that small-grains are not the unique possible morphology in 
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evaporated films, and instead, it is highly influenced by the type of underlayer and rate 

of evaporation, resulting in films with different properties and grain sizes (Figure A.4, 

Figure 4.3c). We further observe that the initial accumulation of PbI2 on organic sub-

strates, absent for metal-oxide substrates, rapidly vanishes as the layer evolves from 35–

500 nm, maintaining a stoichiometric film for organic underlayers ≤ 200 nm thick. This 

is concomitant to a gradual accumulation of MAI occurring for perovskites grown on 

metal-oxides (q = 0.8 Å-1) (Figure A.17a, b, Appendix A), which is only detected at ≥ 200 

nm in PEDOT: PSS (almost absent for those grown on spiro-OMeTAD, 500 nm). Given 

that the films crystallized under the same sublimation process, the surface chemistry of 

the underlayer might determine which precursor adsorbs first, resulting in different 

seeding centers from where the perovskite evolves. In addition, as the final stoichiome-

try is substantially influenced by the two parameters here discussed, it is no longer ad-

equate to generalize with a specific precursor ratio to achieve an optimal perovskite, as 

this must be independently optimized with the specific underlayer and deposition rate. 

We verified the impact of the several crystallizations on device performance by 

selecting spiro-OMeTAD as template underlayer and fine-tuning the crystal arrange-

ments via the deposition rate. We embodied 500 nm layers into p-i-n devices, using 

C60/BCP as ETM and chromium/gold as a metallic electrode (see device configuration 

in Figure 4.6a). We note that this simple approach enabled the preparation of perovskite 

films with micrometer-sized grains of identical orientation, as demonstrated in 2D-XRD 

and SEM images presented in Figure 4.6. Such results underline the high potential of 

tuning the deposition rate in controlling the crystal formation towards perfect crystal 

orientation. 

Figure 4.6d, e and Figure A.18, Appendix A, summarize the main photovoltaic pa-

rameters obtained for each type of layer, confirming a direct relation between crystalli-

zation and device performance, providing the best results for the highest oriented films. 

Indeed, the short current density (Jsc) gradually increases when changing the perovskite 

growth rate from C to 3C (JC = 18.45 mA·cm-2; J2C = 18.90 mA·cm-2; J3C = 19.94 mA·cm-2) 

but strongly reduces for 4C (J4C = 17.66 mA·cm-2) (Table S1, Supporting Information), in 
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agreement to the external quantum efficiency (EQE) spectra (Figure 4.6e). A similar 

trend is observed for the fill factor (FF), which improves by 33% when shifting from C 

to 3C, boosting the PCE from 9.46–15.19%. Notably, despite high photon-to-current con-

version efficiency of ~ 80 % is observed in the visible range (resulting in an integrated 

current of 17.74, 19.02, 19.52, and 18.21 mA·cm-2 for C to 4C, respectively), no signal is 

detected in the region below 400 nm. We explain this by considering the high absorp-

tion of spiro-OMeTAD in the blue spectral region below 450 nm, which limits the pho-

togeneration of carriers in the high-energy zone. We note that this absorption further 

extends up to 700 nm (see Figure 4.6e), behaving as an optical filter for the incoming 

light. This partially explains the moderate PCE values observed for this specific p-i-n 

configuration and invites for designing more transparent alternatives containing meth-

oxy-enriched interfaces, such as spiro-OMeTAD. The devices where the perovskite was 

grown at 2C and 3C crystallization speed also showed improved stability when measured 

at maximum power point (MPP) tracking and continuous light illumination, as illus-

trated in Figure A.19, Appendix A.   
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Figure 0.6: Influence of deposition rate on crystallization and device performance. a) Scheme of 
p-i-n architecture employed for the PSCs. b) 2D-detector images of 500 nm MAPbI3 grown on 
spiro-OMeTAD at different deposition rates (from C to 4C). The spots indicate preferred out-
of-plane orientation. c) Top- and cross-section SEM of MAPbI3 films (3C). Scale bar: 1 µm. d), J-
V curves, and d) EQE spectra of typical devices, including absorption spectra for underlayer 
spiro-OMeTAD containing films shown in a and b. 

1.9 Conclusions 

A proper combination of surface chemistry of the underlayer and speed of sublima-

tion in vacuum-deposited perovskites allows, for the first time, full control over mor-

phology, chemical composition, and crystal alignment. To date, this has been difficult to 

achieve. These variables, usually neglected in the literature, may be a major source of 

irreproducibility when not carefully chosen and must therefore be explicitly indicated in 

all future publications. However, when properly combined, these parameters provide an 

opening for fine-tuning perovskite films towards specific crystal quality and orientation. 

This enables the fabrication of monolithic micrometer-sized crystals with perfect crystal 

alignment via thermal co-evaporation, pushing forward the understanding of 
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irreproducibility sources in a large-area compatible technique, which is a prerequisite for 

any future attempt of commercializati
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Structural and Optoelectrical Characteriza-
tion of Single-Source Evaporation of Phase 
Pure CsFAPbI3 and FAPbI3 Perovskite Thin 
Films 
 Thermal vacuum deposition is an exciting technique when scaling up perovskite 

solar cells. However, time-consuming calibration of the different precursor sources are 

necessary when evaporating from multiple sources simultaneously to prepare more 

complex perovskite compositions. Replacing, therefore, the more complicated multi-

source evaporation with single-source evaporation could be interesting. In this work, I 

am elaborating on the feasibility of evaporating pre-synthesized perovskite powders di-

rectly from a single source to simplify the process. I demonstrate the preparation of α-

phase perovskite thin films from pre-synthesized α-CsFAPbI3 and δ-FAPbI3 powders, 

indicating the feasibility of this approach.  

 

This chapter is based on the following article currently in preparation: Nadja Klipfel, Har-

ris Muhammed, Albertus Adrian Sutanto, Naoyuki Shibayama, Hiroyuki Kanda, Abdullah 

M. Asiri, Cristina Momblona, Ahmad Shahzada, Mohammad Khaja Nazeeruddi*“Struc-

tural and Optoelectronic Characterization of Phase Pure CsFAPbI3 and FAPbI3 Perovskite 

Thin Films.”. 

In this work, I and H. Muhammed conceptualized the idea together. I designed the exper-

iments and performed the fabrication and characterizations of perovskite thin films and 

solar cells, including the writing of the manuscript. H. Muhammed prepared the synthe-

sized perovskite powders and measured the DSC. Dr. A. Sutanto measured the SEM top-

view and cross-section images, Dr. H. Kanda helped measure the PL, TrPL data and helped 

with the analysis of the GIWAXS data, Prof. Dr. N. Shibayama measured the GIWAXS 

data, and Dr. C. Momblona also helped with the SEM images as well as with finalizing the 

manuscript.  
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1.10 Introduction 

 The power conversion efficiency (PCE) of perovskite solar cells (PSCs) improved 

over the last decade, from 3.8% in 2009 to over 25% today.[44,231] This increase in effi-

ciency is remarkable and makes perovskite solar cells a promising technology toward 

reducing carbon emissions.[232] Perovskites are considered inexpensive,[233] easy to pro-

cess, and recyclable,[234] factors contributing to achieving sustainability goals.[235] Nev-

ertheless, commercialization is still challenging due to the instability of the overall de-

vice and the perovskite`s material intolerance to environmental stresses[236–239], compli-

cating large-scale production. To overcome these difficulties, various strategies such as 

compositional- and process engineering have been adopted. The degradation-prone 

methylammonium lead triiodide (MAPbI3) was replaced by formamidinium lead triio-

dide (FAPbI3) due to its reduced optical bandgap and higher thermal stability.[240] How-

ever, the critical phase transition (α- to δ-phase) of FAPbI3 at room temperature hin-

dered its application. Further extension of compositional engineering using the FA-site 

doping with smaller cations and anions such as methylammonium (MA+), cesium (Cs+), 

bromine (Br-), chloride (Cl-) helped to stabilize the perovskite phase.[241,242] Through 

process engineering, various thin film fabrication methods such as the two-step sequen-

tial spin-coating method, a one-step spin-coating method, vapor-assisted solution pro-

cess, and the vacuum deposition method emerged. While solution-processed PSCs pos-

sess low-cost and higher efficiencies at the lab scale, the technique is not yet fully opti-

mized for large-scale PSCs fabrication.[243–245] Moreover, toxic organic solvents are used 

in perovskite precursor solutions. Employing these at an industrial scale could severely 

impact human health and the environment. [161,162] In this context, vacuum deposition 

techniques provide a solvent-free alternative to solution processing. Advantages include 

large-scale compatibility, nanometer-scale precision, and prevention of intermixing of 

different layers.[163,164]  

 In conventional vacuum deposition methods (also known as multi-source vac-

uum deposition (MSVD)), precursor powders are sublimed simultaneously from differ-

ent crucibles. [243] In literature, MSVD was first was reported by Borchert et al. in 2017, 
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describing the large-area (16 cm2) fabrication of FAPbI3 films with a stabilized efficiency 

of 14.2% [164] Inspired by solution-process techniques, MAI[246], Cs+,[247] PbBr2[248], and 

excess FAI [249] were co-sublimed to stabilize the α-FAPbI3 layer, leading to two-, three- 

or four-source vacuum deposition processes. Controlling the stoichiometric ratio in 

MSVD-fabricated thin films is difficult for mixed anion or mixed cation perovskites. 

Each material must be calibrated independently first and later in the perovskite to ob-

tain the correct stoichiometry. Evaporating, therefore, a pre-synthesized perovskite ma-

terial from a single source could shorten the effort in the evaporation processes and 

could be interesting for commercial application. Moreover, high vapor pressure and low 

decomposition temperatures of organic ammonium halides challenge compositional 

tuning of the final thin film.[250] Single-source vapor deposition technique (SSVD), 

where the presynthesized perovskite powder is sublimed instead of individual precur-

sors, has emerged as one possible solution to overcome such barriers. Fan et.al was the 

first to report the SSVD for halide perovskite thin films and deposited a 400 nm thick 

MAPbI3 layer leading to a 10% PCE.[245] Later Ajjouri et al. fabricated inorganic CsPbX3 

thin films employing SSVD. They observed that their thin films showed improved crys-

tallinity relative to MSVD.[251] It was suggested that during SSVD, at least a portion of 

perovskite powder gets sublimed in the form of CsPbX3 instead of undergoing a com-

plete decomposition to CsX+PbX2 as observed for the MSVD process. The simple and 

quick operational procedure made SSVD superior over MSVD. Recently, Crane et.al em-

ployed the SSVD technique for the ball-milled (FA0.81MA0.14Cs0.05) Pb(Cl0.02Br0.14I0.84)3 

perovskite powder observing PbI2 excess in the deposited film. Excess use of FAI and 

MABr in the ball-milled powder led to proper perovskite formation.[250]  

Thus, the simplification of the vacuum deposition technique is paramount, espe-

cially when considering the up-scaling of this future technology. Herein, we have suc-

cessfully employed the SSVD technique to fabricate CsFAPbI3 and FAPbI3 thin films 

from pre-synthesized perovskite powders for the first time. To avoid the stoichiometric 

differences between precursor powder and thin film, we used our synthesized α-

CsFAPbI3 and δ-FAPbI3 powders instead of ball-milled powders. The structural and 
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optoelectronic studies confirmed the phase-pure thin films with commendable stability, 

and the perovskite layer compatibility with different underlayers was studied.  

1.11 Results and Discussion 

The α-CsFAPbI3 and δ-FAPbI3 powders (referred later in text with CsFAPbI3 pow-

der and FAPbI3 powder) (Appendix B, Figure B.1) were synthesized as detailed in the 

experimental section. The δ-FAPbI3 powder was synthesized without post-heating treat-

ment, [252] while the δ -CsFAPbI3 powder was converted to α-CsFAPbI3 by heating the δ-

CsFAPbI3 at 150 °C for 1 hour in a tube furnace.[252] We characterized the perovskite pow-

ders using X-ray photon spectroscopy (XPS). The elemental composition and the nature 

of chemical bonding for both perovskite powders was evaluated first by XPS analysis. 

The XPS signals corresponding to Cs 3d5/2 and Cs 3d3/2 at 721.8 and 735.77 eV (Figure 

S3a), respectively, are visible for CsFAPbI3 powder and a small shift in the I 3d3/2= 615.38 

eV I 3d5/2= 626.88 eV (Figure B.2b) and Pb 4f7/2= 134.50 eV Pb 4f5/2= 139.40 eV (Figure 

B.2c). The XPS signals for FAPbI3 powder (Figure B.3) are I 3d3/2= 615.75 eV I 3d5/2= 627.25 

eV,  for I 3d and Pb 4f7/2= 134.99 eV  Pb 4f5/2= 139.92 eV for Pb 4f (Figure B.3b and Figure 

B.3c, respectively).[252] Compared to the core level signals of FAPbI3 a small shift can be 

observed, which emerges from the inclusion of the Cs.[252,253] As depicted in the diffrac-

tograms (Figure B.4), the powders exhibited exceptional phase purity with no traces of 

residual components. The values for thermogravimetric (TGA) and DSC of the FAPbI3 

powder were reported by Yong et al. describing that the synthesized δ-phase FAPbI3 

loses FAI at 304-363°C, according to the TGA result. In a mixture of the precursors (FAI 

and PbI2), FAI starts to evaporate at a lower temperature (234°C) due to decomposition 

of unreacted FAI to FA and outgassing of HI.[254,255] DSC reveals two endothermic peaks 

along with multiple endothermic peaks for the synthesized FAPbI3 powder, while for 

precursor mixture, indicating a nonstoichiometric reaction forming δ and α 

phases.[254,256] These findings and the low phase-transition temperature of both presyn-

thesized perovskite powder suggested that solvent-free single-source evaporation could 

be possible. This opened the pathway of replacing the complicated multi-source 
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evaporation with single-source evaporation of presynthesized perovskite powders. It is 

worth noting that we have not used any precursor materials (like FAI or CsX) in excess 

as usually reported in the literature for mix-perovskites.20  

 

Figure 0.1 a) Schematic for single-source evaporation of presynthesized α-CsFAPbI3 and δ-
FAPbI3 perovskite powder, b,c) diffractograms of CsFAPbI3 thin films on glass b) as-deposited 
and c) annealed at 60°C for 3 min, d,e) diffractograms of FAPbI3 thin films on glass d) as-depos-
ited and e) annealed at 200°C for 10s. 

Figure 5.1a shows the schematic description of the single-source evaporation pro-

cess used to sublime the two perovskite powders. As reported earlier, the phase-transi-

tion temperature for CsFAPbI3 powder (130 oC) is lower than for FAPbI3 powder (150 
oC).22 This finding limited the temperature and, therefore, the sublimation power and 

the evaporation rate applied during the deposition process. To analyze the effect of the 

sublimation temperature on the composition and degradation, thermal evaporation at 

subsequent evaporation rates was performed to optimize the thin film deposition pro-

cess for CsFAPbI3 and FAPbI3 powders (Table B.1). It must be noted that the rate applied 

directly relates to the applied temperature used during the deposition process. The 

higher the rate, the higher the sublimation power applied. To simplify, we will describe 
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the deposition process by rate. The CsFAPbI3 powder was sublimed at three different 

deposition rates, i.e., 0.25 Å/s, 0.35 Å/s, and 1.0-1.05 Å/s, and the phase purity of depos-

ited thin films were probed using PXRD measurements. As shown (Figure B.5, Appendix 

B), the diffractogram of the as-deposited CsFAPbI3 at 0.35 Å/s reveals the characteristic 

α-phase diffractions ie, (100), (110), (111), (200), (210), (211), (220) and (300).[252] A faster 

deposition at 1.0-1.05 Å/s leads to δ-phase perovskite. The XRD reflexes confirm the 

presence of the δ-CsFAPbI3 perovskite phase with two major reflexes at (022) and (211). 

Further, the slower deposition at 0.25 Å/s did lead to a mixed-phase perovskite. The 

XRD diffractogram identified the presence of (100), (111), and (211) reflections indicating 

the α-phase along with the (022) and (211) reflections indicating the δ-phase. Hence, we 

have identified a moderate deposition rate of 0.35 Å/s as the optimum for the deposition 

α-CsFAPbI3 thin films. Similarly, the FAPbI3 powder was sublimed at two different rates, 

i.e., 1.0-1.05 Å/s and 3.0-3.05 Å/s. At 1.0-1.05 Å/s deposition, diffractograms indexed with 

(010), (011), (120), (022), (012), (021), (122), (130), (022) and (204) reflections indicating 

the δ-phase. Whereas deposition at 3.0-3.05 Å/s lead to a mixed-phase perovskite layer 

which includes the α- and δ-phases along with excess PbI2 (Figure B.6). We attribute the 

intense PbI2 presence to the FAI decomposition at a faster deposition rate, which agrees 

with previous reports.[249] Annealing the thin film deposited at 3.0-3.05 Å/s did not con-

vert the mixed-phase perovskite to pure α- FAPbI3  (Figure B.6b, Appendix B). Therefore, 

we found the optimum rate for the deposition of FAPbI3 powder at 1.0-1.05 Å/s. Ultravi-

olet photon spectroscopy was performed to verify the crystal phase formed. The UV-Vis 

absorbance spectra (Figure B.7) confirm the formation of pure α-phase of FAPbI3 per-

ovskite after annealing the film deposited at 1.0-1.05 Å/s. The XRD pattern (Figure B.6b, 

Appendix B) supports these findings by displaying the typical reflexes for the pure α-

phase FAPbI3 ((100), (110), (111), (200), (210), (220), (300)).[252] To secure full conversion 

of the already as-deposited CsFAPbI3 perovskite film, we annealed the film at 60°C for 

5s. The absorbance spectra is shown (Figure B.8, Appendix B). The XRD spectra of the 

annealed film at 60 °C reveal more high intense reflections indicating an improved crys-

tallinity of the α−CsFAPbI3 perovskite (Figure 5.1c). In addition, the full width at half 
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maximum for the 100 reflex in as-deposited α−CsFAPbI3 film was calculated to be 0.14°, 

and for annealed α−CsFAPbI3 was calculated to be 0.11° (Supporting Figure B.9). This 

decrease in FWHM for the annealed α−CsFAPbI3, in addition to the increase of intensity 

for 100 reflex indicates the higher crystallinity of the thin films prepared. The compari-

son of the XRD pattern of confirmed this by the indication of a small shift of the 100 

reflex towards higher angles (Appendix B.9b). We further investigated the effect of the 

annealing process on the preferred crystal orientation of the perovskite films and per-

formed 2D grazing incidence wide-angle X-ray scattering (2D GIWAXS) with an angle 

of 0.12 °(Figure 5.2). The analysis of the integrated q-data of these images revealed slight 

differences between the CsFAPbI3 film as-deposited and the annealed one. A small 

amount of δ-CsFAPbI3 is present in the as-deposited film (Figure 5.2c, d, q= 0.9 A-1), 

which was not detected in PXRD. After annealing the film at 60 °C, this peak disap-

peared, and the pure α-CsFAPbI3 film was formed (Figure5.2d). The azimuthal integra-

tion of the GIWAXS films at 100 reflexes (q=1.0 A-1) revealed for the as-deposited films 

a preferred crystal orientation with both in-plane and out-of-plane at χ100 = 16° and 

χ100 = 79° (Figure B.10a,b, Appendix B).  However, the annealing of the films at 60 °C 

leads to a restructuring of the film resulting in a less-preferred in- and out-of-plane ori-

entation (Figure B.10b, more flat part). We also made GIWAXS analysis for the annealed 

α-FAPbI3 films (Figure B.11, Appendix B). The q-integration of the image revealed traces 

of δ-FAPbI3 in the film after annealing at 200 °C (q= 0.8-0.9A-1). The azimuthal integra-

tion of the GIWAXS 100 reflex (q=1.0A-1) shows a preferred crystal orientation with both 

in-and out-of-plane at χ100 = 16° and χ100 = 79° , similar to the one already described 

for the as-deposited α-CsFAPbI3 film (Figure B.11 a and B.11 c, Appendix B). The GIWAXS 

also confirmed the exceptional phase purity for the CsFAPbI3 thin film. 
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Figure 0.2 GIWAXS images taken at an angle of 0.12 of a) CsFAPbI3 film as deposited b) 
CsFAPbI3 film annealed at 60°C. Integrated q-data of the GIWAXS images for c) as-deposited 
CsFAPbI3 film and d) CsFAPbI3 film after post-annealing at 60°C. 

Photophysics: 

The photophysical properties were compared for the annealed films evaporated 

at 0.35 Å/s for the CsFAPbI3 and 1.0-1.05 Å/s for FAPbI3 (Figure B.12, Appendix B). The 

comparison of the steady-state photoluminescence (PL) spectra of the CsFAPbI3 and 

FAPbI3 film after annealing revealed a slight change in the PL maximum CsFAPbI3 

(PL60°C=~800nm).and for FAPbI3 (PL200°C=~810nm) (Figure B.12a). The blue shift in the 

fluorescence spectra indicates the inclusion of the smaller Cs cations into the 

FAPbI3.[252] To evaluate further the photophysical properties of the vacuum-deposited 

perovskite thin films, time-resolved photoluminescence (TRPL) measurements were 

performed (Figure B.12b, c, Appendix B). Therefore, the samples were measured with 

an excitation wavelength of 640 nm. The corresponding decays were fitted to a double 

exponential equation, where the fast component (τ1) is related to trap-assisted recom-

bination at defect sites and the slow component (τ2) to radiative recombination inside 

the grains (see the fitted values in Table B.2, Appendix B ).[257,258] As observed, the as-
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deposited perovskite CsFAPbI3 film exhibits τ1 and τ2 values of 3.12 ns and 24.07 ns, and 

the as-deposited FAPbI3 film exhibits τ1 and τ2 values of 20.26 ns and 76.95 ns, respec-

tively. These values decrease significantly after annealing of the films, resulting in τ1 

and τ2 values for CsFAPbI3 of 18.98 ns and 61.61 ns and τ1 and τ2 values for FAPbI3 of 

1.09 ns and 27.03 ns, respectively. This data indicates that the as-deposited films ex-

hibit a slightly slower process than the annealed ones, indicating slower charge recom-

bination processes.[259] When comparing the values extracted from the experimental 

data to the ones observed in the literature, the characteristic times for τ1 and τ2 for 

both perovskite layers are very low compared to the literature reports. Typical values 

for α-CsFAPbI3 are τ1= 23.75ns and τ2=18.33ns[260], and for α-FAPbI3 are τ1=68.8ns and 

τ2= 234.6 ns.[261] Our deposited SSVD thin films have short lifetimes than that of the 

solution-processed perovskites and could be due to the presence of more trap-assisted 

recombination.[262] However, the vapor deposition techniques typically display short 

lifetimes [164,263] and which indicates that further optimization of the lifetimes is re-

quired in the future.  

The stability of fabricated perovskite layers is important for their implementa-

tion. The dry-air storage stability of the annealed α-CsFAPbI3 (Figure 5.3a) and  α-

FAPbI3 (Figure 5.3b) films on glass substrates were monitored by PXRD measurements 

over a two week time period. Contrary to the solution process method, the α-FAPbI3 

film showed superior storage stability than the α-CsFAPbI3 film. Upon dry-air storage 

for seven days, the CsFAPbI3 layer showed a significant decrement in the (100) reflection 

intensity and the emergence of new reflections, which belong to the δ-phase (black 

markings Figure 5.3a). Remarkably the annealed FAPbI3 thin films did not show any sign 

of degradation within these two weeks, indicating superior film stability (Figure 5.3b). 

An in-depth analysis is necessary for the future to track the underlying mechanisms. 
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Figure 0.3Storage stability of the perovskite layers. a,b) diffractograms over two weeks for a) 
CsFAPbI3 and b) FAPbI3 layers stored under dry air. Planes labeled in black correspond to α-
phase and in brown to δ-phase. 

The ultimate aim of the SSVD technique is to fabricate the PSCs on an industrial 

scale; therefore, the sublimation of compact layers with good interfaces is crucial. It has 

been widely reported that the chemical groups influence the perovskite formation and 

stability,[264] we, therefore, investigated the formation of the perovskite layer on differ-

ent organic and inorganic materials. We extended our study to the state-of-the-art used 

underlayers. MoO3/TaTm (TaTm= N4,N4,N4″,N4″-tetra([1,1′-biphenyl]-4-yl)-[1,1′:4′,1″-

terphenyl]-4,4″-diamine), MoO3/spiro-OMeTAD (N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-

methoxyphenyl)-9,9′-spirobi[9H-fluorene]-2,2′,7,7′-tetramine), cTiO2/SnO2 and MeO-

2PACz ([2-(3,6-dimethoxy-9H-carbazole-9-yl)-ethyl)phosphonic] acid. The underlayer 

chosen were of interest due to their different chemical nature and functional groups. 

TaTm has only benzene-groups, spiro-OMeTAD methoxy-groups, MeO-2PACz phos-

phonic acid groups, and SnO2, inorganic oxide groups. In literature, TaTm[78], spiro-
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OMeTAD[264], and MeO-2PACz[249] have already been incorporated as underlayers in 

vacuum-deposited underlayers before, and the positive effect of their functional groups 

was mentioned. Marcel Ross et al.[249], reported the positive effect of phosphonic groups 

in MeO-2PACz on the perovskite formation of FAPbI3 during the MSVD process, and 

our group described a positive effect of MeO-groups on the perovskite crystallization, 

leading to micrometer-sized crystal features.[264]  

Microstructure analysis was made by performing scanning electron microscopy 

(SEM). Top-view SEM images of the post-annealed α-CsFAPbI3 and α-FAPbI3 thin films 

deposited by SSVD (Figure B.13, Appendix B) were made to analyze the morphology of 

the perovskite layers. The top view images reveal the formation of perovskite crystals 

with a homogeneous coverage without pinholes for both types of perovskite. The top-

view images for α-CsFAPbI3 reveal that on top of the underlayer MoO3/spiro-OMeTAD 

and MoO3/TaTm, agglomerates of grain like feature were formed. Grain size distribu-

tion (Figure B.14, Figure B.15, Appendix B) reveals that the perovskite formed on 

MoO3/TaTm has larger grain sizes with an average grain size of ~358 nm than the grains 

on MoO3/spiro-OMeTAD (~333 nm). On SnO2 and MeO-2PACz, the perovskite grains 

were in their average size larger (~455nm and ~404nm) and could be distinguished by 

their grain-like features. The top-view SEM images (Appendix B. Figure B.13) 

for α−FAPbI3 show agglomerates of gain-like features for the perovskite on 

MoO3/TaTm (~324 nm) and MoO3/spiro-OMeTAD, pyramid-like grain features (~484 

nm). For the underlayer SnO2 and MeO-2PACz, the same can be observed for α-FAPbI3 

as for α-CsFAPbI3, the grains formed with clear grain boundaries, indicating the grain 

sizes better. Larger grains can be observed for the perovskite on SnO2 (~530 nm) than 

for the perovskite on MeO-2PACz (~398 nm). By comparing the crystal size of α-

CsFAPbI3 with α-FAPbI3 (excluding perovskite on top of MoO3/TaTm due to not appar-

ent grain-like features), one can observe that the total crystal sizes are smaller for the 

α-CsFAPbI3 than for α-FAPbI3. This confirms our findings from above, where we observe 

an XRD shift towards higher angels upon incorporating Cs into the crystal structures 

and higher crystallinity by increased intensity. In literature, Cs is known to reduce the 
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grain sizes by increasing the density of crystal nuclei during the film formation, leading 

to reduced grain sizes and the absence of agglomerations.[265] The SEM cross-section 

images (Figure B.16, Appendix B) for CsFAPbI3 show that the perovskite layer is not well 

crystallized on the underlayers MoO3/spiro-OMeTAD and MoO3/TaTm. On MeO-

2PACz and SnO2, the perovskite crystallization is better, revealing big crystals (~450 nm 

for MeO-PACz and ~400 nm for SnO2). However, pinholes are dominating at the inter-

face. The same observations can be made for the cross-section images for FAPbI3. The 

perovskite generally shows a better crystalline layer than the one in CsFAPbI3, but the 

perovskite layers are not fully attached to the substrate, revealing either complete sep-

aration (MoO3/spiro-OMeTAD and MoO3/TaTm) or pinholes (MeO-2PACz and SnO2). 

Unfortunately, no typical perovskite crystallization was possible on MoO3/TaTm and 

MoO3/spiro-OMeTAD, suggesting a negative effect of methoxy and benzene-groups on 

the perovskite crystallization when deposited by SSVD methods, as described above.  

Interestingly, the cross-section images for both perovskites reveal different layer 

thicknesses when considering the underlayers SnO2 and MeO-2PACz, where the perov-

skite crystallized with large grain features. We note at this point that the samples with 

the same type of perovskite were fabricated during the same evaporation process. Dif-

ferences in thickness cannot be explained due to inconsistencies between the evapora-

tion processes. Nevertheless, the cross-sectional images show large deformity in the per-

ovskite at the interface and reveal a difference in perovskite thickness when comparing 

the samples deposited on the metal oxide SnO2 (~400 nm thickness) and the organic 

underlayer MeO-2PACz (~450 nm thickness). The difference in thickness can be ex-

plained by the interaction of the perovskite powder with the underlayer. Metal oxides 

are known to have a catalytic surface. Olthof et al. reported that a passivation layer of 

30 nm of degradation products is deposited first until the perovskite formation starts. 

For organic underlayers, the perovskite formation starts earlier already after 3nm of 

deposition.[79] In earlier studies, we have found the influence of the underlayer on the 

co-evaporated methylammonium lead iodide perovskite formation. Oxides were found 

to be especially hindering due to their catalytic nature, promoting only after 100nm 
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precursor deposition perovskite growth.[264] In the case of the underlayer SnO2, large 

holes can be observed independently of the perovskite deposited. The same large holes 

are observed for the α-CsFAPbI3 and α-FAPbI3 films on the underlayer MeO-2PACs. In 

both cases, the compact perovskite layers show big crystal sizes; however, further opti-

mization of the SSVD process is necessary to prevent the formation of pinholes at the 

interface. Nevertheless, our data suggests the underlayer MeO-2PACz and SnO2 are 

good candidates to continue optimization for implementing into p-i-n or n-i-p device 

structures. 

1.12 Conclusion  

In summary, we demonstrated successful employment of the SSVD technique to fabri-

cate CsFAPbI3 and FAPbI3 thin films without the excess usage of FAI or CsI. PXRD, UV-

Vis absorption, PL and GIWAXS analyses were employed to confirm the high phase pu-

rity for the deposited films. We have additionally analyzed the feasibility of device fab-

rication from these layers and establish that impairment of the perovskite can be seen 

on all of the state-of-the-art underlayers except on SnO2 and MeO-2PACz. These find-

ings suggest that an optimization of the composition of the perovskite powder is crucial 

when following up on the single-source evaporation as an upgraded technique towards 

large-scale application in the future.  
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C60 Thin Films in Perovskite Solar Cells: Ef-
ficient or Limiting Charge Transport Layer? 

Interfacial engineering is necessary but challenging in vacuum-deposited perov-

skite devices. Not many charge-transport layers have efficient conductivity and well-

aligned energy levels to match the perovskite. Therefore, understanding the charge-

transport processes of state-of-the-art electron-transport material could help find new 

underlayers for better efficient perovskite devices. In this chapter, I investigate the func-

tion and the importance of the electron-transport layers cTiO2 and C60 at the interface 

of vacuum-deposited perovskite. Both layers in combination are beneficial for the de-

vice efficiencies, as they show a synergetic effect. When considering the optimum C60 

thickness, it could be demonstrated that the energy levels of C60 change with thickness, 

leading to better charge extraction at 15 nm than for thicker or thinner layer, indicating 

C60 as a limiting factor in the efficient device fabrication.  

 

This chapter is based on the based on the following published article.: Nadja Klipfel, 

Agustin O. Alvarez, Hiroyuki Kanda, Albertus Adrian Sutanto, Cansu Igci, Cristina Rol-

dan-Carmona, Cristina Momblona, Francisco Fabregat-Santiago, Mohammad Khaja 

Nazeeruddin “C60 thin films in perovskite solar cells: efficient or limiting charge transport 

layer” in ACS Appl. Energy Mater. 2022, XXXX, XXX, XXX-XXX. 

DOI:10.1021/acsaem.1c03060. 

In this work, I conceptualized the idea, designed the experiments, and performed the fab-

rication as well as characterization of perovskite thin films and solar cells, A. Alvarez, 

helped with the analysis of the impedance data, Dr. H. Kanda carried out the PL analysis, 

Dr. A. Sutanto analyzed the SEM images, and Dr. C. Momblona, Dr. C. Roldan-Carmona, 

help with finalizing the manuscript.  
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1.13 Introduction 

Hybrid organic-inorganic perovskites are an exciting class of materials with the 

potential to replace silicon photovoltaics (PV) in the future. Despite their unique semi-

conducting properties, which caught the attention of scientists in the 1970s and 1990s 
[266,267], it was not until 2009 that they were first employed, showing a power conversion 

efficiency (PCE) of ~ 4 %.[268] Remarkably, the PCE of spin-coated perovskite solar cells 

(PSCs) rapidly improved in the last decade from 3.8% to a certified value of 25.5%.[10] 

Moreover, their efficiency is now rivaling silicon-based cells for small and large area 

scales. In 2013, Jeng et al. reported for the first time the concept of integrating a perov-

skite/fullerene structure into a spin-coated perovskite solar cell, and in 2014 Sun et al. 

demonstrated that also PC61BM can be used as a suitable layer in low-temperature pro-

cessable bilayer solar cells.[86,269] Since 2013, Liu et al. demonstrated the first vacuum-

deposited PSCs, with an efficiency of 15.4%.[208] The field of vacuum deposition steadily 

grew. It is now shown by several groups[75–78,83,270,271] that vacuum deposition can be used 

as an alternative fabrication method, reaching a maximum efficiency of 20.13% for co-

evaporated CsMAPbI3 devices.[208] Nevertheless, despite these fast improvements in 

PCE, understanding PSCs´ working principles is still a challenge. Nowadays, vacuum 

deposition is broadly used within the community. It allows a solvent-free, fully con-

trolled deposition of sequential layers, enabling combinations of device architectures 

not accessible by solution processing methods.13–18 Understanding the role of each layer 

in PSCs and, in particular, of electron transport layers (ETLs) beyond metal oxide-based 

ETLs, is important to obtain efficient and long-term stable perovskite solar cells.[278] 

Fullerenes are commonly integrated into spin-coated perovskite devices, especially in 

inverted configurations (p-i-n configuration), as they are known to extract the electrons 

efficiently from the perovskite as well as eliminate hysteresis and passivate trap 

states.[279] On top of that, the easy fabrication of fullerene-based layers by vacuum dep-

osition or spin-coating at low temperatures makes fullerene an excellent electron 

transport layer for PSCs.[280],[281] In literature, the use of an ultrathin layer of 1 nm C60 as 

an electron-selective material in a p-i-n device demonstrated that even ultrathin films 
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of fullerenes could be used to aid electron extraction and collection.[282] The thickness 

dependence of fullerene on MAPbI3 perovskite was investigated by Wang et al. in 2015, 

where they found an interface dipole between the perovskite and the C60 layer.[283] It 

was also shown that a compact C60 layer can replace the cTiO2 in n-i-p devices, leading 

to negligible hysteresis and enhanced stability.[239] In addition, Arivazhagan et al. inves-

tigated the C60 growth on FTO, finding that at low C60-thickness, the physical defects at 

the FTO/C60 interface lead to surface roughness and Ohmic behavior similar to bare 

FTO. Once further increasing the C60 thickness, the FTO/C60 interface defects are re-

duced and enhanced the electron extraction.[281] In another approach, a C60/ultrathin-

TiOx compact ETL layer was applied in n-i-p perovskite solar cells, enhancing perovskite 

crystallization due to better surface energy.[284] Nevertheless, little research was so far 

conducted to understand the influence of fullerenes when deposited as ETLs under the 

perovskite in solar cells with n-i-p configuration, mainly if the perovskite was fabricated 

through co-evaporation. Only one report in literature can be found that described the 

integration of a thin-film of intrinsic fullerene C60 layer between the perovskite and the 

compact-TiO2 (cTiO2) layer improves the efficiency from 4% to 14% for evaporated solar 

cells.[285] The influence of C60 at the interface of co-evaporated perovskite and the un-

derlying processes associated with the efficiency boost could not yet be fully under-

stood. To further advance the efficiency of the devices, identification and understanding 

of these limiting processes are necessary.  

Here, we investigate the influence of the fullerene C60 thickness as an electron-

transporting layer (ETL) on the perovskite charge transport processes in co-evaporated 

PSCs.  

1.14 Results and Discussion 

Methylammonium lead iodide (MAPbI3) perovskite devices were fabricated by 

thermally co-depositing MAPbI3 on top of FTO/C60 or FTO/cTiO2/C60 containing four 

different C60 thicknesses (Figure 6.1a). In summary, C60 was introduced with i) 5 nm, ii) 

10 nm, iii) 15 nm, iv) 20 nm, and v) 30 nm. As a reference, MAPbI3 perovskite devices, 
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which do not contain the C60 layer (FTO/cTiO2/MAPbI3/spiro-OMeTAD/Au), were also 

fabricated. We would like to note that all samples described in this manuscript were 

prepared with the same fabrication procedure obtaining samples with the same MAPbI3 

thickness, which allows a direct comparison. The current density-voltage (J-V) charac-

teristics of the best-performing devices are shown in Figures 6.1b and 1c, and their char-

acteristic parameters are listed in Table 1. Statistical data for each C60 thickness is pro-

vided in Figure C.1 and Table C.1 in Appendix C. For FTO/C60-based devices, we find 

that the highest device efficiency could be achieved for the devices integrating a 15 nm 

C60 layer, reaching PCE of 15.3%, with an open-circuit voltage (VOC) of 1.002 V, fill factor 

(FF) of 0.74 and a short-circuit current density (JSC) of -20.61 mA cm-2. With increasing 

C60 thickness, the JSC, FF, and VOC values increase until the optimum thickness of 15 nm 

C60 is reached, mainly attributed to a decrease of defects at the FTO/C60 interface that 

will enhance the charge extraction and reduce the recombination in the interface at 

increasing C60 thickness.[281] For the devices containing thicker C60 layers (20 and 30 

nm), all the PV parameters are detrimentally affected, suggesting charge transport/ex-

traction issues through the device. For FTO/cTiO2/C60-based devices, the device perfor-

mance is even more enhanced until achieving the highest efficiency of 16.1% at 15 nm 

C60 thickness. Compared with the FTO/C60 counterpart device, this enhancement is due 

to a slight increase in JSC from -20.61 to -21.70 mA cm-2. Using a thicker C60 layer (>20 

nm) again induces charge transport/extraction issues in the device.  

The trend in the device performance is supported by the statistical data presented 

in Figure C.1 and Table C.1, Appendix C. The PCE distribution for the devices fabricated 

with FTO/cTiO2/C60 is narrower than those containing FTO/C60. The use of cTiO2 might 

avoid direct contact between the C60 and the FTO, preventing the devices from shorting. 

In addition, the synergetic effect between cTiO2 and C60 produces more efficient devices 

than their equivalent FTO/C60-based ones. Moreover, using C60 with an optimized 

thickness seems to be essential for a better charge extraction, resulting in higher PV 

characteristics. 
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Figure 0.1. a) Schematic representation of the device architectures used in this study. b) JV char-
acteristics of the most efficient device per condition using b) FTO/C60 with C60 thickness being: 
5 nm, 10 nm, 15 nm, 20 nm, and 30 nm and c) FTO/cTiO2/C60 as ETMs with C60 thickness being: 
0 nm, 5 nm, 10 nm, 15 nm, 20 nm, and 30 nm, respectively. d) Energy level diagram for different 
C60 thicknesses deposited on FTO/cTiO2. 
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Table 0.1. PV parameters extracted from the corresponding JV curves of the most efficient de-
vices. 

 C60 thick-
ness (nm) 

JSC  
(mA cm-2) 

VOC  
(V) FF PCE  

(%) 

FTO/C60 

5 -20.18 0.965 0.67 13.0 

10 -20.19 0.972 0.70 13.7 

15 -20.61 1.002 0.74 15.3 

20 -19.67 0.988 0.64 12.4 

30 -14.02 0.974 0.48 7.0 

FTO/cTiO2/C60

0 -12.62 0.867 0.21 2.3 

5 -21.37 0.926 0.79 15.6 

10 -21.91 0.993 0.72 15.9 

15 -21.70 1.000 0.74 16.1 

20 -20.77 0.992 0.77 15.9 

30 -12.15 0.961 0.68 7.9 
 

In both device layouts, a C60 layer is placed at the front contact, and the light 

absorption produced at the fullerene layer can result in absorption losses in the devices. 

The absorption spectra of the different thicknesses of C60 layers deposited in glass were 

measured and depicted in Figure C.2, Appendix C. The absorption of the C60 layer in-

creases linearly with the deposited thickness; however, it does not strongly affect the 

device performance as the JSC values remains similar at C60 thickness from 5nm to 20nm 

(FTO/C60: JSC: -20.18 ‒ -19.67 mA cm-2 from 5 to 20 nm C60 and FTO/cTiO2/C60: JSC: -21.37 

‒ -20.77 mA cm-2 from 5 to 20 nm C60). Therefore, depth analysis of underlying processes 

in the devices will be evaluated by impedance spectroscopy (IS).  

The external quantum efficiency (EQE) was measured for both device architec-

tures and is depicted in Figure C.3, Appendix C. The EQE is higher and flatter for the 

samples employing cTiO2 as an additional layer. In both cases, the absorption of the C60 

layers decreases the photon-to-current efficiency between 400-450 nm for the samples 
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FTO/cTiO2/C60 and FTO/C60, denoting the absorbance losses/extraction issues at the 

front contact under low-intensity illumination, which becomes very relevant at C60 

thickness of 30 nm. 

To look into the reasons for the differences in the device efficiency more closely, 

ultraviolet photoelectron spectroscopy (UPS) measurements were performed for all dif-

ferent C60 thicknesses employed in the two structures, FTO/cTiO2/C60 and FTO/C60.  

Matching energy levels between the ETL and perovskite are important to ensure effi-

cient charge extraction in the device. The cut-off region and the valence band region for 

the different fullerene thicknesses are displayed in Figures C.4 and C.5, Appendix C. The 

ionization potential (IP) was calculated from the energy cut-off, and work function 

(WF) was extracted from the data (Table C.2, Appendix C). The LUMO (lowest-unoc-

cupied molecular orbital) level for the different C60 thicknesses deposited on top of FTO 

or FTO/cTiO2 was calculated by subtracting the reported bandgap of 1.86 eV[286] from 

the ionization potential. The energy diagram is depicted in Figure 6.1d and Figure C.6 

for FTO/C60 and FTO/cTiO2/C60-based devices. Interestingly, the LUMO of C60’s energy 

level changes with the thickness independent of the underlayer. On cTiO2 (Figure 6.1d), 

the values for the LUMO are higher (5 nm= -3.93 eV, 10 nm= -3.86 eV, 15 nm = -4.06 eV, 

20 nm = -4.09 eV and 30nm= -4.24 eV) than the energy levels for C60 directly on FTO, 

which are -4.02 eV for 5 nm, -4.0 eV for 10 nm, -3.96 eV for 15 nm, - 4.21 eV for 20 nm 

C60 and -4.28 eV for 30nm ). These values are in good agreement with the LUMO values 

for C60 reported in the literature (-3.9 ‒ -4.2 eV).[287] The better the energy level of C60 

matches the energy level of MAPbI3, the better the charge extraction. These findings 

support our device data, where we found that the devices with a C60 thickness of 15 nm 

perform best.  

The JV curves were measured in dark conditions to further evaluate our devices 

for the devices FTO/cTiO2/C60/MAPbI3/spiro-OMeTAD/Au (Appendix C, Figure C.7) 

and FTO/C60/MAPbI3/spiro-OMeTAD/Au (Appendix C, Figure C.7b). We observe that 

the integration of cTiO2 results in a decrease in leakage current compared to the devices 

employing only C60 as an additional layer (Appendix C, Figure C.7b).[288] This supports 
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that the presence of cTiO2 reduces defects at the front contact and enhance charge ex-

traction due to a synergetic effect of both ETLs being produced. To analyze the domi-

nant recombination process, the values of ideality factor were extracted from the dark 

JV curves (Appendix C, Figure C.8). The ideality factor is typically used to conclude the 

dominant recombination process by making the following assumptions: an ideality fac-

tor close to 1 signifies a band-to-band recombination process is dominating the device, 

and an ideality factor close to 2 corresponds to bulk Shockley-Read-Hall (SRH) trap 

assisted recombination.[289] The ideality factors for our data were calculated by fitting 

an exponential equation to the steep part in the curve between the range of 0.9-1.0 V 

(Appendix C, Figure C.7a,b), and the ideality factor is shown in Figure C.8. Upon inte-

grating C60 into the device structure, the recombination changes from band-to-band 

recombination to trap-assisted recombination, indicating defects within the device.[289]  

The charge extraction properties of the different architectures used in this work 

were evaluated by steady-state photoluminescence (PL) and time-resolved photolumi-

nescence (TRPL). Thin films of co-evaporated MAPbI3 on glass/C60 and glass/cTiO2/C60 

with increasing C60 thickness (from 0 to 30 nm) were fabricated and analyzed by PL 

(Figure 6.2b for glass/cTiO2/C60 and S9 for glass/C60) and TRPL (Figure 6.2c for 

glass/cTiO2/C60 and S9 for glass/C60). To ensure the excitation of the first ~200 nm from 

the perovskite interface, [290]-[291], we employed excitation wavelengths with a small pen-

etration depth (475 nm and 640 nm). All samples were excited from the top of the per-

ovskite side. All samples present the same PLmax of 760 nm. The quenching ability in-

creases with C60 thickness for both samples´ layouts. Remarkably, the PL intensity fol-

lows the trend: MAPbI3 > cTiO2/MAPbI3 > C60/MAPbI3 > cTiO2/C60/MAPbI3. In addition, 

the samples with more extraction ability are formed by the bilayer cTiO2/C60. 

The TRPL decays were fitted to a double exponential equation, and the corresponding 

fitted values are shown in Table S3. The longest decay values τ1 and τ2 values (τ1 = 27.8 

ns and τ2= 92.2 ns) were observed for the perovskite on glass with no C60 interlayer, 

which is directly followed by a small decrease for these values for the sample 
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cTiO2/MAPbI3 (τ1 = 23.3 ns and τ2= 81.7 ns). Surprisingly, this data reveals that the addi-

tion of cTiO2 does not change the carrier lifetime a lot, which means that cTiO2 does 

not significantly influence the dynamics of the photoexcited carriers. The addition of 

increasing C60 thickness into these configurations leads to a faster charge carrier dy-

namic resulting in a further decrease of τ1 and τ2. Therefore, C60 induces faster charge 

carrier dynamics in the samples and lately in the device.  

 

Figure 0.2. a) Film structure of co-evaporated MAPbI3 thin films deposited on top of glass/C60 
or glass/cTiO2/C60, b) and c) steady-state PL spectra (λexc=475 nm) and time-resolved PL decay 
(λexc = 655 nm) of glass/cTiO2/C60/MAPbI3 samples and d) cross-sectional SEM images of co-
evaporated MAPbI3 thin films deposited on top of FTO/cTiO2/C60 and FTO/C60 with the C60 
thicknesses being 15 nm.  

To understand changes in the crystallinity of the different perovskite, a more de-

tailed understanding of the X-ray diffraction (XRD) pattern shown in Figure C.10, Ap-

pendix C is necessary. The crystalline tetragonal MAPbI3 was formed in all cases. 
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However, the reference sample containing no C60 interlayer showed a diffraction pattern 

with higher intensities than the perovskite grown on the organic C60 layer. This increase 

in intensity gives first hints that the perovskite formation on top of different underlayers 

is different. Indeed, previous reports have demonstrated that the perovskite formation 

on inorganic oxides or organics is different when the perovskite is sublimed.[79] 

 

Figure 0.3. a) and b) Impedance Spectroscopy response measured under illumination at 900 mV 
for the different thicknesses of C60-layer on perovskite solar cells with (filled dots) and without 
(empty dots) cTiO2 layer. c) Equivalent circuit used to fit the impedance spectra composed by: 
series resistance (RS), geometrical capacitance (Cg), transfer resistance (Rtr), recombination re-
sistance (Rrec), internal capacitance (Cint), extra recombination resistance (RL), and inductance 
(L). 

In a previous report, our group highlighted this observation and the differences 

in chemical composition concerning the underlayer.[141] This explains that the XRD pat-

tern for each C60 thickness is identical and independent of cTiO2 or FTO. Only the XRD 

pattern of the sample FTO/C60 with a C60 thickness of 20 nm exhibits an excess of PbI2 

(2θ ~ 12.7°). We also verified the perovskite morphology formed by analyzing the cross-

section and top-view scanning electron microscopy (SEM) images presented in Figure 

6.2d and Appendix C in Figures C.11 and C.12. The films show uniform and dense 
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coverage with very similar crystalline grains in their shape and size. For example, the 

perovskite on top of 5 nm C60 (Appendix C, Figure C.11b, Figure C.12b) shows cube-

shaped perovskite grains ranging in size between 25 to 100 nm, which is typical for vac-

uum-deposited perovskite films.[78],[288],[272] The only perovskite sample that shows a 

slightly different morphology is the sample employing 20 nm C60 on FTO. Here small 

round particles in a whiter color and more elongated grains can be observed, which 

might be attributed to PbI2 excess, also observed in the XRD pattern (see Figure C.10, 

Appendix C).  

There are no significant changes observed in the XRD pattern or the morphology 

of the perovskite between the different samples. We, therefore, focus our further anal-

ysis on getting more insight into the charge transport processes within the device. We 

use impedance spectroscopy (IS) to clarify what we have observed earlier in the device 

data. We conclude that incorporating the cTiO2 improves the performance of the de-

vices, but only to a small extent. When there is no C60 (with and without cTiO2), the 

current is much lower, which seems to be related to a poorly conducting interface, trans-

lated into a bad extraction. The performances of the cells improve when the C60-layer 

increases until 15 nm, then with thicker C60 layer decreases again.  

Figures 6.3a and b show the Impedance Spectroscopy (IS) response at 900mV 

under illumination for the different thicknesses of the C60-layer on the perovskite solar 

cells (PSCs) with (filled dots) and without (empty dots) integrating the cTiO2 layer. For 

thicknesses up to 20 nm of the C60-layer, two arcs can be distinguished. With increasing 

C60 layer thickness, a low-frequency arc appears in the bottom quadrant (see Figure 6.3a, 

b). For perovskite solar cells, IS spectra with two arcs have been commonly observed, 

and they are usually analyzed with the equivalent circuit shown in black in Figure 6.3c. 

Figure C.13 shows a typical schematic of an impedance response, highlighting the effect 

of the different processes in the observed spectroscopy. The high-frequency arc is gen-

erally related to a transfer resistance (Rtr) and the geometrical capacitance (Cg), while 

the low-frequency arc is related to the recombination resistance (Rrec) and the internal 
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capacitance (Cint).[292,293] Cint has been associated with interfacial effects producing 

charge accumulation at perovskite interfaces from which electronic accumulation is the 

only one able to produce the giant capacitances observed in many perovskite sys-

tems.[294] Rtr is generally related to charge transfer resistance at the perovskite interfaces 

and transport resistance both in the perovskite and other layers in the device. [295],40 

However, it has also been reported that it also contains contributions to recombination 

from high-frequency phenomena not included in Rrec. 37,[295] This model has the same 

behavior as similar proposed options that locate the Rrec in parallel to the Cg instead of 

its present position.[296] The main difference with the proposed model is that their re-

combination resistance contains the sum of our Rtr and Rrec, while capacitances remain 

the same. Conclusions we obtain are not affected by the use of one or the other.  

In addition to the typical two arcs, further features have been observed in IS re-

sponses of PSCs, including inductive loops and arcs in the bottom quadrant (as also 

observed in our data, Figure 6.2b).[297–299] These features are generated by the presence 

of a negative capacitance (or induction), which has been identified as a deleterious ef-

fect for the resulting performance in the device.[300] Recently, this has been related to 

the presence of an extra recombination process.[301,302] To study all the features observed 

in the IS of our perovskite devices, the EC, was extended and a parallel branch contain-

ing a recombination resistance (RL) together with an inductance (L) is incorporated ad-

ditionally, see Figure 6.3c (brown). This change was necessary to analyze the low-fre-

quency arc for devices with a thicker C60 layer (>20nm). 
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Figure 0.4. Results of the fitting of the impedance responses a) series resistance (RS) and 
transport resistance (Rtr) in dependence of C60 thickness b) recombination resistance (Rrec) and 
extra recombination resistance (RL) in dependence of C60 thickness c) geometrical capacitance 
(Cg) and internal capacitance (Cint) in dependence of C60 thickness d) are plotted the character-
istic times: transport (τtr), recombination (τrec), and extra recombination (τL). 

The results of the analysis of the IS spectra (Figures 6.3a and b) with the equiva-

lent circuit (Figure 6.3c) are shown in Figure 6.4, and Table C.4, where the filled dots 

represent the devices with cTiO2, and the empty dots represent the devices without 

cTiO2, respectively. First, we would like to notice that the series resistance (Rs) in red 

squares in Figure 6.4a is approximately the same for all the devices independently of the 

incorporation of cTiO2. This implies that neither the cTiO2 nor the C60 layers contribute 

significatively to this resistance. Also, in Figure 6.4a, it can be observed that the addition 

of the C60-layer leads to an abrupt decrease of the transfer resistance (yellow triangles), 

which indicates a better extraction of the photogenerated charges and results conse-

quently in a better device performance (compare 0 nm with 5 nm in Figure 1 and Table 
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1). This improvement in charge extraction (decrease in Rtr) explains the also abrupt in-

crease of JSC, VOC, and FF.  It is known that perovskite has certain difficulties in transfer-

ring charge to cTiO2. This result suggests that C60 is playing the role of buffering the 

interface and that some energy realignment favors the extraction occurs.  

For 10 nm thick C60-layers, we can observe that the Rtr is further reduced, but for 

15 and 20 nm, the resistance of the first arc peaks. This fact, together with the peak of 

VOC (see Figure C.14 and Tables 1 and C.1) and the decrease in the recombination re-

sistance (Rrec, see Figure 6.4b) for increasing C60 thickness, make us think that the peak 

in the resistance in Figure 6.4a is associated with recombination process occurring at 

high frequencies and not included in Rrec so that the total recombination resistance is 

larger, see Figure 6.4b, and thus VOC increases.[303] In fact, if we compare the sum of Rtr 

and Rrec in Figure 6.4b with the evolution of VOC, with C60 thickness see Figure C.14, we 

observe that from 10nm, both parameters match perfectly, confirming that from this 

threshold thickness, recombination processes dominate both VOC and cell performance, 

while the gross of charge transfer limitations found at 0 and 5 nm become of lesser im-

portance. 

For the thicker C60-layer (i.e., 30 nm), an extra impedance feature is present, as 

the IS data penetrates the fourth quadrant data in the Nyquist plot. This is associated 

with new recombination paths and the apparition of negative capacitance and, linked 

to it, associated inverted hysteresis in the cyclic voltammetry. Traces of this behavior 

are observed for C60 layers with a thickness of 15 nm and 20 nm, which can be related to 

the peak observed for total recombination resistance and VOC. Overall, the final conse-

quence of these trends observed by impedance is that when the C60 becomes too thick 

(> 20 nm), the total recombination increases due to these inductive effects, and there-

fore performance reduces (see Tables 1 and S1).  

From these data, we can conclude that in the devices, there is a competition be-

tween the charge extraction and the recombination processes that depend on the C60-

thickness. The optimum performance occurs for devices with a C60 layer around 15nm 
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Figure 6.4c describes the dependence of the geometrical capacitance (Cg) on the 

C60 thickness. It can be noted that Cg is constant, independently of the C60 thickness. 

The geometrical capacitance is directly related to the perovskite layer. As the value ob-

served is constant, it indicates that the perovskite layer was successfully kept unchanged 

in composition among the different devices. In this figure, the relation between the in-

ternal capacitance (Cint) and the C60 thickness is also plotted. Between 5 nm and 20nm 

thick C60 layer, Cint is nearly constant. In the extremes 0 and 30nm, Cint is significatively 

larger. In the first case, we can attribute this change to the insertion of the relatively low 

dielectric constant of C60 (10-22) with respect to cTiO2 (~80). For the 30 nm C60, the 

apparition of the negative capacitance strongly affects the precision to estimate Cint.   

Figure 6.4d shows the calculated characteristic times. As a result of the resistances 

and capacitances observations, the transfer characteristic-time (τg = Rtr·Cg) has a mayor 

reduction when the C60-layer is added but keeps approximately constant for the differ-

ent thicknesses, while the recombination characteristic-time (τrec = Rrec·Cint) associated 

to the low-frequency phenomena, constantly decreases with increasing C60-thickness. 

These two processes are separated in the time scale, and both can be distinguished from 

the extra recombination characteristic-time (τL = L / RL) associated with the inductive 

process in the thickest film. Interestingly this time (2.5 seconds) is in the time range 

that has been related to large interactions between accumulated ions/vacancies and the 

surface.[301] Finally, the result of the device without the cTiO2 layer (empty dots in Fig-

ures 6.3 and 6.4) are very similar to the devices with the cTiO2 layer (filled dots), as 

expected when comparing their device efficiencies in Table 1. Again, the higher Rec yields 

to a larger VOC.  

1.15  Conclusions 

In summary, we have investigated the role of cTiO2 and C60 as electron transport 

layers by analyzing the underlying working principles of perovskite devices. We used 

impedance spectroscopy to describe the response of the different arcs in the spectra and 

how they contribute to the cell performance. We observed that neither the cTiO2 nor 
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the C60 layers provided a significant contribution to the high-frequency series resistance 

(Rs). We could prove that cTiO2 combined with an optimum C60 layer improves the 

charge extraction, resulting in an enhanced short circuit current (JSC) and, simultane-

ously, reduces recombination what increases VOC. The thicker layers of C60 have two 

detrimental effects on the performance of the samples. On one side, thick C60 absorbs 

light, decreasing charge generation in the perovskite and thus JSC. Conversely, the thick-

est C60 samples show a low-frequency inductive behavior (also known as negative ca-

pacitance) in impedance spectroscopy. This implies a delay in extracting photogener-

ated charge that lately increases recombination and reduces all performance parameters 

in the solar cells. Our analysis gives first-time insight into the working principles of the 

C60 layer in a perovskite solar cell and explains its contribution to the device perfor-

mance.   
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Mechanistic Insights into the Role of 
the Bis(trifluoro-methanesulfonyl)imide 
Ion in Co-Evaporated p-i-n Perovskite Solar 
Cells 

Doping of hole-transporting materials, especially N2,N2,N2′,N2′,N7,N7,N7′,N7′-oc-

takis(4-methoxyphenyl)-9,9′-spirobi[9H-fluorene]-2,2′,7,7′-tetramine (spiro-OMeTAD) with 

Li (II)-bis(trifluoromethanesulfonyl)imide (Li-TFSI), 4-tert-butlypyridine (tBP), and Co 

(III)-bis(trifluoromethanesulfonyl)imide (Co-TFSI), leads in n-i-p devices generally to a 

decrease in the long-term stability (see Chapter 1.4.4). Understanding the influence of 

these dopants of vacuum-deposited perovskite in p-i-n configuration is therefore attrac-

tive. In this work, interestingly, we could find that bis(trifluoromethanesulfonyl)imide 

(TFSI-) migrates through the grain boundaries on top of the perovskite surface accumu-

lating at the interface with the electron-transporting layer (ETL). We have used x-ray 

photon spectroscopy XPS and energy-dispersive x-ray spectroscopy (EDX) to monitor 

the mobile dopant species to clarify the mechanism. Our results indicate that TFSI- pas-

sivates the crystal defects during the migration process, reducing non-radiative recom-

bination pathways. Interestingly, and contrary to expected, our findings reveal that the 

migration of TFSI- enhances the device performance and stability, especially for cells 

containing only TFSI- from Co (III)-complex. They retained 90% of the initial perfor-

mance after 1600 h of testing. 

This chapter is based on the following published article: Nadja Klipfel, Hiroyuki Kanda. A. 

Sutanto, Mounir Mensi, Cansu Igci, Klaus Leifer, Keith Brooks, Sachin Kinge, Cristina 

Roldan-Carmona, Cristina Momblona, Paul J. Dyson, Mohammad Khaja Nazzeeruddin 

“Mechanistic insights into the role of the bis(trifluoro-methanesulfonyl)imide ion in co-

evaporated p-i-n perovskite solar cells” in ACS Appl. Mater. Interfaces 2021, 13, 44, 5245-

52460, DOI: 10.1021/acsami.1c10117. 

In this work, I conceptualized the idea, designed the experiments, and performed the fab-

rication as well as characterization of perovskite thin films and solar cells. Dr. H. Kanda 

carried out the PL analysis, Dr. A. Sutanto analyzed the SEM images, Dr. M. Mensi 
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measured the XPS and UPS, Dr. C. Igci helped with the analysis of the conductivity, and 

Dr. C. Momblona, Dr. C. Roldan-Carmona, help with finalizing the manuscript.   

1.16 Introduction 

Perovskite solar cells (PSCs) have recently reached power conversion efficiencies 

(PCE) exceeding 25%, which are comparable to the well-established commercial silicon-

based technologies.[10] Improving the stability of the perovskite under heat and light 

soaking is one of the current challenges which still hinders commercialization. The sta-

bility of perovskite films is influenced by extrinsic and intrinsic factors. The former gen-

erally consist of environmental oxygen and moisture and can be minimized by encap-

sulation methods or via integration of 2D/3D perovskite bilayers. [304–307] However, the 

latter are more challenging as they involve crystal defects, ion migration, or molecular 

dissociation.[304] Among them, under-coordinated Pb2+ at the grain boundaries is espe-

cially common and induces the formation of trap sites at the perovskite layer, affecting 

charge recombination.[308] There are numerous works reported in the literature which 

successfully control the formation of crystal defects using additives or post-deposition 

treatments.[309] Hence the defects are passivated through the neutralization of the un-

der-coordinated Pb2+ by negatively-charged species.[310,311] Some examples contain ionic 

liquids or small Lewis base molecules such as thiophene or benzylamine derivatives. 
[312],[313,314]  

Other factors influencing the device stability are related to the chemical doping of 

the hole-transporting layers (HTL),[315–317] which mostly entails lithium bis(trifluoro-

methanesulfonyl)imide (LiTFSI), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)co-

balt(III) tri[bis(trifluoromethane)sulfonimide] (CoTFSI) and tert-butylpyridine (tBP). 

This is the case for the state-of-the-art 2,2'7,7'-tetrakis (N,N-di-p-methoxyphenyla-

mine)-9,9'spirofluorene (spiro-OMeTAD), the most widely used hole transporting ma-

terial (HTM) for highly efficient PSCs.[318–320] Although LiTFSI is necessary to improve 

the hole conductivity,[319–323] Li+ ions easily migrate towards the film surface, which given 

its high hydrophilic nature, results in higher infiltration of oxygen and moisture and 
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accelerated degradation.[318,319,324,325] Similarly, tBP increases the LiTFSI solubility[319] and 

reduces phase segregation, ensuring a better film quality, but its corrosive nature harms 

the perovskite material.[326,327] These drawbacks are only partially palliated by the for-

mation of Li+ – tBP complex,19, while similar degradation effects can be observed by 

doping the HTM via chemical oxidization of CoTFSI and tBP.[328],[329] To minimize these 

drawbacks, different approaches have been developed in the last years. For example, the 

synthesis of dopant-free HTMs[132] is attracting great attention, as well as the use of inert 

interlayers preventing interfacial reactions from happening. [78,183,330,331] Yet comparable 

results in device performance to those obtained with doped spiro-OMeTAD are still 

missing. In addition, little attention has been paid to the counterions neutralizing the 

dopants and their possible role, if any, on the evolution of device operation. In particu-

lar, TFSI- is a common ion in CoTFSI and LiTFSI dopants, which is also used in various 

additives proposed in the literature for the bulk perovskite material.[328] Unfortunately, 

there are no specific studies targeting these species, nor a general consensus, to under-

stand their effect in the pristine films and their embodiment in a device. 

Here we present a systematic study targeting the most employed ionic dopants, 

LiTFSI and CoTFSI, and the specific interplay of TFSI- as beneficial passivate incorpo-

rated via migration to the perovskite material. We note that spiro-OMeTAD is generally 

deposited as the top layer in n-i-p device configurations, as it easily dissolves and de-

grades by the perovskite solution in p-i-n configurations. [332] Therefore, in solution-pro-

cessed p-i-n devices, the infiltration of the HTL solution through the perovskite layer 

and grain boundaries cannot be avoided, hindering the proper discrimination of any 

plausible dopant migration through the layer. To avoid these phenomena, here we em-

ploy spiro-OMeTAD in p-i-n device configurations but using perovskite layers deposited 

via thermal co-evaporation. This vacuum-based technique enables the deposition of dif-

ferent materials without damaging the underneath layer; hence we can ensure the for-

mation of clean interfaces between sequentially deposited materials and avoid any 

cross-contamination due to the solvent infiltration. By using as main techniques pho-

toluminescence (PL) decay, X-ray photoelectron spectroscopy (XPS), and energy-
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dispersive X-ray spectroscopy (EDX), we have evaluated the migration of ionic species 

originated from the doped HTL and their influence on both the bulk and the surface 

perovskite properties. Our study reveals a strong correlation between the type of dopant 

employed in the HTL and the structural and optical features of the perovskite, which is 

also reflected in the device’s stability and efficiency. These findings, revealed here for 

the first time, are relevant for understanding the several processes occurring on the 

multi-stack devices, calling for deeper investigations to clarify the specific role and be-

havior of every ionic species in cell performance. 

1.17 Results and Discussion 

Methylammonium lead iodide (MAPbI3) films were thermally co-deposited on top 

of FTO/spiro-OMeTAD substrates containing five different dopant compositions. In 

summary we mixed the HTL with: i) LiTFSI, CoTFSI and tBP dopants (named hereafter 

Li-Co-tBP) in the same concentration as usually employed for state-of-the-art devices 

(used as reference); ii) containing only tBP (tBP); iii) containing a combination of 

LiTFSI and tBP (Li-tBP); iv) containing a combination of CoTFSI and tBP (Co-tBP) and 

v) the same as iv but containing 3 times higher (3n-TFSI(Co)) concentration of CoTFSI 

(3Co-tBP). Given that the ionic stoichiometry is different for LiTFSI and CoTFSI (1:1 and 

1:3 respectively), we use the conditions described in (v) to enable a direct comparison 

between films with equal TFSI- concentration but different counter-cation (either Co3+ 

or Li+). 
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Figure 0.1: Co-evaporated MAPbI3 thin films deposited on top of glass or glass/HTM (tBP, Li-
tBP, Co-tBP, 3Co-tBP and Li-Co-tBP): a) absorbance spectra, b) steady-state PL spectra (λexc=475 
nm) and c) time-resolved PL decay ((λexc=655 nm).  

The UV-visible spectroscopic characterization of the as-deposited MAPbI3 films 

is displayed in Figure 7.1. Because the samples were prepared in the same deposition 

process under holder rotation, the film evaporation and thickness are exactly the same, 

which enables a direct comparison between their optical features and their correlation 

to the underlayer material. As presented in Figure 7.1a, all films exhibit a broad absorp-

tion in the whole visible spectra and a similar absorbance onset located at 783 nm. How-

ever, important differences appear in the absorption intensity along the 550-750 nm 

region, showing reduced values for those samples grown on CoTFSI containing HTMs. 

Given that previous reports have demonstrated a strong correlation between the perov-

skite formed in vacuum conditions and the layer underneath, [79] a detailed understand-

ing of the structure-property relationship via X-ray diffraction (XRD) is highly recom-

mended. According to the diffractograms reported in Figure D.1 (Appendix D), all HTM 

compositions induce the formation of crystalline MAPbI3 in the tetragonal phase and 

preferential orientation along with the (110) and (220) directions. However, those films 

grown on doped layers are independent of the dopant chemical nature (LiTFSI or CoT-

FSI) but contain unreacted PbI2 ( 2θ ~ 12.7º).[333] This PbI2 is absent for those grown on 

the dopant-free spiro-OMeTAD (tBP) underlayer. This indicates that the type of dopant 

and concentration employed in the HTM influences the perovskite crystal deposited on 

top. In particular, we observe a significant drop in the diffraction intensity when the 

spiro-OMeTAD contains CoTFSI complex, consistent with the lower UV-Visible 
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absorbance previously observed. We additionally verified the morphology of the films 

by analyzing the top-view and cross-section scanning electron microscopy (SEM) im-

ages presented in Figure D.2, Appendix D. The films show uniform and dense coverage 

but also important differences in the shape and size of the crystalline grains. For exam-

ple, MAPbI3 deposited on top of tBP exhibits columnar-shaped grains with 100-250 nm 

size. This shape is maintained for those deposited on LiTFSI, but the grain size reduces 

to 100 nm. Similarly, the layers were grown on films containing CoTFSI (Co-tBP, 3Co-

tBP, and Li-Co-tBP) form stacks of small grains with sizes ranging from 25 to 100 nm, 

consistent with the previous vacuum-deposited perovskite reports.[78],[288],[272] To evalu-

ate the changes induced by the dopants, we used steady-state photoluminescence (PL) 

and time-resolved photoluminescence (TrPL) spectroscopy (Figure 7.1b and 1c). The PL 

and TrPL spectra were collected while the samples were excited from the top perovskite 

side. We employed excitation wavelengths with small penetration depth (475 nm and 

655 nm, respectively), which ensured that we were targeting the first ~ 200 nm from the 

perovskite interface exclusively. [290]-[291] Interestingly, the PL intensity reduced for sam-

ples deposited on non-doped tBP, while it increased for films grown on doped HTMs. 

Such results, related to reduced defect-mediated recombination, suggest a different per-

ovskite trap density[334] induced by the underlayer additives. In particular, films were 

grown on HTMs containing only LiTFSI exhibit higher PL than those containing Co-

salts (either Li-Co-tBP, Co-tBP, or 3Co-tBP samples). In addition, we observed a PL 

blue-shift when using doped underlayers compared to perovskites deposited on dopant-

free HTMs. This effect plausibly originated from the smaller perovskite grains grown on 

doped HTMs,[80] calls for a deeper analysis to clarify the real origin of the perovskite 

optical changes. The TrPL decays, shown in Fig. 1c, were fitted to a double exponential 

equation, in which the fast component is generally related to trap-assisted recombina-

tion at the defect sites, whereas the slow decay is related to radiative recombination 

inside the grains (see calculated parameters in Table S1).[335] As observed in Table S1, the 

bare MAPbI3 film exhibits τ1 and τ2 values of 4.36 ns and 122.54 ns, respectively. These 

values increase considerably for perovskites grown on doped HTMs, showing values of 
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45.7 ns and 177.3 ns for Li-tBP, or 53.6 ns and 185.78 ns for Co-tBP, respectively. There 

is, however, a reversed behavior for larger dopant amounts, and the process accelerates, 

reducing τ1 and τ2 values to 32.1 ns and 136.2 ns (for 3Co-tBP) and 1.28ns and 151.8ns (Li-

Co-tBP) respectively. This implies that the dopants initially incorporated into the HTM 

film delay the electron-hole recombination in the perovskite given an optimum molar 

concentration, and therefore might induce inferior defect-density within the perovskite 

material. Interestingly, this could be related to the dopants behaving as effective passiv-

ates, affecting the formation process during the perovskite crystallization. 

To shed light on the origin of such observations, we further explored the surface 

chemistry of the samples by X-ray photoelectron spectroscopy (XPS). The F, Pb, and I 

atomic concentrations were calculated from the integration of the corresponding XPS 

signals and divided by the sensitivity factors using CasaXPS software[336] (see results 

summarized in Figure D.3-D.8 and Table D2, Appendix D). Contrary to expected, we 

observed strong signals corresponding to F1s (689 eV) and C1s peaks (293 eV) attributed 

to -F and -CF3 groups, denoting the existence of fluorine-containing species at the very 

top perovskite surface.[337] Such strong signals, originated merely from the TFSI- in Li-

TFSI and Co-TFSI dopants added to the HTL (Figure D.3, Appendix D), are systemati-

cally observed when using doped underlayers, but their intensities are strongly depend-

ent on the nature and type of dopants. Because the F1s signal shows a very intense single 

peak (Figure 7.2a), we used it for further analysis comparing several perovskite thick-

nesses. The XPS signals corresponding to LiTFSI and CoTFSI powder are depicted in 

Figure D.3 (Appendix D), used here for reference. We investigated with XPS the F signal 

of perovskite films having a thickness of 30 nm and 500nm deposited on the different 

doped HTM layers. We observed for films grown on Co-tBP stronger F peaks than for 

the films grown on the underlayer Li-tBP. We note that both underlayers, 3Co-tBP and 

Li-tBP, contain the same TFSI- concentration (see Figure 7.2a), and therefore the larger 

concentration observed in MAPbI3 for the Co-tBP sample gives evidence of a much 

faster TFSI- migration through the perovskite layer. Given the large ionic size and the 

absence of any peak shift or emergence in the XRD patterns (Figure D.1, Appendix D), 
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we can exclude the incorporation of TFSI- in the perovskite lattice during ion migration, 

and therefore it must plausibly move through the perovskite grain boundaries. A sche-

matic representation of the suggested mechanism is presented in Figure 7.2d. We note 

that, different from previous studies reporting Li migration across the device and TFSI- 

ion remaining in the spiro-OMeTAD layer,[324] we find that TFSI ion migrates through 

the absorber layer and accumulates at the perovskite top surface, self-modifying the 

bulk and opposite interface. From an electronic perspective, this might be advantageous 

for passivating the Pb defects and halide vacancies,[338] which provides additional sup-

port to the previous photoluminescence results. In particular, we highlight the in-

creased τ1 values obtained from trPL decays for all samples deposited on doped HTMs. 

To further corroborate these observations, we investigated the TFSI dynamics by per-

forming XPS analysis in thinner perovskite samples (30 nm) (Figure 7.2b and D4-D7). 

The atomic concentration for F, Pb, I are calculated from the corresponding spectra and 

the F1s signal are shown in Figure D.7, Table D2, Appendix D. We note that the F1s peaks 

exhibit higher intensity for 3Co-tBP, Co-tBP, and Li-Co-tBP, compared to those of 500 

nm, and therefore a faster accumulation of TFSI at the surface for thinner perovskite 

layers occurs (Appendix D, Figure D.4 and D5). Interestingly, the trend is reversed for 

Co-tBP and Li-tBP in addition to a less pronounced difference in TFSI ions on the sur-

face of thicker perovskite. 

To provide additional evidence of the TFSI migration, we performed bulk-sensi-

tive Energy-dispersive X-ray spectroscopy (EDX) measurements (see Appendix D, Fig-

ure D.9, D10). We first fabricated solution-processed MAPbI3 films containing inten-

tional incorporation of different LiTFSI concentrations to the bulk with the aim to ob-

tain a calibration curve for the interpolation of our experimental results. A minimum 

detection limit of 0.5 % at. concentration was found for fluorine elements. Later, the co-

evaporated MAPbI3 samples were analyzed at the same experimental conditions as in 

the standard samples. The samples were deposited on top of indium tin oxide ITO to 

avoid additional F sources, ensuring that the F detected originates only from the HTM 

layer. The XPS spectra of the as-deposited 500 nm MAPbI3 films, fitted and compared 
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to the standard samples, showed F < 1 % at. concentration in all the samples (Figure 

7.2c). This implies that the amount of TFSI- within the bulk is considerably lower than 

that detected at the perovskite surface (see Table S2).  

 

Figure 0.2: a) F1s XPS spectra of 500 nm perovskite film deposited on top of doped-HTM. b) 
F1s/Pb4f atomic ratio calculated by XPS at the perovskite surface with different perovskite thick-
nesses deposited on ITO/HTM. c) F atomic concentration detected by EDX in 500 nm perov-
skite bulk. d) Schematic representation of the TFSI migration process.  

We further investigated the influence of the dopants in the electronic properties 

at the MAPbI3 by ultraviolet photoelectron spectroscopy (UPS). Since the UPS probing 

depth is smaller than that of XPS, the electronic properties are expected to be modified 

by the presence of the TFSI- ions at the perovskite surface. The work function (WF) is 

estimated as the difference between the source photon energy (21.22 eV) and the inter-

cept of the secondary electron cutoff (SECO) and the zero-intensity y-axis (Figure D11, 

Appendix D). The WF values for perovskite samples are presented in Table S3 and with 

values of -4.62, -4.72, -4.82, -4.52 and -4.92 eV for the tBP, Li-tBP, Co-tBP, 3Co-tBP 
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and Li-Co-tBP, respectively. The valence band maximum (VBM) was calculated from 

the intercept between the linear fitting of the valence band onset and the zero-intensity 

y-axis (Figure D.11c, Appendix D), and are located for the perovskite samples at 0.9 eV 

for tBP and Li-tBP, 1.0 eV for Co-tBP and Li-Co-tBP and 1.6 eV for 3Co-tBP below the 

Fermi level, respectively. The ionization potential was calculated as the difference be-

tween the WF and the energy cut-off and was assumed to be equal to the valence band 

energy level (EVB).[339] Hence, the obtained values are -5.52, -5.62, -5.82, -6.12 and -5.92 

eV, for tBP, Li-tBP, Co-tBP, 3Co-tBP and Li-Co-tBP, respectively. The EVB for co-evap-

orated MAPbI3 is -5.52 eV, in good agreement with reported values for MAPbI3 (-5.5 – -

5.7 eV).[340],[341] However, we found that the surface passivation of the perovskite with 

TFSI anions results in a downward shift with respect to the Fermi level, from -5.52 eV 

(tBP) to deeper values (-6.12 eV for 3Co-tBP). A correlation is shown between the 

shifted energy level and the F atomic concentration detected by XPS (Table S2), which 

indicates that the interaction between the TFSI- and perovskite impacts the energetics 

of the perovskite surface and therefore will influence the energy alignment with the 

contact layer on top of it. [342],[343] 

Prior to the device preparation, the stability of the co-evaporated MAPbI3 was 

evaluated (Figure D.12, Appendix D). The intensity ratio of the (001) PbI2 reflection to 

the (110) MAPbI3 reflection was used as an indicator to follow the perovskite decompo-

sition process with time. After three weeks, the MAPbI3 degradation is evidenced by the 

lower intensity of the perovskite reflections. The degradation process in all the samples 

leads to higher PbI2 contribution in the thin film accompanied most likely by a release 

of methylammonium gas.[344] Moreover, the main perovskite reflection undergoes 

changes. The perovskite peak is split into a minor peak/shoulder at 14.1° (002 plane) and 

14.2° (110 plane) for the samples tBP and Li-tBP. This indicates that during the degra-

dation process, a crystal reorientation process is produced in CoTFSI-free samples, and 

grains with (002) direction normal to the substrate surface can be detected.43 Note that 

this splitting is not observed in samples containing CoTFSI, which could indicate a ben-

eficial effect in the perovskite stabilization. 
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The temporal changes of the chemical composition were monitored by analyzing 

changes of the F, Pb, and I atoms in the perovskite film by XPS. The XPS spectra are 

presented in Appendix D, Figure D.13-16, and the corresponding atomic concentration 

extracted and listed in Table B2. The time-dependent F/Pb ratio analysis is depicted in 

Figure D.17 (Appendix D) and shows different behaviors. The F concentration still in-

creases during two weeks for all samples except 3Co-tBP. However, after three weeks, 

the F concentration in all cases decreases, indicating its reorganization through the 

sample or its solubility at ambient conditions due to its hydrophilic nature.[345] The Pb/I 

ratio is modified due to the degradation of MAPbI3 and further formation of excess PbI2, 

as confirmed by XRD (Figure D.1, Appendix D).  

These findings are of great interest to further explore their impacts on PV per-

formance. Spiro-OMeTAD, especially after doping, may cause parasitic absorption, 

which results in absorption loss of the front contact. The absorbance of the dopant-free 

and doped spiro-OMeTAD layers, deposited with the same experimental conditions as 

in the device, was measured, and it is depicted in Figure D.18a, Appendix D. The films 

containing LiTFSI or CoTFSI show the characteristic peak at 520 nm (HOMO→LUMO 

transition), indicating the formation of mono-cation radical partially oxidized spiro-

OMeTAD. The increased absorption intensity implies an increase in the concentration 

of the oxidized spiro-OMeTAD.[346]-[347] The oxidation is, to a greater extent, on the Co-

doped thin film than the LiTFSI-doped one. This fact will contribute to higher parasitic 

absorption in the device. In addition, the use of p-type dopants provides the necessary 

electrical conductivity for the insolating spiro-OMeTAD. The lateral thin-film conduc-

tivity of the dopant-free and doped spiro-OMeTAD layers was measured on OFET sub-

strates (see Figure D.18b, Appendix D). The conductivity of pristine spiro-OMeTAD was 

determined to be 1.3 x 10-7 S cm-1. On the other hand, the conductivity of the oxidized 

spiro-OMeTAD layers increases by 3 orders of magnitude following the trend: Li-tBP < 

Co-tBP < Li-Co-tBP < 3Co-tBP with conductivity values of 4.56 × 10-4, 4.82 × 10-4, 5.54 

× 10-4 and 5.99 × 10-4 S cm-1, respectively. The impact of these factors will be taken into 

consideration in the PV performance in the corresponding PSCs (Table 1). 
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Table 0.1: PV parameters extracted from the corresponding J-V curves of the most efficient de-
vices and lateral conductivity of dopant-free and doped spiro-OMeTAD layers.  

 

Device performance HTM 

thin film 

σ (S cm-1) 

JSC 

(mA cm-2) 

VOC 

(V) 
FF 

PCE 

(%) 

tBP -10.95 0.903 0.45 4.52 1.3·10-7 

Li-tBP -20.12 0.991 0.75 15.17 4.56·10-4 

Co-tBP -19.00 1.082 0.75 15.39 4.82·10-4 

3Co-tBP -14.46 0.982 0.51 7.30 5.99·10-4 

Li-Co-tBP -20.18 0.985 0.67 13.14 5.54·10-4 

 

The energy band diagram of the p-i-n devices is depicted in Figure 7.3a, indicating 

the different valence band values for the TFSI-modified perovskite. J-V characteristics 

of the most efficient devices are depicted in Figure 7.3b, and the corresponding PV pa-

rameters are extracted and presented in Table 7.1. The external quantum efficiency spec-

tra and the calculated short circuit current density are presented in Figure D.19, Appen-

dix D.  

The device statistics are depicted in Appendix D, Figure D.20, and tabulated in Table 

D4 for PSCs with different spiro-OMeTAD dopants. The devices containing dopant-free 

spiro-OMeTAD presented the lowest efficiencies of the series. The photogenerated 

charges produced at the perovskite layer will not be able to be transported to the elec-

trode due to the low conductivity of the dopant-free spiro-OMeTAD layer. The charges 

will be accumulated and recombined at the spiro-OMeTAD/ MAPbI3 interface, as ob-

served for the lowest open-circuit voltage observed for the samples. The charge extrac-

tion is enhanced by the higher conductivity in doped spiro-OMeTAD, but it is important 

to keep in mind that at higher doped spiro-OMeTAD content, more parasitic absorption 

will occur at the device, negatively affecting the charge generation in perovskite. In ad-

dition, the deeper valence band values for the modified perovskite layers will lead to 

reduced interfacial potential energy losses due to lower trap density. 



  

  Chapter 7 

135 

 

Figure 0.3: a) Energy level diagram of the fabricated p-i-n solar cells. b) J-V characteristics of the 
most efficient devices. c) Long-term stability of the unencapsulated solar cells under 1 sun illu-
mination at 25°C in nitrogen atmosphere.  

The trade-off between parasitic absorbance and conductivity lead to the devices 

containing LiTFSI or CoTFSI the highest efficiencies of the series. In both cases, the 

devices present the highest Voc and FF values of the series, indicating lower charge re-

combination in the device and good charge extraction through the device. The average 

values are listed in Table S5. 

The long-term stability measurements were evaluated under continuous 1 sun 

illumination (Figure 7.3c). During the study, the devices were kept at the maximum 

power point tracking (mppt) in N2 atmosphere at 25°C. Devices containing CoTFSI pre-

sent the highest stability of the series, retaining 90% of its initial PV performance up to 

1600 h under continuous illumination. Li-tBP and (Li-Co-tBP) present lower device 

stability than the Co-based counterpart, retaining 79% of its initial PV performance after 
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1600 h under operation at continuous illumination. The former continuously decreases 

while the latter presents a fast decay in the first 20 operating hours and then stabilizes. 

The higher stability for the devices containing CoTFSI is in good agreement with the 

higher stability observed for the perovskite layers. 

1.18 Conclusion 

In conclusion, we have detected the TFSI anion at the co-evaporated perovskite 

surface, indicating that the mobile dopants in their spiro-OMeTAD layer must migrate 

through the grain-boundaries to the perovskite surface. Consequently, the presence of 

TFSI anions detected at the perovskite surface is advantageous for defect pas-

sivation. We show in our systematic study that the migration of the TFSI- coming from 

the Co (III) complex shows higher mobility than the TFSI anion from the other sources, 

and are a highlight that the migration of TFSI-, contrary to current knowledge, is bene-

ficial for device stability and performance. 
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Zn(II) and Cu(II) tetrakis(diaryla-
mine)phthalocyanines as Hole-Transport-
ing Materials for Perovskite Solar Cells 

Finding new hole-transporting materials (HTMs) suitable for replacing the state-

of-the-art spiro-OMeTAD is still challenging. In this work, newly synthesized diaryla-

mine-substituted metal phthalocyanines (MPcs, M = Zn(II) or Cu(II)) functionalized 

with either linear or branched alkoxy chains are evaluated as HTMs in perovskite solar 

cells. We investigate how the nature of the alkoxy chains and of the coordinated metal 

species is influencing the photophysical properties of the perovskite thin films and the 

device efficiency stability.   
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xing Xia, Pavel Čulík, Simonetta Orlandi, Marco Cavazzini, Naoyuki Shibayama, Hiroyuki 
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Khaja Nazeerudin “Zn(II) and Cu(II) tetrakis(diarylamine)phthalocyanines as hole-trans-

porting materials for perovskite solar cells.”  
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tions, Prof. Dr. N. Shibayama measured the GIWAXS data, Dr. C. Igci helped with the CV 

measurements, and Dr. C. Momblona helped with the conductivity measurements and 

with finalizing the manuscript.  
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1.19 Introduction  

 The power conversion efficiency (PCE) of perovskite solar cells (PSCs) increased 

over the last decade, from 3.8% to over 25%,[44,231] making PSCs a promising technology 

toward reduced carbon emissions,[232] with additional benefits in terms of sustainability 

goals, such as low cost,[233] ease of fabrication, and recyclability.[234] The remarkable in-

crease in PSCs efficiency was achieved by carefully optimizing the perovskite composi-

tion and improving the electron- [52,348] hole-[259,349] transporting layers. Nevertheless, 

the commercialization of PSCs is still challenging due to the instability of the overall 

device and the material itself towards heat, stress humidity, light illumination, and ox-

ygen.[236–239] Some instability can also be originated from the chemical doping of the 

hole-transporting material (HTM). In n-i-p PSCs, the HTM is typically sandwiched be-

tween the perovskite layer and the metal top electrode. Therefore, the energy-alignment 

between the highest occupied molecular orbital (HOMO) and the perovskite valence 

band (VB) is essential for an efficient hole-extraction, ensuring good transport towards 

the electrode.[350,351] Despite the effort to find new hole-transporting materials that im-

prove the perovskite solar cell in stability and efficiency, 2,2',7,7'-Tetrakis[N, N-di(4-

methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) is still the benchmark 

HTM, even though drawbacks such as high costs, low intrinsic conductivity, and hole-

mobility and stability are well known and limit the potential in up-scaling of the tech-

nology.[349,352,353]  

 Phthalocyanines (Pcs) are structurally related to porphyrins, which are photo- 

and electrochemically stable.[354] Several transition metal complexes of phthalocyanines 

(MPcs) endowed with semiconducting properties in the solid-state have been investi-

gated in recent years as HTMs in PSCs.[355] The unsubstituted CuPcs complex was vac-

uum-deposited and employed as HTM in PSCs, leading to device efficiencies ranging 

from 5.0% to 15.4%.[356,357] However, the structure of MPcs can be modified at will easily. 

Structural modifications of the Pc macrocyclic ligand in the peripheral and non-periph-

eral positions and the choice of the core metal cation can tune essential properties like 

the electronic and optical properties and its solubility, which will later influence the 
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final device performance.[358] Different strategies have been followed in the literature to 

improve the intrinsic low solubility of MPcs, in particular the incorporation of alkyl-, 
[359] thiophene-, [360] or arylamine (triphenylamine) groups,[361] among others, at various 

positions.[362], [363]. On the other hand, the presence of Pcs substituents can be used to 

influence the self-assembly behavior of MPcs through the modulation of π-π intermo-

lecular interactions between Pcs rings [364] with possible consequences on intermolecu-

lar charge transport processes. [358] 

 Arylamine groups, in particular triphenylamine (TPA) or diphenylamine (DPA) 

derivatives, have been widely employed as components of small molecule-based HTMs 

due to their excellent hole-transporting properties, electron-donor ability, high stabil-

ity, and solubility.[365] In the case of Pc-based HTMs, molecular structure modifications 

by the insertion of arylamine substituents have been much less explored. In 2016, we 

demonstrated the use of doped DPA-tetrasubstituted ZnPcs as HTMs in PSCs, with a 

PCE of 11.75%. Two other Zn-Pcs bearing carbazole derivatives as substituents were also 

investigated, shedding some light on the impact of steric effects and aggregation of Pcs 

derivatives on their charge-transport properties. [366] Later on, we reported the synthesis 

of Zn(II) and Cu(II)-based phthalocyanines with eight secondary aromatic amines di-

rectly linked to the peripheral positions of the macrocycle by the C-N bond. These MPcs 

proved to be promising HTMs in PSCs, allowing PCEs ranging from 4.93% to 18.10%.[367] 

Sfyri et al. also implemented ZnPcs bearing four peripheral TPA substituents in PSCs, 

and its use as HTM led to device efficiencies of 5.6%. [368] In another recent example, 

Feng et al. compared the photovoltaic performance of PSCs fabricated with OMe-DPA-

CuPcs and OMe-TPA-CuPcs, featuring four bis-(4-methoxyphenyl)amino substituents 

and four N, N-bis(4-methoxyphenyl)benzenamino substituents, respectively. OMe-

DPA-CuPcs showed a lower PCE than OMe-TPA-CuPc (16.73% vs. 19.67%). This fact was 

ascribed to the lower HOMO energy level of OMe-TPA-CuPcs and its lower recombina-

tion rate and more efficient hole transport properties.[369]  The limited data shows that 

arylamine-substituted MPcs have a great potential as HTMs in PSCs, which can be fully 

unleashed through the rational design of novel compounds of this class. 
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 Alkyl side chains in organic semiconductors are insulating units and do not di-

rectly contribute to charge transport in organic electronic devices. Nevertheless, alkyl 

side-chains can have a noticeable impact on charge transport for polymer and small 

molecule semiconductors, including MPcs, by influencing intermolecular interactions 

and/or film morphology in solid-state due to two competing effects: steric hindrance 

and intermolecular dispersive attraction.[370] Therefore, even subtle alterations on chain 

length, branching position, odd-even effect, and stereochemistry of alkyl chains can sig-

nificantly affect charge mobility.[359] Thus, L. Calió et al. reported the use of two MPcs 

(M = Cu(II) or Zn(II)) with 4-tert-octylphenoxy substituents as HTMs in PSCs, achieving 

PCEs of 8.33% and 7.25% for the Cu(II) and the Zn(II) complex, respectively.[371] More 

importantly, we could prove that MPcs featuring bis(4-alkoxyphenyl)amino substitu-

ents were superior HTMs with respect to their 9H-carbazol-9-yl and diphenylamino an-

alogs, with subtle yet clear differences elicited by the nature of the alkoxy chains. [366],[367] 

In that context, the best photovoltaic performance was obtained with ZnPcs BL40 (Fig-

ure 8.1) bearing eight bis(4-n-butoxyphenyl)amino substituents. This prompted us to 

evaluate further the effects of the alkoxy chain length and branching on the behavior of 

diarylamine-substituted MPcs. To this end, we have now synthesized and tested ZnPcs 

complexes Zn-BL54, Zn-BL58, and CuPcs complexes Cu-BL57, Cu-BL61 (Figure 8.1).  
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Figure 0.1. Molecular structure of Zn(II) and Cu(II) phthalocyanines bearing bis(4-alkoxy-
phenyl)amino substituents. 

1.20 Results and Discussion 

Synthesis of tetrasubstituted MPcs 

Metal-templated cyclotetramerization of suitable phthalonitrile precursors pro-

vides convenient access to MPcs bearing either four or eight bis(4-alkoxyphenyl)amino 

substituents.[366,367] However, preparing the 4,5-disubstituted phthalonitriles required 

to synthesize octasubstituted MPcs such as BL40 is a rather cumbersome multi-step 

process. On the contrary, phthalonitriles 1 and 2, the starting materials for the prepara-

tion of MPcs Zn-BL54, Cu-BL57 and Zn-BL58, Cu-BL61, respectively, were readily ob-

tained in excellent yields (88-93%) by Palladium-catalyzed amination reaction between 

4-iodophthalonitrile and the corresponding secondary aromatic amine (Scheme 8.1). 

MPcs Zn-BL54, Cu-BL57, Zn-BL58, Cu-BL61 were subsequently obtained as mixtures 

of positional isomers by cyclotetramerization reaction of these phthalonitriles in the 

presence of 1,8-diaza-bicyclo[5.4.0]undec-7-ene (DBU) and a metal salt (Scheme 8.1). 

Analytical data of Zn-BL54, Cu-BL57, Zn-BL58, Cu-BL61 were in complete agreement 

with the proposed structures. 
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Scheme 8.1. Synthesis of tetrasubstituted MPcs.  

 

The new octasubstituted MPcs are soluble in common organic solvents such as 

THF or DCM. However, NMR characterization could not be performed on the paramag-

netic CuPcs Cu-BL57 and Cu-BL61. The chemical structure of these two compounds 

was nonetheless confirmed by UV-Vis, FTIR, and HRMS data (see experimental meth-

ods, Appendix E). 

2.2 Photophysical, electrochemical, and 2D GIWAXS characterization of MPcs 

Typical B and Q bands of MPcs in the near UV region and Vis region, respectively, 

characterize the UV-Vis spectra of the new compounds (Figure 8.2), which also show 

broad bands of low intensity in the 450-550 nm region. These bands are distinctive of 

MPcs with aromatic secondary amine substituents.[366,367] The energy required for the 

π→π*transition (a1u→eg*) from HOMO to lowest unoccupied molecular orbital 

(LUMO) of the Pcs ring, which is responsible for the Q band, is significantly lower for 

most peripherally-substituted Cu- and ZnPcs tested so far as solution-processable 

HTMs in PSCs, including ZnPcs bearing four diaryl amino substituents without alkoxy 

side chains.[367] For example, a bathochromic effect in the order of +20 nm is observed 

for the Q bands of ZnPcs Zn-BL54,58 (739 nm, THF solution) with respect to their ana-

logue ZnPcs BL25 (720 nm, THF solution) depleted of alkoxy side-chains.[367] An 
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additional, although much smaller, red-shift of the absorption maxima is triggered by 

changing the coordinated metal species from Zn(II) to Cu(II). Thus, CuPcs Cu-BL57 and 

Cu-BL61 show absorption maxima at 744 nm and 745 nm, respectively. These data also 

show that the influence of branching and elongation of the alkoxy side chains on UV-

Vis absorption is negligible. On the other hand, the energy required for the π→π* tran-

sition in MPcs bearing four peripheral bis(4-alkoxyphenyl)amine substituents is higher 

than that required for their octa substituted analogue, as exemplified by comparison 

between Zn-BL54 and BL40 (758 nm, THF solution). 

 

Figure 0.2. UV-Vis spectra of tetrasubstituted MPcs in THF solution. 

Cyclic voltammetry (CV) measurements were performed with a standard three-

electrode configuration to experimentally investigate the highest occupied molecular 

orbital (HOMO) energy levels (EHOMO) of the undoped HTM materials Zn-BL54, Cu-

BL57, Zn-BL58, and Cu-BL61 (Appendix E, Figure E.1, Table E.1,). The compounds were 

tested in dichloromethane solution containing 0.1 M n-Bu4NPF6 as a supporting electro-

lyte, and the oxidation potential was calibrated against ferrocene used as an internal 

standard. The EHOMO values were calculated to be -5.37, -5.48, -5.36, and -5.46 eV vs. 
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vacuum for Zn-BL54, Cu-BL57, Zn-BL58, and Cu-BL61, respectively (Table S1). Slightly 

deeper HOMO levels were observed for Cu(II) based phthalocyanines Cu-BL57 and Cu-

BL61 compared to Zn(II)based phthalocyanines Zn-BL54 and Zn-BL58. The electron-

donating effect of the longer branched alkoxy chains of Zn-BL58 and Cu-BL61 resulted 

in relatively higher HOMO levels than Zn-BL54 and Cu-BL57.[372]  

Quantum chemical calculations were performed with the Gaussian 09W pro-

gram to establish the most probable molecular geometry and energy levels in solid-state 

for the HTMs. The density functional theory (DFT) method B3LYP/6-311G was used for 

geometry optimization.[373] The optimized structures highlight the nonplanar confor-

mation of the arylamine moiety and the twists between the core nitrogen and phenyl 

groups (Figure E.2, Appendix E). The electron density distributions for the highest oc-

cupied molecular orbital HOMO-1, HOMO, LUMO, and LUMO+1, are presented with 

their corresponding energy levels (Figure E.3, Appendix E). The values extracted from 

the DFT calculations are shown in Table E (Appendix E). The bandgap (Eg) was calcu-

lated following: Eg= ELUMO-EHOMO, see Appendix E Figure E.3. The energy level for the 

frontier molecular orbitals for LUMO and HOMO are shown in the schematics Figure 

E.4 (Appendix E). The trend of the calculated HOMO values follows the energy levels 

obtained from cyclic voltammetry. EHOMO, DFT for Zn-BL54= -4.52, Cu-BL57= -4.55, Zn-

BL58=-4.53, Cu-BL61= -4.54 eV.  

The photogenerated hole extraction efficiency of the new HTMs was evaluated 

by performing steady-state PL measurements. Therefore, triple cation perovskite films 

were deposited on glass, and the PL spectra were recorded under wavelength excitation 

at 475 nm. The new HTMs were then deposited in the same ways as during the device 

fabrication, and the PL emission spectra were again recorded. Interestingly, a stronger 

quenching effect can be observed compared to the spiro-OMeTAD spectra (Figure 

8.3a). The most substantial quenching effect can be observed for Zn-BL54 and Cu-BL57 

HTMs (98, 99 quenching %, respectively, see Table E3, Appendix E), with the n-butoxy 

side chain in their structure. Less quenching can be observed for Zn-BL58 and Cu-BL61 

(83 and 89 % quenching, respectively (Table E3, Appendix E), which bear 2-
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ethylhexyloxy chains. This indicates that the n-butoxy-substituted MPcs have an en-

hanced hole extraction as observed in the zoom-in Figure 8.3a compared to their 2-

ethylhexyloxy-based Pcs counterparts. The PL quenching trend Cu-BL57>Zn-BL54>Cu-

BL61>Zn-BL58>spiro-OMeTAD indicates the best hole-transfer between Cu-BL57 and 

the perovskite[374]  

 

Figure 0.3. a) Steady-state photoluminescence spectra (λexc=475nm), b) time-resolved PL decay 
(λexc=640nm, λem=760nm). GIWAXS pattern of the films coated on a silicon wafer: c) spiro-
OMeTAD and d) Zn-BL54. 

The observation follows the general trend where the bulkier alkoxy groups seem 

less optimal for the charge transfer. Interestingly, the decrease in PL intensity suggests 

a good hole-extraction between the VB of the perovskite and the HOMO of the HTMs, 

probably due to a good perovskite/HTM interface.[375] In addition to the quenching, we 
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also observed a red-shift in the PLmax for the HTMs Zn-BL54 (PLmax= 783nm) and Cu-

BL58 (PLmax= 776nm)  compared to the HTMs Zn-BL57 (PLmax= 764nm) and Cu-BL61 

(PLmax= 770nm). To evaluate further the HTMs, time-resolved photoluminescence 

(TrPL) measurements were performed (Figure 8.3b). Therefore, the samples were pre-

pared in the same manner as described for the steady-state PL measurements and meas-

ured with an excitation wavelength of 640 nm. The corresponding decays were fitted to 

a double exponential equation, where the fast component (τ1) is related to trap-assisted 

recombination at defect sites and the slow component (τ2) to radiative recombination 

inside the grains (see the fitted values in Table S4). As observed, the bare perovskite 

film exhibits τ1 and τ2 values of 139 ns and 336 ns, respectively. These values decrease 

significantly after depositing the HTM following the trend perovskite>Zn-BL58>Cu-

BL61>Zn-BL54>Cu-BL57>spiro-OMeTAD. This data indicates that all new HTMs ex-

hibit a slightly slower process than spiro-OMeTAD, indicating slower charge recombi-

nation processes for the new HTMs than the reference containing spiro-OMeTAD.[259] 

It also indicates that the HTMs employing the less bulky alkoxy chains (Zn-BL54 and 

Cu-BL57) extract the charges faster than those employing more bulky alkoxy chains 

(Zn-BL58 and Cu-BL61). 

2D grazing incidence wide-angle X-ray scattering (2D GIWAXS) was performed 

to investigate the crystallization and the π→π stacking of the reference HTM (spiro-

OMeTAD) and the novel HTMs with a different alkoxy group and central metal (Figure 

8.3c, d, and Appendix E Figure E.5).[374,376], The samples were prepared by spin-coating 

the corresponding HTM solutions on silicon wafers. No π–π stacking or lamella struc-

ture can be observed for the spiro-OMeTAD (Figure 8.3c). For the four new HTMs, two 

diffractions rings appeared corresponding to the π–π stacking structure (q ≈ 1.4 Å−1) and 

the lamellar structure (q ≈ 0.3 Å−1) (Figure 8.3d and Appendix E Figure E.5, E.6). The 

lamellar structure can be more dominantly observed on the samples Cu-BL57 and Cu-

BL61 than the samples with Zn(II) metal core (Appendix E Figure E5). The azimuthally 

integrated intensity profile was calculated from 2D GIWAXS spectra (Appendix E Figure 

E7). The d-spacings for the π–π stacking structure was 4.6 Å for all the HTMs, while the 



  

  Chapter 8 

147 

intercolumnar organization and distance were different for all HTMs: Zn-BL54=18.9 Å, 

Zn-BL58= 22.3 Å, Cu-BL57= 22.3 Å, and Cu-BL61= 24.1 Å. Interestingly, the lamellar 

distance increases by exchanging Zn(II) with Cu(II) and exchanging the n-butoxy with 

the 2-ethylhexyloxy side chain. The calculated angular dependence of the peak intensity 

at q = 1.4 Å−1 corresponds well to d-spacings of π–π stacking (4.6 Å) from the MM2 sim-

ulation (Appendix E Figure E.8). To investigate if there is a preferred crystal orientation, 

the set-up was the following: theta (θ) is the angle to the qz axis (out-of-plane), whereas 

θ = 90° is qxy axis (in-plane).  Regarding the 2D GIWAXS patterns, all four HTMs show 

π–π stacking interaction and random orientation (Figure 8.3). Since the intensity of each 

HTM shows no change as a function θ, all HTMs are isotropic (Figure 8.3d inset and 

Appendix E E9). The π–π stacking peak at 1.6 Å−1 shows isotropic orientation, and its 

stacking phase is randomly arranged according to the broad peak at 0.3 Å−1. Notably, the 

simulated molecular size of HTMs is consistent with the GIWAXS data (Appendix E E10) 

and confirms the trend of the lamellar size structure. At equal side chains, the HTMs 

incorporating Cu(II) are more significant than those incorporating Zn(II). 

Photovoltaic performance of solution-processed PSCs 

The new octasubstituted MPcs were evaluated as doped-HTMs in n-i-p PSCs. So-

lar cell devices were fabricated with the following device layout: FTO/c-TiO2/m-

TiO2/SnO2/perovskite/HTM/Au. All layers were deposited by solution process except 

for the thermally-evaporated gold electrode. The “so-called” triple cation perovskite 

[(FAPbI3)0.87 (MAPbBr3)0.13]0.92(CsPbI3)0.08 was used for initial screening as a light ab-

sorber. Spiro-OMeTAD and octasubstituted MPcs HTM layers were doped with cobalt 

(III)- tris(bis-(trifluoromethylsulfonyl)imide) (CoTFSI) and (trifluoromethylsulfonyl) 

imide lithium salt (LiTFSI). To increase the LiTFSI solubility and the HTM thin film 

morphology, tert-butylpyridine (TBP) was added to the HTM solution.[319] Top-view and 

cross-section scanning electron microscopy (SEM) were performed to determine the 

morphology and thickness of the HTMs (Appendix E Figure E.11). The cross-section im-

ages show a compact and uniform layer with a thickness of ~247 nm for spiro-
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OMeTAD-based devices and a thickness of ~170 nm for devices containing Zn-BL54, 

Cu-BL57, and Zn-BL58 and Cu-BL61, respectively. The top-view images show complete 

and homogeneous coverage of the perovskite by the HTM without aggregating the ma-

terial and/or pinholes (Appendix E Figure E.11).  

Figure 8.4a displays a schematic of the energy level diagram of the fabricated 

devices. The solid-state ionization potential of the doped HTMs was extracted from ul-

traviolet photoelectron spectroscopy (UPS) measurements (Appendix E Figure E.12), 

and the energy cut-off, work function (WF), and ionization potential (IP) values are 

presented in Table E.1. The ionization potential values of the doped HTMs layers are -

5.29 eV for spiro-OMeTAD and -5.51, -5.61, -5.44 and -5.57 eV for Zn-BL54, Cu-BL57, 

Zn-BL58 and Cu-BL61, respectively. The trend observed in the UPS measurement 

agrees with the one observed by CV. The HOMO levels align well with the valence band 

energy level of the typical lead iodide-based perovskites (-5.70 eV) (Appendix E E13, Ta-

ble E5).  

The best-performing devices fabricated with the triple cation perovskite and the 

BL-series HTMs and spiro-OMeTAD are compared in Figure 8.4b, and the correspond-

ing photovoltaic parameters are extracted and displayed in Table 8.1. The reference de-

vice employed spiro-OMeTAD as HTM showed the highest efficiency with a PCE of 

17.72%. Zn-BL54 provided the best results in the BL-series with a PCE of 13.85%, fol-

lowed by Cu-BL57 (11.36%), featuring n-butoxy chains. The two HTMs characterized by 

the presence of bulkier 2-ethylhexyloxy chains, Cu-BL61 (10.15%) and Zn-BL58 (9.92%), 

provided lower PCE values than Zn-BL54 and Cu-BL57. This finding indicates that the 

alkoxy side chains are more relevant than the coordinated metal species in determining 

the photovoltaic performance of these octasubstituted MPcs. The PCE trend can be re-

lated to the conductivity values obtained for the HTMs (Appendix E Figure E.14, Table 

E6). Indeed, the HTMs with the branched, sterically hindering 2-ethylhexyloxy chain 

(Zn-BL58 = 3.22×10-6 cm2/Vs and Cu-BL61=7.3×10-6 cm2/Vs) show lower conductivity 

compared to the HTMs with linear and shorter n-butoxy chain (Zn-BL54 =1.96×10-5 

cm2/Vs and Cu-BL57=7.97×10-5 cm2/Vs). It must be noted that even though Cu-BL57 
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has the highest conductivity of the BL-series, the efficiency is only the second-best, 

which indicates that also the coordination metal is playing a role. The reference HTM 

spiro-OMeTAD shows the highest conductivity with 3.4×10-4 cm2/Vs, which can be re-

lated to the highest efficiency.  

A deeper analysis of the photovoltaic characteristics for the triple cation perov-

skite devices can be found in Table 1. Zn-BL54 and Cu-BL57 have different short-circuit 

current densities (Jsc) values, ranging from -21.72 mA cm-2 for Zn-BL54 to -20.69 mA cm-

2 for Cu-BL57. Substitution of the n-butoxy chains present in these two MPcs with 2-

ethylhexyloxy chains leads to lower Jsc values for Zn-BL68 (Jsc = -20.01 mA cm-2) and Cu-

BL61 (Jsc = -20.13 mA cm-2). Both factors, the kind of alkoxy chain and coordinated metal, 

seem to play a role here. The influence of the MPcs at the rear part of the device is 

observed in the corresponding external quantum efficiency (EQE) spectra (Appendix E 

Figure E.15). The integrated current densities values are in good agreement (5% devia-

tion) with the measured values from J-V characteristics. 
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Figure 0.4. a) Energy level diagram of the device containing doped HTMs (HOMO values for 
the HTMs, double and triple cation perovskite from their corresponding UPS measurements), 
b) J-V curves of the most efficient devices based on triple cation perovskite, c) long-term stabil-
ity of unencapsulated triple cation-based devices measured under continuous light illumination 
at 25°C in a nitrogen atmosphere and with inset water contact angle of spiro-OMeTAD and Zn-
BL54 deposited on top of the perovskite layer and  d) J-V curves of the most efficient solar cells 
containing double cation-based perovskite. 

At high energy wavelengths, the EQE observed is very similar for all HTMs, stay-

ing close to 90%. Nevertheless, above 600nm, a substantial decrease in the EQE can be 

observed for all HTMs of the BL-series, in agreement with the strong absorption band 

of the octasubstituted MPcs from 450nm to 790nm, which can be appreciated in the 

absorbance spectra of doped BL-HTM thin films from 400nm to 800nm (Appendix E 

Figure E.16). This absorption can considerably reduce the fraction of current generated 

by the second pass of reflected light from the gold electrode. As the perovskite film 

exhibits a higher absorption coefficient at a shorter wavelength, this effect can only be 

observed for low-energy photons. Compared to the reference cell with spiro-OMeTAD, 
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which is transparent in the visible range, octasubstituted  MPcs absorb part of this light, 

causing a decrease in the incident photon-to-current conversion efficiency above 

590nm.[377]  

The behavior of the devices under forward and reverse bias at AM 1.5 illumination 

in the ambient atmosphere was tested. The calculated hysteresis index,[98] is similar for 

spiro-OMeTAD 0.05 and Zn-BL54 0.05 but slightly higher for the rest of the HTMs, 

Cu-BL57 0.07, Zn-BL58 0.14, and Cu-BL61 0.16, following the trend of device efficien-

cies. The lower the efficiency, the higher the hysteresis index (see Appendix E Figure 

E.17 and Table E.7). This behavior can most likely be linked to the not well-aligned en-

ergy levels, which results in an unbalanced separation and extraction of the electrons 

and holes.[378] 

The fill factor (FF) values for Zn-BL58 and Cu-BL61, the HTMs with 2-ethylhex-

yloxy side chains, are lower than those measured for Zn-BL54 and Cu-BL57. This trend 

in FF can be related to the enhanced conductivity of MPcs with n-butoxy chains (Zn-

BL54 and Cu-BL57) discussed before. When comparing further the parameters of device 

performance of the BL series to spiro-OMeTAD, then another main parameter leading 

to lower performance is the open-circuit voltage (Voc). The best performing cell with 

spiro-OMeTAD has a Voc value of 1.07 V, while the cells containing the BL HTM series 

Zn-BL54, Cu-BL57, Zn-BL58, and Cu-BL61 exhibit lower Voc values (1.01, 0.93, 0.93, 0.92 

V, respectively). Changes in Voc can be attributed to differences in the energy alignment 

between the perovskite conduction band and the octasubstituted MPcs. 

Table 0.1. Photovoltaic parameters extracted from the corresponding J-V curves for triple cation 
and double cation-based most efficient devices 

 Perovkskite HTM Jsc (mA/cm2) Voc (V) FF PCE (%) 

 
triple 

cation 

spiro-

OMeTAD 

-22.99 1.07 0.72 17.72 

 Zn-BL54 -21.72 1.01 0.63 13.85 
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 Cu-BL57 -20.69 0.93 0.59 11.36 

 Zn-BL58 -20.01 0.93 0.53 9.92 

 Cu-BL61 -20.13 0.92 0.55 10.15 

 

double cat-

ion 

spiro-

OMeTAD 

-24.86 1.09 0.79 21.30 

 Zn-BL54 -23.87 1.07 0.79 20.18 

 Cu-BL57 -23.00 0.94 0.74 16.00 

 Zn-BL58 -22.12 0.95 0.73 15.34 

 Cu-BL61 -22.57 0.94 0.75 15.91 

 

LUMO levels inducing recombination at the interface. The ionization potential 

values for the thin films of the new HTMs (-5.51, -5.61, -5.44, and -5.57 eV for Zn-BL54, 

Cu-BL57, Zn-BL58, and Cu-BL61, respectively) are suitable for perovskite energy 

matching, but to a lower degree in comparison to spiro-OMeTAD (-5.29 eV. See Sup-

porting Information Table S1). Higher energy levels of the HTMs could prevent Voc 

losses would be preferable for a better charge extraction.[379]  

Finally, the long-term stability of the non-encapsulated devices with triple cation 

perovskite was measured under 1 sun illumination and in an N2 atmosphere. The device 

lifetime was evaluated based on the 80% retention of its initial photovoltaic perfor-

mance (Figure 8.4c and Appendix E Figure E.18). Interestingly, the nature of the alkoxy 

chains affects the device performance and displays a strong influence on long-term de-

vice stability. In the BL-series, the presence of 2-ethylhexyloxy chains (Zn-BL58 and Cu-

BL61) deteriorated the long-term stability, while the device based on Zn-BL54 presents 

the highest long-term stability under light illumination; such behavior suggests that the 

degradation of the layer is enhanced with bulkier insulating chains. On the other hand, 

the device based on Cu-BL57, the Cu(II) analogue of Zn-BL54, displayed much lower 
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stability, thus pointing out a negative effect of Cu(II) coordination. Additionally, for the 

first 700h, Zn-BL54 showed outstanding good light stability compared with the most 

widely used HTM in PSC, spiro-OMeTAD, whose efficiency is reduced to 45% from its 

initial performance after 1000 h under constant light illumination. Zn-BL54 is more sta-

ble until it reached 80% of its initial efficiency after 20h, which from that point slowly 

decreased until 45% of its efficiency at 1000h. 

Water contact angle measurements were performed on top of glass/perov-

skite/doped HTMs to investigate the hydrophobicity of the HTMs (Figure 8.4c, Appen-

dix E Figure E.19). The following trend could be observed: Zn-BL54<Cu-BL57<spiro-

OMeTAD<Zn-BL58<Cu-BL61, with contact angles of 63°, 69°, 71°, 72°, and 81° respec-

tively. Cu-BL61 showed a significantly higher hydrophobicity than all the other HTMs, 

agreeing with the presence of coordinated Cu (II) and lipophilic 2-ethylhexyloxy chains 

in its structure. MPcs with branched, bulkier alkoxy chains displayed a higher hydro-

phobic nature concerning those bearing n-butoxy chains, but this did not translate in 

improved device stability, as expected based on increased repelling moisture during the 

operation. [380] Quite surprisingly, despite its pretty average hydrophobicity, Zn-BL54 

ensured superior device stability among the HTMs examined, resulting from a combi-

nation of factors besides water repellency. The results so far show that the combination 

of Zn(II) with a shorter alkoxy chain is more beneficial when considering the device’s 

performance.  

To improve the efficiency further, we have evaluated the doped octasubstituted 

MPcs HTMs in perovskite solar cells containing a different perovskite composition. The 

double cation perovskite (FAMAPb(IBr)) was integrated into the following device struc-

ture: FTO/c-TiO2/ SnO2/PCBM/perovskite/HTM/Au. The solid-state ionization poten-

tial of the double cation perovskite layer was extracted from UPS measurements. The 

work function, the energy-cut off, and the ionization potential are presented in Appen-

dix E Figure E.20 and Table E.8. It can be observed that the energy level of the double 

cation perovskite is -5.75 eV, slightly deeper than the triple cation perovskite. The J-V 

curves for the best performing device with double cation perovskite are shown in Figure 
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8.4d. The corresponding device parameters necessary for a deeper analysis of the pho-

tovoltaic parameters are shown in Table 1. The same efficiency trend can be observed 

for double cation than for triple cation perovskite (see Figure 8.4d, Table 8.1). The ref-

erence device employed spiro-OMeTAD as HTM showed the highest efficiency with a 

PCE of 21.30%. Zn-BL54 provided the best results in the BL-series with a PCE of  20.18%, 

followed by Cu-BL57 (16.00%), both featuring n-butoxy chains. The two HTMs charac-

terized by the presence of bulkier 2-ethylhexyloxy chains, Cu-BL61 (15. 91%) and Zn-

BL58 (15.34%), provided lower PCE values than Zn-BL54 and Cu-BL57.  

 The Jsc value for the double cation devices is higher than triple cation devices. 

This might be due to the better crystallization of the perovskite, influenced positively 

by adding MACl into the solution.[381] Several reports stated before that the addition of 

MACl into the perovskite solution leads to a better morphology and crystallinity, result-

ing in better photophysical properties leading to higher efficiency.[381–383]  

However, the same trend for the Jsc values is observed with the triple cation per-

ovskite devices. The exchange of the coordination metal Zn(II) to Cu(II) reduces the Jsc, 

and the addition of longer alkoxy chains reduces the Jsc even further. The Jsc is the high-

est for Zn-BL54 (-23.87 mA cm-2), followed by Cu-BL57 (-23.00 mA cm-2). The substitu-

tion of the n-butoxy with 2-ethylhexyloxy chains leads to lower Jsc values for Zn-BL68 

(Jsc =-22.12 mA cm-2) and Cu-BL61 (Jsc =-22.57 mA cm-2). The reference cell containing 

spiro-OMeTAD exhibits a Voc value of 1.09 V, the highest one, while the cells containing 

the BL HTM series Zn-BL54, Cu-BL57, Zn-BL58, and Cu-BL61 exhibit lower Voc values 

(1.07, 0.94, 0.95, and 0.94 V, respectively). The small changes observed in Voc values 

between the different HTMs can be attributed to differences in the energy alignment 

between perovskite and the HTM.  

The influence of the MPcs at the rear part of the device is again observed in the 

corresponding EQE spectra (Appendix E, Figure E.21). The EQE reveals the same trend 

and features described before for the triple cation. The EQE and the integrated Jsc values 

are slightly higher than the triple cation, resulting in the different perovskite 
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compositions. The maximum power point tracking (MPPT) for the 90s was preliminary 

data for their device stability. Despite the substantial increase in performance, we ob-

serve lower stability for the double cation devices compared to the triple cation ones 

(see the comparison in Appendix E, Figure E.22). This shows that there is a trade-off 

between high efficiency and long-stability, where the perovskite and HTM both play an 

important role. To further enhance the whole device performance in terms of efficiency 

and stability, special attention must be paid to both materials, perovskite composition, 

and MPcs HTM.  

1.21 Conclusion  

In summary, we have reported four new metal phthalocyanines, incorporating 

either Zn(II) or Cu(II) with n-butoxy or 2-ethylhexyloxy side chains used as HTMs in 

perovskite solar cells. We found that the coordinated transition metal cation is not only 

driving the differences in device performance. The steric hindrance of the alkoxy side 

chain is the factor that primarily determines the properties of the HTMs and the device 

performance. Our result demonstrates that the nature of the alkoxy side chains affects 

HTM properties. These influence charge carrier transport and recombination at the in-

terface. Two device architectures were tested, and their advantages and disadvantages 

were evaluated. A more stable device could be obtained using the triple cation perov-

skite, maintaining 80% of its original PCE until 20 h of illumination but reaching only 

13.85%. Changing the perovskite composition resulted in a PCE of 20.18% for the best 

performing HTM, Zn-BL54, while exhibiting lower device stability. 
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Conclusions and Outlook 
The main goal of my thesis was to work first on solving the main challenges of vac-

uum deposition for the fabrication of highly reproducible perovskite solar cells. As a 

relatively unexplored method in PSCs, extensive research could not be reported due to 

a small evaporation community.  

In my first work, I focused on understanding if the reproducibility of the evapora-

tion process itself could be optimized. Therefore, two different parameters were inves-

tigated: First, the evaporation speed by understanding how it influences the perovskite 

crystallization, and second, the influence of the underlayer on the perovskite composi-

tion and its electronic properties. My research could show that the evaporation speed 

substantially influences the perovskite crystallization and orientation. I could also high-

light that the composition and perovskite growth differ depending on the underlayer, 

which influences the optoelectronic properties of the perovskite layers.  

Vacuum deposition especially, when considering multi-source deposition, has the 

disadvantage that all precursor materials have to be individually calibrated, and several 

layer depositions with different perovskite ratios are needed before reaching a working 

perovskite layer. Another disadvantage is that slight changes in evaporation rate be-

tween the precursors lead to changes in the composition. I, therefore, chose a different 

approach in this project to simplify these challenges. Pre-synthesized perovskite mate-

rials (FAPbI3 and CsFAPbI3) were evaporated from a single source. In this work, I 

demonstrated the feasibility of the direct evaporation of  α-phase CsFAPbI3 without any 

addition of additives or post-annealing treatment. I could also demonstrate that α-

phase FAPbI3 was formed after a short annealing process. A Series of structural and op-

toelectronic investigations were carried out to optimize the phase purity and storage 

stability of the thin films. Furthermore, we probed the perovskite layer compatibility 

with various underlayers, and we noted the organic underlayer displayed superiority 

over the metal oxide layer, suggesting its suitability of p-i-n devices over the n-i-p  



   

 Chapter 9 

158 

Next, I moved in my thesis more towards understanding more profound interface 

engineering of vacuum-deposited perovskite solar cells. I choose to work with com-

monly integrated state-of-the-art charge transport layers and to investigate the charge 

transport processes at the interface. 

In my first work on understanding the influence of interfaces, I focused on the com-

monly integrated electron-transporting materials C60 and cTiO2. The goal of this study 

was to understand on a deeper level the charge transport processes when these two 

layers are employed in the solar cell. Impedance Spectroscopy was performed to help 

get more profound insight. A synergetic effect between cTiO2 and C60 when extracting 

the charges was found. Additionally, an optimal thickness of C60 was proven to be es-

sential for enhancing the device's performance. 

In my next work, I investigated the influence of the dopants Li-TFSI and Co-TFSI, 

typically employed in the spin-coated spiro-OMeTAD HTM layer. Interestingly, I found 

that the TFSI anion is migrating through the grain boundaries to the surface of the per-

ovskite layers when employed in a p-i-n configuration. A passivation effect could be at-

tributed to the TFSI anion on the surface of the perovskite layer, leading to better device 

performance and improved stability.  

After focusing on the interface engineering of the state-of-the-art hole and elec-

tron-transporting materials, I moved my research towards exploring a new HTM mate-

rial family, which could be explored further to improve the long-term stability of spin-

coated perovskite devices. Spiro-OMeTAD is commonly used as the state-of-the-art 

hole-transporting material, even though it is widely known to be expensive due to its 

low synthesis yields and poor stability in long-term stability experiments. Finding a 

comparable performing different class of HTMs is attractive, mainly when they can be 

produced at low cost and show good stability.  

I consequently expanded my work towards Zn (II) and Cu (II) complexes of 

phthalocyanines functionalized with butyl or 2-ethylhexyl side chains. The four differ-

ent HMTs were compared by metalcore and by their functionalization. Surprisingly, we 
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found that the coordinated transition metal cation is not only driving the differences in 

device performance. Still, the steric hindrance of the alkoxy side chain is the factor that 

primarily determines the properties of the HTMs and the device performance. Our re-

sult demonstrates that the nature of the alkoxy side chains influences the molecular 

packing of the HTMs, which results in direct consequences in the charge carrier 

transport and charge recombination at the interface. It could be found that the best 

performing HTM was BL 54, which incorporated the Zn (II) as coordination metal and 

butyl functionalization. Two device architectures were tested, and their advantages and 

disadvantages were evaluated. A more stable device could be obtained using the triple 

cation perovskite, maintaining 80% of its original PCE until 20 h of illumination but 

reaching only 13.85%. Changing the perovskite composition could achieve a much 

higher PCE of 20.18% for the best performing HTM Zn-BL54, exhibiting much lower 

device stability.  

To summarize, I have extensively investigated first the thermal-evaporation pro-

cess and second the reasons behind the improvement of photovoltaic performance and 

stability of PSCs by interface engineering.  

Nevertheless, when considering the vacuum-deposition method as the primary 

method for commercialization, different challenges need to be solved. At the moment, 

the community does not know the exact composition of the evaporated perovskite films, 

as one of the components is organic in nature which is unstable under certain measuring 

conditions, making it difficult to be quantified. Hence, other optical and crystallo-

graphic techniques are used for its characterization and compositional identification. 

However, an analytical method where the composition could be easily and precisely 

analyzed would make a difference in the community. When considering interface engi-

neering and charge-transport layers for fully evaporated perovskite solar cells, the topic 

of additives should be explored further. Additives highly improve solution-processed 

films and could therefore also improve the vacuum-deposited perovskite layers. There-

fore, understanding which small organic molecules could be co-evaporated during the 
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perovskite deposition for passivation of defects would be great in moving one step close 

towards commercialization. 

Additionally, more research efforts should be conducted in the field of charge-

transport layers. So, far only very few well-working combinations of sublimable/evapo-

rated/vacuum-deposited charge transport layers are known. Exploring other options 

that might have already found application in the field evaporated organic devices such 

as OLEDs could be interesting. Despite the challenges that still need to be solved on 

commercializing perovskite solar cells, I believe that the work carried out in this thesis 

gives a fundamental understanding of the intelligent fabrication methods necessary to 

design high performance, stable performance, and low costs PSCs.   
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Appendix A: Supplementary Information to 
Chapter 4 
Materials and Methods 

Thin-film and device fabrication  

Thin films were fabricated on fluorine-doped tin oxide (FTO)-coated glass sub-

strates (TEC-15AX, NSG group) previously cleaned by a sequential sonication 

treatment in a 2% Hellmanex solution, acetone, and isopropanol, followed by ul-

traviolet–ozone treatment for 15 min. A compact blocking layer of TiO2 (planar-

TiO2, 30 nm thick film) was then deposited onto the FTO-coated glass substrate 

by spray pyrolysis, using a titanium diisopropoxide bis(acetylacetonate) (TAA) 

solution (Sigma-Aldrich) in ethanol (1ml of TAA in 15ml ethanol), and then sin-

tered at 450 °C for 30 min. A 200 nm-thick layer of mesoporous-TiO2 (meso-TiO2, 

30 NR-D Titania paste, Dyesol) was prepared from an ethanol dispersion (1g tita-

nium oxide nanoparticle paste in 9ml ethanol) and spin-coated at 2000 rpm, for 

15s (acc. 1000 r.p.m./s). Afterward, the samples were sintered at 500ºC for 30 min 

in air. The NiOx layers were prepared by spray pyrolysis deposition method using 

a nickel acetate acetylacetonate (Sigma-Aldrich) solution in acetonitrile (0.04 M). 

The deposition temperature was 500 °C and kept by 20 min. The spiro-OMeTAD 

(Merck) underlayers were spin-coated at 4000 r.p.m. for 30 s (acc. 1000 r.p.m./s) 

from a chlorobenzene solution (80 mg in 1023 μl, 60 mM). The solution contained 

the dopants: bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) (19μl from a 

517 mg·ml-1 stock solution in acetonitrile), tert-butylpyridine (TBP) (32 μl) and 

tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(II) di[bis(trifluoro-

methane)sulfonimide] (FK209 Co(II)TFSI salt) (14 μl from a 517 mg·ml-1 stock so-

lution in acetonitrile). PEDOT: PSS (CLEVIOS™ P VP AI 4083, Heraeus) under-

layers were prepared via spin-coating. The solution was placed in an ultrasonic 

bath for 15min to reduce possible agglomeration of the material. Prior to the dep-

osition, the cleaned FTO substrates were treated with UV/O3 for 30 min to im-

prove the wetting of the solution on the substrate. The PEDOT: PSS dispersion 
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was filtered with a PTFE 0.22 μm pore size filter and spin-coated at 1000 r.p.m. 

for 50 s (acc.500 r.p.m./s). The layers were annealed at 150 ºC for 15 min in air.  

The prepared layers were transferred to the PRO Line PVD 75 vacuum chamber 

from Kurt J. Lesker Company, equipped with four thermally controlled sources. 

The crucibles were filled with the perovskite precursors, PbI2 and MAI, and 

heated up until the sublimation temperatures of 277 °C and 136 °C for C,297 °C 

and139 °C for C2, 298 °C and 131°C for C3 and 319 °C and 165 °C for C4 at a vacuum 

pressure of ~1·10-6 mbar. During perovskite deposition, the deposition rate of each 

precursor was kept constant and monitored by independent quartz microbalance 

crystal sensors (QCMs). The substrates were kept at room temperature and under 

rotation of 5 r.p.m. 

For device fabrication, the FTO-coated substrates were chemically etched with 

Zn powder and HCl solution. Once the perovskite layer was deposited, 20 nm of 

C60 (Sigma-Aldrich, 99.9%) was thermally evaporated, followed by 3 nm of bath-

ocuproine (BCP, Sigma-Aldrich, 99.9%). Finally, 1 nm Cr and 70 nm Au were de-

posited by thermal evaporation as the top electrode.  

Thin-film characterization  

The XRD patterns of the prepared films were measured using a D8 Advance dif-

fractometer from Bruker (Bragg-Brentano geometry, with an X-ray tube Cu Kα, λ 

= 1.5406 Å). The absorption spectra were registered with a Lambda 950S spectro-

photometer (PerkinElmer, Inc.). Steady-state photoluminescence (PL) measure-

ments were recorded with an LS-55 fluorescence spectrometer (PerkinElmer, 

Inc.) at an excitation wavelength λ = 450 nm. 2D-detector images were measured 

on a Bruker D8 Venture equipped with a Photon 100 detector using a micro-fo-

cused Molybdenum Imus 2.0 source. Images were exposed at 120 seconds. The 

films were mounted on a standard Huber goniometer head by means of a custom-

made magnetic adapter pin. Films were positioned vertically during measure-

ment in order to choose the incidence angle, which was between 2θ =10° and Ω 

= 3°. 2D images were visualized and processed using Apex3 and EVA. Wide-angle 
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X-ray diffraction (WAXS) patterns represented in reciprocal lattice space were 

measured at the SPring-8 on beamline BL19B2. The sample was irradiated with 

an X-ray energy of 12.39 keV (λ = 1 Å) with a fixed incident angle on the order of 

6.0° through a Huber diffractometer. The WAXS patterns were recorded with a 

two-dimensional image detector (Pilatus 300 K).  

To evaluate the crystal orientation, we calculated the diffraction intensities along 

χ-arc I (χ) according to the following equation,  

I (χ) = I(q, χ) dq 

where q is the magnitude of the scattering vector and χ is the azimuthal angle. 

To analyze each diffraction peak, the integration interval from q  to q  was set 

appropriately. 

An ultraviolet photoelectron spectrometer (UPS) equipped with a He-I source (hν 

= 21.22 eV) (AXIS Nova, Kratos Analytical Ltd, UK) was used for measuring the 

valence band energy, Fermi level, and the work function. The Fermi level of the 

samples was referenced to that of Au, which was in electrical contact with a sam-

ple in UPS measurements. The X-ray photoelectron spectroscopy (XPS) measure-

ments were carried out on a VersaProbe II (Physical Electronics, Inc.) with a mon-

ochromatic Al Kα X-ray source operating at 1486.6 eV. The spectra were refer-

enced using the Pb 4f signal. Data was processed using CasaXPS. 

Device characterization  

J – V curves were measured by using a 2400 Keithley system with a Xe–lamp Oriel 

sol3A sun simulator (Newport Corporation), which was calibrated to AM1.5G 

standard conditions by using an Oriel 91150 V reference cell (J-V curves scan rate 

of 50 mV s–1 and 10 mV voltage step). The light intensity was calibrated with an 

NREL-certified KG5-filtered Si-reference diode. Shadow masks with a metal ap-

erture of 0.16 cm2 were used to define the active area of the solar. The cells were 

measured in air, at room temperature, and without encapsulation, at a constant 

rate 10 mV·s-1 for reversed bias after 5s under light soaking. No anti-reflective 
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coating was used during the measurement. The stability test was performed as max-

imum power tracking under 100 mW cm−2 illumination with a LED power source. The 

samples were encapsulated in a measurement box which was purged with argon gas at 

0% humidity and constantly kept at 25 °C by a cooling system. EQE was measured 

with the IQE200B (Oriel) without bias light. 
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Supporting Figures 

 

Figure A. 1. (a) XRD pattern, (b) photoluminescence (PL) spectrum excitation wavelength � = 
450nm, and (c) absorption spectrum of vacuum co-evaporated MAPbI3. 

 

 

Figure A. 2. Evolution over time for PbI2 rate, MAI rate, and chamber pressure for MAPbI3 ther-
mally evaporated performed at C- 4C conditions (indicated in each panel). 
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Figure A. 3. (a) Top view and (b) cross-sectional SEM images of the perovskite material formed 
on NiOx substrates under different evaporation rates (C to 4C).  
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Figure A. 4. Estimated grain size distribution of MAPbI3 films deposited on NiOx substrates 
under different evaporation rates (C to 4C). The orange region highlights the formation of large 
crystals over 600 nm. 
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Figure A. 5. Atomic force microscopy images (AFM) of MAPbI3 films deposited on NiOx sub-
strates under different evaporation rates (C to 4C). The numbers below each picture indicate 
the root-mean-square (RMS) values. NiOx surface is also included as reference.  

 

  

Figure A. 6. Secondary-electron cut-offs for work function determination (left) and wide (cen-
ter) and narrow (right) binding energy range valence spectra of the MAPbI3 samples prepared 
on NiOx at different evaporation rates (C to 4C). 
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Figure A. 7. UV-visible absorption spectra of MAPbI3 films on NiOx. 

 

Figure A. 8. XRD spectra of MAPbI3 films grown on NiOx at four different evaporation rates, 
from C to 4C. The star represents diffractions originating from the FTO/NiOx substrate.  
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Figure A. 9. (a) Energy levels extracted from UPS measurements of films grown c-TiO2 at several 
deposition rates (C to 4C). (b) WAXS images of films shown in a. (c) Integration of the azimuthal 
intensity along the 220 reflex in WAXS (at 2.0 Å-1). Inset: schematic of 220 lattice plane orienta-
tion showing out-of-plane alignment relative to the substrate plane (cubes with green shading: 
220 lattice plane 80° (C), 75° (2C), and 77° (4C) from the substrate). Note the apparent trend in 
3C, but with no clearly defined peak intensity (angle). Fewer white cubes indicate a more pre-
ferred orientation. (d) UV-visible absorption spectra and (e) PL spectra of films shown in a.  

 

 

Figure A. 10. Secondary-electron cut-offs for work function determination (left) and wide (cen-
ter) and narrow (right) binding energy range valence spectra of the MAPbI3 samples deposited 
on c-TiO2 at different evaporation rates (1C to 4C). 
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Figure A. 11. WAXS images of the MAPbI3 on underlayer spiro-OMeTAD evaporated under per-
ovskite growth rate (C-4C).  

 

Figure A. 12. Atomic force microscopy images (AFM) of MAPbI3 films deposited on spiro-
OMeTAD substrates under different evaporation rates (C to 4C). The numbers below each pic-
ture indicate the root-mean-square (RMS) values. Spiro-OMeTAD surface is also included as a 
reference. 
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Figure A. 13. (a) Secondary-electron cut-off for work function determination of charge transport 
layers, CTL used in this study. (b) secondary-electron cut-offs for work function determination 
(left), and wide (center) and narrow (right) binding energy range valence spectra of the MAPbI3 
prepared on CTLs. 

 

 

Figure A. 14. (a) Absorption spectra and (b) PL spectra of MAPbI3 grown on n- and p-type sem-
iconductor underlayers at the same evaporation condition (3C). 
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Figure A. 15. XPS spectra from MAPbI3 formed on the different n- and p-type semiconductors.  
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Figure A. 16. Azimuth integrated WAXS data for 2.0 Å-1 for MAPbI3 deposited on PEDOT: PSS 
grown under several evaporation rates (from C to C4). Inset: schematic of grains with 220 lattice 
plane showing out-of-plane alignment relative to the substrate (cubes with blue shading always 
perpendicular to the substrate). Fewer white cubes indicate a more defined preferred orienta-
tion.  
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Figure A. 17. (a) WAXS images of the seeding layer MAPbI3 (35 nm thickness). (b) Integrated q-
data of the WAXS images for the four different thicknesses on meso-TiO2 and planar-TiO2 un-
derlayers. 
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Figure A. 18. Statistics of PSCs performance (PCE, Voc, Jsc, and FF) of films deposited on spiro-
OMeTAD under different crystallization speeds (PCE, Voc, Jsc, and FF) for a device with HTM 
spiro-OMeTAD. 

 

 

 

Figure A. 19. Stability test performed at maximum power point tracking (MPPT) under contin-
uous illumination of MAPbI3 cells prepared via thermal evaporation at different deposition rates 
(from C to 4C). 
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Table A. 1. Photovoltaic parameters of J-V curves shown in Figure 6.  

Perovskite 

Growth Rate 
Voc (V) Jsc (mA·cm

-2
) FF PCE (%) 

C (0.18 Å·s-1) 0.89 18.45 0.574 9.46 

2C (0.36 Å·s-1) 0.93 18.90 0.629 11.12 

3C (0.54 Å·s-1) 0.98 19.94 0.774 15.19 

4C (0.72 Å·s-1) 0.94 17.66 0.539 8.95 

 

Supporting Notes 

Due to the instrument configuration, the substrate’s shadow provides zero intensity in 

the χ < 20 region, and it is therefore neglected for the data analysis (see schematic be-

low). All data include the background signal as it did not alter the signal interpretation. 

For reference, here below are represented two plots with (right) and without (left) back-

ground subtraction. The plots correspond to the Integration of the azimuthal intensity 

along with the 220 reflexes in the WAXS pattern of the film grown at C deposition rate 

(peak data in black, background in red). 

 

For peak analysis, we selected the qz ~ 2.0 Å-1 region, which contains two diffraction 

lines at 1.99 Å-1 or 2.01 Å-1 for (220) and (004) planes, respectively, and are clearly resolv-

able by 2D-WAXs (see below). Given that the significance of the peak shift is determined 
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by the total resolution of the measurement system, including the intensity resolution, 

small peak shifts in crystal orientation can be easily discerned by the 2D-WAXs profile. 
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Appendix B: Supplementary Information to 
Chapter 5 
Materials and methods 

Materials. 

All chemicals were purchased from Sigma Aldrich and were used as received without 

any further purification unless and otherwise stated. 

Perovskite powder synthesis:  

The δ-FAPbI3 powder was synthesized through a previously reported room temperature 

precipitation method1 where 2.675 mmol FAI (synthesized from formamidine acetate1) 

was dissolved in 30 ml of acetonitrile (HPLC grade, Alfa Aeser) by stirring. 2.075 mmol 

of PbI2 (99%) was added to the stirring solution and continued the stirring for another 

24 hours. The yellow powders were filtered, and the residual PbI2 and FAI were removed 

by a five-time washing with acetonitrile solvent followed by a one-time wash with di-

ethyl ether. Roto-evaporator was used to remove the solvents, and vacuum dried pow-

der was used for further characterizations. 

The α-CsFAPbI3 powder was synthesized by annealing the previously reported δ-

CsFAPbI3 powder in a tube furnace at 150 °C for 1 hour under N2 atmosphere. Then ob-

tained α-CsFAPbI3 powder was transferred to a clean vial and kept in the glovebox until 

use. 

Underlayer preparation 

Thin films were fabricated on fluorine-doped tin oxide (FTO)-coated glass substrates 

(TEC-15AX, NSG group) previously cleaned by a sequential sonication treatment in a 2% 

Hellmanex solution, acetone, and isopropanol, followed by ultraviolet–ozone treatment 

for 15 min. A compact blocking layer of TiO2 (planar-TiO2, 30 nm thick film) was then 

deposited onto the FTO-coated glass substrate by spray pyrolysis, using a titanium 

diisopropoxide bis(acetylacetonate) (TAA) solution (Sigma-Aldrich) in ethanol (1ml of 

TAA in 15ml ethanol), and then sintered at 450 °C for 30 min. Then, a 20 nm SnO2 was 
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prepared by dissolving SnCl4 (Acros) in deionized water (12 µl in 988 µl water). This 

solution was spin-coated at 3000 rpm for 30 s (1000 rpm/s acceleration) on top of the 

meso TiO2. After annealing at 190°C for 1h a 20 nm thick layer was formed. The MeO-

2PACz solution was prepared, weighing 1.5g into ethanol. The solution was sonicated 

for 15min. Then the solution was ITO substrates, which were cleaned 10min additionally 

in the oxygen plasma before the solution was spin-coated in a nitrogen-filled glove-box. 

The solution was spin-coated at 4000 rpm for 35s and directly annealed for 10 min at 

100°C. MoO3, TaTm, spiro-OMeTAD, C60 BCP were evaporated in a PRO Line PVD 75 

vacuum chamber from Kurt J. Lesker Company equipped with four thermally controlled 

sources. 5nm MoO3 was evaporated at a rate of 0.1 Å/s at a 76 A, the 10nm spiro-

OMeTAD was prepared at a rate of 0.5 Å/s at ~290°C, 10nm TaTm was evaporated at a 

rate of 0.1 Å/s at ~295-300°C.  

The prepared layers were transferred to the PRO Line PVD 75 vacuum chamber from 

Kurt J. Lesker Company, equipped with four thermally controlled sources. The crucibles 

were filled with the perovskite precursors, and power was applied to sublime the perov-

skite powders. CsFAPbI3 perovskite powder was evaporated at 0.35Å/s (16.2% power), 

and FAPbI3 was evaporated at a rate of 1.0-1.5 Å/s (16.2%) during a vacuum pressure of 

~1·10-6 mbar. During perovskite deposition, the deposition rate of each precursor was 

kept constant and monitored by independent quartz microbalance crystal sensors 

(QCMs). The substrates were kept at room temperature and under rotation of 5 r.p.m. 

Materials Characterizations:  

The XRD patterns of the prepared films were measured using a D8 Advance diffractom-

eter from Bruker (Bragg-Brentano geometry, with an X-ray tube Cu Kα, λ = 1.5406 Å). 

Steady-state photoluminescence (PL) measurements were recorded with an LS-55 fluo-

rescence spectrometer (PerkinElmer, Inc.) at an excitation wavelength λ = 450 nm. TrPL 

was measured with a Fluorolog TCSPC (HORIBA, Ltd.) was used to measure time-re-

solved photoluminescence (TRPL) with 760nm as the detection wavelength. 
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X-ray scattering (2D-WAXS) patterns represented in reciprocal lattice space were per-

formed at SPring-8 on beamline BL19B2. The samples were irradiated with an X-ray en-

ergy of 12.39 keV (λ = 1 Å) at a fixed incident angle on the order of 0.12°through through 

a Huber diffractometer. The 2D-WAXS patterns were measured with a two-dimensional 

image detector (Pilatus 300K). The X-ray photoelectron spectroscopy (XPS) measure-

ments were carried out on a VersaProbe II (Physical Electronics, Inc.) with a monochro-

matic Al Ka X-ray source operating at 1486.6 eV. The spectra were referenced using the 

Pb 4f signal. Data were processed using CasaXPS. 

Supporting Figures 

 

 

Figure B. 1. Photographs of the pre-synthesized perovskite material used for the single-source 
evaporation a) δ-CsFAPbI3 and b) δ-FAPbI3 
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Figure B. 2. XPS spectra of pre-synthesized δ-CsFAPbI3 powder. a) Cs 3d; b) I 3d; c) Pb 4f; d) N 
1s. 
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Figure B. 3. XPS spectra of pre-synthesized δ−FAPbI3 powder. a) Cs 3d b) I 3d c) Pb 4f d) N 1s. 
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Figure B. 4. The phase purity of synthesized powders and their precursor materials a) α-
CsFAPbI3 powder and b) δ-FAPbI3 powder. 
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Table B. 1. Perovskite powder vacuum-deposition rate correlated to crystal phase with a pho-
tograph of the deposited film.  

perovskite 

powder 

deposition rate, 

Å/s 
phase photograph of the as-deposited layer 

CsFAPbI3 

0.25 δ 

 

0.35 α 

 

1.0-1.05 α/δ  

 

FAPbI3 

1.0-1.05 δ 

 

3.0-3.05 α/δ 
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Figure B. 5. a) XRD pattern of a thin film of material deposited at a rate of 1.0-1.05 A/s, 0.35 A/s, 
and 0.25A/s. Planes in black indicate α-CsFAPbI3, planes in brown indicate δ-CsFAPbI3. 
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Figure B. 6. XRD pattern of a thin film of material deposited at a rate of 1.0-1.05 Å/s 3.0-3.05 
Å/s.a) as-deposited b) after annealing. Planes in black indicate α-FAPbI3, planes in brown indi-
cate δ-FAPbI3. 
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Figure B. 7. UV/Vis of FAPbI3 sample deposited at a rate of 1.0-1.05 Å/s as-deposited and an-
nealed at 200°C, inset photograph of the film annealed at 200°C. 

 

Figure B. 8. a) UV/Vis of CsFAPbI3 as-deposited and annealed at 60°C of thin films deposited 
at a rate of 0.35 Å/s. Inset photograph of thin films.  
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Figure B. 9. a) FWHM values for as-deposited and annealed CsFAPbI3 films b) XRD pattern indi-
cating shift for annealed CsFAPbI3 film. 

 

 

Figure B. 10. Integration of the azimuthal intensity along 100 reflex (1.0A-1) of GIWAXS images 
a) of the as-deposited CsFAPbI3 film b) of the CsFAPbI3 film annealed at 60°C. 
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Figure B. 11. GIWAXS images taken at an angle of 0.12 of a) FAPbI3 film as deposited annealed 
at 200°C b) Integrated q-data of the GIWAXS images for FAPbI3 film after post-annealing at 
200°C c) Integration of the azimuthal intensity along 100 reflex (1.0 A-1) of GIWAXS images of 
annealed FAPbI3 film. 
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Figure B. 12. a) PL spectra of annealed glass/CsFAPbI3 and glass/FAPbI3 film b) TRPL decay 
(λexc=640nm) of the annealed glass/CsFAPbI3 film, c) TRPL decay (λexc=640nm) of the annealed 
glass/FAPbI3 film.  

Table B. 2. Fitted decay parameters extracted from time-resolved photoluminescence (TrPL) 
spectra.  

Name  τ1 (ns) τ2 (ns) 

CsFAPbI3 

As deposited 20.26±0.32 76.95±0.46 

Annealed 60°C 18.89±0.45 61.61±1.24 

FAPbI3 

As deposited 3.12±0.0.3 24.07±0.19 

Annealed 

200°C 

1.09±0.01 27.03±0.25 
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Figure B. 13. Top-view SEM images of annealed perovskite deposited on different underlayers 
a) α-CsFAPbI3 (0.35 Å/s) b) α-FAPbI3, (1.0-1.05 Å/s): (ev)=evaporated layer and (sp)=spin-coated 
layer deposited at 0.35Å/s. 
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Figure B. 14.Grain size distribution extracted from top-view SEM images for �-CsFAPbI3 on top 
of the different underlayers.  
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Figure B. 15. Grain size distribution extracted from top-view SEM images for α-FAPbI3 on top 
of the different underlayers. 
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Figure B. 16. Cross-section SEM images of annealed perovskite deposited on different under-
layers a) α−CsFAPbI3 (0.35 Å/s) b) α-FAPbI3, (1.0-1.05 Å/s): (ev)=evaporated layer and (sp)=spin-
coated layer deposited at 0.35Å/s. 
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Appendix C: Supplementary Information to 
Chapter 6 
Methods 

Perovskite thin-film and solar cell fabrication 

Thin films were fabricated on fluorine-doped tin oxide (FTO)-coated glass sub-

strates (TEC-15AX, NSG group) which were cleaned by a sequential sonication treat-

ment (10 min each) in a 2% Helmanex solution, water, deionized water, and isopropa-

nol. The cleaning of the FTO was then followed by ultraviolet–O3 treatment for 30 min. 

For the samples containing cTiO2, titanium diisopropoxide bis(acetylacetonate)(TAA) 

(Sigma Aldrich) in isopropanol solution (1:15 v/v) was deposited by spray pyrolysis, 

forming after annealing at 450°C for 30 min a 30nm thick compact TiO2 layer. The pre-

pared layers were then transferred to the PRO Line PVD 75 vacuum chamber from Kurt 

J. Lesker Company, equipped with four thermally-controlled sources. C60 was filled into 

a crucible and heated up until the sublimation temperature of ~450°C at a vacuum pres-

sure of ~1·10-6 mbar. The deposition rate was kept constant at 0.15 Å s-1 and was moni-

tored by an independent quartz microbalance crystal sensor (QCMs). The substrates 

were kept at a rotation of 5 r.p.m at room temperature during the perovskite deposition. 

The perovskite precursors, PbI2 (TCI) and methylammonium iodide (MAI) (Lumtec) 

were filled into the crucibles and heated up until the sublimation temperatures of 

~140°C for PbI2 and ~120°C for MAI at a vacuum pressure of ~1·10-6 mbar. The deposition 

rate of each precursor was kept constant at 3.6 and 0.6 Å s-1 and monitored by independ-

ent QCMs. The substrates were kept at a rotation of 5 r.p.m. at room temperature during 

the perovskite deposition. For the device fabrication, the FTO-coated substrates were 

laser etched. The spiro-OMeTAD (Merck) underlayers were deposited by spin-coating 

at 4000 r.p.m. for 30 s (acc. 1000 r.p.m. s-1) from a chlorobenzene solution (80 mg in 1023 

μl, 60 mM). The solution was doped with 19 μl from a 517 mg·ml-1 LiTFSI stock solution 

and 14 μl from a 376.4 mg·ml-1 CoTFSI stock solution, both in acetonitrile, then 32 μl of 

TBP was added to all the prepared spiro-OMeTAD solutions. 
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Thin-film characterization 

The XRD patterns of the as-prepared films were measured using a D8 Advance 

diffractometer from Bruker with an X-ray tube Cu Kα, λ = 1.5406 Å Bragg-Brentano ge-

ometry. The absorbance spectra were recorded with a Lambda 950S spectrophotometer 

(PerkinElmer, Inc.). Time-resolved photoluminescence (TRPL) and photoluminescence 

(PL) spectroscopy were performed by Fluorolog TCSPC (HORIBA, Ltd.) with a picosec-

ond laser with an excitation wavelength of 640 nm and 475 nm, respectively. The detec-

tion wavelength of Time-resolved photoluminescence was 760 nm. An ultraviolet pho-

toelectron spectrometer (UPS) equipped with a He-I source (hν = 21.22 eV) (AXIS Nova, 

Kratos Analytical Ltd, UK) was used to measure the valence band energy, Fermi level, 

and the work function. The Fermi level of the samples was referenced to that of Au, 

which was in electrical contact with a sample in UPS measurements. Scanning electron 

microscopy (SEM) images were recorded by an in-lens detector of FEI Teneo Schottky 

Field Emission SEM at a tension of 3 kV for top-view and cross-section analysis.  
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Device characterization 

J – V curves were measured using a 2400 Keithley system with a Xe–lamp Oriel 

sol3A sun simulator (Newport Corporation). The system was calibrated to AM1.5G 

standard conditions using an Oriel 91150 V reference cell (J – V curves scan rate of 50 

mV s–1 and 10 mV voltage step). An NREL-certified KG5-filtered Si-reference diode was 

used for light intensity calibration. The active area of the cell was defined through 

shadow masks with a metal aperture of 0.16 cm2. The cells were measured at room tem-

perature in air and without encapsulation. The JV measurements were done at a con-

stant rate of 10 mV s-1 and 10 mV voltage step for reversed bias after 5 s under light 

soaking. No anti-reflective coating was applied during the measurement.  

The impedance spectroscopy (IS) measurements were performed with a BioLogic SP-

200 potentiostat. A 20 mV AC perturbation was applied. The low-frequency and high-

frequencies limits were 0.1 Hz and 1 MHz, respectively. The analysis of all spectra was 

done using Zview software. 
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Supporting Figures 

 

Figure C. 1. Statistical data of PSCs containing co-evaporated MAPbI3 thin films depos-
ited on top of FTO/cTiO2/C60 with the C60 thicknesses being: 0nm, 5nm, 10nm, 15nn, 
20nm, and 30nm and FTO/C60 with the C60 thicknesses being: 5nm, 10nm, 15nm, and 
20nm, respectively. a) Open-circuit voltage, b) short-circuit current density, c) fill fac-
tor, and d) power conversion efficiency.  
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Table C. 1. Average values of the PV parameters are presented in the statistical data. 

 
C60 thick-

ness (nm) 

Jsc 

(mA/cm2) 

Voc 

(V) 
FF 

PCE 

(%) 

 

FTO/C60 

5 -17 ± 3 0.90 ± 0.12 0.53 ± 0.10 9 ± 4 

10 -19.4 ± 1.4 0.95 ± 0.03 
0.58 ± 

0.08 
10.6 ± 1.9 

15 -19 ± 2 0.99 ± 0.02 
0.67 ± 

0.06 
13 ± 3 

20 -18 ± 2 0.98 ± 0.03 
0.60 ± 

0.05 
10.8 ± 1.8 

 

FTO/cTiO2/C60 

5 -21.6 ± 0.2 0.97 ± 0.03 
0.70 ± 

0.07 
14.6 ± 1.3 

10 -21.3 ± 0.8 
0.989 ± 

0.007 
0.71± 0.05 14.9 ± 1.4 

15 -20.8 ± 0.6 
0.982 ± 

0.010 
0.71± 0.04 14.7 ± 1.1 

20 -19.9 ± 0.7 
1.009 ± 

0.016 

0.72 ± 

0.03 
14.6 ± 0.8 

 30 -12.0 ± 0.8 
0.942 ± 

0.018 
0.58 ± 0.12 6.6 ± 1.7 
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Figure C. 2. Absorbance spectra of the C60 layers deposited on glass. 

 

 

Figure C. 3. External quantum efficiency (EQE) and calculated short-circuit current den-
sity integrated from the corresponding EQE spectra for a) FTO/cTiO2/C60 and b) 
FTO/C60 with the C60 thickness being: 5nm, 10nm, 15nm, and 20nm, respectively. 
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Figure C. 4. UPS measurement of the perovskite layer deposited on top of 
FTO/cTiO2/C60 and different C60 thicknesses: a) cut-off region, b) and c) valence band 
region. The work function (WF) can be calculated as WF=hv-SECO, hv=21.22 eV being 
the energy of the incident photons from a He(I) UV source. 

 

 

Figure C. 5. UPS measurement of the perovskite layer deposited on top of FTO/C60 and 
different C60 thicknesses: a) cut-off region, b) and c) valence band region. The work 
function (WF) can be calculated as WF=hv-SECO, hv=21.22 eV being the energy of the 
incident photons from a He(I) UV source. 
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Table C. 2. Co-evaporated MAPbI3 deposited on top of FTO/cTiO2/C60 and FTO/C60, 
with different C60 thicknesses. Energy cut-off, work function, and valence band energy 
level extracted from the corresponding UPS spectra. 

 

 C60 thickness 
(nm) 

Energy cut-off 
(eV) 

WF 
(eV) 

Ionisation 
potential IP 

(eV) 

FTO/C
60

 

5 1.20 4.68 5.88 

10 1.20 4.66 5.86 

15 1.40 4.42 5.82 

20 1.40 4.67 6.07 

FTO/cTiO2/C
60

 

5 1.40 4.39 5.79 

10 1.40 4.32 5.72 

15 1.60 4.32 5.92 

20 1.60 4.35 5.95 
 

 

 

Figure C. 6. Energy level diagram for C60 layers on glass/FTO, displaying the valence 
band.  
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Figure C. 7. J-V curve measured in the dark and presented in log scale for co-evaporated 
MAPbI3 thin films deposited on top of a) FTO/cTiO2/C60 and b) FTO/C60. (C60 = 5nm, 
10nm, 15nm, 20nm). 

 

 

Figure C.8. a) Ideality factor for samples on FTO/cTiO2/C60/MAPbI3/spiro-
OMeTAD/Au, C60 different thicknesses, b) Ideality factor for devices with architecture 
FTO/C60/MAPbI3/spiro-OMeTAD/Au, C60 different thicknesses. 
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Figure C. 9. a, b) Steady-state PL spectra (λexc=475 nm) and c) time-resolved PL decay 
(λexc = 655 nm) of glass/C60/MAPbI3 with increasing C60 thickness. 
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Table C. 3. Fitted decay parameters derived from the time-resolved photoluminescence 
(TrPL) spectra. 

 
C60 thickness 

(nm) 

Ƭ1 (ns) Ƭ2 (ns) 

C60/MAPbI3 0 27.8 92.2 

5 2.5 74.3 

10 1.5 54.9 

15 1.7 36.3 

20 0.9 55.1 

30 1.2 49.8 

cTiO2/C60/MAPbI3 0 23.3 81.7 

5 13.8 94.5 

10 8.9 58.0 

15 1.3 58.0 

20 1.2 69.5 

30 1.0 47.1 
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Figure C. 10. XRD patterns of co-evaporated MAPbI3 thin films deposited on top of a) 
FTO/cTiO2/C60 with the C60 thicknesses being: 0nm, 5nm, 10nm, 15nm, and 20nm and 
b) FTO/C60 with the C60 thicknesses being: 5nm, 10nm, 15nm, and 20nm, respectively, 
the star is indicating the FTO diffraction. 
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Figure C. 11. SEM top-view and cross-sectional images of co-evaporated MAPbI3 thin 
films deposited on top of FTO/cTiO2/C60, with the C60 thicknesses being: 0nm, 5nm, 
10nm, 15nm, and 20nm, respectively. 

 

 

Figure C. 12. Top-view and cross-sectional SEM images of co-evaporated MAPbI3 thin 
films deposited on top of FTO/C60, with the C60 thicknesses being: 5nm, 10nm, 15nm, 
and 20nm, respectively. 
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Figure C. 13. Simulation of the equivalent circuit in Figure 1c with: RS = 20 Ω, Cg = 1x10-

7 F, Rtr = 100 Ω, Rrec = 50 Ω, Cμ = 1x10-4 F, RL = 100 Ω, L = 100 H and Area = 1 cm2. 

 
Table C. 4. Parameters obtained from the fitting of the impedance spectra with the 
equivalent circuit, as shown in Figures 3 and 4. 

 
C60  

nm 

Rs 

Ω 

cm2 

Cg 

nF 

cm-2 

Rtr 

Ω cm2 

Rrec 

Ω cm2 

Cint 

mF cm-2 

RL 

Ω cm2 

L 

H cm2 

cTiO2/C60/MAPbI3 

0 2.11 665 18.7 3.47 67.2 -- -- 

5 1.72 375 3.5 2.87 8.3 -- -- 

10 1.64 430 2.1 1.97 9.6 -- -- 

15 1.95 438 3.3 1.05 9.8 -- -- 

20 1.83 445 3.0 0.63 13.9 -- -- 

30 1.93 984 1.4 0.09 66.3 1.67 4.15 

C60/MAPbI3 15 1.95 482 2.5 2.06 4.0 -- -- 
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Comment: Large Rrec in cTiO2/MAPbI3 partially compensates the low short circuit cur-

rent in the device to still provide a reasonable Voc, see Tables 1 and S1. 

 

 

Table C. 5. Comparison of Voc and the sum of Rrec and Rtr for the samples with different 
thicknesses of the C60 layer. For the thicker samples (≥10nm), Voc and Rrec +Rtr are di-
rectly correlated, indicating that the recombination contribution to Rtr dominates. 
Meanwhile, for the thinner samples, the rise of Rrec +Rtr, which is due to the large values 
attained by Rtr., is opposite to the decrease in Voc. In these cases, Rtr, as explained in the 
main text is dominated by the difficulties to transfer charge from perovskite to TiO2 
layer. The still large value of Rtr at 5nm, See also Figure 4b, indicates that the coverage 
of TiO2 by the C60 layer is uncomplete and so despite Rtr being 1/3 of the value at 0 C60, 
it is still dominated by charge transfer. Performance data of FTO/C60 samples with a 
5nm C60 layer in Figure S1 and Table S1 also suggest the presence of pin holes in the C60 
layer. 
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Appendix D: Supplementary Information to 
Chapter 7 

 

Schematics 1. Illustration of the dopant migration mechanism 

Materials and Methods 

Perovskite thin-film and solar cell fabrication 

Thin films were fabricated on fluorine-doped tin oxide (FTO)-coated glass substrates 

(TEC-15AX, NSG group) which were cleaned by a sequential sonication treatment (10 

min each) in a 2% Helmanex solution, water, deionized water, and isopropanol. The 

cleaning of the FTO was then followed by ultraviolet–O3 treatment for 30 min. The spiro-

OMeTAD (Merck) underlayers were deposited by spin-coating at 4000 r.p.m. for 30 s 

(acc. 1000 r.p.m./s) from a chlorobenzene solution (80 mg in 1023 μl, 60 mM). According 

to our study, different dopant concentrations were added to the spiro-OMeTAD solu-

tion. For the sample noted as Li-tBP, 19 μl from a 517 mg·ml-1 LiTFSI stock solution in 
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acetonitrile was added. For the preparation of Co-tBP, 14 μl from a 517 mg·ml-1 CoTFSI 

stock solution in acetonitrile was added. The 3Co-tBP solution was prepared by adding 

14 μl from a 1551 mg·ml-1 stock solution in acetonitrile, achieving three times the dopant 

concentration than the previous Co-tBP solution. Finally, our reference sample named 

Li-Co-tBP was doped with 19μl from a 517 mg·ml-1 LiTFSI stock solution and 14 μl from 

a 517 mg·ml-1 CoTFSI stock solution, both in acetonitrile. 32 μl of TBP was added to all 

the prepared spiro-OMeTAD solutions. Note that the sample containing spiro-OMeTAD 

and TBP will be named tBP. The prepared layers were then transferred to the PRO Line 

PVD 75 vacuum chamber from Kurt J. Lesker Company, equipped with four thermally-

controlled sources. The perovskite precursors, PbI2 (TCI) and methylammonium iodide 

(MAI) (Lesker) were filled into the crucibles and heated up until the sublimation tem-

peratures of ~140°C for PbI2 and ~120°C for MAI at a vacuum pressure of ~1·10-6 mbar. 

The deposition rate of each precursor was kept constant at 3.6 and 0.6 Å/s and moni-

tored by independent quartz microbalance crystal sensors (QCMs). The substrates were 

kept at a rotation of 5 r.p.m. at room temperature during the perovskite deposition. The 

samples for EDX analysis were deposited on top of indium-doped tin oxide (ITO). For 

the device fabrication, the FTO-coated substrates were laser etched. Once the perovskite 

layer was deposited, 20 nm of C60 (Sigma-Aldrich, 99.9%) was thermally evaporated, 

followed by 3 nm of bathocuproine (BCP, Sigma-Aldrich, 99.9%). As top electrode, 1 nm 

Cr and 70 nm Au were deposited by thermal evaporation.  

Solution-processed MAPbI3 layers were deposited on top of the glass for being used as 

standard samples for EDX determination. 1.45 M of PbI2 and MAI was dissolved in 

DMSO, and 0.49, 0.97, and 1.9 % F atomic concentration was added by LiTFSI incorpo-

ration. The solution was spin-coated at 2000 rpm (acc. 200 rpm/s) for 12 s followed by 

4000 rpm (acc. 2000 rpm/s) for 30 s. 110 μl of chlorobenzene was added 10 seconds before 

finishing the second step. The samples were annealed at 100°C for 1 h in an inert atmos-

phere. 
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Thin-film characterization 

The XRD patterns of the as-prepared films were measured using a D8 Advance diffrac-

tometer from Bruker with an X-ray tube Cu Kα, λ = 1.5406 Å Bragg-Brentano geometry. 

The absorbance spectra were recorded with a Lambda 950S spectrophotometer (Perki-

nElmer, Inc.). Time-resolved photoluminescence (TRPL) and photoluminescence (PL) 

spectroscopy were performed by Fluorolog TCSPC (HORIBA, Ltd.) with a picosecond 

laser with an excitation wavelength of 640 nm and 475nm, respectively. The detection 

wavelength of Time-resolved photoluminescence was 760 nm. An ultraviolet photoelec-

tron spectrometer (UPS) equipped with a He-I source (hν = 21.22 eV) (AXIS Nova, Kratos 

Analytical Ltd, UK) was used to measure the valence band energy, Fermi level, and the 

work function. The Fermi level of the samples was referenced to that of Au, which was 

in electrical contact with a sample in UPS measurements. The X-ray photoelectron spec-

troscopy (XPS) measurements were carried out on a VersaProbe II (Physical Electronics, 

Inc.) with a monochromatic Al Kα X-ray source operating at 1486.6 eV. All spectra were 

referenced using the Pb 4f signal, and the data was processed using the software Cas-

aXPS. Scanning electron microscopy (SEM) images were recorded by the in-lens detec-

tor of FEI Teneo Schottky Field Emission SEM at a tension of 1.5 kV for top-view imaging 

and 1 kV for cross-section analysis. Energy-dispersive X-ray spectroscopy (EDX) was per-

formed in the FEI Teneo Schottky Field Emission SEM with an XFlash Silicon drift de-

tector. The EDX spectra were collected at a tension of 5 kV, current of 6.4 nA with 300 s 

integration time. In order to obtain accurate EDX data of the fluorene concentration, we 

carried out a standard-based analysis on the perovskite layers. For this purpose, perov-

skite standards with well-known stoichiometry were synthesized by spin coating, where 

the F concentration ranged from 0.5% - 1.9 %. The I-M/F-M line ratio in these samples 

was accurately measured by analyzing the I-M and F-K lines. This resulted in calibration 

curves of the F concentration in the perovskite layers. These calibration curves were then 

used to obtain the F-concentrations in perovskite samples. Conductivity measurements 

were carried out using the 2.5 µm channel (channel width 10 mm and height 40 nm) of 

an organic field-effect transistor (OFET, Fraunhofer IPMS) with two/contact electrical 
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conductivity set-up. The substrates were cleaned with 20 min oxygen plasma following 

the HTM deposition by spin-coating at 4000 rpm for the 20s. The measurements were 

carried by sweeping from -10 to 10 V (source-drain voltage) at a scan rate of 1 V s-1 with a 

Keithley 2612A. The data were recorded with the KickStart software program, and the 

conductivity was calculated from a linear fit of the J-V measurement and Ohm’s law.  

Device characterization 

J – V curves were measured by using a 2400 Keithley system with a Xe–lamp Oriel sol3A 

sun simulator (Newport Corporation). The system was calibrated to AM1.5G standard 

conditions by using an Oriel 91150 V reference cell (J – V curves scan rate of 50 mV s–1 

and 10 mV voltage step). An NREL-certified KG5-filtered Si-reference diode was used for 

light intensity calibration. The active area of the cell was defined through shadow masks 

with a metal aperture of 0.16 cm2. The cells were measured at room temperature in air 

and without encapsulation. The measurement was done at a constant rate of 10 mV s-1 

and 10 mV voltage step for reversed bias after 5s under light soaking. No anti-reflective 

coating was applied during the measurement. The stability test was performed as maxi-

mum power tracking under 100 mW cm−2 illumination with a LED power source. The 

samples were encapsulated in a measurement box which was purged with nitrogen gas 

until 0% humidity and constantly kept at 25 °C by a cooling system. EQE was measured 

with the IQE200B (Oriel) without bias light. 
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Supporting Figures 

 

Figure D. 1. XRD patterns of co-evaporated MAPbI3 thin films deposited on top of glass/HTM, 
being the HTM: tBP, Li-tBP, Co-tBP, 3Co-tBP and Li-Co-tBP, respectively. 
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Figure D. 2. SEM top-view and cross-sectional images of co-evaporated MAPbI3 thin films de-
posited on top of glass/FTO/HTM, being the HTM: (a) Li-Co-tBP, (b) tBP, (c) Li-tBP, (d) Co-
tBP and (e) 3Co-tBP.  

 

Table D. 1. Fitted decay parameters derived from the time-resolved photoluminescence (TrPL) 
spectra. 

Sample τ1 (ns) τ2 (ns) 

MAPbI3 4.36 ± 0.13 122.54 ± 0.46 

tBP 7.40 ± 0.01 54.44 ± 0.41 

Li-tBP 4.57 ± 2.50 177.30 ± 2.27 

Co-tBP 5.36 ± 4.83 185.78 ± 3.56 

3Co-tBP 3.21 ± 1.25 136.20 ± 1.28 

Li-Co-tBP 1.28 ± 0.01 151.86 ± 0.50 
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Table D. 2. Atomic concentration values were extracted from the fitting of the corresponding 
XPS spectra. The samples were measured as-deposited for 30nm and 500nm after 1 and 3 weeks 
and stored in N2 atmosphere in the dark at room temperature—perovskite thickness: 500 nm. 

Perovs-

kite 

thickness 

nm 

 

 Surface atomic concentration, % Ratio 

 F1s I3d N1s Pb4f 
F1s/ 

Pb4f 

I3d/ 

Pb4f 

30 
As-de-

posited 

Li-tBP 0.83 64.70 18.00 16.5 0.039 3.92 

Co-tBP 0.84 57.40 19.00 19.1 0.044 3.00 

3Co-tBP 2.35 60.50 16.20 21.0 0.11 2.88 

Li-Co-

tBP 
1.72 63.00 17.30 18.0 0.09 3.50 

500 

As-de-

posited 

Li-tBP 1.07 63.90 17.10 17.9 0.059 3.57 

Co-tBP 1.01 62.60 15.60 20.8 0.049 3.00 

3Co-tBP 1.72 63.80 15.40 19.0 0.090 3.35 

Li-Co-

tBP 
1.20 61.90 17.10 19.2 0.062 3.22 

1 week 

Li-tBP 1.81 63.50 16.60 18.0 0.10 2.99 

Co-tBP 1.31 61.60 15.90 21.2 0.06 2.90 

3Co-tBP 1.63 63.80 15.10 19.5 0.08 3.27 

Li-Co-

tBP 
0.76 63.20 16.40 19,7 0.04 3.20 

3 weeks 

Li-tBP 0.37 63.90 16.60 19.2 0.02 3.32 

Co-tBP 0.25 60.06 15.90 21.0 0.01 2.86 

3Co-tBP 0.77 63.90 14.2 21.1 0.04 3.03 

Li-Co-

tBP 
0.00 63.70 17.4 19.0 0.00 3.35 
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Figure D. 3. XPS spectra of LiTFSI and CoTFSI powders: (a) F1s, (b) C1s, (c) Li1s, (d) S2p and (e) 
Co2p.  

 

 

Figure D. 4. Comparison of F 1s XPS spectra of 30 and 500 nm perovskite layer deposited on top 
of doped-HTM: (a) Li-tBP, (b) Co-tBP, (c) 3Co-tBP and (d) Li-Co-tBP. 
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Figure D. 5. Comparison of -CF3 signal in C1s XPS spectra of 30 and 500 nm perovskite layer 
deposited on top of doped-HTM: (a) Li-tBP, (b) Co-tBP, (c) 3Co-tBP and (d) Li-Co-tBP. 

 

 

Figure D. 6. Comparison of -Pb2+ signal in Pb 4f XPS spectra of 30 and 500 nm perovskite layer 
deposited on top of doped-HTM: (a) Li-tBP, (b) Co-tBP, (c) 3Co-tBP and (d) Li-Co-tBP. 
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Figure D. 7. Comparison of -I signal in I1s XPS spectra of 30 and 500 nm perovskite layer depos-
ited on top of doped-HTM: (a) Li-tBP, (b) Co-tBP, (c) 3Co-tBP and (d) Li-Co-tBP. 
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Figure D. 8. F 1s XPS spectra 30 nm perovskite layer deposited on top of doped-HTM. 
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Figure D. 9. EDX spectra of different standard MAPbI3 samples incorporating F.  

 

Figure D. 10.  EDX results spectra of different co-evaporated MAPbI3 on top of doped- spiro-
OMeTAD layers. 
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Figure D. 11. UPS measurement of the perovskite layer deposited on top of different HTM con-
ditions: (a) cut-off region, (b), and (c) valence band region. The work function (WF) can be 
calculated as WF=hv-SECO, hv=21.22 eV being the energy of the incident photons from a He(I) 
UV source. 

Table D. 3. Co-evaporated MAPbI3 deposited on top of different HTM conditions: Energy cut-
off, work function, and valence band energy level extracted from the corresponding UPS spectra. 

 

 Energy cut-

offo (eV) 

WF 

 (eV) 

Ionisation 

potential, IP 

(eV) 

tBP 0.91 4.62 5.52 

Li-tBP 0.98 4.72 5.62 

Co-tBP 1.04 4.82 5.82 

3Co-tBP 1.60 4.52 6.12 

Li-Co-tBP 1.00 4.92 5.92 
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Figure D. 12. XRD spectra of co-evaporated MAPbI3 thin films deposited on top of glass/HTM 
(tBP, Li-tBP, Co-tBP, 3Co-tBP and Li-Co-tBP) samples: (a) as-deposited and (b) after 3 weeks 
stored in dark at relativity humidity below 10%.  

 

 

Figure D. 13. Stability of co-evaporated MAPbI3 films deposited on top of different HTM: F 1s (-
F signal) XPS spectra.  
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Figure D. 14. Stability of co-evaporated MAPbI3 films deposited on top of different HTM: C1s (-
CF3 signal) XPS spectra.  
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Figure D. 15. Stability of co-evaporated MAPbI3 films deposited on top of different HTM: Pb 4f 
(Pb2+-signal) XPS spectra. Stability of co-evaporated MAPbI3 films deposited on top of different 
HTM: C1s (-CF3 signal) XPS spectra.  
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Figure D. 16. Stability of co-evaporated MAPbI3 films deposited on top of different HTM: I1s (I-
signal) XPS spectra. 

 

 

Figure D. 17. Comparison of the stability of perovskite layers followed by the F/Pb ratio XPS.  
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Figure D. 18. (a) Absorbance spectra of the doped-HTM layers deposited on glass and (b) con-
ductivity of the doped-HTM layers measured on OFET substrates. 

 

 

Figure D. 19. External quantum efficiency (EQE) and calculated short-circuit current density 
integrated from the corresponding EQE spectra for devices containing tBP, Li-tBP, Co-tBP, 
3Co-tBP, and Li-Co- tBP. 
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Figure D. 20. Statistical data of PSC containing co-evaporated MAPbI3 thin films deposited on 
top of glass/HTM (tBP, Li-tBP, Co-tBP, 3Co-tBP and Li-Co-tBP) samples: (a) VOC, (b) JSC, (c) 
FF and (d) PCE.  
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Table D. 4. PV parameters were extracted from the corresponding J-V curves presented in the 
statistical study. 

 Device performance 

 Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE (%) 

tBP -9.49 

-9.54 

-9.79 

-11.08 

-10.95 

0.973 

0.883 

0.891 

0.910 

0.903 

0.43 

0.38 

0.34 

0.45 

0.41 

4.0 

3.2 

3.0 

4.5 

4.1 

Li-tBP -20.12 

-20.24 

-20.19 

-20.14 

-20.24 

-20.04 

-20.25 

-20.43 

-20.59 

0.990 

0.991 

0.981 

0.980 

0.979 

0.982 

0.987 

0.986 

0.983 

0.75 

0.75 

0.75 

0.75 

0.74 

0.72 

0.73 

0.72 

0.70 

14.9 

15.0 

14.8 

14.8 

14.6 

14.2 

14.6 

14.5 

14.2 

Co-tBP -17.71 

-17.53 

-17.81 

-18.14 

-18.32 

-19.00 

-19.00 

-19.03 

1.010 

1.023 

1.002 

1.008 

1.017 

1.084 

1.082 

1.081 

0.72 

0.71 

0.69 

0.66 

0.62 

0.75 

0.75 

0.74 

13.0 

12.9 

12.6 

12.3 

12.0 

15.3 

15.4 

15.1 
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 Device perfor-

mance 

 Device perfor-

mance 

 

3Co-tBP -14.46 

-14.06 

-12.32 

-12.49 

-12.14 

-13.33 

-13.74 

-13.55 

-13.66 

0.982 

0.984 

0.898 

0.931 

0.941 

0.951 

0.967 

0.955 

0.963 

0.51 

0.52 

0.46 

0.48 

0.47 

0.46 

0.46 

0.46 

0.45 

7.3 

7.2 

5.0 

5.5 

5.4 

5.8 

6.1 

6.0 

5.9 

Li-Co-tBP -19.60 

-19.62 

-19.74 

-19.52 

-19.51 

-20.08 

-20.18 

0.969 

0.957 

0.952 

0.950 

0.949 

0.985 

0.977 

0.56 

0.61 

0.63 

0.65 

0.66 

0.64 

0.67 

10.6 

11.4 

11.8 

12.0 

12.2 

12.7 

13.2 

 

Table D. 5. Average values of the PV parameters are presented in the statistical data. 

 Device performance 

 Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE (%) 

tBP -10.17 ± 0.8 0.91 ± 0.78 0.40 ± 0.04 3.7 ± 0.6 

Li-tBP -20.25 ± 0.2 0.98 ±0.01 0.73 ± 0.02 14.5 ± 0.4 

Co-tBP -18.24 ± 0.6 1.04 ± 0.04 0.71 ± 0.04 13.5 ± 1.5 

3Co-tBP -13.31 ± 0.8 0.95 ± 0.03 0.47 ± 0.02 5.9 ± 0.8 

Li-Co-tBP -19.75 ± 0.3 0.96 ± 0.27 0.63 ± 0.04 11.9 ± 0.8 
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Appendix E: Supplementary Information to 
Chapter 8 
Synthesis of Metallophthalocyanines 

Materials and methods 

Commercially available reagents were used as received. Bis(4-n-butoxyphenyl)amine 

and bis(4-[(2-ethylhexyl)oxy]phenyl)amine were synthesized as previously reported in 

the literature.[384,385] Solvents were purified by standard methods and dried if necessary. 

Reactions were monitored by thin-layer chromatography (TLC) conducted on plates 

precoated with silica gel Si 60-F254 (Merck, Germany). Column chromatography was 

conducted using silica gel Si 60, 0.063–0.200 mm (normal) or 0.040–0.063 mm (flash) 

(Merck, Darmstadt, Germany). Melting points were determined with a capillary melting 

point apparatus Büchi B-540. UV-Vis measurements in solution were performed on a 

Nicolet Evolution 500 spectrophotometer (Thermo Electron Corporation). FTIR was 

performed on a Cary 530 instrument (Agilent Technologies). 1H NMR and 13C NMR spec-

tra were recorded on a Bruker Avance 400 spectrometer; chemical shifts are indicated 

in parts per million downfield from SiMe4, using the residual proton (CHCl3 = 7.26 ppm, 

CH2Cl2 = 5.32 ppm, Pyridine = 7.22 ppm) and carbon (CDCl3 = 77.0 ppm, CD2Cl2 = 54.0 

ppm) solvent resonances as the internal reference. Coupling constant values J are given 

in Hz. 

4-[Bis(4-n-butoxyphenyl)amino]phthalonitrile 1 

 A flame dried Schlenk tube equipped with a stir bar was charged with 4-iodophthalo-

nitrile (560 mg, 2.2 mmol), bis(4-n-butoxyphenyl)amine (627 mg, 2.0 mmol), Ruphos (9 

mg, 0.02 mmol) and Ruphos Pd (17 mg, 0.02 mmol). The Schlenk tube was evacuated 

and backfilled with nitrogen three times. Degassed toluene (4 mL) and dry Cs2CO3 (715 

mg, 2.2 mmol) were added, and the reactor was brought into an oil bath preheated at 

115°C. The reaction mixture was stirred at this temperature for 16 h. After cooling to 

room temperature, the mixture was diluted with CH2Cl2 and filtered on Celite. The sol-

vent was evaporated under reduced pressure. The residue was purified by flash column 

chromatography (silica gel, hexane/EtOAc 85/15) to give the title compound a thick oil 
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that slowly solidifies on standing (408 mg, 93%). Mp 145-147 °C. 1H NMR (400 MHz, 

CD2Cl2) δ 7.43 (d, J = 8.9 Hz, 1H), 7.19–7.12 (m, 4H), 7.04 (d, J = 2.5 Hz, 1H), 6.97–6.92 

(m, 5H), 3.98 (t, J = 6.5 Hz, 4H), 1.83–1.73 (m, 4H), 1.58–1.45 (m, 4H), 0.99 (t, J = 7.4 Hz, 

6H). 13C NMR (101 MHz, CD2Cl2) δ 158.42, 152.87, 137.37, 134.68, 128.72, 120.31, 119.37, 

117.34, 116.97, 116.63, 116.48, 102.71, 68.56, 31.77, 19.74, 14.17. 

4-[Bis(4-[(2-ethylhexyl)oxy)phenyl]amino]phthalonitrile 2 

 Palladium-catalyzed amination of 4-iodophthalonitrile (560 mg, 2.2 mmol) with bis(4-

[(2-ethylhexyl)oxy]phenyl)amine (851 mg, 2.0 mmol) was performed as described for 

phthalonitrile 1. Flash column chromatography (petroleum ether/EtOAc 93/7) gave the 

title compound as a thick oil that slowly solidifies on standing (970 mg, 88%). Mp 48-51 

°C. 1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 8.9 Hz, 1H), 7.10 (d, J = 8.7 Hz, 4H), 7.01 (d, 

J = 2.2 Hz, 1H), 6.94–6.90 (m, 5H), 3.84(d, J = 5.6 Hz, 4H), 1.79–1.75 (m, 2H), 1.54–1.24 

(m, 16H), 0.92 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 158.20, 152.45, 136.89, 134.37, 128.16, 

120.23, 119.11, 116.85, 116.76, 116.20, 116.11, 102.53, 70.90, 39.51, 30.65, 29.22, 23.98, 23.17, 

14.22, 11.26. 

Zinc Phthalocyanine Zn-BL54  

In a flame dried Schlenk tube, phthalonitrile 1 (439 mg, 1.0 mmol) and Zn(OAc)2.2H2O 

(55 mg, 0.25 mmol) were suspended in 1-pentanol (3 mL). The mixture was stirred for 15 

min under a nitrogen atmosphere, then DBU (150 µL, 1 mmol) was added, and the mix-

ture was heated at 145 °C for a further 24 h. After cooling to room temperature, the 

reaction mixture was poured into MeOH, and the insoluble ZnPcs was collected by fil-

tration on a Büchner funnel. The crude compound was thoroughly washed with MeOH 

and dried under reduced pressure. Subsequent purification was achieved by column 

chromatography (silica gel, THF/hexane 4/1). The isolated ZnPcs was then dissolved in 

DCM (30 mL) and reprecipitated by adding MeOH (15 mL). The title compound was 

obtained as a mixture of positional isomers (298 mg, 65%). UV-Vis (THF): λmax/nm (log 

ε) = 358 (5.01), 514 (4.44), 663 (4.67), 739 (5.32). FTIR (KBr): υmax/cm-1 = 3060, 3035, 2958, 

2923, 2871, 1727, 1605, 1506, 1470, 1402, 1384, 1338, 1240, 1172, 1126, 1096, 1055, 827, 762. 1H 

NMR (400 MHz, Pyridine-d5, 80 °C) δ 9.58–9.36 (m, 4H), 9.25–9.13 (m, 1H), 8.02–7.71 
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(m, 4H), 7.61–7.44 (m. 20H), 7.24–7.13 (m, 20H), 4.14–4.05 (m, 16H), 1.93–1.79 (m, 16H), 

1.67–1.51 (m, 16H), 1.05–0.95 (m, 24H). HRMS (MALDI-TOF): m/z calcd for 

(C112H116N12O8Zn)+ 1820.833. Found: 1820.815.  

Copper Phthalocyanine Cu-BL57 

 In a flame dried Schlenk tube, phthalonitrile 1 (439 mg, 1.0 mmol) and CuCl2 (34 mg, 

0.25 mmol) were suspended in 1-pentanol (3 mL). The mixture was stirred for 15 min 

under a nitrogen atmosphere, then DBU (150 µL, 1 mmol) was added, and the mixture 

was heated at 145 °C for a further 24 h. After cooling to room temperature, the reaction 

mixture was poured into MeOH, and the insoluble CuPcs was collected by filtration on 

a Büchner funnel. The solid was thoroughly washed with MeOH and dried under re-

duced pressure. Subsequent purification of the crude product was achieved by column 

chromatography (silica gel, DCM). The isolated CuPcs was then dissolved in DCM (10 

mL) and reprecipitated by adding MeOH (20 mL). The title compound was obtained as 

a mixture of positional isomers (265 mg, 58%). UV-Vis (THF): λmax/nm (log ε) = 345 

(4.97), 512 (4.43), 668 (4.59), 744 (5.25). FTIR (KBr): υmax/cm-1 = 3060, 3035, 2959, 2926, 

2870, 1727, 1607, 1505, 1471, 1403, 1384, 1338, 1239, 1172, 1127, 1095, 1055, 825, 759. HRMS 

(MALDI-TOF): m/z calcd for (C112H116N12O8Cu)+ 1819.834. Found: 1819.822.  

Zinc Phthalocyanine Zn-BL58 

 Zn(II)-templated cyclotetramerization of phthalonitrile 2 (551 mg, 1.0 mmol) was per-

formed as described for Zn-BL54. The crude product was purified by column chroma-

tography (silica gel, THF/hexane 1/1). The isolated ZnPcs was then dissolved in DCM (12 

mL) and reprecipitated by the addition of MeOH (20 mL). The title compound was ob-

tained as a mixture of positional isomers (317 mg, 56%). UV-Vis (THF): λmax/nm (log ε) 

= 359 (4.98), 515 (441), 663 (4.63), 739 (5.28). FTIR (KBr): υmax/cm-1 = 3060, 3035, 2957, 

2926, 2859, 1725, 1604, 1505, 1468, 1384, 1333, 1238, 1169, 1127, 1086, 1045, 825, 758. 1H NMR 

(400 MHz, Pyridine-d5) 9.63–9.36 (m, 4H), 9.24–9.07 (m, 4H), 8.02–7.70 (m, 4H), 7.65–

7.45 (m, 20H), 7.28–7.17 (m, 20H), 4.05– 3.92 (m, 16H), 1.89–1.24 (m, 72H), 1.08–0.78 (m, 

48H). HRMS (MALDI-TOF): m/z calcd for (C136H165N12O8Zn)+ 2158.217. Found: 2158.211.  
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Copper Phthalocyanine Cu-BL61  

Cu(II)-templated cyclotetramerization of phthalonitrile 2 (551 mg, 1.0 mmol) was per-

formed as described for Cu-BL57. The crude product was purified by column chroma-

tography (silica gel, DCM/Hexane 3/2). The isolated CuPsc was then dissolved in DCM 

(15 mL) and reprecipitated by the addition of MeOH (30 mL). The title compound was 

obtained as a mixture of positional isomers (300 mg, 53%). UV-Vis (THF): λmax/nm (log 

ε) = 345 (5.02), 507 (4.46), 665 (4.63), 745 (5.27). FTIR (KBr): υmax/cm-1 = 3059, 3037, 2957, 

2926, 2859, 1727, 1607, 1505, 1468, 1403, 1385, 1338, 1239, 1172, 1130, 1095, 1034, 891, 824, 

760. HRMS (MALDI-TOF): m/z calcd for (C136H165N12O8Cu)+ 2157,217. Found: 2157.236.  

Voltammograms of HTMs were measured in a 0.1 M n-Bu4NPF6/DCM solution, with 

glassy carbon working electrode, Pt wire reference, counter electrodes, ferrocene/ferro-

cenium (Fc/Fc+) as internal standard. Potentials were converted to the normal hydrogen 

electrode (NHE) by adding +0.64 V and -4.44 eV. 

Perovskite thin-film and solar cell fabrication for triple cation perovskite  

Laser scribed fluorine-doped tin oxide (FTO) coated glass substrates were cleaned with 

2% Helmanex solution, water, deionized water, and isopropanol in an ultrasonic bath 

for 5 minutes each and 30 min of UV/O3 treatment. Titanium diisopropoxide bis(acety-

lacetonate)(TAA) (Sigma Aldrich) in isopropanol solution (1:15 v/v) was deposited by 

spray pyrolysis, forming after annealing at 450°C for 30 min a 30nm thick compact TiO2 

layer. From a TiO2 paste (Dyesol 30 NR-D) solution (1 gr. in 9 mL ethanol dilution), a 

mesoporous TiO2 (m-TiO2) was prepared by spin-coating 45 μl at 5000 rpm (1000 rpm/s 

acceleration, 20 s). Sintering at a hot plate at 500°C for 20 min followed. Then, a 20 nm 

SnO2 was prepared dissolving SnCl4 (Acros) in deionized water (12 µl in 988 µl water). 

This solution was spin-coated at 3000 rpm for 30 s (1000 rpm/s acceleration) on top of 

the meso TiO2. After annealing at 190°C for 1h a 20 nm thick layer was formed. For the 

triple cation perovskite solution 17.41 mg MABr, 27.02 mg CsI, 57.06 mg PbBr2, 178.94 

mg FAI and 548.60 mg PbI2 and it was dissolved in 1 ml of DMF:DMSO (0.78:0.22 v/v) 

to receive the following composition [(FAPbI3)0.87 (MAPbBr3)0.13]0.92(CsPbI3)0.08. The so-

lution was spin-coated for the first step at 2000 rpm for 10s, followed by 5000 rpm for 
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30s. The antisolvent chlorobenzene (100 µl) was dropped during the second step at 15s 

before finishing. Annealing the films at 100°C for 1h followed. After cooling of the sam-

ples the HTM was spin-coated on top of the samples in the same ways as described be-

low. 

Materials for device fabrications for double cation perovskite 

Titanium diisopropoxide bis(acetylacetonate) (TAA), 4-tertbutylpyridine (tbp), tin(IV) 

chloride pentahydrate, bis(trifluoromethane) sulfonamide lithium salt, and FK209 

[tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III) tris(bis(trifluoromethyl-

sulfonyl) imide)], chlorobenzene (CB), dimethylsulphoxide (DMSO), dimethylforma-

mide (DMF) were supplied from Sigma-Aldrich. FAI, MAI and PbBr2 were purchased 

from GreatCell Solar. Lead iodide was purchased from Alfa Aesa. Spiro-OMeTAD was 

purchased from Merck. PCBM was supplied from lumintac. The SnO2 nanoparticle was 

supplied from Alfa Aesar. All of the purchased chemicals were used as received without 

further purification.  

Device fabrication for the double cation perovskite composition 

The chemically etched FTO glass (Nippon Sheet Glass) was cleaned with detergent so-

lution, acetone, and ethanol. For the compact TiO2 (c-TiO2) layer, TAA solution in eth-

anol (0.2 mL of TAA in 6 mL of anhydrous ethanol) was sprayed at 450 °C. SnO2 nano-

particle were diluted in deionized water with a ratio of 1:4 and sin-coated on the c-TiO2 

substrate at a speed of 3000 rpm for 20 s with a ramp-up of 2000 rpm s−1. Finally the 

samples were heated at 150 ℃ for 10 min. The PCBM layer was dissolved in chloroben-

zene at a concentration of 10 mg/mL and spin-coated on the SnO2 layer at a speed of 

3000 rpm for 20 s with a ramp-up of 2000 rpm s−1 . Finally the samples were heated at 

100 ℃ for 10 min. Afterwards the perovskite solution (The ratio of PbI2, MAI, FAI, PbBr2 

is 1: 0.16: 0.84: 0.11) was spin-coated. The concentration of PbI2 is 1.38 mmol/mL, the 

MACl is 0.305 mmol/mL which was additionally added into the perovskite solution. The 

solvent used for the perovskite solution is composed by DMSO and DMF with a ratio of 

1:4. The layers are spin-coated on the substrates at 1000 rpm for 10s and 5000 rpm for 

30s,  respectively. 200 µL of chlorobenzene was dropped in 10 s at 5000 rpm. Then the 



    

 Appendix E 

268 

perovskite films were annealed at 150 °C for 10 min. For Spiro-OMeTAD, The solution 

was prepared by dissolving 75 mg of Spiro-OMeTAD (Merck) with additives (23 µL of 

Li-bis(trifluoromethanesulfonyl), 10 µL of FK209 and 39 µL of 4-tert-butylpyridine)in 1 

mL of chlorobenzene. The concentration of BL-series HTMs was 20 mM. The molar 

ratio of additives for spiro-OMeTAD and each doped BL-HTM solution was 0.5 for 

LiTFSI from a 1.8 M stock solution in acetonitrile, 3.3 for tBP and 0.03 for FK209 from a 

0.25 M stock solution in acetonitrile. The HTM layers were formed by spin-coating the 

solution at 4000 rpm for 20 s and followed by the deposition of the 70 nm thick Au 

electrode by a thermal evaporation. All the preparative work to deposit PCBM, perov-

skite and Spiro-OMeTAD was done inside the glove box filled with nitrogen to minimize 

the influence of moisture. 

Thin-film characterization 

A Lambda 950S spectrophotometer (PerkinElmer, Inc.) was used to record the absorb-

ance spectra. A Fluorolog TCSPC (HORIBA, Ltd.) was used to measure time-resolved 

photoluminescence (TRPL) and photoluminescence (PL) spectroscopy, with a picosec-

ond laser with an excitation wavelength of 640 nm and 475nm, respectively. 760nm was 

the detection wavelength of time-resolved photoluminescence. An AXIS Nova, Kratos 

Analytical Ltd, UK ultraviolet photoelectron spectrometer (UPS), equipped with a He-I 

source (hν = 21.22 eV) was used to measure the valence band energy, Fermi level and the 

work function. The Fermi level of the samples was referenced to that of Au which was 

in electrical contact with a sample in UPS measurements. A FEI Teneo Schottky Field 

Emission SEM was used for recording the scanning electron microscopy (SEM) images 

by an in-lens detector of at tension of 1.5 kV for top-view imaging and 1 kV for cross-

section analysis. Conductivity measurements were carried out using the 2.5 µm channel 

(channel width 10 mm and height 40 nm) of an organic field-effect transistor (OFET, 

Fraunhofer IPMS) with two/contact electrical conductivity set-up. The substrates were 

cleaned with 20 min oxygen plasma following the HTM deposition by spin-coating at 

4000 rpm for 20s. The measurements were carried by sweeping from -10 to 10 V (source-

drain voltage) at a scan rate of 1 V s-1 with a Keithley 2612A. The data were recorded with 
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the KickStart software program and the conductivity was calculated from a linear fit of 

the J-V measurement and Ohm’s law. Water-contact angle measurements on the top of 

the thin layers of the HTMs were measured using the KRUSS DSA100 optical contact 

angle instrument. Measurements were conducted using the sessile drop program with 

a 0.5 mm needle size. Drops of water at a rate of 0.01 mL/min and a volume of 12 μL 

were created. Substrates were prepared by spin coating 20 mM HTM solutions onto 

glass/perovskite layers. The image was recorded 1 s after the interaction of the water 

drop with the HTM layer. Two-dimensional wide-angle X-ray scattering (2D-WAXS) 

samples were prepared by spin-coating on silicon wafers the octasubstituted MPcs with 

the same solution concentration and processing method than in the device fabrication. 

Two-dimensional wide-angle X-ray scattering (2D-WAXS) patterns represented in re-

ciprocal lattice space were performed at SPring-8 on beamline BL19B2. The samples 

were irradiated with X-ray energy of 12.39 keV (λ = 1 Å) at a fixed incident angle on the 

order of 0.12°through a Huber diffractometer. The 2D-WAXS patterns were measured 

with a two-dimensional image detector (Pilatus 300K). 

Device characterization 

The EQE was measured with the IQE200B (Oriel) without bias light. Before measuring 

the J – V curves a NREL-certified KG5-filtered Si-reference diode was used for light in-

tensity calibration. Then a 2400 Keithley system with a Xe–lamp Oriel sol3A sun simu-

lator (Newport Corporation) was used for the J – V measurements. The system was cali-

brated to AM1.5G standard conditions by using an Oriel 91150 V reference cell (J – V 

curves scan rate of 50 mV s–1 and 10 mV voltage step. A shadow mask with a metal ap-

erture of 0.16 cm2, defined the active area of the cell. All cells were measured without 

encapsulation at room temperature, and without antireflective light coating. A constant 

rate of 10 mV s-1 and 10 mV voltage step was applied for reversed bias after 5s under light 

soaking. A LED power source was used for the stability test which performed as maxi-

mum power tracking under 100 mW cm−2. During the measurement a constant temper-

ature of 25°C was kept by a cooling system. 0% humidity was ensured through encapsu-

lation in a measurement box which was purged with nitrogen gas. 
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Supporting Figures 
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Figure E. 1. Cyclic Voltammetry of undoped HTMs in dichloromethane solution containing 
0.1M n-Bu4NPF6 as a supporting electrolyte. Oxidation potential was calibrated against ferro-
cene used as an internal standard. 
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Table E. 1. Energy-cut off, work-function, and valence band energy level extracted from the 
corresponding UPS spectra of doped HTM layers deposited on top of perovskite.  

HTM EHOMOa 

 (eV) 

Energy cut-off b 

(eV) 

WF b 

(eV) 

Ionization po-

tential, IP b 

(eV) 

spiro-OMe-

TAD 

 -0.50 -4.79 -5.29 

Zn-BL54 -5.37 -1.02 -4.49 -5.51 

Cu-BL57 -5.48 -0.96 -4.65 -5.61 

Zn-BL58 -5.36 -1.16 -4.74 -5.44 

Cu-BL61 -5.46 -1.16 -4.41 -5.57 

a HOMO obtained by cyclic voltammetry, b values extracted from the corresponding 

UPS measurements. 
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Figure E. 2. Optimized molecular structures. Gaussian 09W, BL3YP/6-311G. 

 



    

 Appendix E 

273 

 

Figure E. 3. The electron density distribution for LUMO+1, LUMO, HOMO, and HOMO-1, for 
all the HTMs.  
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Figure E. 4. Scheme showing the frontier molecular orbitals and their respective energies of 
BL54, BL57, BL58, and BL61 MPcs calculated with DFT B3LYP in 6-31G basis set.  

 

Table E. 2. The values of HOMO, LUMO, and HOMO-LUMO energy gap (ΔFUND) calculated 
using DFT and MP2 methods with two basis sets (3-21G and 6-31G). 
 

Zn-BL 54 Cu-BL 57 Zn-BL 58 Cu-BL 61 

LUMO+1 -2.79 -2.79 -2.79 -2.78 

LUMO -2.80 -2.79 -2.80 -2.79 

HOMO -4.52 -4.55 -4.53 -4.54 

HOMO-1 -4.56 -4.59 -4.57 -4.60 
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Table E. 3. Percentage of HTM quenching calculated from the steady-state photoluminescence 
spectra (considered the perovskite emission as 100%). 

HTM % 

spiro-OMeTAD 30 

Zn-BL45 98 

Cu-BL57 99 

Zn-BL58 83 

Cu-BL61 89 

 

Table E. 4. Fitted decay parameters extracted from time-resolved photoluminescence (TrPL) 
spectra.  

Name τ1 (ns) τ2 (ns) 

Perovskite 139.50±11.13 336.05±10.84 

spiroOMeTAD 4.28±0.24 12.18±0.44 

Zn-BL54 35.08±1.97 79.49±22.78 

Cu-BL57 5.08±0.14 32.64±0.23 

Zn-BL58 48.42±3.28 143.95±13.46 

Cu-BL61 22.63±1.06 101.67±1.25 
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Figure E. 5. GIWAXS pattern of the films coated on a silicon wafer. a) Cu-BL57 b) Zn-BL58 c) 
Cu-BL61. 

 

 

Figure E. 6. Lamellar structure and π-π stacking of the HTMs extracted from the GIWAXS data.  
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Figure E. 7. a) Azimuth integrated intensity profile calculated from 2D GIWAXS spectra for the 
different HTMs and b) lattice distance calculated for HTMS from 2D GIWAXS spectra.  

 

Figure E. 8. a) calculation of d-spacing for π–π stacking structure and the intercolumnar organ-
ization b) lattice distance calculated for HTMS from 2D GIWAXS spectra, π–π stacking distance 
calculated from MM2 simulation for c) Cu-BL61 and d) Zn-BL57. 
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Figure E. 9. Azimuth integration as a function of theta at an approx. integrated peak a) q = 0.3 
A-1, b) q = 0.7 A-1 c) q = 1.4 A-1 

 

 

 

Figure E. 10. The simulated molecular size of the HTMs. 
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Figure E. 11. Cross-section SEM images of the devices and top-view SEM images of the doped 
HTM thin films. The HTM layer is highlighted in purple.  

 

Figure E. 12. a) Secondary-electron cut-off work function of doped HTM layers on top of triple 
cation perovskite b) Valence band spectra of doped HTM layers on top of perovskite. 
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Figure E. 13. a) Secondary-electron cut-off work function of triple cation perovskite b) Valence 
band spectra of triple cation perovskite. 

 

Table E. 5. Energy cut-off, work function extracted from UPS measurements, and calculated 
ionization potential for triple cation perovskite.  

HTM Energy cut-off 

(eV) 

WF  

(eV) 

Ionization po-

tential, IP  

(eV) 

PVK -1.32 -4.38 -5.70 
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Figure E. 14. Lateral conductivity of the doped HTM layers measured on OFET substrates.  

 

Table E. 6. Lateral conductivity values of doped HTMs calculated from their respective I-V 
curves.  

HTM σ (S cm-1) 

spiro-OMeTAD 3.4x10-4 

Zn-BL54 1.96x10-5 

Cu-BL57 7.97x10-5 

Zn-BL58 3.22x10-6 

Cu-BL61 7.3x10-6 
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Figure E. 15. EQE spectra and calculated short-circuit current density integrated from the cor-
responding EQE of the most efficient devices with triple cation perovskite.  
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Figure E. 16. Absorbance spectra of the doped HTM films on a glass substrate.  
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Figure E. 17. Hysteresis of all devices employing the different HTMs. a) spiro-OMeTAD, b) Zn-
BL54, c) Cu-BL57, d) Zn-BL58 and e) Cu-BL61.  
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Table E. 7. J-V parameters for hysteresis curve and calculated hysteresis index. FWD: from JSC 
to VOC scan direction and REV: from VOC to JSC scan direction. 

HTM Scan di-

rection 
Jsc  

(mA/cm2) 
Voc (V) FF PCE (%) Hysteresis 

index 

spiro-OMe-

TAD 
FWD -22.78 1.073 0.69 16.79 

0.05 
REV -22.79 1.076 0.72 17.64 

Zn-BL54 
FWD -21.34 0.948 0.59 12.22 

0.05 
REV -21.40 0.973 0.62 12.90 

Cu-BL57 
FWD -20.73 0.906 0.53 10.04 

0.07 
REV -20.96 0.921 0.58 11.20 

Zn-BL58 
FWD -19.51 0.905 0.48 8.46 

0.14 
REV -19.66 0.943 0.54 9.91 

Cu-BL61 FWD -20.29 0.905 0.47 8.76 0.16 
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Figure E. 18. Long-term stability of unencapsulated triple cation devices measured under con-
tinuous light illumination at 25°C in a nitrogen atmosphere up to 200 h. 

 

 

Figure E. 19. The water contact angle was measured on glass/perovskite/doped HTMs  

samples.  
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Figure E. 20. a) Secondary-electron cut-off work function of the double cation perovskite b) 
Valence band spectra of double cation perovskite. 

 

Table E. 8. Energy cut-off, work function extracted from UPS measurements, and calculated 
ionization potential for double cation perovskite.  
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Ionization po-

tential, IP  

(eV) 

PVK -1.67 -4.08 -5.75 
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Figure E. 21. EQE spectra and calculated short-circuit current density integrated from the cor-
responding EQE of the most efficient double cation perovskite devices.  
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Figure E. 22. Maximum power point tracking (MPPT) of triple/double cation perovskite devices 
with the reference spiro-OMeTAD and Zn-BL54 measured in unencapsulated devices under N2 
atmosphere.
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